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PREFACE

The 4" Brazilian Conference on Composite Materials will be hosted by Pontifical Catholic
University of Rio de Janeiro in Rio de Janeiro, Brazil, from July 22nd to 25th, 2018. It is the fourth
event of a series of biannual international conferences on composite materials. The goal of the
event is to bring together Brazilian researchers who work with composites in various areas such
as Damage and Fracture, Simulation in Composites, Multifunctional Structures, Durability and
Aging, Mechanical and Physicochemical Properties, Nanocomposites, Reclycling, Experimental
Techniques, Lignocellulosic Composites, Processing and Manufacturing and Active and Passive
Monitoring of Structural Health of Composites and to promote the scientific dissemination of their
work in the academic and industrial communities. The conference also aims to promote a forum
for discussions among national and international researchers as well as stimulate the formation of

critical mass in the country.
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THERMOELASTIC ANALYTICAL SOLUTION FOR 2D COMPOSITE
LAMINATES

André S. de Lima @ and Alfredo R. de Faria ®

(1) Department of Mechanical Engineering, Instituto Tecnoldgico de Aeronautica, Brazil

https://doi.org/10.21452/bccm4.2018.01.01

Abstract

Thermo-mechanical phenomena are inherently related to composite materials, from manufacturing
to service applications. Therefore, analytical and numerical models developed to simulate
composite structural behaviour must satisfactorily account for thermal effects. Pagano’s solutions
for 2D and 3D composite problems are usually the base for comparison of the different theories
and finite elements developments, even when thermo-mechanical behaviour is assessed. Although
a number of papers in the literature use numerical results based on this solution, the formulation
accounting for temperature effects is not explicitly presented, nor discussed. The objective of the
present paper is to present Pagano’s solution equations for a 2D case of a simply supported beam
under a constant temperature field. Results obtained with the derived solution are discussed and
compared against a 2D solid Finite Element Model (FEM) generated using a commercial software
package.

1. INTRODUCTION

The development of laminate theories and elements to model composite structures has been the
focus of many researches. The recent reviews by Sayyad and Ghugal [1], [2] together present
more than 800 references on the subject. These extensive studies present an interesting concluding
remark for future research: there is a need of studying problems involving thermo-mechanical
loads in laminated and sandwich composite structures.

It is important to have reliable references to assess the capacities of newly developed models
and theories, such as analytical solutions for 2D and 3D problems. Pagano’s works for beams [3]
and plates [4] appear as the most common base of comparison for laminated structures. Despite its
spread use, thermal effects are not accounted for on the original formulation.

Recent works by Qian et al. present the analytical solutions for layered rectangular plates [5]
and cylindrical arches [6] subjected to thermo-loads. These works solve the heat conduction
equations for the layers, but a simpler approach is proposed in the present work.

The present paper presents the inclusion of a temperature field in Pagano’s solution for 2D
composite laminates under cylindrical bending [3]. The derived formulation is compared to finite
element commercial solutions using 2D elements and the results for this apparently simple problem

2
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are discussed, revealing an important conclusion concerning the modelling of composite structures
using solid elements.
2. FORMULATION

The constitutive equation for an orthotropic material considering thermal effects is:

f(":x - (leT\ -Sll Slz 513 O 0 0 ] (O-x\ (1)
gy - ayAT Slz 522 523 O 0 0 | O-y |

) E;, — (lZAT L — 513 523 533 0 0 0 o,
yyz - 0 0 0 544_ 0 0 TYZ
Yxz 0 0 0 0 555 0 Txz

U o1y ) Lo 0 0 0 0 S\t

Where «; is the expansion coefficient in i-direction. The coordinate systems and layer
numbering scheme are kept the same [3]. Assuming plane stress, o; = 7x; = 7x; = 0, the constitutive
relations then become:

Ex — leAT = Sllo-x + Slzo-y = Rllo-x + Rlzo-y (2)
Ey - ayAT = Slzo-x + Szzo-y = Rlzo-x + Rzzo-y
Yy = 566Txy = R66Txy

Therefore the R;jj coefficients of Pagano’s original work become equal to Sjj in Eq. (2). The
original paper by Pagano assumes plane strain, therefore the Rjj coefficients values are different.
The equations developed in the sequence are applicable also for plane strain, requiring only to

change the definition of Rj;.
The equilibrium equations of the 2D problem are given as:

Oxxt Tayy =05 Opy+ Ty =0 (3)

The strain displacement relations are assumed according small displacement gradients
hypothesis:
Ex = Uy} &y = Vy; Vay = Uy + Uy 4)

The boundary conditions are the same considered on Pagano’s original work [3] for bending, a
distributed load q on the upper surface and simply supported edges, according to Eq. (5).

h h h ()
o (v3) = 45 03 (0-3) = v (45) =0

0,(0,y) = 0,(l,y) =0
v(0,y) = v(l,y) =0
Where q has a sinusoidal distribution given by:

q (x) =qgsinpx ; p=p(n) = ? (6)
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This shape of the load function is suitable for the solution of the differential equations. If one
wants to represent a particular load distribution, it can be expanded as a Fourier series and Pagano’s
solution is still applicable, as will be discussed in the next section.

In order to include the temperature field the same sinusoidal representation is needed as the
same resources of the Fourier series apply for more general fields.

AT (x) = AT, sin px (7

Although the temperature effects are included, an analogous solution for stresses to the one
proposed in Pagano’s original work [3] applies:

o = f/"(y)sinpx ®)
o) = —p2fi(y) sinpx
8 = —p £/ (y) cos px

Using Egs. (2), (4) and (8), we find that the new functions fi(y) are defined by the solution of
the following ordinary differential equation:

ROF ) = (RY + 2ROV ) + RGp* fi(y) = al 4Tgp? ©)

Where:

. . NN 1/2 .
a = RO +2RD; b = (a7~ 4rORD)"; o = 2RY (0
This is almost the same equation of Pagano’s original work; moreover, the coefficients aj, bi
and ci remain as previously defined [1]. The addition of thermal effects introduces a particular
solution for the differential equation, where the homogeneous solution is kept equal to the
previously defined by Pagano.

i) = fu@) + fip ) (11)
The particular solution is given by:
®
a.,’ AT, (12)
fo®) = 25—
Ry;p

There is a term dependent on ay but not on ox because the temperature distribution is assumed
constant through y-direction, thus in the derivation of Eq. (9) the term related to ax vanishes.
Therefore the solution for the stresses become:

o = £'(y) sinpx = fiy(y) sinpx (13)

(M) %
. oPaT, \ inpx — 2 200
o) = —p? (fih(y)+ o) )Smpx = —p*fin(y) sinpx — ———sinpx
RS p? R
27 22

18 = —p f/(y) cos px = —p f,(¥) cos px
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The displacements can be calculated by the integration of the constitutive relations. For the u
displacement, from Eqg. (2) :

e =y, = RWo, + Rglz)ay +a AT (14)
Substitution of Egs. (8) and (11) and (12) into Eq. (14) yields :

« = [REf10) = ROD?* fin ) — ROP? £ ) | sinpx + &P AT, sinpx (15)

0 30 o, G R
R1l1fz ) - 1lzpzfih()’) - <—a ' +W> AT, | sinpx

Integration in x-direction yields :

N
w = |=RO £ () + ROp2fin(y) + < o L@g) ATOI cos px (16)
R, p
Proceeding analogously for the v displacement :
e = v, = R0, + RYq, + alaT (17)
Substitution of Egs. (8) and (11) and (12) into Eq. (17) yields :
y = [ROFn ) = ROP?fin () — ROp* fin ) | sinpx + &P 4T, sin px (18)
vy = [ROfr ) = REpfin () | sinpx
Integration in y-direction yields :
(19)

v = [Riiz)fi,h(y) - Rgz)pszih(y)dy] sin px

where [ f;, (¥)dy is the non-definite integral of fi(y). These expressions apply to any material that
respect the assumed constitutive relations in Eq. (1).

It is important to mention that in Pagano’s original work [3], the p? coefficient in Eq. (19) is
not present in the expression for the isotropic and transversely vi displacement as it should. This
point should be taken into consideretion when implementing Pagano’s solution.

The homogeneous solution assumes the different shapes depending on lamina material properties.
For orthotropic materials bi # 0, then the fi(y) for the i-th layer is:

4 (20)
fl(y) = ZAji eXp(m]-iyi) ;(i =1,2, m)

j=1
where mjj coefficients are given by:

1
mli} _ 4 (ai + bl-)i (21)
my; - *P Ci
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The first and second derivatives, and the indefinite integral of the fi(y), required to calculate
displacements, are given by:

\ (22)
fin(¥) = ZAjimji eXp(mjiyi) ;(0=12,..n)
j=1

4
finy) = ZA]-imﬁ exp(mﬁyi) ;(i=1,2,..n)
j=1

4
1 .
fﬁ-h(y)dy = ZAjiEexp(mﬁyi) ;((=12,..n)
j=1 ot

If the material of a layer is isotropic or transversely isotropic in xy plane, b; vanishes and the
homogeneous solution becomes:

fin(¥) = (A1; + Aziyi) exp(my;y;) + (As; + Agyi) exp(—my;y;) (23)

with mii = p(ai/ci)¥2. The first and second derivatives, and the indefinite integral of the fi(y),
required to calculate displacements, are given by:

fin @) = (M) Aq; + Azi(myy; + 1)) exp(my;y;) (24)
+ ((_mli)A3i + Ay (—-myy; + 1)) exp(—my;y;)
n(y) = ((m%i)Ali + Agi(my(myy; + 2))) exp(my;y;)
+ ((m%i)Am' + Agi(my;(myy; — 2))) exp(—my;y;)

ffih(}’)d}’ = <—1 )Au + Ay mayi — 1 exp(my;y;)
my; m2,;
1 —myy; — 1
+ (= Aui + A, [ —22E — .
(( mli) 3i 41( m%i exp(—my;y;)

In order to determine the fi(y) coefficients Aui, Azi, Asi and Asj the boundary conditions must be
considered, as well as the displacement and transverse stresses continuity.
Pagano assumes simply supported edges for the 2D beam:

0,(0,y) = 0,(l,y) =0 (25)
v(0,y) = v(l,y) =0
This is automatically satisfied by Eq. (8). Therefore, there is still a total of 4m unknowns to be

determined for a m layered laminate. This is achieved solving the system given by the 4m
equations from the remnant boundary conditions and continuity equations:

h h 2
o (x,—1> = qo sinpx ; G)(/m) (x, __”) =0 (26)
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3. NUMERICAL RESULTS

In order to assess the results of the proposed formulation, a thick 0°/90°/0° laminate under
constant temperature field AT = ATo was evaluated. The beam dimensions are such that I/h = 4,
where | =1 m is the beam length and h = 0.25 m is the beam thickness. The results were compared
to a commercial finite element solution using 2D plane stress four-noded bilinear elements using
increasing number of elements per layer (ELPL). The 2 ELPL mesh used 120 elements (6 x 20),
the 3 ELPL mesh used 288 elements (9 x 32), the 4 ELPL mesh used 480 elements (12 x 40), the
5 ELPL mesh used 780 elements (15 x 52) and the 30 ELPL mesh used 32400 elements (90 x 360).

In order to represent the constant temperature distribution, the Fourier expansion required is:

41 27)
AT (x) = ;Z ;ATO sin px
n=1

with ATo =1 K.

As the representation is more accurate as more terms are considered, 3001 terms were
considered. Also, as the sinusoidal expansion is problematic on the beam edges, the results were
evaluated at x = 0.25l, where the boundary effects are not representative.

The mechanical properties of the unidirectional lamina are [7]:

EL =150.0 GPa; Er=10.0 GPa;

vt = 0.3 ; vir = 0.48;

GLt=5.0 GPa; Gr1=3.378 GPa;

oL =0.139 10° Kt ar = 9.0 10° K
where the superscript | denotes the longitudinal direction (fibre direction) and the t denotes the
transverse direction.

The finite element convergence is attested as 30ELPL mesh meets perfectly the Pagano’s
solution.
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Figure 1: Analytical solution and finite element results.
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It is common in composite problems to model structures using one element per layer [8], but
by the results illustrated in Fig. 1 it is clear that, even for a simple problem such as the one
evaluated, using few elements per layer is a poor approximation, especially considering transverse
strains and stresses. One can see that even using five elements per layer the value of oy stress,
critical to delamination problems, is overestimated.

4. CONCLUSIONS

The present work is a straightforward development of Pagano’s solution for 2D solution of
laminated composite beam under cylindrical bending including thermal-effects and is a reliable
reference for the development of composite structure theories and models.

An important conclusion from the primary application of the model in contrast to traditional
finite element modelling is that, in order to have accurate results concerning transverse strains and
stresses, more than five elements per layer are required. Therefore, common strategies for
modelling composite structures must be carefully studied.
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Abstract

Composite materials present many particularities and challenges when it comes to structural
modelling. These challenges come from the anisotropic and nonhomogeneous nature of these
materials combined with the continuity requirements of displacement and transverse stresses
through the thickness, commonly named C° requirements. The different approaches developed to
assess the structural behaviour of composites can be divided into two major branches:
displacement-based theories and mixed-formulation theories. Among the displacement-based
theories, the most common approaches are: Equivalent Single Layer (ESLT), that includes the
Classical Laminate Theory (CLT); Layerwise Theories (LT), that includes the Zig-Zag Theories
(ZZT); Quasi-Layerwise Theories (QLT); and Global-Local Superposition Theories (GLST). The
present paper discusses how these different displacement-based models handle the particularities
of structural composites, highlighting the main advantages and disadvantages of each formulation,
as well as their applicability to common structural problems.

1. INTRODUCTION

The nonhomogeneous nature of composite materials pose a series of particularities regarding
their structural behaviour, especially in the transverse (through-the-thickness) direction. This
characteristic, combined with the principles of macro-mechanics, result in the inherited C°
continuity requirements of transverse displacements and stresses. These are commonly named C%
continuity requirements [1], where the subscript z denotes the transverse direction. Moreover,
because of the nonhomogeneous characteristic on that direction, in-plane displacements and
transverse shear stresses usually present kinks (discontinuities on the first derivative) in the
interfaces between laminas. Therefore, a robust composite theory must account for these effects.

Investigating the history of two-dimensional composite modelling techniques, one can conclude
that there has been a gradual evolution of laminate theories, in order to account for the
aforementioned particularities, which cannot be fully represented by classical plate and beam
theories. The current study presents a critical review of the displacement-based theories in contrast
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to those inherited requirements of composite structures. It is noteworthy to mention that the present
work is of introductory nature. A number of authors have conducted extensive and comprehensive
reviews on this topic, namely Liu and Li [2], Carrera [3,4] and more recently Sayyad and Ghugal
[5,6].

2. DISPLACEMENT-BASED FORMULATIONS

The displacement-based theories receive this name because the primary variables are
displacement-related and compose the displacement field assumed by the theory. Departing from
their displacement field and assuming strain-displacement and constitutive relationships, the
stresses and strains are determined.

The displacement field of most displacement-based formulations are a combination of one or
more fields illustrated on Figure 1.

A
| Local Field | Global Field | | C°, Requirements

— Discontinuous —
n = ——xunem' —>—————
n-1 | L
" e
; k:(_ ] \I,frien ¥ Quad.
3 L
2 Linear.==-=-- Cubic-
b I <l
L— Continuous —

Linear Higher Order
Figure 1: Comparison of assumed displacement fields (local and global) and C°; requirements.

In Figure 1, the displacement fields are represented by polynomial functions only; however,
other types of functions, such as exponential, trigonometric and hyperbolic, were also used to
develop displacement-based theories [5], [6].

The next sections present, in a very succinct and general form, an overview of the most common
two-dimensional displacement-based formulations applied to composite laminates.

2.1 Equivalent Single Layer Theories

The first attempts to model composite structures used traditional plate theories, where the
displacement field was assumed smoothly continuous along the thickness, implicating in a
transverse global behaviour independent of the number of layers, thus treating the laminate as a
single layer. Therefore, these theories are commonly classified as Equivalent Single Layer
Theories (ESLT).

In this universe, the Classical Laminate Theory (CLT) is based on the straightforward
application of Kirchhoff’s plate theory [7] to laminates, whose displacement field is presented in
Table 1. One outstanding deficiency of the CLT is the assumption of zero transverse shear. In order
to overcome this serious limitation constant shear theories were developed applying Reissner [8]
and Mindlin [9] formulations to laminated plates. Because the polynomials used in these theories
are linear in the z-coordinate (through the thickness) and the predicted shear is constant, they are
commonly referred to as first-order shear deformation theories.
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Subsequently, several researches proposed theories where the displacement fields were
described with higher-order polynomials, giving rise to Higher-Order Shear Deformation Theories
(HSDT). A generic expression of the HSDT is also presented in Table 1.

Table 1: CLT and HSDT displacement fields
CLT HSDT

dw -
u(x,y,2) = up(x,y) — Tz u(x,y,z) = z u; (x,y)z"

i=0
_ dw = ,
v(x,y,2z) = vo(x,y) — FoTk v(x,y,z) = Z v;(x, y)zt

i=0

W(x,y,Z) = WO(xly) - ,
W(x:y’Z) = ZWl'(x,)/)Zl
i=0

Sayyad and Ghugal [4,5] recently conducted extensive reviews on beam and plate theories for
composite plates with more than 800 references. From this extensive compilation, it is observed
that not only polynomial functions were used to express displacement fields, but also exponential,
hyperbolic and trigonometric functions, as previously mentioned. One can also observe that many
theories consider transverse shear strains, but neglect the transverse normal strain, keeping the
traditional homogeneous plate assumption that the transverse displacement w is constant through
the thickness. This implicates in the inability to determine the transverse normal stress o; directly
from the constitutive relationships, requiring its recovery via integration of the equilibrium
equation (Eq. 1). In fact, only a small number of theories account for transverse normal
deformation, which in many applications is important. Two examples of such applications are
delamination prediction and thermo-mechanical analysis.

Oz7F Tyuzx + Tyzy = 0 (1)

The major benefit of this class of theories is the low computational burden. On the other hand,
the major drawbacks are is the inability of describing zig-zag distribution (kinks) of in-plane
displacements, as illustrated in Figure 1. This implies in continuous strains through-the-thickness
and in double-valued transverse stresses on the lamina interfaces, regardless of the order of ESLT.

2.2 Layerwise Theories

In a broad sense, Layerwise Theories (LT) encompass all theories that assume a local
displacement field expansion within each material layer. By doing so, these theories allow for the
computation of zig-zag shaped displacements and continuous transverse stresses through-the-
thickness, better predicting the overall behaviour of laminated composites. However, this is not
achieved without penalties, as computational efficiency is sacrificed in exchange for numerical
accuracy. Carrera [4] conducted a broad historical review of LTs (referred to by the author as Zig-
Zag Theories), which highlights the importance of the early studies developed by Lekhnitskii [10],
Ambartsumian [11] and Reissner [12]. According to Carrera, most of the subsequent developments
of laminate LTs are somewhat refinements of these original studies, despite the lack of recognition
in the open literature, particularly for Lekhnitskii’s work.
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Lee and Liu [13] proposed a full LT of third-order assigning a translational component and its
first derivatives as variables for each layer surface and using Hermite cubics as interpolation
functions in order to model the displacement field of a composite layer. According to Liu and Li
[2], the results from Lee and Liu’s full LT [13] are believed to be the most accurate among all the
laminate theories available in the literature.

Following the approach of Liu and Li [2], a generalized form of the displacement field of the
third-order LT can be written as follows:

uk(x,y,2) = uf (6, y) + uf (x, )z + uf (x, y)z* + uf(x,y)z3
v(x,y,2) = v (x,y) + vi(x,y)z + vE(x,y)z* + v§(x, y)z3 (2)
wk(x,y,2) = wk(x, v) + wi(x, y)z + wk(x,y)z% + w¥(x, y)z3

Notice that the displacement fields presented in Eq. 2 possess four variables in each component,
totalizing 12n variables for a laminate with n layers. The total number of variables can be reduced
by imposing displacement (u,v,w) and transverse stresses (zx, 7yz, 0z) continuity at every lamina
interface, yielding 6(n+1) variables. This not only reduces the total number of variables, but
significantly improves overall accuracy [13]. Additionally, by imposing transverse stress boundary
conditions on the upper and lower surfaces of the laminate, the number of variables can be further
reduced to 6n. It is possible to notice the resemblance of Eq. 2 with the HSDT formulation
presented in Table 1. In fact, the HSDT can be seen as a simplified version of the LT.

2.2.1 Zig-Zag Theories

As one may anticipate, the term Zig-Zag Theory (ZZT) is granted due to the zig-zag distribution
of in-plane displacements through-the-thickness attained by these formulations. They are a
particular type of LT, in the sense that they make use of global and layer-dependent (local)
displacement components. A number of early ZZTs were proposed assuming in-plane
displacement continuity only [10-12]. These theories improved in-plane stress prediction, but
transverse shear stresses were still constant through-the-thickness, due to the low order of the
assumed displacement fields. Later developments also failed to predict transverse shear stresses
by employing higher-order displacement terms, and it was not until Cho and Parmerter [17] that
transverse stress continuity conditions were accounted for and correct transverse shear stresses
were predicted directly from constitutive relations.

Liu and Li [2] unified the notations of the ZZTs by expressing the displacement fields as:

uk(x,y,2z) = uk (e, y) + uk(x,v)z + up(x,)2% + uz(x,y)z°
v€(x,y,2) = vE(x, y) + vR(,y)z + vy(x, y) 2% + vi(x,y)Z° (3)
Wk(xIYJ Z) = WO(xly)

Other ZZTs were developed by changing the order of the layer-dependent terms (i.e. zeroth and
second order, first and second order, etc.), but in all of them, there are only two layer-dependent
terms. This is because using two layer-dependent terms, the number of layer-dependent variables
(4n) is equal to the number of the displacement (u, v) and transverse stresses (zx;, 7yz) continuity
equations (4n - 4), plus the boundary conditions for the transverse stresses on the upper and lower
surfaces (4). As a result, all layer dependent variables can be eliminated.

Because transverse deformation is neglected, the continuity equations related to w and o; are
not available, as in the full LTs. These theories are also referred to as Quasi-Layerwise Theories

(QLT) [2].
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One drawback of this class of theories is that the predicted transverse shear stress is smooth
through-the-thickness, failing to capture distinct kinks in lamina interfaces (See Figure 1) even
when employing higher-order local displacement components. Moreover, the w displacement
continues to be assumed constant through-the-thickness, meaning that the transverse normal strain
is neglected, and the transverse normal stress can only be recovered from the integration of the
equilibrium equations. Also, there is a dependency of the definition of the local coordinate system
for the layers [2], reducing the robustness of such theories.

2.2.2. Superposition Theories

In the light of the improvements achieved by these so-called ZZTs, it became evident that an
attractive strategy to develop an accurate and computationally efficient theory for laminated plates
would be to combine the layer-independence of HSDTs with the capability of predicting layerwise
behaviour, while also preserving the capability to determine transverse stresses directly from the
constitutive equations, without the need of postprocessing. Liu and Li [18] proposed such an
approach by introducing global and local displacement components based on a generalized
coordinate system, named Superposition Theory (ST).

The displacement field of the kth layer of a laminated composite plate can be expressed in terms
of global and local (layer-dependent) components as:

uf = ug + uf
vk = v + vk 4)
Wk = Wg

where k is the layer order and the subscripts L and G represent local and global components,
respectively. Departing from Eq. 3 (also known as 0-1 QLT) and Eqg. 4, the 0-1 ST can be written
as:

uk(x,y,2) = uo(x, y) + uy (o6, Y)z + uy (6, )22 + us (6, ¥)23 + uf + ufé,
vR(x,y,2) = vo(x,y) + v (x, Y)z + v,(x, V) 2% + v3(x, )23 + vE + vFE, (5)
w*(x,y,2) = wy(x,y)

Notice that for global displacement terms the z-coordinate is used, while for local description,
a linear coordinate &, for the kth layer is used. This is the fundamental difference between ZZTs,
or QLTs, and STs, which renders the biggest advantages of STs: independence of the number of
layers and of the definition of the local coordinate system.

As for the QLTSs, STs can be classified by the order of the local terms (i.e. 0-1, 0-2, 0-3, 1-2, 1-
3, 2-3). The 1-3 ST (local terms are of first and third-order) is considered the best among the other
six investigated theories of this family, due to its excellent predictions of v, and zy; [2]. This
indicates that the first and third-order terms play an important role on the overall accuracy, both
for displacement and stresses. According to Liu and Li [2] a possible interpretation is that the first-
order layer dependent term is considered the most fundamental one (associated with rotational
angle), while the third-order term is particularly important in order to predict the layerwise
parabolic distribution of the shear stress. Nevertheless, with the exception of the zeroth-order
terms, which can be accurately represented globally, all local terms have a distinct contribution to
laminate performance.
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2.2.3 Double-Superposition Theories

In view of a more accurate representation of the laminate behaviour, accounting for as many
local terms as possible, Liu and Li [2] propose the Double Superposition Theory (DBST), which
consists of applying the ST technique twice to three local terms. This is necessary since only two
continuity conditions can be satisfied in composite layer assembly, limiting the number of
variables associated to local behaviour to two, as noted in Section 2.2.1. The displacement field
then assumes the following general form:

uk = ug +uf +af

vk = vg + oF + BF (6)

Wk:WG

The local terms can have different arrangements of first, second and third-order, giving rise to
different theories, for example the 1,2-3 DBST:

uf(x,y, &) = uf +uk&’” ; af(x,y, &) = ukg’®

(7)
Ty, 6 = v+ v (. &) = vEES

According to Liu and Li [2], the results of the different arrangements of DBST are equivalent.
Although an excellent prediction of displacements and transverse stresses, there is still the need of
post-processing to recover the transverse normal stress for ST and DBST. The reason for this is
that the variation of w through-the-thickness is still neglected or assumed as a global distribution.
This is a common aspect to most of the presented formulations, with the exception of full layerwise
theories, which assume the general form of Eq. 2.

In an effort to overcome this drawback, Lima and Faria [19] proposed a 0-1 ST formulation for
a two-dimensional beam finite element considering a local w-displacement distribution. There was
a satisfactory response of the displacements, in-plane stress and transverse shear stress, but the
predicted transverse normal strain and stresses obtained directly from constitutive relations did not
possess the same level of accuracy, and post-processing was required to correct the results. Despite
the deficient accuracy of the later quantities, the element meets all C% requirements, with the
exception of the kinks in transverse shear stress, handling non-homogeneous boundary conditions
on the laminate surfaces and obtaining all stresses directly from the constitutive relations.
Improved results are expected by increasing the order of the local terms, such as 1-3 ST, according
to the observations of Liu and Li [2].

3. SUMMARY AND CONCLUSIONS

The previous sections gave an overview of the main displacement-based theories, presenting
their displacement fields and capabilities to satisfy the so-called C°% continuity requirements,
illustrated in Figure 1. In order to provide a clear comparison between the theories in a summarized
manner, they were organized in a table form, and their main characteristics highlighted:
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Table 2: Comparison of the different displacement theories

CLT HSDT ZZT GLT LT
Dlsplapement Yes Yes Yes Yes Yes
Continuity
Zig-zag shape
of in-plane No No Yes Yes Yes
disp.
Transverse
stresses No No Yes Yes Yes
continuity
Good above 5-th Good v_vhen first
T s T T T order. Dependent and third-order
2o Y v Low : local terms are Excellent
accuracy neglected coordinate system considered
definition. Smooth. . '
Kinks are captured.
o7 accuracy Neglects  Postprocessed Postprocessed Postprocessed Excellent
Dependency
on the number No No No No Yes
of layers

It becomes clear that laminated composite structures require a higher level of discretization
when compared to homogeneous structures, since layerwise behaviour must be well represented.
Therefore, there is a continuous effort in the academia to develop accurate and computational
efficient theories capable of describing the behaviour of laminated composite structures. Among
the discussed theories, the ones that present best compromise between numerical efficiency and
accuracy are the ones based on the global-local superposition approach; however, there are still
improvements to be done in the theories currently available in the open literature.
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Abstract

Composite materials have been widely used due to their lightweight capability. For different
industrial applications, hybrid beams have been designed to combine the potential advantage of
each layer; for instace, for aeronautical structures it is usual to combine Glass Fiber Reinforced
Plastic (GFRP) and aluminum layers. In this article a three layer beam is considered, a medial layer
is made of GFRP and the other layers are made of aluminum. A detailed discusison about a semi-
analytic procedure to evaluate the residual stress in such structure is presented, analising the
influence of fiber volume fraction on the GFRP layer and the layers thickness. The results indicate
the possibility of growing up plastic residual stresses in the aluminum layers.

1. INTRODUCTION

Combinations of unidirectional GFRP (Glass Fiber Reinforced Plastic) laminas and thin
aluminum-alloy plies were used as the composite material in this article. The application of large
bending moment loads, for instance, can yield the aluminum plies of a composite beam, generating
a residual stresses distribution along its cross section. In this article a semi- analytical approach is
proposed, based on Mechanics of Solids, to estimate the cross section elastoplastic residual stress
distribution in composite beams submitted to large bending moments. The metallic layers were
modelled considering isotropic elastic-perfectly plastic behavior, while GFRP plie was modelled
as linear-elastic with transversally isotropy on the fibers plane. The Euler-Bernoulli hypotheses
were utilized to develop the proposed analytical model as in Crandall [1] and Vinson and
Sierakowski [2].
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2. ANALYTICAL MODEL

Considering a symmetric composite beam lay-up with three layers, where the central layer was
made of GFRP and the extremities ones were made of aluminum, submitted to pure bending

moment, as illustrated in Fig. 1.
M
A
Lt =

y {
. GFRP
aluminum

CM e e A ——————————

aluminum

- Figure 1: Three layers composite beam
The maximum bending moment applied in this beam is limited, by hyphotesis, to avoid the
failure of the GFRP layer. Assuming that GFRP has a smaller strength in compression than in
tension Barbero [3], the maximum allowable stress in this layer must be equal to its compressive
strength, computed by the following equation as Lo & Chim [4]

« G, (1)
" 154126/ p)XG, | Eg)

Where Ec and Gg are the longitudinal elastic modulus and the in-plane shear modulus of the
GFRP layer, respectively, estimated by

Ec =E\V, +(L-V,)E_, (2)

_ GL+V)+G (1-V)) (3)
€ MG, (1-V,)+G_ (1+V,)

where V. is the fiber volume fraction, Er and Em are the fiber and matrix longitudinal elastic

modulus; Gf and Gm are the fiber and matrix shear modulus.

If the bending moment is such as the whole aluminum layers yield, this bending moment is
the maximum that can be applied to avoid the failure of the GFRP layer

t (4)
My, =b S1C1€G + Syta(ts + tg)

where b is the beam width, t and t, are, respectively, the GFRP and aluminum layers

thicknesses and Sy is the aluminum yield strength.
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The cross section stress distribution in this limit situation is shown in (5.a)

E Miix if —0.5t; <y <0.5t
- L — U. s < U
Oload = ¢ Elioqa Y ¢=Y ¢

(5.a)
=5, sign(y) otherwise
Mmax .
Oload = Elvaa (5b)
—Sysign(y)  otherwise

where El, ., =Egl; is the equivalent bend stiffness during the load and 1 =ht %/ 12 is the

second moment of inertia of the GFRP layer.

The unload, or springback, is mathematically equivalent to the application of a moment with
the same magnitute and oposite direction. Thus, the residual stress is computed using the
superposition principle.

In an intermediary situation where the aluminum thicknesses aren’t totally yielded t < ta
(see Fig. 2), the following equations must be satisfied

«(h-t)
M nax = ‘k‘ El nioad 48ybt 2 (6)
T .
E, (0.5 —t") (7)

where El . =E,l, +Elg is the equivalent bend stiffness during the unload and

I, =b[(h - 2t")3 —tG3]/ 12 is the second moment of inertia of the aluminum layer. To obtain the

magnitude of ‘k‘ and t~ , a simple iterative procedure was implemented in MATLAB. Note that
this is the unique numerical step of the present study.

y elastic yielded
o taI It
Z h2 t"":l: - t*
| b |
| !
(@) (b)

Figure 2: Composite beam cross section, (a) before loading and (b) after unloading
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Once the parameters ‘k‘ and t are obtained, the stresses of the unload process is estimated:

( M.
E;—"% vy if —0.5t; <y <05t
Elunload

. . h h
Ountoad = | 2 Sysign(y) if - (5 N t*) sys (E - t*) (8)

Mmax

E, y otherwise

Elunload

Using Eq.(5.b) and Eq.(8), the residual stress cross section distribution can be estimated as

s ®)

S unload

=S

residual load

3. RESULTS AND DISCUSSION

In this analysis, the elastic and shear modulus of the glass fiber and of the epoxy matrix are,
respectively: E. =87GPa and G, =36.25GPa; E_=3.2GPa and G =1.18GPa as in
Kaddour and MJ Hinton [5]. The elastic modulus and the yield strength of the aluminum are
E, = 72.4GPa and Sy = 345MPaas in Abouhamzeh [6]. The beam cross section has the width

b =10mm and heighth = 10mm . Figure 3 shows the stress distribution along the beam height for
different values of fiber volume fractions; each one of them represents a different ratio between
the GFRP and aluminum thicknesses.
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Figure 3: Stress distribution along the beam height (load, unload and residual) according to: (a)
t; =0.1h, (b) t; =0.5hand (c) t; = 0.9h
Note in Fig.3.c the red lines indicate the possibility of residual plastic stress for laminates with

thicker GFRP layer and higher fiber volume fraction.
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A detailed analysis for the laminate with t; = 0.9h is presented in Fig.4. In Fig. 4.a shows the

contour map of stress for the load application, Fig. 4.b shows the contour map of stress during
unload, which is equivalent to a second load, with the same magnitude but with oposite direction
and Fig. 4.c shows the contour map of residual stress distribution.

o o
load unload
0.5 0.5 e 3
0.45 0.45
= =
— a iy o
> >
045 -0.45
05 05
0.1 02 03 04 05 06 07 0.1 02 03 04 05 06 07
V
\."f f
[ .
residual
0.5
0.45
=
-~ 0
>

-0.45
0.5
01 0z 03 04 05 06 07

Ve

(©)

Figure 4: Contour map of the stress distibution (t; = 0.9n): (a) load, (b) unload and (c) residual
stresses

Note that the scale of collors was parameterized using o/Sy and the whole aluminum layers
yield during the load. The horizontal lines on the unload and on the residual maps indicate the

yield during the unload step (note for V. >0.45). As Fig. 4 shows the possibility of plastic

residual stress distribution, the main question to be answered is under which conditions the yield
during unload could occur.
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Figure 5 shows for various combinations of t; and V. which ones generate an elastoplastic
residual stress distribution along the beam thickness.

ELASTOPLASTIC

Figure 5: Map indicating for each combinations of VV, and t there exist plastic residual stress.

It is possible to recognize that even for very small values of fiber volume fraction it is possible
to have a plastic residual stress for high values of GFRP thicknesses.

4. CONCLUSIONS

A semi-analytical model, based in mechanics of solids, was proposed to investigate the behavior
of a composite beam, made of plies of aluminum and GFRP, submitted to large value of pure
bending moment. Different plies thicknesses and different fiber volume fractions on the GFRP
layer were implemented. It was concluded that both variables, fiber volume fraction on the GFRP
layer and the layers thickness, can produces significative effects in the beam cross section residual
stress distribution. Also, for high bending moments it was verified that the aluminum plies can
yield even during unloading.
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Abstract

Hybrid composites are commonly applied to obtain tailor-made properties due to the additive
or synergistic effect between matrix and fibers, offering a wide range of properties that could not
be achieved with a single fiber. However, addition of more than one fiber makes the mechanical
behavior of hybrid composites more complex, and classical approaches such as rule of mixtures
must be reconsidered when evaluating their mechanical properties using micromechanical
theories. The aim of this work is to present an online software tool for researchers and designers,
where different models for evaluating mechanical and thermal properties of hybrid composites
were incorporated, allowing the user to quickly assess them based on the fibers and matrix
properties. The developed software is web-based and was programmed and designed with mark-
up and programming languages such as Python, HTML, JavaScript and MySQL, and also enable
analysis of single fiber composites (short and long fibers, aligned or random), particulate
composites and nanocomposites. In order to verify the available models, an experimental study
was carried out by producing an epoxy composite with glass and carbon fibers at different relative
fiber volume fraction. The samples were submitted to longitudinal and transverse tensile and in-
plane shear testing to produce experimental values for Elastic moduli, Poisson’s ratio and shear
modulus of the intraply hybrid composite. Good correlation was found between experimental and
analytical approaches considering the adopted assumptions, especially for the Chamis and Chou
models.

1. INTRODUCTION

Hybrid composites are commonly referred as a matrix reinforced by at least two distinct fibers,
aiming to provide a synergistic effect between the multiple fibers [1]. According to Ashori and
Nourbakhsh [2], for the hybrid effect to appear, fibers of different mechanical properties are
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required, forming also interfaces with different properties. Hybridization may offer a more cost-
effective way to meet design requirements compared to traditional engineering materials, since it
allows composites to reach tailor-made properties [3], balanced thermal stability, strength and
stiffness, better toughness, and fatigue and impact resistance [4]. In order to reach balanced
properties, it is essential to accurately equalize the volume fraction of matrix and fibers and
evaluate the composite mechanical properties or estimate them through micromechanics.
However, hybrid effects may not be accurately modelled by the rule-of-mixtures (ROM) [5],
increasing the complexity of closed-form solutions. Despite that, micromechanical equations for
hybrid composites (HC) provide accurate solutions for predicting mechanical properties, yielding
results quite close to the ones obtained through finite element modelling [6].

Unlike isotropic materials, experimental characterization of composite materials is expensive
and time consuming due to many variables involved [7]. Aiming to provide an easy way to quickly
compute hybrid composite properties from micromechanics, equations found in literature for these
material classes were compiled and fed to the MECH-Gcomp software developed by the group.
The program interface was built using html customized with CSS. Language JavaScript was used,
allowing the scripts to be executed by the user without passing by the server, increasing the
development speed. The calculations and server side of the web application used Python, a widely
used language, with large online community, high abstraction level and easy programming for the
interaction with other languages and libraries. Interaction between Python and framework Django
was crucial for a robust web development, together with the program Mysql for MECH-Gcomp
database management.

The software MECH-Gcomp already has many different micromechanical approaches,
validated with experimental data for nanocomposites [8], particulate composites [9], short [10]
and long [11] single fiber composites. The present work aims to compare micromechanical
equations available in the literature with experimental results for hybrid glass+carbon/epoxy
composites, at different relative fiber volume fractions, to verify their robustness in predicting the
composite properties.

2. MATERIALS AND METHODS

2.1 Mathematical Models

Due to different simplifications and assumptions of different micromechanical models (no
voids, neglection of interface, perfect alignment of fibers, etc.), MECH-Gcomp software presents
all available options and lets the user decide which one will be chosen. It incorporates in its code
several models to compute engineering constants, mechanical strengths and thermal properties of
HC. Regarding longitudinal Young modulus (Ez) and Poisson ratio (v12), Rule of Mixture (ROM)
is able to provide accurate results, even for hybrid composites [6, 12].

E1 = El,flvfl + El,fZVfZ + Eme (1)
Vip =Viz = V12,f1Vf1 + V12,f2Vf vV (2)

For the other engineering constants, Banerjee (2014) [6] extended the semi-empirical models
proposed by Halpin (1976) [13], applying the following set of equations:
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El,fl 1 El,fz _1 (3)
e 1+5(77f1Vf1+77f2Vf2) E, E,,
E2_E3_Em ;77f1:E—;77f2:E—
1-n: Vi =115V, 1,f1_|_§ 1,f2+é:
E, E,
Gy 1 1 Gy, 1 1 (4)
A~ 1+§(77flvf1+77f2vf2) G, G,
GlZ_G13_Gm 1 Vv Y ;77f1:G—;77f2:G—
AT/ ATARY) 12,11 L& 12,12 +£
G, G,

where E> is the transverse Young Modulus, Gi2 is the in-plane shear modulus, V is the volume
fraction, and ¢ is a parameter associated with fiber geometry (for circular fibers its value is 1.165
in Equation (3) and 1.01 in Equation (4)). Subscripts m, f1 and f2 designate matrix, primary and
secondary fiber, respectively.

Regarding longitudinal tensile strength, it is assumed that the composite will fail when its first
constituent reaches its ultimate strain, as depicted in Equation (5), where o1 is the longitudinal
tensile strength and ¢ is the lower ultimate strain among the composite constituents.

0'1T =Ee ()

According to Chamis (1980) [12], HC properties can be achieved by splitting it on primary
composite (PC) and secondary composite (SC), where the first is reinforced by fiber 1 and the
second by fiber 2, with the matrix proportionally distributed. The methodology applied to compute
these composite properties is analogous to that applied for single-fiber composites, as depicted in
Chamis (1989) [14]. Then, the HC engineering constants and strengths are evaluated according to
a new ROM. Equation (6) shows how to obtain the transverse Young modulus and, by substituting
E> for G12 in Equation (6), one can obtain the HC shear modulus.

E E (6)

m m

E2,PC = £ ) Ez,sc = £
1- f,PC (1_Em ] 1_\/;f,SC Ll_Em J
2,f2

2,f1

Ez = Ez,PcVPc + Ez,scvsc

The model presented by Chou [15] splits the composite producing a high modulus (HM) and a
low modulus (LM) composite. The equations proposed by Chamis [12] are used to compute their
engineering constants, but the final properties are obtained by using the following equations:

E = El,HMVHM + El,LMVLM y Vi = VlZ,HMVHM +V12,LMVLM ; (7)

E EZ,HM . GlZ,HM

= ’ G =
i E2 HM N GlZ HM
14V, | -2 1 14V, | 2 g
E2,LM G12,LM
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2.2  Experimental Tests

Hybrid and non-hybrid composite laminates were produced by using carbon/epoxy and
glass/epoxy towpregs from TCR Composites, Toray T700-12K-50C and 158B-AB-450,
respectively, both pre-impregnated with UF3369 epoxy resin system. The flat laminates were
manufactured by dry filament winding using a KUKA 140 L100 robot integrated with peripheral
control systems from MF TECH. The equipment delivery eye is able to process up to four towpregs
simultaneously allowing the manufacturing of hybrid composites with different compositions. The
composite design was performed in the CadWind software and the data containing all the winding
parameters were entered. These parameters are converted into a simulated model for manufacture
optimization. The simulation is then processed and converted into a robot programming language.

Hoop flat laminates were produced from the deposition of the fiber tows on top of a stainless-
steel mandrel (327 x 228 x 12 mm3), as shown in Figure 1. Five laminates with different relative
contents of reinforcing material were produced, with up to 4 simultaneous tows. Two of the five
laminates are composed of a single fiber, glass or carbon. Table 1 shows the amount of tows used
and the final thickness of the composite. The laminate ID designates the carbon and glass fiber
volume fractions. After winding, the material was cured in a hot hydraulic press under six ton at
120 °C for 4 h. After that, the system was cooled to room temperature, and the mandrel unscrewed
to extract the flat composite.

(b)

Figure 1: (a) Manufacturing of a flat laminate by filament winding and (b) arrangement with four
simultaneous tows.

Table 2: Specification of the manufactured laminates.

Laminate ID* Tows Layers  Mean thickness
Carbon/epoxy Glass/epoxy (mm)
0C:64G 0 2 3 501
19C:44G 1 3 3 2 05
36C:30G 1 1 3 200
49C:13G 3 1 3 297
61C:0G 2 0 3 206

*C-carbon, G-glass

29



4" Brazilian Conference on Composite Materials. Rio de Janeiro, July 22"-25" 2018

The unidirectional composites were cut using a CNC router machine, longitudinally and
transversely to the fiber direction. The specimens were then sanded and the dimensions measured.

All the experiments were performed in an Instron Universal machine model 3382 with a 100
kN load cell. Tensile tests were performed according to ASTM D3039-17 at constant speed (2
mm/min) and using two analogical extensometers. Seven specimens for each composite were
tested to obtain elastic moduli and Poisson’s ratio. For transverse tensile tests, length of the
samples was 27 mm shorter than suggested by the standard due to the limited dimensions of the
plates. The shear properties were characterized using ASTM D7078-12, which is recommended
for high-modulus fiber-reinforced composite materials. Four samples were tested at a speed rate
of 2 mm/min. Strain gages of the rosette type KFG-5-120-D17-11 from KYOWA were used to
enable calculation of the in-plane shear modulus, Gi2.

Fibers and resin mechanical properties are compiled in Table 2, along with densities (p) and
weight fraction in towpregs (Ws). Some of the data shown in this table were extracted from the
literature [16] when not provided by the manufacturer.

Table 3: Properties of fibers and resin of the towpregs.

Property | Glass fiber 158B-AB-450 | Carbon fiber T700 | Epoxy resin UF3369-100
Ea (GPa) 72.4 230 3.10
E2 (GPa) 72.4 15.0 3.10
V12 0.200* 0.200* 0.350*
G12 (GPa) 3.08* 14.7* 1.24*
p (kg/md) 2580 1800 1180
Wit (%) 75.1 70.3 -

*Extracted from [16]

3. RESULTS AND DISCUSSION

Equations (1)-(7) were used to evaluate the five different composites depicted in Table 1.
Figures 2 and 3 present the analytical results from the micromechanics models compared to the
experimental data, and the relative deviations are depicted in Table 3.

ROM could accurately predict the E: value, including the HC. While the models from Banerjee
[6] and Chamis [12] could predict with relative good accuracy E> and Gi2, the Chou model [15]
deviated significantly from the measured values.

Regarding vi2, none of the models could adequately fit the measured values. This may have
occurred due to incorrect input values adopted for fibers and resin, which refer to generic data.
The models proposed by Banerjee [6] and Chamis [12] yield generally intermediate values
between the composite with fiber 1 and the composite with fiber 2, while Chou [15] model acts in
a conservative way, applying ROM with “-1” exponent to compute the final HC properties,
yielding final properties similar to the LM composite.
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Figure 2: E; and E> for the five different composite configurations.
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Figure 3: v12 and Gy for the five different composite configurations.
Table 4: Error between experimental data and micromechanics models.
Deviation |Composition| 100G | 25C:75G | 50C:50G | 75C:25G | 100C
E1 (%) ROM 14.36 2.00 577 8.25 1.51
Banerjee 14.90 3.26 20.34 29.21 50.00
E2 (%) Chamis 9.86 11.01 5.34 8.61 4.58
Chou 45.45 4411 36.72 27.92 12.91
Banerjee 0.21 5.13 15.62 4.62 10.33
G12 (%) Chamis 10.46 5.98 28.46 17.18 0.70
Chou 33.47 34.83 19.14 22.05 30.05
Banerjee 27.00 29.44 28.42 31.79 18.89
V12 Chamis 27.00 29.44 28.42 31.79 18.89
Chou 76.00 61.93 60.00 65.64 54.84

*Deviations below 15% have been highlighted for easier comparison.

4. CONCLUSIONS

Micromechanical models for hybrid composite materials obtained in the relevant literature were
implemented on an online software, allowing its users to quickly compute composite mechanical
properties based on fiber and matrix types and volume fractions. In order to verify the model’s
accuracy, experimental tests were performed for five different configurations.
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Considering the already mentioned assumptions and simplifications, and the difficulties in
obtaining some materials properties, results were in good agreement with experimental data.
Relative to E1, E> and G2, micromechanics models showed a deviation of about 10%, except for
the Chou model. Poisson’s ratio could not be accurately predicted by any model. Thus, it is
possible to conclude that two of the micromechanical models can be applied for predicting hybrid
composites properties in a satisfactory level as first estimates.
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2. CEMENT-BASED COMPOSITES
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Abstract

Cementitious matrices such as concrete have low tensile strength and fail in a brittle manner. Adding short
needle-like fibers to such matrices enhances their mechanical properties, particularly their toughness,
ductility and energy absorbing capacity. The past five decades mark the modern development and broad
expansion of fiber reinforced concrete (FRC), which leads to today extensive applications and increased
market penetration. Such a success is due in part to significant advances in the fiber reinforcement, the
cementitious matrix, the interface bond between fiber and matrix, and fundamental understanding of the
mechanics of the composite. Following a brief summary of: 1) the history of fibers in concrete, 3) the
reasons why FRC failed during its first 100 years, 3) the underlying principles of fiber reinforcement in
cement based composites, 4) the key causal parameters, and 5) related technical as well as practical
limitations, this paper-presentation describes the rationale behind the modern developments of FRC
composites leading to today’s ultra-high performance fiber reinforced concretes, which exhibit tensile
strengths of the same order as the compressive strength of normal concretes. It stresses in particular the
importance of the transition in composite response from a strain-softening to a strain-hardening behavior
in tension, and the resulting transition of the composite function from an engineering material to a structural
material with potential stand-alone usage. Relevant examples of applications will be described in the
presentation only.
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1. INTRODUCTION

The content of this paper is essentially taken from a recently published book on FRC by the author [1].
While the oral presentation (as suggested by the title) offers a more detailed overall perspective, next only
two important milestones leading to today classification of all FRC composites as either strain-softening or
strain-hardening are documented.

1.1 Fiber Reinforced Cement and Concrete (FRC) Composites

For practical purposes and mechanical modeling, as defined in [1], fiber reinforced cement and/or concrete
(FRC) composites are defined as composites with two main constituents, the fiber and the matrix (Fig.1).
Generally the fiber is assumed to be discontinuous and, unless otherwise stated, randomly oriented and
distributed within the volume of the composite. Both the fiber and the matrix are assumed to work together
through bond, thus providing the synergism needed to make an effective composite. The matrix, whether
it is a paste (cement mixed with water), mortar (paste with sand), or concrete (mortar with coarse
aggregates) is assumed to contain all the aggregates and additives specified. A concrete matrix is supposed
to contain large size aggregates, say with an equivalent diameter in excess of 8 mm (3/8 in). A mortar
matrix generally contains sand (of mostly less than 3 mm (1/8 in)) but no large size aggregates. A cement
paste may contain very fine sand, silica powder, fly ash, silica fume, and other fine additives. Air voids
entrapped in the matrix during mixing are assumed to be also part of the matrix (Fig. 1). For simplicity,
unless otherwise specifically noted, the term “concrete” will be generally used to represent a cementitious
matrix whether it is a paste, a mortar or a concrete.

CEMENT PASTE:

AGGREGATES: OTHERS:
-- Cement coarse (gravel); recycled waste;
- Water fine (sand, microsand); unwanted materials;

-- Additives and pozzolanic cement replacement:
fly ash, silica fume, ground slag, polymers, clay,
colloidal silica, metakaolin, etc.
-- Admixtures: superplasticizers; viscosity agents;
accelerators: retarders; air entraining agents; ...
-- Unwanted: pores, micropores, salts ...

‘ \ /

MATRIX FIBER J

organics; voids; ...

(Concrete) (or Reinforcement)

COMPOSITE
(FRC)

Figure 1 Composite model considered as a two-constituent system, namely fiber and matrix, as applied to
fiber reinforced cements and concretes.

Thus from the broadest perspective, fiber reinforced concrete can be defined as follows:
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Fiber reinforced concrete (FRC) is concrete with suitable discontinuous fibers added to it
for the purpose of achieving a desired level of performance in a particular property (or
properties).

If the fibers are continuous, a different terminology is used to describe the composite such as
ferrocement, textile reinforced concrete (TRC), or laminate cementitious composites which use
continuous reinforcements made out of continuous wires, textiles, or meshes. Reinforced and
prestressed concrete (RC and PC) are also considered composites with continuous reinforcements
mostly made out of steel rebars or prestressing strands, but other reinforcing materials (such as
fiber reinforced polymer (FRP) reinforcements) are also used.

Figure 2 illustrates how the combination of a concrete matrix with reinforcement, be it
continuous or discontinuous, leads to various structural composites developed since the mid
nineteenth century; these include the most broadly used structural materials worldwide, namely
reinforced and prestressed concrete.

REINFORCEMENT ‘ ‘ CEMENT MATRIX
(Steel, FRPs, etc.) ? (Concrete, mortar, paste, slurry)

COMPOSITE
1
A 4 *
CONTINUOUS DISCONTINUOUS
REINFORCEMENT REINFORCEMENT
1874 >
\ 4 A A\ 4
1855 > 1860 > 1927 >
FERROCEMENT REINFORCED PRESTRESSED
(and other thin reinforced CONCRETE CONCRETE
roducts T
p ) | | I v
I ! Modern Developments
Y Y
2000 > 1939 = 1960 >
PARTIALLY FIBER REINFORCED
TEXTILE CONCRETE
REINFORCED PRES SeooED (premix, shotcrete
extrusion, slurry
infiltration, ...)
4 Y v Y
STAND-ALONE APPLICATIONS
OR HYBRID COMBINATIONS

(continuous and discontinuous reinforcements,
micro and macro fiber, ...)

Figure 2 Common cement- and concrete-based composites and possible hybrid combinations.
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As described in Section 3.2, modern fiber reinforced concrete started in the early 1960s; here, modern
implies the use of a scientific approach to better understand the fundamental properties of the composite.
At time of this writing, fiber reinforced concrete has gained a place of its own in the family of structural
concrete materials. Figure 2 illustrates its position within that group. It can be observed that fiber reinforced
concrete can be used on its own or in combination with reinforced concrete (RC), prestressed concrete (PC),
or ferrocement, thus leading to a hybrid composite containing both discontinuous fibers and continuous
reinforcements. Hybrid composites also include the use of fibers of different materials and/or different
geometric and mechanical properties (not addressed in this paper).

2. FRC COMPOSITES: HISTORICAL BRIEF

The concept of using fibers to improve the behavior of building materials is old and intuitive. Examples
include adding straw fibers to sun-dried mud bricks primarily made out of clay (adobe), horse hair to mud
clay, and asbestos fibers to ceramic pottery, thus creating a composite with a better performance.

In the case of adobe for instance, as used in Mesopotamia in the Middle East, straw fibers may not
have led to an increase in tensile strength. However, their real benefits (as we understand them today) were
to limit fragmentation after cracking, keep cracks from opening wider, decrease the rate of degradation with
repetitive cycles of temperature and humidity, and improve toughness. Thus, it is no surprise that when
Portland cement concrete started evolving as a building material during the 19" century, attempts were
made to add fibers to it to improve its behavior.

In 1855, the French patent of Joseph Louis Lambot advocated the combination of “iron wires
(forming a continuous grid) and cement” leading to a material called in French “fer-ciment”, known today
as ferrocement [2]. Shortly thereafter reinforced concrete was born. Prestressed concrete followed in the
first third of the 20" century (Fig. 2).

However, the use of continuous reinforcement, as in reinforced concrete, requires careful placement
and higher technical labor skills, hence higher cost. It also leads to an anisotropic building material with
which the average layman is not very comfortable.

The idea of using strong discontinuous fibers as reinforcement for concrete seems to have been
both a seduction and a challenge to many practitioner and civil engineers. Adding the reinforcement to the
concrete mixer in the form of fibers, simply like adding sand or admixtures, to create a homogeneous,
isotropic, strong, tough, durable and moldable structural material is a dream that started toward the end of
the 19" century and is still in the making today.

3. DEVELOPMENT OF FIBERS FOR CONCRETE AND FIBER REINFORCED CONCRETE

Two distinct time periods seem to characterize the pace of development of fibers specifically intended for
concrete (Fig. 3). The first period, prior to the 1960’s, corresponds to a slow pioneering phase with many
ideas but almost no applications, while the second period, since the early 1960’s corresponds to a phase of
more rapid and modern developments paralleled by increasing applications.

The first period (1874-1960) can be considered a dormant period during which many patents were
submitted on the subject but were not technically convincing since they claimed an increase in tensile or
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bending resistance by addition of fibers, but only deflection softening behavior was observed from limited
experimental tests (Fig. 3). The second time period termed modern development started with a scientifically
based study by Romualdi et al. [3, 4] in the early 1960’s; while it also claimed the increase in tensile strength
of the composite by fiber addition, it mainly brought awareness of the increase in fracture resistance of the
composite. This became a starting point for an intense number of fundamental analytical and experimental
studies on the mechanics and behavior of the composite. This second phase was accompanied by the
increasing use of modern scientific methods to better understand the reinforcing mechanisms of the fibers,
the role of bond, and the contribution of the two main constituent materials. Eventually not only the
significant increase in fracture toughness was discovered as the most important benefit of fiber addition,
but also researchers were able to develop composites with tensile and bending strengths way higher than
those of the matrix alone; thus in effect satisfying what early patents have claimed but could not achieve
due to lack of fundamental research. The right side of Fig. 3 is to be correlated with Fig. 14 below where
additional details (SS, SH, DS, DS) are explained.

First Scientific Strain-
First FRC Study Hardening (RZPthZ(r:dct:+ ga
Patent (Romualdi, (Naaman + N Iaman DS:
(A. Berard) Batson, Mandel) Shah) a ) DH’
Dormant Period UHP-FRC >
Only deflection Only strain-
softening composites softening Today
1874 1963  composites 1978 1991 2003

-- Early Developments -- | ——»  Modern Developments
(many patents) (scientific approach)

Figure 3 Milestones in the development of fiber reinforced concrete illustrating two distinct time periods.

Numerous patents on fiber reinforced concrete have been granted. They generally address one or
a combination of the following: the fiber itself, the fiber reinforced concrete mix, the production process,
and the application. A selective number [5 to 12] is reviewed in [1] and summarized next to illustrate the
underlying idea behind each patent and the evolution of new ideas with time.

3.1 Pioneering Developments: 1874 — 1960

The first patent (1874) on fiber reinforced concrete seems to be due to A. Berard from California who
suggested the use of granular waste iron in a concrete mix to create an artificial stone. A similar idea
suggesting the use of steel shavings and metal scraps was patented by J.C. Seailles in France, in 1920. In
1911, G.M. Graham (US) suggested the use of steel fibers (short cut steel wires) in addition to conventional
reinforcement to increase the strength and stability of reinforced concrete.
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B. D. WEARLEY.
BONDIKG MEAKS FOR BEISTORCED CONCRITE STRUCTUREL
APPLICATION IILED ELPT. 10, 1010,
1,646,913. Patanted Dec 10, 1912

e

W, MEISCHKE-SMITH,
FERROCONCRETE CONSTRUGTION,
APPLICATION FILED Dic. 16, 1918,

1,349,901, Patented Ag. 17, 1920.

Figure 4 Weakley’s two-dimensional steel fiber
made out of two wires (US Patent 1912).

Figure 5 Meischke-Smith flat twisted steel fiber
(US Patent 1920).

&. C. MARTIN
METHOD OF FORMING PIPS

June 21, 1927, 1,633,219

Filed Doo. 17, 1826 2 Sheota-Shest 2

Treventen

June 13, 1933. H. ETHERIDGE 1,913,707
CONCRETE CONSTRUCTION

Filed June 1, 1831

Figure 6 Martin’s straight and crimped steel wire
fiber (US Patent 1927).

Figure 7 Etheridge’s annuli fibers intended to
stitch the cracks in concrete (US Patent 1933).

A French patent dated 1918 by H. Alfsen describes a process to improve the tensile strength of concrete
by uniformly mixing small longitudinal bodies (fibers) of iron, wood or other materials. It also suggests
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that the surface of these fiber elements must be rough or roughened and, if possible, their ends bent in order
to provide better adherence to the concrete.

R. Weakly (Missouri) obtained a patent in 1912 for using steel fibers made out of two wires and
containing loops to secure a durable bond with concrete (Fig. 4). Weakly’s fibers were two-dimensional; a
tridimensional steel fiber is described farther below.

May 11, 1954 G. CONSTANTINESCO 2,677,955
REINFORCED CONCRETS
Filed Feb. 10, 1943

T R AR

g Z Fg.3 Fg. 5.
2 2
F{?é F‘W &,

Frg. 8 s
# %
) Fig.43 Fig.22
‘. “l INVENTOR
= GEORGE COMSTANTINESED
s Lol szd{fﬁ-

M3 ATTORNEYS

Figure 8 Constantinesco’s patent (1943, 1954) for steel Figure 9 Modern fibers made out of steel
fibers: straight, crimped, coiled, helical shape. wires: (from top) straight, hooked and
twisted.
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In 1920, A. Kleinlogel from Germany filed a patent for mixing a relatively large volume of iron particles
(up to 50% of 2 mm long steel fibers) with concrete in order to produce a moldable mass capable of being
chilled, turned, sawed, and filed similarly to an iron mass.

Two relevant patents were granted in California in the 1920’s. Meischke-Smith’s patent (Fig. 5)
describes the use of flat twisted pieces of wires as fiber reinforcement for concrete mixtures. Martin’s
patent (Fig. 6) describes the use of plain or crimped pieces of steel wires mixed with concrete to strengthen
concrete pipes.

The idea of improving the shape of the fiber to increase its contribution was pushed one step further by
H. Etheridge (New Jersey, 1933) who proposed adding “annuli” fibers (Fig. 7) of different sizes and
diameters to improve the crack resistance and fatigue of concrete for use in railway ties. He wrote: “The
object that | have in view is the prevention of local cracks and fractures and | accomplish such object by
mixing with the plastic concrete a mass of metal annuli in sufficient quantity to effect coupling of what |

may term the ‘stitching’ together of the adjacent masses of concrete...”.

PATENTEDDES 10 474 _ 3.852.930 | Nov 23 1999 5,989,713
SHEET 701 OF 2
12 i
— [-_/__\ .‘/ \‘,__ri_df’ \“
L} | ‘-\ "_/"
b 1 | S, i s
/-' A T \/4 w ’\J, \
é‘* ol 'é T | ul f
G 14 | /
e Vo s
por 6_J b b
: z-_) Fig-4B u—/ Fg-ac
?{ A= T &? A
12 iy, 2l o3
FIG. 2 ¥ (." 56

(US Patent 1974; see also Fig. 14.14). €.
56 4

64 2
Figure 10 Naaman’s tridimentional steel Figure 11 Naaman’s twisted polygonal fibers with
fiber designed to enhance toughness and optimized geometry (US Patent 1999, 2000).

energy absorption capacity of concrete.

Numerous patents were granted in different countries in the following years. That of G. Constantinesco
(England 1943, United States 1954) deserves a special mention since the fiber reinforcing parameters he
recommended are quite similar to those of steel fiber reinforced concrete of today. The patent (Fig. 8)
describes the use of coiled or helical type steel fibers in order to increase the crack resistance and energy
absorption of concrete masses. Suggested applications included army tanks, air raid shelters, machinery
foundations, and the like. For comparison, Figure 9 illustrates examples of modern steel fibers marketed
since the 1960’s.
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A tridimensional steel fiber made with four wires forming a frame like two successive footballs was
patented by A.E. Naaman [11] in 1974 (Fig. 10). It was shown experimentally to provide higher composite
strength through an efficient anchorage, and higher toughness through extensive fiber elongation and matrix
crushing inside the balls. However, it is not commercially available. The patent stated that the fibers could
be premixed or placed in a mold and penetrated by the matrix. Later, Lankard [13, 14] developed the
SIFCON process whereas straight steel fibers were placed in a mold and infiltrated by a cement-based
slurry.

Another patent by A.E. Naaman [12] was granted in 1999 for straight steel fibers with optimized geometries
(Fig. 11); the fiber cross-section is primarily square or triangular (offering a lateral surface for bond higher
than that of a circular fiber of same cross-section) and by nature of its shape can be twisted along its length
offering a higher mechanical bond than a smooth fiber.

3.2 Modern Developments: 1960 to Date

The modern developments of fiber reinforced concrete started in the early 1960°s following the research
work of J.P. Romualdi, J.A. Mandel and G.P. Batson in the US [3, 4], and H. Krenchel, in Denmark [15].
The US researchers hypothesized that the cracking tensile strength of concrete can be significantly
increased by adding fibers, and that, in correlation with Griffith’s theory of fracture, the strength can be
inversely proportional to the square root of the fiber spacing (for details, see [1]). They assumed that fibers
play a critical role in arresting cracks and that fiber spacing is thus equal to the maximum crack size. This
hypothesis generated considerable attention (and controversy) among researchers and practitioners because
it offered a solution for increasing the tensile strength of concrete; indeed, the relatively weak tensile
strength of concrete is considered its main drawback and is generally neglected in design. While several
studies by different researchers including S.P. Shah [16], A.E. Naaman [17 to 19], and N. Swamy [20, 21]
reported experimental observations significantly less optimistic than predicted by Romualdi’s hypothesis,
the spark has been lighted and the impetus to arrive at realistic models continued.

Since the 1960’s, a multitude of fibers and fiber materials were introduced and are being continuously
introduced in the market as new discoveries and new applications are identified. Many patents have been
filed worldwide and can be best accessed through web searches and the US Patent and Trademark Office.
The introduction of new fibers or fiber material is invariably preceded and accompanied by research studies
providing experimental support and a better understanding of the mechanics of fiber reinforcement
(mechanics of composite materials, fracture mechanics, damage mechanics). In turn, such studies point
toward a better understanding and identification of desirable fiber and matrix characteristics for any
particular application.

At the time of this writing, tens of thousands of technical papers, hundreds of symposia proceedings,
numerous guidelines, reports, thesis, standards and books have been written to address fiber reinforced
cements and concrete composites, and of course innumerable applications using these composites have
been implemented. Several technical societies (ACI, ASTM, JCI, PCI, RILEM, ASCE, etc...) have
committees addressing fiber reinforced concrete and have published many related documents on the subject.
Several technical journals frequently publish technical papers on FRC composites.

No reference list, no matter how extensive, can be complete and give sufficient credit to all those
individuals and organizations responsible for advancing the knowledge base on fiber reinforced concrete.
In [1] the author lists in order: 1) books on fiber reinforced concrete known to the author at time of this
writing; 2) special symposia proceedings series dealing with fiber reinforced concrete; 3) the address of
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some web sites where technical information can be obtained; 4) some US Patents on fiber reinforced
concrete; and 5) a large number of technical references which served as sources for figures and cited results.

4. WHY THE INITIAL LACK OF SUCCESS FOR ALMOST ONE CENTURY

It is important to understand why the pioneers, as described in Section 3.1, did not succeed in getting fiber
reinforced concrete adopted enthusiastically by the profession early on. Most of the patents on fibers for
concrete developed prior to the 1960’s have claimed that the fibers play a role similar to reinforcing bars in
reinforced concrete thus providing a reinforcing effect, namely by increasing the tensile strength of concrete
(mixing-in the reinforcement).

JACK
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Figure 12 Bending test: (a) Load-type test. (b) Deflection- or deformation-type test.
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Figure 13 Schematic load-deflection curves illustrating: (a) Load controlled test. (b) Deflection controlled test
with deflection-softening from elastic-brittle to elastic-plastic response. (c) Deflection controlled test with
deflection-hardening response.
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The proof was to carry out a typical bending test of a simply supported concrete beam and observe if
the presence of fibers increased its bending resistance. Loading was carried out by piling up sand bags on
top of the beam until failure (Fig. 12a). Such a test, called a load-controlled test, does not capture the
resistance of the beam after its maximum load is attained. It is likely that fibers used at the time were not
efficient and did not increase the tensile resistance of concrete (after cracking); however, their key hidden
benefit (improved toughness) could not be identified by this type of test. The fiber reinforcing parameters
and the mechanics of the composite were little understood at the time, and deformation-controlled testing
was not available; in such testing, a slowly increasing deflection is applied to the beam and the resistance
to the deflection is measured, thus, even after maximum load, the beam resistance, if any, up to very large
deflections could be recorded (Fig. 12b). And this is exactly where the most important benefit of the fibers
lies. The post peak response is indicative of toughness, energy absorption capacity, and ductility.

Figure 13a illustrates a “load” type test where only the load, up to its maximum value is recorded; while
Fig. 13b illustrates a “deformation” or deflection type test. In the deflection type test, an incremental mid-
span deflection is imposed while recording the resistance of the beam to that deflection through a load cell
(Fig. 12Db); the load (or beam resistance here) for each imposed deflection can thus be recorded throughout,
even after the maximum or peak load, up to complete failure.

Consider Fig. 13b where four load-deflection curves are plotted for four different materials; these
could be, for instance, concretes with different volume fractions of same fibers or concretes with different
fibers. Assume all beams have the same initial response up to the maximum load at point A.

If one uses a load type test (Fig. 13a), the four beams would be considered to fail at A and their possible
resistance after A is not recorded (Fig. 12a). One can conclude that the four materials are equivalent. Such
was the conclusion in numerous early attempts to demonstrate the potential benefits of fiber reinforcement,
leading to little interest from the users. However, a deformation type test would uncover the entire curves
of Fig. 13b including the descending branch after point A. The area under each curve is a measure of
toughness or energy absorption capacity. While the load type test with same maximum load A cannot
differentiate between the four beams, the deflection type test clearly suggests that material C4 is better that
C3 which is better than C2 which is better than C1. Figure 13c illustrates another example where deflection
hardening is observed; here also, while the load-type test would suggest that B1 is equivalent to B2, the
deflection-type test provides more information which can be important in design, such as B2 has a higher
energy absorption capacity (area under the load-deflection curve) and higher deflection to failure (i.e. A2
> Al) but its material has a smaller elastic modulus.

4.1 Summary and Key Observation

During the first period of development of fiber reinforced concrete (Fig. 3), that is until about 1960, the
civil engineering profession did not yet fully understand the importance of energy absorption or toughness
as compared to strength. Thus two test beams leading to the same bending resistance, but with one
exhibiting a toughness ten times larger than the other, would be considered equal (Fig. 13b). A more in-
depth scientific and engineering knowledge was needed to better understand the role of the fiber, the matrix,
the bond, the production process, and what type of testing and measurements may identify different
properties. This has become the norm starting in the 1960°s.

We can simply conclude that while the first patents on fibers for concrete contained excellent ideas
at the time they were submitted, some not too different from today’s fibers, scientific knowledge was
insufficient to identify the most important benefit of fiber reinforcement, that is, an increase in toughness
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translated into increases in energy absorption capacity, ductility and impact resistance. At the time and with
the parameters tested, increases in tensile strength were not possible. The lack of initial success in
experimental and field tests, and the added cost of fibers, did not encourage usage.

We know today that the paramount advantage of fiber reinforcement in concrete is the substantial
increase in the toughness or energy absorption capacity of the composite. However, continuous efforts are
being devoted and continuous progress is being achieved to increase the composite’s tensile strength
through improved fibers, fiber efficiency, fiber content, additives, and the like.

Another important benefit of fibers, being increasingly recognized today, is the improved performance
of conventional reinforced and prestressed concrete structures using matrices with fibers. Benefits include
increases in bond strength of reinforcing bars and prestressing strands, increases in resistance to shear,
increases in resistance to seismic excitation under cyclic loading, reduced spalling, improvement in
structural ductility and impact resistance, and an overall increase in damage tolerance and resilience of the
structure [1].

5. EVOLUTION SUMMARY OF PARAMOUNT MECHANICAL RESPONSE

During the modern period of development (Fig. 3), and after about fifty years of research and progress,
what was achieved is a simple classification of FRC composites that allows us to immediately anticipate
what type of application can be used. That is, to distinguish an FRC composite strictly based on its tensile
or bending behavior without prior knowledge of the hundreds of parameters (fiber, matrix, bond, etc.)
which can affect such behavior.
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Figure 14 Evolution of terminology to describe strain-hardening behavior in tension, since modern theory of
fiber reinforced concrete.

Without going into innumerable details, Fig. 14 summarizes the evolution of terminology and related
progress over about four decades, of fiber reinforced cement composites in relation to their fundamental
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behavior in tension, that is, either strain softening or strain hardening [1, 22]. The current terminology
while very simple encompasses all possible behaviors. It allows a unifying platform and suggests a better
discipline for reporting future research and developments. Some clarifications are given next.

5.1 General Classification: Strain-Softening and Strain-Hardening FRC Composites

Assuming a failure mode where pull-out (full or partial) prevails, practically all fiber reinforced cement
composites currently available are covered by a simple and general classification according to their tensile
behavior, as illustrated in Fig. 15, namely, either “strain-softening” or “strain-hardening” [1, 23 to 27]; of
course the limit case of "elastic perfectly plastic” (curve 4 of Fig. 13Db) is theoretically possible but should

be mostly viewed as a conceptual boundary.
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Figure 15 Simple classification of all FRC composites based on their tensile response.

Figure 15 shows for each case (strain-softening or strain hardening) a couple of representative curves.
The inset in each figure shows one crack for the strain-softening case and multiple cracks for the strain-
hardening case. The units of the x axis are also different. For a plain cement matrix, it is assumed that the
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stress-strain response is linear elastic brittle such as curve C1 in Fig. 13b, although special closed-loop
testing could identify some strain-softening behavior (after point A) especially when aggregates are used.
However, here the matrix will be assumed simply elastic brittle. Figure 16 compares a tensile strain-
softening versus a strain-hardening curve using the same vertical axis that separates strain from crack

opening after localization of the failure crack.
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Figure 16 Typical stress-strain or stress-elongation curve in tension up to complete separation. (a)
Conventional strain-softening FRC composite. (b) Strain-hardening FRC composite (also often termed
HPFRC composite).

Typically the stress-strain (or stress-elongation) curve of a strain-softening FRC composite (Fig. 16a)
starts with a steep initial ascending portion up to first percolation cracking (part 1), which also corresponds
to the maximum stress point as characterized by its stress and strain coordinates (o.,scc). Here the crack
becomes immediately critical (failure crack) defining the onset of crack localization. The resistance drops
thereafter. No more cracks can develop, and only the critical crack will open under increased deformation.
There is generally a descending branch which corresponds mainly to the load versus opening of the critical
crack (part 111 of Fig. 16a). The stress is always smaller than the stress at first percolation cracking (here
the peak stress). Along that branch fibers can pull-out, fail, or a combination of these phenomena may occur
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. Also, the cement matrix may contribute some resistance along that part of the curve up to a certain crack
opening, but its contribution is generally assumed negligible.

In a strain-softening composite after first cracking (part 111 of Fig. 16a), the maximum post-cracking
stress resistance of the composite,apc, is lower than that recorded at first cracking, O¢c . The elongation

corresponding to Opc can be either about equal to that at Ogc or substantially larger depending on the

fiber reinforcing parameters such as bond strength, elastic modulus of the fiber, and the fiber content.
Because only one crack develops, the elongation of the composite is mainly dictated by the opening of that
crack. This elongation cannot be translated into strain for the entire prism, but only describes the opening
or width of that crack.

Typically the stress-strain curve of a strain-hardening FRC composite (Fig. 15 and 16b) starts the same
way as for a strain-softening composite (part I); however, unlike for the strain-softening case, it is
immediately followed by a strain-hardening branch where multiple cracking develops and significant
energy is absorbed (part 11). Here the fibers bridging the first percolation crack resist the tensile load
sufficiently, allowing multiple cracks to develop in the matrix at stresses equal or higher than the cracking
strength of the composite. This process continues until multiple-cracking stabilizes (at a certain level of
average crack spacing and width); with a further increase in elongation (or strain), one crack becomes
critical (localization at maximum post-cracking strength, (Gpc Epc )), and the fibers bridging that crack
start pulling out, or fail, or a combination of both leading to a decrease in composite resistance (Part Il of
Fib. 16b). After Opnc the resistance drops continually and the width of the failure crack increases
significantly while the widths of the other cracks decrease. The descending branch is similar in nature to
that of a strain-softening composite (part 111 of Fig. 16a). The elongation of the composite up to critical
crack localization (ato'pc) can be translated into strain, while thereafter it translates into crack opening,
crack width, or member elongation.

Whether strain-softening or a strain-hardening behavior occurs, the elongation of the composite before
crack localization can be translated into tensile strain. However, after localization, the elongation is
controlled by the opening of the critical crack. Note that the critical failure crack may not look like a single
crack but could be a smeared crack with several branches and micro-cracks surrounding its main path.

In summary, for strain-hardening composites, Opc 2 0¢c, While for strain-softening composites
Opc <0cc (Figs. 15 and 16). The analytical condition to achieve strain-hardening is covered in detail in
[1, 24].

5.5.1 Important Summary: As observed from the above discussion, the addition of fibers to concrete
fundamentally changes the nature of its tensile response. In particular, whether the response is described
as strain-softening or strain-hardening, the stress-elongation curves contain elements (Part Il and Part 1)
that, for all practical purposes, either do not exist (Part Il), or are considered negligible (Part IlI) in
conventional concretes without fibers. Moreover, in comparing with plain concrete, there is a paramount
element that now emerges as a material characteristic, that is some level of ductility or toughness or energy
absorption capacity in contrast to extreme brittleness. Note finally that changes in tensile response
significantly influence changes in other properties at the material and structural level (Section 2.10).
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5.2 Correlation Between Bending and Tensile Response

Figure 17a describes schematically the bending response of all FRC composites. Numerous possible load-
deflection curves are shown. The terminology “deflection-softening” and “deflection-hardening”
describing the behavior under bending correlates with the description of the tensile response as shown in
Figs. 15 and 16. The general relationship that ties tensile and bending behavior together is illustrated in
Fig. 17b. Note that while the tensile response represents a fundamental property of the composite, the
bending response (while not fundamental in nature) is related to the most common applications of fiber
reinforced cement and concrete composites. Such a description can provide the basis for a performance
specification for the composite and related structural applications. Details on the mechanical conditions
leading to either state can be found in [1, 25]. Practically all fiber reinforced cement composites currently
available are covered by the simple classification of Fig. 17.b (an extension of Fig. 15) [1, 22 to 27].
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Figure 17 (a) Schematic bending response of all FRC composites [1]. (b) Classification of all FRC composites
based on their tensile response and implication for bending response of structural elements [Naaman and
Reinhardt [ 25, 26].

The terminology used in Fig. 17 clearly reflects the very similar qualitative behavior of FRC
composites in tension and bending. The shapes of the stress deformation curves and the wording to describe
them are very similar. Analytical modeling of bending response from the tensile response also suggests
that all strain-hardening FRC composites in tension should lead to deflection-hardening behavior in
bending, while strain-softening FRC composites in tension will lead to either deflection-hardening or
deflection-softening behavior depending on the fiber reinforcing parameters. The mechanical condition
for a tension strain-softening material to lead to a deflection-hardening behavior is expanded upon in [1].
In short, the bending resistance (MOR) after first cracking (LOP) can be shown to be in the range of 2.5 to
3 times the post-cracking strength in tension, Opc (Fig. 16); equivalently for deflection hardening to start
occurring, Onc needs only to be in the range of 0.330¢ t0 0.40¢c. As a first approximation, one can
thus estimate MOR from a tensile test, or vice-versa, Opc from a bending test using the following relation:

2.50‘pC <MOR<L 30'pC )
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Deflection-hardening behavior is useful in structural applications where bending prevails, while
deflection-softening composites cover a wide range of practical applications starting at the lower end by
the control of plastic shrinkage cracking of concrete, to the higher end where they are used in concrete
pavements and slabs on grade. Note that, as with other materials, scale and size effects can be significant,
and therefore, the response of very small specimens may not be indicative of the response of real scale
structural elements in either tension or bending.

6. FIBER-MATRIX REINFORCING EFFECTIVENESS: BASIC APPROACH

In order to better understand the use of fibers in cement based matrices, it is important to keep in mind the
key mechanical properties needed from the fibers. Some of the recommendations summarized next will
become more easily understood once models to predict the tensile properties of the composite are explained

[1].

FIBERS versus MATRIX
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Figure 18 Desirable fiber versus matrix properties for successful cementitious composites.

By its very definition a reinforcement (i.e., the fiber) is supposed to induce an increase in strength
in the material to be reinforced (i.e., the matrix). Both analysis and experimental test results suggest that,
in order to be effective in concrete matrices, fibers must preferably have the following qualitative properties
(Fig. 18): 1) a tensile strength significantly higher than that of concrete (two to three orders of magnitude);
2) a bond strength with the concrete matrix preferably of the same order as or higher than the tensile strength
of the matrix; and 3) unless self-stressing is used through fiber reinforcement, an elastic modulus in tension
significantly higher than that of the concrete matrix. Moreover, everything else being equal, a ductile fiber
under tension is preferable to a brittle fiber, and a ductile or slip-hardening bond-stress versus slip response
is preferable to a brittle or slip-softening one. The Poisson's ratio and the coefficient of thermal expansion
should preferably be of the same order for both the fiber and the matrix. Indeed if the Poisson's ratio of the
fiber is significantly larger than that of the matrix, detrimental debonding will occur under tensile load.
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However, these drawbacks can be overcome by various methods such as inducing surface deformation to
create mechanical anchorage.

Figure 18 assumes that the fiber and matrix are chemically compatible (compatibility issues need
to be evaluated for each fiber material); steel fibers are likely to corrode due to environmental exposure
should they be crossed by a crack in concrete; and glass fibers, unless properly treated, will react with the
alkali of the cement matrix. Similar evaluation should be carried out if the FRC structure is to be operating
under high temperatures in service.

Given that a normal weight concrete matrix has an elastic modulus in the range of 15 to 50 GPa
depending on its compressive strength and numerous other parameters, synthetic fiber materials intended
to act as reinforcement for concrete should have not only a high tensile strength but also a relatively high
tensile elastic modulus. Thus high end synthetic fibers are more suitable for use in normal weight cement
and concrete matrices. Low end fibers, with relatively low elastic modulus, are likely to be more effective
in lightweight and very lightweight cement matrices which themselves are characterized by very low values
of elastic modulus. Although many synthetic fibers have been used in numerous small scale applications,
their large scale adoption (except for the case of plastic shrinkage cracking control) did not materialize so
far. Mixing and dispersion difficulties, fire rating resistance, observed performance, and cost are the
commonly cited drawbacks.

7. SIMPLE FRC MECHANICS FOR INITIAL DESIGN

In plain concrete a correlation exists between compressive strength ( f'. ) and tensile, bending, and shear

strength, {suchas 3/ f'c , 7.5/ f'c ,and 2,/ f'. in psi units}, respectively; even the elastic modulus can

be related to the compressive strength, ' .

The most evident observation to the addition of fiber to concrete subjected to tensile loading is the
appearance of some ductility or post-cracking resistance after initial cracking.

It is shown in [1] that the tensile, compression, bending and shear response of an FRC composite
are strongly correlated; in effect the tensile response sets the tone for the rest A key equation which predicts
the post-cracking tensile strength of an FRC composite is reproduced in Fig. 19.
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Basic FRC Mechanics
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Figure 19 Simple relationship to consider when optimizing the performance of FRC in tension, bending,
shear and compression.

The parameters of Fig. 19 allow for the pre-selection of a suitable fiber for a given concrete matrix,
with the objective to improve the chances of success of the composite. These parameters are paramount in

controlling the mechanical properties of the composite. They are the fiber aspect ratio, L / d , that is, the
length of the fiber over its diameter or equivalent diameter; the fiber volume fraction, Vf , that is, the

volume of fiber per unit volume of composite; the bond at the fiber matrix interface, -; and their product.
The aspect ratio is particularly useful for fibers of circular cross-section or substantially circular ones for
which an equivalent diameter can be derived by setting the area of the actual fiber equal to that of an
equivalent circular fiber. If the fiber is of significantly different shape, its lateral surface area is critical
since it represents the bonded area between fiber and matrix; a shown in Fig. 19 the aspect ratio is then

replaced by the quantity0.25><l// L/ Af , Where ¥/ is the perimeter and Af is the cross-sectional area of

the fiber. The bond is a very complex property covered in more details in Chapter 13 of Ref. [1], and
encompasses the effects of adhesion, friction, mechanical anchorage and fiber to fiber interlock. The
product of the three parameters, z xv, x % , Is present in predicting the post-cracking tensile strength of the
composite, its bending resistance, and its surface energy; and since both shear and compression response
strongly correlate with tensile response, it can be easily said that most mechanical properties are likely to
improve with an increase in the product 7 xv, x%. In Fig. 19, A is a coefficient which is the product of

several other coefficients detailed in [1].

Some other parameters also influence the key mechanical properties and relate to the number of fibers
per unit volume of composite, the number of fibers crossing a unit area, and the specific surface of fiber
reinforcement, but are related to the parameters of Fig. 19.
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Since fibers are assumed to be randomly oriented and distributed, their contribution to the composite is
also significantly influenced by the statistical nature of the variables involved and the size of the specimen.
While all prediction equations are derived assuming deterministic models, real life situations involve
random variables, and thus the designer must expect and account for the increased variability inherent in
these systems.

8. FRC VERSUS OTHER FIBER REINFORCED COMPOSITES: FUNDAMENTAL
DIFFERENCE

Fiber reinforced composites occupy a very important role in the field of engineering materials
encompassing all areas of applications such as civil, mechanical, manufacturing, naval, aeronautics and
aerospace engineering. Most widely used fiber reinforced composites are identified according to the matrix
they use: polymer or plastic composites, metal composites, ceramic composites, and cementitious
composites. Figure 2 illustrates how fiber reinforced concrete fits within the general family of reinforced
cement-based composites. Figure 20 offers a visual flow chart of how FRC composites fit within the general
family of fiber reinforced composites. It is observed that all fiber reinforced composites can be grouped
according to their matrix’s ductility, namely: 1) brittle matrix composites, or 2) ductile matrix composites.
This last category is addressed broadly in the technical literature and its treatment can serve as an excellent
background to, and extension for the treatment of brittle matrix composites.
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Figure 20 The two major classes of fiber reinforced composites for modeling purposes based on their
matrices: brittle or ductile.

Fiber reinforced polymer and metallic composites typically use matrices with a tensile strain at
failure much larger than that of the fiber and a tensile strength significantly smaller than that of the fiber.
Examples of matrices include epoxy resins, bismaleimides (BMI), and polyesters; they are generally
identified as either thermo-set or thermo-plastic polymers. Fibers used in industrial and aerospace
applications are primarily made of manufactured fibers embedded in various polymeric matrices of epoxy,
vinyl-ester and the like. The fibers are generally characterized by high tensile strength and a relatively high
stiffness such as glass, carbon, aramid (Kevlar), or ultra-high molecular weight polyethylene (Spectra).
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Hence, failure of the composite implies either failure of the fibers, or their complete debonding while the
matrix may be in a yielding state.

Metallic matrix composites include aluminum, magnesium and titanium matrices with carbon,
silicon-carbide, boron, and alumina whiskers. They are considered ductile matrix composites. Ceramic
composites which are particularly designed for high temperature applications are considered to belong to
brittle matrix composites; they often use the same basic material for fiber and matrix but in different forms,
such as carbon and graphene or graphite whiskers.

9. CONCLUDING REMARK

Two time periods mark the history of fiber reinforced concrete. The pioneering period started in 1874 and
claimed strengthening of concrete (in tension or bending) by addition of fibers; but that claim could not be
confirmed by test results. Thus the first period saw little progress for almost a century and can be described
as technically dormant. The modern period started in the 1960°s whereas initial attention focused on the
claim that fibers increase the fracture energy of the composite. This drew enormous interest from the
technical profession. Fundamental studies and research led to a better understanding of the effect of fibers
on energy absorption capacity and all other properties, eventually leading to the development of FRC
composites with tensile and bending resistance higher than those of the matrix. It also led to a simple
classification of all FRC composites based on their tensile response leading to the qualifiers: “strain-
softening” or “strain-hardening”, and consequently “deflection-softening” or “deflection-hardening.” With
the increasing penetration of ultra-high performance concrete (UHPC) and fiber reinforced concrete (UHP-
FRC) and the introduction of enhanced fiber materials, progress will continue. “The engineering dream and
challenge that started in the 1870’s, that is, to mix fibers into concrete like sand or aggregates to create
an isotropic, homogeneous, moldable, strong, ductile and durable composite for construction applications
with comparable strength and ductility as reinforced concrete, is today closer than ever” [1].
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Abstract

The study reported in this paper was done with the aim to investigate the effective thermal
conductivity of crumb-rubber-modified mortar through a numerical way. Crumb rubber with the
particle size (1-2 mm) was used to replace 5%, 7.5%, 10%, 12.5%, and 15% of the volume of
quartz sand with the same size. A numerical simulation method for heat transfer at the meso-scale
level of this composite material was applied to model the meso-structure of this composite
material, with emphasis on the random packing of spherical particles, volume fractions, and
particle size distributions (PSDs), for each component, i.e. rubber, quartz sand and air. A
representative volume element (RVE model) was generated using an implicit finite difference
method to solve the three-dimensional heat transport equation. In fact, the effective thermal
conductivity was strongly depending on the thermal conductivities of all individual solid
components. From this, a parameter estimation method was applied whereby the Levenberg-
Marquardt algorithm was implemented in MatLab. Simulation results were validated by
comparison with literature data. Using the estimated parameters, the effective thermal conductivity
of mortar, including the effect of crumb rubber replacement, was presented. Comparison indicated
that good agreement existed between the present simulations and the experimental results.

1. INTRODUCTION

In order to effectively reduce the environmental impact caused by the rapid increase of waste
rubber tires, mixing its crumb rubber flacks into cementitious materials will immobilize these
environmental pollutants and turning it into a green resource in a practical and sustainable way.
Several previous studies proved that the addition of rubber particles may significantly reduce the
effective thermal conductivity (ETC) of these cement-based composites [1][2][3][4][5]. However,
numerical modelling results of this material are yet very scarce in the literature. Nevertheless, some
numerical simulations in terms of heat transfer in composite and porous materials may serve as
valuable reference for this study.

Coquard and Baillis [6] investigated the conductive heat transfer though heterogeneous cellular
materials using a numerically finite volume method based on a meso-structure, which was obtained
through X-ray tomography. Wang and Pan [7] solved a thermal energy transport equation for an
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open-cell foam structure by using a highly-efficiency lattice Boltzmann method. She et al. [8]
presented a random generation method to generate microstructures of foamed concretes, and used
a finite volume method to simulate the heat transfer through porous structures. Hui et al. [9]
determined ETCs of graded composites by means of a finite element method approach. Based on
previous work, in this study a numerical model for determination of ETC of rubberised mortar was
developed. Moreover, an inverse identification method for parameters estimation was proposed as
well.

2. NUMERICAL APPROACH FOR DETERMINATION OF ETC

The starting point for the modelling is that spherical particles are randomly positioned inside a
predefined volume representing an initial cement paste matrix, while following particles size
distribution (PSD) for each component: rubber, quartz sand and air. The process began with
stacking the larger particles, subsequently followed by smaller ones. Particle size distributions of
crumb rubber and quartz sand are measured through Horiba LA-950 Laser Diffraction Particle
Size Analyser, which is approximated by the following Rosin-Rammler function

G(x) =1 —exp(—b *x"), (1)

where G(Xx) is the particle cumulative weight (g) with diameter x (mm), and with b and n being
constants representing the shape of the grading curve.

The basic principle of the developed conductivity model is Fourier’s first law of heat
conductivity, which can be expressed as:

Q= _MZ_Z, (2)

where, Q, (W) is the heat flow rate by a conductivity A (W/mK), which is the thermal conductivity
of a material, A (m?) is the cross-sectional area normal to the gradient 0T/0x (K/m), which is the
derivative of temperature with respect to the x-direction. The negative sign in Fourier’s equation
indicates that the heat flows in the direction of a decreasing temperature. When Fourier’s law is
combined with the law of thermal energy conservation, a one dimensional heat conduction
equation can be expressed as:

9°T . o _ 10T 3)

ox2 a a ot’

where, o=M/(p*Cp) (M/s).

In case of a steady state heat conductivity problem, when the heat flow takes place in three
dimensions, and there is no internal heat generation, equation (3) expands to the Laplace’s
equation:

CT 0 Py BT @
Eth Gt =0

Z 9z?

A

When considering heat transfer through a porous medium (in z-direction), this is only possible
when the heat gradient goes from the warm surface to the colder surface, which also holds for a
regular cement paste. When the other four sides of the representative volume are isolated (see
Figure 1), a true one dimensional heat flow will occur in the sample. According to this, the
boundary conditions are given as follows:
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Figure 3: Illustration of the principle of the ETC modelling

The lattice points represent the each component with a different thermal conductivity. In order
to establish the connection between two adjacent points, the thermal conductivity in the middle of
two points can be expressed as:

Ay = 2/(%i + x%k) )

where k=1 (in x-direction), L (in y-direction) or L2 (in z-direction). L represents the number of
voxels in a row.

Each lattice point exchanges heat with six neighbouring lattices points (see Figure 1, right).
According to the energy balance principle, the sum of the heat that flows into the lattice should be
equal to the heat that flows out of the lattice. The equation with all lattice points can be represented
in a matrix form as follows:

Ap = b, (8)

where the matrix W is a space-matrix vector and A is a sparse symmetrical matrix, which
corresponds to the temperatures of all unknown lattice points, b is a vector, which represents the
boundary conditions of the system.

The heat flow through each point along the z-axis can be calculated as:

1
Qiz =3 [(MimL — DAz i-L + (5 — Wipn)Azi]- ©)

Owing to the microstructure of rubberised cement-based composite regarded as an equivalent
continuous medium, the effective thermal conductivity A; of the composite is equal to the effective
thermal conductivity A; , calculated in z-direction.
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Q2 L+1

(10)

L3 Thot—Tcold .

3. MATERIALS AND EXPERIMENTAL TESTING

Materials used in this study consist of the Portland cement CEM 1 42.5R (HeidelbergCement
company), crumb rubber (Genan A/S company), quartz sand (Euroguartz company), water and
superplasticiser (Sika® ViscoCrete). Three particle sizes of sand were used: 0.1-0.5 mm, 0.5-1.0
mm and 1.0-2.0 mm. The crumb rubber with particles size of 0.8-2.0 mm was obtained through
the ambient grinding process. Crumb rubber replacement levels were set to 5%, 7.5%, 10%, 12.5%
and 15% by volume of quartz sand, respectively. As for the mix proportion, the water-cement ratio
was set to 0.45. The detailed mix design of rubberized mortar and reference mortar are presented
in Table 1.

Table 5: Mix design

3 i-
o | oo || comon | e T et Tty snd Ggm) [
(vol.-%) (kg/m3) | (kg/m3) (kg/m?) 0.1-0.5|0.5-1.0| 1.0-2.0 (kg/m?)
REF 0 0.45| 550 | 245.7 0 563.52 | 290.62 | 440.49 1.93
5 59 309.74
7.5 88.5 244.37
CR_2.0a 10 0.45| 550 | 245.7 118 |563.52|290.62 | 178.99 1.93
12.5 147.5 113.62
15 177 48.24

For each mixture, three samples of 40x40x160 mm? prisms were prepared and cured in water
at 20+1 °C. The specimens were dried at the age of 28 days in an oven at 45 °C and weighed at 24
h intervals until the loss in weight did not exceed 0.2% in 24 hours. The TPS instrument
(manufactured by Hot Disk AB) was used to measure the effective thermal conductivity of mortar
specimens at 20 °C. For each specimen, three measurements were performed.

4. STATISTICAL EVALUATION OF REPRESENTATIVE ELEMENT VOLUME

4.1  Concept of REV

A cement-based material is a heterogeneous system, which consists of a solid matrix and a
complex pore system. To describe a heterogeneous system, as suggested by Bear [10], this can be
done by introducing the concept of representative elementary volume (REV). In this study, a REV
was determined through a statistical analysis of simulations [11]. Several experiments of
increasing sizes of the microstructure were conducted, and for each microstructure different
particles’ position and voxel resolution were considered. Then the chi-square statistic was applied
for determining the size of the REV.

2 = zi‘;l(iia—xa)ﬂ (11)
in this, 2; is the investigated thermal conductivity of current microstructure, which is calculated
from Equation (10). A, is the average of all A; and m is the number of realisations for the current
rib size. This procedure demonstrates that the smaller the value of x? is, the closer is the volume

60



4" Brazilian Conference on Composite Materials. Rio de Janeiro, July 22"-25" 2018

of the respective sample to the expected REV. In spite of this, a sample with a smaller volume can
be generally used when the value of x? is acceptably low. In this study, 0.1 is used as an acceptable
value, and the degree of freedom is 1 which is the random distribution of particles. This means
that if x2 is lower than 0.1, there is at least a 95% chance probability confidence that the visual
particle structure can be regard as REV.

4.2  Determination of REV and results analysis

The tests were conducted with several rib sizes from 30 mm to 200 mm. For each rib size, three
voxel resolutions were analysed: 1 pixels/mm, 2 pixels/mm and 4 pixels/mm. For each rib size and
each voxel resolution, five visual microstructures were generated. A total of 105

0,18 =
0.16 1 p!xels/mm

J —a& - 2 pixels/mm
0,14 —® - 4 pixels/mm
0,12 &

Nxo’l_—.——-_———_——__-l
0,08 °. \.
0,06 \\’
0,04
0,02 § s
0 50 100 150 200 250
rib size (mm)

Figure 4: statistical analysis of REV

numerical tests were performed. The determination procedure was carried out with C++
language using GNU Compiler Collection (GCC 6.3.0) on a high-performance computer at TU-
Darmstadt Lichtenberg (12 cores, 5900 TFlops/s, Intel Xeon E5-2670 Sandy Bridge). In order to
improve the efficiency of used of computer memory and speed up the implementation of the
procedure, a parallel computing scheme was achieved through Open Multi-Processing (OpenMP
2.0.1). The results of the REV size determination are presented in Figure 2. When a chi-squared
value of 0.1 is acceptable with a probability of at least 95%, then the rib size of the microstructure
of the mortar to establish the REV should be larger than 90 mm (1 pixels/mm), 60 mm (2
pixels/mm) and 30 mm (4 pixels/mm). The results of this analysis were applied for predicting the
effective thermal conductivity and parameter estimation in the following sections.

5. INVERSE APPROACH FOR PARAMETER ESTIMATION

Based on an actual experimental investigation on a composite, the thermal conductivities of its
components can be estimated by minimising the deviation between simulated and experimental
data. The objective function is expressed as follows:

minF(4;) = [Asim (A) — )\exp ]T [Asim (X)) — }\exp I, (12)

where F(A;) represents a non-linear function of the parameters, Ag, (A;) is the effective thermal
conductivity of a composite, which is calculated based on the thermal conductivities of
components and their spatial distributions. Ay, is the experimental value. The unknown parameter
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2; is obtained and can minimise the objective function. A Levenberg-Marquardt algorithm [12][13]
of the MatLab Optimisation Toolbox was used to estimate the thermal conductivity of quartz sand
and rubber. The step tolerance (TolX) and the function tolerance (TolFun) were set to the same
value le-3. However, this method cannot guarantee to find the global minimum. Therefore,
different initial points were test in order to achieve good coverage on optimal solutions. A cube
with the side length of 90 mm and with the voxel resolution of 1 pixels/mm was chosen as the
representative elementary volume (REV) of an agar- quartz sand/rubber structure (see Figure 3).
In order to determine the air void content, a compress equalisation method was adopted, by which
a TESTING air entrainment meter was used. During the measurement, agar was in liquid state.

)

Figure 5: View of ETC of agar- quartz sand/rubber samples and numerical meso-structures.

6. SIMULATION RESULTS AND ANALYSIS

The results show that the effective thermal conductivity of agar- quartz sand and agar-rubber
sample is 2.563 (W/mK) and 0.485 (W/mK) with the corresponding air void content 0.21 vol.-%
and 3.0 vol.-%, respectively. The estimated thermal conductivity of quartz sand and rubber particle
is 4.420 (W/mK) and 0.214 (W/mK), respectively.

Due to different chemical compositions, the estimated thermal conductivity of rubber is slightly
higher than the value in literature (from 0.13 to 0.19 W/mK [2][22][23][24][25]). Furthermore,
since the thermal conductivity of quartz sand is strongly depending on the quartz content and
moisture content [14][15][16][21], and measurement approaches are various, the literature shows
a wide range of variation. In the study of Coté & Konrad [16], the result was summarised from
nearly 1000 test results in the literature. Kersten [15] performed an extensive series of tests on
different types of quartz sand. The comparison of the parameter estimation results and the values
from published literature is shown in Figure 4.
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Figure 7: Effect of crumb rubber content on thermal conductivity of mortar

Notably, the thermal conductivity of quartz sand is much higher than that of rubber. Only a
minor deviation of thermal conductivity of quartz sand can lead to a significant change of the ETC
of mortar. Thus, it is very crucial to ensure a suitable accuracy of simulation results. In the
following numerical experiment, two values of quartz sand (4.420 W/mK and 5 W/mK from the
literature) were tested. The thermal conductivity of cement paste with a 0.45 w/c ratio at 28-days
was measured through the hot disk method, its value is 0.685 (W/mK). The thermal conductivity
of air 0.026 (W/mK) is taken from the literature [26][27]. For each sample, 6 simulation
estimations were performed. The predicted parameter was produced by the average of all results.
The comparisons of the simulation results with the experimental data in terms of the impact of
crumb rubber content on the ETC of mortar are illustrated in Figure 5.

A decreasing tendency of the effective thermal conductivity of mortar with the increase in
crumb rubber content and air void content was described using a second order polynomial,
respectively. The experimental results show that by replacing quartz sand with crumb rubber at
5% to 15%, the effective thermal conductivity of mortar was reduced from 17% up to 47%. This
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is not only due to increased air void content from 5% to 12%, but also because the thermal
conductivity of crumb rubber is much lower than that of quartz sand. Moreover, it can be deduced
from Figure 5 that when a tipping point of crumb rubber content is reached, the ETC of mortar
will not decrease anymore. It is mainly because of a reduction in the workability with increasing
crumb rubber content. Since the air bubbles are formed in the cement paste, a reduction of the
workability of mortar makes it hard to entrain air in the cement past.

By using the estimated thermal conductivity of quartz sand (4.420 W/mK), the results are
slightly lower than the experimental results. When the thermal conductivity of sand is increased to
5 (W/mK) and the other parameters stay constant, the results get much closer to the experimental
results. The average differences of two ETC simulation results are 5.88% and 4.12 %, respectively.

The error originates mainly from the air void content of the agar- quartz sand sample in the
liquid state measured through a compress equalisation method. This method is based on Boyle’s
law 0, which states that the volume occupied by a given mass of gas is proportional to the applied
pressure. If the sample is entrained with a large amount of small air bubbles, they will not register
a change in pressure. Therefore, the air void content of agar- quartz sand sample determined
through this method is less than the actual value, which leads to the predicted thermal conductivity
of quartz sand to be smaller than the values in the literature, lowering the simulated ETC of mortar.
This trend is considerably more pronounced when the mortar contains more quartz sand, like the
reference mortar. Therefore, a more accurate approach is required.

7. CONCLUSION

A meso-scale numerically modelling is developed for predicting the effective thermal
conductivity of rubberised mortar. The effective thermal conductivity of heterogeneous material
is described via the concept of representative volume elements. When a chi-squared value of 0.1
is regard as an acceptable value, the REV should be larger than 90 um (1pixels/um), 60 pum (2
pixels/um) or 30 um (4 pixels/pm).

A Levenberg-Marquardt algorithm was used to estimate the thermal conductivity of quartz sand
and rubber particle based on measurement results of agar- quartz sand/rubber sample. The
estimation results are within the range of values from the literature. Moreover, the simulated ETCs
of rubberised mortars are in good agreement with the experimental results. When the thermal
conductivity of quartz sand 5 (W/mK) instead of 4.420 (W/mK) was adopted, which proved a
better approximation of experimental results.
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Abstract

This article is focusing on comparison of plasticizing and air-entraining additives and their
effect on mechanical properties of composite based on aluminous cement. Achieved results
supposed to help during the development of lightweight composite able to withstand temperatures
over 1000 °C and reduce heat transfer from a high temperature source, either by direct contact
(conduction/convection) or via radiation. Operation at high temperature is of fundamental
importance to many major sectors of industry, including material production and processing,
chemical engineering, power generation and more. Objective is to achieve competitive
performance with competitive life cycle costs. Maximum material efficiency and minimum
manufacturing and operating costs are key factors in meeting this objective. Selection of a
materials with sufficient economic conditions for a particular application must take account of
many factors. For the purpose of this experiment, specimens were created from cement paste and
different dosage of chopped carbon fibres. Experimental investigation underwent two series of
samples different in the type of used additives. First series contains plasticizing additive, second
series contains air-entraining additive. The purpose was to determine the different effect on the
workability of fresh mixture, bulk density and mechanical properties. The strength of samples was
measured after exposure to high temperatures of 600 °C and 1000 °C. The residual properties were
compared between each other and also to samples dried at the temperature of 105 °C. Obtained
results revealed the level of influence of mentioned additives on the composition of studied
refractory composite.

Keywords: Refractory composite, aluminous cement, high-thermal loading,
superplasticizing additive, air-entraining additive.
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1. INTRODUCTION

Refractory materials can be divided into several classes based on: chemical composition (acid,
basic and special), method of implementation (shaped and unshaped), method of manufacture
(fused and sintered), and porosity content (porous and dense) [1,2]. Refractories act as a thermal
barrier between a hot medium and the wall of the containing vessel, they insure a strong physical
protection, preventing the erosion of walls and they act as thermal insulation, insuring heat
retention [3].

One of the most well-known techniques for the production of refractories and ceramics is the
mixing of several components in the form of powder, formation of the mixture to the final shape
and firing to the suitable temperature, where desired properties are attained [3]. For the formation
of refractories can be used different bonding systems, such as ceramic bond, hydraulic bond and
organic bond. Ceramic bond is a bond which comes into play typically at high temperatures
through ceramization reactions, while hydraulic bond is ensured by the hydration of aluminous
refractory cement added to the product [3].

Development of new composite materials is the worldwide extremely progressive branch of
engineering activity. Composite materials are applied in many industries. Modern composites are
often complicated system of selected binder modified by mineral additives and number of other
chemical admixtures. Thanks today’s technologies it is possible to reach required properties like
high strength and good durability which is determined by extremely low level of water-cement
ratio [4].

2. MATERIALS

The binder and its hydration products significantly control final properties, behavior and
thermal resistance of composite [5] (SB). Silica composites based on Portland cement are not able
to resist the effects of high temperatures, therefore a heat resistant mixtures in this experiment
includes aluminous cement as binder of studied composites, allowing application for high
temperatures more than 1000 °C. Resistance of aluminous cement is directly affected by the
content of Al,O3. Chemical properties of used aluminous cement is given in Table 1. With those
formulated cement is possible to reach satisfactory resistant to high temperature.

Table 1. Chemical composition of aluminous cement
Components A0z CaO  SiO2 Fe;0Oz NaO MgO K20

Specific
surface

% weight 70.80 2750 058 042 027 021 006 381 m?kg

The main interest of this study was the effect of plasticizing and air-entraining additives on
mixture's workability while in a plastic state and as mentioned on durability and mechanical
properties of refractory cement composite before and after high thermal loading. For the creation
of test samples was used commercial superplasticizer STACHEMENT 2000 (FM), based on
polycarboxylate polymers, and air-entraining agent MICROPORAN 2 (LP), surface-active
substance which is creating micro-size air bubbles. Both additives were provided by the company
STACHEMA CZ s.r.o. The amount of additives in mixture was chosen according to the
manufacturer's recommendations, 1% by weight of the cement dose. Their actions are only
physical in fluidizing the mixture, made even with low water ratio.
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Part of the research was also application of chopped carbon fibres and to analyze their degree
of influence on workability of fresh mixture and residual properties of high temperature loaded
composites. Fibre reinforced composite allows better durability in service than composite without
fibres because of volume changes limiting and increasing of final tensile strength [6]. The material
properties of the carbon fibre are presented in Table 2.

Table 2: Physical properties of carbon fibre
Density Length Diameter  Tensile strength ~ Tensile modulus
(g/cmd) (mm) (um) (GPa) (GPa)

1.80 6 7 4.0 240

3. SPECIMEN PREPARATION AND TEST PROCEDURE

For the experimental program were prepared prismatic specimens with the total dimensions of
40 mm x 40 mm x 160 mm. Compositions of mixtures are shown in Table 3.

Table 3: Composition of mixtures

Component Mixtures

[kg/m?] AC LP 00O FMO00O LPO05 FMO05 LP 10 FM_1.0
Superplasticizer 0 0 9 0 9 0 9
Air-entrainer 0 9 0 9 0 9 0
Water 224 224 224 224 224 224 224
Aluminous cement 900 900 900 900 900 900 720
Carbon fibres 0 0 0 9 9 18 18

It is necessary to carry out a drying procedure and firing after cement composites maturity [7,
8]. All specimens were cured in humid environment for the 28 days, then dried at 105°C for 24
hours to eliminate initiating of cracks caused by the water vapor escaping. One third of specimens
was tested immediately after the samples were dried out. Other two thirds were loaded by elevated
high temperature.

The high-thermal loading was carried out in an electric kiln, which automatically increased the
temperature by 10 °C/min from ambient temperature to the desired values of 600 °C or 1000 °C.
Set temperature was then maintained automatically for 180 minutes and then the kiln cooled
naturally.

The flexural and compressive strength of tested composites was investigated after the high-
thermal loading was completed.

4. RESULTS AND DISCUSSION

Influence of composition changes was evaluated by the results of physical and mechanical
testing. Flexural strength fin measurement was organized as a three point test with supports
distance of 100 mm according and was calculated by help of the maximum reached force. The
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compressive strength test fem was performed on two fragments left after flexural test. The area
under compressive load (40 mm x 40 mm) has been demarcated by the loading device. Next to the
mechanical properties, changes of bulk density p were studied, since they are related to structural
transformation during heating. All tests of mechanical properties were carried out according to the
methodology described in European standard EN 196-1:2005 Methods of testing cement — Part1:
Determination of strength.

All values of compressive strength, flexural strength and bulk density are presented after drying
at 105 °C and after exposure to 600 °C and 1000 °C. The summary results of the measured
properties of the produced refractory composites are shown in Table 4. These values are means of
three specimens (except of compressive strength fecm, which is average from six performed tests).
Table shows also an overview of the dependence of bulk density on temperature.

Table 4: Summarized characteristic of experimental specimens.

Bulk Density Flexural Strength Compressive Strength
p [kg/m?] fim [MPa] fem [MPa]
105°C  600°C 1000°C 105°C 600°C 1000°C 105°C 600°C 1000°C
AC 2110 1721 1695 6.2 1.9 1.6 123.0 99.8 64.9

FM_0.0 2155 1787 1756 8.0 2.4 2.2 130.3 102.2 66.2
LP_0.0 2110 1646 1585 4.6 1.4 11 121.0 98.6 64.3
FM_0.5 2098 1747 1722 12.6 4.2 3.2 1251 83.5 511
LP_05 1954 1573 1536 8.2 2.6 2.2 118.2 921 59.4
FM_1.0 2059 1679 1649 151 5.5 3.8 116.8  76.8 49.7
LP_1.0 1905 1540 1485 12.0 3.2 2.8 114.1 82.3 51.5

Flexural strength is predominantly affected by the dose of fibres. Reference set of specimens
(without fibres) exhibits lower values of flexural strength than the specimens with added carbon
fibres in doses of 0.5% and 1.0% by specimen’s volume. Detailed results are shown in the Figure 1.

The results of compressive strength shown in Figure 2 are corresponding with the results of
bulk density. There is obvious effect of fibres and air-entraining additive causing an increase of
the air content in composites, which can have a negative impact on the adhesion of fibres and
binding matrix. This fact can cause limits to their application and undesirable effects on
mechanical properties. On the other side, fibers contribute to the limitation of volume changes
during thermal loading and related crack formation [9]. This assumption is confirmed by the results
of flexural strength.
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Figure 1: Relative values of flexural strength
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Figure 2: Relative values of compressive strength.

Figure 3 shows the values of bulk density of studied and thermally loaded composites. We can
observe significant decline of the bulk density due to thermal loading which is caused by the
mineralogical transformation and the loss of physically-bound water. Major role on the reduction
of values of bulk density has the chemical decomposition of the hydration products and the content
of siliceous components in the mixture. The bulk density values are also affected by the dosage of
air-entraining additive. Thanks to the air-entrainer, micro-size air bubbles are created during
mixing of the plastic composite and will stay as part of the hardened mixture.
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Figure 3: Relative values of bulk density.

5. CONCLUSIONS

Present paper contributes to the category of experimental research of special composites
development. On the basis of performed experiments can be conclude that, in terms of mechanical
properties, the most suitable values have been achieved by the composites with superplasticizing
addtive. This fact arises in all cases of specimens, as in the case of fibre reinforced composites,
as well in the case of composites without fibres. However, the amount of superplasticizer in
designed mixture causes separation of water from cement mortar during the creation of specimens.
Important is also evaluation of the bulk density results, where is evident the reduction of values
due to air-entraining additive. But composites with air-entraining additive do not achieve such a
level of workability as composites with the same amount of plasticizer.

The subsequent experiments will aim to increase the amount of the air-entraining additive and
also to combine it with a reduced dose of superplasticizer, in order to improve the mixture's
workability and further reduce the bulk density of hardened composites, while as much as possible
preserve their properties after high temperature loading for the purpose of thermal barrier in an
optional form between a hot medium and supporting structure.
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Abstract

The Brazilian splitting test is commonly used in order to estimate the tensile strength of brittle
materials such as rocks and concretes. This test is performed by compressing a specimen disc in
the direction of its diameter. Splitting tensile stresses are induced perpendicularly to the direction
of the applied compressive load. Even though this test has been established for decades, standards,
such as the ASTM D3967 — 16, still suggest numerous different test configurations, which may
lead to different results.

In the present study, Brazilian Splitting Tests were conducted on Indiana Limestone discs of 54
mm diameter and 25 mm thickness. The discs were placed on flat platens. Digital Image
Correlation (DIC) was used in order to obtain the strain fields developed during the tests. This
technique allows the measurement of displacement/strain fields without contact.

The development of the stress fields and the crack formation were investigated by numerical
models using the Finite Element Method (FEM). Two FEM models were carried out: Model 1
simulated a concentrated applied load (scenario 1) while Model Il considered a distributed load
(scenario 11). The model from scenario I resulted in a strain field on the sample surface similar to
the one observed by DIC during the tests with flat platens. There was a higher tensile strain in the
horizontal direction near the point of applied load. This indicates that, when flat platens are used,
a concentrated load is applied, as expected.

Although this study is still a work in progress, the preliminary results indicate that, when load
is applied using flat platens, the crack initiates at the load application point, while crack initiates
in the center of the sample when load is distributed.

1. INTRODUCTION

Direct tensile tests are difficult to be performed on brittle materials, such as rocks and concretes.
Alternatively, the Brazilian splitting test (BST), also known as indirect tensile test, is commonly
used in order to estimate the tensile strength of such materials. The BST is performed by
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compressing the sample in the direction of its diameter. Splitting tensile stresses are induced
perpendicularly to the direction of the applied compressive load, inducing tensile fracture. Even
though this test has been established for decades, various studies and standards, such as the ASTM
D3967-16 [1], suggest numerous different test configurations, which may lead to different results.
Li & Wong [2] presented a comprehensive review on the test, including the different loading
configurations that have been used. Generally, it is assumed that the disc specimen is loaded
uniformly and that the crack forms in the center of the specimen. However, this is not always
observed in the laboratory and the validity of the test has been debated.

In order to improve the understanding of measurements from the laboratory tests, numerical
and analytical solutions have been employed. Both Finite Element Method (FEM) and Discrete
Element Method (DEM) have been used in the literature. Han et al. [3] presented a methodology
to measure the elastic properties (E and v) using the BST. In addition, the authors compared the
results for stress and strain from a finite element model with an analytical solution. Using discrete
element models, Xu et al. [4] and Ma & Huang [5] studied the sample behavior during the Brazilian
Splitting Test.

In the present paper, the preliminary results for an experimental, analytical and numerical study
on the Brazilian splitting test is presented. Indiana Limestone samples were submitted to the BST
with digital image correlation (DIC) analysis to evaluate the strain development. The development
of the stress fields was further investigated by FEM and analytical models.

2. EXPERIMENTAL PROCEDURE

In this study, Brazilian Splitting Tests were conducted on four discs of Indiana Limestone of
54 mm diameter and 25 mm thickness. The tests were conducted on a M TS testing machine, model
810 with load capacity of 250kN, under displacement control of the actuator at a rate of 0.02
mm/min. The discs were placed on flat platens. The splitting tensile strength was calculated by the
equation ASTM D3967-16, , [1]:

2P @)

0':
" ntD

where ot is the splitting tensile strength (in MPa), P is the maximum applied load (in N), t and
D are the thickness and diameter of the specimen (in mm), respectively.

Digital Image Correlation (DIC) method was used in order to obtain the strain fields developed
during the tests. This technique allows the measurement of displacement/strain fields without
contact. Two CCD cameras with 5SMP (Point Grey GRAS-50S5M) with resolution of 2448 x 2028
pixels and high resolution lenses type Tamron A031 (AF28-200mm F/3.8-5.6) were used and the
pictures were taken at the rate of 1 fps. The software VIC SNAP and VIC-3D 2010, both from
Correlated Solutions Inc., were used for image acquisition and processing. The test apparatus is
shown in Figure 1. For the DIC method, the specimens were painted white with black speckles.
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Figure 8: System used for the DIC in the Brazilian test

3. FINITE ELEMENT METHOD MODEL

The development of the stress fields and the crack formation were investigated by numerical
models using the Finite Element Method (FEM). Two different models were carried out using the
FEM software Abaqus. Model | simulated a concentrated applied load (scenario I) while Model 11
considered a distributed load (scenario Il). In these models, the linear elastic assumption was
adopted for simplicity. Based on Walton et al. [6], the Young’s Modulus was considered to be
24.6 GPa while the Poisson’s coefficient was assumed as 0.16.The load (P), the diameter (D) and
the thickness (t) were obtained from the laboratory tests.

The models simulate a plane stress condition, with quadratic elements and reduced integration.
The only difference between these two models is the applied load, as presented in Figure 2.

| M
a) b)
Figure 9: a) Scenario 1 with concentrated load and b) Scenario2 with distributed load

These models are obviously simplified, as they are developed only to compare the results from
the strain field from DIC with the finite element. Therefore, the main objective of the FEM
modelling in the present paper is to observe the strain (horizontal (x) and vertical (y) directions)
field around the sample.
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4. ANALYTICAL SOLUTION

The strain and stress fields over the sample surface were also studied using two analytical

solutions. The first (Analytical 1) was presented by Jianhong et al. [7] and considers a concentrated
applied load (Figure 3a).

a) b)
Figure 10: Load application assumption for the analytical solution presented by a) Jianhong et al.
[7] and b) Li & Wong [2].

In this solution, equation (1) presents the horizontal stress and equation (2) the vertical stress in
any point of the model.

a2 (@21 (@l -
(&)« (&) +»

Syy(x,y)zﬁ [(%)_Zy]s i [(%)"‘23’]3 2_% 5 )
(@) w2 |(@)+s) +x

The second analytical equation (Analytical 2) considers a distributed load in a small arc length,
2« (Figure 3b). This solution was presented by Li & Wong [2], where the stresses in the horizontal
and vertical directions are evaluated along the direction of the applied load. Those stresses are
presented in equation (3) and (4) for the horizontal and vertical directions, respectively.

Sex(¥) = ! [1 _ (2%) ]sin(Za) 2 -1 1+—(%)2tan(a) 6 (3)
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S. RESULTS AND DISCUSSION

The Indiana Limestone specimens had average splitting strength of 1.43 = 0.12 MPa, with
average maximum applied load of 3.05 £ 0.20 kN. After the sample fails under tensile stress, a
crack propagates in the middle of the sample in the same direction of the applied load. Using digital
image correlation (DIC), the picture from the sample right before failure was used in order to get
the strain field over the sample surface. Figure 4 presents the strain field in the horizontal and
vertical directions of 1L2 with 54 mm.
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Figure 11: Strain field in a) horizontal and b) vertical directions of sample IL2 with 54 mm in
diameter.

From the DIC results, stress concentration is clear around the applied load points, both in
horizontal stress (tensile) and in vertical stress (compressive). This observation is similar to the
assumption from Model 1, presented in sections 3 and 4. For each sample, the DIC result showed
a similar trend. This trend shows higher strains starting on the point of applied load and
propagating to the center of the sample. This is expected as the plate is in direct contact with the
sample. In order to avoid this stress concentration, some techniques are discussed in the ASTM
D3967-16 [1].

Before comparing numerical, analytical and laboratory results, Model 1 and Model 2 are
compared, considering both numerical and analytical solutions. The result for the vertical stress
along the direction of the applied load is presented in Figure 5 for the numerical and analytical

solutions, while the result for the horizontal direction is described in Figure 6.
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Figure 12: Vertical stress along the direction of the applied load
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Figure 13: Vertical stress along the direction of the applied load

For the vertical stress, Model 1 and Model 2 are in agreement, as well as the numerical and
analytical solutions. On the other hand, for the horizontal stress, Model 2 shows good agreement
between analytical and numerical approaches while for Model 1 the results are quite different. In
addition, the results from Model 1 and Model 2 are different in the horizontal stress.

The reason for the difference between the results from Analytical 1 and Numerical 1 is that the
Analytical 1 considers a constant value in the horizontal stress along the direction of applied load.
On the other hand, as Numerical 1 has a concentrated force, the stress field near the applied load
changes because of stress concentration. From Figure 6, it is possible to conclude that when a
concentrated load is applied to the sample, the maximum tensile stress is near the applied load,
while for the distributed load the maximum tensile stress is in the middle of the sample.

To enhance the reliability of the DIC method, lab results are compared with the model with
concentrated load (Model 1). Figure 7 displays the comparison between experimental (DIC),
Analytical 1 and Numerical 1 results for the horizontal strain along the direction of applied load.

Figure 8 exhibits the result for vertical strain.
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Figure 14: Horizontal strain along the direction of the applied load.
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Figure 15: Vertical strain along the direction of the applied load.

It is observed from Figure 7 and Figure 8 that both Analytical 1 and Numerical 1 are in
agreement with the laboratory results (DIC). This enhances the reliability of the DIC methodology
applied in the Brazilian Splitting Test. In addition, it shows that the procedure used in the
laboratory test is equivalent to applying a concentrated load in the sample, which would start the
crack opening near the applied load.

6. CONCLUSION

The Brazilian Splitting Test was performed on four Indiana Limestone samples. DIC was
adopted during the test to measure the development of displacement, and consequently, strain on
these four samples. The stress and strain fields were also investigated by two numerical and two
analytical solutions. By assessing the results from numerical and analytical models, good
agreement was found. A difference is noticed when comparing the horizontal stresses near the
point of applied load, as Model 1 considers a concentrated load, generating a stress concentration
region, while Model 2 considers a distributed load.

When comparing Model 1 from analytical and numerical approaches with DIC, the results for
the horizontal strain are very similar. This is due to the set-up used in the laboratory test. The
piston was in direct contact with the sample, creating stress concentration near the point of applied
load, as a concentrated load.

Another preliminary conclusion obtained from this work is regarding fracture initiation. When
a concentrated load is applied on the sample, fracture tends to initiate near the point of applied
load. This can be noticed by observing the high tensile strain near this point. On the other hand,
fracture initiates close to the center of the sample when a distributed load is applied, as it presents
a higher tensile strain around this point.

This study is currently under development, as it is important to confirm the numerical and
analytical results by performing different laboratory tests, with set-ups capable of applying
distributed load.
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Abstract

Prediction and verification of material properties are essential to ensure the performance of
most engineering structures. For those involving composite materials, as fiber reinforced concrete,
the main target of probabilistic studies is not only related to the concepts of lifespan and durability,
but also to how fiber distribution affects the macro material behavior. In practice, during the
concrete mixing process, steel fibers are randomly distributed and dispersed under the cementitious
matrix. According to fiber arrangement, orientation, and geometry, fractures can propagate along
different paths. Computational simulations are employed to predict load capacity of a given
structural system.

This paper presents the numerical modelling of direct tensile test for a fiber reinforced
concrete. Cohesive interface elements are used to model the steel fiber behavior within the concrete
matrix. These cohesive elements are placed at the edges of the solid elements, allowing fracture
propagation. In order to reproduce the effect of the random distribution of steel fibers within the
cementitious matrix, random values of elasticity modulus E and tensile strength o, are assigned to
each solid and cohesive element, respectively. Marangon (2011) provides the mean and standard
deviation values of the experimental data. Normal, lognormal and logistic distributions are
considered for each parameter. Three distinct simulation sets are analyzed: (i) structured mesh with
random elasticity modulus for each solid element, (ii) structured mesh with random tensile strength
for each cohesive element, and (iii) unstructured mesh with random tensile strength for each
cohesive element. For each set, the predicted fracture paths and load capacity present satisfactory
results when compared to those obtained experimentally by Marangon (2011). All three-
distribution functions lead to results in the expected experimental range. The results also show that
the fiber dispersion and orientation contribute to the structural load capacity, increasing the
structure durability.
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1. INTRODUCTION

In recent years, engineers are creating and using software that perform numerical analysis
and optimization techniques with high levels of accuracy. It is important to observe that, despite
the robustness of the model, the predictions, assumptions or idealized conditions may or not reflect
the real phenomena. Therefore, engineering decisions are typically analyzed considering some
conditions of uncertainty and their respective associated risks.

For structures involving composite materials, as fiber reinforced concrete, the main goal of
probabilistic studies is to determine how fiber distribution interferes in its properties. In practice,
during the concrete mixing process, steel fibers are randomly distributed and dispersed under the
cementitious matrix. According to fiber arrangement, orientation, and geometry, fractures can
propagate along different paths. Therefore, computational simulations are employed to predict load
capacity of a given structural system. In addition, the random layout can be modeled by
considering the distinct probability distributions, such as normal, lognormal and logistic functions.

Through repeated simulations, it is possible to obtain a measure of sensitivity of system
response to changes in the input parameters. Finally, after these simulations, it is determined which
distribution best approximates the load-displacement curve obtained when mathematical models
are employed in order to represent fracture propagation.

2. EXPERIMENTAL AND NUMERICAL PROCEDURES

The probabilistic analysis developed in this paper is based on the direct tensile test reported
in the literature by Marangon (2011). Congro et al (2017) present a numerical analysis of this test
by using numerical algorithms for fracture modeling, as the Interface Element Model and the
Extended Finite Element Method (XFEM). Thus, the probabilistic analysis developed in this study
gives continuity to the numerical simulation of a fiber reinforced concrete structure.

A rigid system with fixed ends was introduced in order to perform the direct tensile test.
The apparatus for the experimental program comes down to the use of two accessories connected
together by steel plates bonded to the specimen with an epoxy resin. Figure 1 indicates the
schematic representation of the experimental test (Marangon, 2011).

Securing Pins

Specimen v l .
N - Machine Clamp
Z b2z | Attachment
7 Z / - F

Epoxy Resin
Steel Plate

Figure 1. Schematic representation of the direct tensile test (Adapted from Marangon, 2011).

The direct tensile test reported by Marangon uses a prismatic specimen reinforced with
steel fibers. This prismatic element is set at one of its edges and submitted to axial extension on
the opposite side. The concrete matrix was discretized with quadrilateral elements (9.5 x 7.5 mm)
under the assumption of linear elasticity. The numerical test was performed using arc-length
control, with the adoption of an exponential softening model for the interface elements. Figure 2
presents the element mesh and the input parameters for the simulation.
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Figure 2. Element mesh and input parameters for the numerical analysis (Congro et al, 2017).

All results from the numerical simulations considering the properties above are indicated
in Congro et al (2017).

3. FIBER ARRANGEMENT IN REINFORCED CONCRETE

In recent decades, fiber reinforced composites have been widely used in engineering
structures and in high technology areas, especially due to their excellent mechanical properties.
The addition of ductile fibers in the brittle matrix can significantly improve the brittleness of the
matrix material. The hardening stress is determined considering the effects of the individual fibers
along the structure’s rupture plan, according to the crack stress-aperture curve.

The mathematical formulations employed to compute the critical fiber volume in the
reinforced concrete are not checked under practical conditions, since this formulation considers
that fibers are continuous and perfectly aligned to the main stress axis. In practice, fibers are
discontinuous and randomly distributed in the concrete matrix. Thus, their actual behavior in
concrete is different from that predicted by the formulations of Aveston, Cooper and Kelly (1971).

The variability in the cross-section of the fibers, for example, will provide deviations in
their area, and consequently the force that each fiber can withstand. The variations of the fiber
stiffness in the concrete matrix also influence the strength properties of the material, providing
different behaviors for the composite material according to the random dispersion of the fibers
(Figure 4). The elasticity modulus is variable not only for steel fibers, but also can be extended to
any other fiber type, in particular to natural fibers, such as sisal and bamboo.
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Figure 4. Representation of fibers and their respective arrangement.
In this way, the random values of stiffness and tensile strength used in the numerical
simulations represent distinct values of fiber parameters in the concrete matrix. These
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arrangements gather random variables with known or assumed probability distributions. It is
possible, in this way, to carry out repeated simulations, using in each of them a particular set of
values of the random variables, originated according to the respective functions of a probability
distribution. Thus, the results of the simulations are statistically variable, converting response
distribution rules into response variables, allowing predictions of the structural system behavior.

4. PROBABILISTIC ANALYSIS

For the analysis of the load capacity of the reinforced concrete specimen with fibers,
three probability density functions that best fit numerical modeling were considered: normal
distribution, lognormal distribution and logistic distribution. These probability functions were
chosen because Marangon (2011) explicitly provides the mean and standard deviation values of
the samples tested for the direct tensile test. In this sense, the random generation of the material
parameters was easier and more intuitive.

The main idea of the probabilistic study of this paper is to reproduce the direct tensile
test in a finite element analysis. Secondly, using a sub-routine developed in MATLAB, random
values of elasticity modulus 'E' and tensile strength o, are generated, according to the probability
function that governs the random distribution of these parameters. These values will be assigned
to each of the elements in the central region of the mesh, given the expectation of fracture
occurrence in this region. Figure 5 exhibits the computational model that replicates Marangon’s
direct tensile test.

Cohesive Elements

(each one with different resistance properties)

Figure 5. Computational model and detail of the central region of the specimen where the fiber
properties are modified.

Two strength properties of the fiber reinforced concrete were modified: the elasticity
modulus 'E' of the random fibers and, subsequently, the tensile strength o,.. In this way, three
distinct simulation sets were developed: (i) random generation of stiffness values for each element
using a quadrangular structured mesh, (ii) random generation of tensile strength for each element
using a quadrangular structured mesh and (iii) random generation of tensile strength for each
element using unstructured mesh. The third simulation set was also included in the analyses since
the fracture propagation path is better approximated through a non-structured mesh, representing
accurately the structure behavior.
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4.1. First Simulations Set

The first simulation sets used random values of elasticity modulus E, following normal,
lognormal and logistic distributions. These numerical values were properly associated with the
elements in the central region of the specimen. The analyses were repeated at least five times for
each distribution. Table 1 summarizes the mechanical properties of the fiber reinforced concrete

used throughout these simulations.

Table 1 — Fiber reinforced concrete mechanical properties for probabilistic simulations of
Simulation Sets 1.

Fiber Reinforced Concrete

E (GPa)

Variable

v

0.2

o, (MPa)

4.65

Figure 6 presents the damage evolution variable for some simulation rounds, comparing
the fracture propagation with the experimental results. This figure brings the best results for each
distribution, although more rounds were performed during the analysis.
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Figure 6. Comparative analysis of fracture propagation for the best simulation rounds in
Simulation Sets 1.
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4.2. Second Simulation Sets

The second simulation sets generated random values for the tensile strength ., following
normal, lognormal and logistic distributions. These numerical values were associated with the
elements in the central region of the specimen. The analyses were repeated at least five times for
each distribution. Table 2 summarizes the mechanical properties of the fiber reinforced concrete
used throughout these simulations.

Table 2 — Fracture mechanical properties for probabilistic simulations of Set 2.

Fracture
o, (MPa) Variable
a 1.3
AS (mm) 4.62

Figure 7 presents the damage evolution variable for some simulation rounds, comparing
the fracture propagation with the results obtained experimentally. These are the best matches for
each distribution, although more rounds were performed.
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Figure 7. Comparative analysis of fracture propagation for the best matches to
experimental data in Set 2.
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4.2. Third Simulation Sets

The third simulation sets generated random values of tensile strength o,, following
normal, lognormal and logistic distributions for a non-structured finite element mesh. These
numerical values were associated with the elements in the central region of the specimen. The
analyses were repeated at least five times for each distribution. The fracture mechanical properties
are the same from the second simulation sets.

Figure 8 presents the damage evolution variable for some simulation rounds, comparing
the fracture propagation with the results obtained experimentally in the central area. This figure
shows the best results for each distribution, although more rounds were performed.

[ Experimental Results (Alarangon, 2011) ]

Figure 8. Fracture propagation for the best simulation rounds the third sets.

Finally, Figure 9 compares the load-displacement curves for all three-simulation sets
analyzed during this paper. Each plot exhibits the probability distribution that best represents the
structure behavior during the analysis.
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Figure 9. Load-displacement curves for each studied sets.
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5. CONCLUSIONS

This probabilistic study was carried out in order to verify the influence of the dispersion
and orientation of the steel fibers in the concrete matrix. It is important to emphasize that the
addition of fibers in concrete structures reduces the effects of crack propagation in the material,
due to the phenomenon of the shear stress transfer. The many possibilities of orientation of steel
fibers produced some distinct behaviors in the load-displacement curves of the specimen. This
effect is due to the arrangement of the fibers, which can take place in multiple directions, favorable
or not to the applied load. Three distribution functions define the parameter values, randomly
modifying each element of the central region of the part.

In a first simulation set, a structured mesh was used and the elasticity modulus E was
modified for each of the elements of the central region of the specimen. This region has undergone
a greater refinement, since it is where the fracture process occurs in this type of test. The second
simulation set used a structured mesh, modifying the tensile strength o,.. Finally, the third set of
simulations maintained the same procedure of the second set, adopting a non-structured element
mesh, aiming at allowing more generally the fracture paths.

All three-distribution functions lead to results in the expected experimental range. The
results also show that the fiber dispersion and orientation contribute to increase the structural load
capacity. The third numerical model reached good levels of accuracy, due to the adoption of an
unstructured mesh capable of reproducing the crack propagation pattern in the reinforced concrete
material, as reported by the experimental procedures. In addition, fibers constitute an efficient
reinforcement for the concrete, and their inclusion reduces the appearance of cracks, increasing
structure durability. In this sense, the numerical simulation using cohesive elements allied to
probability functions becomes an attractive approach to predict fiber reinforced concrete behavior.
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Abstract

This article presents the results of an experimental investigation on the mechanical behavior of
a self-consolidating concrete reinforced with steel and polypropylene fibers. Hooked end steel
fibers were used as reinforcement in fiber volume fractions of 0.25%, 0.50% and 1.00%.
Polypropylene fibers were used as reinforcement in volume fractions of 0.33%, 0.66% and 1.10%.

Pre-notched concrete prims were tested under three point bending tests. The tests were
controlled by the crack mouth opening displacement in order to have a better analysis of the post
cracking regime. Although the use of steel fibers promoted higher values of flexural residual stress
due to its geometrical and material properties, the addition of polypropylene fibers promoted
higher residual resistance for higher values of CMOD.

The mechanical behavior of the addition of the fibers were explained by pullout tests. This
significant difference is associated not only with the fiber type, but also with the fiber anchorage.
While the polypropylene fiber in concrete matrix is associated only with the interfacial shear stress,
the hooked end steel fiber presents another component associated with the anchorage of the hook,
promoting higher values of pullout resistance.

1. INTRODUCTION

The addition of fibers to enhance the mechanical behavior of concrete has been widely used for
many years, but its practical use in structural engineering applications still rely on the development
of technical standards to guarantee its safety. While the use of fibers considerably improves
mechanical properties such as ductility and crack-width control [1], it does not change the
compressive strength and the modulus of elasticity [2] of the composite.

This improvement is associated with the difficulty of crack opening and propagation. The fibers
act as a bridge mechanism across the crack surfaces, promoting a strain-hardening or a softening
behavior after the appearance of the first crack. This effect is dependent on the fiber-matrix
interface, fiber tensile strength and fiber geometry [1]. The bridging mechanism presents not only
an improvement in toughness, but also promotes a long-term residual resistance [3].
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FRC has been widely used in many engineering applications such as stabilization of rock
excavations. Fiber reinforced shotcrete, in combination with other support elements, can provide
effective ground support after blasting or excavation with the development of flexural strength and
toughness [4]. The advantage of fiber reinforced shotcrete over shotcrete with wire mesh is
associated with labor and time saving, material reduction and improved safety.

Steel fibers is the more conventional reinforcement used due to its high elasticity modulus,
which promotes strength in high volume fractions and post-peak load carrying capacity [5]. The
synthetic fibers also showed important improvements associated with strain capacity and crack
control of fiber reinforced concrete despite its low elasticity modulus [6]. Hence, the use of
polypropylene fibers can be an alternative to steel fibers when the post cracking residual strength
is not the main objective of the objective of the fiber reinforcement.

Pajak and Ponikiewski [7] conducted a study on the flexural behavior of self-compacting
concrete reinforced with straight and hooked end steel fibers. The post-peak behavior of the
composite was analyzed through three point bending tests in accordance with RILEM TC 152-
TDF [8] and EN14651 [9]. While the deflection-hardening response was observed the self-
compacting concrete was reinforced with the hooked end fibers, the addition of straight fibers
reported a softening response after reaching its peak. The increase of fiber volume ratio was
responsible for increasing the flexural tensile strength with a higher increase of fracture energy for
the hooked end steel fiber.

On the other hand, the addition of synthetic fiber in concrete reported distinct results when
compared with steel fibers. Cifuentes et al. [6] showed that the presence o synthetic fiber in the
concrete mix increased the mechanical properties and ductility. In lower strength concrete, the
effect of the fiber is more remarkable due to lower stresses in the cohesive zone. Therefore, the
bridge effect with presence of the fibers showed a greater influence.

The effect of steel and polypropylene fibers on the mechanical properties of the self-
consolidating FRC are addressed in this work. Three fiber volume fractions were tested for each
fiber type. All the compositions were analyzed by bending tests based on the European standard
EN 14651 [9]. Finally, pullout tests were carried on both polypropylene and hooked end steel
fibers with the aim to better understand the bond mechanism in the concrete matrix.

2. GENERAL SPECIFICATIONS

2.1 Materials

The cementitious materials used in the production of the self-compacting concrete were the
Brazilian cement type CPV, fly ash and silica fume. Two classes of particle size of river sand were
used: one ranging from 0.15 mm to 4.8 mm (S1) and the other ranging from 0.15 mm to 0.85 mm
(S2). Coarse aggregate with maximum diameter of 9.5 mm, silica flour (ground quartz) and
superplasticizer (Glenium®™ 51) were also mixed together with the other materials. The average
compressive strength after 28 days was 73 MPa and the obtained slump spreading was 750 mm
for a water/cement ratio of 0.5. For more information on the mix procedure and matrix mechanical
behavior refer to Pereira [10] and Rambo [11].

2.2 Fiber Types

One steel fiber with hooked end (SF) and one polypropylene fiber (PPF) were used as
reinforcement. The steel fiber (SF) presented a length of 30 mm with an aspect ratio of 45 (d =
0.62 mm) while the PPF presented a length of 40 mm and aspect ratio of 74 (d = 0.54). Other
properties of the used fibers, according to their manufacturers, are presented in Table 1.
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Table 1: Fiber Properties.

Properties SF PP
Fiber Type Dramix 3D 45/30  TUF Strand SF
Fiber Shape Hooked end Monofilament
Length (mm) 30 40
Diameter (mm) 0.62 0.54
Aspect Ratio 45 74
Tensile Strength (MPa) 1270 +/- 7.5% 600-650
Elastic Modulus (Gpa) 210 9.5
Density (g/cm?) 7.85 0.92

2.3  Mixing Procedure

To evaluate the effects of the fibers on the mechanical properties of the composite, seven
different mixtures were produced. The first one associated with the matrix without fibers and three
mixtures with steel fiber volume fractions of 0.25% (20 kg/m?3), 0.50% (40 kg/m?3) and 1.00% (80
kg/m3) named, respectively, as C0.25%SF, C0.50%SF and C1.00%SF. Moreover, other three
mixtures were tested with polypropylene fiber volume fractions of 0.33% (3 kg/m?), 0.66% (6
kg/m3) and 1.10% (10 kg/m3) named as C0.33%PPF, C0.66%PPF and C1.10%PPF. The amount
of water, sand, cement and the other supplies for the seven mixtures is presented at Tables 2 and
3. For pullout tests, the matrix composition was produced without the total amount of coarse
aggregate.

The mixing procedure was conducted through five main stages. First, all the aggregates (sands
S1, S2 and coarse aggregate) were mixed together with 70% of the water for 1 minute with the
help of a concrete mixer (previously wet). All additives (silica fume, fly ash and silica flour) were
also added to the mix and blended for 1 minute. Afterwards the total amount of cement was added
and mixed for another minute. All the superplasticizer was added to the mix with the remaining
water and then blended with the rest of the materials for 10 minutes. Finally, the total amount of
fibers was mixed for another 5 minutes. The specimens were cured for 28 days at room temperature
of 24.4 °C and 65.7% of humidity before testing.
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Table 2: Mix composition of the matrix and steel fiber reinforced concrete.

Mixtures

Constituent Matrix C0.25%SF C0.5%SF C1.00%SF

Coarse aggregate (G) (kg/m3) 492.04  485.29 478.54 465.04

Sand (S1) (kg/m3) 826.71 826.71 826.71 826.71
Sand (S2) (kg/m3) 99.60 99.60 99.60 99.60
Silica Mesh 325 (SM) (kg/m8) 70 70 70 70
Cement (C) (kg/m3) 360 360 360 360
Fly Ash (FA) (kg/m3) 168 168 168 168
Silica Fume (SF) (kg/m?3) 45 45 45 45
Superplasticizer (SP) (%) 6.0% 6.0% 6.0% 6.0%
Water (W) (kg/md) 155.65 155.65 155.65 155.65
SF (kg/m3) 0 20 40 80
PPF (kg/m3) 0 0 0 0
Water/Cement ratio 0.50 0.50 0.50 0.50

* Sand (S2): Sand (S1) with diameter less than 0.85 mm.

Table 3: Mix composition of polypropylene fiber reinforced concrete.

Mixtures

Constituent C0.33%PPF C0.66%PPF C1.10%PPF

Coarse aggregate (G) (kg/m?3) 483.24 474.43 462.69
Sand (S1) (kg/m?3) 826.71 826.71 826.71
Sand (S2) (kg/m3) 99.60 99.60 99.60
Silica Mesh 325 (SM) (kg/m3) 70 70 70
Cement (C) (kg/m3) 360 360 360
Fly Ash (FA) (kg/m3) 168 168 168
Silica Fume (SF) (kg/m?3) 45 45 45
Superplasticizer (SP) (%) 6.0% 6.0% 6.0%
Water (W) (kg/m?) 155.65 155.65 155.65
SF (kg/m3) 0 0 0
PPF (kg/m3) 3 6 10
Water/Cement ratio 0.50 0.50 0.50

* Sand (S2): Sand (S1) with diameter less than 0.85 mm.
3. TEST PROGRAM

3.1  Three Point Bending Test

For the three point bending test, three specimens with 150 mm x 150 mm x 550 mm were
produced for each concrete mix in accordance with EN14651 [9]. The span between supports was
500 mm and the bottom side of each sample was notched with a 25 mm depth using a 3 mm
diamond saw. These measurements and details are presented in Figures 1(a) and 1(b).
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The tests were carried on using a MTS servo-controlled hydraulic testing machine with a closed
loop type of control and a load cell of 100 kN. The tests were conducted at a constant rate of 0.10
mm/min and controlled by the CMOD (Crack Mouth Opening Displacement) using a clip-gauge
and limited to 4 mm opening.
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(a) (b)
Figure 1. (a) Three point bending test setup. (b) Setup details in accordance with EN14651 [9].
All dimensions in mm.

3.2 Pullout Tests

The pullout tests were performed using a MTS 810 servo-controlled hydraulic-system, with 250
kN capacity. With a 2.5 kN cell attached to the crosshead, the tests were controlled by the internal
LVDT displacement at a rate of 1.5 mm/min. The tests were limited to a maximum displacement
of 25 mm. Ten cylindrical specimens measuring 20 mm of diameter and 25 mm of embedment
(Lf) were prepared for each tests series. The polypropylene fiber was pulled out with a rigid plate
fixed with two bolts and the hooked-end steel fiber was clamped with a metal claw. The specimens
were fixed at the bottom inside a metal cup. The complete test setup for both fibers is presented in
Figures 2(a) and 2(b). For more information about the pullout tests refer to Castoldi [12].

(a) (b)
Figure 3. Pullout test setup for (a) steel and (b) polypropylene fibers.
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4. DISCUSSION AND ANALYSIS

The presented stress-CMOD curves at Figures 4(a), 4(b) and 4(c) report the flexural response
obtained on plain prisms, specimens reinforced with 0.25%, 0.50% and 1.00% of volume fractions
of hooked end steel fibers and prisms reinforced with 0.33%, 0.66% and 1.10% of polypropylene
fiber. Each stress-CMOD curve is associated with the average result of three tested specimens.
The mechanical behavior of plain self-compacting concrete (specified as ‘Matrix’ in Fig. 4) is
associated with a brittle material with linear elastic zone before cracking followed by a fast stress
decrease with the increase in CMOD.

The use of hooked end steel fibers significantly enhanced the mechanical behavior of the
composite, especially the residual stress and tenacity. The use of 0.25% and 0.50% of SF presented
a similar behavior with a strain-softening response after reaching its peak. However, the addition
of 1.00% of steel fiber in concrete was responsible for a strain-hardening behavior before reaching
the ultimate stress capacity.

T T T T T T I T T 4 T T T T T T T T T T T T T
0 33%PPF (3 kgim?) (a) C0.66%PPF (6 kg/m?) (b) €0.25%SF (20 kg/m?) ©)
Gl B6%PPF (6 kg/m’) 1 C1.10%PPF (10 kg/m) L €0.50%SF (40 kg/m?)
C1.10%PPF (10 kg/m?} C0.25%SF (20 kg/m®) C1.00%SF (80 kg/m®)
Matrix C0.50%SF (20 kg/m?) Matrix
w10 -1 Matrix T T
o
=
w
w
@
=
» 5+ —+ - —
{ M
0 K k I T [P T s
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4

Crack Mouth Opening Displacement (CMQOD), mm

Figure 4. Results from three point bending tests: (a) SCC with different volume ratios of
polypropylene fibers. (b) Comparison between polypropylene and steel fiber SCC. (¢) SCC with
different volume ratios of hooked end steel fibers.

As expected, the post-peak stage of the stress-CMOD curve differs much when comparing steel
with polypropylene fibers. Although the addition of synthetic fibers indicated a sudden drop after
the peak load, the residual strength remained almost constant after reaching CMOD levels of 0.5
mm. The 1.10% polypropylene fiber reinforcement indicated a slight increase in resistance when
reaching higher CMOD levels.

It possible to see through Figure 4(b) that the use of high volume fractions of polypropylene
can result in higher residual flexural stress when compared with the addition of steel fibers.
Especially for CMOD values greater than 2 mm, the use of 0.66% and 1.10% PPF in concrete
reports higher values of flexural resistance.

The mechanical behavior polypropylene and steel fiber reinforced concretes can be explained
by the bond between of the fiber in the concrete matrix. Figure 5(a) presents the mean curve of the
pullout tests for both SF and PPF. In the case of the PPF, the pullout load does not present a sudden
drop of resistance after reaching the peak load, it exhibits an unstable growth until reaching its
maximum value at 14 mm of slip. The almost constant pullout strength with increasing slip
promotes the post-peak behavior of the PPF reinforced concrete.
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The significant difference in the residual resistance is associated with the fiber anchorage. The
anchorage effect provided by the hook plays the leading role in increasing the pullout load [1],
improving the the post-peak resistance of the composite. Figure 5(b) illustrates the difference in
the interfacial shear mechanism between the PPF and SF.

T
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—SF2 | Matrix
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hhhhhhhhhhh ! l g R
0 . ! ) 1 L S -
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Figure 5. (a) Pullout results. (b) Bond of hooked-end steel and polypropylene fibers in the
concrete matrix, where S is the interfacial shear stress, R is the normal component due to the
mechanical anchorage of the hook and P is the pullout load. All dimensions in mm.

S. CONCLUSIONS

The following general conclusions can be drawn from the present work:
- The use of lower volume fractions (0.25% and 0.50%) of steel fibers in concrete
promotes similar flexural resistance after peak when compared with the addition of
0.66% and 1.10% of polypropylene fiber. While the use of steel fibers presents a rapid
decrease of strength after peak, the PPF reinforced concrete reported constant residual
strength with increasing CMOD. Hence, the use of PPF in concrete promoted higher
residual strength for higher values of CMOD.

- The main difference between polypropylene and hooked end steel fibers reinforcements
can be explained through the bond of the fibers in concrete. The PPF presented almost
constant strength with increasing slip, while the pullout tests with SF presented a gradual
decrease in load after reaching peak. The higher pullout strength of the hooked end steel
fiber is also associated with the presence of the hook, which promotes a stronger bond
due to its mechanical anchorage.
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Abstract

It is constant, especially in the civil construction sector, the search for new material sources
that meet the assumptions of sustainable development. In this way, the cacti are pointed as a good
alternative. Therefore, the objective of the present research was to develop and characterize
physically and mechanically lightweight bioconcretes produced with Cereus wood from this
lignocellulosic source. Cereus jamacaru wood was used after washing in hot water (at 80° C). In
the studied matrix, Portland Cement CP V-ARI was used and a water-to-cement ratio of 0.4. To
accelerate the cement hydration reactions 3% (relative to the cement mass) of calcium chloride
was added. Mixtures with two types of wood particles classified as green and brown were produced
and for both cases varying the percentage of compensation water (100 and 200%), cement-to-wood
ratio (3,4 and 7) and moulding method (compacting with metal rod or not). A flow table test was
used to characterize the fresh mixtures. The mechanical characterization was performed through
uniaxial compression test. The density of the composites with the brown particles varied from 892
to 1452 kg/m3 and the compressive strength from 3.38 to 10.51 MPa. The blends with green
particles reached between 872 and 1347 kg/m3 of density and between 1.72 and 8.94 MPa of
compressive strength. The mixtures with higher cement-to-wood proportions and lower amount of
compensating water reached higher compressive strength. The results show that Cactus Wood can
be used in the production of bioconcretes with good properties and varied applications in civil
construction.

Keywords: Lightweight concrete; Bioconcrete; Cactus Wood; Sustainability; Construction.
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1. INTRODUCTION

According to da Gloria [1], the construction industry is one of the great generators of waste and
a major consumer of natural resources, and therefore, the search for new resources and
technologies able to cause less aggression to the environment is urgent. In this context, the use of
alternative lignocellulosic sources for the development of materials is necessary to cause less
environmental impacts [2][3]. The main advantages of the lignocellulosic materials are carbon
trapping, depending on the application, and the fact that they are renewable.

Cement composites of vegetable biomass are products basically composed of mineral binders
combined with vegetal aggregates and other additives [4]. Beraldo [4], also states that the main
advantages of using composites are the high availability of raw materials, which are renewable,
the lightness of the final product, between 400 and 1500 kg/m3. Others advantages are the
resistance to biodegradable agents, good dimensional stability the resistance to impact and the
satisfactory mechanical, thermic and acoustic properties. According to Beraldo [5], in some
applications, these materials can efficiently replace traditional materials in the construction.

A challenge in the production of cement composites with lignocellulosic materials, which may
be called bioconcretes, is the chemical incompatibility between cement and vegetable biomass that
can lead to retardation / inhibition of cement hydration reactions. According to Simantupang et al.
[6], the extractives present in the wood are the main responsible for this impediment of cement
solidification. Beraldo [4] explained that no vegetal species can be added in its natural state to the
cement, since the chemical constituents of the plant are very sensitive to the alkaline environment
of the cement matrix. The author also showed the importance and effectiveness of applying
preliminary treatments in the biomass allied to the use of handle accelerators. In his studies he
obtained satisfactory setting and hardening results by using the Brazilian Portland cement CPV-
ARI, and 3% of calcium chloride, with biomass previously washed with hot water to reduce the
extractives amount.

The water-to-cement ratio is a variable of extreme influence on the resistance of the bioconcrete
and according to Andreola [7] the cement hydration will occur completely only if this ratio is
greater than 0.38. Because of the high water absorption of the biomass, it is important to have
enough water to keep the biomass saturated, to allow the cement hydration and also to guaranty
the consistence of the bioconcrete. Another important factor to be analyzed in the production of
bioconcrete is the granulometry of the lignocellulosic material that will be used as well as the
particle format. Beraldo [5] verified the lack of adhesion between bamboo and cement paste when
whole stems of large diameter bamboos, which do not present side shoots, were used. Latorraca
[8] concluded that granulometry has a significant influence even in cement pickling and
solidification time.

In view of the above, the present research aimed at the development and physical-mechanical
characterization of lightweight bioconcretes produced through the use of cactus wood, an
innovative lignocellulosic source, as bio-aggregate in order to verify the possibility of use as an
alternative material in civil construction.

2. EXPERIMENTAL MATERIALS AND METHODS

2.1  Bio-aggregate

The cactus wood used was of the species Cereus jamacaru from Barueri - S&do Paulo, Brazil.
The samples were obtained from the base of three years age tree. Manual cutting was performed
to remove the samples. The aggregates presented different aspects depending on the stem position
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which they were extracted. For this research these different woods were separated after extraction:
dark green coloration (dark fragments with greater proximity to the leaves of cactus) and brownish
coloration (clear fragments coming from a more internal region of the trunk).

The fragments were reduced to smaller size with a hammer mill and all the generated particles
whose length exceeded three times the diameter value were discarded due to the possible adhesion
damage that they can generate in the final composite. With the remaining particles, particle size
analysis was performed.
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To determine the amount of washes required to reduce the extractives, a wash cycle experiment
was performed with a Magnetic Stirrer, IKA brand, model C-MAG HS 7, an Electronic Contact
Thermometer, also of the brand IKA, model ETS-D5 and two beakers with a capacity of 500 mL.
Firt, 5 g of cactus particles and 300 ml of distilled water were added to the beaker. The water was
kept at 80 °C for one hour, its final color was recorded and then a new cycle started. The cycles
were repeated until it was noticed that the final water was clear.

In order to characterize physically the bio-aggregate, the test of basic density and water
absorption of the wood (NBR 11941 / ABNT 2003) was performed pre-grinding and tests of
apparent specific mass (NM 52/2009) and moisture content (NM 9939/2011) after milling. The
results for the two types of particles (greenish and brownish) were close enough to be considered
the same. The results are expressed in table 1.

Table 1: Physical characterization of the bioaggregate Cereus Jamacaru.

Basic density Moisture ab\s/\(;?t?[iron Apparent Specific mass
(kg/m?) content (%) (0/5) (kg/m?3)
340 6.30 199.00 250

2.2 Binder and additive
The Brazilian Portland Cement CP V - ARI (cement of high initial strength) was used as binder.
The chemical composition and density of the cement can be verified in Andreola et al.[9]. To
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accelerate the cement hydration, 3% (based on the cement mass) of calcium chloride (CaCly) was
added to the blends.

2.3 Bioconcretes

Table 3 shows the relations cement mass: cactus wood used for the production of cactus
bioconcretes (BC). The letters L and F indicate the type of particle used, where L is for brownish
and F for greenish. For all mixtures the water -to-cement ratio (w/c) ratio was 0.4.

The composition of these bioconcretes was set as follows: for cement mixtures BCL 100, BCL
200 and BCF 200 the cement consumption and the volume of wood were set following Andreola
[7]. The variation in compensating water had the objective to evaluate the necessity of its
placement in front of the wood’s absorption obtained (almost 200% based on wood mass) and the
desired workability. For the mixtures BCL 3, BCF 3 and BCL 4 was fixed the cement: wood ratio
following the results obtained by da Gloria [1]. Numbers 3 and 4 indicate the ratio cement mass:
wood mass.

Table 2 : Blend Compositions

Cement Wood Final trace mass
Blend corr(lliglr:lnp3§lon vo(lcyuor)ne Cement Wood Water Comvg\)/g?:ftlon CaClz
BCL 100 775.000 45.0 1.000 0.145 0.400 0.145 0.030
BCL200 /BCF 200 775.000 45.0 1.000 0.145 0.400 0.290 0.030
BCL3/BCF 3 488.093 65.1 1.000 0.333 0.400 0.667 0.030
BCL 4 582.935 58.3 1.000 0.250 0.400 0.500 0.030

The cactus bioconcretes (BC) were produced in a planetary mortar, with a 5-liter capacity vat
and stainless steel beater. The water was initially mixed with the calcium chloride in a reserved
container forming a homogeneous solution. The cement and wood particles were also mixed
separately and were placed first in the equipment. At low rotational speed (136 rpm), during the
first minute the was added gradually to the dry materials. After the first minute of mixing the
turning of the mortar was interrupted for manual release of the material that was attached to the
vats. . Next the mix continued until reach 05 min of total time.

Cylindrical specimens of 5 x 10 cm (diameter x height) were produced. The molds were filled
in three layers and the type of compaction was varied: manual with 15 strokes per layer (BCL /
BCF 200 and BCL 100) and vibrating table (BCL 3, BCF 3 and BCL 4). The molds were protected
against moisture loss until demolding, which happened 24 hours later. Finally, the specimens were
placed in a humid chamber at 20 ° C (= 2 ° C) and 95% (£ 2%) humidity until they reached the
age of 28 days.

During the production of the composites it was observed that there was no segregation or
exudation between the blends and that the adhesion between the wood and the other components
was ideal.

At fresh state, the property evaluated was the spreading through the flow table test. The
consistence index of each mixture was obtained from the average of the diameters reached. Based
on the Brazilian standard NBR 5739 (ABNT 2007), the compressive test was performed after 28
days in a Shimadzu-1000 KN universal test machine, at a speed of 0.3 mm / min. The vertical
displacements were obtained from the average reading of two Linear variable differential
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transformers LVDTSs. For each mixture, four cylindrical specimens were tested. . The modulus of
elasticity was determined according to the requirements of standard NBR 8522 (ABNT 2008).

3. RESULTS

3.1 Extractive Reduction

A gradual variation of the water coloration is observed with washing in hot deionized water.
The color change (Figures 7 and 8) is noticeable in each cycle and can be explained by the
reduction of extractives of the biomass. It is also possible to observe that the removal of the
extractives happens mainly during the first three washing cycles since the color difference between
the third and the fourth waste water was not significant.

Figure 2 : Comparison of the water coloration at the end of each washing cycle for the greenish
(top) and browned (botton) particles.

With the washing cycle experiment it was established that the particles would be submitted to
3 cycles of washes before being used for the bioconcrete production.

3.2 Properties at the fresh state
The pulps achieved good workability as can be seen by analyzing the results of Table 3.

Table 3: Result of the spreading test
Blend BCL 100 BCL 200 BCF200 BCL4 BCF4 BCF3

CO“S'S(tg;g?'”dex 2250 2825 2985 2875 2575 2125

3.3 Properties at the hardened state
After 24 hours of its production the specimens were demoulded and it was possible to perceive
a good homogeneity of the particles in the cementitious matrix.
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After 28 days of age the BC were then submitted to the uniaxial test and with the generated data
it was possible to generate stress - axial strain graphs for the mixtures.
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Figure 3: Typical stress-strain curves of BC.

The values of maximum strength as well as the modulus of elasticity and density of the
bioconcretes studied are shown in Table 4.

Table 4: Properties of the bioconcretes in the hardened state

Blend Resistance (MPa) E (GPa) Density (kg/md)

BCL 100 10.512 11.525 1451.600
BCL 200 7.438 10.289 1284.000
BCF 200 8.936 11.978 1347.100
BCL 4 3.387 2.549 997.400
BCF 3 1.720 2.302 872.500
BCF 4 3.135 2.028 999.600

4. DISCUSSION
4.1 Fresh state

The composites with cactus wood and cement studied were demoulded with one day of age
indicating that the treatment of washes used, as well as the addition of calcium chloride and the
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use of cement CP V- ARI were effective in preventing delay / inhibition of cement hydration
reactions.

The BCF 200 and BCL 200 with 200% of compensating water and fixed cement consumption
and the BCL 4 achieved better workability; the spreading values were between 282.5 and 298.5
mm. This result indicates that the higher quantity of wood in the mixtures negatively influenced
the workability.

4.2 Hardened state

The bioconcretes with greenish particles reached bulk density between 872.5 and 1347.1 kg /
m?3 while the density of the bioconcretes with the brown particles ranged from 997.4 to 1451.6 kg
/ m3. According to Rilem [10], they can be classified as lightweight materials, since they have a
density of less than 1800 kg / m®. The determinant variables on density were the amount of water
and cactus wood (more water and more cactus wood resulted lower densities), and there are
indications (analysis BCL 200 versus BCF 200; BCL 4 versus BCF 4) that for similar mixtures
with different types of particles, bioconcretes with greenwish particles results in a composite with
higher densities.

With the stress versus strain curve generated, it was possible to observe that the composites
presented an initial elastic linear behavior, followed by a region of marked nonlinearity until
reaching the maximum tension. The rounded aspect of the curve can be explained by
microcracking pre-rupture of the bioconcrete that increases the deformations recorded by the
LVTDs.

The blends with greenish particles (BCF-x) reached between 1.72 and 8.94 MPa of compressive
strength and browned (BCL-x) between 3.38 and 10.51 MPa. There is no data showing any trend
in relation to the maximum voltage reached varying only the type of particle.

The specimens with fixed consumption of 775 kg / m3 (BCL 100, BCL 200 and BCF 200)
achieved better resistance / density ratio and higher stiffness, that is, lower deformations for a
given request, which is a property of great interest in engineering civil. Analyzing the results of
the BCL 100 and BCL 200 mixtures, it was observed that by reducing the compensating water in
half the bioconcrete had a small gain of density, increase of the MOE, a significant gain of
resistance and a great loss of workability.

For the same trace of BCF 3 - in which it was possible to obtain 1.72 MPa of resistance, 2.30
GPa of MOE and 872.5 kg / m3 of density, da Gloria [1] obtained, using wood sawdust, 15.97 MPa
of resistance, 4.03 GPa of MOE and 1250 kg / m3. Andreola et. al.[7] studied bioconcrete with
bamboo particles and obtained 12.01 MPa of resistance, 4.03 GPa and 1157 kg / m3 of density.
These data show that for this trace calculation methodology the composites with cactus wood
although less resistant have as main differential the low density that they can achieve and the fact
of maintaining a relatively high stiffness. The comparison with the results of the study by Beraldo
[5], which also deals with the production of a cementitious composite with bamboo particles,
corroborates with the previous analysis.

The traces of the BCL 200 and BCF 200 mixtures - whose results are: 7.44 MPa for maximum
strength, 10.29 GPa of MOE, density of 1284 kg / m3 and spreading 282.5 mm; 8.94 MPa for
maximum strength, 11.98 GPa of MOE, density of 1347.100 kg / m3 and spreading 298.5 mm -
are similar to those of Andreola [7] who working with bamboo particles obtained maximum
resistance of 4.20 MPa, MOE of 2.35 GPa and 788.47 kg / m? of density and 285 mm of scattering.
These results show that in cement fixation the cactus bioconcrete obtained better properties than
the bamboo, which is probably due to the large amount of fines present in the mixture, which
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reduced the amount of voids, densified the mixture and consequently increased the other
properties.

5. CONCLUSION

The objective of producing light bioconcretes was reached given the low final density of the
products. In addition, good physical, mechanical and workability properties (properties of interest
in construction) have been reached and it can be concluded that cactus wood can be used as an
alternative lignocellulosic source in the production of bioconcretes for use in various purposes in
the construction industry.
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Abstract

In the last years the use of textile reinforced concrete (TRC) has grown considerably. Several
types of fibers can be used in the form of textiles. Carbon fabrics have become an interesting
reinforcement for TRC due to their excellent mechanical properties. However, the bond between
carbon textile and cementitious matrix is not elevated. There are methods that can modify the
textile-matrix bond, improving the mechanical behavior of the composite. In this paper the
mechanical behavior of carbon textile reinforced concretes under tensile loading is discussed. Two
types of carbon fabrics were studied: a flexible and a rigid one. The influence of the use of a coating
made with an epoxy resin and sand in the response of the composite was investigated. Various
stages of loading corresponding to initiation, propagation, distribution, opening, and localization
of a crack system in the specimen were discussed. Pull-out tests were performed in textile’s yarns
to characterize and compare the interface between the two types of carbon reinforcement and the
cementitious matrix. The results obtained showed that the TRC with rigid carbon fabric achieved
superior mechanical response under tensile loading. The addition of the coating made with an
epoxy resin and sand was able to improve the tensile mechanical response of these composites,
suggesting an enhancement in the bond between the fabric and the matrix. This improvement was
more significant in the TRC with the flexible carbon fabric.

1. INTRODUCTION

The research of new materials that allow the construction of thinner, lighter and less expensive
structures has grown considerably in the last years. An interesting example of these materials is
the cementitious matrix reinforced with fibers composites. The fibers control the matrix cracking,
modifying the mechanical behavior of the composite after the first matrix crack and improving its
ductility [1].

Textile reinforced concrete (TRC) is a cementitious matrix composite reinforced with multiple
layers of 2D or 3D fabrics [2]. Several fibers can be used to fabricate this type of reinforcement,
such as natural, glass, polypropylene and carbon. Among these materials, carbon fibers show
elevated mechanical and durability properties [3,4,1,5].That poses as one of the reasons why the

105



4" Brazilian Conference on Composite Materials. Rio de Janeiro, July 22"-25" 2018

use of carbon textile as reinforcement in cementitious matrices is becoming extremely attractive.
Recent studies [6-9] show the elevated mechanical behavior of the carbon TRC under tensile
loading and bending.

The mechanical behavior of TRC is influenced by the properties of the matrix, reinforcement,
and mostly the interface between them. The bond between the reinforcement and the matrix is one
of the main characteristics of the interface [10]. However, the bond between fabrics constituted of
multifilament yarns, as carbon textiles, is not elevated [1]. Studies [6,8,11,12] show that there are
methods to improve the bond between the fabric and the cementitious matrix, enhancing the
mechanical behavior of the composite.

This work presents a study of the mechanical and bond behavior of carbon textile reinforced
concretes under tensile loading. Direct tensile tests were performed in TRC with two types of
carbon fabrics (flexible and rigid) to evaluate their mechanical behavior. The influence of the
addition of a coating made with and epoxy resin and sand on the tensile mechanical response of
the carbon TRC was also investigated. In order to analyze the interface between the reinforcement
and the cementitious matrix, pull-out tests were performed in carbon yarns.

2. EXPERIMENTAL PROGRAM

2.1  Cementitious matrix

The matrix used in this research was a fine-grained concrete with compression behaviour shown
in Figure 1. The mix proportion used was 1:1:0.3 (sand:cementitious material:water by weight).
Portland cement CPII F-32, defined by the Brazilian standard [13], and river sand with maximum
diameter of 1.18 mm were used. Glenium 51 (MS) with content of solids of 30% was used as
superplasticizers. Table 1 presents the compositions of the fine-grained concrete matrix.
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Figure 16: (a) Strength evolution and (b) compressive behavior of the cementitious matrix.
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Table 6: Cementitious matrix composition.

Composition

Sand (kg/m?3) 947
Cement CPII F-32 (kg/m?3) 750
Fly ash (kg/m3) 265
Silica fume (kg/md) 50.5
Water (kg/m3) 279.7
Superplasticizer (kg/m3) 6.31

2.2  Carbon fabric

Two types of carbon fabric were used as reinforcement: a flexible, provided by V.Fraas GmbH,
and a rigid one, provided by Solidian GmbH. Both fabrics present an open mesh layout, as shown
in Figure 2, and were coated during their fabrication process. According to the suppliers, the rigid
fabric has an epoxy resin coating and is tensile strength corresponds to 4000 MPa, and the flexible
fabric, has a styrene butadiene resin (SBR) coating and tensile strength of 1700 MPa.

A coating made with epoxy resin, Sikadur®-32, and sand with the same grain size of the one
used in the matrix were applied to the fabrics. The resin were spread on both sides of the textiles
and then sand were sprinkled over it.

11.,5mm <~

B =4

Figure 17: (a) Flexible and (b) rigid carbon fabrics.

2.3  Composite manufacturing

The matrix was produced using a bench-mounted mechanical mix of 20 L capacity. The
cementitious materials and sand were dry mixed for 60 s. The water was added and the mix was
homogenised for 4 min. Then, the superplasticizer was incorporated and the mix was blended for
additional 5 min.

For the direct tensile tests, rectangular plates were casted in a steel mold measuring 1000 mm
x 120 mm x 18 mm (length x width x thickness). Figure 3.a shows the specimens production using
a lamination technique. A thin concrete layer was placed on the bottom of the mold and the carbon
textile reinforcement was positioned over the fresh concrete. Another thin layer of concrete was
placed over the fabric. To avoid bending and slippage during the casting, the fabrics layers were

107



4" Brazilian Conference on Composite Materials. Rio de Janeiro, July 22"-25" 2018

attached into screws at the ends of the mold. In order to reduce the section of the specimen in the
mid-span, two aluminum plates measuring 500 mm x 120 mm x 1,5 mm (length x width x
thickness) were used, one at the bottom of the mold and the other at the top of the mold. The
thickness of the samples varied according to the type of carbon fabric used and the presence or not
of a coating made of epoxy resin and sand. The specimens were covered in their molds for 24 h.
After that period they were wetted and involved in plastic film and stored in a room with controlled
temperature (20°C £ 2°C) and humidity (55% * 5%) for 28 days.

For the pull-out tests, cylinders were casted in PVC molds with 25 x 20 mm (diameter x high)
supported on an acrylic plate (Figure 3.b). The matrix was put on the molds and a yarn of the
carbon fabric, with embedded length of 20 mm, was positioned in the center of the cylinders
(Figure 3.b). The specimens were removed from the molds after 24 h and stored in a wet chamber
with 100% of humidity and temperature of 21°C + 2°C for 7 days.

(b)

Figure 18: Fabrication of carbon TRC composites for (a) direct tensile and (b) pull-out tests.

2.4 Direct tensile tests

Direct tensile tests on the carbon TRC plates were performed in a MTS 311 universal testing
machine with capacity of 1000 kN. The tests were controlled by the actuator displacement at a rate
of 0.5 mm/min. The specimens were tested using a gage length of 500 mm with fixed-fixed
boundary conditions. The specimens were fixed in steel plates at their ends with screws (Figure
4). The screws were tightened with a torque wrench and emery papers were glued at the surfaces
of the specimens that were in contact with the steel plates, in order to avoid slippage between the
specimens and the steel plates. The boundary conditions (number of screws, torque and contact
surface between the specimen and the steel plate) varied according to the type of the composite
(Table 2). To obtain the displacement of the specimens, two linear variable differential transducers
(LVDTSs) with reading capacity of 250 mm and a extensor made of aluminum attached to them
were used. At least four specimens for each variation were tested.

The tensile stress was obtained dividing the load recorded from the load cell by the composite
area (width x thickness). The strain was obtained by the division of the average displacement
measure by the LVDTs and the gage length of the specimen (500 mm).

108



4" Brazilian Conference on Composite Materials. Rio de Janeiro, July 22"-25" 2018

Table 7: Boundary conditions for the carbon TRC
submitted to direct tensile tests.
Plain  Coated Plain Coated
flexible flexible rigid  rigid
fabric ~ fabric fabric fabric

Screws/steel
plate
Torque
(Nm)
Contact
surface 18000 24000 24000 24000
(mm2)

8 8 10 10

18 19 18 29

Figure 19: Direct tensile test setup.

2.5  Pull-out tests

Pull-out tests on the carbon yarns were performed in a MTS 810 universal testing machine with
capacity of 250 kN. The tests were controlled by displacement at a rate of 1.5 mm/min. To obtain
more accurate results, a load cell with 2.5 kN capacity was used. The specimens were attached to
the machine through claws, in a fixed boundary conditions system (Figure 5). The yarns slip was
obtained directly from the machine displacement [14]. At least eight specimens for each variation
were tested.

Figure 20: Pull-out test setup.

3. DISCUSSION AND ANALYSES

The carbon TRC with flexible and rigid fabric presented a strain hardening behavior in direct
tensile tests. Figure 6 shows representative tensile stress-strain curves obtained from the tests,
which present three distinct stages, identified with roman numerals. In Stage | both matrix and
reinforcement behave linearly, corresponding to an elastic-linear region. The point where occurs
the first matrix crack is known as bend over point (BOP) and represents the limit of State I. In
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Stage 11 as the applied strain increases more cracks are formed culminating in a multiple cracking
pattern along the composite. Since the fabric provides ways to transfer the stresses through the
cracks, after the initiation of crack in the matrix the load-carrying capacity of TRC does not reduce.
The Stage 11 is characterized by the widening of the existing cracks, with no formation of new
cracks, leading to a stretching of the fabric, and posterior failure of the composite.
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Figure 21: Influence of type of fabric on the tensile stress-strain relation for carbon TRC.

The TRC with rigid carbon fabric showed superior tensile mechanical performance than the
TRC with flexible carbon fabric. This could indicate that the bond between the rigid fabric and the
cementitious matrix is superior to the bond between the flexible fabric and the cementitious matrix.
The difference between the bonds of the two reinforcements with the matrix may be related to the
different polymeric coatings used in the fabrication of the textiles. The polymeric coating fills the
spaces between the filaments of a yarn, guaranteeing that all the filaments are anchored in the
matrix. Therefore, the interaction between the reinforcement and the matrix is improved [8,10,15].
Hence, the coating used in the fabrication of the rigid carbon fabric (epoxy resin) seems to be more
efficient in filling the spaces between the filaments than the one used in the fabrication of the
flexible carbon fabric (SBR).

Figure 7 shows the influence of the addition of a coating made of epoxy resin and sand on the
tensile response of TRC with flexible and rigid carbon fabrics. For both types of composites the
impregnation of the reinforcement with epoxy resin and sand improved the mechanical behavior
of the material, indicating an improvement in the bond between the carbon textile and the
cementitious matrix. Since the plain flexible fabric exhibited lower bond with the matrix than the
plain rigid fabric, the effect of the coating with epoxy resin and sand was more significant to the
tensile behavior of the TRC with flexible carbon fabric.

Pull-out tests were performed to analyze the reinforcement-matrix interface. The representative
curves pull-out load versus slip obtained from the pull-out tests are showed in Figure 8. The TRC
with rigid fabric presented higher pull-out loads of the yarn than the one with flexible fabric,
indicating that the bond between this fabric and the cementitious matrix is superior. The addition
of a coating made with an epoxy resin and sand raised the pull-out load of the carbon yarns. The
difference between the pull-out loads of the plain and coated yarns was more pronounced for the
flexible fabric. The results obtained from the pull-out tests justify and reinforce the carbon TRC
behavior under direct tensile loading.
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Figure 22: Influence of the coating made of epoxy resin and sand on the tensile response of TRC
with (a) flexible and (b) rigid carbon fabrics.
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Figure 23: Representative curves obtained from pull-out tests.

4. CONCLUSIONS

A study on the mechanical and bond behavior of carbon textile reinforced concrete under tensile
loading was presented. Two types of carbon fabrics, a flexible and a rigid one, were used and the
influence of the addition of a coating made with an epoxy resin and sand was investigated through
direct tensile and pull-out tests.

All the composites tested showed strain hardening behavior under direct tensile loading, as
expected for this type of material. Three typical distinct zones could be observed in the tensile
stress-strain curves. The TRC with rigid carbon fabric presented superior tensile performance,
indicating that the bond of this textile with the cementitious matrix was higher than the bond of
the flexible carbon fabric. The results from the pull-out tests seem to support this assumption.

The addition of a coating made with epoxy resin and sand improved the mechanical response
of carbon TRC composites under tensile loading. This improvement was more significant in the
TRC with flexible carbon fabric. Once more the results obtained from the pull-out tests confirm
the response of the composite under direct tensile loading.
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Abstract

Textile reinforced concrete (TRC) is an emergent class of material with great deformation
capacity and multiple crack formation. Natural fibers are a more eco-friendly alternative to
synthetic textile and they are gaining attention in the construction field. In the present study, a
Brazilian natural fiber, called curaud, is used in the form of uni-directional textile as reinforcement
of cementitious matrix. The composites were manufactured with a hand lay-up technique, varying
its thickness and fiber volume fraction. Three types of laminates were investigated under direct
tensile tests and its cracking patterns were evaluated by distinct two methodologies. An image
processing software was used on photos taken during the tests and a digital image correlation (DIC)
technique was also used. The differences between the methods and their limitations are addressed.
Parameters as crack spacing and mean crack widths are estimated. The more cracks the composite
presented, the more difficult was to perform the measurements due to overlapping of strain fields
by DIC. The image analysis performed by the software was able to estimate the number of cracks
and the crack spacing for all three types of composites. The mean crack width during the tests was
estimated from DIC data.

Keywords: TRC, natural textile, curaua fiber, cement-based composite, image analysis, DIC.

1. INTRODUCTION

Textile reinforced composites (TRC) are a class of materials consist of a fine-grained
cementitious matrix reinforced with uni or bi-directional textiles [1,2]. The textile may be of
several types, such as carbon, basalt, glass and synthetic fibers [3-5]. Natural fibers are an
environmental friendly alternative for textile as they present good strength properties and low cost.
Previously works investigated the natural textile capacity of reinforce cementitious matrix, as uni
and bi-directional forms [6-9]. An example of uni-directional natural textile reinforced composite
is the one developed by Silva et al. [6]: besides the evaluation of the mechanical properties, they
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investigated the number of cracks and crack spacing of the composites. The sisal TRC presented
mean strength and elastic modulus of 12 and 25 MPa and 34 and 30 GPa, respectively. Image
analysis was used and it was found that the crack spacing curve is approximated by an exponential
decay function [6].

With improved tensile and ductile properties, TRC are presented as an alternative thin material
and may be used for facades and for elements subjected to high strain levels and also for repair.
These materials usually present multiple crack formation and their properties are enhanced after
the first crack. With that in mind, it is important to understand how cracks behave during the
composite loading.

In this work, three types of natural uni-directional TRC are developed and their mechanical
responses are studied by means of direct tensile tests. Two distinct methods for investigate crack
pattern of the composites during the tensile tests were used: image analysis by acquisition and
process of images at regular intervals and digital image correlation (DIC) technique. All the
composites presented strain-hardening behavior with multiple crack formation. Their crack pattern
was characterized according with the method employed. Besides the parameters obtained with
image analysis, DIC also allowed performing an estimation of the mean crack width. This could
not be done for all the composites due to cracking characteristics and method’s limitation.

2. EXPERIMENTAL PROGRAM

2.1 Materials and process

The curaud fibers used as reinforcement for the composites are obtained from an amazon plant,
Ananas erectifolius. The strength of curaud is between 250 and 735 MPa [10-12], considered of
high performance. Curaud fibers were provided by the CEAPAC organization, from state of Par3,
Brazil. The fibers were first cleaned by submersion in hot (around 80°C) tap water for 1 hour. They
were dried in an open atmosphere for 48 hours protected from sunlight. Then, they were brushed
to be separated into individual filaments. The long and aligned curaua fibers were used as uni-
directional textile. They were cut into 500 mm length and assembled into layers of 6.6 g.

One of the main problems of the use of lignocellulosic fibers in cementitious matrix is the
durability of the composite. The durability issues are usually caused by alkali attack, fiber
mineralization and volume instability [13,14]. The approach used was to reduce the matrix
alkalinity by replacing part of the Portland cement by pozzolanic materials. This strategy has
proved to be a successful previously [15,16]. In this work, part of Portland cement was replaced
by metakaolin and fly ash. The Portland cement used was the Brazilian type CPII F-32, metakaolin
was obtained from Metacaulim do Brasil Industria e Comercio Ltda and the fly ash from an
industry in Santa Catarina — Brazil. The sand used had a maximum diameter of 1.18 mm and
density equals to 2.67g/cms3. In order to assure workability, superplasticizer (Glenium 51 (MS))
was used with proportion of 2.5% of the cementitious materials, in weight. The mortar matrix was
based on a mix proportion of 1:1:0.4 (cementitious materials:sand:water). The cementitious
materials included 50% of Portland cement, 40% of metakaolin and 10% of fly ash, in mass. The
mortar was mixed in a 5 L capacity planetary mixer for 1.5 min at 136 rpm and for 4 min at 281
rpm. The resulting matrix presented compressive strength of 54.3 £ 0.5 MPa at 28 days.

The composites were manufactured in a steel mold, intercalating layers of mortar and curaua
fibers, starting with a layer of mortar, until reaching the number of layers desired. The dimensions
of the laminates were 500 mm (length) by 60 mm (width). The thickness varied with the numbers
of layers. It was produced three types of composites with one, three and five fabric layers, resulting
in thickness of 6 mm, 11 mm and 14 mm, respectively. The curaua volume fraction was of 4.5%,
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7.0% and 8.5% for the composites with one, three and five layers, respectively. The specimens
were covered in their molds for 48 h. Then, they were demolded and cured in water for 26 days.

2.2  Direct tensile test

The specimens were submitted to direct tensile tests. The tests were carried on a servo hydraulic
MTS testing machine with closed loop control, model 311.11, with hydraulic wedge grips and load
capacity of 1000 kN. Steel plates were added to decrease stress concentration. The tests were
performed under displacement control at a rate of 0.1 mm/min. Six specimens with dimensions of
500 mm length were tested of each composite: five for image analysis and one for DIC. The set-
up resulted in a fixed-fixed boundary condition. The composites deformations were measured by
two LVDTs positioned on the sides of the specimens under a 190 mm gauge length.

2.3  Cracking pattern measurements

After the tests, the specimens were taken under a stereoscope model Nikon SMZ800N to
characterize their cracking pattern: number of cracks, cracking space and mean crack width
without load applied. The results are the basis for comparison.

2.3.1 Image analysis
During the tensile tests, a digital camera, model Nikon D90, was placed on a frame grabber
directly to the arrangement, as shown in Figure 1-a. The Camera ControlPro2 software was used
to capture images of 4200 x 2690 pixels at 10 second intervals. The images with new visible cracks
were selected and the space between them was measure by using ImageJ software.

2.3.2DIC

The DIC is a non-contact and high sensibility technique used in this work to strain field
measurements. This method was developed by Sutton et al. [17] and consists of tracking the center
of a subset from a reference image to a deformed one. Subsets are groups of pixels and come from
a pre-defined area of interest divided into grids. The cross-correlation between the images was
performed by the normalized squared differences (NSD) algorithm. The specimens’ surfaces were
characterized to assure the singularity of each subset, with a high contrast random pattern, as
shown in Figure 1-b.
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Figure 1: Direct tensile arrangement for (a) image analysis and (b) DIC.
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The stereoscope system was formed by two CCD cameras (Point Grey GRAS-50S5M) with
resolution of 2448 x 2048 pixels and Tamron A031 (AF28-200mm F/3.8-5.6) lenses. Light sources
are used to decrease luminosity variations. The acquisition and processing of images were carried
by the software VIC SNAP and VIC-3D 2010, both from Correlated Solutions Inc. The area of
interest included 200 mm (form -100 to +100) of the specimens and was divided into 27 subsets.
In order to investigate the crack formation, it was plotted strain values versus axial Y position for
different test instants. With these information, it was possible to estimate the mean crack width
during loading stage.

3. RESULTS AND DISCUSSION

3.1  Tensile response

Figure 2 shows the representative response of the three curaud TRC under direct tensile tests.
All the composites presented strain-hardening behavior with multiple crack formation. This
behavior is characterized by an elastic linear zone, mostly ruled by the matrix properties due to its
major fraction on the composite volume [2]. The deviation of linearity occurs after the first crack
and then there is the formation of multiple cracks. More cracks are formed and instead of
composite failure, the load bearing capacity is increased due to the cracks bridging by the long
curaud fibers. The system is stiff enough to keep the cracks tight until it reaches a steady state
condition, marked by the saturation of cracking spacing. Then, there is the widening of the pre-
existing cracks: in this zone, no new cracks are formed and it ends when one crack is localized
leading to the composite failure. Three and five layered composites presented the above zones well
distinguished although this did not occur for the one layered composite.
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Figure 2: Tensile stress versus strain curves for curaud TRC.

It is possible to observe that the more fiber volume fraction of the composite, the more stiffness
it presented as well as ultimate stress. The ultimate strain (correlated with the ultimate stress)
decreases with the fiber volume fraction. Thus, the higher ultimate stress, the lower ultimate strain.
The drops in the stress-strain response are an indicative of crack formation. The longer the system
takes to recover the load bearing capacity, the wider the crack width may be. Thus, the curves in
Figure 2 indicate that the mean crack width is decreasing with the higher fiber volume fraction
(number of layers). This was confirmed after the tests, with the specimens analyzed under the
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stereoscope. The resulting crack pattern for the three types of composites is presented on Table 1,
as well as the mechanical parameters discussed.

Table 1: Curaud TRC tensile properties and their cracking pattern measured after the tests.

Mecham_cal Measured Cracking Pattern
Composite Properties '
Strength*  Strain* Number Mean Crack
(MPa)  (mm/mm) of Cracks Width (um) Spacing (mm)
1 layer 6.3+0.8  1.2+04 12 42 215
3 layers 9.7x14  14+01 17 39 13.9
5 layers 14.7+¢1.2  1.6+0.2 56 18 4.2

3.2 Cracking pattern

The image analysis allowed recognition of the number of cracks and the space between them.
The DIC method, besides the parameters obtained from image analysis, also allowed an estimated
mean crack width. Accuracy and limitations of each method are discussed as follows.

3.2.1 Image analysis
The cracks were time correlated to the strain of each test and the result is shown in Figure 3.
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Figure 3: Mean crack spacing measured from image analysis.

It is possible to notice from Figure 3 that the crack evolution of composites reinforced with
one and three layers of curaua fabric behave similarly. The mean crack spacing of the five layered
composite is shifted around 0.005 mm/mm compared to the other two. This is a result of the
difficulty in visualize the cracks initiation, related to its small width. From Table 1, by the end of
the test, the mean crack width was of 18 um, indicating that by the initialization, cracks may be
even tighter.

3.2.2DIC
Table 2 shows the results of the number of visible cracks and the space between them
calculated from DIC strain data. The values related with stress level of 4.8 MPa, with correlation
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of the images, not only strain data. The DIC method could not contemplate five layered composite
analysis due to the crack overlapping (red rectangles in Figure 4). This lead to complications on
separating cracks near to each other.

From Figure 4, it is possible to observe that each peak on strain curve is a reasonable
approximation of one crack. The same did not happen to the five layered composite, since the
cracks are closely spaced (see Table 1). Combining both DIC data and images from the test, it was
possible to make an estimate of crack width evolution for different instants of the tests and correlate
them with stress levels, as shown in Figure 5. Those values are an approximation due to limitations
of the method, since the resolution is 60 microstrains.

Table 2: Crack pattern from DIC analysis.
Composite N°of cracks  Mean crack spacing (mm) Mean crack width* (um)

1 layer 7 22.5 337
3 layers 11 15.7 122
5 layers 26 5.8 19

* Values related to stress level of 4.8 MPa.
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Figure 4: Comparison between DIC data for three and five layered composites. Red rectangles
indicating overlapping in strain curve.
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Figure 5: Mean crack width evolution during tensile test, for three and five layered composites.

4. CONCLUSIONS

Curaud uni-directional textile was able to reinforce cementitious composites and provide them
of strain-hardening behavior even for the ones with fiber fraction of 4.5%.

The image analysis was able to estimate the number of cracks and the crack spacing and the
results are in good agreement with the values measured with the stereoscope. The DIC analysis
resulted in crack spacing measurements in good accordance with the real one for the one and three
layers types of composites. The same did not happen with the five layered composite due to cracks
overlapping since they are closely spaced, mostly for stress level above 5 MPa. The mean crack
width during the tests was estimated by combining DIC data and images taken during the tests.
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Abstract

This experimental research investigation aims to compare the cyclic behavior of concrete
reinforced with discrete polypropylene and sisal fibers. Prismatic concrete specimens having
dimensions of 550 x 150 x 150 mm were produced with concrete containing low alkaline content.
Both fibers used were 51 mm long and were incorporated into fractions of 6 kg/m? and 10 kg/m?®
of polypropylene and sisal fiber, respectively. A cyclic three-point flexural test was conducted in
notched beams based on recommendations of RILEM TC 89-FMT. All the composites presented
deflection softening behavior and both fibers provided the same level of residual loads. The
loading and unloading cycles resulted in degradation of stiffness with increasing CMOD, being
more evident for concretes reinforced with polypropylene fiber. Some fracture parameters
obtained from the cyclic tests showed that both composites presented similar fracture properties.

1. INTRODUCTION

Concrete is one of the most widely used materials in construction mainly due to the various
advantages of this material, which includes high mechanical strength, easy production and
molding, with relatively low cost [1]. However, concrete presents some limitations, such as low
deformation capacity and the rapid propagation of cracks when subjected to tensile stresses, being
considered a fragile material [1,2]. An alternative to minimize this limitation is the use of dispersed
fibers into the cementitious matrix. The incorporation of fibers results in higher flexural toughness,
fatigue resistance and impact strength. In addition, fiber reinforced concretes become more
efficient after the formation of the first crack [3]. Fibers act as a bridge to transfer the stress in the
region of a crack, increasing the energy absorption capacity of the material and reducing the
propagation and expansion of the existing cracks [2,3].

There are several types of fibers available, produced by different materials and shapes. Despite
the possibility of use in the form of textiles, the use of randomly dispersed fibers in the matrix has
been more evident for economic reasons [4]. Nowadays, the most used fibers as concrete
reinforcement are the steel and polypropylene fibers. However, the polymeric fibers present some
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advantages such as the chemical resistance and the higher durability in cementitious matrices [2].
Currently, they are widely used for floor and pavements applications, sprayed concrete and precast
elements [2,5].

Some fibers from natural resources, such as sisal fiber, appear as an alternative to synthetic
fibers. Natural fibers exist in abundance and have their use encouraged by being renewable,
biodegradable and with high availability at low cost [2]. However, the low durability of this type
of fiber in alkaline environment is still a barrier to its use in a large scale and the use of these fibers
as discrete reinforcement in the concrete is still little studied [6]. Therefore, the evaluation of the
application of this type of fiber is important to encourage their use and make them competitive in
relation to synthetic fibers.

In order to evaluate the influence of the presence of dispersed fibers in the cementitous matrix,
IS common to use some method for measure the composite tensile stress-strain response. Although
the uniaxial tensile test is the most appropriate, there are some complications due to the
configuration of this test. There is the possibility of stress accumulation in the specimen clamping
on the test arrangement and the specimen geometry can influence the results obtained. For these
reasons, flexural tests have become an alternative to evaluate these composites [7].

Most studies of fiber reinforced concrete investigate the flexural behavior under monotonic
loading instead evaluate under cyclic loading [8]. The RILEM TC 89-FMT [9] committee
recommends flexural tests on notched prismatic specimens submitted to loading and unloading
cycles. By the relation between load and crack mouth opening displacement (load-CMOD curve),
some experimental parameters of the cycles can be obtained: the load at the beginning of each
cycle, the residual CMOD value, the initial compliance (Ci) and the compliance at each cycle (Cu).
From this procedure, it is possible to measure some fracture parameters that are sufficient to
characterize the fracture resistance and energy dissipation of the composite [7,9]. Moreover,
previous researches have shown that the compliance variation at each cycle performed represents
the dissipation of energy with the development of crack the during loading [8,10,11].

The studies on determining the fracture parameters of cementitious materials initiated by
Kaplan in 1961 [12,13]. At this time, he applied the principles of classical linear elastic fracture
mechanism (LEFM) [14], in which a single fracture parameter is used to characterize the
composite. In the 1970s, experimental investigations indicated that LEFM was no longer valid for
quasi-brittle materials such as concrete [7,14-16]. Consequently, several models were proposed to
describe the concrete failure, such as the fictitious crack model [17], the crack band model [18],
the two-parameter model [19], the effective crack model [20], among others. In these cases it is
necessary at least two fracture parameters to characterize the composite. The RILEM TC 89-FMT
[9] recommendation is based on the two-parameter model, which two parameters may be
determinate from three-point flexural tests on notched beams: the critical stress intensity factor K
and the critical crack tip opening displacement CTOD..

The main objective of this work is to investigate experimentally the flexural behavior of
polypropylene and sisal fiber reinforced concrete under cyclic loading and compare the mechanical
behavior of these composites. The test methodology adopted was similar to the recommendations
of RILEM TC 89-FMT [9] conducting cyclic three-point flexural tests in notched beams.
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2. MATERIALS AND SPECIMEN PREPARATION

2.1 Fibers

The sisal fibers were extracted from Agave sisalana plant by a decortication process. The fibers
were obtained in a farm located in the city of Valente, state of Bahia, Brazil. After receiving the
sisal fibers in bundles of long fibers, it was necessary a preliminary procedure to remove all the
impurities. This procedure consisted in submerging the fibers in water at 70 + 5°C for
approximately one hour. After, the fibers were air-dried for 48 hours and finally cut manually into
segments of 51 mm length. On the other hand, the polypropylene fiber was received ready for use
as reinforcement. These fibers presented twisted geometry, which result in improvement on the
mechanical anchorage with the matrix. The main physical and mechanical characteristics of these
fibers obtained in laboratory are shown in Table 1.

Table 1: Fibers properties. Standard deviation values are presented in parenthesis.

Properties Polypropylene fiber Sisal fiber
Length (mm) 51 51
Cross-sectional area (mm?) 0.63 (0.13) 0.03 (0.01)
Aspect ratio 57.77 (6.07) 269.67 (39.26)
Tensile strength (MPa) 260.72 (13.15) 383.88 (49.88)
Elastic modulus (GPa) 2.29 (0.56) 8.77 (3.53)

2.2 Matrix

The concrete matrix was an adaptation of a mix ratio proposed by Marangon [21]. In order to
obtain a low alkaline matrix to minimize the degradation process of sisal fibers, 50% by mass of
Portland cement was replaced by 30% of metakaolin and 20% of fly ash. The cementitous materials
used in the concrete production were Brazilian cement type CP Il F-32, fly ash, metakaolin, silica
fume and silica flour (quartz powder). Fine aggregates of two classes of particle size were used:
one ranging from 0.15 to 0.85 mm (S1) and the other ranging from 0.85 mm to 4.8 mm (S2).
Coarse aggregate with maximum diameter of 12.5 mm and superplasticizer were also included on
the mix. The resulting water/cement ratio was 0.5. The concrete compressive strength after 28 days
was 57.0 + 21.05 MPa and the slump spreading was 479 = 2 mm. The concrete composition is
given in Table 2.

Table 2: Proportions on concrete composition. All values in kg/m?3.

Fine Fl Silica Silica Super-
Aggregate  Cement Y  Metakaolin Water _Supel
s1 $2 Ash Fume Flour plasticizer

492.0 826.7 99.6 180.0 224.0 94.8 45.0 70.0 1557 21.6

Coarse
Aggregate

2.3  Preparation of samples

Two different composites were produced: the composite CPP6, which the reinforcement was 6
kg/m® of polypropylene fiber and the composite CSI10, with 10 kg/m® of sisal fiber as
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reinforcement. For each mixture, three composites were made. The specimens for the flexural tests
were prismatic, with dimensions of 550 x 150 x 150 mm. Notches with 25 mm long centered on
the bottom side of the prisms were made using a 3 mm thick diamond saw. The specimens were
cured for 28 days at room temperature of 24.4°C and 65.7% of humidity before testing.

3. TESTING METHODS

The cyclic flexural tests were performed based on the recommendations of RILEM TC 89-FMT
[9]. Three-point flexural tests were carried by using a MTS servo-controlled hydraulic testing
machine with a closed loop type of control and a load cell of 100 kN. The span between the support
rollers was 500 mm. The superior roller for load application was fixed on the specimen midspan.
The three rollers had a diameter of 37 mm. One clip gage fixed on the notch was used for the
measurement of the crack mouth opening displacement (CMOD). The details of the setup are
presented in Figure 1.

Servn :nntrnlled
hydraulic testing
"?

machine

(b)
Figure 1: (a) Servo-controlled hydraulic testing machine used in the test and (b) the
three-point flexural test setup in detail.

The loading procedure was controlled by the CMOD. Up to CMOD equal to 0.18 mm, the
loading rate was 0.05 mm/min. After 0.18 mm, the loading rate was 0.2 mm/min until reach
CMOD equal to 1 mm, which was the end of the test. The unloading procedure was controlled by
the load. The unloading was executed at pre-defined CMOD levels (0.02, 0.04, 0.06, 0.10, 0.14,
0.18, 0.30 and 0.50) with the load rate of 8kN/m for all unloading performed. The loading and
unloading procedure and the specimen geometry is shown in Figures 2a and 2c, respectively.

The elastic modulus (E) is calculated from the Eq. 2, in which the parameter C; is defined as
the initial compliance shown in Figure 2.b. In addition, V («) is obtained from the Eq. 3, where «,
is the normalized notch length, defined as a,/d.

_ 65a3V(ap) 2
o Cd?t
66 ©)

V(a) = 0.76 — 2.28a + 3.87a% — 2.04a3 + ———
(1-a)?
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Figure 2: (a) Cyclic loading and unloading procedure, (b) a typical load-CMOD response with
some experimental parameters and (c) the testing configuration and geometry of specimen.
All dimensions in mm.

The critical crack length a,. is the crack length at which the crack becomes unstable [10]. This
parameter is obtained by the Eq. 4 by an iterative process and can be used to determine the crack
length at any cycle. The term Cy is the compliance corresponding to the unloading cycle and the
normalized critical crack length « is defined as ac/d. In addition, the critical stress intensity factor
(K;¢) is obtained from Eq. 6. This parameter is defined as the stress intensity factor obtained at the
critical effective crack tip, using the measured maximum load [9].

_ EC,d%t 4)
b = 6sv(a,)
Sy (ma)F(a.) (5)
Kic = 3Bnax 2d2t
1.99 —a.(1 — a.)(2.15 — 3.93a, + 2.7a.%) (6)
F(ac) =

VIl + 2a)(1 — a,)/2

The critical crack tip opening displacement (CTOD,), obtained from Eq. 7, is defined as the
CTOD calculated at the original notch tip of the specimen, using the measured maximum load and
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the critical effective crack length [9]. The critical intrinsic fracture toughness (G;¢) is the critical
level of toughness against crack initiation [7], and is obtained from Eq. 8. The term /o is equivalent
to the relation ac/ao.

6PnaxSacV (a.) ()

R J(1 — Bo)? + (1.081 — 1.149a,) (B — Bo°)

Kic® (8)

CTOD, =

Gic =

4. RESULTS AND DISCUSSION

The load-CMOD curves presented at Figures 3a and 3b report the flexural responses obtained
for the composite CPP6 and CSI10, respectively. Each curve corresponds to one specimen tested,
named S1, S2 and S3. Figure 3c shows the mean curves for the composites CPP6 and CSI10, for
comparison. It was observed that all the composites presented linear behavior until the appearance
of the first crack, followed by a decrease in load with the increase of the CMOD. This behavior is
named deflection softening, and is characterized by the appearance of a single crack, common in
composites reinforced with discrete fibers [22-24]. Although the pre-cracking behavior was
similar for both composites, the post-cracking behavior varied according to the fiber type.

18 ————————— 15— A — 18 —r—1— , —
CPP6 —
csno — |

10 10 10 -

z z z
= = =3
3 3 3
L L g
5 5 5 -
0 L L L L L 0 L L L L L 0 L 1 1 1 L | L 1 1
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8
CMOD (mm) CMOD (mm) CMOD (mm)
(a) (b) (©)

Figure 3: Results from cyclic three-point flexural tests for (a) CPP6 and (b) CSI10 composites.
(c) Representative curve for each composite.

The loading and unloading curves of all concretes tested did not coincide and were not parallel
to the initial slope. The slope was inversely proportional to the crack mouth opening displacement.
The larger the CMOD, smaller the slope [7,8,10,11]. This fact indicates that there is a degradation
of stiffness, which is related to energy dissipation during the loading and unloading process [8].
With the increasing of the load, the cracks develop and the damages are gradually accumulated,
while the stiffness decreases. From Figure 3c it is possible to notice that the slope decrease was
more evident for the composite CPP6. Even though loading levels were similar for both
composites, the lower amount of polypropylene fibers resulted in higher loss of stiffness with the
crack development, mainly for CMOD equal to 4 mm.

The change in compliance and inelastic deformation at each loading and unloading cycle are
indicators of crack increase and were used to calculate parameters of fracture mechanics [9,10],
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presented in Table 3. The similar values for modulus of rupture means that both composites
presented the same tensile strength. Due to the low amount of fibers incorporated into the matrix,
the tensile strength of the composite may be associated with the plain concrete tensile strength,
and the fibers only act on the load absorption in the post-cracking region.

Other parameters such as modulus of elasticity, critical effective crack length, critical intensity
factor and CTOD. did not presented considered discrepancy between the two evaluated
composites. The difference observed in the critical strain energy release rate may be associated
with the distribution of fibers on the cracked section, which can present variation due to the
difficult in disperse the fibers on the mixture process of the samples.

Table 3: Summary of cyclic frature parameters. Standard deviation values are presented in

parentheses.
Parameters CPP6 CSI110
Number of cycles 8 8
Apparent MOR (MPa) 3.7(0.3) 3.2(0.3)
Elastic modulus (GPa) 19.6 (1.5) 20.2 (0.9)
Critical crack length a,. (mm) 41.3 (4.3) 41.0 (2.0)
Critical stress intensity factor K;. (MPa.mm®®) 30.1(3.9) 25.9 (0.9)
Critical CTOD (um) 20.9 (5.1) 17.0 (0.9)
Critical strain energy release rate G, (N/mm) 46.7 (9.8) 33.2(3.8)

S. CONCLUSIONS

After the cracking of the matrix, both fibers guaranteed the deflection softening behavior to the
cementitious matrix. It was observed that sisal fiber could provide the same level of residual
strength as the polypropylene fiber, considering superior dosage of sisal fiber. It was possible to
verify from the load-CMOD curves that the concrete reinforced with polypropylene fiber presented
higher degradation of the stiffness, evidenced by the higher reduction of the cycles slopes with the
development of the crack. However, is important to highlight that this may have happened due to
the less amount of polypropylene fiber in the cracked section and it is not necessary associated
with the fiber properties used for reinforcement. The fracture parameters obtained for the three
flexural tests show that both composites presented similar values for most of the parameters.

After evaluation of the cyclic behavior and fracture parameters obtained from the composites,
it can be concluded that sisal fibers can successfully be used as concrete reinforcement, considering
the need of higher dosage of sisal fiber than polypropylene fiber.
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Abstract

In this work, it was studied the addition of latex in cellulose pulps in cement matrices. It is
known that the alkalinity of the matrix degrades the fiber. Therefore, in addition of latex in fiber,
the alkalinity of the matrix was reduced by replacing part of the cement with metakaolin. The
influence of the analyzed parameters (percentage of cellulose, the percentage of latex and
percentage of metakaolin) on the mechanical and physical properties of the cement composites
was evaluated through an experimental planning. From this planning, it was possible to develop a
model of equations that optimized the results of the modulus of rupture and water absorption.
Flexural strength and water absorption tests were made on composites at 28 days of age. It was
observed that the best conditions analyzed to maximize the value of the rupture modulus was the
combinations of the values of cellulose in 8.5%, of latex in the value of 0.249% and of metakaolin
in the central point (19%), resulting in the value for rupture modulus of 14.5 MPa. Regarding the
absorption, it was observed that only the cellulose variable was significant for this response.
Higher concentrations of cellulose resulted in higher values for percentage of absorption, due to
the hydrophilicity of the natural fiber.

Keywords: Cellulose fiber, latex, metakaolin, mechanical properties, absorption

1. INTRODUCTION

Sustainability is the ability to meet the needs of the present without compromising future
generations. However, one of the main problems faced by the construction industry is the
generation of waste, the scarcity of natural resources, the consumption of energy, the emission of
gases, that is, the impact caused to the environment. In this sense, numerous searches are being
carried out with the objective of guaranteeing environmental preservation with renewable
materials or the reuse of industrial waste. The plant fibers are worthy of note observation because
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they present interesting properties, such as good mechanical performance in fragile matrices, high
availability, renewable source and low cost of production [1,2]. Several studies are focused on the
treatment of fibers, or even the matrix, to enable their use in the long term. Among the treatments
is the reduction of the alkalinity of the matrix by the replacement of part of the cement by
pozzolanic materials [3] or by accelerated carbonation [4]. Chemical treatments of the fibers
(alkaline treatment) [5] and acetylation [6]. Finally, physical treatments such as thermomechanical
treatment [7] and hornification [8] can also be applied. The aim of the present study was to study
the physical treatment of cellulose fibers with the addition of natural rubber latex, and the reduction
of alkalinity of the cement matrix, with the replacement of part of the cement by metakaolin in the
manufacture of cementitious composites.

2. MATERIALS AND METHODS

2.1 Characteristics of cellulose, cement, latex and metakaolin

The composites were molded using cellulose, with the specific mass of 1.5 g/cm?®, extracted
from Eucalyptus urograndis, processed industrially by the Kraft method, and supplied by Suzano
(Limeira/SP). The sheets of Kraft paper have a length, width and thickness of approximately 39.5
cm, 31 cm and 0.13 cm, respectively. The cement used was the Ultra Fast - CPV ARI, of the
Holcim brand. The solids content of the latex was obtained according to the parameters determined
in ASTM D 1076-02. Natural rubber latex with a solids content of 43.33% by weight was supplied
by Fazenda Varginha, located in Araguari, Minas Gerais. The latex was extracted directly from
the rubber tree (Heveabrasilensis). Metacaulim HP ULTRA, awarded by Metacaulim do Brasil
(Jundiai-SP). This product consists of SiOz and Al>Oz in the amorphous phase. Furthermore, the
average particle diameter is 12.4 pm and a specific mass of approximately 2.65 kg/m3[9].

2.2 Preparation of the composites and design of experiments

The mixing and preparation of the composites were carried out using the principle of the
Hatschek process, developed by Ludwing Hatschek [10]. Initially, the cellulose was incorporated
into the water, followed by latex, cement and metakaolin. To each material added to the mixer, the
mixture was stirred for 5 min until its complete homogenization. The mass solids concentration,
for each composite, was 40.2%. The specimens had dimensions of 20 cm x 20 cm the side and 4
mm in thickness.

In order to carry out the experimental planning, cement composites with fixed volume were
molded(160 cm3). The planning was elaborated for o of orthogonality of 1.41421. The limits of
the factors studied for percentage of cellulose in the mixture — X (the largest additions of
mechanical resistance in the pulp), latex (X2) and metakaolin (X3) (percentage used as an addition
in cement composites cited in the literature) are shown in Table 1. The studied responses were the
modulus of rupture and absorption. Flexural tests was performed at 28 days. The recommendations
and parameters contained in [11] was adopted. An INSTRON universal test machine, model 5982
and a load cell of 5 kN were used. Water absorption tests were also carried out according to ASTM
C 948-81 (2009).

3. RESULTS AND DISCUSSION

3.1 Statistical analysis - Effect of independent variables

Table 1 shows the experimental conditions studied in central composite design (CCD) matrix,
with uncoded values of parameters and results obtained for modulus of rupture (MR) and
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absorption (A). The equations obtained by multiple regression to represent the modulus of rupture
and absorption as a function of the independent variables studied can be visualized in equations 1
and 2, respectively.

Table 1: The experimental conditions studied in CCD matrix, with coded and uncoded values
of parameters

E Cel’ Lat? Mk3 Modulus of  Absorption
% % % rupture (%)
(coded) (coded) (coded) (MPa)
1 1.50 (-1) 0.02 (-1) 4 (-1) 9.11 10.28
2 1.50 (-1) 0.02 (-1) 34 (+1) 8.85 10.76
3 1.50 (-1) 0.21 (+1) 4 (-1) 7.23 11.51
4 1.50 (-1) 0.21 (+1) 34 (+1) 8.78 13.17
5 8.50 (+1) 0.02 (-1) 4 (-1) 9.10 37.58
6 8.50 (+1) 0.02 (-1) 34 (+1) 7.29 39.42
7 8.50 (+1) 0.21 (+1) 4 (-1) 13.26 33.15
8 8.50 (+1) 0.21 (+1) 34 (+1) 14.42 28.58
9 0.05 (-1.41) 0.115 (0) 19 (0) 451 11.30
10 9.95 (+1.41) 0.115 (0) 19 (0) 4.54 66.42
11 5.00 (0) 0(-1.41) 19 (0) 10.29 21.19
12 5.00 (0) 0.249 (+1.41) 19 (0) 13.73 18.13
13 5.00 (0) 0.115 (0) 0(-1.41) 10 .91 16.54
14 5.00 (0) 0.115 (0) 40.2 (+1.41) 12.57 21.81
15 (C) 5.00 (0) 0.115 (0) 19(0) 11.42 19.34
16 (C) 5.00 (0) 0.115 (0) 19 (0) 12.47 24.03
17 (C) 5.00 (0) 0.115 (0) 19 (0) 9.03 21.00
18 (C) 5.00 (0) 0.115 (0) 19 (0) 10.93 25.23

ICellulose; ?Latex:; *Metakaolin.

(M R) = 10.7+O.8(Xce|)'2.9(Xcel)2+1.2(XLat)+0.9(XLat)2+O.25(XM k)+0.8(XMk)2+1.7(Xcel) (1)

(Xeat)-0.24(Xcer) (Xmk)+0.6(XLat) (Xmk)

It was observed that equation 1 significantly represented the modulus of rupture (MR) response,
with a coefficient of variation (R?) of 0.90, for a confidence level of 90%. In this way, it was

possible to construct the response surfaces for the modulus rupture (Figure 1).
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Figure 1: Surface response to the modulus of rupture - (2)% metakaolin in the central level (X3 =
0); (b) % latex in the central level (X2 = 0) ; (c) % cellulose in the central level (X1=0)

According to Figure 1a it was possible to observe the influence of the variables X1 (cellulose)
and X (latex) in the modulus of rupture of the composite. The figure presented five regions.
Among these regions it is worth mentioning the maximum point located at the intersection of the
maximum concentration of latex, in the coded value of 1.41, equivalent to the decoded value of
0.249%, and the coded value of cellulose around 1.0, equivalent to 8.5% (decoded) , resulting in a
rupture modulus value of 14.5 MPa. This result can be justified by the rough surface of the fiber
that conditions an appropriate anchorage and an adequate reinforcement [12]. In addition, possibly,
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the presence of a greater amount of latex particles not only reduce the amount of water movement
through the capillary blockage but also when cracking occurs, polymer latex film captures these
channels and restricts their propagation. This results in increased flexural strength. The contact of
the cellulosic fiber with the latex may have caused a certain hydrophobization of the same,
protecting it from possible chemical attacks. However, there are minimum points at the intersection
of the minimum concentration of latex (0%) and the maximum concentration of cellulose (10%)
that can be attributed to the difficulty of molding the composite caused by the high content of
cellulose, influencing its homogeneity and causing points of concentration of tensions [13].

However, with the reduction of the cellulose content, a decrease in the value of the rupture
modulus was observed since the reinforcement was not enough. This same behavior was observed
in the evaluation of the cellulose content and metakaolin content (Figure 1b). The maximum value
for the modulus of rupture (around 12.6 MPa) was exactly in cellulose values around 5.7% and in
the largest replacement of cement by metakaolin (40.2%, referring to the coded value of 1.41).
Higher values of metakaolin probably resulted in a lower porosity of the matrix, resulting, possible,
in higher values for the modulus of rupture [14]. In addition, due to the property of lowering the
alkalinity in the matrix, possibly decreased cellulose degradation and improved the durability of
the composites [15]. When the analysis was performed evaluating the % latex and metakaolin
variables, with the cellulose value at the central point (5%) (Figure 1c), it was observed that there
was a minimum area for the modulus of rupture response. This result can be explained by the lower
reinforcement attributed to the lower quantity of cellulose, a smaller decrease in the number of
pores, with the replacement of only 22% of metakaolin reducing its resistance and for the content
0.06% of latex, resulting in less modification of the cement matrix. Thus, it was observed that the
best conditions analyzed to maximize the value of the rupture modulus were the combinations of
the values of cellulose in 8.5%, of latex in the value of 0.249% and of metakaolin in the central
point (19%).

For the absorption response, it was observed that equation 2 was significant, with a coefficient
of variation (R?) of 0.92, for a confidence level of 90%. In this way, it was possible to construct
the response surfaces for the absorption (Figure 2).

(A) = 23.4+14.2(Xce|)+6.7(Xcel)2'1.S(Xl_at)'z.9(X|_at)2+0.6(XMk)'3.2(XMk)2' 2.3(Xcel) (2)
(XLat)'O-G(Xcel)(XMk)'O-7(XLat)(XMk)

According to Figures 2a,b, it was possible to observe the influence of the variables X;
(cellulose), X2 (latex) and X3 (metakaolin) in the absorption value of the composite. It can be
observed that, when analyzing only variable X1, large amounts of cellulose in the composite results
in higher values for absorption, with a maximum value of approximately 60%, independent of the
concentrations used for latex and metakaolin. This fact, possibly, was due to the hydrophilic nature
of cellulose, which absorbs water when in contact with moisture.
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Figure 2: Surface response to the absorption - (a) % metakaolin in the central level (X3 = 0); (b)
% latex in the central level (X2 = 0) ; (c) % cellulose in the central level (X1=0)

According to [16] the absorption of water is one of the main problems that limit the application
of materials based on cellulose, as this affects dimensional stability, mechanical properties and
durability. However, there are minimum regions for the absorption value when working with
combinations of variables. In the percentage of cellulose around point -1 (1.5%),% latex value at

the maximum point of 1.41 (0.249%) and metakaolin at the central point equal to 0 (19%), a
minimum absorption value was observed, around 11.54%.
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When analyzing for the same value of cellulose, metakaolin at the maximum point of 1.41
(40.2%) and latex at the central point equal to 0 (0.115%) (Figure 2b), the absorption value was
11.23%. When the values found for the first combination and the second combination were
compared, it was observed that the values for absorption were statistically the same. Thus, it was
possible to affirm that only the cellulose variable (X1) is significant for the analysis of the
absorption response. Possibly a better dispersion of the latex or a longer time of contact with the
cellulose could result in a different behavior after the 28 days of cure, ensuring, possibly, not only
the modification of the cementitious matrix, also increasing its resistance to chemical attacks and
greater resistance, as decrease the hydrophilicity of the cellulose, resulting in lower values for
absorption. After analyzing the response surfaces for the rupture modulus and the absorption, it
was possible to understand the behavior of the composites against the variables chosen for the
study (cellulose, latex and metakaolin), within the ranges used, showing the importance of this
analysis for the possible utilization of natural fibers added of latex and replacement of part of
cement by metakaolin in cement matrix.

4. CONCLUSIONS

- The use of natural fiber (cellulose) increased the strength of the composite.

- The highest percentage of latex used in the planning (0.249%) possibly caused a certain
hydrophobization of cellulose fiber, resulting in greater resistance to rupture.

- Use of metakaolin as a substitute for cement possibly resulted in the lower porosity of
the matrix, resulting in the increase of the modulus of rupture.

- The best condition analyzed to maximize the value of the rupture modulus was the
combination of the values of cellulose in 8.5%, of latex in the value of 0.249% and of
metakaolin in the central point (19%).

- Cellulose is the most significant variable in the analysis of the absorption of the
composite due to its hydrophilicity.

- Thus, it was possible to observe that the modification of cellulose fiber with the use of
latex, together with the replacement of part of cement by metakaolin, is a route that can
be used in the civil construction since correctly studied the combination between these
variables.
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Abstract

This work aims to study the behavior of cementitious composites reinforced with natural jute
fibers mesh by means of mechanical tests. For this, samples were prepared with Brazilian Portland
cement, and with replacement of 50% of the cement, on mass, by metakaolin, fly ash and rice husk
silica. The study, 35x40x1,2cm size plates (LXCXE) were molded in which five layers of jute fiber
mesh were embedded with a 5x5 mm opening. After 21 days of age the plates were cut with a
diamond saw in 5x40x1,2cm (LXCxXE) samples. For order to obtain the evaluation of the
mechanical behavior of the composites bending tests were performed. The use of the fibers directly
affected the decrease of the first crack stress when compared to composites without fibers. The
reduction of this value, on average, to the reference matrix 69,36%, while the reduction for the
substitutions of fly ash, metakaolin and silica of rice husk were, respectively, 57%, 38,32% and
15,89%. On the oder hand, the reduction of the first crack stresses, the addition of the jute fiber
was able to overcome the fragile behavior of the cementitious matrix, presenting a strain-softening
behavior.

1. INTRODUCTION

Civil construction has been seeking in recent times, along with the other branches of the
construction industry, technological innovations that will provide improvements in its most varied
areas. The science of materials, for example, is one of the fields that has undergone great evolution.
Within this context of innovation in materials science, composites are elements that have gained
an important focus, since they have a good resistance to compression, with this they have a wide
applicability in the civil construction, like tiles, partitions and wall coverings, in the However they
are brittle materials when subjected to traction and loads dynamicase that has small deformation
at break. To overcome the brittle behavior and improve the properties of this material in terms of
ductility, thus increasing its field of application, it is suggested the combination with another
material that has properties capable of absorbing these deformations.

137



4" Brazilian Conference on Composite Materials. Rio de Janeiro, July 22"-25" 2018

Many authors, such as [1][2[3], investigate the mechanical properties of very different plant
fibers available in nature, such as coconut, bamboo, sisal, curaua and jute, mainly due to the fact
that natural plant fibers have the advantages of being non-toxic , renewable, recyclable and
biodegradable and have a relatively low cost (considered to be one of the greatest advantages over
steel fibers, for example).

The use of pozzolanic materials - such as fly ash, metakaolin and rice husk silica - is a
requirement when using vegetable fiber reinforcement in cementitious matrices, because they are
responsible for consuming calcium hydroxide (CH) during the process of hydration of the Portland
cement, the main cause of the degradation of the natural fibers[1][4].

[1] and [5], studied the ideal amount of layers of natural fibrous reinforcement, and the fibers
used for the study were jute and sisal, respectively. The authors concluded that the higher the
number of reinforcement layers, the greater the formation of fissures and the higher the values of
ultimate stress, being 5 considered the ideal number by this study. Jute fiber reinforcement was
associated with a partial substitution of Portland cement by 40% of metakaolin and 10% of volatile
ash, other percentages of the same additions were studied, which was the one that provided the
highest consumption of calcium hydroxide at 28 days . The sisal reinforcement was inserted into
a matrix with partial replacement of Portland cement by 50% of calcined clays (metacaulinite and
ground brick), which, through microscopy, were also efficient in calcium hydroxide consumption.

Thermogravimetric tests performed on composites reinforced with natural fibers that were
submitted to a wetting and drying cycle, proved that the mass substitution of 30% of Portland
cement by metakaolin is able to reduce the calcium hydroxide content to zero by controlling the
pH of the solution and being effective for the mitigation of the degradation of the natural
reinforcements, without damaging the mechanical behavior of the composite [1][6][7].

[4] studied the behavior of sisal fiber reinforced composites, produced with a matrix with 30%
partial replacement of Portland cement by rice hull ash, this substitution content was able to
mitigate alkaline deterioration and mineralization of sisal fiber, showing that rice hull ash has
effects similar to fly ash and metacaulim found in the studies cited above.

2. EXPERIMENTAL PROGRAM

2.1 Materials and processing

In the production of the cementitious composites, was used jute fibers mesh, Brazilian Portland
CP V-ARI cement, mineral additions (fly ash, metakaolin and rice husk silica), river sand with a
maximum diameter of 1,18mm and superplasticizer in amounts adjusted according to each matrix
to maintain the desired workability in the blends (between 250mm and 300mm). The concrete
mixtures used for the different matrices were based on previous research [2].

Table 1 shows the proportions of cement (CT), fly ash (CV), metakaolin (MK) and rice husk
silica (SL) ratios used in the fourth mixtures that were prepared, namely M1, M2, M3 and M4,
respectively. For each matrix, laminates were molded without reinforcement and reinforced with
5 layers of jute fibers. The composites were molded into 35x40x1,2cm (LXCXE) dimensions that
after 21 days of curing were cut by a diamond saw in the dimensions of 5x40x1,2cm.

Table 1: Composition of matrixes and composites
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Composite CT(%) CV(%) MK (%) SL(%) Layers
M1-0 100 0 0 0 0
M1-5 100 0 0 0 5
M2-0 50 50 0 0 0
M2-5 50 50 0 0 5
M3-0 50 0 50 0 0
M3-5 50 0 50 0 5
M4-0 50 0 0 50 0
M4-5 50 0 50 5

2.2 Mechanical test methods

After 180 days, the samples were submitted to a three-point flexural test to evaluate the
mechanical behaviour of the composites. The tests were performed on the Shimadzu AGS-X
mechanical test machine, Figure 1, which has a maximum capacity of 5 kN. The tests were run at
a controlled speed of 0.2mm/min with capacity of 5kN.

L K—

ElsHIMADZU

DEC

DMF

Figure 1: (a) Bending test in progress at Shimadzu (b) Configuration of the behavior of the
sample under flexural tests.
3. RESULTS AND DISCUSSION
3.1  Compressive Stress

Compressive tests were performed on the matrices produced, the values of compressive
strength, as well as standard deviation and coefficient of variation, are shown in Table 2.
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Table 2: Compressive Strength of the matrices

Matrix fc(MPa)
M1 72,68
(x14,8%)
M2 58,61
(£3,19%)
M3 58,44
(x11,96%)
M4 60,51
(x16,34%)

Analyzing the results it is possible to observe that the partial replacement of the Portland cement
by mineral additions caused a decrease in the compressive strength of the cement matrix, being a
reduction of 24% from M1 to M2, 24.36% for M3 and 20.11% compared with the matrix M4.

3.2  Bending behavior of the composites

In Figure 2 are the values of the average maximum stress reached for each composite produced.
Through the analysis of the data, it is observed that the matrices M2-0, M3-0 and M4-0 had a
maximum strain reduction around 35% in relation to the composite M1-0. In contrast, it is possible
to observe that the composites M1-5 had a greater influence on the maximum peak resistances,
suffering a reduction of 69,36% compared to the composite M1-0, while the composites M2-5,
M3-5 and M4 -5 were reduced by 57%, 38.32% and 15.89%, respectively, compared to composite
references (M2-0, M3-0 and M4-0).
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Figure 2: Maximum stresses of rupture of the composites
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The typical Stress x Displacement curves of the composites M1-0, M2-0, M3-0 and M4-0 are
shown in Figure 3, according to the expected behavior of these composites is fragile, breaking
immediately when the sample reaches the maximum breaking strength.
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Figure 3: Typical curves of composite behavior without reinforcement

According to the typical Strain x Displacement curves of the composites M1-5, M2-5, M3-5
and M4-5 in Figure 4, the reinforced composites with 5 reinforcement layers when reaching their
maximum peak tension suffer a large fall of resistance, but there is no abrupt rupture of the
material, thus characterizing strain softening behavior. Thus, the mesh used as reinforcement was
able to overcome the problem of composite fragility.
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Figure 4: Typical composite behavior curves with 5 layers

4. CONCLUSIONS

- The partial substitution of Portland cement by mineral additions caused a reduction in the
resistance of the cimenticeas matrices produced, in both the compressive strength and the
maximum tensile strength. The compressive strength losses were 24% for the
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replacement of fly ash and metakaolin and 20% for rice husk silica, while for tensile the
reduction was approximately 55% for the three mineral additions.

- The use of the jute fiber fabric as a reinforcement of the composites decreased the
maximum tensile strength of the composites, reaching a reduction of more than 50% in
the case of the composites produced with the matrix M1 and M2. The composite M4-5
also presented reduction in the load capacity in relation to the composite M4-0, but in a
relatively low value, only 15.89%, in comparison with the other composites.

- Itis believed that the reduction of the performance of the composites is associated with
the fluidity and viscosity of the matrix used. Possibly, the rheological properties were not
adequate to fill the mesh of the jute, impairing the transfer of stresses.
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Abstract

The use of plant fibers for low impact and durable composites development has a well-known
importance, since they are biodegradable and low cost. These fibers and their fabrics are used as
reinforcement on cement based composites in order to improve their mechanical properties.
However, it is important to consider the interface between the natural fibers and the matrix. In the
present paper, jute fibers fabric were treated superficially using several styrene-butadiene
polymers to promote durability and to increase bonding to a cement based system. A matrix free
of calcium hydroxide was used. Jute fabrics were evaluated by mechanical and chemical analysis.
Adhesion was evaluated by Pull-out tests.

Keywords: Natural vegetable fiber, Jute, Styrene-Butadiene, Polymer, Composite.

1. INTRODUCTION

Despite the benefits of the use of natural fibers as the ultimate green material option, such as
minimizing the use of natural resources and overall lifetime impact, the use of such material is not
that simple. In the line of development of materials reinforced with natural fibers, many researchers
have been carried out on cementitious and polymeric matrix composites and promising results
have been achieved.

Even with results showing an improvement in strength and ductility there still a lack of
information about fiber and composite durability.

The impregnation treatment using the styrene-butadiene (SBR) polymer can be an alternative
to improve adhesion and promote composite durability, considering that SBR polymer builds a
physical and chemical bond to both cellulose and cement based matrix [5]. Therefore, both the
partial replacement of cement by metakaulin can promote natural fibers protection mechanisms
against alkaline degradation.
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In summary, this research objective was to evaluate the mechanical and chemical behaviour of
polymer treated jute fabrics regarding the interface with a cement-based matrix.

2. MATERIALS AND METHODS

2.1 Natural jute fabrics and polymer treatments

The Natural jute fabrics used in the present study were obtained from a Brazilian company,
located in the city of Sdo Paulo. The average diameter of natural jute fibers was 0.066 mm. Each
jute string contained, in average, 12 fibers, and its average diameter was 0.785. Moreover, natural
jute fabric contained, in average, 2.7 strings/cm and 3.5 strings/cm, transversely and
longitudinally, respectively.

The polymer treatment used in the present study consisted in an impregnation by immersing a
fabric of fibers in three different polymers: NTL-271 carboxilated styrene-butadiene polymer
(SBR-X), NTL-350 (SBR-1) and L-2108 (SBR-2) its monomers emulsion where the continuous
phase is water (See table 1). The jute fibers were placed in a container with the polymer emulsion
for 50 minutes. The fibers were then dried in an oven during 24h at 40°C.

Table 1: Polymers used to treat the Natural jute fabrics

Styrene pH Surface Brookfield Solid
content Tension Viscosity content
(%) (dynes/cm) (cP) (%)
SBR-X 50% 8.5-9.5 40 -50 90 - 200 48 - 50
(NTL-218)
SBR-1 11-12 35-45 70 49-51
(NTL-350)
SBR-2 215-255 | 10.7-117 55 — 60 43 38-41
(L-2108)

2.2  Direct tensile tests (fabric)

Four samples for each treatment and for the natural fabric were crafted for these tests. The
treated and natural fabrics were cut in 30 cm x 5 cm (length x width) tapes and a 4 cm silver-tape
protection was set at the fabric edges in order to mitigate the fabric displacement during the test,
so that, the effective dimensions of the fabric requested in the test were 22 cm x 5 cm (length x
width).

The fabric tapes were tested in an Arotec machine with a load cell of 300 kN, at the Department
of Engineering at UFLA, at a 1.25 mm/min speed.

2.3  Differential Scanning Calorimetry (fiber)

Fiber samples, extracted from the jute fabrics, weighing 10mg were subjected to a heating rate
of 10°C/min until reaching 1000°C in a platinum crucible using 100 ml/min of nitrogen as the
purge gas. The DSC tests took place at the Department of Chemistry at UFLA.

24 Developed matrix

The cement-based matrix that was used in this project was made using a 20L volume mixer.
The design mix adopted was the following one: 1 (cement): 0.8 (metakaulin): 1.2 (fly ash): 1.52
(sand): 0.38 (water). Furthermore, 0.85% (bwc) of Glenium 51 super-plasticizer, acquired from
BASF Brazil.
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2.5  Pull-out test (string)

Thirteen samples for each treatment and for the natural string were crafted for these tests.
Cylindrical samples with internal diameter of % in and 25 mm high were made using the cement-
based matrix established before and using PVVC tubes with same dimensions as molds. The matrix
was inserted in the molds, while the jute strings, extracted from the fabrics, were aligned uprightly
at their centers. The pull-out tests were performed at the Department of Food Science at UFLA,
using a Stable Micro System Lite Texturometer at 0.3 mm/min speed, after 7 days age.

3. RESULTS AND DISCUSSION

3.1  Direct tensile tests (fabric)

The average diameter of natural jute fibers was 0.066 mm. After polymer treatment the average
value changed to 0.068, 0.070 and 0.068mm to polymer SBR-1, SBR-2 and SBR-X, respectively.
Figure 1 shows the typical curves of raw and treated fabrics subjected to tensile test. According to
Figure 1, it is notable that the treated fabrics reached a higher capacity of deformation while
requested in the direct tensile test. It is possible to observe that the treatments improved strain
capacity in 79.78, 92.22, 63.33 % to SBR-1 SBR-2 and SBR-X, respectively, in comparison to the
raw jute.

Moreover, as shown in Figure 1, all treatments decreased stiffness values, in comparison to raw
jute. The jute fabrics treated with Styrene and Butadiene achieved similar stiffness values. The
Styrene treatment improved the maximum value of the material’s strain in 10.70 %, while the
others treatments reduced this maximum value, comparing to the natural fabrics (Figure 1).

Figure 1: Typical curves of raw and treated fabrics subjected to tensile test.
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3.2  Differential Scanning Calorimetry tests (fiber)

Figure 2 indicates the thermal evolution of fibers substances degradation events with the
temperature.

As shown in figure 2, for all the treatments, cellulose molecules were degraded for temperatures
greater than 350 °C, which is their typical degradation temperature. Thus, it can be deduced that
all applied treatments intensified the interaction of cellulose molecules with each other.
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Figure 2: Thermal evolution of fibers substances degradation event with the temperature.
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3.3  Pull-out tests (string)

Figure 3 indicates the typical curves of natural and treated jute strings when subjected to the
pull-out test.

According to Figure 3, it is notable that the SBR-X treatment increased in 33.63 % the pull-out
load of the string, comparing to the natural one. This result indicates that the Styrene-butadiene
treatment increases the adhesion between the jute string and the matrix.

Figure 3: Typical curves of natural and treated jute strings subjected to the pull-out test.
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4. CONCLUSION

The work in hand investigated the effect of several polymers treatments on jute fibers
mechanical and fiber-matrix interface properties. The following conclusions can be drawn from
the present research:

e All applied treatments promoted an increase of thermic stability of cellulose;
e After treatment the jute fibers presented an increase of strain capacity;
e SBR-X polymer treatment was more effective on increasing fiber-matrix adhesion.
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Abstract

The importance of developing efficient and sustainable alternatives to the high toxicity products
in the civil construction market is one of the most relevant topics in Materials Science and
Engineering worldwide. Within this reality are the additives for concrete and mortars, which
despite being widely used products, are still produced without taking into consideration the
environmental impacts that their substances cause to the environment. One type of additive that is
increasingly in focus in the construction industry is the air incorporator to concretes additive type,
used to produce the so-called "cellular concrete™ that has the specific weight substantially reduced
by the additive effect, generating great savings in works that use constructive systems with this
type of concrete. The formulation used for the preparation of this type of additive by the industries
present in the market is based on toxic materials that attack the environment, such as linear
alkylbenzene and miscellaneous materials. Therefore, due to the high toxicity of these
compositions, these products generate a high environmental impact when they come into contact
with nature. From this reality, the present work proposes to elaborate a process for the development
of a bioaddtive incorporating air based on castor oil (Ricinus communis L.), which was collected
in the city of Arapiraca-AL, in northeastern Brazil. This process is described through the analysis
of physical and chemical properties of the plant and experimental tests and dosages in order to
analyze its quality in relation to the standards contained in the literature and thus contribute to the
efficient, economical and sustainable evolution of civil construction.

1. INTRODUCTION

The chemical addition in the production of concrete and mortars modifies one or more
properties of such mixtures. These chemical additives, being widely used in the construction
industry, can be considered as the fourth component of concrete, in addition to water, cement and
aggregates. It is possible to emphasize the importance of the additives and several additions,
allowing significant changes in the mechanical properties and the durability of concretes [1].

The additive type IA (Air incorporators), has been increasingly used in Brazil and the world
in the making of the so-called "cellular concrete™. This additive aims to produce a microscopic
bubble system that is stable and uniform, producing concretes with reduced specific gravity, with
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excellent thermal, acoustic behavior and considerable concrete savings in the work. These bubbles
substantially improve the durability of concrete subjected to freezing and thawing stages, allowing
greater workability in the fresh state [2].

Air-entraining additives produced by the construction industry are mainly composed of
linear alkylbenzene sulfonate, such as: alkyl-arylsulphonated. Anionic surfactant is a surfactant,
which is considered to be toxic. Some of the main environmental impacts of this substance are the
decreases in the concentration of elements necessary for aquatic life, for example: dissolved
oxygen, due to the reduction of water / air surface tension; decrease the permeability of light by
keeping the particles present in suspension; increase of the concentration of xenobiotics and mainly
the formation of foam and consequent inhibition of autodepuration of the water courses and
dissipation of impurities.

The reasons for provoking the incorporation of air in the concrete are many, being the main
ones: the increase of resistance to the cycles of freezing and thawing and the increase of the
workability of the mixture and economy of building materials. These improvements are due to the
air bubbles incorporated during the mixing process [3].

As a result of the absence of references on manufacturing methods for this type of additive,
the objective of this work was to elaborate a process for the development of a bioaddress
incorporating air based on the oil of the castor bean plant, collected in the city of Arapiraca-AL,
northeast of Brazil. In this procedure, they are presented from the phases of collection of the
vegetable and checks of quality of the raw material, until the preparation of fact of the additive.

2. METHODOLOGY

2.1 Collection and reserve of the raw material.

It is important to look that the castor plant, although to be a excelent adaptable plant, the
clusters of the castor plant, where the seeds are, do not develop at the same time in the plant, since
the flowering of the castor bean is called the botanical sympodial, where the appearance of the
inflorescence takes place sequentially, between 20 and 35 days between

The collected fruits were left in the sun to dry and hatch, and then the seeds were stored in
plastic bags until the time of their use. The storage should always be done in a dry and ventilated
place. Figure 1 shows the dry, ready-to-use seeds, witch is the raw material for this process.

Figure 1: The raw material
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2.2 Analysis of the seed moisture

Characterizing the properties of the materials of organic origin is an unpredictable factor,
since there can be great variation in these properties influenced by several factors.

For this research, the analyses were performed in 4 samples of 2 grams weighed in a scale
of 0.0001 precision, in order to compare its results and to draw a mean between the values.

2.3 Extraction of oil from collected seeds.

An important point about the used vegetable is the yield of its oil. The castor bean plant
produces oil-rich seeds. In this work solvent extraction was used, using ethanol as the solvent for
this process. In this extraction method, a liquid solvent is used to dissolve a solid or liquid
substance from a solid mixture containing less soluble substances. In this process the separation
of the phases occurs and then it is possible to separate the crude oil from the other substances of
the seed through simple procedures of chemical separation of mixtures.

To extract the oil of the collected seeds, 40g of seeds were ground in a mortar and
homogenized with ethyl alcohol. The process of separating the oil and ethanol from the pie was
done by filtration. The cake held in the filter was subjected to a simple filtration for 24 hours in
order to obtain a more precise yield of the oil. Finally, to remove the alcohol from the oil, the
mixture was heated to 80 ° C. For the calculation of the oil yield, a relation was made between the
mass of the dried seeds used and the mass of the oil obtained.

2.4 Determination of the acid value of castor oil

It is defined as the amount in (mg) of some base needed to neutralize the free acids present
in one gram of oil or fat. [4] Indicate that the state of conservation of the oil is closely related to
the origin and quality of the raw material.

The acidity index is a very important analysis to know the oil, since high acidity can disrupt
the result of reactions that use it. For its determination, titration was made, in which titration was
a solution of sodium hydroxide (NaOH) and the indicator, phenolphthalein. The procedure
consisted of weighing 7 grams of the oil in a 250 ml Erlenmeyer flask, then adding 75 ml of 95%
ethanol and 3 drops of the 1% phenolphthalein indicator. For the calculation, the volume of NaOH
spent in the titration per gram of the sample was used.

2.5 Development of bubbles produce mechanism

The next step of the process was the development of a bubbles produce mechanism. Soaps
are produced from the oils by the saponification reactions, which is a neutralization reaction. The
scientific name for the soap is sodium carboxylate, due to its forming reagents, which are esters
and sodium hydroxide.

The stable and simple form of the compost was the purpose, then, for the production of the
liquid detergent from the castor oil, the oil was mixed with ethyl alcohol, potassium hydroxide
solution and water in a Becker.
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2.6 Elaboration of the additive

The following phase was to improve the able of producing and retain bubbles. An acid-
base reaction is a type of chemical reaction that occurs between an acid and a base and releases
certain substrates. Several definitions exist regarding this type of reaction, which provide
alternative concepts for the reaction mechanisms involved and their possible applications. The
additive was produced from acid-base reactions in contact with the detergent produced, in order to
retain the CO2 released by the reactions.

In this type of reaction in which the COz is released, when the CO: is produced it causes a
pressure and exits together with the solution, which results in a foam. This CO, foam when in
contact with natural detergent made with castor oil, becomes larger and more stable, that is, the
viscosity of the detergent causes the CO released to be partially trapped.

2.7 Analysis of performance of the additive

To verify the performance of the air incorporator additive for concrete, 18 cylindrical
specimens 10x20 cm were molded, of which 9 were filled with conventional concrete and 9 with
the same concrete with the additive. The workability of the concrete were analyzed by the Slump
Test, standardized in Brazil as cone trunk abatement test, according to [5]. The incorporation of air
from the concretes were analyzed by the comparative weighing of the cylindical specimens of
concrete molded with and without the additive.

3. RESULTS AND DISCUSSIONS
3.1 Analysis of the seed moisture

The percentage of moisture obtained in the samples is in agreement with the standards,
close to the results found by [6]. See Figure 2.

4 N

Figure 2: Seed moisture content.
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3.2 Extraction of oil from collected seeds

The solvent extraction is a more modern procedure than pressing and is used to obtain
higher yield than in other extraction processes. Processed seeds are immersed in the specific
solvent and the separation is carried out chemically by distillation at special temperatures which
causes only evaporation of the solvent, not the oil, followed by a filtration process to separate the
oil from the solid part of the seed.

After extraction, a ratio was calculated between the mass of the dried seeds used and the
mass of the oil obtained. The yield was 39.7%. The values were close to those found by [7], who
reported values between 44%. The procedures for extraction were quite satisfactory, as the result
presented a value close to those cited. See Figure 3.

4 N

Figure 3: Average of the yeild of extraction.

3.3 Determination of the acid value of castor oil

If fatty acids form the oils and fats, a high amount of free fatty acids indicates that the
product is in an advanced state of deterioration. A high acidity index indicates that the oil or fat is
suffering breaks in its chain, releasing its main constituents.

The acid value is calculated by the volume equation of the titrate by the mass of the sample.
The results of the test are presented in Table 1.

Table 1: Results of Acidity Index.
(mg) of KOH per gram of sample 0,73432

(%) of oleic acid 0,3932

3.4 Development of bubbles produce mechanism

The soaps are able to reduce the surface tension of the liquids that come in contact,
reducing, in this way, the amount of interactions between the molecules that constitute it. A neutral
liquid soap (detergent) was produced based on castor oil.
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3.5 Elaboration of the additive

The produced additive was able to form a microbubble system with the CO> released in the
acid - base reactions retained inside, in a partially stable way. See Figure 4.

Figure 4 : Additive

3.6 Analysis of performance of the addive

According to [2], there are several factors that can interfere with the incorporated air
content and, although the incorporated air content is not the only parameter that should be taken
into account, it is the mainly parameter that need to be measured in the fresh state of concrete by
the comparative weighing of the cylindical specimens molded with and without the additive.

The concrete made with the additive obtained an incorporated air content of 8.12% and a
improvement of the workability of 20 mm in the Slump Test. See tables 2 and 3.

Table 2: Incorporation of air

Concrete weight ~ Concrete weight  Incorporation of

Dates without additive with additive air

7 days 3779 3444 8,86%
14 days 3654 3321 9,11%
28 days 3675 3441 6,37%
Average 3702,7 3402 8,12%
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Table 3: Workability improvement

Meansure of the  Meansure of the  Improvement of

Tests concrete without ~ concrete with workability
additve (mm) additive (mm) (mm)
A 100 122 22
B 89 115 26
C 93 105 12
Average 94 114,0 20,0

S. CONCLUSIONS

Based on the tests carried out for the determination of the moisture content of castor bean
seeds, it was possible to verify that the samples had the necessary quality for the extraction of the
oil. The oil obtained in the laboratory extraction process was adapted to the acid index indexes
described in the literature. With this, it was possible to elaborate a method to develop an air
incorporator additive for concrete, using as base raw material the vegetable oil of the castor bean
plant, thus offering to the construction industry a new path for the development of products as
alternatives to those currently on the market. Another important point was that it was possible to
observe a significant increase in the concrete workability through the Slump Test procedure, in
which it was verified that there was a 20 mm increase in the concrete abatement that used the
additive. The incorporated air index, acquired with this additive, was on average 8,12% , which is
quite satisfactory and meaning a great saving of materials.
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Abstract

The use of FRC as a structural material has gained a greater level of confidence in Brazil in
recent years with the publication of technical standards, recommended practices and some
emblematic applications. The main applications are still underground projects, such as the tunnels
linings and the production of concrete pipes for sanitation works. This meets some of the main
infrastructure demands attributed to the country's development stage. Although close to the
European philosophy, Brazilian practices have specificities that deserve to be presented. In this
sense, it should be emphasized the greater rigor in quality control programs and the differentiation
of the requirements required for the material depending on the type of structure to be executed. In
addition, there are also innovations in this subject that can guarantee greater reliability in the
evaluation process of existing structures and that are being proposed for future publication as
technical standard.

1. INTRODUCTION

The evolution of fibres reinforced concrete (FRC) in Brazil is something backward in relation
to the observed in other countries. In Europe, FRC has been used for suspended slabs on buildings
as the unique reinforcement system [1, 2] ten years ago. On the other hand, in Brazil the used of
FRC was, basically, focused in applications of low level structural demand, such the case two
industrial pavements and sprayed concrete in the same period [3]. One referential application of
FRC in Brazil was the construction of Sdo Paulo Subway Line 4 (Yellow Line) where the segments
for TBM (Tunnel Boring Machine) were produced using only steel fibres as reinforcement [4].
Therefore, the main applications are underground projects, such as the tunnels linings and the
production of concrete pipes for sanitation works. This meets some of the main infrastructure
demands attributed to the country's development stage. In this period, a main problem is the fact
that the standardization was restricted to steel fibres specifications of its use for concrete pipes
reinforcement [5]. This condition starts to change in recent period with the publications of
recommended practices as described in the next item.
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2. BRAZILIAN RECOMMENDED PRACTICES

CT 303 is the Technical Committee created in 2011 to produce recommended practices for the
use of fibre reinforced concrete for structural purposes. This committee involve the Brazilian
Concrete Institute (IBRACON) and the Brazilian Association of Engineering and Structural
Consulting (ABECE). Its main objectives were the elaboration of referential documents for the
structural application of the FRC with the establishment of guidelines for the design of structures
and technological control.

The committee used as reference main the fib Model Code 2010 [6, 7]. The main Brazilian
document for design approach of FRC [8] for structural purposes follows completely the
philosophy of the fib Model Code 2010 [7] for conventional structures such as buildings. The main
difference occurs for structures such as pavements where the FRC residual strength parameters are
required in terms of average values instead the characteristic ones.

The innovative contribution of the CT303 is more focused on the recommended practice for
controlling the quality of the FRC [9]. In this guideline, it is recommended to carry out a previous
homologation study of the FRC in order to certify its structural behavioural characteristics as in
conformity with the ones specified in the design. The main parameterization of the FRC in terms
of mechanical behaviour to verify its conformity with the design conditions is done through the
EN14651 test [10]. However, this test method present difficulties to be performed in routine
practice of quality control. In that sense, the CT303 allowed previous studies of correlation with
the double punch test, also known as Barcelona test [11,12], to be used in this condition.

Another working front for the establishment of best practices for the use of fibres in structural
concretes is starting in the Brazilian Committee of Tunnels (CBT). In this group it is wanted to
parameterize the use of FRC designed for tunnel lining. The approach is very close to that adopted
by EFNARC [13] but prioritizing the use of the double punch test to perform the quality control
of the material and also allow the evaluation of the tunnel coating through extracted cores [14].

3. FUTURE PERSPECTIVES

One of the main current concerns is the analysis of the reliability of the FRC for the fire
situation. This concern occurs both for its application in tunnels and for buildings. In the case of
tunnels, the concern is in terms of preserving structural safety, avoiding collapse of the structure
during and after the fire. This concern is emphasized in Brazil by the fact that there are large
numbers of tunnels running on soft soils. For this reason, some researches are being developed in
order to parameterize this behaviour [15]. This is particularly important because there are a large
number of suppliers of synthetic macrofibres, which are more susceptible to the action of high
temperatures. The concern is even greater in the case of use of FRC in building construction,
especially in the particular situation of elevated slabs.

Other research and developments have been made aiming to verbalize the use of FRC in pre-
cast elements. The concrete pipes are an established application of fibre reinforcement. Currently
in Europe and Brazil, the evaluation of pipes made with FRC is more rigorous than the
conventional reinforcement [16]. The specific standard, currently being revised, will seek to match
the evaluation method and parameters of concrete pipes with different types or reinforcement: steel
fibres and rebars. This idea makes the application more reliable in terms of durability and the fibres
more competitive to ensure better control of cracking [17].

Another trend that has been studied in Brazil is the use of FRC in mixed structures of concrete
and steel [18] as an alternative for conventional reinforcement. In this particular case, there will
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be advances in terms of elements production which will be facilitated. Other studies are being
carried out in order to evaluate the use of fibres to substitute conventional shear reinforcement in
precast elements, even when recycled aggregates are used [19].

4. CONCLUDING REMARKS

Technological developments in Brazil tend to focus more on quality control models than on
innovative products. This is due to the Brazilian technological tradition that emphasizes the control
of concrete mechanical properties. In large part, this tradition is based on the fact that there are no
earthquakes in Brazil, which makes the responsibility of concrete strength greater to guarantee the
structural stability. Therefore, the great number of researches are aiming at simple tests
developments, easy to reproduce and able to evaluate the structural behaviour of the material
reliably.

The construction applications, although still very focused on conventional uses, are beginning
to show innovation trends in terms of increasing the use of FRC in precast elements. This is
because fibres turn out to be advantageous in more industrialized systems where there is greater
control of production, reducing time production and costs.
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Abstract

Due to the necessity to improve the mechanical properties of cement-based materials, carbon
nanotubes (CNTSs) have been studied to prepare cement composites. Once they present high tensile
strength, if well dispersed and well adhered to the cement hydration products, they can improve
the mechanical properties of a cement paste system. Because of that, an effective dispersion
process is crucial. Studies involving CNTSs dispersion in cement particles in presence of a non-
aqueous media of isopropanol resulted in improvements in mechanical properties suggesting a
good dispersion and strong bond between CNTs and cement particles. Considering that, the present
paper analysed a cement paste reinforced with 0%, 0.05% and 0.10% of CNTs dispersed in a non-
aqueous media of isopropanol through three-point bending tests in notched specimens and direct
tensile tests. The influence of CNTs on the material fracture energy, flexural strength, and tensile
strength was addressed. The results pointed out an improvement of 90% of fracture energy in
composites with 0.05% of CNTSs. The results of direct tensile tests indicate an improvement of
about 20% tensile strength in cement paste with 0.05% of CNTs and images by scanning electron
microscopy indicate a better dispersion by this proportion. These results suggest not only an
effective dispersion of CNTs in cement matrix by the used dispersion methodology at a dosage of
0.05% of CNTs, but also that the cement composites properties may be improved by the presence
of them.

1. INTRODUCTION

Cement pastes usually present low fracture energy and low tensile strength, leading them to
early cracking and making the cement matrix susceptible to penetration of deleterious agents. This

159



4" Brazilian Conference on Composite Materials. Rio de Janeiro, July 22"-25" 2018

behaviour implies that the durability of cement-based materials is a concern; however, they can be
improved by the presence of other materials forming composites with better mechanical properties.

Carbon nanotubes (CNTSs) have been studied as reinforcement in ordinary Portland cement
(OPC) due to their extraordinary mechanical properties [1]. CNTs dispersion, however, appears as
the greatest challenge to the incorporation of them in cement composites. They are hydrophobic
and tend to agglomerate in the presence of water, which can reduce the cement pastes mechanical
performance [2]. Researches, however, by the proper dispersion process recorded improvements
in mechanical properties of cement-based composites prepared with CNTs [1-6].

Wang and Liu (2013) [3] prepared cement pastes with the incorporation of up to 0.15% of multi-
walled carbon nanotubes (MWCNTSs) modified by anionic gum and dispersed by a surfactant-
ultrasonic method. The results showed an increase of 57.5% in flexural strength and 501% in
fracture energy in the presence of 0.08% MWCNTs when compared with the reference paste (0%).
In general, research involving dispersion of carbon nanotubes in surfactants use rates ranging from
0.045% [4] to 0.50% [5].

The cement pastes prepared by ZOU et al. (2015) [1] had additions of 0.038% to 0.075% of
MWCNTS that were previously functionalized in COOH and dispersed using a polycarboxylate
plasticizer and ultrasonication energy in aqueous solution. The results pointed out an increase of
31.5% in Young’s modulus, 49.9% in flexural strength and 62.6% in fracture energy with a paste
incorporating 0.075% of CNTSs.

HU et al. (2014) [6] dispersed MWCNTSs in concentrations of 0.05% and 0.10% in COOH and
SDS surfactant and ultrasonic frequency, separately. An improvement in the presence of 0.10% of
CNTs was achieved, recording 26.9% of gain in fracture energy dispersed in SDS surfactant and
42.9% dispersed in COOH; 19.2% dispersed in COOH and 11.4% dispersed in SDS surfactant as
results of fractural toughness. These results suggest that CNTs can be used as a reinforcement
material by both dispersion processes researched by HU et al. (2014) [6] at a proportion of 0.10%
of CNTs.

CNTs dispersed in cement particles in the presence of a non-aqueous media of isopropanol
resulted in evidences of bond between the CNTs and cement matrix [7], CNTs acting as crack
propagation controllers [7], densification of C-S-H [8] and compressive and splitting tensile
strengths gains of approximately 50% [2]. The results obtained by Rocha and Ludvig (2017) [2]
suggest that the optimum range for incorporation of MWCNTS by dispersion on cement particles
in an aqueous media of isopropanol is close to the 0.05% ratio.

According to those results, the present work investigates the fracture energy under flexural
loading and direct tensile behaviour of cement paste reinforced with MWCNTS at proportions of
0%, 0.05% and 0.10% (by cement weight) dispersed on the cement particles in a non-aqueous
isopropanol media by sonication, and tested after 28 days of curing.

2. MATERIALS

The materials used are: (i) Brazilian Type CP-V Portland cement, due to its low percentage of
mineral additions; (ii) multi-walled carbon nanotubes (MWCNTS), with estimated tube lengths
between Spum and 30um, 99% of external diameter between 10nm and 50nm, and purity greater
than 93%, produced in the Nanomaterials Laboratory of the Physics Department of the Federal
University of Minas Gerais (UFMG); and (iii) isopropanol absolute grade.
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3. METHODS

3.1. CNTs dispersion

The dispersion methodology adopted was based on process described by Rocha and Ludvig
(2017) [2]: 10% of the total amount of cement was mixed with CNTSs, stirred and sonicated in a
solution of isopropanol for one hour at 42Hz. The CNTs were previously sonicated in isopropanol
for 30 minutes. The isopropanol was later left to evaporate resulting in a dry powder of cement
particles incorporated with CNTs. Rocha and Ludvig (2017) [2] suggest an effective dispersion at
those proportions due to the gains in mechanical resistance achieved.

After the dispersion process, a small sample of cement with dispersed CNTs was analyzed by
scanning electron microscopy. The images were obtained in a FEG - Quanta 200 FEI (Center of
Microscopy, UFMG). A five nanometers carbon coating was used to ensure the sample
conductivity.

3.2. Preparation of cement paste specimens
The obtained dry dispersion was mixed with the remaining quantity of cement. Water was added

and three types of cement pastes were prepared in a mortar blender: (i) ISO-REF: without CNTSs,

(if) 1SO-0.05: with 0.05% of CNTs and (ii) 1SO-0.10: with 0.10% of CNTs. The procedures to

prepare and cure the cement pastes were the same as described by Rocha and Ludvig (2017) [2].

Figure 1 illustrates the dispersion process and cement paste preparation.

o) d)
F—ay

Figure 1: (a) Carbon nanotubes and isopropanol by sonication; (b) Carbon nanotubes, cement
and isopropanol mixture being mechanically stirred and sonicated; (c) dry powder cement
particles incorporated with CNTs mixed with the remaining quantity of cement; (d) cement paste
with carbon nanotubes.

Nine specimens were prepared for each type of cement paste. Three of them were prismatic
with 160 mm of length, 40 mm of width and 40 mm of height, used to three-point bending tests.
Three of them were cylindrical with 5 cm of diameter and 10 cm height for splitting tensile tests.
Tthe other three were used for direct tensile tests. The specimen geometry plan view is illustrated
in Figure 2. The specimens had 40 mm of both height and width. The geometry adopted was
defined according to the specimen specifications of Mechtcherine et al. (2011) [9] used to run
direct tensile tests in cement based composites incorporated with short PVA fibers.
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Figure 2: Specimen geometry used for tensile tests.

Three-point bending, splitting tensile test and direct tensile tests were performed after 28 days
curing in a tank of lime-saturated water.

3.3. Three-point bending tests

The prismatic specimens were prepared with a notch in order to conduct the crack during the
loading application. The cutting was performed using a specific apparatus developed for this
purpose in order to ensure the alignment of the cut in the prismatic bars, and was executed in a
depth of approximately 10 mm.

Close to the notch, two metal plates were attached, as indicated in Figure 3a. An MTS 632.02B-
20 model extensometer was attached on the plates to measure crack mouth opening displacement,
as showed in Figure 3b.

Figure 3: (a) Metal plates glued on the prismatic specimens; (b) extensometer placed on the
prismatic specimens for three-point bending tests.

The three-point bending tests were carried on using a servo-hydraulic MTS testing system with
closed loop control and a load cell of 2.5 kN. All specimens were tested at a constant crack mouth
opening displacement (CMOD) rate of 0.008 mm/min, in order to keep the crack growth stable.

The maximum load applied divided by the effective cross section area was used to calculate the
flexural strength. The area below the Stress x CMOD (Crack mouth opening displacement) graph,
limited to 0.04 mm of displacement, was used to calculate the fracture energy. The results of
flexural strength and the fracture energy were the mean values of the three results of each type of
paste.

3.4. Splitting tensile tests

The splitting tensile strength tests were performed using an apparatus specially developed for
this test, as showed in Figure 4. The tests were carried on using an EMIC brand test equipment
with load cell of 20kN. The load increment used was equal to 1.0 mm/min.

162



4" Brazilian Conference on Composite Materials. Rio de Janeiro, July 22"-25" 2018

3.5. Direct tensile tests

At the age of 28 days, the specimens for tensile tests were placed between rubber papers,
sandpapers and metal claws as showed in Figure 5a. The rubber paper and the sandpaper were
used to create a friction between the specimen and the metal claws, and a torque of 5 N.m was
applied at the screws. The metal claws were attached to the equipment, and a Linear Variable
Differential Transformer (LVDT) was placed to record the linear displacement, as showed in
Figure 5b.

a) _ Bolt
" . Metal claws

. Sandpaper
+ Rubber paper

Tensile Test

specimen

Figure 5: (a) Sketch showing the assembly and preparation of the specimens for tensile tests; (b)
Specimens properly positioned in the equipment before testing

The tensile tests were carried on using a servo hydraulic MTS 810 load frame with closed loop
control and a load cell of 250 kN. All specimens were tested under a displacement rate of 0.06
mm/min. The maximum load applied divided by the cross-section area (240 mm x 400 mm) was
used to calculate the tensile stress.

4. RESULTS AND ANALYSIS

4.1. Three-point bending tests

The results obtained in the three-point tests are showed in Tables 1 and 2. The Figure 6 shows
the graphs corresponding to the stress x CMOD behaviour of the specimens during the loading of
the ISO-REF, 1SO-0.05 and 1SO-0.10.

According to the information presented on Tables 1 and 2 and Figure 6, it is possible to affirm
that the presence of CNTSs contributes to enhance both fracture energy and flexural strength. The
flexural strength was improved in the presence of CNTSs, suggesting an effective dispersion by the
used methodology and a strong bond between cement hydration products and CNTs. The flexural
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tests indicated a 31% of gain in flexural strength in the presence of 0.10% of CNTs while the
cement paste with 0.05% indicated 26% of gain. This behaviour is showed at Figure 6 in which
the cement pastes with 0.05% of CNTs were able to keep higher stresses even after the peak load.
Differently, the ISO-REF and I1SO-0.10 pastes show a more abrupt resistance drop after reaching
the maximum load.

Table 1: Flexural Stress test results 5 I B L B B B B
Flexural Standard = 2k o ::8:3%; 4
Stress Deviation S [ / k Is0-0.10 |
(MPa)  (MPa) 715 -
ISO-REF  1.21 0.18 - N
N [T Tl
ISO -0.05 1.63 0.12 s /N ‘\\m 1
ISO-0.10 1.76 0.07 = [/ N
o 05 T, - :—1
Table 2: Fracture Energy test results
0 1 1 i 1 i | 1
0 0.01 0.02 0.03 0.04
Fracture Standard CMOD (mm)

Energy Deviation

(N.mm) (N.mm) Figure 6: Influence of carbon nanotubes on

ISO-REF  6.72 0.48 the flexural behaviour of cement pastes.
ISO-0.05 12.76 2.71
ISO-0.10  8.99 0.92

According to the information presented on Table 1, Table 2 and Figure 6, it is possible to affirm
that the presence of CNTSs contributes to enhance both fracture energy and flexural strength. The
flexural strength was improved in the presence of CNTSs, suggesting an effective dispersion by the
used methodology and a strong bond between cement hydration products and CNTs. The flexural
tests indicated a 31% of gain in flexural strength in the presence of 0.10% of CNTs while the
cement paste with 0.05% indicated 26% of gain. This behaviour is showed at Figure 6 in which
the cement pastes with 0.05% of CNTs were able to keep higher stresses even after the peak load.
Differently, the ISO-REF and I1SO-0.10 pastes show a more abrupt resistance drop after reaching
the maximum load.

The difference pointed out by the fracture energy is more expressive in the presence of 0.05%
of CNTs: 90%. In presence of 0.10% of CNTs the gain in fracture was 34%. These results suggest
that the dispersion in isopropanol is effective and allows CNTs to act as crack propagation
controllers as the 1ISO-0.05 cement paste absorbed more energy when the cracks propagated.

These results are related to the effective dispersion by the method adopted, and the more
expressive gain in fracture energy of 0.05% CNT content when compared to 1ISO-0.10 paste may
be related to the optimum range at this proportion using this methodology.

4.2. Splitting tensile tests

The results of splitting tensile tests are showed in Table 3 and Figure 7. The cement paste with
0.05% of CNTSs recorded a resistance gain of 37% in comparison with the reference material, while
the cement paste with 0.10% of CNTSs recorded 28%.
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Both splitting tensile strength and three-point bending tests showed better performances of
pastes prepared with CNTSs, suggesting that the proportions of 0.05% and 0.10% of CNTs
dispersed in isopropanol may act as adequate reinforcements to the cement pastes.

Table 3: Splitting tensile strength test results

w
o
S

2,56

Splitting Tensile  Standard T 2,38
Strength Test  Deviation w 1,87 1
(MPa) (MPa) 32,00 T
ISO-REF 1.87 0.25 =
1SO-0.05 2.56 0.26 £1,00
1SO-0.10 2.38 0.24 §
0,00

W ISO-REF m[SO-0.05 m1SO-0.10

Figure 7: Splitting tensile test graph

4.3. Direct tensile tests

Three specimens of each type of cement paste were prepared. However, the fragility of the
ceramic composites made it difficult to assembly the specimens to perform the direct tensile tests.
During the test assembly, 67% of the specimens were lost due to the torque application or due to
the eccentric positioning of the specimens in the equipment, which led to the realization of only
one sample of each type of cement paste. It is noteworthy, however, that few results can be found
in literature regarding direct tensile tests on CNT reinforced composites.

The obtained results in direct tensile tests are showed in Table 4. The Figure 8 shows the graphs
corresponding to the stress x strain behaviour of the specimens during the loading of the ISO-REF,
I1ISO-0.05 and 1SO-0.10 pastes.

Despite the small number of specimens, the results of tensile tests are in accordance with the
results presented by the splitting tensile and three-point bending tests, as they pointed out a better
tensile performance of the cement paste with 0.05% of CNT. The ISO-0.05 achieved 19% of
improvement in tensile.

The loss in tensile strength recorded for 1ISO-0.10 paste in comparison with 1SO-0.05 may be
attributed to the inefficiency of dispersion of CNTs at this proportion using this methodology. The
maximum amount of CNTSs that can be effectively dispersed on cement particles in isopropanol
using sonication should be close to 0.05%. Only one sample was tested of each type of cement
paste due to the difficulty of assembling and running the tensile tests, however these results are in
accordance with the splitting tensile test results. Even though 1SO-0.10 in both tensile and splitting
tensile tests presents strength improvements in comparison to the reference material, 1SO-0.05
recorded the higher tensile strength gain. It suggests that the effective dispersion limit of CNTs by
this method has probably been achieved around 0.05% of CNTSs, as affirmed by Rocha and Ludvig
(2017) [2].
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Figure 8: Influence of CNTs dosage on the

tensile behavior of a cement paste

The values obtained by direct tensile tests were around 23% of the results of splitting tensile
strength tests and around 35% of the results of splitting tensile strength tests. The difference
recorded is natural due to the different specifications and methodologies used in each one of those
tests. However, in all of them the presence of CNTs dispersed in isopropanol recorded an
improvement in tensile strength of cement pastes, suggesting efficiency in the dispersion process
carried out.

4.3. Scanning Electron Microscopy images

The scanning electron microscopy images of the cement anhydrous with the CNTs are seen in
Figure 9 by enlargement of 50000x.

Figure 9: Scanning electron microscopy images of the anhydrous cement with (a) 0.05% of
CNTs; (b) with 0.10% of CNTs

In presence of 0.05% of CNTs it was found a well dispersed CNTs filament among anhydrous
cement particles and it was not possible to identify presence of CNTs clusters. In presence of
0.10%, however, the image suggests a small cluster, and the presence of clusters may be the cause
of the lower tensile strength and fracture energy in comparison with 1SO-0.05.

Those images are in agreement with the fracture energy and tensile strength results, in which
the Dbetter mechanical behaviour of ISO-0.05 were due to an effective dispersion, also
corroborating with Rocha and Ludvig (2017) [2] that the optimum range for incorporation of
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MWCNTSs by dispersion on cement particles in an aqueous media of isopropanol is close to the
0.05% content.

S. CONCLUSIONS

According to the results, CNTs dispersed in isopropanol are effective and appropriate to prepare
cement composites with enhanced mechanical properties. The flexural strength and fracture energy
were improved in presence of CNTs, confirming that they can be used as a reinforcement material.
The 90% of gain in fracture energy of composites with 0.05% of CNTs in comparison with 34%
of gain achieved by the cement paste with 0.10% suggests a better dispersion of CNTSs in the
proportion of 0.05%. These findings corroborate with Rocha and Ludvig (2017) [2] results, in
which the optimum CNT content using this dispersion methodology was 0.05%. The tensile
strength was also higher in the presence of 0.05% of CNTs and the scanning electron microscopy
images are in accordance with the mechanical behaviour, suggesting a better dispersion in a non-
aqueous media of isopropanol methodology in presence of 0.05% of CNTs.
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ABSTRACT

The self-leveling mortar is a fluid product that has as a low viscosity and high fluidity. This
building material that requires no vibration and leveling, having very low thickness ( 30 mm). The
purpose of this study is to evaluate fresh properties of self-leveling SLU using three by-products:
bottom-ashes, fine elements of quarry limestone and fine elements from recycled-concrete-waste.
Portland Cement OPC was partially replaced by 0,10, 15 e 20% of fines. The water/binder was
maintained constant at 0.50 and mix proportion 1:2 cement and sand (by weight) was used. Fresh
properties were examined: plastic shrinkage, curling and heat measurements using a semi-
adiabatic calorimeter. A superplasticizer (polycarboxylate) was used to assure a fluidity. During
drying (HR=50%) a mass loss was monitored. To the same cement content fine from bottom-ash
acted efficiently to reduce a shrinkage. The curling phenomenon is high, with more than 1.70 for
mortars based on fine from recycled-concrete-waste. Higher early curling was obtained for mortars
with quarry limestone. A good performance could be assured with ternary mixes with bottom ashes
(curling less than 8mm). Self-leveling mortar systems with more than 20% of fine resulted negative
effect on segregation and bleeding, so not recommended to self-leveling mortar purposes.

KEYWORDS: bottom ashes, fine from CDW aggregates, self-leveling mortars, fresh properties,
shrinkage.

1. INTRODUCTION

Self-leveling mortars are characterized by their ability to spread quickly and self level, without
the need of manual or mechanical intervention. The homogeneity of these compounds is necessary
to ensure the endurance and durability characteristics of the final product, therefore, it is imperative
that the mixture exhibits high stability [1]. The most important properties in a self-leveling mortar
system, considering its viability and its final characteristics are: self leveling, low viscosity, fast
hardening, fast setting time, fast rate of strength, dimensional stability, high final compressive
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strength, surface durability and a strong adhesion to the substrate. To meet all these requirements,
self-leveling mortars often contain a wide variety of organic and inorganic compounds [2].

The use of self-leveling mortar system offers environmental and economic advantages. Among
these advantages, it is possible to highlight the use of residues from other processes, such as a
source of admixtures to replace part of the Portland cement, and to improve the characteristics of
the final product, mainly the rheological properties [3]. In Spain, natural coarse aggregates may be
substituted by Recycled Concrete Waste (RCW) to concrete production in proportions of 20% to
100% [4, 5], however the fine fraction of RCW is not allowed. The greater difficulty in the use of
fine RCW is related to its high absorption of water [6]. In order to ensure self-leveling behaviour,
a greater amount of fine is required to achieve an effective fluidity [7]. Therefore, the use of the
fine portion of this residue can be a sustainable solution to manufacture coarse recycled aggregate
from recycling plants.

Mortar and concrete are porous materials, which are susceptible to volume variations due to
shrinkage during hydration and drying. In particular, the development of cement based self-
leveling mortars still limited because of problems such as cracking or warping of corners [8, 9].
These cracks are caused by shrinkage occurring from drying. The shrinkage in self-leveling
systems is influenced by the high content of fine particles required to achieve effective fluidity
[10, 11]. The fine particles demand more water, due to the greater specific surface area, increasing
the tendency of greater volumetric variation during drying.

The Coal Bottom Ash (CBA) when used as a substitute for the natural fine aggregate can improve
internal curing, and reduce capillary forces, hydration temperature and consequently the shrinkage
in concretes [12]. Concrete mixtures which incorporate bottom ash as fine aggregates for partial
or total replacement of natural sand exhibit better dimensional stability. The structure of porous
particle in bottom ash was beneficial for decreasing shrinkage in concrete samples. At the age of
180 days, concrete mixtures with bottom ashes FBC 2 (50%), FBC 3 (75%) and FBC 4 (100%)
presented 21.79%, 34.62% and 37.17%, respectively, demonstrating lower shrinkage values by
drying compared to the control mixture [13].

In this context, the present study aims to produce self-leveling mortars using fines of residues
(CBA and RCW) as partial substitutes for Portland cement and contribute to sustainable
development.

2. MATERIALS

The materials used in the research were Portland Cement CP V - ARI (Hight initial strength),
limestone powder (LP), recycled concrete waste (RCW) and coal bottom ash (CBA) fines. As
natural aggregate, sand was used (Dmax=2 mm) and a superplasticizer (SP) admixtures based on
polycarboxylate.

3. METHOD

3.1 Material characterization

The material characterization tests were carried out according to the procedures established in
Brazilian technical standards. The specific gravity of the fines and the sand was determined
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according to the standard ABNT NBR NM 52/2009. The specific gravity of the Portland cement
was determined according to the standard ABNT NBR NM 23/2001.

The specific area of the Portland cement and its fineness modulus were determined according to
the standard ABNT NBR NM 76/1998.

The grain size distribution of the sand was determined according to the standard ABNT NBR NM
248/2003. Particle sizes were determined on the fines (LP, RCW and CBA) by laser granulometry
using the Microtrac S3500 equipment. Chemical analysis of fine materials (CP, LP, RCW and
CBA) were analysed by energy dispersive X-Ray Spectrometer 700 (EDX 700) Shimadzu
equipment.

3.2 Mortar study

The fines (LP, RCW and CBA) were used as partial replacing of the Portland cement CP V
AR, in content of 10%, 15% and 20%, by volume, due to difference between the specific gravity
of the fines. The sand and fines were added to the dry condition.

Initially, experiments were carried out to evaluate the consistency properties of the mortar in the
fresh state. For this purpose, the mortar was dosed to determine the range of admixtures
superplasticizer and the content of fines. All mixes were prepared with cement and sand ratio of
1:2 ratio (cement / aggregate) and a w/c (water / cement) constant at 0.5.

Once tests at the fresh state were conducted and mortars with satisfactory fluidity and cohesion
properties for self-leveling systems were choosen, tests were carried out in the hardened state to
evaluate the heat of hydration, drying shrinkage and curling, aiming to identify indicators of
durability.

3.3 Flow value

The flowability was measure using a mini-cone flow. Chemical admixtures consumption was
determined trough to flow test (spreading) fixed by 24 and 27 cm, to evaluate a flowability. The
tests were performed shortly after preparation of the mixtures. After removal of a mini cone, the
flow was evaluated over a glass suport marked with 20 cm, 25 cm and 30 cm diameters. The final
value was considered as the mean between two perpendicular measurements of spreading.

The self-leveling mortars chosen were those behaving cohesively without signs of segregation or
bleeding and with a good visual appearance. The selected mortars were identified according to the
material used and the cement replacement content (Table 1).
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Table 1: Identification of self-leveling mortars and mixes proportions.
Fines Content (%)

Cement Cement
Identification Consumption Replacement
(m3) Content LP RCW CBA
FC 10 536.4 10
FC + RCD 10 534.2 5 5
10%
FC + CBA 10 530.1 5
FC + RCD +CBA 10 529.4 5 25 25
FC 15 527.9 15
FC + RCD 15 517.9 75 75
15%
FC+CBA 15 528.4 7.5 7.5
FC + RCD + CBA 15 516.3 75 375 375

3.4  Temperature of hydration of mortars

A semi-adiabatic calorimeter was used to evaluate the temperature evolution of self-leveling
mortars. The mortars were placed, still under the fresh state, in a cylindrical container of
polystyrene. Thereafter, the container was placed in a thermal box. Temperature measurements
from the samples were collected through thermocouples and processed into a Hewlett-Packard
data logger, model 34970A, connected to a computer for data storage, with readings at every 20
seconds.

3.5 Drying shrinkage

In order to evaluate displacements of the corners (curling), an experiment on plates was carried

out. Following the procedure adopted by other researchers [9, 14] that evaluated the drying
shrinkage in self-leveling mortars.
Tests to measure curling and the linear shrinkage of self-leveling mortars were performed
simultaneously with the same sample. The displacement values were verified by Linear Variable
Differential Transformer (LVTDs) and processed automatically through a data acquisition
equipment (Data Logger), which was connected to a computer for data storage (Figure 1). After
the mortar had started to hardening (according to the results of evolution of hydration temperature
of mortars), equipments for linear shrinkage and curling data collection were connected for a
period of 5 consecutive days (Fig.1). The temperature (23 + 2 °C) and relative humidity (60% +
5%) were monitored during the test period.
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4. RESULTS AND ANALYSIS

4.1 Characterization

The physical and chemical properties of cement and fines materials are shown in Table 2.

Table 2: Chemical compositions and physical properties of materials.

wh.

Figure 1: Experimental set up for curlan.'

Cement

. Limestone Fines Fines
Oxides Z%ri'/a”d Filer CBA RCW
Chemical analysis (%)

Oxides

CaO 74795 54.788 1.733 41.202
SiO2 12.303 4.321 40.819 29.048
Al,O3 37.458

Fe O3 4.458 0.775 5.713 9.805
K20 2.071 0.472 5.197 3.905
SOz 1.984

TiO2 1.447
CO> 3.243 6.674 13.22
Physical properties

Specific gravity

(Kg/m?) 3040 2680 1920 2460

Blaine Fineness

(M2/Kq) 505 228 218 502
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Only the fines from bottom ash presented aluminum in a significant amount (37%), in contrast the
CaO content (1.7%) was much lower than the other materials. The bottom ash, class F, showed the
lowest specific gravity, probably due to its high internal porosity.

The results for granulometric analysis of the aggregate were: characteristic maximum dimension
of 1.2 mm, characteristic minimum dimension of 0.075 mm and fineness modulus of 1.39.
Approximately 13% of the natural sand showed grains inferior to 0.15 mm.

The results of laser granulometry showed that the finest addition was the LP, with all grains less
than 50 um. The addition with the largest grain sizes was CBA, with all grains less than 0.15 mm.
All grain-sizes of FC and RCW were less than 0.075 mm, while approximately 30% of the grains
of CBA were larger.

4.2 Flow value

The results of flowing tests in relation to SP additive, content for self-leveling mortars with
10% and 15% of substitution are presented in Figure 2 and 3, respectively.

30

25

Flow (cm)
vy =

—_
(=]

0.25 0.30 0.35 0.40
Chemical admixture content (%)

OLP OLP+RCW =23 BLP+RCW + CBA
Figure 2: Self-leveling mortar flow values results - 10% of fine replacement.
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Figure 3: Self-leveling mortar flow values results- a15% of fine replacement.

The maximum content of the SP chemical admixture used was 0.40%, above which the flow of
the mortars did not change significantly. In chemical admixtures, most of the mixtures with 0.45%
and 0.50% showed signs of bleeding and /or segregation.

It was verified that the flow decreased with the increase of the content of fines, in all of the mixes
analyzed. The same results were found by other researchers [10, 15]. The results can be explained
by the increase of the fineness and the specific surface area of the fines, because with the increase
of the fine content it becomes necessary more water to wet the surface of the particles and to
maintain the same fluidity.

Mixes with 20% cement substitution (from cements to the fines) were also tested, in the same
manner as mixtures with 10% and 15% substitution. However, samples composed with LP + CBA
and LP + CBA + RCW presented segregation, in addition to providing lower scattering values.
Thus, the scattering results for substitution contents of 20% were not considered satisfactory.

The scattering results of the selected mortars with the respective additives content are summarized
in Table 3.

Table 3: Chosen Mortars.

. Cement
Identification ég:g‘r\{f (%) (Fclr?]v)v Replacement
Content (%)
FC 10 0.25 26.0
FC+RCD 10 0.35 26.5
10%
FC+CBA 10 0.40 26.0
FC + RCD + CBA 10 0.30 26.25
FC 15 0.30 25.5
FC +RCD 15 0.30 25.5
15%
FC +CBA 15 0.40 25.0
FC + RCD + CBA 15 0.40 25.5
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4.3  Temperature of hydration of mortars

In order to determine the initial setting time of mortar the points of the curve were chosen where
the gradual increase in temperature began. To determine the amount of time required to reach the
maximum temperature, the points with the peak temperature were selected in the graph. The results
are shown in Figures 4 and 5 for 10% and 15% substitution, respectively.

50

45

40

35

Temperature (°C)

30

0 20000 40000 60000 80000 100000 120000
Time (s)
—LP —-LP + RCW -- LP+CBA ~LP + RCW + CBA

Figure 4: Evolution of the Temperature Versus Time for Mortar With 10% Replacement.

50

Temperature (°C)

25

0 20000 40000 60000 80000 100000 120000
Time (s)
—LP —-LP + RCW --LP+CBA - LP +RCW + CBA

Figure 5: Evolution of the Temperature Versus Time for Mortar With 15% Replacement.

For 10% of substitution, the LP + CBA 10 mixes presented the highest time for initiation of
acceleration of the hydration reactions (approximately 8 hours). This fact occurred due to the
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higher content of SP chemical admixture used to achieve the required flow. The other mixes
showed start times of setting of the mortar varying between 5 and 6 hours, approximately.

For mortars with a 15% substitution, all samples showed shorter initial setting times than the
reference (FC 15). The mortars LP + CBA 15 and LP + RCW 15 presented the lowest maximum
temperatures. Although the maximum temperature difference between all mixtures produced has
been small (= 30 ° C), a mixture with the lowest maximum temperature may help reduce shrinkage
in self-leveling mortars. Lower temperatures during the hydration process tend to reduce the
amount of water that evaporates, and consequently the dimensional variation tends to decrease.

Dimensional variation (Linear shrinkage)

Results for linear shrinkage are shown on Figure 6.

0,010

0,009

0,008

0,007

0,006 +

0,005

0.004

Displacement (mm)

0,003

0.002

0,001

LP LP+RCW LP+ CBA LP+ RCW + CBA

010% replacement H 15% replacement

Figure 6: Linear shrinkage results.

For the mortars with 10% of substitution, all of the mixes with recycled fines were more efficient
than the reference, since they presented smaller displacements. However for 15% of substitution,
the mortar LP + RCW 15 presented the worst result of all samples tested. Furthermore, the mortar
LP + RCW + CBA 15 presented the smallest linear shrinkage shifts (0.006 mm) of the eight
mixtures analyzed. The LP + CBA mixtures did not present great displacement variations with the
increase in the content of fines (10% to 15%). Based on the results, it was possible to conclude
that the mixtures LP + CBA and LP + RCW + CBA presented good results for both percentages
of substitutions tested (10 and 15%).

Dimensional stability (curling)

The average values of the final displacements due to the curling phenomenon generated in self-
leveling mortars produced are summarized in the bar graph (Figure 7).
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Figure 7: Average displacement in the corners and centers of the plates.

As can be observed, only the sample LP + RCW 10 (10% of replacement of OPC) presented values
of median displacement of the corners, greater than the reference (FC). For 15% of substitution,
all the self-leveling mortars were more efficient than the reference and the sample LP + CBA 15
presented the best result of all mortars produced. It was possible to identify a reduction in the
displacement of corners results, with an increase of the fine content, except for the reference
mortar.

The dimensional variations due to the drying process of the plates resulted in ascending curves,
which are predominantly more pronounced over the corners (curling) [9]. The self-leveling mortar
FC + CBA 15 achieved 0.74 mm of mean displacement at the corners for 130 hours of test (Figure
8).
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Figure 8: Curling results for self-leveling mortar LP + CBA 15 mixes .
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The lowest values of shrinkage are related to the effect of internal curing as a function of the
addition bottom ash. The physical characteristics of bottom ash (high porosity) confer a higher
initial water absorption. As time proceeds the water absorbed initially is gradually released during
the drying process of the mortar. Therefore, the internal relative humidity of the mortar undergoes
minor variations and the drying shrinkage can be reduced [13, 16]. Furthermore, mixes with lower
maximum hydration temperatures (LP + CBA 15) might reduce water evaporation and thus the
shrinkage tends to be lower [12].

It was visually verified that none of the samples produced presented cracks. Higher shrinkage
values can give rise to cracks and, consequently, contribute for penetration of external aggressive
agents that degrades the material, such as salts, acids, microorganisms, water, among others. The
influence of these external agents on the self-leveling mortar tends to reduce the durability of the
material.

5. CONCLUSIONS

In the self - leveling mortars analyzed in this present study it was possible to verify the viability
of application of the recycled fines (RCD and CBA) in replacement of 10 and 15% of cement
substitution, and maximum SP chemical admixtures contents of 0.40% of the binder (wt%).

e Mortars based on RCW demonstrated scatter values similar to those of the reference
mixture (LP), in addition to a adequate consistency and good visual appearance.

e Mortars composed of CBA as fine elements demonstrated more efficiency in combating
bleeding, despite of reducing the flow in contrast to the reference. Therefore, the use of LP
+ CBA in binary binder compositions required higher amounts of SP chemical admixtures.

e Mortars formulated with CBA as fines were more prone to segregation for higher chemical
admixtures contents (> 0.45%) of the binder mass and for higher binder substitution
contents (= 20%);

e The ternary mixes (LP + RCW + CBA) exhibits similar flowability to the reference (LP).

The main goal of the present research was to evaluate the shrinkage, as it is considered one of the
main problems generated in self-leveling mortars. Data from the curling effect and maximum
hydration temperature indicated that the LP + CBA 15 mortar presented the most efficient results.
The LP + CRW + CBA 15 sample was the most efficient for the linear shrinkage test. In this way,
it was possible to conclude that the use of bottom ash fines (CBA) reduces the drying shrinkage.
Finally, we can conclude that the mortars LP + CBA 15 and LP + RCW + CBA 15 were the most
efficient mixes.
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Abstract

The retarding effects in the hydration of Portland cement caused by organic molecules such as
gluconates, sucrose and organic acids are mainly used to setting control required for the production
of ready-mix-mortars. Three commercial products, indicated for the control of hydration reactions
of Portland cement, were evaluated regarding to maintain the flowability over time of cement
pastes containing additions of fine materials (<75um). The cement pastes were produced with
replacement of the cement up to 50% (by weight) by fine materials (d<75um): basalt filler; fly ash;
quartz filler; perlite filler (perlite was replaced by volume). The organic admixtures were used by
0.5t0 1.0% (by weight of cement). Changes in the flowability of the cement pastes over time were
evaluated through mini-flow tests and rheometer measurements. The results demonstrate an
important reduction in the shear stress of the cement pastes under the effect of the organic
molecules, as a consequence of the homogenization of the ionic charges on the surface of the
particles. In addition, all organic admixtures at a dosage of 1.0% were able to maintain the
flowability for more than 400 hours, however, with gradual reductions of the mini-flow scattering
throughout this period, resulting from a probable partial hydration of the cement. The cement
pastes with basalt filler showed a faster reduction of flowability over time, which may indicate
reactivity between the mineral particles of the filler and the organic molecules. On the other hand,
quartz filler contribute to the increase in initial flow. Calorimeter measurements were used to
evaluate the interactions between the fine material and the organic molecules confirming that the
basalt filler actually reduces the effect of the admixtures.
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1. INTRODUCTION

The retarding effects on cement hydration caused by organic molecules, mainly gluconates and
sucrose, are explored to control the hydration time of cementitious materials. Depending on the
dosage used, these molecules can retard the setting time of cement for more than 72 hours and are
used to prolong the fresh state of mortar and concrete [1][2].

In ready-mix mortar fine materials, either inert fillers or pozzolanic fines, are added to the
cementitious materials to improve properties on fresh state, such as cohesion and flowability, as
well as to improve mechanical properties, compressive strength, and specially to reduce porosity
of system. These fine materials can change the hydration kinetics and interact with the organic
molecules present in the mixes. In this sense, when retarding admixtures are used in conjunction
with fine materials, significant changes in the retardation time can be observed, often reducing the
efficiency of the chemical admixtures [3].

Researches have been carried out aiming to evaluate additions of fine materials with quite
different physicochemical characteristics, under the effect of retard admixtures (designed for
manufacture of ready-mix-mortar). It was known to evaluate mainly changes in the hydration
kinetics wich can be associated to the interaction between the chemical admixtures and the fine
materials. In addition, the research was supplemented by evaluation of the fluidity and rheological
properties of cement pastes over time during the period that they remained on fresh state.

2. MATERIALS AND METHODS

2.1.Materials

Brazilian cement type CP Il F-32 was used to produce the cement pastes. The fine materials
were: Basalt filler (BF) - Residual; Fly ash (FA) - Pozzolanic; Quartz filler (QF) - Inert; Perlite
(PT) - Lightweight. All the fines were sieved to obtain particles less than 75um.

The main physico-chemical characteristics of these materials are presented in Table 1. The
measurement of the particle size distribution was performed using Mastersizer 2000 equipment.
The chemical composition of the total oxides present in the materials was carried out using
Shimatzu EDX-7000 equipment. In addition, complementary characteristics such as specific
surface (Blaine) and loss on ignition were determined.

Table 1 : Chemical and physical characteristics of materials.

Specific L oss on
Sample | Density Surface dso do SiO2; A0z CaO FexOs ignition
Notation | (g/cm3) (Blaine) (um) (um) (%) (%) (%) (%) (%)
(cm?/g)
FA 2.087 35942 3215 992 70.18 1275 5.24 5.82 1.06
BF 2.542 25994 3413 471 7655 1433 0.82 1.13 1.57
QF 2.618 2687.6 3891 343 (>99) - - - -
PT 1.110 8269.9 58.93 19.71 61.06 27.32 249 2.47 3.17
Cement 3.081 3267.0 2118 473 1848 419 6047 297 5.12

Three different commercial retarding admixtures were used (indicated mainly for the
manufacture of ready-mix-mortars). They were identified as POW; ETM; MR; and are composed
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by organic molecules such as gluconates and sucrose. These products were evaluated at
concentrations of 0.5 and 1.0% in the initial mini-flow studies, although the remainder of the
research was used 0.5%.

The composition of the mixes is shown in Table 2. All samples were produced following the
same mixing and storage procedure. After mixing the pastes in a standard mixer to mortars, the
samples were stored in a hermetically sealed polyethylene container to prevent water evaporation
and any contact with the environment, and kept at room temperature of 23 +1 ° C.

Table 2 : Mix proportion of sample (wt).

sample Notations Cement BF FA QF PT Agua POW ETM MR
) @ @@ @ ) (¢)) (¢)) (¢)) )
Ref.100%C 400 0 0 0 0 180 0 0 0
Ref.50%BF 200 2000 0 0 0 180 0 0 0
Ref.50%FA 200 0 20 O 0 180 0 0 0
Ref.50%QF 200 0 0 200 0 180 0 0 0
Ref.50%PT 200 0 0 0 721*  240* 0 0 0
100%C.0,5%POW 400 0 0 0 0 180 2.00 0 0
100%C.0,5%ETM 400 0 0 0 0 180 0 2.00 0
100%C.0,5%MR 400 0 0 0 0 180 0 0 2.00
50%BF.0,5%POW 200 2000 0 0 0 180 1.00 0 0
50%FA.0,5%POW 200 0 20 O 0 180 1.00 0 0
50%QF.0,5%POW 200 0 0 200 0 180 1.00 0 0
50%PT.0,5%POW 200 0 0 0 721* 240*  1.00 0 0
50%BF.0,5%ETM 200 2000 0 0 0 180 0 1.00 0
50%FA.0,5%ETM 200 0 20 O 0 180 0 1.00 0
50%QF.0,5%ETM 200 0 0 200 180 0 1.00 0
50%PT.0,5%ETM 200 0 0 0 721*  240* 0 1.00 0
50%BF.0,5%MR 200 2000 0 0 0 180 0 0 1.00
50%FA.0,5%MR 200 0 20 O 0 180 0 0 1.00
50%QF.0,5%MR 200 0 0 200 0 180 0 0 1.00
50%PT.0,5%MR 200 0 0 0 721*  240* 0 0 1.00

* The mixes with perlite were calculated by volumetric substitution, due to their low bulk
density. It was necessary to increase 60g of water in each sample in order to achieve the minimum
flowability for the tests.

2.2.Flowability measurements

To determine the behavior of the cement pastes under the effect of the chemical admixtures,
mini-slump test was used. The flow measurements were performed over time. To evaluate the
results, the diameter of spreading the base of the mini-cone (40mm) was taken as reference for
calculating the Flow Index accorAlsoding to Equation 1:
FI = (w) ¥ 100 Equation (1).

FlOW(to)—‘l-O
FI = Flow Index (%); Flowg = flow on time “t” (mm); Flowo) = initial flow (mm).
The pastes with fines were evaluated in a Haake Mars Rheometer in order to determine the
changes of the shear stress over time. The measurement methods was similar to that used by [4].

Measurements were made at 6-second steps, increasing the shear rate from 1% to 60 in 3 min.
The geometry used was a smooth cylinder. A pre-shear of 30s was performed and the samples
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were kept at constant temperature of 24° C. The pastes were evaluated at times: 0; 3h; 24h and 48
hours.

2.3.Reaction kinetic measurements

The evaluation of the hydration processes was performed in a 6-channel semi-adiabatic
calorimeter. The retarding effect caused by chemical admixtures, as well as the interference caused
by fines, could be evaluated through the temperature curves of the pastes temperature. The
differential temperature of each sample (AT in °C) was used to generate the curves, which can be
considered as the effective increase of heat caused by the cement hydration. 580g of cement paste
was used. All samples were initially at 24°C.

3. RESULTS

The initial results obtained from mini-slump test were important for the characterization of the
performance of the chemical admixtures over time. As can be seen in Figure 1, these chemical
products are able of prolonging the fresh state of the pastes for more than 80 hours at a dosage of
0.5% and more than 340 hours at a dosage of 1.0%. In addition, distinct behaviors could be
observed between them, which is most evident in samples made with 1.0%. The pastes with MR
leading a more pronounced reduction in the flowability of pastes regardless of the dosage used.
The POW and ETM showed a great reduction in the flowability in the first hours after the mixture,
which can be demonstrated in both tests: mini-slump and rheological measurements. However,
between 48 and 96 hours after, the flowability of pastes was partially recovered for both. Further,
a smooth and constant reduction of flowability is a characteristic pertinent to both (POW and
ETM), and which becomes more evident in the pastes at a dosage of 1.0%.
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Figure 24 : Flow Index (FI) measurements over time
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Figure 25 : Rheological measurements of pastes, 100% cement, over time.

A secondary effect that can be observed is the increase in the initial flowability of the pastes,
which can be evidenced due the shear stress values of the samples with chemical admixtures were
initially smaller than the reference paste, Figure 2. Comparing all the chemical products evaluated,
the ETM presented lower initial shear stresses, as well as it kept the samples in the fresh state for

longer, reaching 550 hours with 1.0% content (Figure 1).

Among the different fines evaluated, the lowest shear stress was observed in QF sample. The
highest stress was observed in the sample with BF, which was always higher than the others during
the whole period of measurements. It is important to observe that the samples with BF and MR
additive do not have data from 24h because the sample hardened before the measurement could be

performed.
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Figure 26 : Rheological measurements of POW pastes over time.
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The results of the calorimetry are shown in Figure 4. The MR samples were that presented the
earlier set time in all the comparatives, as could be observed in the evaluation of the fluidity over
time. Even pastes with ETM was the samples that presented the peak of longer heat release.
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The curve of temperature monitoring of the sample with ETM presented double peak of heat
release. This phenomenon was observed exclusively for this sample. In addition, it is important to
note that samples produced with fines and with ETM additive did not show temperature peaks up
to 250 hours of testing when they were removed from the calorimeter.
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Figure 27 : Evaluation of temperature increase of cement pastes.

4. DISCUSSION

The flowability of the samples with POW in the mini-slump tests (100% C. + 1.0% POW) and
in the rheological study (100% C. + 0.5% POW) can be interpreted as a " false-set-time ", a
behavior commonly presented by organic admixtures whose composition has sucrose. When added
to cement materials before the sulfate phase has been consumed, sucrose accelerates the formation
of ettringite, drastically reducing the fluidity of the mixes [5].

The considerable increase in the initial fluidity caused by the retarding admixtures was also
observed by the authors [2] and [6] when evaluating mortars with sodium gluconate (organic
molecules used like raw material by retarding admixtures). This behavior probably occurs due to
the homogenization of the ionic charges of the surface of the particles, caused by the action of the
organic molecules.
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The gradual reduction of flowability (Figure 1), reaffirmed by the shear stress increase over
time (Figure 2), is an evidence that hydration reactions may be occurring slowly in pastes,
generating internal interparticle set [1]. A slow formation of ettringite could be the explanation for
this phenomenon, since it is the main hydrate responsible for the reduction of flowability in
cementitious materials, besides being the first hydrate formed during the hydration process.

The shear stress values of the samples with QF were always the lowest when compared to the
other samples. This indicates a plasticizing effect of this material, which was also observed by [7].
This effect also contributed to the prolongation of fluidity over time, since this same behavior was
observed also in 48h.

The behaviors observed in the calorimetry, comparing the curves with fines, is very similar to
what was observed by [3]. The samples that contained fines, despite the effects of dilution of the
clinker, were the ones that presented set time earlier than samples with 100% cement. Moreover,
another factor that contributes to this behavior is the fact that the dosage of the chemical admixtures
is on the cement mass and not on the binder (cement + fines).

The temperature curve of the sample 100% C. + 0.5% ETM, presented double peak. This may
have been a result of the sample segregation process during the time it remained in the calorimeter.
Due to the high flowability of the material, formation of layers with different concentrations of
cement may have occurred during the measurement period. Possibly the bottom layer with higher
solids concentration reacted before the upper layer, with lower concentration of solid material.

The comparisons of calorimetry between the fines show that the samples with BF reacted sooner
than the others. It is also important to note that the height of the temperature peaks of these samples
is slightly higher than the other fines. In addition, the rheological tests point to a much larger shear
stress increase over time for the BF samples. These facts indicate that BF considerably reduces the
retarding effects of the organic molecules.

S. CONCLUSIONS

The retarding admixtures are able of promoting increased in initial flowability of the
cementitious materials as well as maintaining the fresh state of cement pastes for more than 80
hours (0.5% dosage). The composition of different chemical bases, such as gluconates and sucrose,
results in chemical admixtures with different behaviors, such as the POW, in which the effect of
the “false-set-time” can be observed, followed by an increase in flowability in the following hours.

The BF considerably reduces the efficiency of the retarding admixtures, as evidenced by both
the rheological study and the calorimetry study. On the other hand, the fine of QF flavors cause an
increase in flowability and its maintenance over time.
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Abstract: The mechanical properties of polyester hybrid composites reinforced with treated and
untreated coir fibres and 15 wt.% of cement microparticles at different locations were investigated
in this work. A Full Factorial Design (2!3') was conducted to identify the effect of the chemical
treatment of coir fibres and location of cement inclusions on the tensile (and flexural) strength and
modulus. In general, the alkaline treatment led to increased tensile properties and flexural strength
compared to untreated fibre composites. The inclusion of cement particles, especially added
throughout the whole sample, increased the tensile and flexural strength and tensile modulus of
untreated coir fibre composites. A significant increase in flexural modulus was observed only in
composites made with treated coir fibres along with the incorporation of cement particles in the
whole sample.

Keywords: hybrid composites, coir fibre, polyester, cement, chemical treatment, mechanical
properties.

1. INTRODUCTION

Natural fibres such as flax, hemp, jute, sisal, coir, and henequen have been used since ancient
times in a wide variety of products, ranging from clothing to house roofing [1-3]. The investigation
of natural fibres as reinforcements in hybrid composite materials has recently risen as sustainability
and environmental issues are considered, owing in particular to their renewability and
biodegradability. [4-6].

Coir is a low cost, versatile, renewable and biodegradable lignocelullosic fibre obtained from
the coconut palm (Cocos nucifera), which is very abundant in coastal areas of tropical countries
and plays an important role in the economy of these regions [2, 7-8]. Apart from its conventional
applications (e.g., cordage, cushions, sacking, floor-furnishing [7], mats, carpets and seat covers
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[9]), coir has recently been used as a reinforcement in cement, concrete, particleboard and polymer
composites due to their valuable properties such as renewability, resilience, rigidity, toughness,
elongation at break and weather resistance [7]. These composite materials may potentially be used
in the aeronautics, leisure, construction, sport, packaging and automotive industries [10-11].

An important issue, however, is fibre-matrix compatibility [12]. Natural fibres are in general of
hydrophilic nature while the polymeric matrices are hydrophobic, resulting in low fibre-matrix
adhesion, which plays an important role in the final mechanical performance [13]. Such
compatibility may be substantially improved through the chemical modification of the fibre
surface [14-16]. Alkaline treatments are currently considered the most economical and effective
technique, removing impurities such as pectin, fats and lignin. This process increases the
roughness of the fibre surface and consequently improves fibre-matrix mechanical interlocking
[17].

In addition, the thermal stability and stiffness of fibre-reinforced composites improve upon the
incorporation of a second rigid particulate phase, such as SiO. micro- or nanoparticles, glass,
Al>O3, Mg(OH)., CaCOs and carbon nanotubes [18-20]. According to Silva et al. [21], when the
composite material is under stress, the crack propagation is prevented across the locations where
the particles are concentrated due to their high strength. Therefore, additional stress is required for
the crack propagation through the fibre—particle or particle—-matrix interfaces, which increases the
mechanical strength of the composites. However, this increase strongly depends on particle size,
particle content and interface adhesion [20].

This work investigates, via ANOVA and Design of Experiments (DoE), the effect of the
treatment of coir fibres and the location of microparticles on the mechanical properties of hybrid
short coir fibre composites with Portland cement particle inclusions. A preliminary experiment
was conducted to identify the effect of particle type (silica or cement) and particle mass fraction
(5, 10 or 15 wt%) on the mechanical properties of the matrix phase. The best experimental
condition was used as a reinforced matrix phase for the fabrication of the hybrid composites.

2. MATERIALS AND METHODS

2.1  Materials

Polylite polyester resin 10316-10 and Methyl Ethyl Ketone Peroxide hardener were supplied
by Reichhold (Brazil). Coir fibres were supplied by Deflor Bioengenharia (Brazil), being treated
with sodium hydroxide (NaOH, 99%, sourced from Sulfal - Brazil). Portland cement (ASTM I11)
and silica microparticles were supplied by Holcim (Brazil) and Moinhos Gerais (Brazil),
respectively. Both particles were classified by sieving process in a particle size range of 44 - 26
pm.

2.2 Coir fibre treatment

Coir fibres in pristine conditions were manually cleaned for the complete removal of plant
debris (Figure 1a). The fibres were subsequently immersed in a 10 wt.% sodium hydroxide
solution at room temperature for 15 h (Figure 1b) and then washed in water. Finally, the treated
coir fibres were oven-dried at 60 °C for 72 h (Figure 1c).

189



4" Brazilian Conference on Composite Materials. Rio de Janeiro, July 22"-25" 2018

- (b)

Figure 1. Coir fibres: (a) in pristine condition, (b) under sodium hydroxide treatment, (c) ready to
be used as a reinforcing material.

2.3  Design of experiment

The factors and levels investigated in the experiment were set based on preliminary tests. A
Full Factorial Design (213%) was established to investigate the effect of the fibre chemical treatment
(treated and untreated) and cement location (no particles; upper (under compression) beam side
and whole sample) on the flexural and tensile strength and modulus of hybrid composites, resulting
in 6 experimental conditions (E.C.), as shown in Table 1. Minitab v.17 software was used to
perform the Design of Experiment (DoE) and Analysis of Variance (ANOVA) techniques.

Table 1. Full Factorial Design (2131).

E.C. Chemical Cement Location |E.C. Chemical Cement Location
Treatment Treatment
1 Untreated No particles 4 Treated No particles
2 Untreated Upper side 5 Treated Upper side
3 Untreated Whole sample 6 Treated Whole sample

The constant factors considered in this experiment were established based on a previous work
[22]: type of matrix (polyester), fibre grammage (300 g/m?), fibre volume fraction (30%), particle
mass fraction (15 wt.%), number of fibre layers per composite plate (3 layers), cold-pressing time
(22 h), compaction pressure (654 kPa) and curing time (28 days).

Ten specimens (five for tensile and five for flexural tests) were fabricated for each of the 6
experimental conditions. Two replicates were considered, running a total of 120 specimens.

2.4 Manufacturing process

The composite materials were fabricated using the hand lay-up technique followed by cold
compaction. The treated/untreated short coir fibres (20 — 180 mm) were weighed according to the
required grammage (300 g/m?) and randomly distributed into a 300 x 300 mm metallic mould
(Figure 2a). A preliminary uniaxial pressure of 654 kPa was applied for 2 min to obtain a randomly
oriented coir fibre fabric (Figure 2b). An aluminium plate (Figure 2c), covered with a thin wax
layer as a release agent, was placed into the mould to provide good surface finish. The polymer
matrix was prepared by first mixing the resin and hardener according to the fabricant’s orientation
(2 wt%). The microparticles were subsequently added and hand-mixed for 5 min at room
temperature (~23 °C). Three fabric layers were assembled into the mould and the polymer matrix
(modified and non-modified, depending on the experimental condition considered) was uniformly
spread over the coir fibre layers (Figure 2d). A lid was then placed on the mould and a pressure of
654 kPa was applied for 22 h (Figure 2e). The material was subsequently demoulded (Figure 2f)
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and placed in a plastic container to prevent moisture absorption for curing (28 days). The
composite plate was finally cut (Figure 2g) according to ASTM standards and tested.

R @

o | ©

Figure 2. Fabrication process of the composites: (a) metallic mould, (b) fabric of random coir
fibres, (c) aluminium plate, (d) fabric arranged inside the mould, (e) cold pressing, (f) composite
plate and (g) specimens for testing.

2.5  Characterisation

The mechanical properties of the reinforced polymer matrix with 5, 10 and 15 wt.% Portland
cement or silica particles was characterised via flexural, tensile and compressive tests, performed
according to ASTM D790-15 [23], ASTM D638-14 [24] and ASTM D695-15 [25], respectively.
Tensile and flexural tests were also conducted for the characterisation of the hybrid composites,
following the recommendations of ASTM D3039-14 [26] and ASTM D790-15 [23], respectively.
A Shimadzu AG-X Plus test machine equipped with a 100 kN and velocity of 2 mm/min load cell
was used to perform the mechanical tests.

3. RESULTS AND DISCUSSION

3.1 Matrix phase characterisation

Table 2 presents the mean and standard deviation of the mechanical test results for the polyester
polymer in pristine conditions and modified with silica and Portland cement particles.

The incorporation of microparticles decreased the tensile and flexural strength of the matrices,
which can be attributed to the low particle-matrix interfacial adhesion and stress concentration at
larger deformations. On the other hand, the compressive strength was increased due to the greater
capacity of these microparticles to withstand stress under compressive loads. These results justify
the choice of using microparticles in the upper beam side of the laminates, since the specimens
will be under compressive stress when subjected to flexural loading, compensating for the low
compressive strength of the fibres. In addition, the use of microparticles, especially at higher mass
fractions, may contribute to the enhancement of the mechanical modulus of the composites, due
to their inherent high stiffness.

In general, the inclusion of cement microparticles provided better results on the mechanical
properties of modified matrices when compared to silica results. Similar findings have been
reported by Torres et al. [27] and Martuscelli et al. [28], which evaluated the modified epoxy
polymer matrix with silica and cement microparticles under compression. This mechanical
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enhancement has been attributed to the presence of hydrated cement products, which stiffen the
polymer [28].

It is also observed in Table 2 that the modified matrix containing 15 wt% of cement particles
generally provided better results in comparison to the other amounts, which justifies the choice of

this percentage as the reinforcement level used in the hybrid biocomposites.

Table 2. Mechanical properties of modified and non-modified matrices.

Tensile Compressive Flexural

Type of

Matrix Strength Modulus Strength Modulus Strength Modulus

(Wt.%) (MPa) (GPa) (MPa) (GPa) (MPa) (GPa)
Ref. 0  36.89(¢355) 243 (x0.01) 6030 (£1.41) 1.93(£0.03) 5445 (x1.94)  2.22 (+0.11)

5 3042(t286) 242(:0.02) 6309 (+236) 211(x0.07) 4284 (:311) 244 (0.04)

2 10 2504(+258) 2.36(x0.03) 65.62(+1.96) 2.30 (0.01)  48.09 (x0.89)  2.58 (+0.02)

? 45 2119(:022) 251 (:0.18) 69.87 (+2.77)  245(+0.04) 3322 (+162)  2.69 (x0.09)

= 5 31.33(:002) 239(:0.01) 98.08(x088) 281(:0.01) 3307 (x237)  2.50 (+0.08)

E 10 3067(2002) 259(012) 10679 (¢395) 315(022)  37.76 (+1.66)  2.70 (+0.08)

© 15 3232(+040) 2.66 (x0.15) 107.18 (+5.49) 3.34 (+0.16)  45.31(+0.19)  2.81 (+0.06)

3.2 Statistical results

Table 3 presents the mean and standard deviation of the two replicates considered for the
mechanical tests of hybrid coir fibre-reinforced composites with 15 wt.% of cement inclusions.
Table 4 shows the Analysis of Variance (ANOVA) results obtained through Design of Experiment
(DoE). If the P-value is less than or equal to 0.05, this implies that the effect (or interaction of
effects) is statistically significant within a 95% confidence level (underlined values in Table 4).
Values in bold were interpreted via effect plots. The values of R2-(adjusted), ranging from 73.81%
to 96.88% (Table 4), imply a satisfactory predictability for the underlying statistical model used.
ANOVA was validated by the Anderson-Darling normality test, exhibiting P-values greater than
0.05 (0.503 - 0.977), implying that the data follow a normal distribution.
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Table 3. Mechanical properties of the composite materials.

Experimental

Tensile

Flexural

Condition Strength (MPa)  Modulus (GPa)  Strength (MPa)  Modulus (GPa)
1 9.25(+0.32)  2.25(+0.08)  18.27 (+0.77)  2.55 (+0.41)
= 2 9.71 (#1.28)  3.48(+0.23)  20.56 (+1.71)  2.55 (+0.15)
s 3 12.11 (£1.84)  3.98 (x0.25)  24.15(+2.25)  2.66 (+0.15)
5 4 10.82 (+0.16)  2.61(+0.14)  29.65 (+4.85)  2.63 (+0.32)
2 5 14.14 (+0.15)  4.58 (+0.45)  25.67 (¥1.12)  2.57 (+0.11)
6 10.63 (+1.50)  4.32(x0.51) 25.48 (+1.60)  2.89(+0.11)
1 9.30 (+0.96) 2.20(£0.22)  15.50(%1.33)  2.55(+0.30)
o 2 9.47 (+0.81)  3.54(+0.48)  19.01 (+2.81)  2.56 (+0.18)
g 3 11.59 (+1.59)  3.53(+0.30)  24.50 (+2.03)  2.55 (+0.30)
§ 4 10.98 (+1.36)  2.60 (x0.01)  30.60 (+5.32)  2.39(x0.24)
o 5 13.18 (+1.81)  4.36 (+0.40)  26.30 (+1.60)  2.61 (+0.13)
6 10.61 (+0.50)  4.18 (+0.59)  26.91 (+1.89)  3.04 (+0.40)
Table 4. Analysis of Variance (ANOVA).
ANOVA P-value < 0.05
Tensile Tensile Flexural Flexural
Experimental Factors Strength Modulus Strength Modulus
(MPa) (GPa) (MPa) (GPa)
% g Chemical Treatment 0.000 0.000 0.000 0.060
= & Cement Location 0.001 0.000 0.046 0.014
5
*§ Chem_ical Treatment x Cement 0.000 0.076 0.001 0.040
o Location Ea— — Ea—
k=
R? - adj 95.57% 96.88% 94.74% 73.81%
P-value (Anderson Darling) > 0.05 0.503 0.641 0.977 0.764

3.2.1 Tensile Test

Figure 3a presents the second-order interaction effect plot for the mean tensile strength. Letters
stand for Tukey’s comparison test, in which similar letters belong to the same group, i.e.,
equivalent means.
The chemical treatment provided an increase in tensile strength, when compared to composites
manufactured with untreated fibres. This behaviour may be attributed to enhanced fibre bridging
effects, since the alkaline treatment increases fibre roughness. In fact, Mulinari et al. [29], reports
that the alkaline treatment enhances fibre roughness and fibre-matrix adhesion, owing to the
removal of the superficial layer of coir fibres, increasing the exposure area of fibrils and surface
pits (tyloses). Particles may also increase the composite strength, acting as barriers against crack
propagation and enhancing fibre-matrix interlocking. It is worth noting a relevant increase
(42.44%) observed for treated coir fibres with cement inclusions in the upper half of the laminate.
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A significant drop in strength (22.5%), however, was observed for treated fibre composites with
microparticle inclusions in the whole laminate. Such behaviour demands further investigations.
Figure 3b presents the main effect plots for mean tensile modulus. Figure 3b, item a, reveals
that the tensile modulus of treated coir fibre composites are 19.34% higher relative to untreated
ones, which is attributed to enhanced interlocking as well as an increase in fibre stiffness after the
alkaline treatment, as reported by Oliveira et al. [22]. Figure 3b, item b, shows a substantial
increase in stiffness (65.22%) when cement microparticles were incorporated into the upper beam
side and in the whole composite, with no difference between means as shown by the same group
A. These results are consistent with the matrix characterisation results (Table 2), which presents
an increase in modulus after the incorporation of 15 wt.% of cement particles, attributed to the

high stiffness of the microparticles. In addition, cement particles also enhances fibre-matrix
interaction through the interlocking effect.

141

Chemical A 22.25% Chemical Treatment Cement Location
Treatment

| —e— Treated

[a—
(98]

=
E | = A, A
= — -m— - Untreated ; SR A |
! | -~ 375 R }
2! = ‘
212, ‘ < 330 | !
; o - 119,349 ;
p=] |17.2% 7%
3 1 b % 325 | \ |
CREN ‘ z ¥ 65.22%
| =

= 1Y 2 300 : 1
o e C = |
210 . | 5 ‘
g 7 | S 275 |
] —a o

D g | 2
2 - D 23.57% P 2350 l

? lo pa j ) (a) B (b)
No particles Upper side Whole sample . - — .
Cement Location (a) Treated Untreated No particles Upper sideWhole sample (b)

Figure 3. Effect plot for the mean: (a) tensile strength and (b) tensile modulus of the composites.

3.2.2 Flexural Test

Figure 4a presents the second-order interaction analysis for the mean flexural strength. A
substantial increase in strength was observed when treated coir fibres were used, especially for
those non-particulate composites (78.41%), attributed to enhanced fibre-matrix compatibility and
bridging effects after the alkaline treatment. However, the inclusion of cement microparticles in
the upper beam side and in the entire sample of treated composites led to a decrease in strength of
15.93%. An opposite behaviour was observed for untreated fibre composites, with an increase in
flexural strength upon the inclusion of cement microparticles, which may act as barriers for crack
propagation.

Figure 4b shows the plot of second-order interaction effects for the mean flexural modulus.
Untreated and treated coir fibre composites present a similar behaviour at all levels (group B),
except when the particles were added to the whole sample (group A). This increase of 13.82% is
attributed to an increase in stiffness of post-treated fibres [22] as well as of the reinforced matrix
phase. This also implies that the particles may play an important role even when added to the lower
beam side (under tensile stress), which can be attributed to enhanced interlocking effects.
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Figure 4. Effect plot for the mean responses: (a) flexural strength and (b) flexural modulus of the
composites.

4. CONCLUSIONS

A Full Factorial Design was used to investigate the mechanical properties of hybrid composites
reinforced with treated and untreated coir fibres and cement microparticles in different locations.
The matrix phase was also characterized. The conclusions are described as follows:

* The incorporation of cement in the polyester matrix led to the increase of mechanical
properties in relation to the silica particles, especially when it was considered 15 wt.%.

» The inclusion of particles reduced the tensile and flexural strength of the matrices, except
for the compressive strength. In contrast, an increase in mechanical moduli was observed for all
reinforced matrices.

* In general, the chemical treatment enhanced the tensile properties and flexural strength of
the composites. However, a slight decrease in strength was obtained when the particles were
incorporated throughout the treated fibre laminates.

»  The cement particles promoted a substantial increase in tensile modulus for all laminates
because of their high stiffness. A positive effect was also evidenced for the tensile and flexural
strength of untreated coir fibre composites.

* Asslight increase in flexural modulus was observed only in composites with treated coir
fibres and cement added throughout the sample.
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Abstract

The consumption of polymeric materials and their waste increases considerably throughout the
world, leading to a constant concern with alternative recycling routes. Polypropylene (PP) is one
of the most produced, but it is not recycled in an expressive way. A significant amount of research
has been conducted to reuse discarded material into new composites, especially the cementitious
ones, combining environmental, economic and technological issues. Non-destructive tests, such as
ultra-pulse velocity, can be used to characterize and estimate the physical and mechanical
properties of cement-based materials. This work investigates the effect of partial replacement of
natural aggregates (NA) by recycled PP aggregates (PP-RPA) on pulse velocity and physical-
mechanical properties of mortars and their correlations. Coarse particles of PP (at 4 -10 US-Tyler
and 10 — 20 US-Tyler) provided better mechanical behaviour to composites made with fine
particles (20-50 US Tyler), the latter being largely affected by the presence of pores. Ultra-pulse
velocity can be used to predict the physical and mechanical properties of mortars containing PP
aggregates.

Keywords: mortar, recycled plastic aggregate (RPA), polypropylene (PP), mechanical properties,
ultra-pulse velocity (UPV)

1. INTRODUCTION

The reuse of solid waste has been a growing concern in today’s modern world. Several residues
are disposed in the environment without proper control or treatment. A significant amount of
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research in materials science has been conducted to find alternative routes for such waste,
combining environmental, economic and technological issues [1-4].

In this context, there is a considerable increase in the production and consumption of polymeric
materials, as well as the production of solid polymeric waste [3, 5]. This growth has occurred all
over the world due to its friendly properties such as low cost, durability, strength and low density
[6]. According to a survey carried out by Ferreira et al. [2], data from the Central Pollution Control
Panel indicate that there is a consumption of about 150 million tons of polymers per year in the
world, with a per capita production of 25kg/year. In addition, estimative indicates that every 10
years there is a doubling of the world production of polymer waste [2].

Among possible alternatives for the reuse of polymeric materials, an inexpensive and
environmentally friendly way is their use in the production of cement products [2, 3]. The use of
polymer fibres for concrete reinforcement was studied for the first time during the 90's.
Subsequently, new studies have addressed the production of concrete with polymer admixtures
and, more recently, with recycled plastic aggregates (RPAs) [2].

The replacement of natural aggregates (NAs) by RPAs directly affects the physical and
mechanical properties of cement-based materials [3, 6-9]. A reduction in density, which is an
interesting factor for some cement products, such as tiles, is obtained by the RPA inclusions, but
the compressive strength and porosity are impaired. It is therefore necessary to develop
experimental studies related to the incorporation of polypropylene — PP-RPA in cement products
for their physical-mechanical characterisation [3, 10].

Ultra-pulse velocity is a simple, fast and inexpensive non-destructive test for the
characterization of cement products. The UPV test has many advantages compared with the
conventional non-destructives testing methods, because it is linked to elastic mechanical properties
of the test material [11] and changes of ultrasonic pulses parameters can be used to determine the
damage and defects in cement based materials [12, 13]. Some authors have developed theoretical
models for the prediction of physical-mechanical properties of cementitious composites based on
UPV measurements [11, 14-24].

This work investigates the effect of the partial replacement of the NAs with PP-RPA wastes on
the physical-mechanical properties, such as compressive strength, ultra-pulse velocity (UPV),
dynamic modulus of elasticity, bulk density, apparent porosity and water absorption, of mortars
for concrete tiles. In addition, the relationships between the UPV and the physical-mechanical
properties are evaluated.

2. EXPERIMENTAL

2.1. Composite preparation

The cementitious composites were fabricated with ordinary Portland Cement (OPC), quartz and
polypropylene (PP) aggregates. The OPC was a Brazilian CP VV ARI (ASTM Type Il) sourced by
Holcim®. The quartz aggregates were sourced by Moinhos Gerais Mining Company (Brazil). PP-
RPAs were derived from the comminution of Coke® PET bottle caps. The bottle caps were initially
washed in water to remove impurities and, subsequently, the polymer was granulated into small
pieces using a knife mill.

The composite mix is based in an aggregate particle size distribution (PSD) used in the
production of tiles. Table 1 shows the reference PSD as well as the particle size envelopes used in
this study.
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Table 8: Quartz particle size distribution for cementitious tiles and work setup
General particle size distribution for concrete tiles Particle size envelope (wt%)

Sieve US-Tyler — (mm) Retained (%)

4 US-Tyler — (5mm) 0

5 US- Tyler — (4 mm) 5 4-10 US-Tyler (15wt%)
7 US- Tyler — (2.8 mm) 11.4

9 US- Tyler — (2 mm 15.89

16 LS. 'I¥yler _( 1 m%) 708 10-20 US-Tyler (40wt%)
32 US- Tyler — (0.500 mm) 28.44 20-50 US-Tyler (30wt%)

60 US- Tyler — (0.250 mm) 10.91

- - 0
115 US- Tyler — (0125 mm)  1.28 50-100 US-Tyler (15wt%)

Six different batches were prepared, including one reference batch and five batches containing
PP-RPA as a partial replacement for the NAs, corresponding to the experimental treatments (C1
to C6) shown in Table 2. Four samples for each experimental condition were fabricated, in a total
of 24 specimens.

Table 9: Experimental Treatments

Experimental  NA/RPA replacement particle size

Treatments (amount)
C1l-ref
C2-15 4-10 US-Tyler (15wt%)
C3-30 20-50 US-Tyler (30wt%)
C4-40 10-20 US-Tyler (40wt%)
C5-55 4-20 US-Tyler (55wt%)
C6-85 4-50 US-Tyler (85wt%)

A water/cement ratio (w/c) of 0.42 and an aggregate/cement (a/c) ratio of 3.75 were maintained
constant for all composites. The w/c chosen in this study was sufficient to permit full hydration of
the cement, as well as adequate compaction of the samples. A Marshall Hammer was used to
produce the cylindrical specimens in order to reproduce the level of compaction of extruded
concrete products in the laboratory (Figure 1). A constant volume and 6 hammed-blows were
considered for each sample, resulting in cylinders with approximately 50 mm in height and 54.5
mm in diameter. The cylinders were demoulded immediately after the compaction. The samples
were kept in a closed container for 28 days at room temperature for curing. The response variables
investigated were the ultra-pulse velocity, bulk density, apparent density, apparent porosity and
compressive strength.

55mm

C3 4  C5
Figure 28: Cylindrical samples
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2.2. Bulk density

The bulk density (p) of the composites was calculated by dividing the dry mass of the samples
after 28 days of curing (m,) by its volume (V). The bulk density and volume were calculated using
the equations (1) and (2), respectively, where D is the diameter and L is the length of the sample:

=7 1)
VznTszL @)

2.3. Ultra-pulse velocity and dynamic modulus of elasticity

A pulse of longitudinal vibrations is produced by an electro-acoustic transducer which is held
in contact with one surface of the concrete sample under test [25]. After traversing a known path
length L in the concrete, the pulse of vibrations is converted into an electrical signal by a second
transducer. Electronic timing circuits enable the measurement of the transit time T of the pulse to
be measured. The ultrasonic measurement is conducted using a portable ultrasonic non-destructive
digital indicating tester (Pundit Plus) with a 150 kHz transducer. The pulse velocity (in m/s) is
given by equation (3):

L
v= o ©)

The dynamic modulus of elasticity (E,;) is a measure that express the relationship between pulse

velocity and elastic constants [25]. The dynamic modulus of elasticity is given by equation (4).

(1+pw)(1—2p)
E; = Bv? (4)
¢ (1-u
where u is the dynamic Poisson’s ratio which value for concrete varies generally in the range of
0.15-0.22 [26]. In this work the Poisson’s Ratio was considered at 0.15 which is recommended for

mortars [27].

2.4. Apparent porosity

The apparent porosity (p) represents a percentage or fraction of the void spaces in a material,
varying from 0 to 100% or 0 to 1. The apparent porosity was calculated according to British
Standard 10545-3 [28]. The samples were weighted after 28 days of curing and the dry mass (m,)
was recorded. Subsequently, the samples were saturated with water under vacuum and the
saturated mass (m,) and the suspended saturated mass (ms) were measured. The apparent porosity
was calculated using the equation (5).

m, —my

P= o Tm, ()

2.5. Water Absorption

The water absorption (E) is the percentage of water absorbed by the sample after being
immersed in water under vacuum, as described for the determination of the apparent porosity,
following the BS 10545-3 [28]. The equation (6) was used to calculate the water absorption.
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mq
E=——2x100 (6)
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2.6. Compressive strength

The British Standard 12390-3 [29] was used to measure the compressive strength of the
samples. The compressive strength can be determined by dividing the maximum force applied to
the sample (F,,4,) by its initial area (4,), according to the equation (7).

_ Frnax
fo= 4 7)

The compression tests were carried out at Imm/min using a AG-X Plus SHIMADZU testing
machine equipped with a load cell of 100 kN.

3. RESULTS

Table 3 summarizes the mean and standard deviation of the investigated properties. It is
noteworthy that the investigated factor depends on particle size and amount levels. In general, the
physical-mechanical properties are substantially affected by the PP-replacement levels.

In general, the porosity and water absorption increased while the UPV, bulk density
compressive strength and dynamic modulus decreased when a large amount of PP particles was
incorporated as quartz replacement. It is noteworthy, C3 composite made with 30wt% of PP at 20-
50US-Tyler particle range achieved lower elastic properties than C4 and C5 composites made with
40wt% and 55wt% of PP particles, respectively. This behaviour can be attributed to the presence
of fine PP particles, with larger surface area, in C3 composites, affecting the packing of particles
of the system.

Table 10: Experimental Results

Setup Pulse Velocit Bulk Apparent Water Compressive ~ Dynamic
(m/s) Y Density Porosity ~ Absorption Strength Modulus
(g/em?) (%) (%) (MPa) (GPa)

Cl-ref | 4182.78+252.34 2.11+0.07 7.04+2.41  3.25+1.23 29.87+6.60 42.77+6.34
C2-15 | 3670.20+168.92 1.94+0.07 8.91+2.67 4.47+1.49 20.76+£5.71  30.21+3.74
C3-30 | 2800.71+124.81 1.66+0.05 14.01+1.20 8.09+0.84 7.88+1.52 15.04+1.74
C4-40 | 2666.40+£120.05 1.66+0.06 11.35+2.09 6.63+1.43 11.84+2.26  13.58+1.61
C5-55 | 2385.62+117.58 1.52+0.02 11.38+1.78  7.22+1.27 8.64+2.00 9.99+0.99
C6-85 | 1872.84+179.61 1.22+0.12 14.12+1.74 11.54+1.72 5.16+1.14  4.92+0.670

Backscattering electron images were obtained at 30x (Figure 2) and 100x (Figure 3) of
magnification to verify the microstructure of the composites and analyse the interface between the
PP-RPA and the cement matrix. Higher NA/PP-RPA replacement led to increased amount of
pores. Besides, larger pore sizes were observed when fine PP particles were incorporated, as
revealed by C3 composites (Figure 3c). Fine low-density particles contribute to increase the
volume of PP particles in the system, consequently, affecting the porosity and the elastic
properties. The interfacial transition zone (ITZ) between the PP particles and cement was more
porous when fine particles were used (Figure 3c), in contrast to coarse PP particles (Fig. 3a,b).
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e

HL D85 x30 2mm UFSJ

2

C4 C5 Cé6
Figure 29: Backscattering electron images of the experimental treatments

HL D80 x100 1mm UFSJ HL D85 x100 1mm UFSJ

HL D10.2x100

4-10 US-Tyler (a) 10-20 US-Tyler (b) 20-50 US-Tyler (c)
Figure 30: PP-RPA and matrix phase interface evaluation

1. 3.1. Statistical Analysis

The software Minitab17® was used to perform all the statistical analysis. A correlation analysis
of the responses variables is shown in Table 4. The first and second rows for each response exhibit
the Person Correlation (PC) and the P-value, respectively.
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Table 11: Correlation Analysis

Pulse Bulk  Apparent  Water  Compressive
Velocity Density Porosity Absorption  Strength

) PC 0.960
Bulk Density Pvalue 0000
. PC -0.794 -0.790
Apparent Porosity P-value 0.000 0.000
) PC -0.889 -0.926 0.921
Water ADSOrption o\ -1ie 0,000 0.000  0.000
Compressive PC 0929 0899 -0.914 -0.884
Strength P-value  0.000 0.000 0.000 0.000
Dynamic Modulus PC 0.983 0.938 -0.820 -0.859 0.966
of Elasticity P-value 0.000 0.000 0.000 0.000 0.00

The PC ranges from -1 to 1, and the further away from 0, the greater the correlation between
the variables. A significant correlation occurs when the P-value is less than or equal to 0.05,
considering a confidence level of 95% (a=0.05). As shown in Table 5, the correlations between
the analysed variables are significant (P-value < 0.05) and strong (PC > 0.600). Based on response
correlations, a multivariate analysis of variance (MANOVA) [30] was performed and presented in
Table 5. The MANOVA tests the equality of several means at the same time using the covariance
structure among the variables, unlike the ANOVA that tests one by one. When the analysed
variables are correlated, the MANOVA design is able to detect a smaller mean variation compared
to ANOVA:s. As successive ANOVAs are performed, the chances of incorrectly rejecting the null
hypothesis increase, which does not occur in MANOVA, since the means are tested at the same
time, maintaining the error at the alpha level. Significant effect factors are indicated by MANOVA
when the P-value is lower than 0.05. Each treatment can be considered a specific composite and
its physical-mechanical properties are affected by the size of the NA / RPA replacement particles.

Table 12: ANOVA and MANOVA
P-value R? (adj.) (%)

Pulse velocity 0.000 95.69

Bulk Density 0.000 94.18
ANOVA Apparent Porosity 0.000 58.56

Water absorption 0.000 79.03

Compressive Strength 0.000 83.39

Dynamic Modulus of Elasticity 0.000 94.46
MANOVA Wilks’ Test 0.000

A Regression Analysis was performed to model a relationship between the responses (Figure
4). Table 6 shows the equations and the adjustments of the generated models (R?).
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Figure 31: Correlation between the response variable

Table 13: Regression analysis

Model R? (%)

(8) B(v) B = 0.6469 + 0.000355v 91.74
9) p(v) p = 20.28 — 0.003120v 61.40
(10) E(v) E = 16.45 — 0.003272v 78.08
(11) £ ) f. = —17.85 + 0,010879v 85.75
(12) E;(v) E; = —29.05 + 0.016544v 96.55
(13) p(B) p = 25.29 — 8.39B 60.73
(14) E(B) E =22.41-9.210B 85.08
(15) £.(B) f. = —33.94 + 28.43B 79.87
(16) E,(B) E; = —52.55 + 42.66B 87.47
(17) E(p) E= —2.734+0.8624p 84.05
(18) £.(p) f. = 4436 — 2.724p 82.84
(19) E;(p) E; = 5851 —3.511p 65.74
(20) £.(E) f. = 33.33 — 2.810E 77.08
(21) E,(E) E; = 46.39 — 3.927E 72.60
(22) E;(f.) E; = —0.04 + 1.3878F. 92.95

A linear relation was identified among the variables. Based on the regression analysis,
satisfactory adjustments of the models were evidenced, except for (9), (13) and (19), which
exhibited R? values close to 60%. This fact can be attributed to the porosity (p) response variable
involved, which is determined using three measures of dry mass (m,), saturated mass (m,) and
suspended saturated mass (ms). Suspended saturated mass measurements should be further
affected because the PP particle density is lower than the water density. The water absorption
response (E) is similar to the porosity, however its models have an adequate adjustment. The
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calculation of water absorption does not consider ms, which evidences the effect of the suspended
mass previously commented.

As most models showed high R?, it is possible to reliably estimate the physical-mechanical
properties based on these models. It is worth mentioning that the models involving UPV (see Table
6 (8-12)) can be extremely useful, since they are obtained by means of a non-destructive test, being
possible to estimate the other properties, impacting the cost, ease and speed of the characterization
[14].

4. CONCLUSIONS

This paper investigated the effect of the partial replacement of NAs with PP-RPAs wastes on
the physical-mechanical properties of sustainable mortar for tiles and the relationship between the
ultra pulse velocity and the other responses. The conclusions are described as follows:

(@ MANOVA indicated that the NA/RPA replacement particle size affects the physical-
mechanical properties of the mortars. In general, this replacement has a negative effect on
pulse velocity, porosity, water absorption, compressive strength and dynamic modulus,
however it reduces the bulk density, which is an interesting behaviour for concrete tiles.

(b)  Coarse particles of PP (at 4 -10 US-Tyler and 10 — 20 US-Tyler) provided better mechanical
behaviour to composites made with fine particles (20-50 US Tyler); the latter is largely
affected by the presence of pores, especially in the interfacial transition zone and the
packaging of the particles in the system.

(c) Good correlations were obtained between the response variables studied - pulse velocity,
bulk density, apparent porosity, water porosity, compressive strength and dynamic modulus
of elasticity - being possible to estimate the properties through a non-destructive parameter,
like ultra-pulse velocity. The equations are related to the materials studied in this work,
however, similar equations can be developed for other precast concrete materials.
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Abstract

Steel fiber reinforcement aims to improve composites properties regarding to crack
propagation. It is known that concrete has high compressive strength and durability, but its
toughness is low, being considered a fragile material. The role of the fibers as a toughening strategy
depends on several factors, including bond strength between the fiber and matrix. RHA has a high
content of amorphous silica, which gives it high pozzolanic activity. This RHA characteristic may
lead to the formation of new hydration products, especially C-S-H, giving a higher density to the
cement matrix; thus, enhancing the bonding between fibers and the cementitious matrix. This
research aims to evaluate if a highly reactive RHA incorporated as mineral admixture in steel fiber
reinforced concrete improves its toughness. Concrete samples were produced with fiber volume
fractions of 0.5, 0.75 and 1.0%. To investigate the RHA effect, the same reinforcement rates were
used in concretes in which cement was partially replaced by 15% RHA. Four points bending tests
were carried out in a servo controlled universal testing machine, with being controlled by the
displacement transducer. The results indicate that RHA composites presented slightly higher
values of toughness and residual stress than those without the mineral admixture. Therefore, RHA
can be considered as viable approach to enhance fiber-matrix interactions and making the
reinforcement more effective when in considering the whole composite behaviour.

Keywords: Rice Husk Ash; Flexural test, Steel Fiber

1. INTRODUCTION

The main approach to improve concrete performance regarding toughness is the incorporation
of fibers to the matrix, which act as a stress bridge, promoting higher resistance to crack
propagation. The fiber acts by transmitting the stresses from one side of fissure to the other,
avoiding stress concentration and early material failure [1]; [2].

Steel fiber reinforced concretes can be produced using the same procedure adopted to make
conventional concrete, with adaptations to promote homogeneity. Particular attention should be
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given to the uniform dispersion of the fiber along the concrete mix in order to achieve performance
improvements in concrete mechanical properties, also considering the workability required for a
suitable mix, release and finishing of this composite. Even with the use of superplasticizers, this
percentage of incorporation remains around 2% when adopting conventional concrete mixing
practices [3]. To Johnston [4], this percentage is between 0.25 and 1.0% by volume.

Many factors influence the properties of fiber-reinforced concrete, mainly: the type and size of
the fiber; their constituent material and aspect ratio; incorporated fiber volume and the quality of
the cementitious matrix (characterized by interfacial transition zone between composite phases).
All these variables influence the fiber / matrix adhesion stress, which is the property that will
promote toughness to fiber reinforced concrete [3]; [5].

The interaction between the concrete matrix and fibers is one of the main challenges for
reinforced concrete research. The region known as Interfacial Transition Zone (ITZ) is responsible
for the adhesion between the materials. As this region becomes denser, the interaction becomes
better and consequently increases composite strength [6].

Pozzolanic activity of materials consisting of large amounts of silica, such as rice husk ash
(RHA), is of great importance to promote a more complete cement hydration, making the matrix
denser and less subject to degradation by external agents. In the case of steel fiber reinforced
concrete, it increases the adhesion strength between the materials [7]. In addition, because they
have particles smaller than cement, they allow a better compaction of the cement paste [8].

The research objective was to evaluate the effect of cement substitution by RHA, aiming to
densify the cement matrix to the point where the adhesion stress with the steel fiber was higher
than in the conventional mixture. For this, control specimens and specimens with 15% of cement
replaced by RHA were produced. In addition, steel fiber incorporation was evaluated in
percentages of 0.5, 0.75 and 1.0% by volume. Using the four-point flexural test, it was possible to
measure the toughness of each formulation. The results indicate an increase in toughness in
comparisons with and without the addition of RHA, besides a gain of load capacity in the post-
cracking phase.

2. MATERIALS AND METHODS

2.1 Materials

The materials used in this research were cement, sand, gravel # 0, steel fiber, water,
superplasticizer and rice husk ash. The cement used was the Portland High Initial Strength Cement
(CPV-ARI) from Holcim. Because it is a purer cement, it is ideal to evaluate the efficiency of RHA
incorporation and its pozzolanic activity in the composite. The sand used was average river sand,
with fineness modulus of 1.65 and maximum characteristic size of 1.2mm. Coarse aggregate was
grade # 0 of gneiss with 12.5mm for maximum dimension and 1.11 fineness modulus.
Industrialized highly reactive RHA presenting 92% of amorphous silica, average diameter of 7.7
um, density and its specific surface area (Sger) of, respectively, 2161 Kg/m?® and 21150 m?/Kg. As
superplasticizer, Fluxer RMX 7000 from ERCA was used.

The steel fibers adopted in this research were DRAMIX type 80/60BG fibers manufactured by
Belgo Bekaert in accordance with ASTM [9]. It is a smooth fiber with hooks. The fiber
characterization is described in Table 1.

Table 1 — Steel fiber characterization
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Steel fiber Dramix 80/60BG - Belgo Bekaert

Type of fiber SFO1
Diameter (mm) 0,75
Length (mm) 60
Tensile strength (N/mmg2) 1.100
Max. load (N) 485
Aspect ratio (I/d) 80

Source: Belgo Bekaert

2.2 Methods

Table 2 shows the proposed formulations. In all formulations, the amounts of the following
materials were maintained: water/binder factor, sand, gravel and superplasticizer. The percentages
of 0.5, 0.75 and 1.0% by volume of concrete were adopted as variables for the incorporated fiber
volume. The formulations were also adopted without the addition of RHA and with the
replacement of 15% of cement by RHA.

Table 2 — Quantitative materials for each formulation

Materials for 1m? of Formulations

concrete CPFL_00_0 CPFL_00_0.5 CPFL_00_0.75 CPFL_00_1.0 CPFL_15_0.5 CPFL_15_0.75 CPFL_15_1.0
Cement (Kg) 409,84 409,84 409,84 409,84 348,36 348,36 348,36
RHA (Kg) 0 0 0 0 61,48 61,48 61,48
Sand (Kg) 568,85 568,85 568,85 568,85 568,85 568,85 568,85
Grain #0 (Kg) 1292,62 1292,62 1292,62 1292,62 1292,62 1292,62 1292,62
Water (Kg) 179,51 179,51 179,51 179,51 179,51 179,51 179,51
Water / Cement factor 0,44 0,44 0,44 0,44 0,44 0,44 0,44
Steel fiber (Kg) 0 39,25 58,88 78,50 39,25 58,88 78,50
Superplasticizer (Kg) 2,61 2,61 2,61 2,61 2,61 2,61 2,61

Samples

Three prismatic specimens were produced for each proposed formulation, with 21 samples in
total. Samples were produced in the dimensions of 100x100x350mm, according to the American
standard ASTM [10] for flexural tests.

A conventional 200 litres mixer was used for the concrete production. The total mixing time
was 10 minutes. The moulds were filled in two layers that were compacted using a metal rod with
75 strokes. Samples were removed from the moulds after 48hs and the curing method was by
immersion in water saturated with calcium hydroxide for a minimum 28 days in order to protect
the steel fiber from corrosion. After the curing period, the specimens were tested for flexural
strength
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Four-point flexural test

Four-point flexural tests followed the requirements of ASTM [10]. According to the norm
mentioned, the toughness value obtained in the four point bending test is given by the area under
the load X deflection curve up to limit of L/150. L corresponds to the span length (300mm). The
test machine used has a MTS servo-hydraulic actuator with load capacity equal to 100KN,
mounted under a rigid gantry with a vertical displacement controller monitored by an LVDT
device with a measuring capacity of 4mm. The LVDT device HBM 20mm was attached to each
sample using a Yoke type apparatus, shown in Picturel.

=
o
H
=8

Obstaculo / / ee
ol = ]
Relete
@ / Base rigida LVOT 1 /
NN\ NNNENNNNNNN

Picture 1 — Mounting detail for four-point flexural test [11]

The test parameter used an actuator displacement rate of 0.1mm/min, with data acquisition
frequency of 5Hz. The deflection measured by the LVDT was used as the control of the test, being
limited to 2mm (equivalent to L/150, as prescribed by the reference standard). The base of the
gantry was aligned, followed by the positioning of the support rollers and the adjustment of the
wheelbase. Support rollers were 300mm apart and 25mm from the ends of the samples. Load
application rollers, in turn, were 100mm apart, placed in the middle third of the samples. In order
to measure deflection during the test, a Yoke support device and the obstacle plate for data
acquisition via LVDT were installed in each sample. Finally, the LVDT was connected to the
QuantumX MX440B HBM data acquisition device (Picture 2).
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Picture 2 — Sample detail prepared for testing with LVDT device and Yoke support

3. RESULTS
The average results obtained in each of the seven series tested under flexion are in Table 3.
Table 3 — Flexural test results
Four-point flexural test results
_ cure  dp1 cpt  fpl  &L/600 cLieo0 fL/600 3L/150 CL/150 fL/150 T dev. T
Formulations
(days) (mm) (KN) (MPa) (mm) (KN) (MPa) (mm) (KN) (MPa) (KN.mm) (KN.mm)
CPFL 00 O 65 0,040 21,03 6,31 0,50 0,69 0,21 2,00 2,32 0,36
CPFL 00 0.5 36 0,043 26,92 8,08 0,50 16,86 5,06 2,00 14,73 4,42 33,05 3,88
CPFL 00 0.75 42 0,042 24,47 7,34 0,50 21,90 6,57 2,00 21,08 6,32 32,52 12,18
CPFL 00 1.0 44 0,067 28,02 8,41 0,50 33,56 10,07 2,00 27,02 8,11 60,53 3,28
CPFL 15 0.5 63 0,047 25,81 7,74 0,50 19,21 5,76 2,00 15,62 4,69 36,70 13,30
CPFL 15 0.75 50 0,042 28,26 8,48 0,50 2291 6,87 2,00 22,08 6,62 45,82 7,32
CPFL 15 1.0 61 0,044 29,58 8,87 0,50 35,14 10,54 2,00 34,71 10,41 75,13 10,94
Where,

opl = deflection at peak load, or first cracking;
Cpl = peak at the point of first cracking;
fpl = tension in first crack;

oL/600 = deflection at point L/600 (0,5mm);

CL/600 = load at point L/600 (0.5mm);
fL/600 = tension at point L/600 (0.5mm);

oL/150 = deflection at point L/150 (2.0mm);

CL/150 = load at point L/150 (2.0mm);

fL/150 = tension at point L/150 (2.0mm);
T = toughness (by area under load X deflection curve);
dev. T = standard deviation for toughness calculation.
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Picture 3 — Load X deflections graph

Regarding the post-cracking residual strength (Picture 3), the graph shows the strain-hardening
behaviour for 1.0% fiber formulations. In formulations with 0.5 and 0.75% of fiber, the analysed

behaviour is strain-softening.

According to Picture 4, formulations with 0.50% addition of steel fibers presented a toughness
gain of 11%, comparing the propositions with and without RHA. In formulations with 0.75%
addition, the gain was of 41%, and for the additions of 1.00%, an increase of 24.1% was observed.

Toughness (KN.mm)
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Picture 4 — Comparison of toughness between formulations
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CONCLUSIONS

For formulations with 0.5 and 0.75% of fibers, the post-cracking behaviour was strain-
softening, which means there was little contribution of the residual strength for the load
capacity.

In composites with 1.0% of fibers, the profile of strain-hardening was observed with load
peaks in the residual phase being higher than the first peaks. In flexure tests, it was also
possible to verify that cracks always appeared in the intermediate region of the samples,
which is a pure flexion zone;

With regard to composites toughness, the increase in this characteristic becomes evident
as the percentage of the addition rises. With the propositions studied, it was not possible
to establish the limit of fiber addition that corresponds to maximum gain of toughness.
Therefore, there is a need for complementary studies;

The use of RHA in partial replacement of cement as a measure of densification of ITZ
and consequently improvement of adhesion between materials showed promising results.
Four-point flexural strength tests showed significant increases in toughness (in order of
24% for 1.0% fiber formulations). Therefore, it is correct to assert that, in general, RHA
contributes for the increase in steel fiber reinforced concrete properties;
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Abstract

A research programme in Stellenbosch University was launched to develop and characterize
lightweight foam concrete for structural application. A particular aim is to develop the material
with sound mechanical and durability properties for structural application in load bearing walling
systems of low to medium rise residential infrastructure. The benefits of thermal and sound
insulation make it an ideal construction material for residences in hot or fluctuating climates. In
particular, its low self-weight may be exploited in regions of seismic activity, leading to lower
inertia forces in earthquake ground acceleration. Having been in use for nearly a century, its use
has been dominantly for non-structural insulation and backfill for drainage. In the past decade it
has received renewed attention as potential structural material. Significantly improved mechanical
properties are reported in this contribution. Also, the closed pore structure, despite the high
percentage of pores, is visualized. Results of carbonation-induced and chloride-induced corrosion
of embedded steel in LWFC are presented. To illustrate the potential of a structural walling
system, results of recent pull-over laboratory tests and modelling are presented on a R/LWFC
walling system comprising a founding beam, two interconnected wall panels, and an upper beam
simulating upper floor restraint. The modular construction method, foam concrete, and on-site
connection systems are shown to present behavior viable for application in industry.

Keywords Foam concrete; steel reinforcement; carbonation; chloride-ingress; corrosion

1. INTRODUCTION

Lightweight foam concrete (LWFC) originates from early in the previous century. Applications
are dominated by non-structural applications such as insulation and backfill for drainage [1, 2].
The base composition of this composite material comprises a cement paste prepared by mixing
cement and water, and subsequent addition of pre-mixed foam to form the air voids. Aggregates
can be added, and cement can be partially replaced by alternative binder or filler materials such as
fly ash. It is characterized by a porous microstructure which is responsible for its superior thermal
performance compared to normal weight concrete. At the same time, the voids are responsible for
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its relatively low compressive strength, stiffness and fracture energy [3]. In order to exploit the
light weight and insulation properties in structural application, advances have been made in
developing and characterizing the mechanical properties and durability. While foam concrete can
be produced in a wide density range, a density range of 1200 to 1600 kg/m? is believed to hold
potential for structural use [2, 3]. Optimization of the paste, which forms the skeleton of LWFC,
and improved foaming agents to form well-dispersed, small diameter air voids have led to
significant advances in mechanical behavior. Micro-fiber reinforcement may be an additional
ingredient to either control early age shrinkage and potential plastic shrinkage cracking, or to
reinforce the composite in the hardened state. To advance structural applications of foamed
concrete, the durability behavior of reinforced LWFC over time, as well as how to adequately
reinforce a material with lower fracture energy must be understood. The following sections present
an overview of recent results of mechanical and durability characterization.

2. DEVELOPMENT OF MECHANICAL PROPERTIES

Recent development has led to improved mechanical performance of LWFC [1-5]. Table 1
summarizes a subset of LWFC mixes developed and characterized by the authors at Stellenbosch
University.

Mix design improvements have led to the ability to accurately design for desired densities in
the range 1000 to 1600 kg/m?. In this range, the air voids comprise a significant portion of the
composite, up to 40-50% by volume. As expected, increased air content leads to reduced strength
and stiffness in the hardened state. However, the skeleton composition, and control of the air voids
to remain fine and well-dispersed, enable strengths to be achieved that suffice for structural
application. Figure 1 shows LWFC compressive and tensile strength as function of density. Note
that the strength values are normalized to that of a standard class 40 MPa concrete for the purpose
of illustration. Error bars for 1400 kg/m® show the possible range in strength obtained by the
authors for various paste compositions. Stiffness, here in terms of Young’s Modulus E, is shown
to be approximately proportionate to density, despite the disproportionate compressive and tensile
strengths. Fracture energy has been found to be low, but improved by [5] as reflected by the Gt
error bar for 1400 kg/m* LWFC by inclusion of 0.35% by volume of polypropylene fiber of length
12 mm and diameter 0.04 mm.

Bond of LWFC with ribbed steel reinforcement bars is also shown to be relatively low in Figure
1. Note that these bond values were determined by beam-end tests [3] for LWFC without fiber.
This motivated the work to increase fracture energy [5], whereby it is believed the splitting
cracking caused in steel bar bond failure is controlled, whereby the bond is significantly improved.
Beam-end tests have not yet been repeated for fiber LWFC, but in Section 4 the tests on steel
reinforced LWFC wall system did not exhibit debonding of steel, but rather expected crack patterns
in the R/LWFC walls indicating proper composite action.
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Table 1: Mix compositions

Zvinokona et al. [6] Mabatapasango| Dunn et al. [5]
etal. [7]
A:C=0 |[A:C=1] A:C=2 A:C=1 LWFC |[NWC
Target Casting Density [kg/m®] 1600 1400 1550 2400
Dry density 1450 1250 1400
Wet density 1600425 1375415 1550425
CEM 11-52.5 [kg] 1110 593.3 404.4 511.7 3718 378
Fly-ash, Class S [kg] 0 593.3 808.9 511.7 743.7 122.5
Coarse aggregate 6—9 mm [kg] 0 0 0 0 0 769.5
Polypropylene Fiber [kg] 5 5 5 0 4.1 0
Malmesbury Sand [kg] 0 0 0 0 0 972
Water [Litre] 475 403.3 375.6 358.2 479.7 180
Foam [kg] 12.8 10.4 9.5 18.4 4.819 N/A
Super Plasticizer [kg] 0 0 0 0 0 7.56
Compressive strength: age(d)| 1 | 28|56 112856 |28d]| 56d | 112d
Reference (untreated) 18.5/30.5|34.5 35185255 22 | 25 | 20.3
(MPa) Integral® 28.5| 33.7 | 32.3
Surface treated? 18.5] 225 | 21.2

L Integral water repellant agent Sikalite or Chryso Fuge B
2 Surface treatment painted on, Sikagard 706 Thixo, 0.2% wt binder) 200-300 g/m?
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Figure 1: Normalized strength (feu, ft), stiffness (E), fracture energy (Gr) and bond stress of
LWFC, showing recent improvements for 1400 kg/m? in fo, and G with error bars.

3. DURABILITY OF LWFC

Optimized LWFC has a porous, yet cellular, closed microstructure. Figure 1(a) shows the pore
size distribution, and their interconnectivity is shown in Figure 2(b) through X-Ray computer
tomography (CT) of a 1400 kg/m®* LWFC included in Table 1, with A:C=1. For the particular
LWFC the mean pore size was found to be 310 um, and this was slightly reduced to 286 um in the
case of integral water repellence treatment of the same LWFC mix. Importantly, the pores are
interconnected to only an insignificant degree, which is important for ingress of deleterious
substances into LWFC.

Durability tests have been performed on LWFC, and a summary is given in Table 2. Reference,
untreated LWFC, as well as specimens treated for water repellence through mixing the water
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repellence agent into the matrix, denoted integral in Table 2, and others that were surface coated
after curing were included in the experimental programs. Carbonation and chloride-induced
corrosion were investigated. Cover depths of 20 mm and 35 mm to single 12 mm diameter steel
reinforcement bars were used in chloride aqueous solution cyclic ponding tests for accelerated
corrosion of R/LWFC. In the case of carbonation, only a 35 mm cover depth was used. See Figure
3 for full details of the durability tests, the reader is referred to [6] and [7].

Figures 3(a) and (b) show results of chloride profiling and carbonation depth from these tests.
It must be noted that drying shrinkage restraint by the embedded reinforcement bars caused crack
formation in the specimens, which are illustrated in Figure 4 on plan views of the 500 mm x 100
mm x 100 mm specimens used for chloride-induced corrosion, for all mix types (A:C =0, 1, 2)
and cover depths (20 mm, 35 mm). Chloride profiles were obtained by drilling into the specimens
after 9 week of cyclic ponding with chloride aqueous solution [4], collecting the powder and
performing X-Ray Fluorescence (XRF) to determine the total chloride content. This was done by
drilling into cracks, and into uncracked parts respectively, denoted by cracked and uncrakced in
the legend of Figure 3(a). It is clear that for surface treated LWFC, whether cracked or uncracked,
the chloride penetration was limited. For integral water repellent LWFC, chloride did not penetrate
deep into uncracked LWFC, but in the crack, significant amount of chloride penetrated to the
surface of the reinforcing bar. This amount was only exceeded by the cracked, untreated LWFC.
To prevent restrained shrinkage cracks, Grafe (2017) developed a fiber reinforced LWFC, which
is included in the second last column of Tables 1 and 2, as used by [5] for large scale wall system
testing. The fibers prevented restrained shrinkage cracks in those mixes, despite inclusion of
reinforcing steel meshes, as reported in Section 3.

The carbonation depth did not reach the level of steel (Figure 3(b)), and no corrosion initiated
in those specimens. Corrosion did initiate and propagate in the accelerated chloride-induced
specimens, ascribed to the restrained shrinkage cracks. Figure 4 summarizes corrosion rates in the
various R/LWFC specimens.
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Figure 2: LWFC of density 1400 kg/m? air void (a) diameter distribution and (b) connectivity.
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Table 2: Durability properties of LWFC

Zvinokona et al. [6] Mabatapasango et al. [7]
A:C=0 |A:C=1] A:C=2 A:C=1

Target Casting Density [kg/m®] 1600 1400
Water penetration depth (mm)

Reference (untreated)

Integral

Surface treated 458
Carbonation depth: weeks| 4 8 12

Reference (untreated) 12 23 24.3
(mm) Integral 25 8 12

Surface treated 35 12.5 17
Chloride penetration depth :

Reference (untreated) 1 12 34
(mm) Integral 9 12 19

Surface treated? 5 5 6

! Integral water repellant agent Sikalite or Chryso Fuge B
2 Surface treatment painted on, Sikagard 706 Thixo, 0.2% wt binder) 200-300 g/m?
3Water penetration depth test according to EN 1504-2:2004
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Figure 3: (a) Chloride profiles in LWFC specimens after 9 weeks of cyclic ponding with
Chloride aqueous solution, (b) carbonation depth [4].
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Figure 4: Corrosion rate in R/LWFC specimens with various Fly Ash to Cement ratios (0, 1, 2),

and cover to steel (20 mm, 35 mm). Typical crack patterns and widths are also shown.
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4. STRUCTURAL R/LWFC WALLING SYSTEM

A R/LWFC walling system is proposed that consists of connected precast reinforced LWFC
panels. Current residential infrastructure in the Western Cape of South Africa comprise mainly of
unreinforced, load bearing masonry (URM) and precast, hollow-core floors. These three and four
storey buildings do not conform to the SANS 10160-4:2017 seismic design criteria and are
susceptible to the low-moderate peak ground acceleration of a;, = 0.15 - g predicted for the area.
As an alternative structural system, a LWFC walling system will take advantage of the thermal,
acoustic and fire-resistant properties of LWFC, as well as light weight and associated low inertia
forces. This structural system will also contribute to reduce the housing backlog through high
quality, high output factory production, and sustained employment in industrialized construction.

To test the proposed walling system, a wall section of a prototype building shown in Figure
5(a) is modelled for laboratory testing as well as finite element analysis. The scaled test assembly
(Figure 5b) comprise two wall panels, each of dimensions 1380x920x150 (mm), and two
reinforced concrete panels/beams to simulate a foundation and floor interaction. The concrete mix
design for both the LWFC and NWC panels are given in Table 1. Each wall panel was reinforced
with two layers of a local South African (Ref .193) steel mesh, comprising of 5.6 mm diameter,
520 MPa yield strength steel bar at a grid spacing of 200 mm x 200 mm, placed with 40 mm cover
from each wall face. The walls were precast horizontally in wooden moulds, and after 14 days
tilted up and transported from the Materials Laboratory to the Structures Laboratory for assembly.
Heat curing can be employed and removal of the moulds can be done within days. The vertical
dashed lines in Figure 5(b) indicate the locations of grouted dowels along the horizontal
connections, each consisting of a 12 mm diameter, 520 MPa yield stress steel bar, encased in a 40
mm diameter PVC pipe and grouted with SikaGrout®212. Wall 1 had three dowels per panel per
interface. The four horizontal connections (boxed in red) are the connections that were removed
as a variable for the second pull-over test, in Wall 2. The vertical connection boxes between the
two wall panels are shown in Figure 5(d). These horizontal connections follow the precast
connection guidelines outlined in the New Zealand building codes [8, 9]. This guideline suggests
that reinforcement across a connection be less than the reinforcement within the wall, to ensure
failure at the connections where ductility can be confirmed.

The self-weight load of the structure above was applied to the wall system via springs to the
top of the wall and distributed through a 254x254x89 structural steel H-section. The walls were
displaced through a 500 kN Instron Mechanical Testing Machine (MTM) and transferred across
the structural steel section by embedded shear bolts into the top NWC panel. Details of the
experimental setup can be found in Dunn et al. (2017).

The results indicated sound responses of the two wall systems to quasi-static pull-over. Figure
6 shows the responses of Wall 1 and Wall 2, with distinct difference caused by the connection
system. Recall that fewer dowel connectors were included in Wall 2 than Wall 1 (Figure 5b). This
led to a separate rotation of the two wall parts (Figure 6a), due to balanced vertical and horizontal
connection detail, and subsequent larger pull-over resistance and energy dissipation in Wall 1 than
Wall 2 (Figure 6(a) versus Figure 6(b)). Moreover, well-developed patterns of, diagonal fine
cracks were observed in Wall 1, but less in Wall 2, explaining the lower ductility of Wall 2 than
that of Wall 1.
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Figure 5: (a) Prototype residential building, (b) wall test section comprising two interconnected
wall panels, a foundation and floor beams, (c) illustration of foundation-wall dowel connections
and (d) photo of the wall panel connectors used in vertical joints.
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Figure 6: (a) Separate wall panel rotation with 3 dowel connections per wall part and lower and
upper beams, versus (b) wall panels rotating together as a single unit in two dowel connections
per panel per interface.
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S. CONCLUSIONS

Lightweight foam concrete can be used structurally, thanks to the development in materials
technology to improve the strength and stiffness, as well as fracture energy. Inclusion of a small
amount of micro fiber prevents the formation of restrained shrinkage cracks. In absence of cracks,
carbonation and chloride penetration is restricted, even more so if integral, or preferably surface
treatment is applied for water repellence. Yet, even without such treatment, the closed, fine,
dispersed pore structure in foam concrete prevents significant ingress of deleterious materials.
Thereby, deterioration processes like chloride-induced corrosion, are slow.
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Abstract

This work investigates the reutilisation of natural (SCB) and modified sugarcane bagasse fibres
with aminopropyltriethoxysilane (MSCB) in cementitious composites. The modified fibres were
used in the treatment of effluents contaminated with oil-engine. A full factorial design was used
to identify the effects of fibre type (natural and modified sugarcane), fibre length (0.6 and 1.2 mm),
fibre amount (1 and 2wt%), and fibre condition (before and after oil filtration) on apparent density,
water absorption, apparent porosity, ultra-pulse velocity, dynamic modulus, flexural strength and
modulus. SCB fibres led to increased apparent density compared to MSCB fibre reinforced
composites. The MSCB fibres contributed to reduce the porosity of the composite, leading to
higher mechanical properties. The reduced area of MSCB fibres increased the amount of
cementitious phase per unit volume which increases the sample strength. Longer fibres (1.2 mm)
have a higher surface area, leading to a higher concentration of fibres per unit volume, increasing
water absorption by 17%. The amounts of fibres had no significant effect on the mechanical and
physical responses. Samples made with 2wt% MSCB fibres of 0.6 mm in length achieved
promising results for non-structural applications in civil engineering.

1. INTRODUCTION

The construction industry requires significant amounts of raw materials and energy for its
development, generating a significant amount of pollution (CO2 emissions are an urgent risk) and
waste. The search for sustainable solutions includes the correct use of industrial and agroindustry
materials. New approaches to efficient projects are related to the development and use of natural
building materials [6].

225



4" Brazilian Conference on Composite Materials. Rio de Janeiro, July 22"-25" 2018

Gatto et al. [1] reported several advantages in composites with natural fibres, such as reduced
apparent specific gravity, higher porosity, satisfactory tensile and impact strength, greater fracture
control, and ductile failure. Further benefits are biodegradability of fibres, reduced costs and
damages to manufacturing machinery when compared to synthetic fibres [2]. On the other hand,
cement-based matrices are fragile and may present small cracks, even under small tensile loads or
under deformation. The incorporation of fibres can reduce the propagation of the matrix crack,
since the fibres can bind the sample parts between the cracks. As a result, fibre inclusions may
increase sample toughness, tensile and impact strength [3-4]. Cementitious composites with
reinforcement of natural fibres have been developed in several applications, such as in the
automotive and building industries, as a substitute for conventional materials, with glass fibre
being an example of fibre replacement [5].

A significant amount of natural fibres (hemp, straw, linen, bamboo, cork, etc.) has been applied
as reinforcing phase to conventional matrices (cement, mortar, sand, plaster, concrete, etc.) for the
design of composite materials. Many factors can affect the properties of fibre-reinforced
composites, including fibre geometry, distribution, orientation, shape and length, as well as, the
properties of individual phases (matrix and fibres), contact type, phase mixing ratio and
manufacturing, etc. [7]. Most studies found in the literature investigated only a few significant
parameters, such as fibre amount, length and type, to estimate composite performance [8].

Metha and Monteiro [9] reported an inverse relationship between porosity (volumetric fraction
of pores) and mechanical strength in solids. In a multi-phase material, the porosity of each
component or phase within its structure is a limiting factor for composite resistance. Although the
water/cement ratio is the most important factor in determining matrix and transition zone
porosities, in addition to the mechanical strength of cementitious composites, other factors such as
densification, curing conditions (hydration degree of cement), aggregate dimensions and
mineralogy, additives, sample geometry and moisture, and load type may have a significant effect
on the mechanical properties.

Reis and Carneiro [5] highlighted the advantages of natural fibres, which include low cost,
lightweight, high availability, easy recycling, good thermal and acoustic insulation, moderate
mechanical properties and reduced CO> emissions. On average, the production of natural fibres as
composite reinforcements require 60% less energy than the production of glass fibre. Besides
reinforcing cementitious composites, natural fibres can also be used as absorbing material. Scarcity
of water resources poses a challenge to the sustainable development of industrial and agricultural
activities. The production of significant amounts of industrial effluents and the awareness of the
impact of their effects on nature have forced the industry to adopt new environmental policies [10-
11]. One method widely applied in last decades for the treatment of water contaminated with oil
is the use of absorbent materials, which easily remove and recover the oil. Many materials can be
used at this stage, being natural organic products of living organisms, also known as biosorbents,
advantageous because of the high availability and low cost. Some examples are sawdust, cotton,
peat, sugarcane bagasse, straw and corn cob. They are highly capable to float and are
biodegradable.

Annunciado et al. [12] reported that natural fibres are example of low cost absorbents from
renewable sources that may represent a sustainable alternative in reducing oil contamination.
Sawdust, cellulose, rice husk, sugarcane bagasse, corn cob and straw, cotton, etc. are abundantly
produced in Brazil. However, most of these fibres are discarded due to lack of suitable applications.
They represent a suitable alternative for oil adsorption, due to its high absorption, low cost, no
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need for regeneration, and the contribution of the cellulosic nature to the degradation the oil in
aqueous systems [13].

Although natural fibres can be an alternative for oil absorption, they have limitations because
these fibres also tend to absorb water. This side effect occurs due to the presence of hydroxyl
groups in cellulose, hemicellulose, and lignin. These groups, in particular, are responsible for the
hygroscopic properties of lignocellulosic materials. However, the hygroscopic properties of the
samples can be reduced by superficial modifications [14]. One possible approach is to replace the
hydroxy functional group with hydrophobic groups through chemical reactions.

This work investigates the use of sugarcane bagasse fibres in pristine (SCB) and modified fibre
with aminopropyltriethoxysilane (MSCB) applied in the treatment of effluents contaminated with
engine oil as reinforcement of cementitious composites. The use of natural fibres for effluents
treatment has been described by Gatto et al. [1] and Guilharduci et al. [16].

2. MATERIALS AND METHODS
2.1. Materials

The cement used was the Portland cement (ASTM I11) supplied by Caué Company (Brazil).
The sand particles were supplied by Omega Mining Company (Brazil). The sugarcane bagasse
(SCB) fibres were sourced by Cachaca Coqueiro Stiller (Brazil). Aminopropyltriethoxysilane
(APTS, 98%, (H2NCH2CH2CH2)-Si-(OCH2CHz)3) was purchased from Dow Corning and was
used without further purification. The other analytical grade reagents were obtained from Merck
and were used as received.

2.2. Methods

The factors analysed were the type of fibre in pristine (SBC) and modified condition (MSCB),
fibre length (0.6 and 1.2 mm), fibre amount (1 and 2%wt as a replacement of aggregates), and
treatment conditions (before and after oil absorption), resulting in a Full Factorial Design 2* type,
as shown in Table 1. The fibres with absorbed oil were prepared with the effluent collected at Del-
Rei Rectifier Company (Brazil). One gram of fibres was immersed in 100 ml of effluent under
stirring during 24h. Subsequently, the fibres were filtered and dried at room temperature [16].
Table 1 presents the factors investigated and their respective levels.

Table 1: Factors and experimental levels (2* = 16 conditions)

Factors Levels
Type SCB MSCB
Length 0.6 mm 1.2mm
Amount 1%wt 2%wt
Condition Before oil absorption  After oil absorption

The Design of Experiment (DoE) and Analysis of Variance (ANOVA) were performed via
Minitab 18. The samples were prepared according to the standard NBR 7215 [17]. They were
manufactured with mortar matrix composed of one part of cement and three parts of standard sand
(20% of fine aggregate, 50% of medium aggregates and 30% of coarse aggregates) and
water/cement ratio of 0.55. The mixture was inserted into prismatic moulds of 40 mm square cross-
section area and 160 mm length. An electromagnetic vibrator was applied for 8 minutes to ensure
a uniform batch. The samples were identified and covered by plastic film to prevent loss of
moisture. As recommended by NBR 5738 [18], the samples were demoulded after 7 days and kept
at room temperature. Samples were tested after 28-days cure under three-point bending load
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according to ASTM C348-14 [20] at a cross-head speed of 0.5 mm/min to obtain flexural strength
(o). The flexural test was conducted in a universal testing machine Shimadzu AGX with 100 kN
load using the integrated software Trapezium X. The static modulus of elasticity (Es) was then
calculated based on ASTM C580-02 [20]. The pulse velocity (v) was obtained using a portable
ultrasonic non-destructive digital indicating test (PUNDIT) equipment in accordance with ASTM
C597-09 [21]. The dynamic modulus of elasticity (Eq) was obtained based on ASTM C348-14 [19]
standard. Physical properties, such as water absorption (Wans) apparent porosity (Pa), and apparent
density (pa) were also determined using British standard BS 20545-3 [22].

3. RESULTS AND DISCUSSIONS

The statistical test investigated whether the factors analysed, such as type of fibre (SCB and
MSCB), amount of fibre (1 and 2%wt), fibre length (0.6 and 1.2 mm), and fibre condition (with
and without absorbed oil) could affect the results of evaluated responses. A statistical analysis was
performed using the P-Values of ANOVA to verify if there is any interference of the factors
analysed. The P-Values underlined in Table 2 indicate the significant factors within a 95%
confidence level. The reported values of RZ also indicate that the quality of model adjustment was
satisfactory for all variables. The assumption of data normality is an additional requirement to
validate the use of hypothesis tests and analysis of variance. The normality of the experimental
data was verified using the Anderson-Darling test. This test indicate that the data follows the
normal distribution if the P-Value is greater than 0.05. In this case, all data follow a normal
distribution (see Table 2), validating ANOVA model.

Table 2: Analysis of Variance results — P-Values

FaCtOFS pa Wabs Pa A% Ed Of Es
Type of Fibre (T) 0.000 0.000 0.000 0.022 0.003 0.035 0.008
Amount of Fibre (A) 0.009 0.000 0.000 0.530 0.172 0.126 0.100
:
=
Length of Fibre (L) 0.279 0.000 0.000 0.101 0.032 0.002 0.267
Condition of Fibre (C) 0.571 0.005 0.000 0.083 0.173 0.586 0.262
T*A 0.000 0.000 0.762 0.000 0.000 0.188 0.000
T*L 0.023 0.000 0.000 0.349 0.021 0.047 0.002
T*C 0.000 0.000 0.000 0.846 0.834 0.009 0.884
2 A*L 0.000 0.000 0.000 0.213 0.278 0.604 0.866
2 A*C 0.000 0.000 0.000 0.866 0.787 0.868 0.000
§ L*C 0.000 0.000 0.000 0.088 0.455 0.030 0.001
8 T*A*L 0.000 0.000 0.000 0.526 0.142 0.016 0.335
S T*A*C 0.004 0.185 0.000 0.000 0.033 0.084 0.000
T*L*C 0.000 0.001 0.000 O0.161 0.113 0.209 0.000
A*L*C 0.000 0.000 0.000 0.521 0.790 0.128 0.521
T*A*L*C 0.000 0.000 0.000 0.001 0.020 0.072 0.695
R? (%) 99.03 99.89 99.89 82.48 81.17 79.52 93.12
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Anderson Darling

(P-value>0.05) 0879 0.643 0.881 0.890 0.755 0.091 0.721

3.1 Physical Properties

The apparent density data ranged from 2.25 to 2.37 g/cm3. Benmansour et al. [6] investigated
the use of palm fibres in different lengths (3 and 6 mm) and amounts (5, 10 and 15wt%) in mortar,
obtaining values of density lower than 0.984 to 1.476 g/cm3. Aggarwal [24] used sugarcane
bagasse fibres in mortar involving two fibre amounts (12 and 16wt%), obtaining a density variation
between 1.55 and 1.65 g/cms3.

Table 2 reports that the type of fibre (treated and untreated) and fibre amount (0.6 and 1.2 mm)
factors individually affect apparent density. They also influence the remaining factors, as noted in
the interactions shown in Table 2. The individual plots are presented in Figure 1 to assess the effect
of each parameter on the apparent density. The use of natural bagasse fibres increased composite
apparent density when compared to treated fibre reinforced composites (MSCB - see Figure 1a).
The substantial difference of 208% between the fibre densities (0.71 g/cm3 for SCB and 0.23 g/cm?3
for MSCB) justifies this behaviour. Figure 1b reveals the increase in the amount of fibre from 1 to
2wt% led to reduced composite density, since the fibre density is smaller than the aggregate
density.

Type of Fibre Fibre Amount (%)
2332 . (a) (b)
2331 \

2330 \ .

2329 N

N
0, 0,
2328 0.4 % \__\. 0.2 % \\

2327 A
2326 N A

2325
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2324 ]

2323
SCB MSCB 1 2

Figure 1: Main effect plots for mean apparent density.

The water absorption values ranged from 2.41 to 8.01%. Aggarwal [24] studied two amounts
of sugarcane bagasse particles (12 and 16wt%) as reinforcement in cement composites, presenting
a water absorption ratio between 12.5 and 14.5%. Filho [25] investigated sisal fibres reinforced
composites at two lengths (25 and 50 mm) and three amount levels (2, 4, and 6%), reaching water
absorption values of 7.73 to 11.47%. These findings indicate that the range of absorption found in
this study is promising. The benefits of fibre inclusions are evident when the water absorption ratio
for the reference condition (without fibres) is evaluated. A large absorption of 7.38% was obtained
for the reference condition, being attributed to the excess water in the system. It is noteworthy that
water can be absorbed when fibres are incorporated into the system. Table 2 indicates that four
main factors were considered significant for the water absorption response. The influence of
individual factors is shown in Figure 2.
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Figure 2: Main effect plots for mean water absorption ratio.

The apparent porosity varied from 5.21 to 15.95%. The findings reported by Filho [25] ranged
from 14.87 and 21.48%. Teixeira [26] investigated composites reinforced with Curaud fibres of
varying lengths (6 and 10 mm) and amounts (1 and 2%), with a resulting porosity between 28.16
and 31.90%. The results found in this work were significantly lower than those reported in the
literature. The reference condition also presented higher apparent porosity (14.74%) than most of
the conditions tested, similar to the results of water absorption. It is observed in Table 2 that all
individual factors significantly affected the apparent porosity (Figure 3).

The treated fibres (MSBC) tended to absorb more water, which led to reduced pores within the
cementitious sample and reduced water absorption and porosity levels (Figure 2a and 3a). In
addition, MSBC fibres present lower porosity than untreated fibres (SCB). Fibre porosity directly
affects the composite water absorption and porosity after cement-hydration process, increasing
these properties when a larger amount of fibre is used (see Figure 2b and 3b). Longer fibres (1.2
mm in length) exhibit higher superficial area compared to fibres of 0.6 mm in length, which
increases fibre concentration per unit volume. Therefore, longer fibres increase the water
absorption ratio and sample porosity by 17% and 13%, respectively (see Figures 2c and 3c), due
to the higher volume of fibres within the sample. Figures 2d and 3d show a reduced variation for
the fibre condition (unused and used fibres), however this effect is important to identify the
dominance of the cementitious matrix over resulting properties. MSBC fibres were able to absorb
less water in the system, leading to excess water in the sample, consequently increasing the
porosity and water absorption of the cured samples.
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Figure 3: Main effect plots for mean apparent porosity.

3.2  Ultra-pulse velocity and Dynamic modulus

The pulse velocity data for composite samples varied from 352.97 to 393.17 m/sec. Valenciano
[4] investigated cementitious composites with 2 wt% sugarcane bagasse fibres in varied lengths.
The fibres were used untreated and with chemical treatment by immersion in 5% sodium silicate
solution and in 30% aluminium sulphate. These samples presented pulse velocities between 1290
and 1880 m/s. The results found in the present work were significantly lower than the literature
values, which can be attributed to different fibre lengths, amounts and chemical treatments, as well
as the components ratio (cement.aggregates:fibre:water). The overall results, however, are
reasonable when considering the result for reference condition without fibre inclusions (371.41
m/s). Table 2 indicates that only the main factor “Type of Fibre” significantly affects the response
(see Figure 4). The ultra-pulse velocity of the composites increased when treated fibres (MSCB)
were incorporated. This behaviour can be explained by the effect of the fibres on the matrix
properties. The MSCB fibres exhibit higher water absorption, which consumes the water/cement
ratio of the system, leading to a less porous cementitious sample, thus achieving a higher ultra-
pulse velocity.
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Figure 4: Main effect plot for mean ultra-pulse velocity.
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The values of the dynamic elastic modulus ranged from 0.241 to 0.310 GPa. Valenciano [4]
also reported the dynamic modulus of bagasse-reinforced cementitious composites, which ranged
from 2.37 to 6.03 GPa. These values are again above the results obtained in the present work. It is
noteworthy that the dynamic modulus of the reference condition was 0.27 GPa, which indicates
an appropriate variation of the results. Table 2 shows that the factors “Type of fibre” and “Fibre
length” significantly affect the dynamic modulus (Figure 5). As previously discussed, MSCB
fibres tend to absorb more water in the sample, reducing the porosity of the cementitious
specimens, which increases the ultra-pulse velocity. As a result, an increased dynamic modulus
was reached when the composites were reinforced with MSBC fibres (see Figure 5a). The fibre
length also affects the volume occupied by the matrix phase in the system. Shorter fibres led to
larger amounts of matrix, leading to the increase of the dynamic modulus (Figure 5b).
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J
0262
SCB MSCB 06 12

Figure 5: Main effect plots for mean dynamic elastic modulus.

3.3  Mechanical Properties

The flexural strength of cementitious composites varied from 4.56 to 7.78 MPa. These results
are in agreement with the values reported by Sales [27], considering that the author has investigated
reinforced composites with 8 and 12 wt% of bamboo pulp. The results of the flexural strength were
reported as, respectively, 7.50 and 4.43 MPa. The type, amount, length and conditions of fibres
have been reported as the main factors influencing flexural strength of reinforced cementitious
samples. In this work, the fibre type and length were statistically significant (Figure 6), the fibre
length being the factor that most influenced the flexural strength. The composites made with
MSCB fibres provided reduced porosity (see Figure 3a) and thus achieving higher strength when
compared to SCB composites (see Figure 6a). MSCB fibres have a lower superficial area than
natural ones, which increases the amount of cementitious paste in the sample, leading to superior
flexural strength. Shorter fibres (0.6 mm) also present lower superficial area, reaching higher
composite strength (Figure 6b).
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Figure 6: Main effect plot for mean flexural strength.

The flexural modulus ranged from 0.303 to 0.678 GPa. Picango and Ghavami [28] investigated
composites reinforced with curaua, jute and sisal fibres at 2 and 3wt% inclusions and lengths at
15, 25, and 45 mm. The authors found that the flexural modulus varied from 18.24 to 29.33 GPa.
These findings are highly superior to those obtained in this work. It is noteworthy that many other
factors, such as densification, curing conditions, fibre type, length and amount can also influence
the mechanical properties of the composite. The results obtained in this research show satisfactory
agreement with the reference condition (0.50 GPa). Table 2 reveals that the type of fibre factor
significantly affects the flexural modulus (Figure 7). Figure 7 shows that the natural fibre
reinforced composites (SCB) achieved 8% higher flexural modulus than MSCB composites, being
attributed to the fibre-matrix adhesion condition. The natural fibres exhibit a rougher surface than
the treated ones (MSCB), which contributes to enhance the modulus of elasticity of the composites.
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Figure 7: Main effect plot for mean flexural modulus.

4. CONCLUSIONS

This study investigated the reuse of natural fibres, after treatment with effluents contaminated
with oil, as reinforcement of cementitious composites. A statistical analysis was conducted to
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evaluate the influence of the fibre length, amount, treatment and condition on the mechanical and
physical responses. The main conclusions are as follows:
e The presence of oil in the fibres was not significant to affect the mechanical properties of
the composites. It indicates that the reuse of absorbing fibres into cementitious products is
feasible;
e The amount of fibre (1 and 2wt%) did not affect the mechanical properties of the samples.
However, higher amounts of fibres led to increased porosity and water absorption, which may
reduce the durability of cementitious products in outdoor environments. Since natural fibres are
only suitable for indoor applications, the 2wt% fibre amount level is adequate in a context of
increasing need for natural fibres in the construction industry;
e The type of fibre (natural and treated fibres) had a significant influence on the responses,
with higher strength for MSCB fibres and higher stiffness for natural fibres. Due to the high
functionality of treated-fibres (MSCB) in the effluent treatment, it can be concluded that both
types can be used in non-structural engineering applications.;
e Fibre length (0.6 and 1.2 mm) factor affected the physical and mechanical properties by
reducing sample permeability and increasing the flexural strength of composites with 0.6 mm
fibres by approximately 11%.
Cementitious composites fabricated with 2wt% MSCB fibres of 0.6 mm in length, used in
effluent treatments, are then considered promising in non-structural applications for the
construction industry.
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Abstract

This paper is an experimental study on a concrete class C50, reinforced with steel fibers (1,5%
by volume) and assessment its properties in the resistance to direct and indirect traction. Uniaxial
tensile, splitting and flexural tensile tests were performed with and without fiber reinforcement.
The standard axial compression strength of the two concretes was found. To perform the direct
tensile tests, prismatic specimens with a cross section of 25 x 100 mm and a length of 400 mm
were made. Plates made of metal were glued to the ends of the concrete samples with epoxy
adhesive to couple them to the press in order to obtain tensile forces. The Splitting Test and
Flexural Tensile test were performed according to Brazilian standards. It was verified that the
direct tensile strength is the lowest found for both concretes, and it varies around 20% in relation
to the tensile tests by splitting and flexural traction in the simple concrete and 30% for the
reinforced one. No significant differences were found in the strengths obtained between the
Splitting test and the Flexural Tensile test for simple and reinforced concrete. As expected, the test
results indicate the positive influence of the fibers on the tensile strength of the concrete. Gains of
around 40%, 50% and 60% were obtained with steel reinforcement in uniaxial tensile, splitting
and flexural tensile tests, respectively. Also as expected, it was observed that the fibers played
their role in increasing the ductility and control of composite cracks.

INTRODUCTION

The concrete presents compressive strength as the main mechanical property from the structural
point of view, however, when subjected to tensile stresses, it behaves in a fragile manner and with
little deformation at rupture. An alternative to overcome this behavior is to add steel fibers to the

236



4" Brazilian Conference on Composite Materials. Rio de Janeiro, July 22"-25" 2018

matrix, which modify this fragile material behavior, significantly improving properties such as
impact strength, crack propagation, ductility and toughness [1-2- 3-4-5].

So, by reinforcing a concrete with steel fibers, it is possible to revert its brittle character due to
the stress transfer bridge formed through the fiber, causing the concentration of stresses at the ends
of the concrete to be minimized and the speed of crack propagation reduced [6]. However, it is
common the occurrence of dispersions and significant differences in the results, which can be
generated by variations in orientation, embedded volume, geometry and uniform distribution of
fibers in the composite [7].

To the extent that the benefits in the use of fibers stand out through tensile tests, it should be
emphasized that these have low reproducibility and are not standardized and because of this, and
other methods are often used to acquire this data. Indirect results are achieved through the splitting
test and flexural tensile test, but present great variability among them [8]. In order to correct this
fact, since these results differ from the reference and traction value of the direct traction (fct), the
conversion coefficients 0,9 and 0,7 are applied for the results of splitting test and flexural tensile
test respectively [9]. According to the same source, if these tests cannot be performed, the results
of uniaxial tensile can still be obtained through the compressive strength of the concrete (fck) by
equation 1.

fct,m = 03ka2/3 (1)

Therefore, the present study aims to evaluate mechanical behavior of concrete samples with
and without addition of steel fibers in terms of tensile strength measured in three different ways,
uniaxial tensile, splitting and flexural tensile tests. The correlation between these different test
methods is conferred in comparison with standards and bibliography. Moreover, it is sought to
quantify the effect of fiber addition on the results obtained by these three methods.

MATERIALS AND METHODS
2.1 Methods

Two mixtures of concrete were executed. The simple or reference concrete (SC) with the
mixture proportion of: 43% gravel, 14% sand type 1, 17% sand type 2, 18% cement, 0.24%
superplasticizer and 8% (water / cement ratio of 0.44). For the (CRFA) the previous trace was
reinforced with 1.5% of steel fibers. The cement used was the Brazilian Portland Cement CP-V
ARI. The gravel has a maximum aggregate diameter of 12.7 mm and a fineness modulus of 6.77.
The sands used were of natural origin (sand 1 and sand 2), and their granulometry were classified
as averages, which presented characteristic diameters and modulus of fineness respectively of
0.425 mm and 1.16 for sand 1 and 0.6 mm and 1.38 for sand 2. A superplasticizer additive (MC-
PowerFlow, company MC-BAUCHEMIE) with a density of 1.05 g/ cm was also added. The metal
fibers have a length of 30 mm with hook at each end, and aspect ratio of 65.

2.2 Methods

2.2.1 Molding and curing of concrete

The molding and curing procedure followed the standard NBR 5738 [10], using cylindrical
specimens with a diameter of 100mm and a height of 200mm, and prismatic with two cross
sections of 25x100mm and 100x100mm, both with length of 400mm. These were left at room
temperature for 24 hours for hardening and were subsequently cured in a humid chamber for 28
days.
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The tests to characterize the axial compression strength were performed with cylindrical
specimens following the procedures described by NBR 5739 [11]. Measurements of displacements
through a strain gauge were still made, and these were fixed to the surface of the specimen. The
test speed was performed at 0.08 mm / min, displacement of the traverse of the machine.

2.2.2 Uniaxial tensile test

The uniaxial tensile tests were performed on concrete prisms with cross section of 25x100mm
and 400mm in length. As shown in Figure 1, steel slabs were glued on both sides at the two ends
of the specimens through epoxy adhesive. The metal plates are used for the transfer of charge to
the specimens through a rigid system composed of the labeled connection between the steel plates
and the machine through a connecting pin.

It should be emphasized that during the process of fixing the plates to the prisms, it was
necessary to ensure alignment, not only between plate and prism, but also between the central
holes of the plates, which serve as the connection between the system and the machine. This
process is taken to minimize or minimize eccentricities in performing the assay. The speed of the
tests was 0.5 mm / min of the traverse of the machine.

Steel Pin
| Side view | '-._:Specimen

Figure 32: Detail of uniaxial tensile test

2.2.3 Splitting test

The tests were performed according to prescriptions and definitions of NBR 7222 [12]. The
"Cumaru" (Dipteryx Odorata) wood, with an apparent density of 1090 kg/m3 and a compressive
strength parallel to its fibers of 94,2 MPa [13], were used to perform the responsible wood stripe
of the contact between the press and the test piece. The construction of the slabs was carried out
according to the specifications of NBR 10024 [14] and the tests performed with a traverse
displacement speed of 1.1mm/min.

2.2.4 Flexural tensile test

This test was performed according to NBR 12142 [15], thus imposing two concentrated loads,
located at a distance of L/3 to the nearest support. The test was carried out at a speed of 0.5 mm/
min of the displacement of the machine beam.
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RESULTS AND DISCUSSION

The average compressive strength (fcj28) SC and SFRC, determined by the Uniaxial
Compression test with three specimens for each trait, was 49.3MPa (CV = 3.2%) and 48.5MPa
(CV = 3, 0%), respectively. Figure 2a shows the typical compressive stress x deformation curves
found in the uniaxial compression test. It is observed in this figure that the addition of steel fibers
to the concrete provides a relatively low improvement in its ductility and modulus of elasticity, on
average 33 GPa.

The typical uniaxial tensile test curves are shown in Figure 2b. It was found that the SFRC
obtained a performance in the order of 40% higher than SC against the ability to withstand the
axial loads of traction. As mentioned by [6], this occurs due to the fact that the steel fibers arranged
inside the matrix act as bridges between the fissures, controlling their propagation.

SFRC specimens also showed an increase in tensile strength obtained by the indirect tests
normalized by NBR 7222 [12] and NBR 12142 [15], when compared to SC, 56% higher for the
splitting test and 60% in the flexural tensile test. The typical force-displacement curves for the two
analyzed traces found in the splitting test and in the flexural tensile test are presented in Figure 2¢
and Figure 2d respectively.
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Figure 2: Typical stress-strain curves: a) Uniaxial Compression test and b) uniaxial tensile test
and typical force displacement curve for c) splitting test and d) flexural test.

Figure 3 shows the results of the strengths obtained for each test performed on the concrete
with and without fibers.
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Figure 3: Tensile strength of SC and SFRC obtained with different methods. One
standard deviation is plotted in the graphic.

Performing a variance analysis (ANOVA) of the results it was possible to verify that the
interaction between the test methods and the use or not of fibers, are not statistically significant
factors. However, both the test method performed and the addition or not of fibers modify the
results. A comparison of means by the Fisher method [16] found that between the tensile and
Brazilian test flexural tests there is no statistically significant variation for both SC and SFRC.
These results are presented in Figure 3. Thus, according to the experimental tests carried out in
this work, it can be inferred that the use of indirect methods to determine the tensile strength of
concrete has an equivalence, independent of the addition or not of steel fibers.

This last observation is in agreement with NBR 6118 [9] which states that the uniaxial tensile
test (fct) can be calculated from the uniaxial tensile tests found by the Splitting test (fct,sp) or
flexural test (fct,f) applying corrective factors that are worth 0.9 and 0.7 respectively. In this work
it was found that the correction factor should be of the order of 0.80 for the two indirect SC-related
tests.

When the relationship between indirect and direct resistance to reinforced concrete was
analyzed, it was possible to verify that the correction factor is between 0.7 and 0.75, regardless of
the indirect method analyzed.

Two observations can be made here. First, the fibers increased the difference between the direct
and indirect tensile strengths and, secondly, that the number of tests performed were not sufficient
to find a statistically significant difference between the splitting test and the flexural test, but a
difference in means was observed. In this way, further testing is necessary to ensure these results.

The analysis of the empirical relations for uniaxial tensile test from the compressive
characteristic strength provided by NBR 6118 [9] (equation 1) for simple concrete are shown
below (Table 1).

Table 1: Results submitted to stress relationship criteria according to NBR 6118 [9]

fctm (MPa)
fek(MP)  “fom  fukinf fikosup
49,3 403 2,82 524

A compressive strength of 49.3MPa results in an average tensile strength of 4.03MPa. This
value is 13% higher than the experimentally found average (3.57MPa). However, considering the
intervals of lower and upper variation of 2.82MPa and 5.24MPa, respectively, all the results found
in the direct and indirect tests concerning the simple concrete, would be within the limits of
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variation imposed by reference to the norm. Also, according to NBR 6118 [9], the value to be used
for the calculations that depend on the traction value is fct, inf, that is, before the values found the
norm is very conservative, since the (3.57 MPa SC) the difference is 26%, whereas for concrete
SFRC it is approximately 80% lower.

It is also emphasized the role of fibers in the control and development of multiple cracks [7],
developed by the same ones through the better distribution of the tensions inside the composite
[6]. Analyzing the typical curves of the tests (Figure 2), the addition of fibers in the cementitious
matrix provides a product with a pseudo-ductile characteristic, with no brittle rupture and with
significant increases in resistance to direct and indirect tensile stresses.

The type of rupture resulting from the different tensile tests studied is presented in Figure 4,
where the images marked with al, a2, a3 refer respectively to uniaxial tensile test, splitting test
and flexural tensile of SC and the images marked with b1, b2, b3 are referring, respectively, to the
same tests already mentioned, but for the SFRC. It is observed in the images of the concrete SC
the appearance of practically a main fissure, whereas in the images of the concrete SFRC, multiple
fissures appear, and in the surroundings of these main fissures a nucleation of small cracks,
provoked by the pulling of the fibers.

Figure 4: Comparison of (a) SC and (b) SFRC rupture versus (1) direct tensile test, (2) splitting
test and (3) flexure tensile test.

4. CONCLUSIONS

In this paper an experimental study under the influence of fiber addition on the tensile strength
of the concrete obtained by different methods is presented. The direct tensile strength of SC is 20%
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lower than the resistance found in indirect tests. The SFRC concrete behaves in the same way, but
with a difference of 25 to 30% lower than the other tests.

The addition of steel fiber to the simple concrete followed the expected and contributed to the
increase of ductility and control of fissures. This addition also provided positive gains in increasing
manner comparing the tests of uniaxial tensile, splitting and flexural tensile. In addition, it was
possible to note that two types of indirect tests performed return values without significant
variations. Finally, when compared to the values of tensile strength determined by NBR 6118 [9],
it is observed that for the concrete containing fibers, the determined value is about 80% smaller,
indicating that the standard is quite conservative.
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Abstract

This project’s aim is to develop and characterize cementitious composites laminates reinforced
with tissue of jute fibers. The laminates studied were reinforced with 2 layers of fiber, and some
composites have treatment with polymer in their reinforcement, intending to improve the behavior
of the fibers. Some cementitious compositions of laminates were changed with the desired
objective of creating a free calcium hydroxide matrix, by partial replacement of cement by
pozzolanic material, the metakaolinite. Bending tests were performed, allowing a comparison
between the behavior of different types of laminates developed. The composites were submitted
to mechanical tests after 180 days and the results make feasible the evaluation of fiber durability,
indicating that the treatment is very effective.
Key-words: cementitious composites, pozzolanic material, flexural strength.

1. INTRODUCTION

Composite materials are made from two or more materials combined which stay distinct and
identifiable, this combination result some final characteristics different from all the individual
components.

The development of cementitious composites reinforced with natural textile fibers indicates a
progress for society, because it is a material based on natural resources and still can achieve high
resistance. It is a material with many applications in the civil construction. Reinforcements of
structural elements, panels, partitions between environments and elements of cover are some
examples.

The low production cost of the tissues of these fibers should be noted, which makes it feasible
to work with this type of material and, especially, the encouragement generated to the numerous
families of the varzea regions in the North of the country, who live from Jute fiber extraction, for
example.
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Jute fiber is found commercially in the fabric form and has good tensile behavior. When
working with tissue-shaped fibres, for better uniformity in your distribution, when compared to
the random fibers, in addition the better productivity. In addition it was realized that this fiber can
show great performance as reinforcement of cimenticias arrays, increasing the resilience of the set.

The studies on this theme aim to enhance and develop a composite with the best conditions
possible. Among various factors that can be considered, the present work emphasizes not only the
mechanical strength of cementitious laminates but also the behavior of the set as the durability,
since the cement hydration results in the calcium hydroxide, which tends to change the structure
of the fibres [1].

Therefore, this research purpose the development and characterisation of cementitious
composites reinforced with jute tissue. Being possible to carry out a brief performance comparison
thereof, by means of tests of flexural strength, given some changes such as an matrix of free
calcium hydroxide and the polymer tissue treatment.

2. MATERIAL AND METHOD

2.1 Methodology

It was considered different composites in their matrix, being composed mainly of sand, Portland
cement and superplasticizer, changing the matrix took from the partial replacement of Portland
cement by a Pozzolanic material, making it free calcium hydroxide. Mechanical characterization
of plates produced from flexion tests.

With these data it is possible to draw up a comparative between the plates with different
characteristics. The composites developed were manufactured with cementitious matrix and Jute
fiber reinforcement in the form of fabric. As mentioned before, certain composites feature free
matrix of calcium hydroxide, through the partial replacement of Portland cement by metacaulinita.
As well as polymeric treatment performed in some composites reinforcement. The different types
of laminates produced are described in Figure 1.

Cimentiteous
laminate reinforced
with jute fabric

Without addition With addition of
of metacaulinite metacaulinite

Untreated Tissue Treated Untreated Treated Tissue
(CPST) Tissue(CPCT) Tissue(MKST) (MKCT)

Figure 1 — Flow chart of composites produced.
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2.2  Preparation and treatment of fabric fibers

The jute fiber fabric, Figure 2, is presented in the form of trade. The same was cut with
400x400mm measures and treatment of did by impregnation with varnish, Figure 3, since the
polymer aims to form a physical barrier to protect the fiber from contact with the hydration
products, improving the durability of composite [2]. We used a brush to spread the varnish on the
fibers, then were extended in a line of ropes to dry for about 12 hours, an average temperature of
25°. After this process the tissue was maintained for a period of at least 24 hours in open container
until the molding of composite.

Figure 3 — Preparation and treatment with varnish (Polymeric Treatment) of fibre tissue.

2.3 Preparation of mortar

Based on the data used by Melo Filho (2012) [3], to the mortar of the present work, 1 stroke:
1:0.4 (cementitious material: sand: water), and plasticizer content of 0.3%. For certain composites,
made also an adaptation in the constituents used in the partial replacement of cement by replacing
50% of the mass of cement by 50% metacaulinite. The mass of materials for each dosage, with
and without Pozzolanic material, is described in Table 1.
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Table 1 — Dosages used

Dosage | Cement | Metacaulinite | Sand Water Superplasticizer
1 785,209 - 785,20g | 311,109 5,309
2 392,609 392,609 785,209 | 311,109 5,30g

The preparation of matrix follow these steps:

— Manually mixture of dry components (cement, metacaulinita and sand) for 1 minute;

— Addition of dry materials in mixer and mix for 1 minute on low speed,

— Dilution of superplasticizer on water and gradual release on mixer, until the mixture
presents visually homogeneous;

— Remained the mixture for 2 minutes on low speed and 2 minutes on high speed.

2.4  Lamintates production process

The molding process of the laminates is done in a cast acrylic with dimensions 400 mm x 400
mm. The molding scheme, Figure 4 (a), is to put a layer of mortar and spread, Figure 4 (b), with
the aid of a spatula. After the mortar is applied on a layer of fiber fabric and this process is repeated
until conclude the third layer of mortar. At the end, there is a plate with 6 mm thick, and 2 layers
of fabric and 3 layers of mortar, interspersed with each other.

Figure 4 — Diagram of molding. Source: Portela, 2016 [4] (a) initial production process (b).

2.5  Pull test on bending of composites

The three-point bending test consists of applying a load in the center of the specimens supported
by two points. The test was conducted on a universal testing machine Instron 5980. The speed used
in the test was 0.5 mm/min, standardized for all bending tests. The gap between support was 250
mm

The results are expressed in flexion voltage, Equation 3, based on the resistance of materials,
according to Equation 1 and Equation 2.

M.y

o =" &)
L=t @
Omix = > ®)

Being that:
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M = bending moment
y = distance to the neutral line

Iz = moment of inertia in relation to the neutral line

o = flexion traction voltage;
P = load;

L = distance between the supports;

b = width of the sample;
d = thickness of the sample.

3. RESULTS AND DISCUSSION

The laminates produced weigh about 10 kg per square meter, and in Figure 5 are presented the
typical stress-deflection curves obtained from flexion tests in 3 points, carried out in four different

types of composites produced.

Equivalent Bending
Voltage (MPa)
O R N W b U1 OO

o

0,2

0,4

0,6 0,8

Central Deflection (mm)

CPST
CPCT
MKST
MKCT

Figure 5 — Curves obtained from the bending test on 3 points

In Table 2 are expressed the results of first crack deflection, voltage of first cracking and stress

cracking post.

Table 2 — Values of deformation and tension of the first fissure, post tension cracking and their
coefficients of variation

d,s (mm g s (MPa g, r (MPa
Laminados i ( ) 7 ( ) pf ( )
CV (%) CV (%) CV (%)
0,31 4,84 0,00
CPST
(4,14) (9,13) (0,00)
0,35 5,82 2,53
CPCT
(23.25) (22.25) (0.00)
0,39 5,53 0,00
MEKST
(0.00) (0,00) (0.00)
0,47 5,92 2,91
MKCT
(16.07) (11.27) (1.51)
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The CPST laminates and MKST have brittle fracture mode. Comparing both free plates of
calcium hydroxides, the PBX shows better results for deformation and breakdown voltage, which
is 20% higher than in CPST, maintaining a post tension cracking.

MKST composites and MKCT were produced from the same array and not show difference of
breakdown voltage very significant, so the 50% replacement of Portland cement by metacaulinite
did not affect the resistance.

For the laminates that not show widespread rupture, has a residual voltage (or), which can be
associated with the polymer and fiber treatment compared with each other for analysis of array.
The MKCT array has residual resistance almost uniform up to 1 mm of deflection, with an
approximate value of 2.55 MPa, while the voltage a main post MKST cracking of 2.53 Mpa but
that suffers constant decrease until it reaches 0 Mpa in 0,65 mm. It may be noted the difference of
voltages of composites in 0,5 mm and 0,6 mm offset. Therefore, the laminate MKCT features far
superior deformability when compared to other laminates produced.

4. CONCLUSIONS

- Treatment with polymer resin in natural fibre fabric shows an improvement in the
mechanical behavior of the composite, as it raises both the tensile strength for bending
as the deflection of the same, causing a break mode develop laminate less fragile.

- The use of metacaulinite provided a more durable matrix, since the composites with the
partial replacement of cement showed best result of resistance to bending efforts.

- The use of natural fibre fabric has improved the features of the set, since the cementitious
material by itself does not reach such resistance, and can be a promising material for
construction.
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Abstract

When construction and demolition (C&D) waste is applied in concrete as aggregate, its porosity
leads to a concrete with a reduced strength. Normally, this drawback induces to mix-designs with
higher cement contents in order to compensate the strength reduction, which also increases the
environmental impact of the material. The experimental study carried out in this work
demonstrates that the flexural strength reduction is diminished with steel fibres reinforcement.
This condition could compensate this drawback for some applications where the use of fibres is
already forecasted. Recycled C&D aggregates with different density levels were produced to be
added in concrete with different steel fibres contents. The experimental and numerical results
demonstrate that the reduction of C&D aggregates oven-dry (OD) density will lead to a reduction
on compressive strength without any influence of the fibres. Instead, the use of steel fibres could
mitigate the flexural strength decrease. The performance of the concrete with recycled aggregates
were approximated to the conventional concrete when the fibre content was increased on the first
one. The behaviour was even closer when the wi/c ratio was higher and the matrix strength was
reduced for both types of concrete.

1. INTRODUCTION

Some of the essential aspects of sustainable development are the actions focusing the
environment preservation and conservation of the rapidly diminishing ordinary resources. In that
sense, efforts have been historically made, by trying to find out viable applications for construction
and demolition (C&D) waste in order to avoid its disposal [1,2].

Normally, the use of C&D recycled aggregates will reduce the concrete strength proportionally
to the aggregates density [3]. Normally, the decrease in the strength will be considered a problem
that requires an increase in cement consumption or improve the aggregates through treatments.
Both of them are responsible for increasing costs and environmental impacts. In that sense, some
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recent studies have been carried out in order to turn viable the use of steel fibre reinforced recycled
coarse aggregate concrete (SFRRCAC) [4]. Nevertheless, this research was not conclusive about
the flexural strength due to some limitations of the experimental study.

The study of Gao & Zhang [5], focusing the analysis of SFRRCAC flexural performance, was
also non-conclusive when low contents of steel fibre (less than 0.5%) were used, defining the
behaviour of the material as non-obvious. In that sense, an experimental study was developed in
order to better understand the behaviour of SFRRCAC varying the aggregate density. The main
objective of the study is to establish relations between the matrix characteristics and the effect of
steel fibre reinforcement on the flexural strength of the composite. In addition, numerical analyses
are carried out in order to better understand the influence of the fibres on the composite behaviour
for some mixtures considered in this research.

2. EXPERIMENTAL PROGRAM

2.1  Recycled aggregates preparation

The experimental study was performed based on the possibility of variation of the coarse
aggregates density. The processing of recycled aggregates aimed the separation in different bands
of density. This separation can be performed through heavy media separation, which is a process
applied to the separation of minerals according to their densities by the use of organic liquids,
solutions of inorganic salts or stable suspension of pre-determined density.

A sample of about one cubic meter of recycled aggregate was obtained from the Itaquera
Recycling Plant located in the city of S&o Paulo, Brazil. The aggregates were produced by crushing
C&D waste in a primary impact crusher. The retained 19.1 mm fraction was crushed again in a lab
jaw crusher to fit the specified particle size distribution. The aggregates were sieved, and the
fraction below 9.5 mm was discarded in order to provide similar mixture conditions to the ordinary
crushed stone aggregate. Then, the coarse fraction (19.1-9.5 mm) was washed in order to remove
any fine particles adhering to outer surfaces. The fraction was then dried on a ventilated oven at
110°C for 24 h.

The C&D aggregates were prepared for the experimental program through a classification into
2 classes according to their porosity by sink—and—float procedure. The sink—float technique turns
possible C&D aggregate particles separation into different OD density classes [3]. Therefore, this
procedure turns possible to analyse the influence of the aggregates density in the composite
behaviour. The equipment used in this experimental study is the same used by Angulo et al. [3].
The sink and float separation provided two ranges of specific weight: between 1.9 and 2.2 g/cm?,
and between 2.2 and 2.5 g/cm?®. The phase composition (cement based, ceramic, ordinary rocks)
of each density class was determined by hand sorting and the result is presented in Table 1.

The characterization of the recycled aggregate is presented in Table 2 together with the ordinary
coarse aggregate. The determination of the OD densities of coarse aggregates follow the Equation
(1). The recycled aggregates were pre-saturated for 10 minutes in water to prevent the aggregate
influence in concrete’s water demand [6,7].

ODdensity = Md + (MSSD - MW) 1)

where,

ODdenstity is the density in kg/dm?;

Md is the aggregate mass dried at 110°C for 24 h (kg);

MSSD is the mass at saturated surface-dry (SSD) condition (kg), and

MW is the mass under water (kg).
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Table 1: Characteristics of recycled aggregates used in the experimental program
19<d<22 22<d<25

Phase

(%) (%)
Concrete and mortar 92.37 53.15
Red ceramic 2.43 0.18
White ceramic 2.81 0.17
Granite 0.48 4491
Bitumen 1.73 1.59
Asbestos 0.18 0.00
Total 100.00 100.00

*d = density (g/cm?d)

2.2 Ordinary materials

The ordinary crushed aggregate (granite), ordinary quartz river sand, Portland cement blended
with roughly 35% blast furnace slag (CP Il E type with a 28-day compressive strength of 32 MPa)
and the dispersion admixture (Lignosulfonate) were obtained from the local market. The hooked
end fibres used were produced from cutting steel sheet (fibre type A 1l according to Brazilian
standard ABNT NBR 15530:2007), and also obtained in local market. The average yield strength
of the fibres was 600 MPa with a length of 49 mm and rectangular cross section of 0.45 mm by
1.84 mm as informed by the producer.

Table 2: Composition of recycled aggregates used in the experimental program

Recycled Recycled )
Coarse Aggregate Ordinary
1.9-2.2 g/lcm® 2.2-25g/cm?
Density (g/cm®) 2.07 2.50 2.63
Water absorption (%) 6.75 2.16 0.03
Maximum size (mm) 19 19 19

2.3  Concrete mix proportions

The matrix mix-design was performed using the same method used by other Brazilian
researchers [8] to evaluate the efficiency of recycled aggregate in plastic concretes with respect to
its mechanical strength and durability, by maintaining the same workability conditions [9]. In this
method, the optimum mortar proportion is determined in terms of dry materials (o) according to
Equation (2). This determination was made for each range of density of recycled aggregate and for
the ordinary aggregate. The a determination is normally done by visual evaluation. The optimum
o is the minimum that provides to concrete a smooth aspect when the slump cone mould is
removed. The a value is reported as the responsible for the concrete cohesive characteristics and
could be related to the volume of mortar responsible to fill up the coarse aggregate voids.
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Consequently, it will depend on aggregates characteristics. Once a value is determined, this value
is kept constant for all mixtures in the study. A similar approach was adopted by other researchers
as the equivalent mortar volume method [10] for recycled aggregate concretes. This approach
allows keeping constant the relative volume proportion of mortar to coarse aggregates in concrete.
In this particular case, the constant volume of coarse aggregates will avoid the influence of
different aggregate densities in the mix-proportions. Table 3 presents the results of an optimum
mortar obtained for each coarse aggregate.

a=(1+a)/(l+a+b) @)

where,

o = mortar content in terms of dry materials;

a = fine aggregate mass proportion to cement;

b = coarse aggregate mass proportion to cement.

One of the fundaments of this method is to produce three concretes with the same workability
conditions (fixed slump and mortar content), by varying the cement content. Therefore, three
concrete mix proportions where produced adjusting the amount of water to obtain a consistency in
the slump range of 80 + 10 mm for all of them. Thus, it was defined families of concretes with
constant consistency and mortar content, but with three different cement contents and w/c ratios.
For each matrix obtained, it was used the following steel fibre contents: 0, 10, 20 and 40 kg/m®.
Where the addition of fibres has incurred loss of slump, water consumption was adjusted to yield
a slump equal to 80 = 10 mm. The slump was measured by the usual slump testing.

Table 3: Optimum mortar (o) for each coarse aggregate used

Recycled Recycled Ordinary
Coarse Aggregate 2.07 g/cm?® 2.50 g/cm?® 2.63 g/cm?®
a 54% 52% 48%

2.4  Specimens cast and testing

For each mixture, the specific gravity weight of the concrete was measured in fresh state using
a recipient with a known volume. For each mixture five cylindrical specimens (10 x 20 cm) were
produced from a single batch in order to measure compressive strength and water absorption.
Compressive strengths tests were performed in a 2000 kN hydraulic Shimadzu® testing machine.
For this test, three cylindrical specimens were tested for each mix composition. For each mixture,
four prismatic specimens (10 x 10 x 40) cm? were also produced in order to obtain the flexural
strength values, using the same test machine. All the casted specimens remained in their moulds
for 24 hours. The specimens were cured in a moist chamber with a temperature of 23 + 2 °C and
relative humidity equal or greater than 95% for 28 days. Finally, the specimens were tested at the
age of 28 days.

3. NUMERICAL ANALYSES

Numerical Analyses were performed to verify the contribution of the fibres on the flexural
behavior of the composite with recycled coarse aggregates (2,07 g/cm3) and ordinary crushed
aggregates (2,63g/cm3). Figure 1 illustrates the numerical model constructed using a discrete and
explicit representation of the fibres, as proposed by Bitencourt Jr. [11], for steel fibre contents of
40kg/mé3. It important to mention that the aggregates are homogenised in the matrix and the
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effective mechanical properties are evaluated using the mixture theory in order to consider the
porosity of these inclusions.

Figure 1: Numerical model to study the contribution of the fibres on the flexural behaviour of the
composite

The steel fibres are modelled using two-node finite elements (truss elements) with an elastic
perfectly plastic constitutive model with Young’s modulus of 210GPa and yield stress of
1200MPa. They are positioned using an uniform isotropic random distribution, considering the
wall effect of the mold.

A continuum damage model with two independent scalar damage variables is applied to
describe the concrete behaviour under tension and compression. Three-node triangular finite
element is used in the discretization of the concrete in finite elements. The material parameters
adopted are listed in Table 4.

Table 4: Parameters adopted for the concrete in the numerical analyses

Recycled Ordinary
2.07 g/cm?® 2.63 g/cm?®
Young’s modulus (MPa) 21000 35000

Poisson’s ratio 0.2 0.2
Fracture energy (N/mm) 0.15 0.15
Tensile strength (MPa) 2.10 2.88
gm0 me
Compressive parameter A° 0.89 0.89
Compressive parameter B 1.16 1.16

The concrete-fibre interaction is described by a non-rigid coupling scheme proposed by
Bitencourt Jr. [11] by adopting an appropriate constitutive damage model to describe the relation
between the shear stress (adherence stress) and the relative sliding between the concrete and each
fibre individually. In Table 5 are listed the material parameters adopted.
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Table 5: Parameters adopted for the concrete-fibre interaction in the numerical analyses

Recycled Ordinary

2.07 g/cm?® 2.63 g/cm?®
Maximum shear stress (MPa) 12.0 12.0
Residual shear stress (MPa) 4.5 4.5
Alpha 0.4 0.4
Slip s1 (mm) 0.01 0.01
Slip s2 (mm) 6.5 6.5
coupllng( IS/IOF?;/tr?]nr; )(normal) 10° 10°
coupling constant (tangential) 103 103

(MPa/mm)

More details about the numerical model employed can be found in Bitencourt Jr. [11].

4. RESULTS AND DISCUSSION

4.1  Compressive strength

The obtained results show that the compressive strength does not change with increasing
content of steel fibres. Therefore, the fibre content will be ignored in the analysis of compressive
strength. On the other hand, the w/c ratio is clearly a strong influence on compressive strength, as
can be seen in Figure 2, where Abram’s Law curves obtained for each type of aggregates are
presented. In this figure is possible to observe that the behaviour of the concretes with ordinary
aggregates and recycled with 2.50 g/cm?3 envelop density were very close. The mixtures produced
with recycled aggregates with 2.07 g/cm? presented a reduced level of strength for lower level of
w/c ratio. When w/c ratio used was higher than 0.6, the performance of the mixtures became close.
When the w/c ratio is higher, the porosity of the recycled aggregates ceases to be critical and the
porous cement paste controls the fracture of the material.
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Figure 2: Correlation between the water absorption and w/c ratio for all types of coarse
aggregates

4.2 Flexural strength and numerical simulation

In Figure 3, the correlation between the results of the flexural strength and the w/c ratio is
presented for each coarse aggregate density class and each fibre consumption for an overall
visualization of the behaviour. For flexural strength, the fibres showed an opposite behaviour to
the compressive strength, and clearly demonstrate an effect in the results in combination with the
coarse aggregate density class. For mix proportions with ordinary coarse aggregate (continuous
lines), the increase in the steel fibre content did not influence the flexural strength. However, for
mix proportions with recycled coarse aggregate, the flexural strength was increased proportionally
to the fibre contents. This increase is more intense for the recycled aggregates with envelop density
of 2.03 g/cm? (dotted lines) and low levels of wi/c ratio. This pattern is the same observed in the
study of KAYALLI et al. [12] for lightweight concrete. The mixtures with envelop density of 2.50
g/lcm? presented an intermediate behaviour, but closer to the mixtures produced with ordinary
aggregates.

The scatter of the results was greater when lower the wi/c ratio used. In this case, the better
adhesion of the fibre to the cement paste provided a greater ability to reinforce the system to inhibit
the crack propagation. This condition brought the behaviour of the concrete with recycled
aggregates closer of ordinary concrete as the fibre content was increased. On the other hand, for
higher wic ratios, the critical condition for defining the behaviour is the low paste strength. In this
situation, the scatter of the results is smaller, similarly to the contribution of the fibre. This lower
contribution of the fibre results from the decrease in its tensile transfer capacity due to the increase
in the porosity of the paste. Contrary to the observed for compressive strength, it is possible to
affirm that steel fibres help to minimize the reducing effect of flexural strength provided by the
use of recycled aggregates.

The numerical simulation generated values of flexural strength very close to the experimental
ones for the concretes of lower w/c ratio. In the case of ordinary aggregates, the simulation
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provided flexural strengths of 6.5 and 6.6 MPa for concretes with 0 and 40 kg/m® of fibres,
respectively. These values are very close to those obtained experimentally which corresponded to
6.5+0.7 MPa and 6.4+0.2 MPa. The simulation for concretes with aggregates with lower density
produced flexural strengths of 4.6 MPa and 5.1 MPa for fibre consumption of 0 and 40 kg/m?,
respectively. These values were also very close to the average test results of 4.3+0.1 MPa and
4.9£0.5 MPa. The flexural strength gain obtained with the fibres was about 10% and 14% for the
numerical simulation and experimental results, respectively, proving that the fibres contribute to
minimize the strength reduction generated by the use of more porous recycled aggregates.

Flexural strength (MPa)

w/c ratio

0  Okg/m3(2.03) o ® 20kg/m3 (2.03) ® 40kg/m3 (2.03)

@ Okg/m3 (2.53) L & 20kg/m3(2.53) & 40kg/m3 (2.53)

A Okg/m3 (2.63) A 10kg A 20kg/m3(2.63) A 40kg/m3 (2.63)

B Numerical Okg/m3 (2.07) M Numerical 40kg/m3 (2.07) X Numerical Okg/m3 (2.63) W Numerical 40kg/m3 (2.63)
Exponencial (Okg; })) =+++++Exponencial (10kg/m3 (2.03)) ==+=++ Exponencial m3 (2.03)) ====++ Exponencial (40kg/m3 (2.03))
Exponencial (I /m3 (2.53)) — — Exponencial (20kg/m3 (2.53)) — — Exponencial (40kg/m3 (2.53))

—— Exponencial (Okg Exponencial (10kg/m3 (2.63)) Exponencial (20kg/m3(2.63)) ——— Exponencial (40kg/m3 (2.63))

Figure 3: Flexural strength versus wi/c ratio for all mix proportions with recycled and ordinary
coarse aggregate

S. CONCLUDING REMARKS

The use of recycled C&D aggregates with envelope density closer to the ordinary aggregates
bring minor reductions to the composite performance. The total replacement of ordinary
aggregates by C&D recycled aggregate with envelope density of 2.50 g/cm® shows similar
performance to the reference concrete. This finding is very similar to the results obtained by Choi
& Yun [13] using a recycled aggregate with an envelope density of greater than 2.50 g/cm3. In this
case, steel fibre contents higher than 20 kg/m?® allow to SFRRCAC to present equivalent flexural
behaviour to ordinary SFRC.

The reduction in flexural strength was more intense for the C&D aggregates with lower density
(2.07 g/lcm®), which is more intense when the recycled aggregates present higher level of porosity
and, also, when low levels of w/c ratio are used. In this case, the use of steel fibre provides an
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approximation of the behaviour between ordinary SFRC and SFRRCAC. For w/c ratio higher than
0.6, the matrix flexural strength has no significant influence of the aggregates porosity and the
fibre might not be effective because the cement paste is not dense enough to provide better
conditions to stress transfer to the fibre. These findings where confirmed by numerical analysis
and test results. The fibre contribution could be interesting in order to reduce the cement demand
to enhance the strength of concretes made with C&D waste recycled aggregates in order to
minimize the reduction in the flexural strength, a property usually found in applications such as
pavements.
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Abstract

The introduction of fibre reinforced concrete (FRC) as a structural material in the fib Model
Code 2010 represents an important advance for this technology. Nevertheless, it makes even more
relevant the concern about the knowledge of parameters for quality control. In this context, the
introduction of new fibres in the market should be followed with simple and reliable test methods
to perform its evaluation. One of the major problems is the determination of fibres mechanical
properties through tests that require the use of yarns, which are not easily available for the
consumers. Other concern is related to difficulties associate to the execution of the FRC evaluation
through the EN 14651 three-point bending test (3PBT) for regular quality control. This test was
chosen by the fib Model Code to parameterize the FRC post-crack behaviour but requires more
complex equipment and careful execution. This paper presents an experimental investigation using
composite AR-glass macrofibre, performing the fibre characterization directly in the macrofibre
and post-cracking behaviour measured with 3PBT test together with the double punch test (DPT).
The tensile strength measured directly in the composite glass macrofibre showed good results, but
the Young’s modulus procedure needed further implementation to increase accuracy in
deformation measurements. The results also indicate an excellent correlation between the 3PBT
and DPT, what makes possible to perform regular quality control of FRC in a simpler mode, even
when composite glass macrofibre was used.

1. INTRODUCTION

The adding of fibres to increase ductility in cementitious materials is a well stablished
technology. Fibres can be considered as a randomly distributed reinforcement and they can provide
an improvement in the crack distribution restraining the crack width. These fibres can be derived
from materials with different characteristics, such as steel, glass or polymers, resulting in
composites with different mechanical behaviour.
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The new fib Model Code 2010 [1] introduces a parameterization which turns possible to
consider the fibre reinforced concrete (FRC) as a structural material, providing a more assuredness
condition to designers work. Fibres can be used as partial or total substitution of conventional
reinforcement [2]. Nevertheless, fibre produced with materials with a Young’s modulus that are
significantly affected by time and/or thermo-hygrometrical phenomena are not covered by this
code. Consequently, polymeric macrofibres have been the subject of many studies focusing on
creep behaviour [3]. These studies aim to produce subsidies for the specific parameterization of
these fibres to be introduced in future revisions of the fib Model Code.

Alkali-resistant (AR) glass fibres have been successfully used as a reinforcement for very thin
precast elements produced with cementitious materials, known as GRC (glass fibre reinforced
concrete). The use of AR-glass macrofibre as main concrete reinforcement is already been studied,
especially on structural applications characterized by a high degree of redundancy, as slabs on
ground [4, 5] and concrete pipes [6]. More recently, a new glass macrofibre, composed of filaments
grouped in bundle, was introduced in market. This new product was designed to provide post-
cracking strength and increase toughness to concrete, improving impact and fatigue resistance.
However, it is already known that the type of material with which the fibre is produced affects the
FRC behaviour [7]. In this way, the characterization of the fibre is important because this will
influence its capacity of reinforcement. The problem is the fact that the standard test methods
prescribed for fibre characterization is based on tests performed with the yarn, which is normally
inaccessible for users.

The three-point bending test (3PBT) carried out on a notched beam according to EN 14651 [8]
is the method chosen by the fib Model Code 2010 to characterize FRC as a structural material.
Nevertheless, alternative tests can be used if correlation factors with the EN 14651 are proven [1].
Alternatively, the double punch test (DPT) [9], also known as Barcelona test, has been indicated
as a quality control test method for post-cracking evaluation. The DPT has a series of advantages
over the traditional flexural beam tests, including (1) smaller and lighter specimens that can be
more easily handled by a single technician; (2) specimens made in cylindrical moulds of ®150
mm x 150 mm or that are cut from standardized cylinders of @150 mm x 300 mm normally used
in compressive strength tests; and (3) tests can be carried out in a conventional testing machine
without closed loop system. Several other advantages of the DPT were highlighted by researchers
in comparison with bending tests, such as material and time saving, larger failure surface, lighter
specimens and the possibility of testing cores extracted from structural elements [9, 10, 14].
Despite these advantages, the dissemination of DPT for characterization of FRC is limited by the
lack of correlations with the 3PBT [9].

The objective of this paper is to present an experimental investigation using composed AR-
glass macrofibre, performing the fibre characterization directly in the macrofibre and post-
cracking behaviour measured with 3PBT and DPT. The paper also presents a correlation between
the FRC post-cracking results obtained with both tests. This correlation is required by the fib
Model Code 2010 to assume the DPT as an alternative method to the 3PBT.

2. METHODOLOGY

In order to characterize the FRC, initial tests were carried out to evaluate the geometric
characteristics of the fibre, as well as its tensile strength and Young’s modulus. Then, the post-
cracking behaviour was analysed by the 3PBT together with the DPT as described in more details
in the following items.
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— 2.1 Fibre characterization

It is well known that the type of the fibre and its geometric characteristics directly affect the
mechanical proprieties and the fibre-matrix interaction [7]. Therefore, these parameters and the
tests used in this experimental program are presented in this section.

This study focused a macrofibre composed by AR-glass microfibres covered by a thermoset
resin as shown in the Fig. 1.

Figure 33: Composite AR-glass macrofibre

To verify the geometric characteristics, thirty samples were analysed for length (L), diameter
(d) and aspect ratio (length/diameter) determination. The length was measured with digital calliper
with an accuracy of 0.1 mm. The density (p) of the macrofibres was evaluated using a helium gas
pycnometer (Multipycnometer Quantachrome MVP 5DC) at 26 °C. The diameter (d) was obtained
based on the Eq. (1). The mass (m) of the macrofibres were measured with a scale accuracy of
0.0001g.

4000.
d= / i (1)
m.p.L

Where,

d = diameter of the fibre (cm);

m = mass of the fibre (g);

p = density of the fibre (g/cm?), and
L = length of the fibre (cm).

The ASTM D225 standard [11] describes the procedure to evaluate the tensile strength of many
types of yarns, included the glass ones. As the method was developed for yarn testing, both sample
length and fixing method cannot be adopted directed for macrofibres, which are shorter. However,
the end consumer usually does not have access to yarn samples. Hence, the first need in evaluating
the tensile strength directly on the macrofibre is to ensure its fixation, avoiding specimen slipping.
In that sense, the macrofibre ends were embedded in epoxy resin, as showed in Fig. 2. Thus, it was
possible to fix the samples in the claws, as it can be seen in Fig. 3. Fourteen samples were tested
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in an Instron machine, Model 5569, with a load cell of 1 kN. The load was applied using the rate
of displacement of 0.5 mm/min. The rupture of the fibres occurred in the centre of the sample and
not in the epoxy resin, as shown in Fig. 4.

. By
4 |
'

Figure 34: Microfibre
embedded in epoxy resin
before test

Figure 35: Macrofibre placed Figure 36: Microfibre
between the grips after test

The output of the tensile test was expressed by load (F) versus displacement (9) curves, which
are converted to stress (o)versus strain (g) curves. The tensile stress was calculated dividing the
load (F) by the transversal section area calculated using the diameters previously obtained by Eq.
().

The Young's modulus was estimated as proposed by [12], considering the stresses related to
the 10 and 30% of the macrofibres tensile strengths and their respective strains (g), which were
determined by dividing the value of the displacement (8) by the distance between the grips (L).

— 2.2 FRC characterization
The concrete mix used in this study is presented in Table 1. The amount of superplasticizer was
0.05% by weight of cement. Three macrofibre contents were used in the experiment: 3.8, 7.6 and

11.5 kg/m3. A plain concrete was also tested as a reference.

Table 14: Mix design of the concrete

Cement Fine Coarse Gravel Gravel Water Superplasticizer
[kg] sand[kg] sand[kg] 125 mm[kg] 19 mm [kg] [ko] [0]
394 134 536 532 532 193 394

The 3PBT followed the recommendations of the standard EN 14651 [8]. The samples were
notched beams with dimensions equal to (150x150x550) mms3. The crack opening, measured as
crack mouth opening displacement (CMOD), was evaluated with a clip gauge fixed at the notch
(Fig. 5). The results are represented through a load-CMOD curve, as illustrated in Fig. 6.
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Figure 37: Three-point bending test (3PBT) Figure 38: Schematic curve of 3PBT

The DPT was presented in [9] and standardized by UNE 88515 [13]. The initial configuration
of the DPT involved measuring the circumferential displacement with a chain extensometer.
Nevertheless, the use of this extensometer limits its applicability and an alternative setup
controlling the axial displacement without the need of the extensometer was proposed [14] and
used in this study. In this new test configuration, the cylindrical specimen is positioned between
two steel cylindrical punches that receive the load applied by the plates of the press at a constant
rate of displacement of 0.5 mm/min (Fig. 7). The test is characterized by the appearance of 2 to 4
radial cracks, as shown in Fig. 8. The cracking load (Fcr) is obtained when the stresses reach the
tensile strength of the concrete matrix and, after that, the fibres bridge the crack resulting a residual
strength. The results are represented through a load-axial displacement curve, as illustrated in Fig.

160

Load [kN]

2 -1 0 1 2 3 4
Axial displacement [mm]

Figure 39: Double punch  Figure 40: Cracking patterns  Figure 41: Schematic curve of
test (DPT) observed DPT
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The specimen used has a diameter and a height of 150 mm and was produced by cut from
standardized cylinders of @150 mm x 300 mm. Six specimens were tested for each fibre content.
The residual forces (Fr,i) were obtained from the curves for axial displacements of 0.5, 1.5, 2.5
and 3.5 mm. Also, the energy dissipated at these level of axial displacements (Eppt,) was
determined in order to calculate the predicted residual 3PBT strength (FsprgrT,i), as proposed by [10]
using the Eq. (2).

F3ppri = a.Fppr; + B. EgPT,i (2)

The terms o and  are constants obtained in a regression considering both CMOD and axial
displacements of i and are presented in [10].

3. RESULTS AND DISCUSSION
— 3.1 Physical and geometric characterization

The geometric characterization of AR-glass macrofibre is presented in Table 2. Standard
features were obtained from product data sheet.

Table 15: Geometric characterization of composite AR-glass macrofibre

Product Standard
Characteristics data  Average deviati CV (%)
eviation
sheet

Length [mm] 4312 43 0.93 2.2
Diameter [mm] 0.70 0.73 0.02 2.1
Density [g/dm?] 2001 1.96 0.03 1.5
Aspect ratio [length/diameter] 59 - 64 59 1.68 2.9

As presented in Table 2, the average of all the geometric features evaluated are in accordance
with the product data sheet. The exception is determined diameter of glass macrofibre which was
4.3% larger than the declared dimension. The result is an average equivalent diameter. This
difference could be justified by the fact that the diameter was calculated by the density method
which is not affected by the pressure employed by the calliper load claws or the position of the
fibre [15] as regularly used for this kind of determination.

The low coefficient of variation of all the features analysed must be noted because these
parameters have an important influence in the AR-glass macrofibre mechanical properties
determination.

— 3.2 Tensile strength and elastic modulus
The load-extension and stress-strain curves are shown in Fig. 10. The lighter colour curves

represent the individual results and the darker one represents the average curves. The synthesis of
the results is presented in Table 3, including the product data sheet provide by the manufacturer.
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Figure 42: Curves of composite AR-glass macrofibre: (a) Load — Extension (b) Stress-
Strain
Table 3: Mechanical characterization of composite AR-glass macrofibre
Product  Number of Standard o
Parameter data sheet  samples Average deviation CV (%)
Load [N] 385 403 30 7
Tensile strength [MPa] > 1000 14 973 72 7
Elastic modulus [GPa] 42 17 4 27

Considering the scatter of the results, the average value obtained for the maximum load was in
accordance with the product data sheet. However, the average tensile strength was below the
minimum value presented by the manufacturer. This condition could be explained by the fact that
the fibre”s diameter presented by the producer is inferior the diameter measured in this study (Table
2), which was used to calculate the section area and the tensile stress consequently.

The average value obtained for the Young’s modulus was significantly less than the value
informed by the manufacturer. Partially, this result can be explained by the previously observed
reduction of the stress measured by this method in relation to the values presented by the producer.
In addition, the measurement of the strain of the fibre considering the total displacement between
claws is an approximation that tends to overestimate the strain. Therefore, the Young’s modulus
measured here is underestimated in relation to the actual values. An alternative for future works is
the use of a high-speed camera to measure fibre deformation in order to maximize the test
precision.

3.3 FRC characterization
The basic mechanical characterization of the composites is presented in Table 4.

Table 4: Basic mechanical characterization of the composites
Compressive strength [MPa]  Young's modulus [GPa]

Fibre content (kg/m3) 3.8 7.6 115 3.8 7.6 115
Average 47.4 47.8 47.2 27.7 29.2 28.1
Standard deviation 3.2 1.4 0.0 - 0.1 0.8

CVv 7% 3% 0.0% - 0.4% 2.7%
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. The results showed very similar compressive strength and elastic modulus for the different
macrofibre contents used. It is also notice that the scatter of the results is very low.

3.4 Three-point bending test
The results presented in Fig. 11 show the 3PBT load-CMOD curves obtained for all mixtures.

The lighter colour curves represent individual results and the darker one represents the average
curve.

(a) _ (b)

Load [KIN]

Load [kN]

00 03 10 15 20 235 30 00 05 10 15 20 235 30

CMOD [mm] CMOD [mm]

(c) N ()

Load [KIN]

Load [kN]
=

00 05 10 15 20 25 30 00 05 10 1.
CMOD [mm] CMOD [mm]
Figure 43: 3PBT load-CMOD curves: (a) Plain concrete (b) 3.8
kg/m? (c) 7.6 kg/m? (d) 11.5 kg/m?

The 3PBT results showed low variability, as can it be seen in Fig. 11. The three fibre contents
tested exhibited the same tendency, reducing the load capacity with the development of the crack
opening. In other words, the results showed a clear softening behaviour. For the plain concrete
(Fig. 11a), the experiment was interrupted with a 1 mm crack opening in order to guarantee the
safety of the equipment avoiding the collapse of the specimen over the clip gauge. It is also possible
to notice that the limit of proportionality (FL) was approximately 15 kN for all fibre contents and
for the reference concrete. These results were considered statistically equal in the ANOVA test
performed with 0.05 of significance (p-value of 0.214).

To classify the post-cracking strength of FRC, characteristic flexural residual strength values
must be analysed for serviceability (Frik, CMOD = 0.5 mm) and ultimate (Frzk, CMOD = 2.5 mm)
conditions [1]. The characteristics flexural strength for crack opening, Frik and Frak and their
respective variations are presented in Table 5.
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Table 16 : Characteristics flexural strength of composite AR-glass macrofibre
Characteristic

Fibre Parameter flexural Standard  CV
content Deviation (%)
strength
Plain FL 4.73 0.06 1
concrete Fr1 0.47 0.00 0
38 FL 3.62 0.47 11
kg}m3 Fr1 0.67 0.09 12
Fr3 0.19 0.05 19
76 FL 4.22 0.32 7
kg/.m3 Fr1 1.27 0.17 11
Fr3 0.67 0.14 17
115 FL 3.76 0.58 13
kg/m? Fr1 1.54 0.22 12
Frs3 1.14 0.20 14

It is shown in Fig. 12 the linear correlation between the characteristic flexural strength
measured at 0.5 and 2.5 mm crack openings with the fibre content. For both cases, the obtained
coefficients of determination (R2) were higher than 0.93. As can be seen in Fig. 11a, the plain
concrete presented some residual strength for 0.5 mm crack opening (Frik = 0.47), but not at all
for 2.5 mm. Consequently, the curve referring to frak intercept the origin, while for frik the value
for plain concrete was included (Fig. 12). This consideration allows to estimate the residual
strength for CMOD of 0.5 mm when fibre contents are under 3.8 kg/m3.

Furthermore, according to [1], the minimum requirement performance to consider a FRC as a
structural material must to obey the following conditions: Fgqj/Fix > 0.4 and Fgsy/Fgrix > 0.5,
where Fik is the characteristic value for the limit of proportionality. As can be seen in Fig. 13 and
Fig. 14, linear trendlines were obtained when comparing the mentioned parameters with the tested
fibre contents. Although, the contents of 7.6 and 11.5 kg/m3 presented Frs)/Fr1x relations higher
than 0.5, a fibre content of at least 12 kg/m? was required to ensure Frq;/Fx > 0.4. In order words,
for the concrete matrix used in this study, it is necessary the minimum fibre content of 12 kg/m3
to substitute conventional reinforcement. This will ensure a FRC in 1.5b classification of fib Model
Code 2010 [1].
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3.5 Double punch test

The results presented in Fig. 15 show the DPT residual load-axial displacement curves obtained
for all FRC evaluated in this study. The lighter colour curves represent the individual results and
the darker one represents the average curve. In order to better evaluate the results, the average
relevant loads are presented in Table 6 together with standard deviation and coefficient of
variation. The results permit to affirm that the cracking load (F¢) is not influenced by the fibre
content. The ANOVA test result a p-value of 0.827 for the effect of fibre content, greater than
0.05, indicating not significant influence of this parameter. On the opposite, the post-cracking
behaviour increases proportionally to the fibre content, and the ANOVA test results a p-value of
0.001, lower than 0.05, indicating significant effect.
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Figure 47: Residual load-axial displacement curves in DPT (a) 3.8 kg/mé3, (b) 7.6 kg/m? and
(c) 11.5 kg/m3
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Table 17 : Characteristics flexural strength of composite AR-glass macrofibre
Relevant loads (kN)

Fibre content

Fer Fro.5 Fris Fr2s5 Frs3s

Average 126.7 19.9 4.7 2.3 15

3.8kg/m3  Standard deviation 13.0 7.1 1.0 0.5 0.5
Ccv 10%  36% 22% 21% 31%

Average 1255 35.7 13.2 7.3 4.3

7.6 kg/m3  Standard deviation 150 8.3 5.4 3.6 2.6
CcVv 12%  23% 41% 49% 61%

Average 129.9 570 22.3 12.7 8.1

115 kg/m3  Standard deviation 9.4 7.9 2.9 2.5 1.5
CVv %  14% 13% 20% 18%

Table 6 shows that lowest coefficients of variation (CV) were obtained for the Fer results,
between 7% and 12%. The residual loads present coefficient of variation between 13% and 61%,
and the highest CV values are associated to higher crack openings (fr 2.5 and fr35).

The correlation between the DPT and the 3PBT was determined in two ways. First, the
experimental results of residual loads obtained from both tests were correlated, considering the
axial displacement for DPT and CMOD for 3PBT (Fig. 16). The results presented in Fig. 16
express the excellent correlation between the experimental results of residual loads measured with
the 3PBT and DPT. The coefficients of determination (R?) are higher than 0.89, for values of i
corresponding to 0.5 mm. This may be attributed to the differences in terms of crack formation in
both tests, whose influence is evident for low displacements [9].

Fig. 17 shows a second correlation between the results obtained from 3PBT and the
corresponding result estimated with Eq. (2) from the results of the DPT for the displacements i of
1.5, 2.5 and 3.5 mm. The predictions made with Eq. (2) really approaches the results from the
3PBT, with a Rz of 0.97, confirming the potential of DPT use as an alternative test method to
quality control of FRC.
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Figure 48: Correlation with experimental Figure 49: Correlation between
results of 3PBT and DPT experimental and predicted 3PBT loads
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4. CONCLUSIONS

This paper proposes an experimental investigation using composed AR-glass macrofibre,
performing the fibre characterization directly in the macrofibre and measuring the post-cracking
behaviour with 3PBT and the DPT. The following conclusions may be derived from the results of
this study.

The geometric characterization presents very low coefficient of variation of the results,
which indicates high-quality control in the production of these composed macrofibre. Only
the diameter measurement presented a significant difference in relation to the producer
declared dimension. However, the diameter measurement procedure used in this study was
more reliable because is less susceptible to be underestimate due to the effect of the pressure
of the calliper claws on the macrofibre.

The tensile strength results demonstrate the feasibility of direct tensile testing method made
directly in the composed AR-glass macrofibre. It is a meaningful contribution for this
material consumers that do not have access to yarn samples. Conversely, the test method was
not effective to the Young's modulus determination because presented a tendency to
underestimate the measured value. Nonetheless, a high-speed camera may be used to
measure fibre deformation in future works in order to improve the accuracy of the test.

The 3PBT results showed low variability and the three fibre contents tested exhibited a
softening behaviour. The influence of the contents is depicted in the linear trendlines
obtained in characteristic flexural strength versus fibre content for 0.5 and 2.5 mm CMOD.
This kind of correlations could be a very useful tool for FRC mix-design.

In the present study, the requirements of the fib Model Code for the definition of minimum
FRC behavior as structural material were only fully met when the glass fibre content of
12kg/m?® was used. This content ensured the classification of the material in the category
1.5b classification of fib Model Code 2010.

The DPT results also exhibited a softening behaviour but presenting higher dispersion in
comparison to 3PBT. The cracking load (Fcr) is not influenced by the fibre content and the
post-cracking behaviour increases as the fibre content increases, as expected. The results of
DPT and 3PBT were exceptionally well correlated. The coefficient of determination (R?) is
0.89, for values of i corresponding to 0.5 mm, and higher than 0.96 for other values of i.
Also, a very good correlation (R2 = 0.97) was obtained between the experimental 3PBT
results and the corresponding result estimated from the results of the DPT. This fact confirms
the potential DPT use as an alternative test method to perform the regular quality control
procedure of the FRC, even if composite AR-glass macrofibre was used.
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Abstract

The primary elements of railway superstructures are sleepers, which distribute the wheel loads
of trains from rails to the ground. While wood was previously the dominant material used in sleeper
construction, concrete is now becoming more common. Over time, a continuous increase of load,
speed and traffic on railways have caused a rise in damage to prestressed concrete sleepers but
have also stimulated efforts to improve them. This research investigates the performance of
prestressed concrete sleepers reinforced with steel fibers, including their load-carrying capacity
and energy absorption characteristics. Negative bending moment tests were conducted at mid-span
of reinforced concrete sleepers with 0.5% of the 35 and 60 mm long fibers. The results of the
research have indicated that the use of steel fibers in concrete leads to an increase in load-carrying
capacity, energy absorption, and consequently, improvements in the service life of structures,
including sleepers. The experimental results were verified by theoretical calculations. The
increment ratio of the ultimate moment by the fiber addition was the same for the theoretical and
experimental analyses.

Keywords: Prestressed concrete sleepers; steel fibers; mechanical property; structural behavior.

1. INTRODUCTION

Sleepers are one of the core elements of the permanent track, whose main functions are: to
support and maintain the distance between the internal faces of the rails (gauge), the vertical, lateral
and longitudinal stability of the track, to transmit to the ballast the loads coming from the rails and
to partially cushion vibrations. The aforementioned characteristics make it necessary for the
sleeper to have a high resistance, which in general leads to a high stiffness. At the same time,
elasticity is also necessary, since it must be able to withstand very high impact forces and dynamic
actions [1].

Wood was the first material to be used as a sleeper, when railroads were beginning to emerge
in Europe and the United States. Wood is a suitable material for dynamic demands. It is a good
electrical and acoustic insulator, however due to a limited supply of resources, the environmental
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requirements, and difficulty of recycling due to the chemical treatment by which the sleepers pass,
the use of this material is decreasing [2].

Prestressed concrete sleepers are the most used sleepers nowadays due to their technical
superiority, considering: long-term durability, rails stability, larger self-weight, ideal for high
speed and high loads, lower life cycle cost and it is sustainable, considering the fact that it does
not need chemical treatments and it can be recycled [3].

Despite the good performance, the prestressed concrete sleepers also present failures. In some
of the studies [4-6], the perceived damages in concrete sleepers were largely related to cracking.
When cracking occurs, the deterioration of concrete is accelerated, creating pathways for the
deterioration of steel. The concrete matrix loses the ability to transfer tension through the crack
causing a concentration of stress in the possibly deteriorated prestressing wires, thus leading to
rupture of the structure.

Considering the high costs related to the interruption of a track, it is of great interest for the
railway industry that its elements have a high lifespan. Cracking on concrete sleepers causes its
service life to be reduced. Fiber reinforced concrete controls crack propagation, the use of this
reinforcement also allows tensions to be transferred through the cracks, reducing the demand for
the prestressing wires. For these reasons, steel fiber reinforcement have been researched as good
option to be used on the sleeper industry [7-10].

2. MATERIALS AND MIXING PROCEDURE

The concrete composition is presented on table 1. The values are in mass for the volume of 1
m3 of material.

Table 1. Concrete composition

Fiber volume ratio 0% 0.25%  0.50%  1.00%
Cement CPV 1 410kg 410kg 410kg 410kg

Sand 1.39 569kg 569kg 569kg 569 kg

Coarse aggregate 3.15 1293 kg 1286 kg 1279kg 1266 kg
Water 180kg 180kg 180kg 180 kg
Superplasticizer 2.6 kg 2.6 kg 2.6 kg 2.6 kg
Steel fiber 196 kg 39.3kg 78.5kg

Water/Cement ratio 0.44

2.1 Materials

The cementitious material used in the production of the concrete was the Brazilian cement type
CPV. The sand had the maximum diameter of 4.76 mm and the coarse aggregate 19.1 mm.
Superplasticizer (Grace ADVA™ CAST 525) was also mixed together with the other materials.
The water/cement ratio of the mix was 0.44 and the average compressive strength after 28 days
was 60 MPa
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2.2  Fiber type

Two different types of steel fibers were used, all of which had hooked ends and are supplied
glued. The first is 35 mm long and it has 0.55 mm diameter, it is named by the manufacturer as
RC 65/35. The second is 60 mm long and it has 0.75 mm diameter, it is named as RC 60/80 as
shown in Figure 2.

RC 65/35

N 7

RC 80/60

X Z
Figure 2. Geometry of the steel fibers used

2.3 Mixing procedure

The mixing procedure was carried out in three stages:

1% stage - the sand and coarse aggregate were mixed together with about 70% of the water for
moistening and homogenization for one minute;

2" stage - the cement was added and mixed for approximately one minute;

3" stage - the remaining water and the superplasticizer were.

The manufacturing process was terminated after uninterrupted mixing for five minutes. When
steel fibers were used, the additions were made gradually, using about two additional minutes of
mixing, until it obtained a homogeneous appearance.

3. TEST PROGRAM

Three specimens were produced in total. In order to evaluate the benefits of fiber addition, one
of the manufactured sleepers had no fibrous reinforcement, while the other two were reinforced
with a 0.5% volume ratio of hooked end steel fiber, being one of the specimens casted with a fiber
provided with aspect ratio of 65 and 35 mm long, and the other with fibers with aspect ratio of 80
and 60 mm long, the sleeper geometry is presented in Table 2. In order to compare the bending
strength capacity of the different sleepers, negative bending moment test was performed at mid-
span on all of the constructed sleepers in accordance with AREMA [11] and Brazilian standards
[12]. The test setup is presented in Figure 3. The test machine consists in a hydraulic actuator with
500 kN capacity, controlled by a MTS® central station. The actuator displacement was controlled
on a rate of 1 mm/min. The cross-section of the sleeper as well as the prestressing wires distribution
is presented in Figure 4.

Table 2. Sleeper geometry

Depth* 28,5¢cm
Height* 23 cm

Length* 245 cm
Height at mid-span 24.5cm

*Maximum dimensions
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4. DISCUSSION AND ANALYSES

The Load-Displacement as well as the Load-Strain curves for the three sleepers tested are
shown in Figure 5. The point that the lower layer of prestressing wires ruptures is indicated in the
graph.

Rupture of the prestressing wires
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Figure 5. Load-Displacement and Load-Strain curves for each concrete mixture

The sleeper without fiber reinforcement withstood an ultimate load (Py) of 153.9 kN and had
its first crack (Pc) opened with a load of 61.5 kN (Table 4).
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The ultimate load capacity of the sleeper reinforced with 0.5% volume ratio of hooked end
fibers, with aspect ratio of 65 and 35 mm length was 189.8 kN and its first crack opened with a 83
kN load, resulting in a increment in resistance of 23% for the ultimate load and 35% for the first
crack opening.

The ultimate load capacity of the sleeper reinforced with 0.5% volume ratio of hooked end
fibers, with aspect ratio of 80 and 60 mm length was 193.7 kN and its first crack opened with a 85
kN load, resulting in a increment in resistance of 26% for the ultimate load and 38% for the first
crack opening.

From the graph shown in Figure 5 is possible to conclude that the addition of fibers contributes
to the increase of the concrete resistance and improves its post-cracking behavior, resulting in
higher residual loads. The fiber contribution in transfer stress can be observed by the delay of the
rupture of the prestressing wires. Similar results were obtained by Bastos [10].

The first crack opening point was identified by the change in curvature of the Load-Strain
curves obtained by strain gauges positioned in the lower part of the specimen.

Table 4. Values for load at first crack, ultimate load and ultimate moment for each concrete

mixture
Mixture Pc Pu Mu
0% SF 61.5 kN 153.9 kN 52.63 KN.m
0.5% RC 65/35 83.0 kN 189.8 kN 64.91 KN.m
0.5% RC 80/60 85.0 kN 193.7 kN 66.26 KN.m

The energy absorbing capacity of the sleepers tested is represented by the Toughness-
Displacement curve shown in Figure 6, it was obtained from the calculated area under the Load-
Displacement curve for each specimen.

5000 L] ] T l L l

— 0% SF
4000 —— 0.5% RC 65/35 —
—— 0.5% RC 80/60

Toughness (J)

0 10 20 30
Displacement (mm)
Figure 6. Toughness-Displacement curves for each concrete mixture

It can be seen from the graph shown in Figure 6 that the addition of fibers contributes to the
increase in the energy absorbing capacity of the material.
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S. THEORETICAL CALCULATIONS

For the purpose of checking the experimental results obtained, the theoretical calculation of the
resistant moment of the sleepers tested was performed according to Brazilian code [13]. It was
considered in the calculation the losses in prestress such as: elastic shortening, shrinkage of
concrete, creep of concrete and relaxation of steel. The steel rupture strain was defined as 10%. for
the bottom layer, that value summed with the strain imposed on the steel to prestress was used to
obtain the stress in the wire at that point through a stress-strain curve of the prestressing wire.
Since the neutral axis was unknown (x), the software Mathcad® was used to do an iterative
calculation so the position of the neutral axis was obtained by force balancing.

By triangle similarity it was possible to obtain the strain in every layer and consequently the
stress and force in function of x. The compression component was obtained in function of x, by a
simplification of the parabolic stress distribution. A force diagram is presented in Figure 7.

Jex

Neutral axis

______________________________________________________

» T,

£,=10%o

Figure 7. Force diagram for the sleeper without fibrous reinforcement

The neutral axis position of 2.76 cm was obtained, there being no prestressing wires in the
compressed zone. The moment was then calculated by multiplying the tensile components by their
distance from the compression component. The theoretical resistant moment of the sleeper without
fibrous reinforcement was 43.5 kN.m, equivalent to 83% of the experimental value.

The theoretical calculation of the fiber reinforced sleeper was made using the same
methodology of the sleeper without the fibrous reinforcement. These differ, since in addition to
the tensile components of the prestressing wires, there is also a tensile component from the addition
of fibers, as shown in Figure 8.
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Figure 8. Force diagram for the sleepers with fibrous reinforcement

The calculation of the ultimate moment was done according to ACI 544.4R [14]. The distance
between the fiber collaborative area and the top of section (e) was evaluated as a function of fiber
strain and neutral axis position. In this case the strain of the prestressing wire is at most 8.5 %o as
recommended by the ACI [14]. The fiber contribution stress (o¥) is defined by the ACI as a function
of the aspect ratio, volume ratio and fiber efficiency factor, not taking into account its specific
geometry and matrix. For this reason, the value of of used in this calculation was obtained
experimentally through direct tensile tests in dog bone shaped specimens.

The resulting force of fiber collaboration (Trier) Was calculated as a function of the neutral axis
(x), and as was done for the first sleeper, the value of x was calculated per balance of forces.
Neutral line position values of 3.25 and 3.30 cm were obtained for reinforced sleepers with RC
65/35 and RC 80/60 fibers, respectively, with no prestressing wires in the compressed zone for
both cases. The moment was then calculated by multiplying the tensile components by their
distance from the compression component.

The theoretical resistant moment of the sleeper reinforced with 35 mm long fibers (RC 65/35)
was 52.3 kN.m, equivalent to 81% of the experimental value and to 120% of the theoretical value
of the sleeper without fibrous reinforcement.

The theoretical resistant moment of the sleeper reinforced with 60 mm long fibers (RC 80/60)
was 53 kN.m, equivalent to 80% of the experimental value and to 122% of the theoretical value of
the sleeper without fibrous reinforcement.

The different moment values obtained experimentally and theoretically are presented in Figure
9.
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Figure 9. Comparative chart of bending moment values obtained by experimental test and
theoretical calculations

It is possible to observe from Figure 9 that the calculated moments follow the same pattern of
the values obtained experimentally, being the method used ideal for the analysis of the reinforced
concrete with fibers.

6. CONCLUSION

Negative moment tests were performed on concrete sleepers with static loading applied
on its mid-span. Concretes mixtures were evaluated with and without reinforcement of 0.5% of
steel fibers of 35 and 60 mm length, totaling three specimens. It has been observed that the
addition of fibers delays the opening of a macro crack, increases the ultimate load and delays the
rupture of prestressing wires. It was obtained the increase of 23 and 26% of the ultimate moment
resisted by the structure, promoted by the addition of the fiber of 35 and 60 mm, respectively.

In order to verify the results obtained by the experimental tests, theoretical calculations were
made based on the recommendations of Brazilian standards and ACI 544.4R. The calculated
ultimate moments were 20% lower than the experimentally obtained ones. However, the increase
of resistance promoted by the use of fibers was similar to the experimental, being the increase of
20 and 22% in the ultimate moment, promoted by the addition of 35 and 60 mm fibers,

respectively. It can be concluded that the theoretical method used was ideal for the evaluation of
the structure.
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Abstract

Significant attention has been given to the development of materials and techniques employed
on the additive manufacturing process or also called 3-dimensional printing (3D printing) applied
on the construction market. This building technique extrudes cementitious composites to form the
contour of the desired geometry. Together with a robotic arm and linked to the blueprints the
material is extruded exactly as digitally designed. Therefore, making this building technique a
progress on the automation process on the construction industry. In order to have the exact contour
as designed for the building, the material used on this application must be developed respecting
rigorous rheology parameters. To achieve such high viscosity in cementitious materials, usually
viscosity modifiers admixtures (VMA) are employed. One of the commonly used chemical
admixtures for this purpose is the hydroxypropyl methylcellulose. However, the consequences of
using high content of this admixture in cementitious matrices is still not fully understood. This
study characterized the influence of different VMA content on Portland cement paste, by means
of a microstructure analysis. The hydration development was assessed, and the influence of the
admixture was measured for different curing ages. Important negative side effects were found such
as: VMA increasing the cement setting time, different distribution of hydration products on the
bulk or increasing the void content. On the other hand, positive effects were also found such as:
evidences of internal curing, higher degree of hydration and the lack of undesired hydration
products.

1. INTRODUCTION

A promising construction technique which has drawn notable attention in the past few years
was the additive manufacturing (AM). This revolutionary technique is likely to open a new era on
the construction industry, optimizing process and materials [1]. AM is a general classification for
technologies which fabricates objects with the help of automated equipment, directly from a digital
design technology [2], [3]. There are several different techniques to manufacture the objects
developed based on AM, such as the powder bedding with an inkjet head [4] or the laser melting
[5], and the counter craft technology which employs extrusion techniques to fabricate objects [6].
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Both AM technologies builds the object through a layer by layer deposition process. The counter
craft AM has drawn a lot of attention in the construction market as its implementation looks
feasible to be applied in large scale for this industry. It should be noted that materials with unique
properties need to be developed to meet the mechanical and durability-related demands of a long-
lasting and safe structure.

Recent investigations have shown the development of cementitious composites with different
aggregate particle sizes. Concrete and mortars have been developed with printable characteristics.
In some studies fibres have been incorporated to stabilize the mixture at fresh state or to minimize
the occurrence of cracks due to shrinkage. However, the materials and printing methods have not
yet delivered solutions to improve the composites hardened performance when loaded in tension
[71. [8].

Moreover, researchers have addressed this problem developing a technique to produce mortar
filaments through AM reinforced by a steel wire. Higher ductility was achieved with samples
reinforced by the steel wire. Further, more research is needed to enhance the interface bond
between the wire and the mortar [9].

Another strategy to increase the ductility of printed brittle materials is the incorporation of
fibres. Great plastic deformations can be achieved on cementitious composites reinforced by fibres
namely, strain hardening cementitious composites (SHCC), for instance. This type of composite
can deliver high tensile strain, strength, higher frequency but smaller multiples cracks during
tensile loads [10].

SHCCs are cementitious composites reinforced by high volume of fibres. Usually the
reinforcement level is around 2% of the total composite’s volume, which brings challenges
regarding the flowability of such mix designs. An alternative often approached to enhance the fibre
dispersion and even thought keep a high flowability is the employment of viscosity modifier
admixtures (VMA) [11]. These admixtures are usually composed by a long organic chain with -
OH ramifications, that “arrest” the free water on the mixture through hydrogen intermolecular
bridge. One of the most used VMA is composed by Hydroxypropyl methylcellulose (HPMC) [12].
In addition, the use of VMA is also a key factor while developing a printable cementitious
composite. The right tune of the amount of the chemical admixture, coupled with a good
distribution of the grain size of the particles employed on the matrix, and optimum water-to-solid
ratio may lead towards a material with the needed viscosity for printing.

Besides the fact that VMA can help on the controlling of the rheology properties of a solid
suspension, the consequences on the microstructure of hydrated Portland cement is not yet fully
understood. The influence of some water-soluble polymers on the microstructure development of
Portland cement was investigated by [13]. They have shown a delay on the hydration process,
formation of unusual minerals at early ages, a slightly lower Ca(OH)2 content and a higher amount
of chemically bound water. Furthermore, the cement hydration delay was explained with the
influence that HPMC has on the precipitation of calcium hydroxide, the polymer’s absorption
capacity [14]-[16], and the methyl content [17]. Moreover, a study have also reported the influence
of molecular weight on the rheology of cement paste modified by HPMC admixture and its
potential to combine via intermolecular and intramolecular crosslinks with Ca*? ions [18].

The present research aims to build a better understanding to the consequences of HPMC use in
cement paste. This information together with the literature already available, contributes to a better
understanding to the new generation of construction materials which are under development to be
applied on 3D printing.
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2. EXPERIMENTAL METHODS

Microstructure characterization of cement paste for different curing ages and VMA content
were studied. Chemical composition of the Ordinary Portland Cement (OPC) CEM 1 42,5N and
its loss on ignition (LOI) can be found on Table 1. They were assessed by X-ray fluorescence
analysis (XRF) and thermogravimetric analysis (TGA) performed at 10°C/min under Argon
atmosphere. The LOI was calculated using the loss of mass between 45 and 1000°C.

Table 18: Chemical composition of Portland Cement.

Compound CaO SiO2 FexO3 AlO3z SO3 MgO KO TiO2 P20s Rest LOI

CEM 1425

6953 156 384 309 26 167 055 031 014 053 214
N [wt. %]

VMA is composed by HPMC with viscosity 201000mPa.s was provided by Shanghai Ying Jia
Industrial Development Co., Ltd. The samples were cast mixing a volume of 0.5 litres in a
planetary mixer (HOBART) according to the following procedure:

e All dry materials were mixed for two minutes at speed 1;

e While mixing at speed 1, during approximately one minute, the water was added,;

e The wet powders were steered for the next two minutes at speed 1. In this phase it is
possible to observe a significant change in the mixture’s viscosity. A dough like
consistence is achieved;

e At speed 2, the dough like mixture is further mixed. At this phase the dough opens on
the mixing bowl.

A reference cement paste with a water-to-cement ratio of 0.3 (REF) and three levels of VMA,
0.1, 0.3 and 1% of the cement weight, named 1M, 3M and 10M respectively were evaluated. The
mixed paste was cast on plastic containers and sealed with the help of paraffin paper. Right after
moulding they were left for 24 hours rotating around their own axis to ensure a homogenous
material avoiding any segregation. With the exception of 10M samples, afterwards, they were
demoulded and cut in slices of approximately 5mm and the followed curing time was done in a
curing room at (20 + 2)°C and relative humidity of (98 + 2)%. 10M samples could be demoulded
and cut only after 48 hours after the casting.

To stop cement hydration the cut slices were manually crushed in small particles and partially
submerged on liquid nitrogen for 3 minutes and completely submerged for 5 minutes. Immediately
after, crushed particles were conditioned on plastic bags with holes to allow the release of moisture
from the samples and stored in a freeze drier for further drying. Those samples were used on the
TGA tests. Stopping hydration employing liquid nitrogen was chosen for TGA tests, as [19]
reported formation of carbonate like minerals at high temperatures in samples where solvent
exchange technique was used. The small cut slices destined to electron microscopy observations,
X-ray diffraction (XRD) and Fourier Transform Infrared Spectroscopy (FTIR) had their hydration
arrested by solvent exchange procedure, employing ethanol.
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3. RESULTS

Before the description of all results found for evaluated specimens it is important to show that
the VMA employed was investigated under electron microscope, TGA and XRD. The results from
these tests have demonstrated that the chemical admixture suffers of a small volume of sodium
chloride impurity.

3.1 Isothermal calorimetry test

On Figure 1 the result from the isothermal calorimetry test is reported. The increasing volume
of viscosity modifier on the cement paste, lead towards delaying Portland cement hydration. The
greatest consequences were measured on pastes with 1% of VMA, where the dormant stage was
prolonged up to 9 hours of hydration.
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Figure 50: (a) normalized heat flow and normalized total heat released (b) results from
isothermal calorimetry tests.

Specimens 1M and 3M had also their early age properties changed. Both had a slightly longer
dormant period, then reference. However, the CsS peak obtained for both were also slightly higher
than reference samples, meaning that the hydration reactions were significantly accelerated. Other
fact that shows this acceleration is the overlapping of the peak of heat generated by the hydration
of CsS and the renewed formation of ettringite [20]. On reference samples after about 10 hours the
slope of the heat released decreases, followed by a reacceleration after some minutes. 1M samples
the different slopes can also be noticed however, the second slope was shown only during the
descending part of the curve, after approximately 10.5 hours. Specimens with 0.3% of VMA do
not show these two slopes. The heat released by these clinker components overlay creating a wider
peak.

On Figure 1b the total heat generated during the measurement period is plotted. Besides the fact
that the employment of VMA delays the Portland cement hydration, after approximately 30 hours
of hydration samples 1M and 3M had already a slightly higher total heat released. In general,
samples with HPMC have released a higher amount of energy during the first 10 days of curing.
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3.2  Thermogravimetry analysis

Thermogravimetry results were especially important to quantify the results found on this study.
A summary with all results obtained with the test is give on Table 2. The influence of 1% VMA
on the hydration delay of cement paste could also be noticed on the TGA results. Degree of
hydration was calculated for all samples and the results show a significant loss on 1 day cured
samples for 10M specimens. Moreover, a significant increase in a since the 1 day of hydration
for 1M and 3M specimens was noticed. 10M specimens only develop higher degree of hydration
after the 3" day.

Table 19: Summary of properties measured using TGA technique.

Age H20 from 105 to . Calcium
[da?/s] ° 2450°C [%] Portlandite [%] carbonate [%]
1 0.2853 3.97 8.86 5.64
REF 2 0.3693 5.33 9.40 7.10
3 0.4062 5.84 10.46 5.73
29 0.6475 8.96 14.52 6.56
1 0.3584 4.90 9.64 7.14
2 0.4073 5.43 10.69 7.28
1M 3 0.4281 5.78 9.72 10.44
7 0.5686 7.56 13.70 9.18
29 0.7424 9.45 14.69 11.77
1 0.3377 4.62 7.94 8.48
2 0.4286 571 10.20 8.82
3M 3 0.4917 6.55 11.32 8.60
7 0.6097 7.97 13.44 8.95
29 0.8050 10.14 16.70 9.22
1 0.1423 2.16 2.65 5.73
2 0.3181 4.43 7.54 9.36
10M 3 0.4391 5.98 9.45 12.46
7 0.5438 7.19 11.03 17.11
29 0.7652 9.52 14.57 15.86

To explain the higher values found for samples with HPMC an understanding of how this
chemical admixture changes the viscosity of solid solutions must be approached. The HPMC
molecules can “arrest” water through hydrogen intermolecular interactions. These interactions
decrease the availability of water during the first hours of cement hydration increasing significantly
the viscosity of the water which surrounds OPC particles. As soon as pH values rise, the increasing
availability of OH" ions decreases the capabilities of VMA in change the viscosity’s solution.
Gradually this phenomenon happens on the paste, and therefore gradually the water “arrested” on
HPMC molecules are released to become available for hydration. This description is also found to
explain the phenomena known as internal curing. Therefore, it is believed that the VMA does not
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only contributes for the viscosity modifying of the solid suspension, the chemical admixture can
also contribute to improve OPC hydration.

The total loss of water from ettringite and CSH, as well as the total amount of calcium hydroxide
is smaller for 10M samples only until the 3" day of hydration. Nevertheless, with exception of 3M
specimen, all 29 days cured samples have close values of calcium hydroxide content. As it was
measured, the higher degree of hydration found on samples with VMA is coming mainly from the
water lost from 105 until 450°C, corresponding to hydration products like ettringite, and C-S-H.

Another important characteristic from samples where the viscosity modifier was employed is
the total amount of calcium carbonate. The proportions from this mineral rise with the increasing
employment of the admixture. This phenomenon might be correlated with the large amount of
entrapped air voids found on samples with HPMC. The high void content would increase the paste
exposure therefore, perhaps increasing the carbonation speed.

3.3  X-ray diffraction

The delay of hydration caused using VMA, and the lack of distinguish of ettringite and CsS
heat release peaks might lead to a lack on the availability of some intermediate minerals for the
cement hydration. Therefore, an investigation of the mineralogical properties was conducted to
verify if the formation of the main crystals on samples with admixture followed the same trend as
the reference. Besides the fact that formation of non-conventional minerals were reported by [21],
the XRD patterns from all evaluated ages and different VMA content did not present formation or
lack of mineral. Therefore, the employment of rheology modifier does not generate any hazardous
minerals which could lead to a decrease on the durability or reliability of printed cementitious
composites.

3.4 Fourier transform infrared spectroscopy

The band corresponding with presence of Ca(OH); is found at 3645cm™ and from 1635 to
3445cm™ are bands due to the presence of calcium sulphate in the form of ettringite [21]. FTIR
results corresponding the first 3 days of hydration emphasizes the bands corresponding to
ettringite. Moreover, the bands measured during the test were also in accordance with the
calorimetry tests, demonstrating that the employment of VMA delays hydration of Portland
cement. 3M samples show higher transmittance bands, until the 3™ day of hydration. However,
from the 7™ hydration day 10M samples take over, as the reactions for those samples were
significantly delayed, as reported with the calorimetry results. The FTIR results followed the same
trend observed on TGA and calorimetry test results.

3.5  Electron scanning microscopy

The microstructure of 29 days samples was observed under scanning electron microscope and
are exemplified on Figure 2. One of the first noticed differences was the number of voids on
samples where the chemical admixture was employed. This might be caused due to the high
viscosity achieved while mixing the paste, when air can be entrapped.

Besides that, around the voids found on samples with VMA a darker region is always found,
leading to the conclusion that these are less dense than the bulk paste. This means that the voids
found on these samples were perhaps filled or at least highly concentrated with water. This is an
important result that is connected to the fact that the HPMC molecules can “arrest” part of the
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mixing water through its -OH ramifications. Progressing the hydration reactions this water is
released, locally rising the water-to-cement ratio on these regions.

One other important observation is the location where portlandite is found. Usually, Ca(OH).
grows spread on the paste’s bulk and eventually on the void or pore walls. However, samples with
the chemical admixture had their voids progressively filled with portlandite, from 0.1 to 1 wt.% of
VMA. Remarkabl ids from 10M sampl Imost totally filled with portlandite.

Figure 51: SEM pictures from REF samples (a), 1M (b) and 10M (c).

4. CONCLUSIONS

The results obtained during this study are of fundamental importance for the understanding of
the chemical admixture employed on the extrusion and nowadays additive manufacturing
industries. Summarizing the main conclusions are:

e VVMA concentration is of high importance on OPC hydration. Even small concentrations
of the admixture lead to retardation of the initial hydration. 1 wt.% already leads to a
large latent time of the Portland cement;

e The rheology modifier admixture “arrest” the available water with hydrogen bonds. The
admixture only loses its preference for the water when the pH of the solution increases,
making stronger connections with other ions;

e Asdemonstrated with the degree of hydration and the total heat released VMA can also
be employed for internal curing purposes.

e Under electron microscope, it was possible to observe that air voids formed during
mixing works also as water reservoir. As soon as the pH of the paste rises, the water
released from VMA develops a region around theses voids with a higher water/cement
ratio, in comparison with the rest of the matrix.

e To modify the rheology parameters of solid suspensions, the grain size distribution or
the employment of viscosity modifier admixtures are usually employed. However,
according with the manufacture specifications sheet the VMA employed on this study
works within pH values 4 to 8. Therefore, solid suspensions which have high pH from
the beginning of the mixing, like alkali activated materials, will be challenged to
decrease the solution’s pH or provide a well distributed particles grain size.
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Abstract

This paper reports the findings of an experimental program aiming to investigate the influence of
steel fibers in the flexural behavior of under-reinforced reinforced concrete beams (S/SFRC).
Hooked end steel fibers with aspect ratios of 48 or 60 were used to produce matrices with fiber
content ranging from 0 to 2%, in volume. A full mechanical characterization was carried for each
matrix studied, as well as for the reinforcing steel used. Reduced scale beams with reinforcing
ratios of 0.28, 0.44 and 0.70% were instrumented with strain gages and displacement transducers.
Digital image correlation (DIC) was also used to monitor strain field and crack formation and
growth throughout the constant moment region during loading. Experimental load-deflection and
moment-curvature relationships are reported, showing gains of capacity ranging from 21 to 109%
with respect to conventional reinforced concrete (RC) beams. Increases in cracked stiffness were
also observed and all beams presented ductility within desired limits. The results obtained using
analytical models are compared to the experimental results and excellent agreement achieved
shows that models can be successfully adopted to predict the actual behavior of R/SFRC beams in
flexure. Finally, crack formation and growth are reported, showing that the use of steel fibers leads
to a pattern characterized by multiple small cracks and a critical wider crack, but with opening
much smaller than that obtained for RC.

1. INTRODUCTION

Introduced during the 1960’s, fibrous concrete — or fiber-reinforced concrete (FRC) — is defined
as a concrete containing dispersed randomly oriented fibers and its advantages over plain concrete
include post-crack tensile residual strength and enhanced toughness. FRC has gained acceptance
among civil engineers and has been widely adopted in applications such as slabs on ground, precast
pipes and facade panels, retaining walls and tunnel linings as an alternative to conventional
reinforced concrete [1, 2]. On the other hand, the use of conventional flexural reinforcement
combined with FRC in load-carrying members has been very limited [3, 4], despite the advantages
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with respect to conventional RC, including: i) improve in shear strength, leading to the possibility
to fully or partially substitute stirrups by fibers; ii) increased flexural stiffness and strength; and
iii) improvement of adherence between concrete and steel, leading to multiple crack formation and
a better crack width control at serviceability limit states [1, 5].

The flexural behavior of reinforced steel fiber concrete (R/SFRC) beams has been investigated
by several authors, but Henager and Doherty [6] were the first to propose an analytical approach
to the strength of R/SFRC beams. In the method, the bending strength is determined assuming the
rectangular stress blocks for concrete in tension and compression zones. In their study, Henager
and Doherty [6] observed an increase up to 25% in strength with respect to conventional RC and
good agreement was achieved between proposed approach and experimental results for beams
containing 1.22 to 1.51% of straight fibers in volume (aspect ratios lt/ds = 38 and 57) and low yield
strength steel. The method was also successfully used by other authors in comparison with
experiments considering different material properties and cross-section configurations [7-10],
showing that, apparently, the design strategy can be adopted regardless reinforcing steel, fiber
volume fraction, type of fiber and concrete compressive strength. This approach is currently
recommended by fib Model Code 2010 [11] for the design of S/SFRC beams. A different approach
to strength was recently proposed by Van Zijl and Mbewe [12], assuming that failure may occur
before concrete reaches the strain corresponding to the stress peak in compression. Linear and non-
linear stress distributions were considered in the study and a parametric study was carried on. To
validate the method, five beams having 1.0 and 1.5% by volume of hooked end fibers (I/ds = 60)
and high tensile yield strength bars were tested in bending. The authors concluded that Henager
and Doherty’s approach underpredicted the experimental results, while better agreement was
achieved for their proposed approach. It was also acknowledged that strain-hardening of steel bars
may increase significantly the bending capacity.

To investigate the influence of reinforcing ratio in failure modes, capacity and ductility of
R/SFRC beams, Mertol et al. [13] tested 20 beams having Vs = 0 or 1% (hooked end fibers with
I+/d¢ = 60) and ps ranging from 0.2 to 2.5%. Classification of sections in over- and under-reinforced
groups were made based on the balanced ratio calculated (1.6%) for conventional RC. Trends in
behavior were reported by the authors, such as the slight increase in capacity and in stiffness for
R/SFRC specimens and the significant improve in toughness for specimens having ps > 0.4%.
Results from load-deflection curves were finally compared with predictions made using different
assumed stress-strain models for concrete in compression. From tables reported by authors, a large
deviation can be observed between theory and experiments, which can be explained by the
following reasons: i) a full material characterization has not been carried out by authors; ii) the
conversion of moment-curvature relationships obtained from theoretical models in load-deflection
response used in the work and proposed by other authors [14, 15] is not straightforward due to the
contribution of uncracked concrete in tension zone (tension-stiffening effect).

In the present work, the results from an experimental program carried out on R/SFRC beams
subject to 4-point bending are reported. For a comprehensive study, the testing program included
the use hooked end steel fibers with Is/ds = 45 and 80, with contents in volume ranging from 0 to
2% and different reinforcing ratios. To allow a better comparison with theory, a full material
characterization was conducted to obtain representative stress-strain models and curvatures and
neutral axis depths were measured in the constant moment region using digital image correlation
(DIC). From the validated models, it is possible to clearly determine the contributions of
conventional reinforcement and fibers to the behavior. Crack growth and patterns are also reported.
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2. EXPERIMENTAL PROGRAM

The experimental program consisted in flexural tests of R/SFRC beams having different fiber
types and contents and reinforcing ratios. A full material characterization was also performed.

2.1  Materials
The materials used in the production of the concrete matrix used in the self-compacting SFRC
were: natural river sand, gravel, high early strength cement, fly ash, active silica, Silica 325, hook-
ended steel fiber and superplasticizer. Two different types Dramix® fiber were considered in the
study: 45/30 and 80/60 (“aspect ratio/fiber length”). Table 1 shows the mix proportions adopted in
the study.
Table 1: Concrete mixture proportions per m3.

Materials Quantity (kg)

Cement (Type I11) 360
Gravel (9.5 mm) 494
Natural sand #.85 830
Natural sand #.15 100
Silica 325 70
Fly Ash 168
Active silica 45
Superplasticizer 45
Water 150

Steel fiber 0, 39.3, 78.5 and 157*

* respectively for 0, 0.5, 1 and 2% of fiber content in volume

2.2 Mechanical Characterization

To obtain the relevant mechanical properties of materials used in the study, the following tests
were carried out: cylinder compression and direct tension of SFRC matrix; and tensile test for
reinforcing steel. At least three specimens for each matrix and bar diameter considered in the study
were tested (except for 6.3 mm rebar, not tested). In Figure 1, representative stress-strain
relationships are presented. It is important to note that, for the tensile test, term ‘strain’ refers to
the bar elongation divided by the gage length. Properties obtained for concrete matrix and
reinforcing steel are summarized in Tables 2 and 3, respectively.
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Figure 1 : Representative stress-strain relationships: a) cylinder compression; b) direct tension of
matrix; and c) rebar tension.

291



4" Brazilian Conference on Composite Materials. Rio de Janeiro, July 22"-25" 2018

Table 2: Summary of mechanical properties for concrete matrix.

Property Vi (%)

0 0.5 1.0 2.0(45/30) 2.0 (80/60)
Compressive strength f;” (MPa) 76.3+18 952+14 802+25 813+23 849+38
Compressive strain at peak gco (%o) 3.03+0.01 3.65+0.11 3.29+0.52 3.30+£0.82 3.99+0.36
Tensile strength fe: (MPa) 6.04+0.89 4.96+0.69 5.12+0.23 4.54+0.31 5.15+0.55
Tensile strain at peak & (%o) 0.13+0.01 0.16+0.01 0.16+0.02 0.13+0.02 0.15+0.02

Tensile modulus E. (GPa) 46.5 31.0 32.0 34.9 34.3
Tensile stress for ‘strain’ 10%o fer10 (MPa) - 0.67+0.39 1.13+0.25 1.75+0.46 2.70+0.46
Tensile stress for ‘strain’ 5%o fer s (MPa) - 1.27+050 1.83+0.35 2.53+0.49 3.68 +0.37

Table 3: Summary of mechanical properties for reinforcing steel.

Rebar diameter ¢ (mm)

8 10
Yielding strength f, (MPa) 497 £ 18 553+ 18
Strain at yielding &y (%o) 2.28+0.13 2.75+0.20
Elastic modulus Es (GPa) 218+38 203+ 20

2.3 Beam Tests

To study the behavior of beams reinforced with conventional steel and discrete fibers, nine
15x15x120 cm beams with 2-cm cover were fabricated in laboratory and tested in four-point
bending over a span of 110 cm with a constant moment region length of 37 cm. Testing matrix is
presented in Table 3 and it can be noted that three control specimens without fibers and with
different reinforcing ratios were produced to allow comparison with results for R/ISFRC beams.
To induce first crack at midspan, a triangular-shaped notch 1.5-cm-wide x 1.0-cm-tall was
introduced at the middle of the bottom face of each specimen. To avoid shear rupture, 5-mm-
diameter stirrups were adopted along shear spans. To measure crack kinematics and to obtain
curvature at cracked section with load, 2D digital image correlation analysis (DIC-2D) was carried
out to obtain the displacement field at the constant moment region. Data were calculated from a
sequence of high resolution images obtained during the test and compared with a reference image.
Alternatively, to monitor the strains during loading, strain gages were used in three different
positions of each rebar and other two positioned at the beam top face. Beam deflections at midspan
were measured with a displacement transducer. Tests were conducted up to failure with
displacement control at a rate of 2 mm/min using an MTS actuator with 500 KN capacity. Figure
2 shows an overview of test setup.

Figure 2: Overview of setup for 4-point bending tests.
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Table 3: Beam testing matrix.

Specimen Vi (%)  Fiber type Bar diameter (mm)  Number of bars  Reinforcing ratio (%)
B1-0-6 0 HE 45/30 6.3 2 0.28
B2-0-8 0 HE 45/30 8 2 0.44
B3-0-10 0 HE 45/30 10 2 0.70
B4-0.5/S-10 0.5 HE 45/30 10 2 0.70
B5-1/S-10 1 HE 45/30 10 2 0.70
B6-2/S-6 2 HE 45/30 6.3 2 0.28
B7-2/S-8 2 HE 45/30 8 2 0.44
B8-2/S-10 2 HE 45/30 10 2 0.70
B9-2/L-10 2 HE 80/60 10 2 0.70

3. DISCUSSION OF RESULTS

All tested beams exhibited significant crack opening prior to failure and, based on strain gage
readings, yielding of reinforcing steel occurred in all cases. Typical failure modes observed for RC
and R/SFRC beams are presented in Figure 3. For RC beams, wide cracks regularly spaced formed
along the constant moment region and failure mode was characterized by excessive deformation
of reinforcement. For R/SFRC beams, one or two wider cracks could be clearly identified and
failure was governed by fiber pull-out followed by concrete crushing. For beams B8-2/S-10 and
B9-2/L-10, compressive strain at the top of the beam was greater than 0.004.

DIC strains were obtained dividing the relative displacement between two points located the
same vertical position by their distance (approximately 200 mm). In general, good agreement was
achieved between strain gage readings and those obtained using DIC, validating the image
correlation analysis. Moment-curvature relationships obtained using DIC are presented in Figure
4a. It can be seen that all beams reached curvatures greater than 0.1 m™. For the cross-section
studied, this value corresponds approximately to a steel strain of 0.01 and concrete strain close to
0.003, which is acceptable in terms of required ductility. RC beams exhibited gain of capacity after
yielding, which is associated to the strain hardening behavior of reinforcing steel. On the other
hand, peak moments for R/SFRC beams occurred for a curvature coinciding with the beginning of
yielding of steel rebars, @y, followed by a gradual reduction of moment with increasing curvature,
which is associated to the tensile stress decay. In Figure 4b, load-deflection curves are also
presented, showing a similar behavior and confirmed that use of fibers resulted in loss of ductility.

(b)
Figure 3: Failure modes observed for RC and R/SFRC beams: a) B3-0-10; b) B9-2/L-10.
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Figure 4: Beams response: a) moment-curvature; and b) load-deflection.

A summary of the main results obtained from moment-curvature relationships is presented in
Table 4. Significantly increase in the moment at yielding, My, was achieved with the use of fibers,
with ratios between R/SFRC and RC beams (Mrisrrc/Mrc) ranging from 1.21 to 2.09. Increases in
cracked stiffness, (El)cracked, Were also obtained with increasing fiber content. Finally, moment
capacities for a curvature of 0.1 m™, Mo1, were compared to those computed with Henager and
Doherty’s approach, Mup, leading to a good agreement, especially for beams containing 10-mm
diameter rebars. Differences with respect to other rebars may be explained by deviations in
mechanical properties of rebars used.

Table 4: Summary of results for beam tests.
Specimen My (KN.m) Mot (KN.m) @y (M) (EDcracked (KN.m?) Mrisrre/Mre Mo /MHp

B1-0-6 4.84 4.97 0.045 108 - 0.86
B2-0-8 7.05 7.82 0.03969) 181 - 0.77
B3-0-10 9.60 10.4 0.036 267 - 1.01
B4-0.5/S-10 11.6 115 0.046 252 121 1.01
B5-1/5-10 13.2 125 0.039 338 1.38 0.97
B6-2/S-6 10.1 8.73 0.037 273 2.09 0.76
B7-2/S-8 11.2 10.2 0.043 260 1.59 0.85
B8-2/S-10 14.2 * 0.03256) 444 1.48 *
B9-2/L-10 15.0 14.9 0.031 484 1.56 0.97

(56) gata obtained using strain gage
*  malfunction

With the constitutive relationships for the materials, it is also possible to develop non-linear
cross-section analysis to obtain a full theoretical moment-curvature relationship. A comparison
between predicted and experimental moment-curvature for beams B3-0-10, B5-1/S-10 and B9-
2/L-10 are presented in Figures 5a, 5b and 5c, respectively. Excellent agreement was achieved
between models and experiments and the contributions of reinforcing steel and concrete in tension
to the bending capacity can be obtained from the model.
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Figure 5: Comparison between theory and experiment and contributions of fiber in tension and
reinforcing steel: a) B3-0-10; b) B5-1/S-10; ¢) B9-2/L-10.

Regarding crack formation and growth, a comparison between beams B2-0-8 and B7-2/S-8 is
presented in Figure 6. It can be seen that cracks for R/SFRC beams are thinner even for greater
bending moments. For example, crack openings smaller than 0.3 mm were obtained for a bending
moment M = 11.1 KN.m applied to B8, whereas openings close to 0.9 mm were measured for M
= 7.3 KN.m applied to B2. In general, a critical section with a wider crack clearly distinguishable
from the others could be identified. This is likely associated with a lesser fiber content in that
section, leading to a considerable fiber pullout when compared to other sections. This may also
explain the fact that, in some cases, cracks other than the critical cannot be seen with naked eye.
However, as shown in Figure 6, these “invisible’ cracks can be captured using DIC.
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Figure 6: Crack pattern and growth: a) B2-0-8; b) B7-2/S-8.
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4. CONCLUSIONS

In this work, behavior of R/SFRC beams subject to flexure was studied. Full material
characterization was carried out and under-reinforced beams having different fiber contents and
reinforcing ratios were tested under 4-point bending and monitored using DIC. The following
conclusions can be drawn from the study:

- DIC proved to be suitable non-contact method to monitor curvature and crack formation

and growth in reinforced concrete structures;

- Increases in moment capacity ranging from 21 to 109% were achieved with the use of fiber
reinforced concrete matrix with respect to plain concrete. Cracked stiffness was also
improved with increasing fiber contents;

- Theoretical predictions with cross-section analysis using actual non-linear constitutive
relationships proved to be useful to predict behavior and can be extended to other cross-
section configurations and material properties;

- Thinner cracks were obtained for R/SFRC beams even for greater loads. Crack pattern of
R/ISFRC crack was also different from RC, characterized by a critical wider crack and
multiple thin cracks, sometime imperceptible.
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Abstract

Several treatments on natural fibers are presented by literature as effective process to mitigate
the high water absorption and reduce dimensional variation. The wetting and drying cycles
treatment is pointed as an efficient treatment since they promote the stiffening of the polymer
structure of the fiber cells, known as hornification. One of the main characteristics of this process
is the greater dimensional stability of the fibers. In this context, the objective of the present research
IS to investigate the influence of wetting time, fiber/water ratio and number of wetting and drying
cycles on the treatment and its effect on sisal fibers chemical and mechanical properties. The
treatment of the fibers was performed in water at room temperature (T = 22 °C), varying wetting
time (1h and 3h) and fiber/water ratio (1:10 and 1:40), drying process 80°C during 15 hours. Direct
tensile tests, thermogravimetry analysis (TG) and infrared spectroscopy (FTIR) were performed
on raw, pre-washed and treated fibers. The results revealed that lower fiber/water ratios are better
to hornification promotion. Immersion times of 3 hours were efficient to increase stiffness in all
studied cases.

Keywords: Natural fibres, Fiber treatments, Hornification, Mechanical properties.

1. INTRODUCTION

Composites reinforced with vegetable fibers have the potential to become the final choice of
green material, since it is a material of renewable origin, has wide availability and low relative
cost [1]. However, it has disadvantages, such as low chemical adhesion, high water absorption
capacity. The increase of the composite moisture causes the variation in fiber volume, which
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results in a weaker physical interaction between the materials [2]. In this way, several studies
involving physical and chemical treatments in natural fibers have been developed to solve this
problem. These treatments seek to promote the increase of surface roughness, the cleaning of the
surface of the fiber and decrease the absorption of moisture [3].

The hornification reduces the water absorption capacity of the fibers and improves fiber-matrix
bonding, that is because it causes structural changes in the cellulosic fibers from the wetting and
drying cycles in the fibers [4,5,6]. In addition to simple and low energy consumption, this
procedure increases the degree of crosslinking in the fiber microstructure, reduces the volumetric
changes of natural fibers as well as promotes changes in their mechanical properties [1].

According to Ferreira et al. [5], the hornification in sisal fibers provides improvement in
interfacial adhesion to the matrix. The treatment applied consisted of immersion in water for three
hours followed by a slow drying, of 16 hours, at 80 ° C. In another research, Ferreira et al. [1]
applied the same treatment to different fibers, subjected to 5 and 10 washing cycles. The results
indicated a variation in treatment efficiency. The author attributed these differences to the nature
of the fibers, such as morphology and its chemical composition. However, the variables of the
treatment itself was approached by the author as a critical point for the effectiveness of drying and
wetting cycles.

However, there are still several bottlenecks on the effect of this treatment on the fiber, and to
what extent it can improve the fiber / matrix interface. In this context, the objective of the present
research is to investigate the influence of wetting time variation, fiber / water ratio and number of
wetting and drying cycles on the property of the fibers (chemical and mechanical).

2. MATERIALS AND METHODS

2.1 Materials

Sisal fibers were obtained from the Municipality of Valente-BA provided by the Association of
Sustainable Development and Solidarity of the Region Sisaleira (APAEB), former Association of
Small Farmers, with length ranging from 90 cm to 100 cm. These fibers were the same studied by
Ferreira et al. [1,5]. According to Silva et al. [7], the microstructure of the sisal fiber is formed by
numerous individual fibers (fiber-cell) with a diameter of 6 to 30 um and a chemical composition
of 54 to 66% of cellulose, 12 to 17% of hemicellulose, 7 to 14% lignin, 1% to 7% ash.

The sisal fibers were washed in hot water at 80 ° C for one hour to remove the surface residues
from the extraction process, at the end of this process the fibers were dried at 40 ° C. This process
was named "prewash". This procedure was executed according Ferreira et al. [5]

2.2 The fiber hornification treatment

The hornification treatment was applied to the prewashed fibers. The treatment of the fibers
was performed using water at room temperature (T = 22 °C + 2°C), varying the wetting time, and
the fiber/water ratio. The drying process was performed in a muffle-type oven Quimis, at a
temperature of 80 °C.

The oven was programmed to reach 80 °C at a heating rate of 1 °C/min and maintain this
temperature for 15 h. After this drying time, the oven was natural air cooled to 22 °C in order to
avoid possible thermal shocks in the fibers. This procedure was repeated 1 and 5 times. The
treatments are best described in Table 1.
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Table 1 : Description of treatments.
Treatment code Wetting Time Temperature Fiber/Water Ratio Cycles

1.A.10.1 1h 22 °C 1:10 1
1.A.10.5 1h 22 °C 1:10 5
1.A40.1 1h 22 °C 1:40 1
1.A.40.5 1h 22 °C 1:40 5
3.A.10.1 3h 22 °C 1:10 1
3.A.10.5 3h 22 °C 1:10 5
3.A40.1 3h 22 °C 1:40 1
3.A.40.5 3h 22 °C 1:40 5

2.3  Thermogravimetrical analyses (TGA)

TGA analyses were performed in a DGA-60H Shimadzu, getting simultaneous TGA/ DTA.
Samples with 4 mg weight were subjected to a heating rate of 10 °C/min until reaching 500 °C in
an open platinum crucible using 60 mL/min of nitrogen as the purge gas.

2.4 Fourier transform infrared (FTIR) spectroscopy

FT-IR analyses were performed in an IRAffinity-1 Spectrometer Shimadzu, through the
attenuated total reflection technique (ATR), with resolution of 4 cm™ in the range of 4000 to 600
cmL. Stored results were averages of 24 scans.

2.5  Wettability analysis

The contact angle was performed according to ASTM D-7334 [8] using the Kriiss goniometer
DSA25 (Kruss, Germany) by the sessile drop method at room temperature (22 £ 2°C). The contact
angle measurements were performed with the deposition of deionized water droplets, with a
volume of 100 pL, using a 0.507 mm diameter needle. ImageJ] software was used for data
processing.

2.6 Direct tensile tests

For the tensile tests, the MTS Tytron 250 electromechanical test machine was used with a 50
kN load cell, with a displacement rate of 0.3 mm / min, according to ASTM C1557 [9]. Where
each fiber had a length of 40 mm and a average diamenter of 0.023 mm?[1, 10], fixed in paper
mold for better alignment in the machine and adhering the grips of the equipment. Fifteen
repetitions were used for each treatment.

3. RESULTS AND DISCUSSION

3.1  Thermogravimetrical analysis (TGA)

Figure 1 shows the thermogravimetric analysis (TGA) performed in the natural and treated sisal
fibers.
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Figure 1: Thermogravimetry analysis (TG/DTG) of the sisal fibers before and after the different
treatments.

According Figure 1 three decomposition intervals for all the fibers studied can be observed.
The first step being water loss (about 100 ° C). The second stage occurs between 250 and 350 ° C,
which corresponds to the simultaneous decomposition of cellulose, hemicelluloses, lignin and
pectins [11].

At intervals between 350 and 400 ° C the third step occurs which is characteristic of cellulose
degradation. At the end of the third peak there is a "shoulder"” in relation to the slow degradation
of lignin, which occurs between 250 and 600 ° C [1].

The results indicate that no significant difference in the thermoanalysis was observed,
indicating no significant removal of soluble lignin and hemicelluloses.

3.2

The FTIR spectra of sisal fibers are show in Figure 2. The spectra obtained in the present study
for natural and treated fibers present vibration modes according to the literature [12] and [13],
observing characteristics of the lignocellulosic fibers. Sisal fibers have cellulose, hemicellulose
and lignin as the most important components, and these elements present peaks in the largest region
between 800 and 2000 cm™ [1]. The majority of them are related to lignin, correlated with the
aromatic ring groups of the groups Metoxil (-OCHz), C-O-C and C = C [14,15].

An increase in peak intensity at 3400 cm™ was observed to treated fibers. The increase in this
peak was higher for treated fibers with longer immersion time and longer treatment cycles. This
modification may be attributed to hydroxyl groups (-OH). According to Ferreira et al. [1],
hornification provides increased structural hydrogen bonds due to the high energy utilized by the
treatment that blocks these bonds.

Fourier transform infrared (FTIR) spectroscopy
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Figure 2: Infrared spectroscopy of sisal fiber before and after the different treatments.

The C = O elongation attributed to the 1742 cm™ range corresponds to the carboxylic acid and
ester components of the hemicelluloses [16]. The carboxylic groups are able to connect to another
functional group through hydrogen bonds, which may result in an increase in the network of lignin
macromolecules [17].

This mechanism promotes a better interaction between lignin, cellulose and hemicellulose,
resulting in a more resistant material and in greater crystallinity, stiffness and deformation capacity
[5]. Studies have also suggested that the covalent bonds between lignin and hemicelluloses exist
in native wood [18]. In addition to the covalent bond between lignin and hemicellulose, there is
also hydrogen bonding between hemicellulose and cellulose [5].

The peak at 1044 cm-1 is attributed to the stretching of CO and to the cellulose group vibration
[15]. The peak 1644 cm™ is attributed to the C = C elongation of lignin and 1244 cm is attributed
to the axial asymmetry of link =COC both to ether, esther and phenol groups [1]. According Moran
et al. [19] these modifications may be correlated to absorbed water on cellulose. This water can be

presented in -OH linkages, difficulting the interaction between fiber and water, resulting in a lower
water absorption.

3.3  Wettability analysis

The results of contact angle measurement on all fibers are shown in Figure 3. Values and
standard deviation of measurements are presented in Table 2.
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o

Figure 3: Images of the angle formed on the sisal fiber : a) Natural Fiber, b) Washed Fiber, c)
1.A.10.1,d) 1.A10.5, e) 1.A.40.1, f) 1.A.40.5, g) 3.A.10.1, h) 3.A.10.5, i) 3.A40.1, j) 3.A 40.5.

It is possible to observe that after treatment application the drop above the fiber present a
uniform and circular shape. This significant difference between raw and treated fibers is not only
present on probe geometries but in the contact angles (Table 2).

Table 2: Mean values and standard deviations for initial and final contact angles measured for
water on natural fibers.
Contact angle (deg)

Treatment T Initial T Last
Natural Fiber 27.09 (10.42) 24.81 (10.93)
Washed Fiber 37.95 (17.85) 36.33 (11.09)

1.A.10.1 34.78 (20.60) 29.43 (17.52)
1.A.10.5 53.30 (9.97) 48.22 (14.57)
1.A.40.1 77.12 (20.11) 75.99 (24.52)
1.A.40.5 72.08 (12.35) 69.62 (11.78)
3.A.10.1 60.01 (12.51) 59.47 (11.55)
3.A.10.5 66.32 (9.54) 60.62 (22.34)
3.A.40.1 58.89 (15.45) 57.20 (19.89)
3.A.40.5 75.60 (8.25) 74.71 (16.39)

Treatments with lower number os cycles present a higher contact angle. The same result was
obsreved to treatments with lower fiber/water ratio. This results corroborate with FTIR data. The
increase in the OH groups may difficult water sorption, promoting a more hydrophobic surface.

3.4 Direct tensile tests

Typical stress-strain curves of untreated and treated sisal fibers are shown in Figure 4. The
tensile strength and stiffness of sisal fiber increased after mostly treatments. It is possible to
observe that one hour immersion was more effective in comparison to 3 hours in all studied ratios.
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Figure 4: typical tensile curves of raw and treated fibres.

Results indicate that 5 cycles treatment was more effective in hornification promotion, even
with no control of fiber/water ratio. Cycles of wetting and drying change the microstructure of
vegetable fibers, which modifies the polymeric structure of the fiber-cells resulting in higher
tensile strength and strain [1].

4. CONCLUSIONS

The work in hand investigated the effect treatments on sisal fibers properties. The following
conclusions can be drawn from the present research. In evaluating the effect of the hornification
cycles on sisal fibers, it is noted that the treatment did not cause changes in the thermal degradation
of the fiber. After the treatments, the sisal fibers showed alterations in their chemical bonds,
especially the acetyl group and promoted a reduction in the water absorption capacity of the fibers,
allowing greater dimensional stability. When correlating the obtained results, it is emphasized that
3.A.10.5 of hornification improves characteristics of sisal fibers that reinforce its use as
reinforcement in composites.
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Abstract

Use of steel fibers in cement-based composites has become popular due to possibility of using
that material as total or partial replacement of conventional reinforcement, as in floor slabs or
tunnel cover. This reinforcement aims at improving composites properties with regard, mainly, to
cracks propagation. It’s known that concrete has high compressive strength and durability, but its
toughness is low, being considered a fragile material. The performance of the fiber as stress bridge
depends on several factors, among them bond strength between fiber and matrix. Interfacial
Transition Zone (ITZ) is one in which first cracks that lead to material failure appear. Some
researches with mineral additives, such as rice husk ash (RHA), are aimed at 1TZ densification.
RHA has a high content of amorphous silica, which gives it high potential for its pozzolanic
activity. That RHA characteristic is able to potentiate new hydration products formation, especially
C-S-H, giving a higher density to cement matrix and pores and voids reduction. Research’s
objective was to evaluate the effect of cement substitution by RHA, aiming to densify cement
matrix to point where the adhesion tension with steel fiber was higher than in conventional mixture.
For this, control specimens were produced and 15% of the cement replaced by RHA. Through the
single fiber pullout test it was possible to measure the adhesion tension between steel fiber and
cement matrix. Results indicate an increase in the adhesion strength with a long curing time,
indicating that the RHA hydration occurs late in relation to cement.

Keywords: Rice Husk Ash; Bond Strength, Steel Fiber

1. INTRODUCTION

In order to improve the concrete performance, with respect to toughness, studies have been
developed through incorporation of fibers to the matrix, which act as a bridge of stress, promoting
to the composite a better fissure response. The fiber acts by transmitting tensions from one side to
other of fissure, avoiding the stress concentration, which avoids the early material failure [1]; [2].
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Steel fiber reinforced concretes can be produced using the same practice of producing a
conventional concrete, with adaptations to promote homogeneity. Particular attention should be
given to the uniform fiber dispersion along the concrete mixing in order to achieve performance
improvements in concrete mechanical properties, also considering the workability required for a
suitable mixing, release and finishing of this composite. Even with use of superplasticizers, this
percentage of incorporation remains around 2% when turning into conventional concrete mixing
practices [3]. To Johnston [4], this percentage is between 0.25 and 1.0% by volume.

Although the increase in fiber-reinforced concrete properties is known, it is not yet possible to
quantify this gain, since fibers are randomly distributed in the matrix. Other factors influencing
this relationship are type and size fiber, their constituent material, aspect ratio, incorporated fiber
volume and the quality of the cementitious matrix (characterized by interfacial transition zone
between composite phases). All these variables influence the fiber / matrix adhesion stress, which
is property that will promote toughness to fiber reinforced concrete [3]; [5].

The interaction of concrete matrix and fibers is one of main challenges of reinforced concrete
research. This region known as Interfacial Transition Zone (ITZ) is responsible for the adhesion
between that materials and as this region becomes denser, the interaction will be better and
consequently increases composite strength [6].

Pozzolanic activity of materials consisting of large amounts of silica, such as rice husk ash
(RHA), is of great importance to promote a more complete cement hydration, making the matrix
more dense and less subject to degradation by external agents and, in case of steel fiber reinforced
concrete reinforced, increase the adhesion strength between the materials [7]. In addition, because
they have particles smaller than cement, they allow a better compaction of the cement paste [8].

Research’s objective was to evaluate the effect of cement substitution by RHA, aiming to
densify cement matrix to point where the adhesion tension with steel fiber was higher than in
conventional mixture. For this, control specimens were produced and 15% of the cement replaced
by RHA. Through the single fiber pullout test it was possible to measure the adhesion tension
between steel fiber and cement matrix. Results indicate an increase in the adhesion strength with
a long curing time, which confirms that the RHA hydration occurs late in relation to cement.

2. MATERIALS AND METHODS

2.1  Materials

The materials used in this research were cement, sand, gravel # 0, steel fiber, water,
superplasticizer and rice husk ash. The cement used was the Portland High Initial Strength Cement
(CPV-ARI) from Holcim. Because it is a purer cement, it is ideal to evaluate the efficiency of RHA
incorporation and its pozzolanic activity in the composite. The sand used was average river sand,
with fineness modulus of 1.65 and maximum characteristic size of 1.2mm. Coarse aggregate was
grade # 0 of gneiss with 12.5mm for maximum dimension and 1.11 fineness modulus.
Industrialized highly reactive RHA presenting 92% of amorphous silica, average diameter of 7.7
um, density and its specific surface area (Sger) Of, respectively, 2161 Kg/m® and 21150 m?/Kg. As
superplasticizer, Fluxer RMX 7000 from ERCA was used.

The steel fibers adopted in this research were DRAMIX type 80/60BG fibers manufactured by
Belgo Bekaert in accordance with ASTM A820 [10]. It is a smooth fiber with hooks. The fiber
characterization is described in Table 1.
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Table 1 — Steel fiber characterization

Steel fiber Dramix 80/60BG - Belgo Bekaert

Type of fiber SF01
Diameter (mm) 0,75
Length (mm) 60
Tensile strength (N/mm2) 1.100
Max. load (N) 485
Aspect ratio (I/d) 80

Source: Belgo Bekaert

2.2 Methods

Table with proposed formulations is presented in Table 2. For the formulations water / binder
factor, sand, gravel and superplasticizer were maintained. As variables were adopted formulations
without RHA and with replacement of 15% of cement by RHA.

Table 2 — Quantitative materials for each formulation

Materials for 1ms3 of

Control  15% RHA
concrete

Cement (Kg) 409,84 348,36
RHA (Kg) 0,00 61,48
Sand (Kg) 568,85 568,85
Gravel (Kg)* 1292,62 1292,62
Water (Kg) 179,51 179,51
Water / binder factor 044 044
Superplasticizer (Kg) 2,61 2,61

* removal after mixing in concrete mixer

Samples

Five cylindrical specimens of g50mm per 100mm height were produced for each proposed
formulation. It was adopted as a mixing procedure of the materials the launch in conventional
concrete mixer of 200 litres, first of half of the water, followed by aggregates. Mixture was blended
for one minute for humidification of these components. Afterwards, the remainder of water,
binders and superplasticizer were added. For 5 minutes these materials were homogenized. Total
mixing time was 10 minutes. After homogenization, the material was sieved in a # 4.8mm mesh
to remove the gravel, leaving only the paste and small aggregate. Moulds were filled in four layers
and each one was compacted with a metal socket with 30 strokes. In each proof body (PB) a
26.3mm steel bar 90mm long was introduced in the lower face, with half of this bar being kept
external to the specimen. In the upper face was introduced a single steel fiber, which had the hooks
subtracted, with anchorage length fixed at 20mm. Hooks were subtracted in order to measure only
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the adhesion strength between matrix and fiber, without mechanical action generated by hooks. A
device adapted to vibrate the mixture was used. Figure 1 shows details of the mould produced in
acrylic, according to Abbas and Khan [9]. The PB’s were demoulded with 24hs and curing method
was by immersion in water saturated with calcium hydroxide in order to protect steel fiber against
corrosion during minimum period of 28 days. After the curing period, the specimens were
submitted to pullout test.
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Figure 1 — Detail of acrylic mould for pullout testing [9]
Pullout test

Pullout tests were carried out using a universal EMIC / Instron 23-300 test machine, in which
the appropriate claws for traction tests were installed. Lower clamp was used to fix the 6.3mm
rod, while upper clamp fixed steel fiber, as shown in Figure 2. Actuator displacement rate was
defined as 0.2 mm/min and the cell load factor was 20KN. The software used to capture data was
Bluehill 3, from Instron.
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Figure 2 — Pullout test

3. RESULTS

In the analyses, first load peak (1), which configures adhesion tension zone and displacement
limit point (2), was considered as key points, which for that research was 5mm. This point is
located in frictional tension area, which extends from peak of load until complete pulling of fiber
(in case of fibers without hook).

For the formulations with RHA, the linear phase is observed until the peak of load (adhesion
tension) and then phase of frictional tension. For PB’s without RHA results are dispersed and it is
not possible to identify in some with clarity phase changes throughout the test, according to graphs
shown in Figures 3a and 3b. It is also possible to notice a less diverse behaviour among PB’s

during trials, with lower variability of results and a more uniform pattern of results in those using
RHA.

140,0 ——CPPO_00_01
\ CPPO_00_02

/ =~ == (CPPO_00_04

~———CPPO_00_05

———CPPO_00_03
100,0 ~I _— —

20,0 / =S ——

0,0 05 1,0 15 2,0 25 30 35 4,0 4,5 50

Displacement (mm)

(@)

310



4" Brazilian Conference on Composite Materials. Rio de Janeiro, July 22"-25" 2018

240,0
220,0
200,0
180,0 +—
= 160,0
E 1400 + -\ ——CPPO_15_01
-\% 120,0 | \ \\ I CPPO_15_02
3 100 ~— o i | ———CPPO_15_03
g \ ——CPPO_15_04
80,0 - AN CPPO_15_05
60,0
40,0 ( ———
20,0
0,0
0,0 0,5 1,0 15 2,0 2,5 3,0 3,5 4,0 4,5 5,0
Displacement (mm) (b)
Figure 3a and 3b — Pullout results
Table 3 summarizes test results.
Table 3 — Pullout results
Pullout results
Formulations curing spl cpl fpl 5p2 cp2 fp2 T dev. T
(days) (mm) (N) (MPa) (mm) (N) (MPa)  (N.mm) (N.mm)
CPPO_00 01 90 0,161 191,37 4,06 5,00 86,67 184 472,3
CPPO_00_02 90 1,300 113,26 2,40 5,00 96,38 2,05 505,1
CPPO_00 03 90 0,288 94,93 2,01 5,00 66,06 140 3645
CPPO_00 04 90 0,103 45,10 0,96 5,00 37,77 0,80 162,1
CPPO_00_05 90 0,283 2341 0,50 5,00 - - 47,0
Average_00 93,6 ! 1,987 71,7 ! 1,522 310,2 199,0
CPPO_15 01 90 0,224 245,99 5,22 5,00 102,13 2,17 534,3
CPPO_15 02 90 0,113 96,20 2,04 5,00 40,87 0,87 252,6
CPPO_15 03 90 0,145 172,56 3,66 5,00 121,73 2,58 615,2
CPPO_15 04 90 0,116 155,11 329 5,00 60,36 1,28 314,6
CPPO_15 05 90 0,132 191,31 4,06 5,00 98,81 2,10 5214
Average_15 172,2 3,655 84,8 1,799 447,6 | 155,5

Regarding post-crack friction strength, it was verified that mean tension at 5mm displacement
point is of order of 18% higher in RHA formulations. It is also possible to note that the average
peak load in formulations with RHA is 84% higher. Regarding the composites toughness, a gain
of 44% was verified in formulations with RHA.

Standard deviation of composite toughness without RHA addition is significantly higher than
in RHA formulations, suggesting that matrix is more heterogeneous with regions of different
strengths in its composition.

Bond stiffness obtained for each pull-out curve is reported in Table 4. Results obtained for
formulations with RHA are on the order of 36% higher than those without that mineral addition.
In addition, the variation in results is lower (60%) for RHA formulations.
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Table 4 — Bond stiffness

Bond stiffness

E dev. E

(MPa) (MPa)

Average_00% 408,1 172,0
Average 15% 554,3 104,5

Formulations

4. CONCLUSIONS

- In pullout tests dispersed results were obtained, which did not follow a pattern of
behaviour. This variability is due to the fact that cement matrix and, especially, the ITZ
have regions of different resistances in its interior, besides the position, geometry and
surface of constituent aggregates, as reported by ISLA et al. [11];

- With regard to bond stiffness, RHA had a good contribution in increasing modulus of
elasticity, increasing the values obtained, as well as reducing variability of that results.
This suggests a densification and homogenization of the ITZ, which contributes to
improved performance of fiber reinforced composites;

- The strength gains at the initial load peak (84%), residual strength (18%) and toughness
(44%) were also relevant. Therefore, it is correct to state, even with the great variability
in the results, that in general, RHA contributes to the increase of steel fiber reinforced
concrete properties, especially, toughness;

- It should be emphasized that a greater sampling is necessary to increase
representativeness of results and dispersions. Pullout tests typically have a number of
discarded specimens.
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Abstract

This paper deals with an experimental and analytical study on the influence of recycled
polyethylene terephthalate (R-PET) fibres as reinforcement of mortars. The mixtures were
produced using Portland cement, fly ash, silica sand, superplasticizer and different amounts of R-
PET fibres (0%, 1.0% and 2.0%). Dry density, total porosity and compressive tests were carried
out. The results indicated that the incorporation of R-PET fibres significantly improves the post-
cracking behaviour of mortars with a major improvement in mortar toughness. However, the
addition of R-PET had no beneficial effect on the compressive strength and elastic modulus of the
composite mixtures with 1% and 2%. A reduction of strength (up to 54%) and elastic modulus (up
to 28%) was observed for composite mixtures due to increased porosity caused by fibre addition.
Analytical models found in the literature for stress-strain behaviour were used along with curve
fitting algorithms.

Keywords: Cement based composites, R-PET fibres, stress-strain behaviour.

1. INTRODUCTION

Polyethylene terephthalate (PET) is one of the most important and extensively used plastics in
the world, especially for manufacturing beverage containers. In 2016, the worldwide annual
consumption represented 480 billion PET bottles. However, most PET used as beverage bottles
are thrown away after a single usage and disposed bottles are managed by landfill or incineration,
which is causing serious environmental problems. Plastic materials are non-biodegradable in
nature and burning is not a solution to consume such waste because this process releases dangerous
chemical gases into the air. According to ABIPET [1], in 2015 only 51% of terephthalate bottles
were recycled in Brazil.

Considerable research has been undertaken on the potential use of recycled PET (R-PET) in
replacing natural aggregates of plain concrete [2,3], reinforced concrete beams [4] or as
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reinforcement of cementitious matrices [5, 6, 7, 8, 9, 10], since fibres can overcome some
disadvantages of concrete, such as low energy absorption and low ductility [11].

In general, addition of R-PET fibre in cement-based materials improves the splitting tensile
strength [12], flexural strength and ductility [5, 13] of plain concrete or mortar. R-PET fibres also
provide excellent impact resistance [14] and demonstrate excellent characteristics in suppressing
early-age crack generation [6] of cement-based materials.

Ochi etal. [5] and Kim et al. [6] investigated the bond behaviour of R-PET fibres with a concrete
matrix, discussing the effects of the fibre surface characteristics. Embossed fibres provided the
highest bond strength, followed by crimped and straight ones.

Regarding the influence of R-PET fibres on the compressive strength of R-PET composites,
contradictory results have been found in the literature. Ochi et al. [5] reported a moderate increase
of the compressive strength (from 6% to 13%) for fibre volume fractions up to 1%; however, for
higher fibre content, this increase diminished or even turned into a decrease. On the other hand,
Kim et al. [13] reported a moderate decrease of up to 9% for fibre contents of 0.5-1% and Borg et
al [15] reported that the addition of R-PET fibres leads to a reduction between 0.5% and 8.5% in
compressive strength when compared to the reference mixture. All studies agree that R-PET
composites feature a lower elastic modulus than the plain matrix, decreasing with the increase in
fibre content.

In this work, experimental results regarding compressive properties of an eco-friendly mortar
reinforced with R-PET fibre are presented. The main objective of this study is, therefore, to
investigate the influence of the addition of R-PET fibre on the compressive stress-strain behaviour
of mortar. Compressive tests are used to analyse and characterize composites with different fibre
volume contents (1.0% and 2.0%). Several analytical models found in the literature were tested
against experimental data.

2. EXPERIMENTAL PROGRAM

3. 2.1 Raw materials and composite manufacturing

The mixtures were produced using CPIl F-32 Portland cement (6% calcareous filler), with 32
MPa compressive strength at 28 days and density of 3.08 g/cm3; fly ash with density of 2.35 g/cms;
silica sand with maximum diameter of 212 um and density of 2.60 g/cms; a superplasticizer,
Glenium 51 (manufactured by MBT Brazil) based on modified polycarboxylic ether with 32.5%
solid content and density of 1.20 g/cm3 and R-PET fibre.

The R-PET fibre used in this study is produced by M&G Fibras Brazil LTDA with a length of
32 mm, a 14 um diameter and density of 1.43 g/cm3. The fibres were produced by means of an
extrusion of plastic filaments from flakes of recycled polyethylene terephthalate.

Unreinforced mortar (matrix) and R-PET fibre reinforced composite specimens were prepared
to study the influence of different R-PET reinforcement volume fractions (1.0% and 2.0%) on the
compressive properties of the final material.

In all composites, the water/cementitious material ratio and superplasticizer content were dosed
such that all mixtures would have similar fresh properties measured by the flow table test (between
160-190 mm). A slight adjustment in the superplasticizer content in each mixture was made to
achieve consistent rheological properties for better fibre distribution and workability. The mixture
proportions are given in Table 1.

To produce the mixtures, all dry raw materials were mixed for 3 minutes in a mechanical mixer
with a 20-litre capacity. Water and superplasticizer were added to form the basic matrix and the
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mixture was stirred for another 8 minutes. Fibres were then dispersed carefully by hand into the
mortar mixture and it was stirred for 5 minutes more. The specimens were cast in steel moulds,
demoulded 24 hours after and, then, cured for 28 days in a curing chamber with 100% relative
humidity and 21 + 1°C temperature.

Table 1. Materials composition in the mixture.

Ingredients MO01 MO02 MO03

Water / (cement + fly ash) 0.36 0.36 0.36
Cement (Kg/md) 505.00 505.00 505.00
Fly ash (Kg/m?3) 605.00 605.00 605.00
Sand (Kg/m3) 404.00 404.00 404.00
Water (Kg/m?3) 404.00 404.00 404.00

Superplasticizer (Kg/m?3) 6.05 6.05 6.81
Fibre (Kg/m3) - 14.33 28.66

Fibre content (%) - 1.00 2.00

4. 2.2 Testing procedure

Dry density and total porosity of hardened composites were determined according to NBR 9778
[16], after 28 days of curing. A compressive test was performed at the age of 28 days in a Shimadzu
universal testing machine (UH- FI-1000KN) controlled by computer under strain control and a
loading rate of 0.2%FS/min. The load and corresponding displacement were continuously
recorded. Three 50 x 100 mm (diameter x height) cylindrical specimens were tested per composite
mixture.

3. RESULTS AND DISCUSSION

5. 3.1 Porosity and dry density of composites

The total porosity of the composites was found between 18.81% and 27.86%, higher than the
total porosity of the matrix (18.59%). The volume of voids created by the addition of fibre is
strongly linked to their characteristics (shape, thickness, length, and dosage added). The higher the
amount of fibres, the higher will be the porosity induced.

Due to the low density of the R-PET fibre and the high pore volume induced by its addition, all
the R-PET mixtures develop a lower dry density with respect to the matrix. Measured dry density
of composite mixtures was in the range of 1440 to 1664 kg/m3, while the matrix dry density was
1780 kg/m?.

6. 3.1 Compressive behaviour

Figure 1 shows the stress—strain curves obtained from the compressive tests. The results indicate
that addition of PET fibres had little effect on the pre-cracking behaviour but had great effect on
the post-peak behaviour of specimens.
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Figure 1. Compressive stress-strain curves of the matrix and fibre- reinforced composites.

For each specimen, the curve could be divided into four stages, i.e., linear elastic ascending
stage, nonlinear ascending stage, cracking stage and residual softening stage [17]. After the applied
loading reached approximately 48-52% of the compressive strength, the curves deviated from
linear elastic behaviour and showed nonlinear behaviour up to the peak stress. This is attributed to
the emergence and development of internal defects and micro cracks during the loading process.
These two stages were similar for matrix and PET fibre reinforced composites. After the peak
stress, the curves dropped with different slopes to a certain stress level. In the post-peak stage, the
fibres in the matrix played an important role in bridging the cracks. For mixture with 1% fibre
(M02), when the stress decreased to about 47% of the ultimate strength, an apparent inflection
point appeared in the stress-strain curves. The curves after the inflection point were defined as
residual softening stage, in which the stress decreased stably with the strain until final failure
occurred. For the other mixture (M03, 2%), the stress, in the post-peak stage, decreased stably with
the strain until final failure occurred.

The mechanical properties of cement-based materials are important for structural analysis, and
the main parameters include the peak stress (compressive strength), the strain corresponding to the
peak load, the elastic modulus, and the toughness index. The compressive strength was calculated
by dividing the peak load by the cross-section area of the specimen. The strain corresponding to
the peak strength was obtained by dividing the displacement at the peak load by the gauge length
of 50mm. The elastic modulus was calculated based on the method in NBR 8522 [18]. The
compressive toughness was calculated as the ratio of area under the stress-strain curve up to strain
of 120000ue and the equivalent area of the elastoplastic material with the same elastic modulus
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and compressive strength. The mean values and standard deviations (in parenthesis) are
summarized in Table 2.

Table 2. Summary of physical and compressive tests of the mixtures at 28 days
Elastic Compressive Strain at peak
modulus, GPa  strength, MPa stress, ue
MO01 19.40 (0.61) 39.83 (0.58) 4227.88 (74.33) 0.30 (0.04)
MO02 14.43 (1.11) 37.73 (1.76)  4288.77 (457.10) 0.67 (0.09)
MO3 13.95 (1.48) 18.34 (0.45) 2969.41 (92.33) 0.78 (0.04)

Mixture Toughness

As seen from the results, the addition of R-PET had no beneficial effect on the compressive
strength of the composite mixtures. A reduction of strength ranging from 5.3% to 54% was
observed for M02 and M03 mixtures when compared to the unreinforced mortar (MO1). Similar
effect was also observed in the elastic modulus. The elastic modulus of M02, and M03 were
reduced by respectively 25.6% and 28.1%. Results are coherent with ones from previous
investigations [13, 15, 19].

Figure 2 shows the relationship between the average porosity and compressive strength of the
specimens. The increased porosity caused by fibre addition decreases the compressive strength
and stiffness of the specimens (see Table 2).

The strain at peak stress indicates the deformability of the specimen at the ultimate strength.
The results indicate that the average strain at peak load is between 2970 and 4290 e for specimens
with different R-PET fibre content. Results demonstrate that addition of R-PET fibre reduced the
strain at peak stress under compression. However, it is more evident when 2% of PET fibre was
added.

Regarding post-peak behaviour, the results presented in Table 2 and Figure 1 indicate that the
matrix without fibre is characterized by post-peak fragility; however, when R-PET fibre is added,
the compressive toughness index of the composite was increased up to 217%, indicating that the
ductility was increased.
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Figure 2. Relationship of porosity with the compressive strength.

7. 3.2 Analytical modelling of PET composites in compression

There are many stress-strain relations for the modelling of concrete and fibre reinforced
concrete in the literature. For the matrix without reinforcement, typical models present good
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agreement. Models by Desayi and Krishan [20] and Saenz [21] were used as shown in Fig. 3.
Equations (1) and (2) show, respectively, the expressions for these models:

Ee 1)

Ee (2)

AT AN PA)

where o and gare compressive stress and strain, E is tangent Young’s modulus, Es is secant
Young’s modulus (calculated at peak stress) and ¢o is strain at peak stress. If the ratio E/Es is equal
to 2, both models are identical, which is not the case as shown in Fig. 3.
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Figure 3. Stress-strain relation for the matrix
In the case of fibre-reinforced samples, Xu and Cai [22] proposed a model that presents 2
different expressions for the ascending (0 < £ < £9) and descending (¢ > &) branches, shown in

Eq. (3). Based on the expressions proposed by Ezeldin and Balaguru [23], the descending branch
was also modelled according to Eq. (4).
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In Egs. (3) and (4), fc is the peak stress and coefficients A, B, C, D, bo and S are determined by
curve fitting algorithm using MATLAB software [24]. Fig. 4 shows experimental and analytical
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curves in terms of nondimensionalized stress and strain and Table 3 shows the values obtained for

each coefficient in the expressions.
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Figure 4. Experimental and analytical results

Table 3. Summary of coefficients obtained by curve fitting algorithm

Mixture A B C D bo Jij
M02 2.252 -0.8505 0.2489 0.1597 2.227 3.620
MO03 1.665 -0.8797 -0.3785 0.1716 0.2907 1.683

4. CONCLUSIONS

Based on the results obtained in the present work it can be concluded that the use of recycled
PET (R-PET) fibres as reinforcement of mortars is a promising technique for developing
sustainable materials to be applied in the civil construction industry.

The main effects of the addition of R-PET fibres to mortars are:

- reduction of the compressive strength and elastic modulus of composite mixtures;

- reduction of the strain at peak stress under compression;

- increase in the compressive toughness index indicating increase in ductility.

A good agreement between experimental and analytical results was found. However, there is
no physical meaning for the coefficients found by the curve fitting algorithm. Future works will
focus on finding relationships between those coefficients and mechanical properties of specimens.
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3. DAMAGE AND FRACTURE
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Abstract

In applications that require impact loading, polymeric matrix composites reinforced with
aramid fibers stand out, especially in relation to metals, due to characteristics such as high specific
strength and stiffness, which give rise to light high-performance systems. However, such structures
can fail through various modes, requiring comprehensive studies. Under low-velocity impact, the
contact time between the impactor and the target is relatively large, and the effects of deformation
rate and wave propagation are generally insignificant, allowing association of the damage caused
in the composites via drop-weight (DW) to those of quasi-static indentation (QSI) tests, optimizing
the overall material understanding. Thus, this work aims to comparatively analyze force x
displacement curves and resulting damage from drop-weight and QSI tests. For that, laminates
(2.5, 4.5 and 7.0 mm thick) were tested using variable impact energies (15, 30, 45 and 60 J) and
displacement (11, 12 and 15 mm). Similarities in force x displacement curves and damage
mechanisms between QSI and DW results were observed at the perforating threshold. However,
to compare the response of the material and the damage mechanism generated by QSI and Drop-
weight tests in composites, care must be taken, since there are many variables involved and the
response of the composites to these tests will depend on such variables.

1. INTRODUCTION

Polymeric matrix composite materials, especially those reinforced with aramid fibers, are
widely used since they offer attractive potential to reduce weight of high performance structures
(e.g. metals) due to their high specific strength and stiffness. According to Aslan et al. [1] and
Agrawal et al. [2], composite structures are more susceptible to impact damage than similar metal
structures because they can fail through various failure modes and contain impact damages
invisible to the naked eye, severely reducing the structural durability of the component. Therefore,
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such loads, as well as the effect they cause on these structures, are a major concern and therefore
require full understanding.

Impact at low speed considerably decreases strength and stability of composite structures. Even
at very low impact energy, residual damage may not be visible, especially for fiber reinforced
composites of low shear stiffness. Different approaches are used to investigate the response of
laminates to impact at low speed, being the drop-weight test largely used [3].

In the drop-weight impact test, a mass is raised to a known height and released, impacting the
sample. In general, such event does not promote complete destruction on the target, thereby
allowing residual energy to be determined by rebounding of the impactor, if necessary. The main
advantage of such test over other low speed tests (e.g. Charpy and Izod) is that it allows a variety
of simple and complex geometries to be tested and actual impact conditions to be simulated [4,5].

In fact, a series of physical phenomena occur upon impact, such as shock and wave propagation,
fracture and fragmentation, perforation and shattering [6]. In composite materials, the damage
caused by low speed impact is mostly due to matrix rupture (fiber fracture is nearly non-existent)
and there is a relationship between matrix rupture in the layers and delamination [7]. Low velocity
impacts produce multiple delaminations in-between layers that drastically reduce their durability,
strength and stiffness, even with no visible damage to the impacted surface. In fact, the energy can
be absorbed at any point throughout the structure and far from the point of impact, so
understanding of these damage mechanisms is very important [8,9].

As the effects of the rate of deformation and wave propagation are generally negligible for low
velocity impacts, quasi-static indentation test (QSI) can also be used to study the impact response
of a composite material [10]. According to Nettles and Douglas [11], the QSI damage can be more
easily detected, deflection of the material can be directly measured with great accuracy and the
maximum transverse force can be better controlled.

In this context, this work focuses on the behavior of aramid/epoxy laminates with different
thicknesses (2.5, 4.5 and 7.0 mm) subjected to quasi-static indentation and drop-weight impact
tests aiming at investigating similarities in the resulting damage.

2. MATERIALS AND METHODS

Laminate plates of variable thicknesses (= 2.5, 4.5 and 7.0 mm) were manufactured by vacuum
infusion processing, which consisted in stacking 5, 8 or 13 layers of plain-weave Kevlar® 29
fabrics (aerial weight: 440 g/m?) on a rigid mold with a flow media partly covering the
reinforcement and a vacuum bag film. After sealing the bag to the rigid mold using a sealing tape,
the vacuum of 1 bar was applied into the cavity for preform compaction. Then, the epoxy system
(AR 260 + AH 260 hardener) was able to flow through the porous fabric preform, taking
approximately 15 min to complete that. After 24 h of curing at room temperature, the composites
were demolded and post-cured in an oven for 12 h at 60 °C.

The quasi-static indentation (QSI) test was performed on the laminates according to ASTM
D6264, with an edge support configuration using the Instron machine, at a speed of 1.25 mm/min
(also for the return). The indenter had a hemisphere shaped tip approximately 13 mm in diameter
and indentation was interrupted when the sample was at the perforation threshold, to obtain failure
by penetration only, not perforation. The absorbed energy (Ea) was calculated by the integral (i.e.
area) of each load/unload curve using OriginPro software.

Low velocity impact tests were performed according to ASTM D7136 standard using a
conventional drop-weight impact tester. Composite samples (dimensions: 100 x 150 mm?) were
placed between two 20-mm thick steel plates and impacted by an impactor (hardness: 60 HRC,
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mass: 4.4 kg) with a smooth hemispherical tip approximately 16 mm in diameter. The impactor
was instrumented with a Kistler Quartz Force Link Type 9331B (£20 kN) so that the impact load
history could be recorded. The impact velocity, hence the energy, was measured by means of a
‘‘speed trap” comprised of two Mikroelektronik M5L/20 lasers 41 mm apart, which recorded the
impactor crossing time. Acquisition of the signals of load cell and lasers was synchronous with a
sampling frequency set to 51.2 kHz. Impact energy was varied by altering the initial velocity of
the impactor (3.7-5.2 m/s), producing energy levels within 15-60 J. Only one impact event was
allowed in each sample (i.e. no rebound).

Analysis of the damages generated by the QSI and drop-weight tests in the composites was
performed with the help of a Sony professional camera, model Cyber-shot GPs HD, with 20.4
MPixels of resolution and optical zoom of 50x.

3. RESULTS

Figure 1 shows typical force-displacement curves generated by the QSI and Drop-weight tests.
The calculated values of maximum load (Fmax), maximum displacement (6max) and absorbed
energy (Ea) are presented in Table 1. Figure 1(a) shows a second peak for the 5L-30J(DW) sample
due to a faulty experimental condition in which the sample was also impacted by the support of
the indenter. That second peak was not used in the calculations.
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5L-15J(DW)
50-30J(DW)
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Figure 1: Force-displacement curves obtained in the drop-weight (DW) and QSI tests for the
5L (a), 8L (b) and 13L (c) composites.
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In Figure 1, it is possible to observe a similarity in the behavior of the curves, with composites
with 5 layers (for 15 J and 30 J) and 8 layers (for 30 J and 45 J) showed similar load peaks (4.4,
4.1, 8.3 and 7.5 kN, respectively), when impacted by drop-weight to those obtained by the QSI
test for 5L(QSI) samples and 8L(QSI) (4.0 and 8.4 kN, respectively).

In Figure 1(a, b), it is possible to observe that the 5L-30J(DW) and 5L(QSI) curves practically
overlap, which also happens for the 8L-45J(DW) and 8L(QSI) samples. The greater distance
between loading & unloading phases in the curves and the high frequencies of oscillations of these
curves indicate that the 5L-30J(DW) and 8L-45J(DW) samples absorbed a greater amount of
energy.

In all cases, the force versus displacement graphs show closed curves, indicating that the
laminates were not perforated in any of the cases and that all samples rebounded the impactor.
Thel3L-45J(DW) sample showed he least deformation and probably the smallest damage. This is
related to its stiffness, which affects the magnitude of the contact force, interfering in the extension
of the damage due to the significant thickness of the composite for this impact level [2]. Also, as
the 13L-60J(DW) composite was impacted with higher energy, both displacement and load
(maximum peak) increased compared to the 13L-45J(DW) sample. Indeed, the limited energy
available in the drop-weight test was not able to cause great damage to the 7.0 mm thick composite,
with maximum peaks (11.9 and 14.1 kN for 7.0-45J(DW) and 13L-60J(DW), respectively) lower
than those for the QSI (18.9 kN). Nevertheless, the loading curve generated by QSI presents the
same behavior and follows the same trend as that of the drop-weight.

Table 1: QSI and drop-weight tests results for the various laminates and energies used.

Samples Fmax (KN) Omax (Mm) Ea (J)
5L-15J(DW) 4.4 8.5 12.01
5L-30J(DW) 4.1 11.4 22.86

5L(QSI) 4.0 11.0 15.93
8L-30J(DW) 8.3 7.8 18.06
8L-45J(DW) 7.5 11.2 39.30

8L(QSI) 8.4 12.0 39.17
13L-45](DW) 11.9 7.36 28.19
13L-60J(DW) 14.1 8.45 40.50

13L(QSI) 18.9 15.0 135.78

Figures 2 and 3 present the damage occurring in the 5L (DW and QSI) and 8L (DW and QSI)
composites, whose curves are more similar. The damage in the drop-weight and QSI events also
showed similarity. In the rear view of the composites, an indenter cavity of similar depth is
observed in Figure 2. This also happens in Figure 3 and refers to the deflection of the composites
during testing, which was 11.4 and 11.0 mm, for the 5L-30J(DW) and 5L(QSI), respectively, and
11.2 and 12.0 mm for composites 8L-45J(DW) and 8L(QSI), respectively.

In the cross-section view of the composites (Figure 4), samples of the same thickness showed
similar mechanisms of damage, including fiber and matrix fracture, and delamination. It is also
possible to observe similar sinking at the contact faces of the indenters for composites of the same
thickness, and all composites are at the perforation threshold.

326



4" Brazilian Conference on Composite Materials. Rio de Janeiro, July 22"-25" 2018

1413

!1:iﬂ

Figure 2: Front, back and side views of the damage zone for: 5L-30J(DW) (a, b, c,
respectively) and 5L(QSI) (d, e, f, respectively).
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Flgure 3 Front back and. side views of the damage zone for: 8L- -45)(DW) (a, b, c,
respectively) and 8L(QSI) (d, e, f, respectively).
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Figure 4: Cross-section view of the damage zones for: (a) 5L-30J(DW), (b) 5L(QSI), (c) 8L-
45)J(DW) and (d) 8L(QSI) (plates were cut in half to allow this view).

In his research comparing damage in carbon/epoxy composites submitted to QSI and drop-
weight tests, Guan et al. [12] reported similarity between peak loads. Regarding damage, they
reported that, in general, when impact energy is low, the composite presents smaller delaminated
area after drop-weight. However, at high impact energy, the delaminated area in the composite is
very similar for both tests, allowing them to conclude that QSI can be used to represent a drop-
weight impact event, but with some restrictions. Nettles and Douglas [11] and Lee and Zahuta [13]
also state that these two tests induce similar failure mechanism, with very similar damages and
force x displacement curves, for carbon/epoxy composites. On the contrary, Lawrence et al. [14]
and Spronk et al. [15] reported different damages and curves from QSI and drop-weight tests for
glass-S2/epoxy, carbon/epoxy and glass/polyamide composites.

4. CONCLUSIONS

By comparing the response of aramid/epoxy composites under QSI and drop-weight tests, it
was possible to conclude that there are similarities in the force x displacement curve and damages
for the samples that are at the perforating threshold (5L-30J(DW) and 5L(QSI), and 8L-45J(DW)
and 8L(QSI)). This indicates that these tests can be used comparatively as long as the thicknesses
is small (2.5 and 4.5 mm), the impact energy levels are low (30 and 45 J) and the samples are not
perforated. However, comparison of the response and the damage mechanism generated by QSI
and drop-weight tests in composites must be done with care, since there are many influencing
parameters involved in these tests, such as materials (matrix and reinforcement), thicknesses,
sample sizes, impactor sizes and impact energies.
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Abstract

This paper deals with the first step required for composite design: the equivalent
macromechanical properties according to the constituents. Assuming a transversally isotropic
lamina, the material has five independent properties, namely longitudinal and transversal elastic
modulus, in-plane and out-of-plane shear modulus and in-plane Poisson ratio. The longitudinal
elastic modulus has a very reasonable prediction by the well-known Rule of Mixtures. On the other
hand, the transversal elastic modulus estimative by the same model is poor compared with
experimental data. There exist many additional proposed models, therefore all of them are based
in hypotheses that usually are not true for real composites, as unit cell symmetry. Due to this fact,
the predictions of the following nine models are evaluated: Asymptotic Homogenization with
hexagonal unit cell, Asymptotic Homogenization with square unit cell, Bridging, Chamis,
Generalized Self Consistent, Halpin-Tsai, modified Halpin-Tsai, Mori-Tanaka and Rule of
Mixture. To stablish a comparison, a set of 65 experimental data are compiled from the literature.
A semi-empirical modification of the Rule of Mixture is proposed based in a statistical adjust of
the experimental data.

1. INTRODUCTION

The capability to estimate macromechancal properties of a unidirectional composite using the
constituent data is a fundamental tool for composite design advance. Despite the recent advance
of failure modelling due to the World Wide Failure Exercise [1-3], there is still a considerable lack
of knowledge about the estimation of different micromechanical models, mainly for transversal
elastic properties and strengths. The present paper is intended to provide a comparison between 10
models, 5 semi-empirical and 5 elasticity-based, and 65 experimental data for the transversal

elastic modulus (E, ).

330



4" Brazilian Conference on Composite Materials. Rio de Janeiro, July 22"-25" 2018

It is evident that the elasticity-based models have a physical basis much more consistent than
the semi-empirical ones. Nevertheless, the goal of this comparative study is to evaluate which
models, and consequently, which assumptions are more representative of the real structure. Figure
1 shows a microscopy image of a unidirectional lamina. The fiber distribution indicates an
asymmetric pattern. Additionally, if a square unit cell is defined, the fiber volume fraction is
dependent of where this square is located. Hence, the adjustable factors of semi-empirical model
may represent a reasonable approximation for general laminae.

Figure 1: Microscopy of a real unidirectional lamina without simmetric arrangement [4].

2. ANALYTICAL MODELS

The analytical models presented in the literature are usually separated in two different
approaches: semi-empirical and elasticity-based. In this study, the Rule of Misture, Chamis and
Halpin-Tsai are semi-empirical, while Asymptotic Homogenization, Bridging, Generalized Self
Consistent and Mori-Tanaka are elasticity-based. For simplicity, just the equations for semi-
empirical models are completely defined and a brief explanation about the main idea of the
elasticity-based models is presented.

The Rule of Mixture (ROM) is the simplest model and it is based on the idea of considering
fibers and matrix as springs in series or in parallel, according to the applied load. For the
longitudinal elastic modulus, this assumption works very well, since there is not abrupt
perturbation on the stress and strain fields when a longitudinal load is applied (on the elastic range),
and the lamina behaviour is similar to springs in parallel. For transversal load, the stress and strain
fields are highly perturbed by the fibers distribution. Therefore, even with this limitation in mind,
transversal elastic modulus is estimated using a simplified 2D geometry as [5]

EJEM (1)

E. =
EJ(L-V,)+E"V,

2

where E™ is the matrix elastic modulus, E; is the fiber transversal elastic modulus and V, is
the fiber volume fraction.
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The Chamis model (Ch) [6] proposes consider the nonlinear effect of the fiber and void volume
fraction replacing v, by its square root Ia -V, V; . Hence, the Chamis model uses the following
equation

1- JA-V NV [1-(E™/ E})]

E, =
For this study, it is considered two different void contents: V|, = 0 and V,, = 2.5%.
The Halpin-Tsai model (HT) [7] includes an adjustable parameter, §E2, fitted according to

experimental data. The transversal elastic model is estimated by

1+¢- -V 3)
E, = EM E,/E," f
1—77EZVf
where
(E!/E™ -1 (4)
e

2 _(E;/Em)+§E2

Halpin & Kardos [8] suggest that in absence of experimental data for proper calibration, this
parameter may be computed by

_ 10 5
Ge, =2+ 40/, ()

Recently, Ginet et al.[9] carried out a numerical study with nonperiodic fiber distribution and
callibrated this parameter using the following equation

4.924 -35.888/, +125.118/,2 ~145.12/ ° if V, <0.3 ©)
S 1.5 + 5500V 1° if v, >03

In the present study, the use of Halpin-Tsai model with Eq.(6) is named modified Halpin-Tsai
(HTm).

The proposed semi-empirical model is based in a modification of the Rule of Mixture and on
the Halpin-Tsai idea to add a calibration parameter. The following equation is proposed

) (7)

1+ & (E™/ El)-1V,

E,=E"

where §E2 is the calibrated term. Note that §E2 =1 reproduces the Rule of Mixture. Unlike the

Halpin-Tsai model, which consider just the influence of V, on the calibration, the present model
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also consider the ratio E™ / E; . Using the Levenberg-Marquardt [10] to calibrate this term, it is
suggest using

(8)

-2
£ = [0.6897 +0.4185/, — 0.0036(E / Em)}

2

The main ideas of the elasticity-based models are:

(i) Asymptotic Homogenization (AH): using an asymptotic expansion of the displacement field
and satisfy the boundary condition, according to the unit cell geometry, square (Ahs) [11] or
hexagonal (Ahs) [12]; despite the need of infinity series to compute the proprieties, just the first
two terms are necessary to convergence [13].

(ii) Bridging (Br): there exist two different approaches, one is based on the Generalized Self
Consistent and the other on the Mori-Tanaka, therefore its main advance is the capability to
implement nonlinear effects, like damage, using the bridging tensor [14].

(iii) Generalized Self Consistent (GSCM): this model assumes that fiber and matrix are
approximately represented by concentric cylinder; by this hypothesis, a geometrically compatible
displacement is proposed for each load and at last the average stress and strain fields are computed
[15].

(iv) Mori-Tanaka (MT): the key point of this model is the eigenstrain concept and the Eshelby
inclusion theory [16] and the definition of forth order tensors to relate the strain fields on the
constituents [17].

3. RESULTS AND DISCUSSION

A set of 65 experimental data of E, was compiled from the literature [18-32] for the following

comparison. Two different approaches are used for evaluation: the average error considering all
the data available and the ranges of error, defining smaller than 10%, between 10% and 20%;
between 20% and 30%, between 30% and 40%, between 40% and 50% and higher than 50%. The
first one gives a value easier to compare, while the second offer a useful measure which is able to
check if the average error is representative or not. For instance, if one data has a discrepant error,
the average value is highly influenced, while the ranges allow a better representation. The results
with both methodologies are presented in Figure 2 and Figure 3. The following conclusions are
highlighted from these figures:

1) The semi-empirical model, namely est(ROM) on the graphics, is the unique model able to
estimate more than 50% of the cases with an error smaller than 10% and to obtain an average error
smaller than 15%.

i) The void content does not result in a representative alteration on the Chamis model
prediction.

iii) The modified Halpin-Tsai obtained a considerable amount of cases with errors higher than
50%, increasing the average error. Comparing with the classical Halpin-Tsai model, there is no
advantage in this new equation for §E2 :

iv) All the elasticity-based models had a similar prediction, but the semi-empirical models
(except the Rule of Mixture) obtained a smaller error. This result indicates the capability of
application of this simplified approaches.

333



4" Brazilian Conference on Composite Materials. Rio de Janeiro, July 22"-25" 2018

100

90

80

70

I - ror< 10%

N 10% <error<20%
I 204 <error<30%
[ 30% <error<40%
[ 4% <error<50%

[ lerror=50%

60

50

test [%]

40

30

20

10

Al - ofa 3\ .
P.:?\ ?\‘f\cﬁ ’6:?;:& :Q\l':q)b B G%G\h W ‘Aﬂ(@ \j\ ?-—Oi[g..{}‘h\
© .C,‘ﬂi"i"!I - &

Figure 2: Ranges of error of the models estimations
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Figure 3: Average error of the models estimations

Several different manufacture processes were adopted for the compiled data. By this fact, a
wide array of defects probably exists. For advanced manufactures, it is expected that the elasticity-
based models become closer to the measured property, since none of them considers defects

influence and the adjustable semi-empirical model considers this effect implicitly with calibrated
terms.
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Figure 5: Comparision between models predictions and experimental data for glass fiber [21,30].

To evaluate how E, varies according V. , the models estimations are plotted together with the

set of data presented by Kris & Stinchcom [20] and Huang [25], Xin et al. [32] and Tsai & Huhn
[21] in Figures 4-5. The reference and the fiber type are quoted over the figures. The main
conclusions are:

i) The modified Halpin-Tsai model has a good representation of the experimental data for
carbon fibers, while for glass fibers this model tends to overestimate the transversal elastic
modulus.

i) The Bridging and Mori-Tanaka models have an estimation between the Asymptotic
Homogenization with square and hexagonal symmetry.

iii) Based on the results of the Asymptotic Homogenization, the square symmetry results in a
higher transversal modulus than the hexagonal.

iv) The proposed semi-empirical model is able to reproduce the experimental data with good
precision.
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3. CONCLUSIONS

This paper presents a comparative analysis of 10 different micromechanical models to estimate
the transversal elastic modulus. The models predictions are compared with a set of 65 experimental
data compiled from literature. A semi-empirical model is proposed and a good correlation with
experimental data is realized. This model obtained the smallest average error as well as the highest
amount of case with error smaller than 10% (more than 50% of the cases).
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Abstract

Even though composite materials are ever more used in structural applications, mainly due to
their excellent strength/weight ratio, this material class is also intrinsically anisotropic, a condition
that must be properly considered in theirs macroscopic analyses. It is well known that angle-plies
instead of unidirectional laminates are preferable for practical applications, but it is demonstrated
here that in addition damage initiation around notch borders in angle-plies requires smaller
nominal stresses than in unidirectional laminates, due to the uncoupling of normal/shear effects.
To do so, the Stroh formalism and the Classical Laminate Theory are applied toghether with Tsai-
Wu, Puck, and LaRCO05 resistance criteria to analytically evaluate stress concentration effects
introduced by circular holes in large anisotropic plates, and to estimate damage initiation around
the hole border.

1. INTRODUCTION

Composite materials are widely used in various industrial areas for demanding structural
applications, mainly because they have low specific weight and high strength. However, this
material class is intrinsically anisotropic, especially unidirectional laminates that are the focus of
this study. Since most real structures must contain notches for functional and/or assembly
purposes, which induce stress/strain concentration effects that are the major cause for damage
initiation, they must be properly analysed by suitable design procedures. This paper aims to discuss
the analytical evaluation of such effects.
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2. FUNDAMENTAL ELASTICITY SOLUTIONS

Considering a linear and elastic angle-ply laminate, the constitutive relation for its P-th ply in
global coordinates is defined by [1]

[S i(jg) ]p = [S|(J§|J<)| ]p [e;(dg) ]p (1)

where s, 5% and &9 are the stress, stiffness and strain tensors defined in global coordinates.

Using the Kirchhoff-Love kinematical assumption, the strain tensor can be defined as
(9 _ 50 , (O
eu'g = eljg + X3 kijg 2)

where &9 is the midplane strain tensor and k(¢ is the curvature.

According to the Classical Laminate Theory (CLT), the forces and moments per unit of lengths
are computed by the following equations

(@) _ A(9)&(9) (@)} (9)

Nij = Mhjk S +Bijklkkl 3)
(9 _ p@)a() @) (9)

Mij = Bijklekl + Dijklkkl (4)

where N9 = [ls@Lax?, M0 = [1sOLxP000 A = psiacd, B = psinod? and
DY = osih(P)2dxy . Restricting this study to symmetric laminates subjected to in-plane forces,

B%) = 0 and Mi(jg) = 0. Hence, the laminate constitutive equation is
@ — A@a(©
Nijg = Aij?(l &’ (5)

Considering the average stress through the plate thickness, the average stiffness tensor is
computed as

<6 -G 1 ©

where t is the plate thickness.

Once the equivalent elastic properties of the laminate are obtained by the CLT, to analyze stress
concentration effects induced by a circular hole, it is necessary to evaluate the stress distribution
along the hole border. Using the Stroh formalism, a very useul tool for the theory elasticity of
anisotropic materials, the hoop stress along the hole border is written as [2]

DI P( | (A |
si) = i (G(l)t o + GSt 1)' I (G(l)t L - Gt 2) (7)
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where  i;=§ 0 Of =@ 10y t;= g sY og, t,= &5 s og,
G = gwg - NPsu 2 and GY = - N9t NG and NY are known as the fundamental
elasticity matrices, and S and L are the Barnet-Lothe tensors. These quantities are defined as

NO = - [TOT T ROT 8)

NO = - ROFFOTROT - Qo 9)
S= %@0‘) NOdg (10)
L = %@O" NOdg (11)

where Q = 3(%21’ Rix = %(%32, T = Si(gIZZ and

Q" = Qcos?q+ (R + RT )singcosq+ T sin?q (12)
RO = Rcos?q+ (T- Q)sinqcosq+ RT sin?q (13)
TO = Tcos2q- (R + RT)singcosq+ Qsin?q (14)

3. FAILURE CRITERIA

According to Soden et al. [3], the models that better matched with experimental results from
the worldwide failure exercise known as WWFE-1 (a round-robin to experimentally evaluate the
modeling of composite failures) were Tsai-Wu, Puck, and Cuntze. Among these, Cuntze’s model
does not need to be discussed here because for damage initiation, this paper aim, it is quite similar
to Puck’s model. Kaddour and Hinton [4] pointed out that Carrere’s and the LaRC05 models
generated the better predictions for the data obtained in the following WWFE-II. However, just
the LaRCO5 is studied here, because Carrere’s model includes micromechanics approaches, which
are not within this paper scope. Thus, Tsai-Wu, Puck, and LaRCO5 failure criteria are presented
next, to be later used to estimate the strength of unnotched and notched laminated plates. Note that
despite Puck and LaRCO05 are able to indicate which constituint fails, they do not consider any
explicit micromechanical approach.

3.1  Tsai-Wu Criterion

Tsai and Wu [5] proposed a well known and widely used generic failure criterion for anisotropic
materials based on a polynomial function which is simple to implement and compute, albeit it does
not distinguish failure mechanisms. For plane stress conditions, their damage function is described

by

2 2 & 0 0]
S S = * S,.S = =
£ 1 4 P22 4 ggle va, —cute  EL 1 IS, + 11 is,, (15)
T™W St SC St SC ES = 1122 t «C ot «C t SC T 1 t SC T2
11 O2¥2 128 S115115,,5,, 1 Subd 2 2B

11711
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where a;m = - 1 is recommended in absence of experimental data for proper calibration. For

Eq.(15) and for all the other models, failure is assumed to take place when their damage functions
equal 1.

3.2 Puck Criterion

The Puck criterion [6] use different approaches to model different failure mechanisms in
composite materials, recognizing the difference between fiber and matrix failures, as well as
different tension and compression effects. For fibers under tensile loads, using the maximum
normal stress theory as a basis, his damage function is given by

8

1 =
(f.t) — (f) =
fP Tt Si1 Ny," My - nlziszz (16)
Sy 7]

E(f

where m, = 1.3 is recommended for glass fibers.

Considering the shear influence on the fibers instability when they are compressed, the function
to describe fiber damage under compression is

(fo) - 1 (" = Slzc:)2
for @ =[Sy + BN My - NpESy| + HO_EE A7)
Sy = B

For modeling matrix failures, the key-point of Puck’s model is to identify and to evaluate
damage on a critical plane, similar to the Coulomb-Mohr criterion. For plane stress, three different
failure modes are modelled: mode A, when the matrix is in tension and the critical plane is parallel
to the fibers; mode B, that has the same critical plane than mode A but the matrix is compressed;
and mode C, where the matrix is also in compression, however the critical plane inclination is

g = acos{[(1/ 21+ pS,))((SEVs,, | S,s,,)° + DIY?, where for glass fibers pS, = 0.25 and
S =S,/ 2p5,[(1+ 2pS,SS, / S,)" 2 - 1]. The damage functions for theses modes are

& & t o] 0]

fF()m,A) — Eélzg + Ezzzg + Zhszzg' sﬁ§+ %E (18)
= t = t = =
lzﬁ ZZB S]_Z SZZB 11E

& o)
fém,B) — Eélz— hs ,+ %E (19)
12@ S]_2 11E
& : & 0
fém’c) _ ?12 cosgCg . égzz sin (gzcg)cosgcg + ol p12 s, 0052 g, + %g (20)
812 ] E 823 B S12 18

where pi, = 0.30 is recommended for glass fiber, 6<n<8 (n=8 is adopted here) and

— t s _ .
X, =11s, if s;; 3 0or X,, = - 1.1S], otherwise.

341



4" Brazilian Conference on Composite Materials. Rio de Janeiro, July 22"-25" 2018

3.3  LaRCOs5 Criterion

This failure criterion has been developed since 2000’s and has been proven to be able to
generate quite accurate predictions. Despite Pinho et al. [7] data indicates a nonlinear behavior of
the transverse elastic and of the shear moduli, both are assumed linear here, since just initial
damage is analyzed and these properties becomes nonlinear for higher strain levels.

For the matrix failure, the Puck model is used as a basis, mainly because of its use of a critical
plane concept. Therefore, just one damage equation is used, but it requires a critical plane search.
The matrix damage function is

1%,

g?nax {0, s, COS” g}
E Sy

where b and b. are parameters that can be experimentally calibrated, g is the critical plane angle,

€ s,,sngcosg

¥ (23
£3)' brszzcoszg

+ (21)

cm £ s, cosg
L ES _ 82
12" 18,008 g

SH-HHHOR,
+
SH---HIOR,

SH:

and SgS) is the shear strength on this plane. According to Davila et al. [8], b = 0.082 and
q, = 53°, used in b = - ]/tan200 and S%? =S5, cosao(sinoo+ cosao/taanlo), are good

approximations if no experimental data is available.
For modeling the failure of fibers under tensile loads, the maximum normal stress theory is
assumed valid, resulting on the following damage function

fL(f't) = S11/851 (22)

The main advantage of this model when compared to the Puck’s one is the modelling of fibers
failure when these are compressed, because it considers in a more sophisticated way the fibers

instability. If all the fibers are initially aligned, a rotation f along the plane x, - x, is necessary
to search the critical plane. Once this procedures is finished, the stress components in this plane
are computed as Si(jf) = 1,118y - Nevertheless, an initial misalignment of the fibers is an intrinsic

issue for real manufacturing processes, and must be considered in failure analyses, because it may
have a major contribution for instability failures due to the fibers initial deflection. Hence, in the

presence of an initial misalignment angle j ,, the total misalignment is computed considering the
initial value induces the shear contribution:

j =sign(sh)j,+ 2679 (23)
where

(2]

ﬁrrrw—giug:/

1

; \/1- 4(slz/s§l+q)slz/s
((s/sz+n))

io @(1- Sfl/Glz)atan (24)
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Once the misalignment direction is obtained, the stress components in this planes are computed
with the transformation s{™® =1,1,s{’. At last, the damage function of the fibers in

compression is defined by

|-|-|-|q-\,

. g S(mis)

ES 23) b S(mls) (25)

(1o - g S(mis)
fir =

ES q_s(mls

SO,

St

fax{osig
|

SH:I-I-I- I 111G,

4. RESULTS AND DISCUSSION

Considering the unidirectional [«], and angle-ply [+«],, laminates, their tensile (Stee(«)) and
compressive (Sgee () ) strength variations according to the fiber-to-load angles predicted by Tsai-
Wu, Puck, and LaRCO5 criteria are plotted in Fig. 1 for an unnotched plate. Notice the very high
effect of the fiber angle with respect to the load direction on the laminate strength predicted by all
criteria, a major issue when dealing with laminates. This is the main reason for their peculiar stress
concentration behavior, studied next. Figure 1 illustrates how matrix failure usually is the dominant
mechanism. For the single layered laminate, the tensile strength decrease more than 80% when the
fibers angle a changes from 0° to 15° a major effect that highlights well how directional such
composite materials are.

Tsai-Wu [iu.]ns

LaRCO5 [xa] _

LaRCO5 [o],

Tsai-Wu [U,]n Tsai-Wu [CL]”
08

Puck [iu']ns Puck [iu,]ﬂs

Puck [mr,]n Puck [cn}n

LaRCO05 [a],

Tsai-Wu [J—ru‘]ns

LaRCO5 [ta] _ ]

02f

0 1% 3|0 4|5 EIU ; 90 0 15 70 45 60 75 90
a ] o]

Figure 1. Variation of the unnotched laminate plate FPF strength prediction as function of the fiber

orientation angle « with respect to the uniaxial load direction, Sier(«)/Si; and

Ster ()/S5,, where si, and sf are the reference tensile and compressive strengths

measured when the fibers are aligned with the load, i.e. when o = 0.

This simple analysis, still without considering any stress concentration effects, helps to
understand the results presented next. In particular, those that show that the critical point along a
circular hole border in anisotropic plates in general is not the point where the stress concentration
peaks occur. Instead, it is the point that maximizes the ratio between the local stress and the
smallest (anisotropic) material strength along the notch border. This usually is a major issue when
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designing notched components made of anisotropic materials, since their behaviour can be very
different from the well-known behaviour of notched isotropic materials.

Additionally, the LaRC05 model indicated that the strength of angle-ply laminates may be
smaller than that of unidirectional laminates with the same angle «. This conclusion applies for
fiber-to-load angle « between 45° and 60°, and it is a consequence of the shear influence in the
longitudinal compression resistance modelled by the LaRCOQ5 criterion.

First, using the CLT, it is possible to conclude that angle-ply laminates do not couple shear and
normal stress and strains, because the elements responsible for this physical coupling on the
equivalent stiffness and equivalent compliance tensors are null, unlike what happens for [«], if
a #0°,490°, a result that is valid for any angle-ply laminate. Notice that [+«], and [-«], are two
different laminates, and that [+«], IS one laminate that contains laminas with both angles, +« and
- .

First ply failure (FPF) notched strength predictions for single-layered and angle-ply laminates
are presented in Fig. 2. Clearly, the [0], and [90], laminates must be equivalent to [+0],, and [+90],,
, respectively, but their strength variation according to the fiber-to-load angle « have a
significantly different behavior. For tension or for compression, the strength curves have a
smoother shape for single layered laminates, unlike what happens for un-notched plates. Figure 1
shows that in notch-free laminates, the angle-plies strength variations are smoother. These results
are justified by the vanishing effect of the normal-shear coupling in equivalent homogeneous
materials, where the stress concentration is maximized, e.g. for [ a], where the stress concentration
is maximized if « =0°,£90°.

8 | Tsai-Wu [a]

TH Puck [a]
Tsai-Wu [u.]n LaRCO5 [a]
Puck [o], <) 6r Tsai-Wu o] _ |
LaRCO5[a] | 1 = Puck [£a] _
Tsai-Wu fa]_ ® s LaRCO5 [£a] _| 1

5
Puck [ia]ns 1119

LaRCO5 [Fa

45 60 75 90 0 i 0 5 50 75 90
o [7] a7

Figure 2. Prediction of StFF,F/Sgl and SEPF/Sfl for the holed orthotropic plate FPF strength under

I !
18 30

tension and under compression loads by the 3 failure criteria, for angle-ply laminates, as
a function of the fibers-to-load angle o.

While the stress concentration around the border of a circular hole in isotropic plates with
uniaxial load ranges between -1 and 3 for isotropic materials, for the single-layered laminate
studied it ranges between -4 and 7 [9]. For angle-ply laminates the stress concentration effect is
even more pronounced. By this fact, the ration between notched and unnotched strengths presented
in Fig. 2 is smaller than 10% for all cases.
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S. CONCLUSIONS

This paper presented a brief review of some theoretical approaches for stress analyses of
anisotropic materials, in particular laminated composites (Stroh Formalism and CLT). Three
failure theories are studied here, using as basis the WWFE results and their recommendations:
Tsai-Wu, Puck, and LaRCO05. Then these techniques are used to predict the behaviour of simple
notched plates. Large plates made by single layered unidirectional laminates with circular holes
had a FPF strength decrease estimation of more than 95% and 90% for uniaxial tension and
compression, respectively. These results, which differ significantly from the behaviour of isotropic
plates, become even more pronounced depending of the fiber orientation. Notched angle-ply
laminates have a smaller FPF strength for most of the cases analyzed, on the contrary of unnotched
plates. For notched plates, the strength of symmetric angle-ply laminates is usually smaller than
for unidirectional laminate due to the increase of stress concentration effects, what is the opposite
of the observed for unnotched plates.
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4. DURABILITY, AGEING AND AGGRESSIVE
ENVIRONMENT

346



4" Brazilian Conference on Composite Materials. Rio de Janeiro, July 22"-25" 2018

BCCVI4

4th Brazilian Conference on'Composite Materials

THE EFFECT OF ACCELERATED AGEING ON THE MECHANICAL
AND PHYSICAL PROPERTIES OF THERMOSET POLYMERS

Francisco M. Dos Santos @, Tulio H. Panzera ®, Alysson H. S. Bueno @, Alberto L. Santos
@ and Edson C. Botelho @

(1) Centre for Innovation and Technology in Composite Materials — CIT®C, Department of
Mechanical Engineering, Federal University of Sdo Jodo Del-Rei - UFSJ, Brazil.

(2) Departamento de Materiais e Tecnologia da Universidade Estadual Paulista (UNESP),
Guaratingueta, Brazil.

https://doi.org/10.21452/bccm4.2018.04.01

Abstract

Structural adhesives and composite materials are generally exposed to harsh environmental
conditions that lead to their degradation. Saline and moisture environment at high temperatures
are some of the common conditions that degrade polymers. A full factorial design was conducted
to analyse the effects of accelerated ageing in salt-spray and 100% relative humidity (RH)
chambers on the mechanical and physical properties of epoxy and unsaturated polyester (UP)
polymers. In saline environment, the epoxy and UP polymers presented 42% and 38% less
moisture absorption, respectively, than in 100% RH chamber. The epoxy polymer achieved 99%
higher tensile strength than the UP in the condition without ageing, however the overall
compressive properties of the UP were slightly higher than the epoxy.

Keywords: Thermoset polymers, epoxy properties, unsaturated polyester properties, harsh
environment.

1. INTRODUCTION

Thermoset polymers can be used as structural adhesives or matrix of composite materials for
application in several industries such as automotive and aeronautical. An adhesive may be defined
as a material that can join components together and resist separation [1]. Epoxy polymers are the
most widely accepted and used as structural adhesives, due to their good mechanical and thermal
properties. On the other hand, unsaturated polyester (UP) is the most used polymer as composite
matrix, particularly in the marine industry. UP possess low cost compared to the epoxy, good
processing characteristics, specific physical properties and the ability to cure under room
temperatures and pressures. Thus UP are widely used in materials such as glass fibre reinforced
polyester composites [2, 3]. The composite matrix has several important functions, such as: it binds
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the reinforcements together, maintains the shape of a component and transfers the applied load to
the reinforcing fibres, and also protects the fibres from environmental attack [4].

Structural adhesives and composite materials are generally exposed to harsh environmental
conditions that lead to their degradation. Saline and moisture environment at high temperatures
are some of the common conditions that degrades polymers. Water molecules diffuse into
adhesively-bonded joints and degrade both the interface and the adhesive itself [5]. Some authors
[6 — 9] have found that water decreases the tensile strength and elastic modulus of epoxy polymers
due to plasticization effect. When the time exposed in ageing is prolonged, an anomaly can occur
due to more complex interactions between water molecules and epoxy cross chains forming
hydrogen bonds. This effect can led to increased elastic modulus [10].

Quino et al. [11] have assessed the changes in the fracture and toughness properties of epoxy
polymer when it is exposed to a wet environment. The toughness was affected locally varying
moisture absorption over the cracking path. Arrieta et al. [12] have studied the thermal oxidative
ageing of unsaturated polyester and vinyl ester plates at high temperatures of 120°C to 160°C. The
findings revealed the vinyl ester was more oxidisable than the unsaturated polyester. Sugiman et
al. [10] have analysed the water absorption and tensile properties of epoxy polymers after ageing
in distilled and salt water in steady and fluctuating conditions at 50°C. The results showed that in
steady and fluctuating conditions, the equilibrium water absorption of epoxy aged in the brine is
lower than that of distilled water. The tensile properties of the epoxy polymer were not affected
by the ageing conditions.

This paper investigates the effects of artificial ageing in high humidity, temperature and salt-
spray fog on the tensile and compressive properties and moisture absorption of epoxy and polyester
polymers. A design of experiments (DoE) was conduct in order to verify the effects of individual
factors and interactions on the variable responses.

2. MATERIALS AND METHODS

2.1  Materials

The epoxy polymer used in this study was the low-viscosity Araldite® LY 5052 based on
diglycidyl ether of bisphenol-A (DGEBA) with the hardener Aradur® 5052 which is a mixture of
polyamines. This epoxy system is indicated for aeronautical applications and it is qualified by the
Luftfahrtbundesamt (German Aircraft Authority) for the production of gliders. Both the epoxy
resin and hardener were fabricated by Huntsman®. The unsaturated polyester resin used was the
orthophthalic Polylite® 10316-10 pre-accelerated with cobalt octoate and the hardener was the
methyl ethyl ketone peroxide (MEK-P), both fabricated by Reichhold®.

2.2 Fabrication and ageing of the specimens

The concentrations of hardeners considered were 38wt.% and 2wt.% for the epoxy and
polyester system, respectively according to the manufacturer's recommendations. The resins and
hardeners were hand mixed for 5 minutes. The fabrication and mechanical tests of the specimens
followed the recommendations of the standards ASTM D638 [13] and ASTM D695 [14] for tensile
and compressive properties respectively.

After the mixture, the polymers were poured into silicon moulds. The epoxy samples were left
at room temperature for 7 days and the polyester samples for 12 h at room temperature (~22°C and
55% of relative humidity), with additional time of 48 h at 60°C in an oven. After the curing, the
specimens were removed from the moulds, as shown in Figure 1. A set of specimens was left for
more 7 (168 h) days at room temperature. Another set of specimens was left for 7 days in an
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accelerated ageing chamber to simulate 100% of relative humidity (RH) at 40°C according to
recommendations of ASTM D2247 [15], and other set was left for 7 days in a salt-spray chamber
with 5wt.% of NaCl at 35°C following the recommendations of ASTM B117 [16].

30 mm

Figure 1: A set of specimens

A full factorial design was considered to analyse the effect of individual factors and their
interactions. The design of experiments is shown in Table 1. Five repetitions were performed for
each condition and two replicates were evaluated in order to estimate the experimental error of the
individual response [17] resulting in a total of 60 specimens for tensile and 60 for compressive
tests.

Table 1: Design of experiments 23!

Condition Factors —
Type of Polymer Environmental conditioning

1 Epoxy No degradation

2 Epoxy 100% R. humidity

3 Epoxy Salt-spray

4 Polyester No degradation

5 Polyester 100% R. humidity

6 Polyester Salt-spray

2.3  Mechanical and physical evaluations of the specimens

After the environmental conditioning, the specimens were dried using a blow drier. The
mechanical tests were performed using a Shimadzu AG-X Plus testing machine of 100 KN
capacity with a testing speed of 2 mm/min. The moisture absorption was calculated considering
the mass of the compressive specimens before and after the environmental ageing for 7 days in
both harsh environments of 100% of relative humidity at 40°C and salt-spray chamber with 5wt.%
of NaCl at 35°C according to the standard ASTM D5229 [18].
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3. RESULTS AND DISCUSSION

3.1 Moisture absorption

After 7 days in the chambers of 100% RH and salt-spray fog, the epoxy specimens showed
mean moisture absorption values of 0.49% and 0.34%, respectively. The polyester specimens
presented mean values for moisture absorption of 0.30% in 100% RH and 0.21% in salt-spray fog.
The moisture absorption was 42% and 38% lower in the 100% RH than in the salt-spray chambers
for the epoxy and polyester polymers, respectively. According to Tan et al. [19], this reduction in
moisture absorption at saline environment is probably due to the change in the driving force as the
chemical potential of water is decreased in salt solution. This phenomenon would effectively
generate an osmotic pressure that inhibits the moisture absorption by the polymer. Moreover,
Prolongo et al. [20] have attributed this effect to the sodium chloride presence, which increases
the density of the agqueous solution, consequently decreasing the diffusion coefficient of the
solution in the polymer.

3.2 Mechanical testing

Table 2 shows the analyses of variance (ANOVA) for the mean response variables. The
statistical software Minitab® v. 17 was used to manipulate the data. P-values lower or equal to
0.05 mean the effect was significant considering a confident interval of 95% [21]. The underlined
P-values shown in Table 2 indicate the significant factors identified in this work. F-values evaluate
which one of the factors provided a greater influence in the responses. The higher the F-value, the
greater the effect of this factor on the response, i.e., the tensile modulus was more affected by the
environmental conditioning factor (F-value = 140.46) than by the type of polymer (F-value =
35.88). When one or more interaction effects are significant, the factors that interact can be
considered jointly. All interactions were significant and their P and F values are highlighted in
bold letters in Table 2. The adjusted R? value indicates whether the model behaved properly. R?
values closer to 1 (100%) indicate a more significant predictive ability of the model. R? values
varied from 84.17% to 99.01%, indicating acceptable correlations obtained for the response
variables analysed. A normality test via Anderson-Darling technique was used to validate the
ANOVA. In this case, P-values must be equal or superior to 0.05 to follow a normal distribution
configuration. As shown in Table 2, all data followed a normal distribution exhibiting P-values
(And. Darling) higher than 0.05.

Figure 2 shows the interaction effect plots between "type of polymer” and “environmental
conditioning" factors for the mean tensile modulus (a) and strength (b). The tensile modulus data
varied from 2.92 GPa to 3.96 GPa. The letters in the graphs represent the results for the Tukey
comparison test; similar letters belong to the same group indicating there is no significant variation
between the means. For the condition with no degradation, the polyester presented 25% higher
tensile modulus than the epoxy. The ageing decreased the polyester tensile modulus in 40% and
35% at 100% RH and salt-spray levels, respectively. According to Sugiman et al. [10], the modulus
decreases as moisture content increases due to plasticisation; however, an anomaly might occur,
such as the recovery of the tensile properties. Small variations were noted between environmental
conditioning levels for the epoxy polymer. Tukey test revealed these means are equivalents, then,
the conditioning did not provide any significant change in tensile modulus. The tensile strength
data varied from 19.82 MPa to 54.50 MPa. The epoxy achieved 99% higher tensile strength than
the UP in the condition without degradation as shown in the interaction plot (Figure 3b). Tukey's
comparative test showed that the small variations between all levels of conditioning for the UP
and between the level without degradation and chamber of 100% RH for the epoxy did not
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significantly affect the tensile strength. However, sodium chloride caused a 20% increase in the
tensile strength of the epoxy. This was probably due to the positive post-cure effect of the epoxy
leading to an increase in the number of cross-reactions and thus increasing its resistance [22].

Table 2: Analyses of variance for the mechanical tests

P and F values

Tensile ) Compressive Compressive
) Tensile strength
Experimental factors modulus modulus strength
P F P F P F P F
£ Type of Polymer (Pol) | 0.001 35.88 | 0.000 1044.08 | 0.002 29.99 | 0.000 118.98
o
=
[
= E. conditioning (E) 0.000 140.46 | 0.000 12.04 | 0.060 4.66 | 0.078  4.03
5
§ Pol *E 0.000 182.37 | 0.003 18.09 | 0.008 12.09 | 0.003 18.23
g
R? - adjusted 98.40% 99.01% 84.17% 93.51%
P-value (And. Darling) 0.158 0.167 0.875 0.709

The compressive modulus (Figure 2c) for the polymers varied from 2.95 GPa to 3.14 GPa. The
epoxy presented a modulus of 6.1% lower than the UP in a 100% RH chamber, probably due to
the plasticisation effect [10, 22]. The formation of complementary crosslinks between the polyester
chains is activated by raising the temperature through a suitable post cure and may lead to increased
mechanical properties as observed for the 100% moisture and salt spray conditions [23]. However,
the epoxy had the effect of plastification when conditioned in high humidity and temperature
leading to a decrease of its modulus. The compressive strength (Figure 2d) for the polymers ranged
from 110.07 MPa to 127.72 MPa. The UP achieved a slight increase of 9.2% in the compressive
modulus for the specimens aged at 100% RH, being 13.9% higher than the epoxy at saline
environment. This is probably due to the anomaly explained by Sugiman et al. [10] which could
be due to competition between the plasticisation effect and the effect of additional crosslinking
caused by the extended time at elevated temperatures and humidity, wherein the positive effect of
an additional crosslinking is more dominant in polyester than the negative effect of plasticisation.
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Figure 2: Interaction effect plots for the mean (a) tensile modulus, (b) tensile strength, (c)
compressive modulus, (d) compressive strength.

4. CONCLUSION

This paper investigated the effects of environmental ageing in 100% RH and salt-spray
chambers on the mechanical and physical properties of epoxy and unsaturated polyester polymers.
The moisture absorption in salt-spray chamber was 42% and 38% lower than in 100% RH chamber
for epoxy and UP, respectively. The tensile modulus of UP was 25% higher than the epoxy in
condition without ageing. After ageing in both high humidity and salt-spray environments, the
tensile modulus of UP dropped about 30%, being attributed to the negative effect of plasticisation.
The tensile strength of the epoxy polymer was 99% higher than UP for the condition without
ageing. The overall compressive properties of UP were slightly higher than epoxy.
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Abstract

Different approaches to the kinetic analysis of the thermal degradation of polyester resins, one
traditional and its green alternative from renewable sources, were studied. The first step to
determine the degradation mechanism was to find the following kinetic parameters: activation
energy (E,) and the pre-exponential factor (A). For the study it was used four distinct methods: the
Flynn-Wall-Ozawa (FWO), the Friedman, the Kissinger and the modified Coats-Redfern methods.
The second step was to find the most probable degradation mechanism based on the kinetic
parameters obtained so far. In this study was used master plots proposed by Criado’s. The mean
activation energy values, named Eg,, and the pre-exponential factor (In(A)) for the traditional
polyester resin were 189.79 + 37.82 kJ and 24.62 + 6.11 min™, respectively. For the resin from
renewable resources, the values of E, and In(A) were 161.85 + 14.35 kJ and 18.42 + 2.36 min™,
respectively. For both resins, the most probable degradation mechanism in all conversion range
was nucleation and growth type mechanism. The methodology used in this study indicates that the
Kinetic parameters can be obtained in a reliable way, since combined.

1. INTRODUCTION

Concerts over the future availability of natural resources and the amount of produced waste
have driven the need for the efficient use of these resources, aiming at sustainable development.
The requirement for ecomaterials increased [1], and they are defined as materials manufactured
from renewable resources and/or from the reuse of accumulated wastes in the environment, and
that are also atoxic, among other characteristics [2].

Conventional thermoset polymers can be replaced by their green alternatives, as long as they
maintain satisfactory properties. Thermal degradation, for instance, is an important characteristic
for processing as well as in the definition of their applications. Its reliable prediction is an
important tool to identify potential use of the material.
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In this present work, different approaches to the kinetic analysis of the thermal degradation of
a traditional polyester resin and its green alternative from renewable resources were studied.

2. TEORETICAL APPROACH

2.1  Degradation Kinetics

Thermogravimetric analysis can be used to determine the degradation kinetics and to obtain
reliable values of factor frequency, activation energy and general reaction order, i.e. the kinetic
triplet [3]. Kinetic parameters were calculated according to ICTAC recommendations [4].

The main equation for kinetics is:

1)

da_kT
— = k(Df (@)

where k(T) = Aexp(—E,/RT), f(a) = (1 —a)™, A is the pre-exponential factor, E, is the
activation energy, R is the gas constant (8.314 J.kmol™?), T is the absolute temperature and n is the
reaction order.

Including the B term, i.e. heating rate, Equation (2) is obtained:
d_a = ée(_%)f(a) (2)
dt pf

The activation energy can be determined using distinct methods, including isoconversional
Flynn-Wall-Ozawa (FWO), Friedman and Kissinger methods.

In the Kissinger method, the maximum of the reaction happens at the peak of the differential
thermal analysis (DTA). This peak happens when the derivative of Equation (3) is zero. The

activation energy for Kissinger can be determined plotting In(8/T,,*) versus 1/T,,”.

Eq
da Ae(_ﬁ)
a-a | 5 |7 3)

FWO is a conversional method, defined by Equation (4). Plotting log(B) versus 1/T and
applying a linear fit the factor frequency and the activation energy can be obtained. The slope gives
E, and the intercept gives A.

log(B) = log(AE,/Rg(a)) — 2.315 — 0.4567(E,/RT) (@)

The Friedman method is defined by Equation (5). By plotting in(da/dt) versus 1/T and
applying a linear fit the factor frequency and the activation energy can be obtained. The slope gives
E, and the intercept gives A.

(5)

l da _1 E,
n (=) = nlAf (@] - o

2.2  Degradation Mechanism

The activation energy of one solid-state reaction can be determined without knowing the
mechanism of degradation. So, E, can be determined by isothermal or dynamics processes. After
determination of the mean E, (by isothermal methods), the most probable degradation can be
estimated by comparing master plots using the method proposed by Criado [5] Equation (6).
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2(a) = —(d“ﬁ/ B o ©

Peterson [6], proposed a relationship between (X) and the rotational equation P(x), defined
in Equation (7).
m(x) = xe*P(x) (7)

Senum and Yang [7], proposed a forth degree rational equation for P(x). This was one of the
equations used to estimate the precision of the Arrhenius integral and allowed a controlled margin
of error. For the forth degree ration, the error is lower than 10°% for x>20.

Combination of Equations (1), (6) and (7) yields, Equation (8).

n(x) = f(a)g(a) (8)

With Equation (8), it is possible to obtain theoretical thermogravimetric equations. The
equations for f(a) and g(«) are determine according to the appropriate mechanism, as described
in Table 1.

Table 1: The solid-state reaction mods and mechanisms of degradation.

Mechanism — Solid-state f () — Reaction mode g(a) — Reaction mode
reaction

A, (Avrami-Erofeev) — 1/2 1/2
nucleation and growth 21 — a)[=In(1 = )] [=in(1 - a)]
As(Avrami-Erofeev) — 2/3 1/3
nucleation and growth 31 - a)[=In(1 - )] [=in(1 - a)]

A, (Avrami-Erofeev) —

nucleation and growth 4(1 — a)[-In(1 — a)]3/* [~In(1 — a)]V/*

R, — Controlled reaction

in the phase contour 1 a
(one-way movement)

R, — Controlled reaction

in the phase contour (1—a)t/? 2[1-(1-a)/?]
(contracted area)

R5; — Controlled reaction

in the phase contour (1—a)?/? 3[1 - (1 - )3
(contracted volume)

D; - Diffusion in one _

dilmension 1/2a7 31-a-a']
D, — Diffusion in two

dimensions (Valensi [-in(1 —a)]? a
equation)

D5 — Diffusion in three

dimensions (Jander  (3/2)[1— (1 - a)¥3](1 — a)?/3 A-a)ln(l—a)+a
equation)

D, — Diffusion in three

dimensions  (Ginstling- G/)[1- 1 -a) 3] [1-(1-a)3]?
Brounshtein equation)

2
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F; — Random nucleation

with an individual 1—a [1-(2/3)a]l — (1 —a)?/3
particle core

F, — Random nucleation

with two nuclei of (1-a)? —in(1-a)
individual particles

F; — Random nucleation

with three nuclei of 1/2)(1 - a)? 1/(1-a)
individual particles

To determine the reaction mechanism, theoretical and the experimental curves must be
compared. The theoretical curves can be obtained using Equation (8) and the P(x) value is
obtained by Equation (9).

X x3 + 18x? + 86x + 96 9)

e
P(x) = —
() = T T 20%3 7 120x% 1 240% T 120

2.3  Modified Coats-Redfern method
The Modified Coats-Redfern method is also used to determine the activation energy and is
defined by Equation (11).
B AR E,

— | = |
T2 (1 _ ZEIF;T) E,in(1—a)l RT
a

Plotting In(B/T?) versus 1/T and applying a linear fit the factor frequency (A) and the
activation energy (E,) can be obtained. The slope gives E,and the intercept gives A.

In (11)

3. MATERIALS AND METHODS

Commercial unsaturated polyester resin BP5788 and its green alternative from renewable
resources were provided by Elekeiroz and used for thermal degradation studies.

Thermogravimetric analysis was used to determine the kinetic parameters. Samples (10 mg)
were analysed in an SII Nanotechnology INC equipment, Exstar 6000 model, TG/DTA 6200
series, operating under nitrogen flow of 100 mL.min%, in the 25 — 800°C temperature range.

4. RESULTS AND DISCUSSIONS

4.1 Kinetics parameters

Figure 1 illustrates all fitting using the four distinct kinetic models proposed. The obtained R?
values (from linear fitting) for all methods were higher than 0.88 for the traditional resin, and
higher than 0.97 for the resin from renewable sources.

The activation energy (E,) values according to FWO, Friedman, and Coats-Redfern as function
of the conversion degree are displayed Figure 2. The E, for Kissinger, also shows in Figure 1, not
was included because this method use the peak of derivative of mass loss only, representing a
limited conversion degree range.
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According to the results of Figure 2, The activation energy seems to be dependent on the
conversion degree (a=0.1 — 0.9) for both resins. This variation suggests that the degradation
process of this polymer is complex, possibly with multiple reaction step mechanisms (parallel,
consecutive, overlapping, reversible or their combination). This could be justified by the
heterogeneity of the polymer nature [8].

For the traditional resin, the curves have similar shapes, and linear correlations between E, and
a are found for o within 0.1 — 0.5 and 0.7 — 0.9. A maximum in E, was found around a=0.6. And
for the Friedman method, a more pronounced decrease occurred above a=0.7. For the resin from
renewable resources, a linear correlation between E, and a is found for a within 0.1 -0.4 and
another one for a within 0.4 — 0.9. And for Friedman method, an abrupt decrease in E, was
observed when o goes from 0.4 from 0.5 and an abrupt increase was observed when a goes from
0.7 t0 0.8.

The difference in the trend in Figure 2 for Friedman method compared to the other two methods
(FWO and modified Coats-Redfern) is justified considering that in the Friedman method, the
derivative of the conversion (da/dt) is used in the calculation, whereas in the others two methods
the temperature is used.
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Figure 9 — Graphs used to determine the activation energy following Kissinger (a), FWO (b),
Friedman (c) and Modified Coats-Redfern (d) methods.
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Figure 10 — The calculated activation energy as a function of the conversion degree for the
traditional resin (a) and for the polyester from renewable resources (b).

By calculating the mean of all E, values from the four methods, E;s, was obtained. For the
traditional resin was 189.79 + 37.82 kJ, and the pre-exponential (In(A)) factor was 24.62 + 6.11
min’t. For the resin from renewable resources the values were 161.85 + 14.35 kJ and 18.42 + 2.36
min’t, respectively. And these values of E;g, were used to calculate the value of Z(«) for the two
resins.

4.2  Degradation mechanisms

Figure 3 illustrates the graphs used to determine the most probable the degradation mechanism.
The most probable reaction degradation mechanism is compared considering the similarities in the
curves. So, the resin can present different degradation mechanisms in different degrees.
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Figure 11 — Theoretical curves of the Criado degradation mechanism (a) and the graph obtained
for the resin from renewable resource resin used in this work (b).

For the traditional resin, the shape of the curves did not follow a specific theoretical model for
any heating rate, but A type mechanism could be considered for the sample. In this case, all
mechanisms were defined by proximity of Z(«). For a within 0.1 — 0.4 (mechanism A2), a=0.5
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(mechanism A3), a=0.6 (mechanism A3), for o within 0.7 — 0.8 (mechanism A4) and for a=0.9
(mechanism A3).

The same behaviour occurred for the resin from renewable resources, and, A type mechanism
could be considered. For o within 0.1 — 0.4 (mechanism A2), 0=0.5 (mechanism A3) and for 0=0.9
(mechanism A3). However, were cases that the mechanism was defined by the curve shape. It
happened for a within 0.6 — 0.8 (mechanism A4).

For the two resins, similarities in the mechanism from group D (D1, D2, D3, D4), related to
diffusion, from group F (F1, F2, F3), related to random nucleation, or from group R (R1, R2, R3),
related to controlled reactions in the phase contour, could not be found.

Analysing all results, the overall difference between the two resins is small, i.e. the degradation
mechanisms were similar. There were differences at some conversion values, e.g. the mechanism
at 0=0.6 was A3 for the traditional resin and A4 for the other resin. Nevertheless, they were in the
same group of mechanisms.

5. CONCLUSIONS

Analysing the activation energy results, the thermoset resins behaved as expected, and the E,
values varied as a function of the conversion degree.

The degradation mechanisms for the traditional unsaturated polyester resin and for that from
renewable resources were similar. Using the method described by Criado, the degradation
mechanisms at different conversions were found to be of the group A (A2, A3 and A4), suggesting
a single group of degradation mechanisms, related to nucleation and growth, independently of the
source of the resin. Also, by comparing different kinetic approaches, a more reliable estimate of
the kinetic parameters can be obtained.
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Abstract

Butyl rubber has a comprehensive use in sealing systems, especially in tires inner tubes, due to
their low permeability to gases. So, it is required that butyl rubber compounds show a better
performance, more and more. Butyl rubber is provided with excellent mechanical properties and
oxidation resistance. Besides showing these properties, radiation exposures impart modifications
in physical-chemical and morphological properties on butyl rubber materials. When exposed to
gamma-radiation, rubbers suffer changes in their mechanical and physical properties, caused by
material degradation. The major radiation effect in butyl rubbers is chain- scission; besides, ageing
promotes too the same effect with further build-up of free radicals. This work aims to the study of
gamma-radiation in physical-chemical properties of butyl rubber subjected to thermal ageing.
Doses used herein were: 25 kGy, 50 kGy, 100 kGy, 150 kGy and 200 KGy. Samples were
evaluated before and after ageing according to traditional essays, such as: hardness, tensile strength
and elongation at break. From accomplished assessments it is possible to affirm that at doses higher
than 50 kGy it was observed a sharp decreasing in butyl rubber physical-chemical properties,
before and after exposure to ageing.

1. INTRODUCTION

Ageing effect study in rubber artifacts is relevant especially due to cost and quality, providing
to the material resistance or not to exposure under more severe environmental conditions. Ageing
degree depends on various factors as polymer type, formulation, product geometry and
environmental conditions [1].

Accelerated ageing essays aim to reproduce within a relatively shorter time interval ageing
effects due to air action, radiation and temperature from larger exposures. For this, an adequate
combination is accomplished between exposure periods and temperatures. Thermal ageing in
rubber compounds present their physical and mechanical properties changed in function of
modifications in structure or in morphology.
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Ageing expression for rubber compositions is related to molecular scission that provokes the
appearing of smaller chains and a higher number of chain terminals and/or crosslinking favoring
a network structure strongly connected [2].

Both of two basic reactions yield to elastomer chemical structure changes and are able to be
exemplified according to mechanism shown in Figure 1, for simplified radical [3].Free radicals
can be built up by decomposition of small amounts of hydro-peroxides, present in rubber after the
processing. Depending on rubber type, these reactions lead to either a chain-scission or to a raise
in crossing bonds [4].

R— R (crosslinking)
52 -

B

RH - - R*

ROO* =—=ROOH —= RO* + HO"
L

chain scission

Figure 1: Elastomers reaction mechanism after ageing

It should be considered that chain-scission provokes a decreasing in viscosity, but, in case of
crosslinking, the material becomes more rigid. Combination between scission and crosslinking
results in creation of micro-cracks; presence of oxygenated products was detected even before the
occurrence of chain-scission [3].

Butyl rubber is an isobutylene copolymer (98%) and isoprene (2%). In its hydrocarbon chain,
unsaturation level is very low fostering an excellent resistance to ageing [5]. Butyl rubber when
subjected to ionizing radiation exhibits two chemical effects: crosslinking and chain-scission with
further degradation; nevertheless, chain-scission is predominant [6]. Various authors concluded
that the major and practically unique effect due to ionizing radiations in butyl rubber is chain-
scission with a significant reduction in molar mass, prejudicing physical and mechanical properties
of the rubber. [7].

Rubber ageing is a structural chemical phenomenon that affects directly material mechanical
properties. Thermo-oxidative ageing and radiation modify compound molecular structure
imparting changes in rubber properties. According to Farmer [8] and collaborators, oxidation in
polymers occurs with settlement of molecular oxygen in double bond to yield oxidized peroxide.

This work aims to the study of accelerated ageing in vulcanize compositions of butyl rubber
before and after gamma-radiation, within 0 to 200 kGy. Behavior of studied materials for different
doses applied was assessed as per mechanical properties.

2. MATERIALS

The elastomer used in this study was butyl rubber manufactured by Exxon Mobil Chemical,
butyl 268 as commercial name, zinc oxide, stearic acid, sulphur, 2,2- dithiocarbaptobenzotiazol
(MBTS) and tetrametiltiuram disulfide (TMTD), all of them commercial grade and used as such.
Compositions were prepared according to a formulation normally used in tires and auto-parts
industry (Table 1). Referred composition was irradiated and further subjected to accelerated ageing
process.
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Table 1. Formulation of Butyl Rubber.

Ingredients Quantities (phr)
Butyl rubber 100

Zinc oxide S

Stearic acid 1

Naphthenic oil 25

Carbon black N 330 70

Sulfur 2

TMTD 1

MBTS 0.5

2.1. Mixture and vulcanization process

Samples were prepared in an open cylinder (Copé), with two rolls, 40 kg capacity, according to
ASTM D-3182 [9], at approximately 60 °C; just after, the compound was vulcanized in a
HIDRAUL-MAQ hydraulic press,5 MPa pressure and prepared according to ASTM D-3182 [9],
at 180 °C, for 4 min, packed in plastic bags and sent to irradiation.

2.2. Ageing

Butyl rubber composition after irradiation was subjected to accelerated ageing in an air-forced
oven, at 70 °C, for 72 h, in accordance with ASTM D 573 [10]. Aged mixtures were assessed for
tensile strength, elongation at break and hardness. Specimens thickness used in ageing essays were:
0.6 cm for hardness and 0.2 cm for other tests.

2.3. lrradiation

Samples were irradiated in CBE/EMBRARAD and subjected to gamma radiation, in oxygen
environment, at 25, 50, 100, 150 and 200 kGy doses, in Nordion Canadian irradiator, Cobalt 60
source, Model JS 7500, 5 kGy h™ dose ratio.

3. METHODS

3.1 Compounding Characterization

Analyses were accomplished according with ASTM rules, in triplicate, for obtaining results
average. Specimens were cut in accordance with specified methods of each essay. There were
performed following tests:

3.2 Hardness
Hardness numerical indexes represent the deepness of penetration or adequate arbitrary values,
derived from ASTM D 2240 [11]. Hardness is one of the properties the most evaluated in rubbers,
being the Shore A, Instrutemp, portable digital model Dp-100 the durometer used herein. This
instrument is provided with a conical needle emerging from the apparatus, kept at zero level by
means of a spring.
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3.3 Tensile strength and elongation at break

Tensile strength and elongation at break values were determined according to ASTM D-412
[12], by using a model C specimen, in an universal essay machine (EMIC), model DL 300, 300
kN maximum capacity and 500 mm/min grips speed, at room temperature.

4. RESULTS AND DISCUSSION

In Figure 2 (a e b) are shown results for Tensile Strength (a) and results for Elongation at Break
(b) accomplished in butyl rubber irradiated and non-irradiated, before and after thermal ageing.

Il Imadizted sampie
[ imadiated sample after agei

600

500

400

300

200

Tension strength (MPa)

Elongation at break (%)

100

]

0 2/ 100 150 200
Doses (kGy)

00X 0 0 150 200
Doses (kGy)

Figure 2 (a) -Ageing effect in strengthin  Figure 2 (b) -Ageing effect in elongation at
in butyl rubber compounds, irradiatedand  break in butyl rubber compounds, irradiated
non irradiated, subject to ageing - . andnonirradiated, subjectto ageing .

Tensile strength and elongation at break results for butyl rubber samples showed that for low
doses up to 25 kGy there is equivalence among tensile and elongation values after ageing, pointing
that degradative effects were not enough to change these properties. For doses within 25 kGy and
50 kGy it is observed a decreasing in tensile and a balance in elongation results, probably due to a
competition between scission and crosslinking, with number of crosslinking compensating chain
scission. For doses within 100 kGy and 200 kGy it was observed a predominance of chain scission:
smaller molecular chains have weaker intermolecular forces that do not resist to tensile strength.

Hardness is directly associated to rubber crosslinking degree: the more vulcanized the higher
compound hardness. In Figure 3 are shown results for accelerated ageing of irradiated butyl rubber
samples.

364



4" Brazilian Conference on Composite Materials. Rio de Janeiro, July 22"-25" 2018

—@— iradiated sample
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Figure 3: - Effect of ageing in hardness of butyl rubber compounds, irradiated and non-
irradiated subjected to ageing.

According previously explained, hardness increases in function of a raise in crossing bonds
[13]. Results showed that for non-irradiated sample (0 kGy) occurs an increase in hardness after
ageing pointing toward a raise in build-up of crossing bonds imparting a higher stability to the
compound. After irradiation and thermal ageing the hardness diminishes with further reduction in
density of crossing bonds. For higher doses (above 50 kGy) occurs a slight raise without
proportionality to dose, probably caused by oxidative degradation of polymeric chain.

The results of accelerated aging tests on butyl rubber compounds showed that the initial
composition, even after irradiation, has a lower crosslinking index, therefore it will be possible to
make blends with 25 kGy irradiated butyl rubber compositions after aging. . In future work, a
mixture of 5 parts of aged butyl rubber will be performed replacing virgin butyl rubber parts in the
original formulation that was used in this work, as shown in table 2.

Table 2. Formulation of Butyl Rubber.

Ingredients Quantities (phr)
Butyl rubber 95
Ageing butyl rubber 5
Zinc oxide 5
Stearic acid 1
Naphthenic oil 25
Carbon black N 330 70
Sulfur 2
TMTD 1
MBTS 0.5

4. CONCLUSIONS

Processing using gamma rays in butyl rubbers proved a tendency toward chain scission with
further free radicals build-up. Obtained results showed that gamma rays processing followed by
thermal ageing caused a higher degradation in this type of rubber. Tensile strength tests showed
gel build-up and consequently a more rigid and less elastic rubber.
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Based in given results it can be concluded that aged butyl rubber compounds show a higher
crosslinking density and exhibit a higher vulcanization degree when compared to non- irradiated
compound, and consequently, best properties. Gamma rays are a powerful degradation agent for
rubbers; together with thermal agent imparts to rubber a low crosslinking density even at low
doses. Increasing of the dose imparts chain scission with molar mass reduction with further
degradation and a few crosslinking sites.

It can be concluded that the aging mechanisms in the butyl rubber may also be acting to weaken
the elastomeric matrix due to a main chain scission that contributes to the reduction of the analyzed
properties, which allows its mixture in butyl rubber compounds, replacing parts of virgin butyl
rubber for recycling purposes.
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5. EXPERIMENTAL TECHNIQUES
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Abstract

Polymer matrix composites have been used in several applications of engineering and applied
sciences. This wide range of applications is due to their distinguished properties. Therefore, the
great understanding of their physical and mechanical properties is required to make an efficient
use of these materials. Among the experimental techniques, Dynamic mechanical analysis (DMA)
is one of the most common methods employed to study the materials’ composition and properties.
This work presents an investigation on the mathematical formulation for complex modulus
determined by this technique and how it is evaluated. Measurements of temperature-dependent
complex modulus were performed by three different dynamic mechanical analyzers using three-
point bending mode. Test conditions were basically the same in these different machines.
Comparisons of the results were made in order to observe the effects of testing equipment and test
parameters.

1. INTRODUCTION

Polymer matrix composites (PMCs) have been widely used in many applications of engineering
and applied sciences, such as civil engineering structures, aerospace, wind energy and super sport
cars [1,2]. This great range of applications is due to their outstanding properties[2]. As the fields
of applications have been continuously growing, many efforts have been done to characterize and
model these materials in order to predict their mechanical behavior, optimize designs and minimize
project risks.

Recently, the time and temperature dependences of PMCs have been pointed out to be related
to the matrix properties. Etaati et al. [26] investigated the influence of fiber content in short hemp
polypropylene composites. Results showed that the influence of temperature is independent of the
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fiber, i.e., that the temperature dependence of this composite is related to the matrix properties.
Liu et al. [27] reported that the effects of time and temperature on composites are concerned with
the properties of the matrix. If one wants to characterize the thermal and temporal behavior of
PMC:s, it is essential to characterize their matrix properties.

One of the most common methods used to experimentally characterize materials’ properties is
the Dynamic Mechanical Analysis, also known as DMA. This technique has become a powerful
one in the field of rheology by enabling one to identify and characterize the material's behavior
especially as a function of temperature and frequency. It enables more information about the
material’s properties than techniques involving static tests [4].

Generally speaking, DMA is in some sense versatile. Depending on the operational mode and
the parameters chosen, one can study about the composition, physical and viscoelastic properties
of the material. It is possible to have information about the temperature- and time-dependent
behavior, transitions, extent of phase mixing in blends, degree of crosslinking, crystallinity,
interfacial adhesion, ageing, degradation, among others [5].

On this regard, DMA is becoming widely used in several areas to study the various aspects of
a material. The traditional applications are concerned with the identification of thermal transitions
[6-8] and how some parameters affect the material's properties [9-13]. Recently, the use of DMA
as a characterization technique has been expanded to other studies such as crack healing [14],
spatial distribution of material's properties [15] and mechanical properties of heterogeneous
materials [16].

Despite the great range of DMA applications and its potential, literature indicates that there are
some discrepancies in DMA results. The absolute values of the modulus and temperatures related
to phase transitions are well-known to show divergences between samples and loading clamps
even when the test conditions were essentially the same. Even though the property measured
should be the same, regardless the DMA equipment [5,17-25]. However, few researches can be
found on the mathematical formulation of the modulus and on the comparative data obtained by
different machines.

The purpose of this work is to investigate how the complex modulus is mathematically
formulated and measured by three DMA machines in three-point bending tests. Experimental tests
were carried out in temperature scans to also evaluate how the temperature dependence of the
material is identified by different machines. These tests were performed on an epoxy system which
IS a common matrix used in several applications [28]. Finally, the measurement results were
compared to study the influence of testing equipment.

This work is organized as follows. Section 2 gives the principal aspects of DMA principles and
how the complex modulus is formulated. Section 3 explains the experimental set-up. Section 4
presents the experimental results obtained, followed by our conclusions.

2. FUNDAMENTALS

2.1 DMA principles

Basically, DMA consists of applying a sinusoidal force to a sample and measuring the sample’s
deformation, or applying a sinusoidal deformation and measuring the sample’s reaction force, or
even as applying a constant force/deformation and measuring the sample’s creep/relaxation
modulus [19]. This material's response can be characterized as a function of temperature,
frequency, time, stress or a combination of these control parameters, depending on the intended
use of the material. Based on these measurements, DMA can determine the material's properties,
like modulus and viscosity.
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In particular, the material’'s modulus is reported over the test as a complex quantity that enables
one to better analyze the material's behavior. The real part is usually called as storage modulus and
corresponds to the material's ability to return or store energy. It may represent shear, tensile or
flexural modulus, depending on the operational mode. On the other hand, the imaginary part is
commonly known as loss modulus and corresponds to material's ability to dissipate energy.
Further, the ratio between the real and imaginary parts is called tan 6 or damping or even loss
factor, and represents how quickly the material loses energy.

2.2 Mathematical formulation for complex modulus
Let consider the use of a dynamic stress to deform a sample, i.e., DMA is applying a sinusoidal
stress to a sample and measuring its deformation. This oscillatory stress is expressed as

o(t) = og sinwt 1)

with o, as the amplitude, t as the time and w as angular frequency. The strain history (t) can be
given by

e(t) = gp sin(wt + 8) (2)

with g, as the amplitude of the strain history and & as the phase angle between the applied stress
and the response.
The one-dimensional stress-strain relation in the frequency domain [29] is expressed as

o(t) = E"(w) e(t) = [E'(w) +JE"(w) | e(®) = E'() [1 +jn(w)] &), 3)

where E*(w) is the complex modulus, E'(w) is the storage modulus, E” (w) is the loss modulus,
and n(w) is the loss factor given by

_ B @) _ 4)
= o) = tand.

From the measurements of the force, the displacement and the phase angle, DMA determines
each component of complex modulus. This estimate also depends on sample geometry, operational
mode and boundary conditions.

In this work, we performed three-point bending tests in three DMA machines, namely Netzsch
242 E Artemis, PerkinElmer 8000 and TA Q800. The mechanism of this test and the mathematical
formulation provided by each DMA performed in this work are described below.

Three-point (3PT) bending mode consists of a sample being only supported on both ends by
stationary clamps. The controlled force is applied in the middle through the moveable clamp. In
this mode, the sample is free to move and there is no clamping effect, being considered as a pure
mode of deformation.

As for the mathematical formulation of this mode, each DMA has its own considerations.
Equations (5), (6) and (7) show how the absolute value of complex modulus is calculated,
respectively, in PerkinElmer 8000, TA Q800 and Netzsch 242 E Artemis.

n(w)

; FL A% (5)
|Ezpr(w)lperkingimer = 2481 1+29 (Z)
. FL3 t\? (6)
|E3PT((‘~))|TA = Ea 1+ 06(1 + V) (Z)
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F L3 (7)

|E§PT (w) INetzsch = EE

where F is the force applied, a is the displacement amplitude, L is the span between the two
supports, t is the sample’s thickness, I is the inertia moment and v is the Poisson’s ratio.

Note that both PerkinElmer and TA assume small shear deformation as they both consider the
influence of Poisson’s ratio on the modulus formulation. PerkinElmer’s assumption is based on a
constant Poisson’s ratio of 0.33 for glassy polymers and 0.5 for rubbers, namely 0.35. On the other
hand, TA’s assumption depends on the material.

3. EXPERIMENTAL SET-UP

3.1 Description of the testing equipments

Three different DMA machines from different manufacturers were used to perform dynamic
tests to measure the complex modulus: DMA Netzsch 242 E Artemis, DMA PerkinElmer 8000
and DMA TA Q800.

These DMA machines are all made of four basic components: force motor, displacement sensor,
sample holder and furnace. Force motor provides the control of all forces required to the sample.
It has low compliance and is thermostatic. Displacement sensor is the detection system and it tracks
any changes in the sample. Sample holders, in turn, enable one to perform different modes of
operation. The clamps have a high stiffness to minimize the compliance and they also have low
mass for a fast temperature equilibration. Finally, furnace provides a temperature control during
the tests.

3.2  Test conditions

Dynamics tests were performed in three-point bending (3PT) mode in different DMA machines
using similar conditions in order to obtain reliable results. Temperature scans were performed after
an isotherm of 30 minutes at 25°C. Temperature varied from 25°C to 90°C with a heating rate of
2°C/min at a constant frequency of 1Hz. For all tests, strain mode was used and so, the amplitude
was set to 50mm. Furthermore, a force track was set to 120%, which means that the static force is
120% of the dynamic force.

3.3  Material and Samples’ Manufacture

The material used in this work was an epoxy system which the epoxy resin was Araldite LY
1564 and the hardener, Aradur 2963. Specimens were prepared by casting at room temperature for
24h in silicone rubber molds with appropriate dimensions and then post-curing at 60°C for 8h.

Samples dimensions varied a little according to DMA machine. For Netzsch 242 E Artemis,
samples were machined to approximately 60 mm x 10 mm x 3.2 mm. For TA Q800, they were
approximately 60 mm x 12.7 mm x 3.2 mm. Finally, for PerkinEImer800, since it was possible to
vary the span, two sets of samples were studied. In Set 1, they were 50 mm x 7 mm x 2 mm. In Set
2, on the other hand, they were 52.5 mm x 10 mm x 3.2 mm.

4. RESULTS AND DISCUSSION

Three-point bending mode was performed in three DMA machines, PerkinElmer 8000, TA
Q800 and Netzsch 242 E Artemis using the same test conditions. In PerkinEImer 8000, tests were
carried out for two sets of samples. The measurement results for storage and loss moduli are shown
in Figure 1.
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Figure 52 : Three-point bending results. (a) Storage modulus, (b) loss modulus. (Black lines:
Netzsch 242 E Artemis, red lines: TA Q800, blue lines: PerkinEImer 8000 Set 1, and green lines:
PerkinElmer 8000 Set 2)

The classical behavior of polymers [30] can be observed in all DMAs results. Storage modulus
decreased with temperature. This decrease was even more rapid as the material approached its
glass transition due to its morphological softening. Loss modulus increased slightly up to a certain
temperature and from there, it suddenly decreased with temperature.

It can be observed that, when one performs tests using the same test conditions and testing
parameters, all DMA provide good results. In other words, the repeatability and reproducibility is
quite good. There is no great variability between the three samples from the same set.

However, Netzsch 242 E Artemis provided a higher storage and loss moduli in the glassy state
than the other DMAs. The onset point of storage modulus and the peak point of loss modulus were
identified in a lower temperature, indicating that the glass transition happened first in this DMA
machine. While Netzsch identified this event in a temperature approximately 50°C, both
PerkinElmer and TA measured it at around 60°C. This discrepancy in temperature may be
correlated to the position of the sensor in relation to the sample, heat radiation in the furnace and
a consequently thermal lag in the sample.

Nonetheless, it was surprising that the results of PerkinElmer 8000 and TA Q800 showed a
good agreement, especially for storage modulus, regardless of the sample’s dimensions. Although
literature [19,23] suggested that instrumentation compliance, sample’s stiffness and dimensions,
and span-to-thickness ratio may influence DMA results, it is possible to observe that when
performing tests in different machines, they can be correlated if the test conditions are the same.

When comparing DMA results from different machines, one should keep in mind that each
DMA has its own mathematical formulation for complex modulus as explained earlier. Therefore,
small variations in the measurements from different DMAs are quite expected to happen.

It is interesting to investigate how the parameters related to the modulus formulation, force and
the displacement amplitude, were measured along each test by each machine. Figure 2 shows the
results as function of temperature.
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Figure 53: Three-point bending parameters. (a) Force, (b) displacement amplitude. (Black lines:
Netzsch 242 E Artemis, red lines: TA Q800, blue lines: PerkinEImer 8000 Set 1, and green lines:
PerkinElmer 8000 Set 2)

Note that, for each set of samples in each DMA machine, it was necessary the application of a
specific force due to the sample’s stiffness and the machine compliance. This applied force
decreased with temperature because of the material's softening. It can also be noted that Netzsch
applied a greater force than the others. In addition, TA applied almost the same force as
PerkinElmer did for the second set of samples. It is worthwhile remind that the second set of
samples of PerkinElmer had dimensions close to the ones of the samples of TA.

S. CONCLUSION

To summarize, it was found that each DMA has its own mathematical formulation for the same
operational mode and as a consequence, some discrepancies between the measurement results from
different DMA machines are somewhat expected to be observed even if the test conditions and
testing parameters are the same. Nonetheless, it was possible to find some good agreement in the
results, especially for storage modulus. In addition, it was shown that the effects of sample’s
geometry are not noticeable in this mode. A natural progression is to verify how DMA formulates
the complex modulus in other operational modes and compare the measurements from different
machines to observe both the effects of testing equipment and the effects of testing parameters into
the results.
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Abstract

In this paper, the ability of the active thermography technique (Pulsed, Pulsed Phase and Lockin)
was evaluated for the inspection of structures made of composite materials that are used in the
petroleum and petrochemical industry. Two types of GFRP joints (adhesive-bonded and
laminated) and one sample with anticorrosive composite coating were studied, with controlled
defects being inserted to evaluate the capacity of the technique for the defect detection. In addition,
a computational simulation model was developed to optimize the results obtained experimentally
and also be a tool to estimate the limit of detection of the technique in these materials. According
to the results obtained, the use of the Active Thermography technique for the inspection of these
composite materials showed the potential of the technique for detection of defects that are common
to occur in these materials and are not detectable by visual inspection. The computational
simulation model created proved to be reliable and useful for the reproduction of the physical
phenomena involved in the experiments and thus becomes an important complementary tool to
optimize the results to be obtained in the inspection of these materials.

1. INTRODUCTION

The critical structures made of composite materials, particularly in the petrochemical industry,
have been continuously employed often on platforms, especially in pipes for water or oil
transportation, and in industrial plants, such as anticorrosive composite coatings for storage tanks
and heat exchangers. However, the integrity of these materials is compromised by the presence of
defects, which can lead to risks of failure and severe damages to the environment. Therefore, the
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application of nondestructive techniques becomes very important for detecting, locating, sizing
defective regions during the manufacturing, installation and service life of composite materials.

Among the nondestructive techniques, thermography has been considered a powerful technique
for the inspection of composite materials due to its main advantages: no contact with the surface,
fast inspection, easy interpretation of thermograms and successfully used in the inspection of high
emissivity materials, such as composite materials. The thermographic technique consists of
analyzing the temperature distribution on the surface of the material (illustrated in the form of
thermograms). The presence of subsurface defects in the inspected materials alters both the
diffusion rate and the heat flow, so, in the thermograms obtained from the inspection by an infrared
camera, these defects appears as areas of different in relation to the rest of the material (where
there is no presence of defects). This is the principal mechanism to detect defective regions in
thermograms obtained by thermography [1-4].

According to the thermal pulse type ad data analysis method, the active thermography can be
classified as: Pulsed, Pulsed Phase, Lockin, Step Heating, Pulsed Eddy Current Thermography and
Vibrothermography. For the present paper, Pulsed, Phase Pulsed and Lockin modalities will be
evaluated. The Pulsed Thermography consists of briefly heating the sample surface and, then, the
surface temperature decay is recorded. The result of the inspection using this modality is presented
as a sequence of thermograms. In Pulsed Phase Thermography, the temperature evolution over
time obtained in Pulsed modality is converted to the frequency domain through the Fourier
Transform (FFT) and the result is expressed in two images, one referring to the values of angle of
phase and the other concerning the amplitude (Fourier module) for each pixel at the chosen
frequency analysis. The Lockin mode consists of the periodic heating of the surface of the material
through modulated lamps and simultaneously the temperature evolution is monitored along the
heating cycles. For each test, it is necessary to choose a single frequency of modulation and the
choice of this is depends on the depth of penetration of the thermal wave desired in the material.
The result of the Lockin modality is presented in the form of two images, one referring to the phase
angle and the other referring to the amplitude, both generated by Fourier transform [1,5,6].

The use of computational simulation model associated with non destructive techniques has
become an increasingly present task both in research and in industry. These tools allow the study
of the best configuration of parameters to be used in inspection (experimental procedure), thus
optimizing the results, both from the point of view of time and resources and also brings the
knowledge of the limits of detection of the technique. In this paper, we will present the creation of
a computational simulation model through finite elements for numerical reproduction of the
physical phenomena present in the pulsed active thermography test and the preliminary results
already obtained with the samples of the study experiments after the validation of the model.

In this paper, the ability of Active Thermography will be evaluated for the inspection of two
types of GFRP (Glass Fiber Reinforced Polymer) joints (adhesive-bonded and laminated) used in
pipelines and for inspection of some types of composite coatings that are used in storage tanks.
Both experimental and simulation studies will be developed in order to evaluate the technique on
the detection of defects that are found in these structures.

2. MATERIALS AND METHODS

The first sample (S1) used in this study is a concentric adhesive bonded joint of GFRP. The
sample is formed by two pipes, with a diameter of 101.6 mm, thickness of 5 mm, joined trough a
collar of 12 mm thickness. An epoxy adhesive, with a thickness of 1 mm, was applied both over
the collar’s inner surface and over a surface of the pipes which was introduced into the collar. On
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the adhesive layer, two defects of lack of adhesive were inserted. Figure 1 shows a representative
scheme of the geometry and positioning of the defects inserted in the adhesive layer.

(a) (b)

Figure 1 — Photography of the ashesive joint (sample 1) viewed from: (a) outside and (b)
inside [7].

The second sample (S2) evaluated in this study is a laminated joint of GFRP. This sample
consists of two pipes, with a diameter of 152.4 mm, produced by filament winding and joined by
the application of successive composite layers on the surface of the pipes, through a lamination
process. The thickness of the joint varies from 10 to 25 mm. During the assembly of the joints,
artificial defects were inserted between the composite layers and on the pipe surface to simulate,
respectively, delamination and debonding defects. Figure 2 shows a photograph of the laminated
joint sample.

Figure 2 — Photography of the laminated joint (S2) evaluated in this study.

The third sample (S3) is made of carbon steel substrate with dimensions of 150 mm x 100 mm
x 4.7 mm with anti-corrosive composite coating (epoxy resin based). Before applying the coating,
some notches were machined with different thicknesses and fulfilled with iron oxide on the
substrate in order to simulate localized corrosion with the presence of undercoating solid corrosion
products. The coating was applied over the acetate tape positioned on the substrate and then, this
tape was removed and the coating film was applied on coating layer. In this way, a star-shaped
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region was created on the surface of the substrate, where there is no presence of the coating layer,
simulating adhesion failure in this region. Figure 3 shows the photography of this sample.

Figure 3 — Photography of the front side of the sample S3.

For the inspection of these samples, the Flir SC5600 thermographic camera was used
simultaneously with the IR-Box system for the thermal excitation of the samples, both positioned
in the reflection mode. This thermal stimulation system is controlled through IR-NDT software,
which is responsible for the control of the lamps, the storage of thermographic images and the
choice of data processing algorithms according to the modality of thermography to be applied.

The computational simulation model to be used in this paper was created in COMSOL
Multiphysics software, versions 4.4 and 5.1. In this model was used the heat transfer module in
solids, whose physical phenomena are applied in 3 dimensions (3D) and the evolution of
temperature was time dependent, according to the principle of Pulsed Thermography technique. In
addition to the equations describing the heat transfer in the three forms (conduction, convection
and radiation), a heat flux was also added in the model in order to simulate the heating generated
by the lamps on the surface of the sample.

3. RESULTS AND DISCUSSION

In order to evaluate the ability of the thermography technique to detect defects in composite
adhesive joints, inspections by the Pulsed Thermography (PT) in sample S1 were performed both
inside the joint and also from the outside the joint. The result of the inspection is presented in the
form of a sequence of thermograms and the thermogram that produced the highest thermal contrast
for each side of the sample is presented in Figure 4 (b). In addition, it was also evaluated the Pulsed
Phase Thermography (PPT) on the inspection inside of the joint, as shown in Figure 4 (b).
Analyzing these results, it is possible to observe that the PT was able to detect the defects of lack
of adhesive when the inspection was carried out inside the joint even with a low thermal contrast,
but the application of the PPT was able to highlight the two defective regions due to the greater
contrast of the phase obtained.
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Figure 4 — Thermographic image at the time of highest contrast obtained by Pulsed
Thermography performed on the inner side of the adhesive joint (sample 1).

The sample S2 was inspected by the three thermography modalities (PT, PPT and LT), in this
region of the sample being inserted a delamination defect between the composite layers in the
joint. The results obtained by each modality of thermography are presented in Figure 5 and these
show that even in the simplest modality of thermography (PT), the defect could already be
detected, however, the PPT and LT modalities presented a higher contrast in the region of the
defect, allowing a better visualization of the contour and positioning of the same.

Figure 5 — (a) Thermographic image obtained by Pulsed Thermography, (b) phase image
obtained by Pulsed Phase Thermography and (c) phase image obtained for Lockin Thermography
with frequency of 0.01 Hz.

The higher contrast thermogram obtained for the sample S3 shows that the Pulsed
Thermography was able to detect the two notches defects simulating the loss of thickness in the
substrate and also the defect (star shape) simulating the adhesion failure. In addition to the defect
type, this result shows that both the geometry of the defects and their thickness did not influence
the detection when the inspection is performed on the front side of the sample. The presence of
iron oxide filling the defects also did not generate any influence on the detection of defects by the
thermography technique.
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Figure 6 — Thermographic image at the time of the highest contrast obtained by Pulsed
Thermography for the sample 3.

In Figure 7, the higher thermal contrast images obtained by the computational simulation of
samples S1 and S3 are presented. According to the images, it is possible to observe that there is a
behavior regarding the detection of defects very similar between the results obtained
experimentally (Figure 4(a) and Figure 6) with the simulated ones. In addition, the thermal
behavior, analyzed through the evolution of temperature in the two samples for each of the
methodologies (experimental x simulation) also presented a great coherence.
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Figure 7 — Image obtained by the computational simulation of the pulsed thermography
showing the temperature distribution on the surface of the: (a) sample S1 and (b) sample S3.

4. CONCLUSIONS

According to the results obtained, the use of the Active Thermography technique for the
inspection of adhesive and laminated composite joints showed the potential of the technique for
the inspection of composite materials of high thicknesses (above 5 mm). This study becomes
promising because most of the works published in the literature are restricted to the evaluation of
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the technique in low thickness composites (below 5 mm), which demonstrates the challenge of this
study. Another application of the technique studied in this paper was the inspection of composite
coatings that are commonly used in storage tanks. Although visual inspection is the most used for
inspection of these materials, the active thermography inspection has proved to be a powerful tool
to detect defects that are common to occur (adhesion failure and localized corrosion on the
substrate) and are not detectable by visual inspection.

By comparing the results for the two methodologies evaluated in this study (experimental and
simulation), they showed a great similarity both in relation to the thermal behavior and in relation
to the detection of the defects, thus allowing the validation of the model developed in this study.
With this, the model created proved to be reliable and useful in to the reproduction of physical
phenomena involved in the experiments. These results become interesting since the creation of a
model by computational simulation able to reproduce the experimental test becomes a powerful
tool for both in industry and in research since it allows the study of the best parameters to be used
in the inspection, thus optimizing the results, both from the point of view of time and resources.
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Abstract

Study of the transverse permeability of fibrous reinforcements became increasingly important
when liquid molding processes started being more widely employed to obtain more complex-
shaped or thicker parts. In this paper, a system specially built to measure transverse permeability
of fabrics based on the correlation between pressure difference and flow rate was used to evaluate
the effect of temperature on the measurements of the transverse permeability of a E-glass fiber
fabric. Three fiber volume fractions (38-61%) and three temperatures were studied (20-63°C). The
results have shown that the effect of the temperature on the transverse permeability was limited.

Keywords: Transverse permeability, Fibrous preform, Temperature effect.

1. INTRODUCTION

Efficient fiber impregnation is essential for the production of good quality polymer composite
materials via any technique in the liquid molding processing family. The properties of the final
products are dependent on how the resin advances inside the mold cavity forcing out the air within
the preform, which is based on parameters like injection pressure, fluid velocity and reinforcement
permeability [1].

Indeed, permeability of the fibrous reinforcement is a key parameter governing mold filling and
preform impregnation. It is a measure of the resistance to flow of the fluid imposed by the
reinforced medium. Permeability of a fabric may vary in the various directions, and precise
characterization of all principal permeabilities (Kxx, Kyy and Kz;) of a preform is of uttermost
importance, especially for more complex-shaped or thicker parts [2].

Past research on experimental permeability mostly focus on in-plane (Kx and Kyy)
measurements, in detriment of the through-the-thickness permeability. This is partly justified by
the relative importance between them for a particular set of flowing parameters.

Previous studies on transverse viscous flow through square arrangements have concluded that
the overall permeability of a fabric with porous tows is 25% greater than the permeability of solid
tows [3]. Despite that, intra-tow porosity appears to have little effect on overall permeability [4].
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The inter-tow porosity, on the other hand, has a prominent influence on the overall permeability
and when it is increased the permeability does not increase uniformly and becomes more isotropic.
Also, fiber nesting and non-uniform compaction of the layers change inter-tow spaces for different
numbers of stacked layers, leading to variation in permeability values [5].

Depending on the type and architecture of the fabrics, the nesting degree may change the flow
path and significantly contribute to permeability variations. Also, as the angle between successive
plies increases, permeability in the transverse direction increases in a non-linear fashion due to the
creation of empty spaces, i.e. low resistance pathways between layers [6]. In [7] and [8], the
transverse permeability of fibrous preforms at various fiber contents was evaluated and low flow-
rate was found crucial for continuous and discrete permeability measurements to avoid non-
uniform flow.

The flow paths in the fabric transverse direction are mainly through meso-pores distributed
through-the-thickness and they may be aligned or not (non-nested and fully nested, respectively).
For large Vs (over 50%), the degree of nesting increases, leading to greater flow through the fiber
tows (intra-tow flow) which is governed by micro-scale tow permeability [9]. Indeed, size of the
inter-layer gap, inter-yarn spacing, yarns aspect ratio and intra-tow porosity were all reported to
influence transverse flow for quasi-unidirectional non-crimp fabrics. And for high fiber content
(from 48% to 60%), the influence of microscopic intra-yarn on in-plane and transverse
permeabilities becomes greater [10].

In this article, a system developed to measure transverse permeability of reinforcements was
used to evaluate the influence of temperature and fiber volume fraction on transverse permeability
of a fibrous preform.

2. EXPERIMENTAL

2.1. Materials

The fabric chosen for the tests was an E-glass fiber fabric with a plain weave pattern (areal
density of 303 g/m? and 405 tex) (Figure 1) supplied by Owens Corning. The fabric was cut
manually using scissors and handled with care before they were placed within the mold cavity, as
will be described later.

The working fluid was soy oil and its viscosity was measured using a Brookfield viscometer
(Figure 2) with spindle configuration. Viscosity was evaluated in a range of temperature within
10-70 °C, based on the temperatures used in the permeability tests.
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Figure 2: Viscosity evaluation of the soy oil used.

2.2. Permeability measurements

An apparatus specifically built for measuring transverse permeability (Figure 3) was used in
this work. It consists of a lower cavity (entrance chamber) containing an opening for a pressure
transducer and an inlet gate (8.4 mm diameter) for the fluid. This cavity is filled before the fluid
reaches the first perforated plate and the preform. The other perforated plate limits the final
thickness of the fibrous reinforcement and this height may be varied using spacers (3-22 mm), as
needed.

The design of these perforated plates was chosen based on the findings of [11], being built with
68 holes of 8 mm diameter, which are positioned aligned in the set-up. These plates compact the
reinforcement and prevent movement during testing, also allow a more uniform transverse flow
through the reinforcement. On top, there is a conical chamber that converges the flow towards the
outlet, which is coupled to a second pressure transducer. In this work, the height of the mold cavity
was kept at 16.35 mm, and the final fiber volume fraction was varied (38%, 50% and 61%).

Conical

Entrance
chamber

Prelum - —
transducers —— =5

Figure 3: (a) Experimental set-up; (b) actual transverse permeability system.

Cavity height
(3 =22 mm}

After the mold is fully assembled, pressure is applied to a pressure pot containing the working
fluid which is then forced through the mold. The fluid leaves the mold and is discharged into a
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beaker placed on top of a balance. Flow rate measurements, i.e. the weight of collected fluid as a
function of time, started only after total impregnation of the fabrics by the fluid and when the flow
became stationary.

The applied pressure was varied six times in each test in order to obtain different flow rates.
The pressure at the entrance was varied from 10 until 100 kPa. A linear relationship between
pressure drop and flow rate (AP vs. Q) was obtained allowing calculation of the transverse
permeability (Kzz, in [m?]) using 1-D Darcy’s law.

1)

where: Q is the volumetric flow rate [m?3/s] calculated according to Equation 2, AP is the pressure
drop [Pa], u is the fluid viscosity [Pa.s], h is the preform thickness [m] and A is the cavity cross-
section area [mZ].

@)

where p is fluid density [kg/m?], m is mass [kg] and t is time [s].

Before actual testing of the preforms, a series of tests were carried out with an empty mold, to
determine the pressure drop as a result of the mold geometry. Then, a corrected correlation between
flow rate and pressure drop was established for each experimental condition.

Considering the interest in this work to evaluate the effect of temperature on flow, the working
fluid was heated in an oven up to a determined temperature, slightly higher than the desired
temperature. This was necessary due to the delay between taking the fluid from the oven and
starting the actual measurement. In addition, the metallic device was heated using domestic heaters
close to it. A thermocouple was placed at the exit of the device (close to the second pressure
transducer) and the temperature measured by it was identified as the test temperature. This
temperature was used to correct the fluid’s viscosity.

3. RESULTS AND DISCUSSION

Figure 4 presents the results of dynamic viscosity for the soy oil, which varied within 104-14
cP in that temperatures range (10-70 °C). An exponential relationship between viscosity and
temperature was fitted to allow a suitable viscosity reading according to the actual temperature in
each experiment. The coefficient of determination of the best fitting equation was higher than 0.98.

Soy oil is a Newtonian fluid, which is important since the experimentally obtained dynamic
viscosity is used directly into the Equation 1 that governs fluid flow and used to calculate
permeability.

Therefore, soy oil was applied in every measurement of transverse permeability performed in
this paper. This is justified taking into account that it is considerably less expensive, less dangerous
and easier to handle than most other options. Another important advantage in using soy oil is the
shorter time to achieve steady-flow conditions due to its lower viscosity.
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Figure 4: Working fluid viscosity results.

Transverse permeability results are presented in Figure 5a-b. As expected, the fiber volume
fraction showed a remarkable effect on permeability. As one can see in Figure 5a, a change in Vs
of 10% can alter the K, three-fold. Lower V¢ values means less fibers (more pores) and lower
level of preform compaction. When the Vs is higher, the resistance to the flow imposed by the
fabrics is increased due to greater difficulty imposed to the flow in transverse direction.
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Figure 5: Transverse permeability results.

For the transverse flow through the meso-pores, large yarns (high tex) force the fluid to follow
tortuous paths, and the tortuosity of the reinforcement has a more pronounced effect on the flow.
Reinforcements with meso-pores structure will present higher macro-transverse permeability at
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higher Vs. For lower values of Vs, the transverse flow goes through a meso-pore until it reaches
the next layer and, thus, the transverse permeability is related with the space between layers and
the resistance to flow of the empty spaces (in this case, a meso-pore) that depends on the
dimensions of the hole

Considering now the effect of temperature, Figure 5b, there is no clear trend in the variation of
values from 21 °C to 63 °C. Thus, the temperature is not influencing the measurement of transverse
permeability, even though it greatly alters the working fluid viscosity. Also, this implies that
general experiments can be carried out freely, at any room temperature for a particular test, when
measuring transverse permeability of reinforcements.

The decrease in viscosity did not alter the Kz, values because the pressure gradient necessary to
generate a similar flow rate also reduces accordingly, confirming the assumptions from the Darcy’s
Law.

4. CONCLUSIONS

Determination of transport characteristics of a fluid through a porous medium is not an easy
task because it may depend on parameters such as pressure gradient, flow front velocity, viscosity
and fluid compressibility. The device designed and constructed to measure the transverse
permeability of preforms was tested and successfully obtained the desired results.

An E-glass plain-weave fabric was evaluated at three fiber volume fractions (38, 50 and 61%)
and, as expected, transverse permeability decreased for higher fiber content, i.e. lower porosity
between yarns. This is also related to the level of fabric compression at each V+.

The temperature showed no significant effect on transverse permeability of the tested fabric,
even though it greatly alters the working fluid viscosity. This implies that general experiments can
be carried out freely, at any room temperature for a particular test, when measuring transverse
permeability of reinforcements, as long as the viscosity is corrected. This is due to the balance
between fluid viscosity and pressure difference applied to the system to generate a similar flow
rate.
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Abstract

The paper aim is the characterization of the mechanical behavior of webbings when
exposed to multiple preloads and the comparison with the Mullins Effect. Since the webbings
presents a non-linear behavior difficult to predict, the tests themselves are important to specify its
mechanical response. The webbings are combinations of Polyester, Nylon, UHMWPE and other
composites. The experiments were performed based on ASTM D6775 and WSTDA-TM-1,
however it is highlighted the lack of standardization considering the type of material, therefore a
methodology was proposed to perform the tests. The results showed that after an application of 3
preloads of 70% of the rupture load the webbing behavior remains unchanged as well as the rupture
load. Two limits are noticeable, the lower (without preload) and the upper (with 10 preloads) limits.

Keywords: Webbing, Polymer, non-linear, experimental.

1. INTRODUCTION

The webbing, considering its material and geometry (shown in Figure 1), presents a
nonlinear mechanical response in the traction test. Its manufacture results in voids and non-
homogeneities that make it difficult to determine the real area to be used in strains and stresses,
besides influencing the test. These webbings have combinations of materials, such as: Polyester,
Nylon, UHMWPE and other polymeric fibers. Consequently, the final composite behaves
differently from the original constituent by itself ([3] and [4]).
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Figure 54 - Webbing pattern configuration [5]

Since the webbing have a complex mechanical behavior, the tests parameters must be
studied beforehand. The length, speed and preload were some of the data determined before the
experiments. Thus, a methodology was developed based on the existing standards ASTMD6775
[6] and WSTDA-TM-1 [7] applied in studies with elastomers [8] and composite fabrics [9].
Therefore, uncertainties and influences of the input parameters were discarded allowing the correct
analysis of the samples.

The tests were performed using an universal testing machine together with a locking
equipment for fastening the webbing. The data acquired from the machine were: force,
displacement (or elongation of the tape) and duration of the test, since stresses and strains,
commonly obtained in these tests with different materials, are difficult to be studied at this stage
of the research.

The use of webbing in mooring, safety equipments and even sports practice is commonly
observed today. However, during its application, several important factors like rupture load and
preload (PL) that alter its behavior are disregarded. The main objective of the research is to
determine how the application of PLs modifies the behavior of the webbing and the bursting loads
through tests. Since elastomers and polymeric materials undergo changes in their behavior when
subjected to cyclic loading [1] and [2], the present work seeks the mechanical characterization of
this component.

2. METHODOLOGY

In order to perform the experiments, the universal machine Shimadzu AUTOGRAPH AG-
X plus (displayed in Figure 2 (c)), whit a 250kN load cell, was used based on the standards (split
drum presented in Figure 2 (a)) and works aforementioned (similarly to a stripe). Prior to the tests,
the input parameters were determined to eliminate its influence in the mechanical response. The
standards indicate a wide range of values for the parameters testing as well as a variation in the
response when modifying the input parameters.

Several tests were performed in order to establish the test parameters. The values that best
fit the proposed methodology were:
* Loading speed: 75mm / min;
» Sample length: 500mm;
* Preload: three preloads of 70% of the sample bursting load.
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The data acquisition indicated by the standard was very rudimentary and inaccurate for this
type of work. According to the standard [1]: "The equipment will be stopped and the distance
between the two fine ink marks or pins measured with calipers or other suitable measuring device
at the load level specified”. Therefore, the procedure was changed, obtaining the values of
displacement directly from the machine.

Tests were performed using 26 different webbings, each one with 5 samples, manufactured from
companies in Brazil, Germany, USA and France. The webbing, shown in Figure 2 (b), composition and
materials used are only known by the manufactures and are kept as a secret. NYLON, Poliester and
UHMWPE are materials commonly applied in this component

(a) (b) (©
Figure 2 — (a) Sample fixation, (b) Sample itself and (c) Sample in the machine

3. RESULTS

3.1 Initial Experiments

Initially the webbings were tested, without preload, to determine the rupture load. This
result can be seen in Figure 3, showing a rupture load of approximately 27kN. A nonlinear behavior
in the test, characteristic of this type of material and its construction (Figure 1), is observed. Since
the tape is composed of several filaments organized in a pattern, the slippage of these wires until
the alignment with the applied load increases the stiffness of the component to the as far as the
local fiber rupture, causing overall webbing failure.

Since this type of material changes its behavior with the change of applied forces [10], a
test with different preloads was performed. Figure 3 shows the curves of five cycles (1, 2, 3, 5, 10)
of preloads of 70% of the rupture load (PL70) and the test until failure of cycles 3 and 10. It was
verified that this parameter altered the shape of the curve, however, the rupture load was not altered
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with the use of the PL. In addition, it has been observed that the non-linear effects of the webbing
are reduced.
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Figure 3 — Comparison between the test without preload and after five cycles of preload.

The change in the slope of the curve indicates the stiffening of the tape. This mechanism is
a consequence of the fibers alignment in the loading direction. By the action of the remaining
internal friction between fibers and fibers, and fibers and pattern, after discharging, these fibers
remain aligned, which causes the increase of stiffness.

It is observed in Figure 3 that the first preload is responsible for most of the fiber alignment
and removal of any geometric imperfection presented in the sample. Subsequent PLs have little, if
any, effect on the mechanical response of the component. After applying three PL70 there was a
stabilization of the tape behavior, i.e., from the 4th PC70 the influence on the final response is
insignificant, consequently it was defined that three PC70s were sufficient to prepare the sample
for tests and, even, real field use, like sports practice, load transportation and fixing.

3.2 Webbing Stiffning and Mullins Effect
After verifying the behavior change of the webbing when applied high preloads, an
experiment was carried out to compare this phenomenon with the Mullins Effect (ME) [11]. This
effect, represented in Figure 4, is characterized by energy conservation (having little hysteresis
during cycles). However, the effect of the tapes has a significant hysteresis, according to Figure 5,
due to the friction between the fibers. Another difference between the hypothesis is that in ME the
loading and unloading cycles break the molecular chains, however, in the components tested these
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cycles pre-align the fibers in the loading direction and remove any defect or slack between the
fibers.
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Figure 4 — Mullins effect representation [12].
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Figure 5 — Webbing test considering the preload cycle.

The experiment was performed using a PL of 0,1kN to eliminate any gap from the webbing
and the test machine. Figure 5 shows three loading cycles increasing 5kN after every discharging.
The new path, considering the new cycle, is different from the initial curve, a consequence from
the pattern friction. Once again, no change in the rupture load is observed.

3.3 Low preload experiments
Since the product is used in the field in a different manner from that tested, it was necessary

to perform an experiment with PL close to the loads used in field. Considering loads of 10kN
during use (less than 50% of the rupture), the test is important to verify whether there would be
alignment during use at the same ratio as with PL70. Therefore, a test was carried out in with 10
preloads of 7kN (PL7), corresponding to loads used in sports (slackline) and applied in cargo

transport.
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Figure 6 — Comparison from the experiment with preloads of 7kN and 70% of the rupture load.

The PL7 mechanical response was compared with 3 PL70. This comparison is shown in
Figure 6, demonstrating that the load used in the field is not sufficient to completely align the
fibers. Even after the application of 10 PC7, the behavior was not stabilized, that is, more
repetitions would be necessary to possibly reproduce the PC70 result. The PL7 sample stiffness
was initially similar to PC70, but the lack of complete alignment of the fibers resulted in a different
behavior after 20mm of displacement. It is also observed that the breaking load remained the same.

3.4  Tests comparison

After all the tests were completed, the mechanical responses obtained from the different
input parameters were compared in order to highlight the effects previously mentioned. This
comparison is shown in Figure 7. The mean curve and every other result were obtained from five
samples. Two limits are noticeable: The lower limit (without PL) represents the webbing minimum
stiffness while the upper limit (10 PL70) indicates the maximum slope of the curve. Consequently,
every result from PL applied will be contained between these limits.
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Figure 7 — All experiments rupture curve comparison.

4. CONCLUSIONS

An experimental methodology was proposed for polymeric webbing testing based on
standards adaptations. The definition of the input parameters proved to be efficient and capable of
capturing the effects necessary for the evaluation of the samples mechanical behavior.

After the initial tests, it was observed that with the use of preloads there was a change in
the webbing behavior (increase of stiffness). The Mullins effect was compared to the webbing
response considering the preload cycle and was shown to be efficient only to analogy purposes.
Also, it was evaluated that low preloads do not generate complete fiber alignment nor stabilize the
preload cycle. None of the studied cases changed the rupture load, remaining close to the initial
test.
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ABSTRACT

Composite materials are typically heterogeneous and non-isotropic. Failure mechanisms are
affected by the spatial distribution of reinforcements and the quality of the adhesion at the
reinforcement-matrix interface. The traditional techniques of microscopic characterization are
quite limited to study this type of material, since two-dimensional sections or projections may not
fully reveal the complex three-dimensional microstructure of a composite. When seeking to
understand the origin of failure mechanisms, these limitations are even more important. In this
work, a three-dimensional characterization methodology was developed based on Xx-ray
microtomography (microCT). The material evaluated was a glass fiber/epoxy matrix composite
reinforced by unidirectional fibers. Test specimens were tomographed before and after flexural
tests. The 3D images were analysed to visualize and quantify voids and cracks, both originated in
the manufacturing process and created by mechanical loading. Evaluation of the uncertainty of the
procedure was performed by tomographing more than once each sample, aligning and comparing
the 3D images. The analysis allowed to quantify the increase in defect volume after material
failure.

Keywords
Fiber reinforced composites; failure mechanisms; microtomography; 3D visualization.

1. INTRODUCTION

Composite materials are generally formed by a continuous matrix phase and a discontinuous
reinforcement phase. Traditionally, the characterization of these materials is performed by
microscopy techniques, generating two-dimensional information of the material structure [1].
However, the microstructure and defects in composites are fundamentally three-dimensional.
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Thus, it is important to have techniques that allow this kind of analysis.

X-ray Microtomography (microCT) serves this purpose. This is a technique that offers poorer
resolution than optical microscopy (OM) and scanning electron microscopy (SEM), but it is widely
used in the characterization of the internal morphology of materials, creating three-dimensional
representations. MicroCT is non-destructive and does not require a previous step of sample
preparation, as is the case with microscopy. MicroCT can be used in materials that have a
sufficiently large density difference between their constituents or in the atomic composition in
order to generate x-ray absorption contrast [2,3].

There are several results that demonstrate the feasibility of using microCT in the evaluation of
the internal geometry of materials, and in the study of cracks and defects, including delamination
and microcracks [4-6]. These results show that microCT images allow the visualization of defects
and the analysis of the morphological characteristics of the samples, especially in the study of
complex structures.

In this work, glass-fiber reinforced epoxy matrix composites were evaluated before and after
bending tests by microCT. The presence of defects was visualized and quantified. A calibration
procedure allowed to estimate the uncertainty of these measurements.

2. MATERIALS AND METHODS

2.1. Samples

The samples were manufactured by vacuum bagging of prepregs laminas. The epoxy matrix
used was formulated by mixing the appropriated amounts of epoxy monomer, based on diglycidyl
ether of bisphenol A (DGEBA), and triethylenetetramine (TETA) hardener. E-glass fibers were
used as reinforcement, with a nominal volume fraction of 50%.

The analysis of cracks and defects was performed in two samples, having different geometric
characteristics. Figure 1 shows the two specimens used (CP1 and CP2). CP2 has a notch, reducing
its width from 12.7mm to 7mm in its central region (Figure 1b). The idea was to create a region of
stress concentration to evaluate its impact on the formation/propagation of defects. Both specimens
were cut in the dimensions shown in Figure 1 to allow higher spatial resolution during the analysis,
which is inversely proportional to the sample thickness.

2.2. Flexural Tests
The specimens were submitted to a three-point flexural test according to ASTM D 790-10.
The tests were performed in the AME-2kN equipment with a capacity of 2kN.

(a) (b)
2.4:$ 2_2:1:

.’ ' —_

46

24
Figure 1: Schematic drawing of the specimens. (a) CP1. (b) CP2. Dimensions in mm.

2.3. MicroCT
MicroCT scans were obtained with the Zeiss Xradia 510 Versa microtomograph. This
equipment combines the simple geometric magnification, dependent on source-sample-detector
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distances, to optical magnification obtained with an optical microscope. Each optical lens is fitted

with a scintillator that converts X-rays to light.

For this analysis a resolution around 13.75 um given by the 0.4X lens was used, allowing a
complete scan of the sample in a reasonable time. In order to minimize the total time of analysis,
reconstructions were tested with 800, 1600 and 3201 projections, and the intermediate value of
1600 projections was chosen. The exposure time was 0.5s, leading to a total scan time of
approximately two hours. Then the layers were reconstructed with the XMReconstructor V Cone
Beam-11 software.

For a better understanding of the experimental methodology, it is necessary to understand the
sequence of evaluation of the uncertainty of the procedure. As defects previously present in the
sample and those created by the mechanical test appear in low fraction, uncertainties caused by
the conditions of acquisition and/or processing of the images could lead to non-representative
results. Thus, not only the operating conditions of the CT scanner were kept constant (x-ray energy,
source-sample-detector geometry, lens, exposure time, number of projections, spatial resolution),
but variations in the images caused by acquisition of the images were also evaluated, without
influence of the flexure tests.

The methodology was divided into 2 stages as summarized in Table 1:

1) In the first step, the sensitivity of the procedure was determined by tomographing CP1 3 times
before the flexure test. The first two scans were performed in sequence, without removing the
sample from the scanner. The specimen was then removed and replaced in the tomograph, and
a third scan was performed. The 3 images were processed and analyzed, as described below,
and the volumetric fraction of defects quantified. Any variations in this step would only be
caused by uncertainties in the acquisition of the images and served as a margin of error for the
results obtained in the second step.

2) In the second step, the samples were submitted to two bending tests and were scanned after
each one. In the first test, the samples were tested within the elastic regime, in the assumption
that the mechanical stress would not cause damages. In the second test, the samples were taken
to rupture.

Table 1: Image capture steps.

Stage  Sequence Code
Tomography and initial reconstruction. 11
1 Tomography without removing the sample from the tomograph. 12
Tomography after removing and repositioning the sample. Ret
) Tomography of the test material 1 time. E1l
Tomography of the test material 2 times. E2

2.4. Image Processing and Analysis

Once the reconstructed images were obtained, an image processing sequence was performed.
This stage is usually constituted by preprocessing steps for noise reduction, segmentation for
object discrimination and post-processing for filtering objects and eliminating artifacts [7]. At the
end, 3D visualization and orthogonal planes of the specimens are generated. For this analysis, 3D
software Dragonfly v3.5 (Object Research Systems, Canada) was used.

2.4.1. Image Registration
To monitor the impact of the mechanical stress on generation of defects, it is important to
evaluate equivalent regions in the sample, before and after the bending tests. For this, a 3D
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alignment between the tomographic images obtained before and after the test was performed with
the DataViewer program (Bruker Inc., UK).

This alignment was only possible because, even after the test, the external dimensions of the
sample showed nearly no change. In fact, the alignment did not seek to correct for size and/or
shape distortions generated by the mechanical test. The objective was only to correct the x-y-z
displacement caused by the removal of the sample from the tomograph. Figure 2 shows two views
of CP1 images I1 and E2 before and after alignment.

TR T T |

Figure 2: Images 11 and E2 of CP1 before (a, b) and after (c, d) of the 3D registration. The light
and dark edges indicate the initial misalignment, corrected after the procedure.

2.4.2. Segmentation of defects and cracks

Defects and cracks appeared as darker regions within the composite matrix. The direct
segmentation of these regions by tonal range was not viable, since regions external to the sample
showed similar x-ray absorption and tone. Thus, the procedure involved segmenting the solid
matrix, filling in the defects and subtracting, generating an image only of the defects.

The defects were filled in two stages. First, a 3D morphological closing operation with a
neighborhood of 13 pixels was used to close the defects that touched the edges of the sample.
Then, a hole-filling operator was applied along the x, y and z directions, successively [7,8].

The tonal threshold to segment the matrix was chosen from the 2D projections in the 3
orthogonal directions and from the 3D image. The critical point was to select the matrix without
including regions corresponding to defects. To avoid introducing uncertainty, the tonal range used
was kept constant for all CT scans (11, 12, Ret, E1, E2).

Then, the matrix volumes (vm), filled matrix (vmp), which corresponds to the total volume of
the specimen, and the defects vp = vip - Vi, were measured. From these values, the volume fraction
of defects % Vp = vp / vmp Was obtained.

3. RESULTS AND DISCUSSION

3.1. Flexural test

Analysis of the stress-strain behavior during the flexure test allowed the samples to be kept
within the elastic limit in the first test and to bring them to rupture in the second test. Figure 3
shows the stress-strain curves for the second test of both samples. Note that CP2 has a higher
flexural strength than CP1.

As both specimens were cut from the same composite plate, the differences in the flexural test
could in principle be associated with the presence of the notch in CP2. However, this should
contribute to reduce flexural strength and not to increase it, as shown in Figure 3. The explanation
IS probably associated with the defect concentration, as explained below.

3.2. Image analysis and observation of defects and cracks
Figures 4 and 5 show images of the two samples, after the flexure test. Defects appear as dark
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regions against the gray background of the material.
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Figure 3: Comparison of stress-strain curves after the second mechanical test (E2, Table 1).

Figure 4: MicroCT image (CP1, condition E2). (a) 3D view; and planes (b) xz; (c) xy; (d) yz.

Figure 6 shows the results of defect segmentation for CP1, condition E2. The defects appear
colored against the gray background formed by the material. In the 3D image, part of the sample
was made transparent to show only the defects. It is worth mentioning that the 3D visualization
gives the impression that the concentration of defects is much greater than in the 2D projections.
This is a typical effect and depends heavily on the orientation in which the 3D image is presented.
This visual effect will be criticized in the light of the quantitative analysis of defects, as described
below.

Table 2 presents the volume fraction of defects (Vo) of CP1 at conditions 11, 12 and Ret (before
the mechanical test), E1 (after the test at the elastic region), and E2 (after test to failure). The
percentage changes, A(%), with respect to the initial value, 11, are also presented.

The values for 11 and 12 are identical, indicating the stability of the image acquisition process.
The values are also almost equal to Ret, indicating that errors caused by mechanical instabilities
are small, ~1% of the initial value. The value for E1 indicates a small increase of ~6% in the defect
fraction when the sample is tested within the elastic region. Finally, when the sample is taken to
failure, the defect fraction increases almost 80% but does not reach 15%. This is not such a large
value, which should be contrasted with the impression of high defect concentration brought by
Figure 6a.
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Figura 5: MicroCT image (CP2, condition E2). (a) 3D view; and planes (b) xz; (c) xy; (d) yz.

Table 2: Volumetric Defect Fraction

CP1 CP2
Tomographic Stage Vb (%) | A (%) | Vb (%) | A (%)
11 7.8 - 1.0 -
12 7.8 0
Ret 7.9 1.3
El 8.3 6.4
E2 140 | 795 3.0 200

Figure 7 presents the defect analysis for CP2 in the E2 condition. In this case, the defect fraction
is apparently smaller, which is confirmed by the quantitative analysis. The values for the defect
fraction of CP2 are presented in Table 2 for the original condition (11) and after the test until the
rupture (E2). The initial volume fraction is much lower than that of CP1, but grows 200% after the
test. Its maximum value reaches 3%, about 5 times less than in CP1. This large difference may
explain the results of the bending test. Despite the notch, CP2 has a higher flexural strength,
probably because it contains less defects than CP1.

Despite the smaller fraction of defects in CP2, a comparative visual analysis between states 11
and E2 brings relevant information. Figure 8 shows the presence of preexisting defects in the
sample (pink rectangles) and defects generated during the flexure test (red rectangles).

To make the comparison more representative, the images of conditions 11 and E2 were aligned
(section 2.4.1), the defects were segmented and overlapped (Figure 9). The appearance of cracks
during the test, especially in the notch region, is evident. It can be observed that the upper right
crack does not change after the test, but several new cracks appear. In polymer composites there
are several failure modes, which can occur in the fiber, matrix or fiber-matrix interface. However,
with the resolution employed in this work it was not possible to identify the main failure mode for
this composite [11].
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2 mm

Figure 7: Defect detection - CP2 (condition E2). (a) 3D view; and planes (b) xz; (c) xy; (d) yz.

4. CONCLUSIONS

This work presented a methodology for the characterization of glass-fiber reinforced epoxy
matrix composites from the 3D image analysis of microCT images.

From the qualitative point of view, the methodology allowed 3D visualization of defects formed
as a function of the application of mechanical stress in the material. It was possible to compare the
same specimen before and after a bending test, discriminating pre-existing cracking defects caused
by mechanical stress.

The quantitative analysis, preceded by a sensitivity evaluation step, allowed to directly
measuring the volumetric fraction of defects as a function of the applied stress level. As expected,
the defect fraction remained approximately constant in the elastic regime and increased
substantially upon reaching the material rupture stress.
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Figure 8: 3D visualization of defects and cracks in CP2. (a) Before the test (11); b) and
c) After the test (E2). Pre-existing crack (pink). Cracks generated by the test (red).

Figure 9: Comparative visualization of defects in CP2. (a) Condition I1; (b) Condition E2. Pre-
existing defects (pink ellipses) and generated during the test (red rectangles).
(c) Overlap of (a) and (b).
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Abstract

Multifunctional composites are materials capable of combining structural properties with other
properties, such as electrical or thermal conductivity, electromagnetic shielding capacity, among
others. With the exponential increase in the use of electrical and electronic devices, a specific type
of environmental pollution, electromagnetic interference (EMI), has arisen due to the spurious
radiation emitted by such devices. Thus, this work proposes the development of a multifunctional
composite material based on polysulfone (PSU) and carbon black (CB) and its electromagnetic
characterization in the X-band frequency, between 8.2 and 12.4 GHz, widely used in
communication and navigation system. The composite materials were produced with high-
performance engineering thermoplastic polymer PSU, organic solvent Dichloromethane and two
varieties of additive CB. The composite was processed through hot compression molding of films
prepared from PSU polymer solutions with the dispersion of the CB additive by means of an
ultrasonic tip. The composite processing cycle was obtained through the thermal characterization
of the films by differential scanning calorimetry (DSC) and the electromagnetic characterization
was conducted with a vector network analyzer (VNA) and rectangular waveguide. With the
determination of the scattering parameters (Transmission and Reflection) it was possible to
evaluate the interaction of the electromagnetic waves with the composites and quantify the portions
of energy reflected, transmitted and absorbed. The composite presented a favorable behavior for
electromagnetic shielding, with average reflection values greater than 65%, absorption greater than
21% and transmission lower than 11%.

Keywords: Carbon Black, Electromagnetic Characterization, EMI Shielding, Polysulfone,
Scattering Parameters.
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1. INTRODUCTION

The extensive development of communications equipment and electronic systems has been
increasing electromagnetic pollution to new heights, which can lead to the malfunctioning of
several types of systems, such as commercial antennas and electronic scientific instruments.
Electromagnetic interference can be understood as the disturbance to electronic equipment due to
spurious radiation emitted by other electric circuits [1].

Given the need to protect certain components against such pollution, electromagnetic shielding
becomes necessary. The shielding is the reduction or attenuation of the waves to prevent
interference. There are three mechanisms that can contribute to the effectiveness of
electromagnetic shielding: reflection, absorption and multiple reflection inside the material [2-4].

A wide variety of materials can be used in electromagnetic shielding, with different properties
of electrical conductivity, magnetic permeability and geometries [2]. Polymeric matrices are,
generally, materials that doesn’t have this property, most polymers are transparent to
electromagnetic waves. However, to enjoy its excellent properties, such as low specific mass, low
cost and ease of use, the dispersion of particles or fibers materials can be used to promote
interaction with the waves [3,5], dissipating them through absorption or reflection, according to
the additive and concentration [1].

The multifunctional composite class seeks to join structural functions of composites such as
strength, stiffness, fracture toughness and damping to non-structural functions, such as
electromagnetic shielding [6]. By joining a high-performance engineering polymer such as
polysulfone, which, among other properties, has high hardness, impact strength and high
temperature resistance, [7] with the carbon black load, a material widely used in electromagnetic
shielding research [8-11], multifunctional composites with great potential may be obtained.

The objective of this work is process and characterize multifunctional polymer matrix
composite with the dispersion of carbon black particles and verify its effect as EMI shielding
material in frequency range between 8.2 and 12.4 GHz, most common in communication and
navigation systems.

2. EXPERIMENTAL

2.1 Materials

The polymer matrix used was the amorphous polymer polysulfone, with a specific mass of 1.24
g/cms, tensile strength of 70.3 MPa, tensile modulus of 2482 MPa, flexural strength of 106.2 MPa,
flexural modulus of 2689 MPa and glass transition temperature of 185 °C.

To prepare the polymer solution, the solvent used was the organic solvent Dichloromethane in
liquid form with clear appearance and ether characteristic odor, with chemical formula CH2Cl,
specific mass of 1.34 g/cm3, molecular weight of 84,9 g/mol, boiling point of 39.8 °C,
solidification point of -96.7 °C and flash point of 640.5 °C.

To obtain the composite, carbon black additive in powder form was dispersed into the polymer
solution. Materials from two different manufacturers was used, XE2B from Degussa, with 35 nm
average particle size, 1,7-1,9 g/cm? density at 20 °C and 1000 m#g specific surface area, and
XC72R from Cabot, with 50 nm average particle size, 1,7-1,9 g/cm? density at 20 °C and 1000
m?/g specific surface area.
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2.2 Film production

The films were produced through the preparation of polymer solutions of PSU and
Dichloromethane, using 10 and 90 %m/m content, respectively. The solutions were prepared in
fume hood at room temperature and with constant stirring.

Then, the CB additive were dispersed in the proportion of 15 %m/m of additive to 85 %m/m of
polymer used in the preparation of the polymer solution, using a Sonic & Materials VC 750
ultrasonic tip, setup with 20% of maximum amplitude of the equipment for 5 minutes, intercalating
10 seconds in operation and 5 seconds in standby, to avoid overheating and solvent losses.

The preparation of the film was carried out in an oven with temperature control, for 2 hours at
40 °C, to promote the solvent evaporation.

2.3 Thermal characterization

The thermal characterization was performed by means of differential scanning calorimetry, in
the dynamic mode, of the polymer films, determining the start, peak and end of melt temperatures
(Tm). A differential calorimeter model Q20 from TA Instruments was used. Hermetic aluminum
sample holder and heating rate of 7.6 °C/min were used up to 350 °C, to match the heating rate of
the hydraulic press used in the processing, followed by cooling down to 25 °C.

2.4  Composite processing

The processing of the composite materials, by means of manual lay-up of PSU films with and
without carbon black, was performed in a hydraulic press, model CMV100H-15-X, Monarch series
from Carver and steel mold of 70 mm x 70 mm. Heating was performed up to 190 °C, due to
limitations of sealing of the mold used, with 10 minutes of isotherm, followed by cooling down to
room temperature. The entire process was performed with applied pressure of 2 MPa.

2.5  Electromagnetic characterization

The determination of the scattering parameters of the composite samples was performed using
a four-port vector network analyzer (VNA) model PNA-L N5230C from Agilent Technologies,
using ports 2 and 4, frequency generator between 300 kHz and 20 GHz, rectangular waveguide
with adapter model 00281-60016 OPTION 006 also from Agilent Technologies. The transmitted
and reflected energy plots were calculated using equation 1 [12].

—dB
Attenuation (%) = 100. [1 — 10(7)] (1)

From the calculation of the transmitted and reflected energy portions it is possible to determine
the percentage of energy absorbed by the composite through equation 2 [13].

Absorption (%) = 100 — (Reflection + Transmission) (2)
3. RESULTS AND DISCUSSION

3.1  Thermal characterization and processing cycle
From the DSC of the PSU films, the temperature range at which the material melts was
determined. Figure 1 presents the melting heat flow vs temperature graph.
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Figure 1: Melting range.

Based on the DSC characterization, the hot compression molding cycle was designed. Figure 2
presents the processing cycle, with constant applied pressure of 2 MPa.

Hot Compression Molding Cycle
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Figure 2: Hot compression molding cycle.
Through the thermal analyzes and the processing of the films, a composite in the form of a plate

with 70 mm x 70 mm dimensions and thickness between 1.1 and 1.3 mm was obtained. From the
qualitative evaluation of the plaques obtained, as union of the layers and rigidity of the plate, the
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parameters used were considered adequate to proceed to the electromagnetic characterization of
the composite samples.

3.2  Electromagnetic characterization

The electromagnetic characterization of the materials provided the scattering parameters for
each sample: PSU films and composites, 85 %m/m PSU + 15 %m/m Degussa CB and 85 %m/m
PSU + 15 %m/m Cabot CB.

With the attenuation data regarding transmission and reflection in the composite, and with
equations 1 and 2, it is possible to generate graphs relating the transmission, reflection and
absorption at each frequency in the studied range.
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Figure 3: Energy portions (100 %m PSU).
Energy Portions (85 %m/m PSU + 15 %m/m Degussa CB)
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Figure 4: Energy portions (85 %m/m PSU + 15 %m/m Degussa CB).
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Energy Portions (85 %m/m PSU + 15 %m/m Cabot CB)
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Figure 5: Energy portions (85 %m/m PSU + 15 %m/m Cabot CB).

It is observed that in all cases the transmitted, reflected and absorbed energy portions remained
practically constant throughout the studied frequency range.

From the analysis of the graphs it is possible to obtain the average values of each energy portion
for each sample, as shown in table 1.

Table 1: Mean values of energy portions for each sample.

Sample Transmitted Energy | Reflected Energy | Absorbed Energy
P (%) (%) (%)
100 %m PSU 89,94 8.26 1,80
85 %m/m PSU +
15 %m/m Degussa CB

85 %m/m PSU +
15 %m/m Cabot CB

8,68 69,95 21,37

10,70 66,52 22,78

Despite the dimensional difference between the two varieties of CB used, the results obtained
showed similar behavior, however the Degussa sample shows slightly higher reflection while the
Cabot sample shows slightly higher transmission and absorption of the electromagnetic energy.

Therefore, it is observed that the composites present main behavior of high reflection, low
transmission and intermediate absorption, characterizing their potential use for electromagnetic
shielding.

4. CONCLUSIONS

Multifunctional composites based on polysulfone and carbon black were produced by hot
compression molding of films prepared from the dissolution of the polymer with dichloromethane,
followed by the dispersion via ultrasonic tip of carbon black additives.

Through the thermal characterization of the films by differential scanning calorimetry, it was
possible to determine the start, peak and final melting temperatures of the polymer, which along
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with information obtained from the literature, provided the designed hot compression molding
cycle.

With the electromagnetic characterization, through a vector network analyzer and rectangular
waveguide, it was possible to measure the scattering parameters of the composite when it was
affected by electromagnetic waves in the X-band, between 8.2 and 12.4 GHz.

The composite material presents potential for EMI shielding, exhibiting highly reflective
behavior, combined with intermediate absorption of microwaves. Promoting the shielding to
approximately 90% of the electromagnetic radiation in all amplitude analyzed.
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Abstract

On October 21, 2015, a semi-trailer truck traveling south on the W.H. Natcher Parkway, near
Bowling Green, Kentucky collided with the north pier supporting the Elrod road overpass. The
impacted bridge is a four-span, 67 m (220 ft) long, reinforced concrete deck girder bridge. Large
diagonal cracks propagated up the entire height of the column from the impact point. Horizontal
cracking also appeared around the entire circumference near the point of impact. Large cracks
occurred on the top face of the pier cap, between the girder pedestals, extending in the transverse
direction. Because winter weather was approaching, the Kentucky Transportation Cabinet (KYTC)
deemed a rapid retrofit necessary to maintain the bridge’s structural integrity. Two types of
uniaxial Carbon Fiber Reinforced Polymer (CFRP) fabric and one braided triaxial CFRP fabric
were utilized in the retrofit design. A heavy uniaxial CFRP fabric was utilized as the primary
strengthening material for the impacted column. A finite element model was utilized to analyse
the effectiveness of the column retrofit. The retrofit construction work was completed in five
workdays spread over an eight day period. The CFRP fabric-strengthened pier column is expected
to be stronger than the original column.

1. INTRODUCTION

The use of composite material to strengthen reinforced concrete (RC) piers and columns has
become well-established over the last few decades. Compared to traditional methods like steel
jacketing, the use of Fiber Reinforced Polymer (FRP) material for column confinement can be cost
effective due to their high strength and light weight properties promoting faster retrofits. Due to
their inherent corrosion resistance this can also lead to lower life-cycle costs. Previous studies have
shown that RC columns that are fully wrapped with FRP has increased ductility, moment and
ultimate compressive load capacity, ultimate deformability and energy absorption compared to
unconfined columns [1,2]. This can be advantageous when retrofitting damaged and/or
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deteriorated RC piers and columns. Design guides by the American Concrete Institute [3],
American Association of State Highway and Transportation Officials [4], and International
Federation for Structural Concrete [5] are available on the use of FRP for confinement of RC
concrete columns. Numerous field applications of FRP for retrofit of RC columns for axial loads
and confinement, corrosion damage, and seismic loads have been reported [6].

Another method of bridge pier damage is due to accidental heavy vehicle collision, sometimes
leading to loss of life and complete destruction of the bridge [7]. While certain code provisions
such as AASHTO [8] exist for the design and placement of bridge piers next to roadways, these
typically do not address vehicle characteristics and travel speeds [7]. The present paper details
bridge pier damage due to an accidental truck impact, and the subsequent retrofit design and
construction using Carbon Fiber Reinforced Polymer (CFRP) fabric. On October 21, 2015, a semi-
trailer truck traveling south on the W.H. Natcher Parkway, near Bowling Green, Kentucky collided
with the north pier supporting the Elrod road overpass. While a guardrail existed between the
roadway and the pier, the semi-trailer truck had overrun the guardrail prior to impacting the pier
column as shown in Figure 1.

Figure 1: Semi-trailer truck impact on Elrod road bridge

2. BRIDGE AND DAMAGE DETAILS

The Elrod road impacted bridge is a four-span, 67 m (220 ft) long, reinforced concrete deck
girder bridge. The two center spans of the overpass are over the northbound and southbound lanes
of W. H. Natcher Parkway in Kentucky. Each pier of the bridge is comprised of two reinforced
concrete pier columns supporting the pier cap. The four cast-in-place reinforced concrete girders
are continuous across the length of the bridge. While the girders were fixed over the center pier
(pier 2), at all other locations including the impacted pier (pier 3) the girders rested on roller
supports which allowed translational movement. The 0.76 m (2.5 ft) diameter RC pier column is
reinforced by 8 No0.32 (#10) rebars with a nominal diameter of 32.26 mm (1.27 inch). A general
layout of the bridge and cross section of a pier identifying the impact area is shown in Figure 2.
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(b) Cross section of the Pier
Figure 2: Layout of the Elrod Road bridge with impact damage location

The semi-trailer truck collided with the north pier column of pier 3. Possibly due to a low impact
speed and the guardrail potentially reducing the force of impact, the structural damage to the pier
did not cause immediate failure of the bridge. The impact force had caused sufficient lateral
movement between the pier and the beams that the rocker socket ends on each of the four RC
beams were sheared. Concrete was damaged at the impact location, approximately 1.14 m (3.75
ft) above ground elevation, producing cracks on the impacted pier column as well as the pier cap
above. Figure 3 highlights the damage at the impact location and the cracking in the column and
pier cap.

Large diagonal cracks propagated up the entire height of the column from the impact point
(Figure 3(b)). Horizontal cracks appeared around the column’s entire circumference near the point
of impact. Diagonal cracking occurred at the top of the column, where it intersects the pier cap
(Figure 3(a)). Large transverse cracks appeared on the top face of the pier cap, between the girder
pedestals (Figure 3(d)). Some transverse cracks spanned the entire width of the pier cap, with
others extending down along the two vertical side faces. The cracks on the impacted column and
pier cap affected the structural integrity of the bridge and raised concerns over whether they would
accelerate corrosion of the reinforcing steel and lead to the deterioration of concrete. The objective
of the retrofit was to repair and strengthen the impacted pier column and pier cap. Due to
approaching winter weather, the Kentucky Transportation Cabinet (KYTC) required that the
retrofit be designed and constructed rapidly.
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(b) Impacted column east face

(c) Top of impacted column (d) Cracking on top of pier cap
Figure 3: Damage details and cracking in the pier column and pier cap

3. RETROFIT DESIGN

The axial capacity of the impacted column was of concern due to cracking. The structural
integrity of the pier cap was concerning due to the cracks on the top of the pier cap. CFRP fabric
was selected as the retrofit material for the damaged pier column and pier cap due to its high
strength-to-weight ratio, which makes it an ideal material for quick and efficient repairs. Along
with providing strength, the repair scheme was selected to protect the steel reinforcement, as
corrosive agents could potentially penetrate the widening cracks. Several different types of CFRP
fabric, including two uniaxial CFRP fabrics and a braided triaxial CFRP fabric, were used for the
retrofit. The fabric selected depended on the type of strengthening being carried out. Table 1 lists
the physical and mechanical properties of the CFRP fabric.
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Table 1: Physical and mechanical properties of CFRP fabric

CFRP fabric type I\:/\itc)jrtlr:: '-fg‘j/: a:cti%g;i\(/:(l:rue;seat Fabric wzeight Tensile strength | Elastic modulus
(mm) (mm) (g/m?) (MPa) (MPa)
UCF 120 305 0.76 757 2,848 139 x 103
UCF 055 305 0.36 305 2,848 139 x 103
TCF 012" 508 0.28 272 800 44 x 103

*The mechanical properties are the minimum for both longitudinal and transverse directions

3.1  Retrofit of pier cap

All three types of CFRP fabric were utilized for the pier cap retrofit. The UCF 120 uniaxial
fabric, which can carry 535 kN of tensile force per 305 mm (120 kips of per 1-ft) width of fabric,
was the first CFRP fabric used. To strengthen the top of the pier cap with cracked concrete, a layer
of the UCF 120 fabric was placed on the top horizontal face of the pier cap, along both sides of
the girder pedestals as well as in between the pedestals, parallel to the pier cap’s longitudinal
direction. The uniaxial UCF 055 CFRP fabric has a tensile capacity of 245 kN per 305 mm (55
kips per 1-ft) width of fabric. It was placed in continuous horizontal strips around the perimeter of
the pier cap. To anchor the retrofit, a layer of the braided triaxial TCF 012 CFRP fabric was
wrapped perpendicular to the previous two layers within the spaces along the pier cap between the
pedestals. The triaxial fabric is a quasi-isotropic CFRP fabric with braided fibers running in 0°,
and +60° directions. The primary advantage of this fabric is that it provides approximately the
same tensile capacity along any direction in the plane of the fabric. The triaxial CFRP fabric used
in the present design has a tensile capacity of 53 kN per 305 mm (12 kips per 1-ft) width of fabric
in all directions.

3.2 Retrofit of pier column

Two types of CFRP fabrics were used for the pier column retrofit. The first layer utilized the
UCF 120 CFRP fabric. Fabric was placed in 305 mm (12-inch) wide strips around the
circumference of the pier column. The second layer of fabric used on the column was the triaxial
TCF 012 CFRP fabric. This fabric was placed in 508 mm (20-inch) wide strips around the
circumference of the pier column, with a 100 mm (4-inch) vertical overlap between each strip. The
purpose of the wrapping is to confine the concrete and increase the column’s load carrying
capacity. The FE model was used to model the impacted column, where the triaxial CFRP fabric
is modeled as a linear orthotropic material where material properties are logged in the longitudinal
and transverse directions. The loads applied on the column are calculated using the bridge plans
to identify the attributed concentric axial load (P) and bending moment (M).The analysis found
that the axial capacity of the column, at a load eccentricity of 276 mm (10.86 inch), increased by
260% [9]. Figure 4 presents the general retrofit design for both the pier cap and the impacted pier
column.
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Figure 4: General retrofit scheme for impact damaged pier cap and column

4. RETROFIT CONSTRUCTION

After removing all loose material around the impact area, crews sandblasted the entire retrofit
area to remove all loose material and to provide a roughened surface for CFRP fabric application.
The sandblasting exposed previously unseen cracks while also cleaning the rebar steel exposed
during the impact. After the placement of wooden formwork around the two repair sections, a rapid
set repair mortar was applied to damaged areas on the pier column. After the mortar cured for a
day, formwork was removed and the mortar ground down to remove surface variations with the
pre-existing concrete column surface.

CFRP fabric was placed according to the design details provided in Section 2. Before applying
the CFRP fabric, a primer coat was applied to the surface of the concrete. Laminating rollers were
used to smooth out air pockets, voids, and irregularities in the fabric during its placement. Pier cap
strengthening was carried out first. Initially the top of the pier cap was strengthened by placing
strips of the UCF 120 fabric between the concrete pedestals as well as on either side of the
pedestals. The pier cap was then wrapped with a layer of UCF 055. Due to a rustication detail on
the pier cap, UCF 055 strips of two different widths were used to wrap the pier cap, as seen in
Figure 5(a). Finally, a layer of TCF 012 CFRP fabric was placed, confining and anchoring the
previous layers of CFRP fabric (Figure 5(b)).

(@) UCF 055 application (b) TCF 012 application
Figure 5: CFRP fabric application on pier cap
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The UCF 120 CFRP fabric was wrapped on the impacted pier column without any vertical
overlap between strips. Figure 6(a) depicts the application of UCF 120 at the top of the pier. The
second layer of fabric, the TCF 012, was placed (Figure 6(b)) over the first layer of UCF 120. The
joints for the TCF 012 layer were placed on the opposite side of the column from the joints of the
UCF 120 CFRP fabric. Three days after the CFRP fabric application, a protective coating was
applied over the retrofit area in order to protect against UV degradation. For aesthetic reasons, the
entire pier, including the column that was not strengthened was coated. Repair and strengthening
work was completed over four consecutive days, with the final day spent on the CFRP fabric
wrapping. Including the day spent coating the pier, the project was completed in five work days
spread over an eight-day period. Figure 7 captures the pier following the completion of the retrofit
and application of the UV protective coating.

EEN RIVER RENI‘A.I.S

(a) Pier after CFRP wrapping (b) Following application of protective coating
Figure 7: Completed retrofit
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S. SUMMARY AND CONCLUSIONS

The pier cap and pier column on an overpass over W.H. Natcher Parkway, near Bowling Green,
Kentucky was damaged when a semi-trailer truck collided with the pier. Large diagonal cracks
propagated up the entire height of the column from the impact point. Horizontal cracking also
appeared around the entire circumference near the point of impact. Large cracks occurred on the
top face of the pier cap, between the girder pedestals, extending in the transverse direction. Two
types of uniaxial Carbon Fiber Reinforced Polymer (CFRP) fabric and one braided triaxial CFRP
fabric were utilized in the retrofit design. A heavy uniaxial CFRP fabric was utilized as the primary
strengthening material for the impacted column. A finite element model was utilized to analyse
the effectiveness of the column retrofit.

The use of CFRP fabric enabled the retrofit construction work to be completed in five workdays
spread over an eight day period. Excluding the final protective coating, all work was also
completed within one month of the impact. Periodic inspections were conducted over a period of
two and a half years, during which time no signs deterioration of the retrofit were observed. The
CFRP fabric-strengthened pier column is expected to be stronger than the original column.
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Abstract

Pultruded glass-fiber reinforced polymers (pGFRP) exhibit significant viscoelastic behavior even
at room temperature, which may result in long-term loss of stability or excessive deflection.
Several works in the literature have investigated creep of pGFRP, intending to characterize time-
dependent behavior and to develop safe provisions for structural design of pPGFRP members. The
three-parameter Findley Power Law has been widely used by researchers and is usually calibrated
to creep experiments conducted at constant stress and temperature. However, this empiricism and
its lack of correlation with a mechanical model result in little predictive capacity for different resin
types and fiber content. In this work, innovative linear viscoelastic models combining essentially
elastic behavior of fiber and viscoelastic nature of matrix is proposed to represent the long-term
behavior of pGFRP subject to stresses parallel or perpendicular to fiber direction. The model can
also be used to assess long-term composite behavior for complex load history and for other
viscoelastic phenomena such as recovery and relaxation, usually not addressed by Findley’s law.
The experimental results from a short and long-term mechanical characterization of a vinylester-
based pGFRP are reported and compared with the proposed approach, showing that the model
satisfactorily predicts creep and recovery of such composites for a given time span. It is also shown
that the presence of fibers parallel to load direction result in much lower relative compliance and
quicker recovery.

1. INTRODUCTION

Pultruded glass-fiber reinforced polymers (pGFRP) are gaining acceptance in civil engineering
applications particularly due to their high strength, lightweight and non-corrosive nature.
However, some aspects of pGFRP material behavior are not fully understood, including long-term
performance. The limited knowledge has led to conservative design considerations in current and
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in-development design standards, potentially increasing the cost of structures made with the
pGFRP [1].

The pronounced creep behavior of pGFRP is usually attributed to the viscoelastic nature of the
polymer resin, which is highly dependent on the curing and post-curing conditions [2, 3]. In the
pultrusion process, pGFRP are pulled with speeds typically ranging from 300 to 500 mm/min
through 500 to 1500 mm long dies heated to temperatures between 100 and 150 °C, This process
is likely to result in incomplete cure [3].Glass fibers may also exhibit a viscoelastic response, but
usual at relatively greater stress levels, typically beyond those anticipated in structural service.

Findley’s three-parameter empirical power law, described in Eq. 1, has been widely used to
describe primary and secondary creep of polymers with good accuracy over a wide range of time,

t [4].
g(t) 1 1
U—O=J(t)=E—O+at (1)

In which &(t) is the long-term strain, oo is the constant applied stress, J(t) is the creep compliance
and Eo, Em and n are stress-independent parameters. This equation is usually adequate for low
stress levels and its popularity is based on its simplicity and excellent agreement with experiments.

In a seminal study, Bradley et al. [2] adopted flexural creep tests to characterize neat vinylester
and polyester resins having different curing and post-curing conditions using Findley’s power law.
The authors observed that i) polyester-based specimens exhibited greater compliance than
vinylester for the same curing condition; ii) temperature-cured specimens resulted in much lower
creep exponent, n, than those cured at room temperatures; and iii) important reduction in creep
compliances were observed with post-curing time. Differences are associated to the type of
chemical structure of each resin and to the time-temperature relation for cross-linking completion.
Finally, the authors tested vinylester specimens reinforced with woven E-glass fabric and showed
that creep compliances are significantly reduced by the presence of fibers.

Findley’s equation has also been successfully used by several authors for pGFRP, treating the
composite as a single viscoelastic bulk material [1, 5-7]. One of the drawbacks is the large
dispersion of values for the parameters reported in literature, which is certainly associated to
differences of resin properties and fiber volume ratios, Vs, in each study. For example, creep
exponents ranging from n = 0.14 to n = 0.36 have been reported in literature for pGFRP [1]. It can
be noted that parameters are also dependent on the loading type and direction. Harries et al. [1]
and Sa et al. [7] summarized some previous works intending to investigate the long-term behavior
of pGFRP, and it can be seen that most creep data have been obtained for tension, compression or
flexure of specimens loaded parallel to the pultrusion direction (i.e., in the longitudinal direction).
To date, limited data has been reported about shear creep [8] and, to the best of authors’ knowledge,
there are no works addressing specimens subject to stresses perpendicular to the pultrusion
direction (transverse). These two cases correspond to conditions where behavior is usually strongly
dependent on resin properties. Moreover, information regarding relaxation, recovery and behavior
under complex loading history are very limited. Sa et al. [7], for example, reported large immediate
recovery in full scale pGFRP beams.

Findley’s law is empirical and its parameters are usually determined to fit experimental results
obtained under conditions of constant stress. The lack of correlation with a mechanical model may
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result in little predictive capacity for a complex load history and for relevant phenomena for
viscoelastic materials such as relaxation and immediate and delayed recovery. Linear models
combining basic units — springs and dashpots — may be used along with superposition for full
mathematical representation of general viscoelastic behavior. Usually, models using fewer basic
units are easier for characterization and allow for better interpretation of mechanical behavior, but
few viscoelastic materials have creep characteristics that can be described by such simple models.
On the other hand, these simple models can be used to study long term behavior over a given time
span [4]. Sa et al. [9], for example, reported good agreement with experimental creep results when
using Dirichlet-Prony or Burgers-Kelvin models, whereas a poorer agreement was reported for
simpler four-element Burgers’ model. A Burgers’ model for FRP laminates starting from
properties of single phases was also proposed by Ascione et al. [10] and validated with
experiments.

The present study aims to propose simple five-element models combining fiber and matrix
individual mechanical properties, in a viscoelastic extension of the so-called rule-of-mixtures
(RoM). The proposed approach accounts for different matrix properties and fiber contents, as well
as for loading direction. The influence of fiber architecture on long-term behavior is discussed.
Creep, recovery and relaxation phenomena are studied and contributions of matrix and fiber to
behavior are discussed for loading parallel and perpendicular to the pultrusion direction. The
partial results from an ongoing experimental program are compared to those predicted using the
proposed method.

2. MECHANICAL MODELS

The proposed mechanical models are based on the following assumptions: i) fibers can be
described by a linear elastic model, with negligible viscous deformation, as reported by Ascione
et al. [10]; ii) the matrix is represented by a Burgers’ viscoelastic model; iii) fibers are
unidirectional and homogeneously distributed throughout matrix; and iv) perfect adhesion between
constituents is assumed. In Figures la and 1lb, models for loading applied parallel and
perpendicular to the fiber direction are presented, respectively. In the former case, applied force is
shared between reinforcement and matrix and the same strain is experienced by both constituents
(association in parallel); for the latter case, applied force is the same for both reinforcement and
matrix and the final strain is the sum of the strains obtained for each constituent (association in
series). Similarly to the rule-of-mixtures, the properties for springs and dashpots (ki and #i) for
each model are defined according to constituent properties and their corresponding volume
fraction, as follows:

- load parallel to fiber direction (Fig. 1a): stiffnesses are obtained multiplying constituent
stiffnesses by their corresponding volume fraction (e.g. ki = EsVs, where Egs is the fiber modulus;
n1=c1Vm where c1 is the matrix primary dashpot and Vi = 1-Vs is the matrix content in volume);

- load perpendicular to fiber direction (Fig. 1b): stiffnesses are obtained dividing constituent
stiffnesses by their corresponding volume fraction (e.g. ki = E«/Vr and 51 = €1/Vn);
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Figure 1 : Proposed mechanical models: a) load parallel to fiber direction (association in
parallel); and b) load perpendicular to fiber direction (association in series).

In Figure 2a, relative creep compliances obtained for specimens loaded parallel to the fiber
direction are presented for different fiber contents (Vf). Graphs in Figure 2 were obtained
considering vinylester resin post-cured at 93 °C for one week, as given in Table 1 [2]. For Vs =0,
the proposed model reduces to Burgers’ model and a good agreement is obtained with
experimental data for the time span considered. For Vs> 0, significant reductions in compliance
are predicted. In general, as the matrix dashpots ‘release strain’, the overall matrix stiffness falls,
affecting the stress distribution between matrix and fiber: the load carried by the fibers increases
and the force transferred through the matrix decreases. This change in load distribution also leads
to a reduction in the strain mobilized in matrix spring k1.

Table 1 : Burgers’ model parameters for vinylester with different post-curing conditions [2].

Post-curing condition

Property RT — 1 month 93 °C — 1 week
Primary modulus of vinylester resin (Ez) 3.5 GPa* 3.5 GPa*
Secondary modulus of vinylester resin (Ez) 9.0 GPa 17 GPa
Primary dashpot of vinylester resin (cz) 1.0x10°® GPa.s 4.0x10°® GPa.s
Secondary dashpot of vinylester resin (c2) 5.0x10* GPa.s 7.5x10% GPa.s

* average estimated
RT = room temperature

When loaded in the perpendicular to the fiber direction, in-series springs ks and ki are subject
to the same force. Therefore, they can be treated as a single equivalent spring with keq = keka/(ks+kz)
and the model reduces to a simple Burgers’ model. As can be seen in Figure 2b, for loading
perpendicular, relative creep compliances decrease with increasing fiber contents, but to a much
significant degree as compared to the case where fibers are parallel to load direction (Figure 2a).
The proposed models can also be used to predict relaxation and recovery phenomena and the strong
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influence of fiber content and loading direction can be observed. A much quicker recovery and
reduced relaxation is predicted when loads are applied parallel to fiber direction.
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Figure 2 : Predicted creep behavior for members with different fiber contents: a) loads applied
parallel to fiber direction; b) loads applied perpendicular to fiber direction.

In real pGFRP, fiber volume content ranges from Vi = 0.20 to V¢ = 0.50. This volume is
composed of i) continuous strand mat (CSM), comprising about 10-20% of Vs, (thicker pultruded
plates have lower proportions of CSM); and ii) roving layers, comprising the remaining 80 to 90%
of Vs. Surface veils made of polyester are also used at the outer faces. Whereas roving layers are
orthotropic due to the unidirectional contribution of fibers in the direction of pultrusion, CSM
layers are usually assumed to be isotropic due to approximately equal contribution of randomly
oriented fibers in both directions [11]. In Figure 3a, an idealized cross-section of thickness h is
presented and, in Figure 3b, the corresponding distributions of flexural strains and stresses are
shown, from which it can be highlighted that each layer contributes differently to resisting the
applied moment, as in a laminate. Therefore, the effectiveness of fibers is reduced with respect to
the case of pure axial load and is strongly dependent on the fiber architecture [12]. In the present
work, for simplicity, the concept of effective volume fraction, Ve, is introduced to represent the
fiber content parallel to the loading direction homogeneously distributed throughout matrix for a
linear stress distribution. Finally, it can be noted that, due to the presence of CSM in typical
pPGFRP, there will be always a certain proportion of fibers parallel to the direction of load. The
presence of fillers may also affect the behavior, but is not considered in the present study.
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Figure 3 : Behavior of idealized pGFRP: a) fiber architecture; b) flexural strain and stress.
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3. EXPERIMENTAL PROGRAM

The experimental program consisted of short and long-term flexural characterization of a
pGFRP composite plates loaded both parallel and perpendicular to the pultrusion direction.
Specimens used in this study were extracted from a 152x6.3 mm vinylester-based pGFRP plates,
an example of which is shown in Figure 4a. According to the manufacturer, the plates were
produced using Dion® Impact 9102 GP resin or equivalent and E-glass fibers. The plates were
fabricated with a pull speed of 280 mm/min through a 500 mm long mold having a temperature of
approximately 150°C.

3.1  Fiber Content and Architecture

To determine the fiber content, burnout tests were carried out according to ASTM D3171. A
fiber volume fraction of approximately Vi = 0.30 was calculated; 15% of this volume corresponded
to CSM. An optical microscope was also used to analyze the typical fiber architecture, which was
found to be quite uniform as seen in Figure 4b.

P o e I s T
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]
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o

(a) (b)
Figure 4 : pGFRP material studied: a) original plate; b) fiber architecture.

3.2 Short and Long-Term Mechanical Characterization

To obtain short and long-term mechanical properties in the longitudinal direction, three 30x300
mm specimens were extracted from the plates and tested in a four-point bending configuration
with total and shear spans of 250 and 100 mm, respectively (Figure 5a). It is important to note that
the shear span-to-depth ratio exceeds 10, resulting in negligible contribution of shear deformation
to the total deflection. A displacement transducer was used at the top of the rigid loading beam
and strain gages were positioned on both top and bottom faces of the specimens at the constant
moment region, as shown in Figure 5a. For short-term characterization, loads were applied in
increments of 50 N up to 250 N (free weights), in less than one minute, and the unloaded in the
same way. The procedure was repeated three times and a consistency in the results was observed.
Following this initial loading, specimens were unloaded and remained in this condition at least for
one week before being reloaded using similar increments for the long-term testing sequence. For
long-term characterization, specimens were loaded with 200 or 250 N (see Table 2) for
approximately 170 h, when they were unloaded. Recovery data were recorded for an additional 50
h period of time.

For the transverse direction, three 25x152 mm specimens were used and tested in three-point

bending over a 140 mm span (Figure 5b). A displacement transducer was used at mid-span. The
same procedure — although with different applied loads — as described for longitudinal specimens
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was used. For short-term characterization, loads were applied in 10 N increments up to 80 N and
for long-term characterization, specimens were loaded with 50 or 80 N (see Table 2).

DISPLACEMENT DISPLACEMENT
TRANSDUCER LOAD

TRANSDUCER
LOAD

LOAD

(b)

Figure 5 : Scheme and view of characterization tests: a) longitudinal direction; b) transverse
direction (dimensions in mm).

4. DISCUSSION OF RESULTS

In Table 2, measured dimensions (width b and thickness h) of specimens are reported, as well
as the elastic flexural moduli obtained from short-term characterization, Ep, and effective fiber
volume fractions. Vier was back-calculated from the rule-of-mixtures, assuming moduli of
elasticity of fiber and matrix Er = 72 GPa and E1 = 3.5 GPa, respectively.

Table 2 :Measured dimensions, elastic moduli and effective volume fraction.

Specimen b (mm) h (mm) Eb (GPa) Vi eff Long-term
load (N)
1 Longitudinal 30.2 6.12 21.9 0.27 250
2 Longitudinal 28.8 6.15 23.4 0.29 200
3 Longitudinal 31.4 6.10 22.6 0.28 200
1 Transverse 25.0 6.12 5.6 0.01 80
2 Transverse 23.2 6.18 55 0.01 80
3 Transverse 23.7 6.14 5.6 0.01 50
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In Figure 6a, creep and recovery compliances for longitudinal specimens are presented. Results
are relatively consistent for the three specimens, with differences only in initial compliance
(associated to initial modulus). A large elastic recovery can be observed for the specimens. In
Figure 6D, relative creep compliance obtained experimentally are presented. Results obtained with
the proposed model using resin properties for different post-curing conditions given in Table 1:
room temperature (RT) for 1 month and 93°C for 1 week (cross-linking completion). An important
difference between the model and experiments was observed immediately following loading, with
the model predicting an initially greater creep rate. It can be seen that actual behavior corresponds
to an intermediate case, but can satisfactorily be represented by the proposed model considering
vinylester properties for 93°C post-curing. In Figures 6¢ and 6d, similar graphs are presented for
the specimens loaded in the transverse direction. Much greater compliances and relative
compliances can be observed with respect to the longitudinal direction, as well as a less significant
(greater residual compliance) recovery. The proposed model once again showed good agreement
with experiments. Similar conclusions were obtained with strain gage data from the longitudinal
specimens.

5. CONCLUSION

In this work, innovative mechanical models intending to represent orthotropic pGFRP
composite viscoelastic behavior was proposed. The proposed models account for fiber content and
for the properties of each phase of the composite and can be used to predict long-term behavior of
such composites under complex loading history. Predictions obtained using the proposed models
showed satisfactory agreement with creep-recovery experiments performed for longitudinal and
transverse specimens. It is demonstrated that behavior is strongly affected by the presence of fibers
parallel to the load direction, reducing relative compliance and promoting a greater elastic
recovery. Mechanical characterization of glass fibers and resin for both short and long-term
behavior are underway, as well as relaxation and shear creep-recovery tests.
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Figure 6 : Creep and recovery results: a) creep and recovery (longitudinal); b) relative
compliance (longitudinal); c) creep and recovery (transverse); d) relative compliance
(transverse);
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Abstract

Curved pultrusion is a new variation of traditional pultrusion and it has been recently used to
produce curved composite components. Due to their excellent mechanical properties, curved
composites may be used in aerospace, automotive and naval sectors. However, little is known
about their fatigue behavior. In the present work, a short beam shear test (SBS) set up has been
used to evaluate fatigue strength of curved pultruded carbon fiber composite samples. A servo-
hydraulic machine was used to apply a frequency of 5 Hz, and at 80, 70, 60 and 50% of the quasi-
static strength. The tests were carried out for a stress ratio R of 0.1, and additional tests were
performed for ratio R of 0.5. Damage evolution has been observed using the apparent stiffness
method. S-N curves have been normalized and the experimental data has been fitted using
Basquins’ Law. Observed failure and limitations of the SBS test to characterize the interlaminar
shear fatigue behavior for curved composites are described and discussed.
Keywords: Curved composite, carbon fiber, pultruded, fatigue, short beam test.

1. INTRODUCTION

Manufacturing techniques for composite pultrusion materials are commonly used due to factors
such as high precision in fiber positioning, high fiber volume fraction, low void content and
process automatization. Pultrusion is known to produce flat profiles in varied cross sections [1].
Jansen [2] described that until recently pultrusion was the only high-scale production process for
fiber-reinforced profiles and only allowed the manufacture of flat profiles. However, a new method
called curved pultrusion has been developed to obtain curved profiles based on new concept of
matrix format and matrix motion mechanism. In traditional pultrusion, the matrix is stationery and
the fibers are drawn into a resin bath and pulled in order to produced a flat profile. In the curved
pultrusion, the die is no longer stationary, but moves back and forth along the profile.

Curved composite structures are currently used in applications where dynamic loading occurs.
Most studies treat fatigue life as a two-phase process that includes damage initiation and damage
growth. Itis not usual to find literature studies dedicated to analyzing fatigue behavior in composite
structures subjected to loading that predominantly leads to delamination. This can lead to either
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underestimated or conservative designs. Besides, it is very difficult to find any work on fatigue of
curved composite structures.

Bureau and Denault [3] characterized the effect of consolidation on the fatigue strength of
continuous glass fiber/polypropylene (CGF/PP) composites. Flexural fatigue tests were performed
under three-point bending using traditional flat composite samples and failure was predominantly
caused by tensile and compressive stresses in the fiber and the matrix.

Delamination is a very important factor in the design of composite structures subjected to
fatigue loading. Its behavior is very particular and depends on the individual components
(materials). Some authors have performed specific fatigue studies to understand the behavior of
these structures. For instance, Kotik and Ipina [4] studied quasi-static and fatigue (R = 0.1; 5 Hz)
interlaminar shear behavior of flat commercial FML (Glare 1 3/2) employing the short-beam shear
(SBS) test in longitudinal and transverse orientations. Ju et al. [5] described that in laminated
curved samples, delamination occurs more easily owing to the high peel stress in the curved region.
And the reinforcement effect of grooved Z-pins is investigated for preventing delamination of
curved beams.

The present study focuses on the evaluation of curved pultruded carbon fiber composites under
interlaminar shear fatigue load. A real scale composite coil was used to obtain the fatigue samples.
Experimental tests were carried out at two different stress ratios (R=0.1 and 0.5), and at 80, 70, 60
and 50% of the quasi-static strength.

2. EXPERIMENTAL TESTS

2.1 Materials and specimen preparation

The material used in this study was unidirectional carbon fiber/epoxy. A coil of circular cross
section with diameter 12.7 mm and pitch 36 mm was manufactured by curved pultrusion. All
unidirectional fibers were aligned along to the coil shape. The specimens for testing were cut and
polished to the dimensions specified in ASTM D2344 using a manual saw. The specimens were
cut to 76.2 mm long samples as shown in Figure 1 [6].

] 76.2 mm i &

L. §
8

Figure 1: Curved pultruded composite sample and dimensions.

2.2 Quasi-static short beam test

A short beam shear test set-up was mounted in an INSTRON 3382 test machine. The test was
performed according ASTM D2344. The samples were supported on a flat plate, using as span the
length of the samples. Load was controlled with a 100 kN load cell and a loading roller (6 mm in
diameter) was used. The test speed rate was 1 mm/min and each test was interrupted at the first
major load drop.
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The short-beam strength recommended for circular cross-section samples was determined
according to F** = (2/3)xPy/A, where Py is the maximum load found and A is the circular cross-
section of the sample. The test was performed in five specimens and the mean maximum load
found was used as the reference value for fatigue loading.

2.3  Fatigue short beam test

Fatigue short beam tests were performed under sinusoidal load control. The same device used
in the static tests was mounted in a MTS Landmark servo hydraulic machine equipped with a 100
kN load cell. Figure 2 shows a curved sample during the fatigue short beam test. The tests were
carried out at a frequency of 5 Hz and for severities of 80%, 70%, 60% and 50% relative to the
static short beam strength (F**). The tests were run until a catastrophic failure was identified, until
the maximum displacement had reached 20% in relation to that observed at the first load cycle, or
for a maximum of 10° cycles. Two different ratios of minimum to maximum stress per load cycles,
R=0.1 and R=0.5, were adopted.

= 547 Hydratlic Wadg, .
—

IS

Hydraulic
grips
3

|
Figure 2: Fatigue short beam test experimental test setup.

3. RESULTS AND DISCUSSIONS

Under static load, the specimens were submitted to a increasing load until catastrophic failure
occurred close to the mid-plane. The mean maximum load found was 10.9 kN, with a coefficient
of variation of 5.8%. The mean short beam strength was 60.2 MPa with a coefficient of variation
of 5.5%. The strength values found in these curved pultruded composites was high compared to
traditional composite laminates. For instance, Tonatto et al. [7] reported a strength of 22.6 MPa
for carbon/PPS curved laminate composite manufactured by filament winding (FW).

Figure 3a shows the normalized stiffness vs. normalized cycle of a sample submitted to R=0.1
and severity 80%. The change in stiffness is a good indicative of sample damage. It is possible to
evaluate the normalized stiffness using the “apparent stiffness” parameter, defined as the inverse
of displacement. In this case, maximum displacement in each cycle was used to evaluate stiffness
change. Three main stages of fatigue are seen in this figure. According to Kotik and Ipina [4], the
first stage is a transient in which the rate of maximum displacement decreases. In the second stage,
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which lasts for most of the life of the sample, a constant rate is observed. In the last stage, the rate
of growth of the maximum displacement considerably increases and material failure occurs.

May and Hallett [8] mentions that the change in maximum displacement may be caused by
several factors: roller settling-in on the specimen or due to wear, machine compliance, internal
damage and consequent reduction in stiffness. To eliminate machine compliance and settling-in of

the roller, the apparent stiffness, Eapp, was calculated using the variation of displacement in each
cycle, as shown in Eq. 1:

1
Egpp ® —————

max

Figure 3b shows the normalized apparent stiffness vs cycles for R=0.1 and severity 80%. A
initial increase in apparent stiffness is seen, which is attributed to fiber straightening and
redistribution of load in the early stages of fatigue loading [8]. Nevertheless, considering that
predominant failure under interlaminar shear loading is in the resin, not in the fiber, local
compressive load caused from the indenter combined with interlaminar shear stress has contributed
to this phenomenon. Because of that, some authors do not use this data to precisely quantify the
change in stiffness. Even so, delamination easily occurs in curved composite samples submitted to
beam loads, causing catastrophic rupture, as easily evidenced in these tests (Figure 3a).
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Figure 3: Normalized stiffness vs. normalized cycles (a) and normalized apparent stiffness vs.
cycles (b) for R=0.1 and severity 80%.

All results of the interlaminar short beam fatigue tests are presented in Table 1 and in a severity-
log graph (Figure 4). The cycles at failure were obtained as presented before. Three samples were
tested at each load condition and the resulting scatter in cycles at failure is can be found in the
table. This magnitude in scatter is typical of composite fatigue tests.

Basquins’ law was used to fit the fatigue results. This law uses the least squares fit as described
in Eq. 2:

-1
T=Tpax ND ()
where: T is the maximum stress at each load cycle, tmax IS the quasi-static interlaminar shear
strength, N is the number of cycles and b is a constant obtained from experiments [8].
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Table 1: Number of cycles at failure for each studied condition.

R-ratio Severity (%) Cycles R-ratio Severity (%) Cycles
900 4196
80 300 80 6000
200 1412
1764 70000
70 1400 70 1000000
0.1 9000 05 1000000
62717 548150
60 94062 60 1000000
54924 500000
550000 1000000
50 600000 50 1000000
712805 1000000

Figure 4 shows the experimental results and Basquins’ law for all severities tested (50, 60, 70
and 80%). The curve for R=0.5 is much flatter than for R=0.1 due to the greater load amplitude of
the latter in each load cycle. The tests in which the samples reached 10° cycles were stopped and
this was very common for the samples with R=0.5. In future work, residual strength of these
samples will be evaluated.

Kotik and Ipifia [4] mentioned that curved samples submitted to beam loads are more
susceptible to delamination. Similar behavior of fatigue curves of curved samples can be observed
comparing with flat unidirectional carbon fiber/epoxy prepreg from Hexcel (IM7/8552) available
in the literature [8]. Flat samples curves show higher fatigue strength when compared to curved
samples due the increase of interlaminar shear stress in curved samples.

Composite laminates generally have well-defined resin rich regions in-between the layers
which facilitates delamination, as described by Tonatto et al.[7] . Nevertheless, the decrease in
fatigue strength of the curved samples was not as high as it could be because of the typically
scattered areas rich in resin of the samples manufactured by curved pultrusion. This characteristic
hinders the propagation of delamination.
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Figure 4: S-N curve (severity log vs. number of cycles log) for curved and flat composite
submitted to interlaminar short beam test.

4. CONCLUSIONS

The short beam shear test set-up has been used to evaluate fatigue strength of curved composite
samples. Different ratios of load cycle (R=0.1 and 0.5) and different severities (50, 60, 70 and 80%
of the quasi-static short beam strength) were studied and apparent stiffness was used to evaluate
failure. The curved samples showed catastrophic failure, damage onset was easily detected and
delamination was evidenced in the samples after cycling. Also, curved samples have been
demonstrated slightly lower fatigue strength compared to flat composite laminates.

Some limitations were found in this study. It is difficult to identify damage initiation with
precision. Although curved samples exhibited catastrophic failure, damage can occur immediately
before global failure. However, this can only be identified through imaging techniques. Another
limitation is the identification of failure for higher stress ratio, e.g. R=0.5, and lower severities,
e.g. 50%, because these samples reached 10° cycles and therefore may be submitted to more cycles
or may be characterized to obtain residual strength.
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Abstract

Fiber reinforced polymer (FRP) composites have been used in industries such as aerospace,
marine transportation, and wind energy for several decades prior to attracting widespread attention
for applications in civil engineering. While limited data is available on the long term fatigue
performance of FRP materials for construction projects, it is worthwhile to review the extensive
work done in other engineering disciplines and consider the lessons learned. In particular, the
probabilistic nature of the fatigue life of composite materials under cyclic stresses has been
captured by various models presented in literature; although the contextual parameters may differ,
their use may extend to other applications. In this work, the Sendeckyj wear-out model based on
the strength-life-equal-rank assumption is applied to fatigue data from a variety of material types
and configurations intended for building projects. The results presented show that the model is
versatile and can be calibrated to describe the probabilistic nature of both the static and fatigue
response of FRP composite materials for various applications.

1. INTRODUCTION

Fiber reinforced polymer (FRP) composite materials are growing in popularity for a wide range
of applications as a result of their unique properties which include light weight, versatility, high
strength, and corrosion resistance. Whereas FRP composites have been used for many decades in
industries such as aerospace, marine and automobile manufacturing, and wind turbines, their
extension to civil engineering applications, particularly construction projects, has by comparison
been more recent. As a result, data on long-term field performance, including damage
accumulation due to cyclic loading, is lacking.

A relatively small number of research studies have focused on the fatigue life of FRP
composites for civil engineering structures [1-9]. Conversely, the fatigue characteristics and failure
mechanisms of FRP composites have been well-documented by researchers in mechanical
engineering and other disciplines, and a variety of probabilistic and phenomenological models
have been developed to explain their behavior [10-20]. While there are generally significant
differences in the magnitude of deformations involved, the expected number of loading cycles over
the service life of the component, the environment in which the materials are used, and the
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manufacturing processes employed, there are nevertheless several lessons to be gained from a
review of this work and some of the general findings are transferable and provide a basis for further
study.

The fatigue behavior of FRP materials depends on many parameters, including the fiber and
resin types, as well as the configuration and geometry of the test specimens [21]. Unlike metals
and other homogeneous materials, fatigue failures in FRP are generally the result of damage
accumulation rather than damage propagation in a single mode [22]. The predominant mechanisms
leading to failure depend on the range of applied strain, dividing typical FRP fatigue life curves
into three distinct stages (Figure 1) [12]. At high strain ranges, failure is dominated by fiber
breakage and interfacial debonding resulting in a nearly horizontal band representing the non-
progressive nature of random fiber ruptures. The second stage can generally be described by a
power law function, where damage accumulation is dominated by progressive matrix cracking and
interfacial shear failures. Finally, in the third stage, the slope tends to flatten out at low strain levels
as the fatigue limit is approached; for low stiffness composites, such as glass FRP (GFRP), the
strain limit is usually much less than the strain capacity of the composite and is therefore ignored
for most practical applications.
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Figure 1: Fatigue life diagram for unidirectional composites [12]

The stochastic nature of fatigue in FRP composites has been widely observed [13, 16]. The
scatter in fatigue life can exceed an order of magnitude for a given set of parametric values; this
may be partially attributed to the high anisotropy of the material, density of defects, and
distribution and alignment of fibers [11], as well as competing damage and failure mechanisms
[19], and large variation in strength of individual fibers [20, 23].

2. MODELLING APPROACH

Fatigue life models for composite materials are often empirical in nature; the difficulty in
developing rational models is linked to the various complex fatigue damage mechanisms, and the
limited applicability of the fatigue and fracture mechanics concepts developed for metals [24]. It
has also been argued that macroscopic phenomenological damage models are more practical than
microscopic physical models since they require less data, are easier to measure, and the interaction
of different damage types can often be neglected [25].
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Chou & Croman [26] introduced a strength-life-equal-rank (SLER) assumption to relate the
fatigue lives and static strengths of composites assuming that both followed 2-parameter Weibull
distributions. SLER assumes that the static strengths are uniquely related to the fatigue lives and
residual strengths of fatigue specimens at runout; i.e. the specimen with the highest static strength
is also assumed to have the longest fatigue life and/or the highest residual strength following a
fatigue test. This assumption is both simple and intuitive, although it is worth noting that it cannot
be proven experimentally and may not necessarily be valid if competing failure modes are
observed during fatigue tests.

Sendeckyj [27] used the SLER assumption to develop a method for fitting probabilistic fatigue
life models to experimental data for composite materials. This method simultaneously determines
the fatigue model parameters and the Weibull distribution parameters by converting fatigue data
to equivalent static strength values using the maximum likelihood estimate method. The procedure
is optimized by maximizing the Weibull shape parameter for the equivalent static strength data.
The equivalent static strength of specimens tested under fatigue loading according to the so-called
wear-out model is presented in Equation 1. The probability that a sample’s static strength is higher
than the equivalent static strength is given by Equation 2.

0o = al(Z)" + (- 1P ®
P(o.) = exp[=(5)°] 0

Where, oe, 0a, and or are the equivalent static strength, applied stress level, and residual strength
of the fatigue specimens, respectively, n is the number of applied cycles, C and S are model
calibration coefficients, P(oe) is the probability that the static strength is greater than the equivalent
static strength, and a and £ are Weibull distribution parameters.

For fatigue failure, the residual strength is equal to the applied stress level and the number of
applied cycles is equal to the fatigue life, N. Equation 1 can therefore be simplified to give Equation
3:

0, = 04[1—C+CN]® (3)

For C =1, Equation 3 reduces to the classical power law fatigue failure criterion, whereas C <
1 results in an S-N curve that flattens out at low cycles on a log-log plot. VValues of C > 1 result in
a curve which steepens at low cycles.

The applied stress range corresponding to a specified fatigue life and probability of failure is
given by Equations 4 and 5:

0a = B (= In[P(N)]Je) [N — A)C]S @
A=-=C ()

Where, P(N) is the probability of survival after N cycles, and A is a model parameter.
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3. ANALYSIS

The Sendeckyj model was used by [8] to analyse the fatigue life of GFRP reinforcing bars under
axial tension and in beams, and by [9] for the fatigue behavior of GFRP-reinforced concrete slabs
with CFRP post-tensioned tendons. A comparison with other fatigue models is discussed
elsewhere [28]. The applicability of this approach to other research works with various material
properties, configurations, and damage conditions is explored in this section.

3.1  GFRP reinforcing bars

Experimental fatigue testing of GFRP reinforcing bars were conducted by [8, 9]. The bars had
a nominal diameter of 16 mm and the surface had a sand-coating layer to improve bond with
concrete. The average tensile strength and modulus of elasticity were 784 MPa and 55.9 GPa,
respectively. The bars were tested under cyclic loading in three configurations: axial tension-
tension cycles using a novel anchor system and modified bar profile to control the location of the
fatigue failure; beam-hinge specimens to investigate the effect of surrounding concrete on the
fatigue performance; and as reinforcement in large concrete slabs with a length of 5 m and post-
tensioned with CFRP tendons.

The results showed that the concrete had an adverse effect on the fatigue response, and that the
fatigue behavior was also influenced by the stress ratio. An “effective” stress range was proposed
to account for these effects as given by Equation 6:

Ocff = Kieon(1+R) (6)

Where, oeff and on are the effective and nominal stress ranges, respectively, K is a factor to
account for the abrasion at the FRP-concrete interface, and R is the stress ratio between the
minimum and maximum stress values.

The static and fatigue data from the three test setups were used to calibrate the Sendeckyj model
(Figure 2a). The failure band limits shown in Figure 2 correspond to 5% and 95% probabilities of
failure. The approach was found to describe the data set well, including both static and fatigue
results, while capturing the non-deterministic nature of fatigue behavior. A horizontal band is
observed in the low-cycle fatigue