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Abstract 

The purpose of this paper is the study of mechanical behavior in three-point bending of polymer 
epoxy using different amount of glass fibers laminated faces as reinforcement. Therefore, it was 
used experimental method, numerical simulation using linear and non-linear method and analytical 
method of composite beams analysing force, displacement and normal stress. The specimens were 
prepared using hand lay-up process and vacuum bag compaction. It was realized tensile and 
flexural tests in the specimens obtaining mechanical properties used in numerical simulation and 
analytical method. The numerical simulation was performed using linear and non-linear method 
with 3D solid elements. The materials were considered isotropic. The results showed similar values 
between methods with emphasis for the non-linear simulation that most approached the 
experimental results. 
 

1. INTRODUCTION 
Composite materials comprise from polymers reinforced with fibers, structural concretes, 

others that use ceramic and metal materials [1,2]. The polymer composites may exhibit excellent 
properties due to use great possibility of fibers combinations and orientations, forming optimized 
and specific structures for different types of loading [3]. The basic characteristic of a composite is 
to combine at macroscopic level, at least two distinct phases called matrix and reinforcement [4]. 

The use of glass fibers as reinforcements in laminated composites provide advantages like great 
cost/benefit ratio between the reinforcements offered for manufacturing polymer composites. 
Commonly glass fibers are used in applications that require some increase in strength because its 
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properties as high weight-strength ratio, high tensile strength and low cost. However, there are 
some limitation in this material for example, short fatigue life and temperature sensitivity, mainly 
comparing with carbon fibers [5,6] 

Nowadays, fiberglass laminates are being used at the top and bottom (as faces) of some types 
of materials, as well as in sandwich structures, to improve resistance under flexural loads [7-9]. 
There are some methods for bending analysis of composite materials that help understand the 
behavior and identify values of the stresses which the material is subjected. One of the most 
commonly used methods is numerical simulation by finite elements [10,11]. 

In this paper, it is shown the three-point static bending behavior of epoxy resin reinforced with 
different amount of glass fibers laminated using four different methods, experimental procedure, 
linear and non-linear numerical simulation and analytical method of composite beams. The loads, 
displacement and stress were obtained by methods and a comparison was made among them. 

 

2. MATERIALS AND METHODS 
To accomplish the study, three different materials with the same thickness were analysed. It 

was performed specimens of polymer epoxy, specimens of polymer epoxy reinforced with 3 layers 
of fibers glass laminated at the top and bottom (PE3L) and specimens of polymer epoxy reinforced 
with 5 layers of fibers glass laminated at the top and bottom (PE5L). The conception of materials 
used is shown in Figure 1.  

The polymer epoxy used in this paper was Renlan M with hardener HY 951 provided by 
Huntsman-Brazil. The material used as reinforcement was plain weave glass fibers cloth (200 g/m2 

) supplied by Owens Corning-Brazil. 
 

       
 

Figure 1: Sample illustration: (a) polymer epoxy, (b) PE3L and (c) PE5L 
 

2.1 Manufacturing of specimens 
Firstly, both laminates used as reinforcement of polymer epoxy were performed, one of them 

using three layers and the other using five layers. These laminated were created by manual 
lamination manufacturing (hand lay-up) which the epoxy resin mixed with hardener (10:1 ratio), 
was homogeneous spread over each layer obtaining volumetric fraction 40% fibers. Soon after, the 
vacuum bag lamination process was performed, to provide better resin compaction and 
distribution. The cure process occurred at room temperature, 25°C. After seven days curing, a part 
of the laminate was separated to obtain at least five specimens for mechanical tests and the other 
part to use as face reinforcement of polymer epoxy. Using specific molds for each material to 
obtain the same total thickness, the specimens of polymer epoxy with and without glass fibers 
laminated faces were formed.  
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2.2 Tensile and Flexural tests 
The uniaxial tensile tests were performed in each material individually using Universal 

Mechanical Test Machine SHIMADZU AG-X Plus. It was created, five specimens of glass fibers 
laminated according to ASTM D303923 Standard [12]. It was used cross-head speed 2 mm.min-1 
with room temperature 25ºC. It was created five specimens of polymer epoxy were analyzed 
according to ASTM D63824 Standard [13]. The three-point bending test was performed according 
BS EN 256225 Standard [14] for polymer epoxy with and without glass fibers laminates faces. It 
was used the Universal Mechanical Test Machine SHIMADZU AG-X Plus at cross-head speed 2 
mm.min-1. Five specimens for each material were analyzed with dimensions: 100 mm length, 10 
mm width and 3 mm total thickness. 

2.3 Numerical Simulation 
Finite Elements Model was used to analyse the behavior of three types of specimens in this 

paper during bending tests. It was realized two types of simulation, using linear static solution and 
dynamic non-linear solutions.  

The numerical simulations were performed using 3D solid elements. The linear methods were 
performed for three-point bending with constrain located below the specimen not allowing z axis 
movement. The simulation was accomplished resorting to the OptStruct Solver and a displacement 
of 2 mm was applied in the center through rigid elements, used to distribute the load along section. 
Non-linear simulation methods were carried out using Radioss Solver. It was created contact 
surface between laminated faces and cylindrical support surface using coefficient of friction 0.3. 
A displacement of 2 mm was applied in the central support. All rollers (fixed and mobile) were 
considered rigid (non-deformable). 

In all simulations, both cross-ply glass fibers laminated and polymer epoxy were considered 
isotropic. The Figure 2 shows the discretization of the specimens made by finite elements. The 
Figure 3(a) shows the linear model with rigid elements used and Figure 3(b) shows the non-linear 
model with cylindrical support surfaces. 

 

Figure 2: Discretization by finite elements of (a) polymer epoxy, (b) PE3L and (c) PE5L 

 
Figure 3: (a) Rigid elements and constrains used in linear simulation and (b) cylindrical support 

surface used in non-linear simulation  
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2.4 Analytical method of composite beams 
The analytical method performed in this study were based on the theory of composite beams. 

Since the polymer epoxy reinforced with laminated glass fibers faces is not homogeneous 
materials, it is necessary to modify the cross section of the beam into a section made of a single 
material. Therefore, the flexural stress can be given as: 
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where M is the bending moment, c is the perpendicular distance of the neutral axis, I is the 
transformed moment of inertia, E1 is the Elasticity Modulus of material 1 and E2 is the Elasticity 
Modulus of material 2. During the three-point bending loading the maximum deflection δ can be 
estimated by: 
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where F is the force and L is the span distance. 

 

3. RESULTS AND DISCUSSION 

3.1 Mechanical properties - tensile and flexural tests 
The mechanical properties related to tensile tests of polymer epoxy and glass fibers laminated, 

as well as the mechanical properties related to flexural tests of PE3L and PE5L are shown in Table 
1.  

 
Table 1: Mechanical properties of tensile and flexural tests 

 
Materials  Tensile Flexural 

  Strength[MPa] Modulus[GPa] Strength[MPa] Equivalent 
Modulus[GPa] 

Laminates  329.15 ± 30.07 16.14 ± 2.09 - - 
 Epoxy  19.08 ± 2.02 1.60 ± 0.20 18.45 ± 1.55 - 
PE3L  - - 292.76 ± 5.30 12.70 ± 1.10 
PE5L  - - 293.43 ± 5.80 17.14 ± 0.83 

 
The Elasticity Modulus using 5 layers as reinforcement is higher 34,96 % when compared using 

3 layers. It can be seen from the flexural strength analyses that equivalent moment of inertia of the 
polymer epoxy reinforced with 5 layers is largest, but the moment generated by the force during 
the test is also largest, which makes the maximum flexural strength, equivalent in both materials 
using the method of composite beams. 
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Some failure modes were observed in the specimens during the flexural tests. The polymer 
epoxy without reinforcement, presented a fragile and sudden fracture. However, as shown in the 
Figure 4 (a) and (b), the polymer epoxy using 3 and 5 layers as reinforcement presented, due to 
compression on the top face, some broken fibers. Another failure occured was delamination 
between the faces and polymer epoxy. 

 

  
(a)                                                                               (b) 

Figure 4 : Failure modes in the polyer epoxy reinforced with (a) 3 and (b) 5 layers of glass 
fiber laminated 

3.2 Numerical Simulation 
The specimens behavior in the linear and non-linear simulation of flexural tests are shown in 

Figure 5. It is noticed that in the linear simulations the values of the compression stresses were 
affected by the rigid elements, due to the impossibility of displacements imposed by type of 
elements.  
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Figure 5: Linear simulation results of (a) polymer epoxy (b) PE3L and (c) PE5L. Non-linear 
simulation results of (d) polymer epoxy (e) PE3L and (f) PE5L. 

 
The Figure 6 shows load x displacement diagram among non-linear simulation and experimental 

methods. Through this analysis it can be observed similar values between the methods. 
 

 

  
 

Figure 6: Load x Displacement diagram of flexural tests by experimental and numerical 
simulation: (a) Polymer Epoxy, (b) PE3L and (c) PE5L 

3.3 Analytical Method 
The results of the Analytical Method, Experimental average and Numerical Simulation are 

shown in Table 3. Considering maximum displacement of 2 mm, observed values of loading and 
normal stress in the specimens. With respect to the force values, it can be noted that the results of 
the non-linear simulations are closer to the experimental results.  
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However, the results of the linear simulations were closer to the analytical results, probably 
because these two methods have the same simplifications (used to small deformations and to 
disregard the contact conditions). The tensile stresses on the faces of the laminate showed similar 
results among the three methods. Compression stresses were not analysed due to the influence of 
the rigid elements in the linear simulation results. Observing the epoxy resin,  the nonlinear 
simulation results were slightly closer to the analytical results. 

 
Table 3: Experimental, Numerical Simulation and Analytical results. 

 
 

4. CONCLUSIONS 
In this paper, it was evaluated the behavior in three-point bending of polymer epoxy reinforced 

with glass fiber laminated faces through four different methods. The values of load, displacement 
and stress were obtained and compared. It was possible to observe that, despite the considerably 
lower computational cost, linear simulation should be used with caution because the small 
displacements limitations and rigid elements influence, mainly in compress stress. Non-linear 
dynamic analysis with contact simulation has a higher computational cost, however the results can 
be more reliable. 
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Methods Experimental
Linear 

Simulation
Non-Linear 
Simulation

Analytical 
Method

Load [N] 7.97 6.85 8.20 6.75
Max Stress    

Faces[MPa]
- - - -

Max Stress   
Epoxy [MPa]

- 8.60 9.50 9.00

Load [N] 46.63 49.80 47.50 49.50
Max Stress    

Faces[MPa]
- 86.70 85.90 90.00

Max Stress   
Epoxy [MPa]

- 5.00 4.00 3.60

Load [N] 69.80 63.90 64.00 63.60
Max Stress    

Faces[MPa]
- 86.70 85.80 90.00

Max Stress    
Epoxy [MPa]

- 4.00 3.00 3.00

PE3L

PE5L

Polymer Epoxy
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