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Abstract 

A computational and experimental study was performed in order to determine the deformations of 

specimens made of laminated hybrid composite materials when submitted to different bending-torsion 

loadings. The specimens were produced with different numbers of plies and lamination schemes using 

hand lay-up, with carbon fiber and glass fiber reinforcements in an epoxy matrix. The elastic properties 

of the plies were calculated using a numerical method based on the homogenization theory (PREMAT). 

The computational simulations of the experimental tests were performed in ANSYS Workbench and 

these results were analyzed and compared with the experimental data. The optimization of the 

specimens was carried out using GLODS, a single objective global optimization method that uses an 

efficient multistart strategy. The objective function was the minimization of the maximum deformation 

value, which was obtained through an interactive cycle between GLODS and ANSYS APDL. Two 

optimized laminate stacking sequences of the specimen were obtained for the simulated experimental 

tests. 

Keywords: Hybrid composites; carbon and glass fibers; elastic properties; finite element method; 

optimization. 

 

1 INTRODUCTION 

Polymer matrix composites are becoming increasingly important in high technology applications, 

particularly in the aeronautical industry. Aircraft designers typically look for high specific stiffness, high 

specific strength, low density and reduced cost while selecting the material systems for different 

structural components. However, due to their characteristic high stiffness and strength, most of the 

composite materials use single material reinforcements and have limited toughness values [1]. Hybrid 

composites offer an effective way of increasing the toughness of a composite material.  

By combining two fiber types in a single composite, one can maintain the advantages of both fibers 

and eliminate some disadvantages [2]. Usually one of the fibers in hybrid composites is high cost, with 

high modulus and high specific strength, hence relatively brittle. The second fiber is frequently cheaper, 

with low modulus and lower specific strength, therefore more ductile. Carbon fiber laminates are widely 

used in several applications due to their high specific modulus and strength. Nonetheless, the impact 

strength of these composites is generally lower than many metal alloys. An efficient method of increasing 

the ultimate strain and impact properties of the carbon fiber composites is to add some percentage of 

low modulus fibers like glass fibers [3]. With this hybridization, the carbon fiber can still provide the 

necessary stiffness, while the final composite material is cheaper and more damage tolerant due to the 
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presence of the glass fibers. The mechanical properties of the hybrid composite can be varied by 

changing volume fraction of each fiber and stacking sequence of the plies.  

Hybrid laminates can also be used for health monitoring purposes. Loading the hybrid composite 

in the fiber direction in tension, will cause the more brittle fibers to fail before the more ductile fibers. 

Also, in a laminate with only carbon fiber reinforcements, the replacement of the middle plies by cheaper 

glass fibers can significantly reduce its cost, while the flexural properties remain almost unaffected [4].  

The two fiber types used in hybrid composites are typically referred to as low elongation (LE) and 

high elongation (HE) fibers [4]. In the present work, the LE and HE fibers are HS carbon fibers and E-

glass fibers, respectively, and these can be combined in many different configurations. The different 

studied specimens were produced in one of the most common configurations: interlayer with ply fiber 

orientations of 0º and 90º, see Figure 1. 

 

Figure 1. (a) Interlayer hybrid configuration; (b) ply fiber orientations of 0º and 90º. 

 

The first objective of this paper aims to computationally and experimentally determine the 

deformation of hybrid composite plates when subjected to bending-torsion efforts, allowing for the 

comparison between both results. The second objective was to perform a global optimization on the ply 

fiber orientations of a composite specimen, with the objective to minimize the maximum displacement. 

 

2 MATERIALS AND METHODS 

During this work, the different hybrid composite specimens were produced using the hand lay-up 

manufacturing technique. These specimens were then subjected to bending-torsion loadings during the 

experimental tests and the deformation values were registered using a clip gauge. Computational 

models were developed in ANSYS Workbench and the results were analyzed and compared with the 

experimental data. 

 

2.1 Materials 

The specimens were produced using the T700S carbon and E-glass reinforcements in an epoxy 

matrix resin. The matrix properties are presented in Table 1. Specifications for the fabrics and filaments 

used as reinforcements are presented in Table 2. 
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Table 1. Matrix components and properties. 

Epoxy resin SR 1500 + Curing agent SD 2503 

Tensile Modulus (𝐺𝑃𝑎) 2.86 

Tensile Strength (𝑀𝑃𝑎) 71 

Density (𝑔/𝑐𝑚3) 1.00 

Poisson ratio 0.3 

 

Table 2. Carbon and glass fabrics and filaments specifications. 

Property HS Carbon E-Glass 

Type of fabric T700S 12.600 

Fabric aerial weight (𝑔/𝑚2) 225 600 

Filament diameter (𝜇𝑚) 7 17 

Filament maximum elongation 2.1% 4.8% 

Filament tensile modulus (𝐺𝑃𝑎) 230 74 

Filament tensile strength (𝑀𝑃𝑎) 4900 2500 

Filament density (𝑔/𝑐𝑚3) 1.80 2.54 

Filament Poisson ratio 0.25 0.3 

Composite ply thickness (𝑚𝑚) 0.24 0.43 

 

Nine unidirectional interlayer composite plates were produced using the hand lay-up (HLU) 

technique. This technique consists of laying the dry fabric layers and applying the resin manually in each 

of the plies, until the final laminate stack is complete. The mixing ratio by weight of the resin and the 

fibers is 100:33, as recommended by the resin manufacturer.  

 

The cure was separated into two parts. Initially, each specimen was placed inside a vacuum bag 

with breather assemblies. Air was extracted from the material using a vacuum pump, and cure occurs 

at a controlled room temperature of 20 ºC. This vacuum bagging process consolidates the plies and 

significantly reduces voids in the composite material. After 24 hours in room temperature, each 

specimen went through a secondary post-cure, during which they were inside a furnace for 8 hours at 

60 ºC. Five specimens with 10 plies and four specimens with 4 plies were produced. The number of 

plies and fiber orientations in each specimen, P1 to P9, are presented in Table 3. 

 

Table 3. Material stacking sequences and ply fiber orientations of specimens made with carbon fiber 
(C) and glass fiber (G) reinforcements. 

 

Specimen Number of plies Material stacking sequence Ply fiber orientations 

P1 

10 [𝐶3/𝐺2]𝑆 

[03/902]𝑆 

P2 [02/902/0]𝑆 

P3 [04/90]𝑆 

P4 [02/903]𝑆 

P5 [0/90/0/902]𝑆 

P6 

4 [𝐶/𝐺]𝑆 

[0/90]𝑆 

P7 [90/0]𝑆 

P8 [(0/90)2] 

P9 [(90/0)2] 
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Due to their microscopic heterogeneity, composite materials present themselves as transversely 

isotropic materials, thus being necessary to identify at least five independent elastic properties to 

characterize the behavior of homogenized composites [5]. One of the main difficulties encountered in 

the computation simulation of the hybrid composites was to obtain these properties for each specimen 

ply materials. To calculate the elastic properties it was first necessary to find the fiber volume ratio for 

each of them. Hence, two additional specimens were produced, with only carbon fiber and with only 

glass fiber plies orientated at 0º. The total mass of the plies was measured before starting the hand-lay-

up and both composites were weighted after the post-cure process, to calculate the fiber volume ratio 

for the carbon fiber and for the glass fiber composites: v𝑐𝑓 =  0.5071 and v𝑔𝑓 =  0.5860. 

With the fiber volume ratios for each material and the values of Table 1 and Table 2, it was possible 

to finally calculate the elastic properties for each specimen material layer, with the numerical method 

proposed and developed by J. M. Guedes et al. [6]: PREMAT. This finite element model is based in the 

homogenization theory, which assumes that the composite material is locally formed by the spatial 

repetition of very small microstructures called Representative Elementary Volumes or RVE. 

Theoretically, it is mechanically admissible to use the elastic properties given by the periodic 

homogenization theory of this model, due to the relative dimensions of the filament diameter comparing 

with the thickness of each ply [7]. The obtained values from this method are presented in Table 4. 

Table 4. Elastic properties of ply materials. 

Ply material 𝐸11[𝐺𝑃𝑎]  𝐸22[𝐺𝑃𝑎]  𝑣12 𝐺12 [𝐺𝑃𝑎]  𝐺23 [𝐺𝑃𝑎]  

Carbon fiber 117.840 9.726 0.27 3.338 2.402 

Glass fiber 44.494 11.338 0.30 3.894 2.777 

 

2.2 Experimental methods 

Two types of experimental tests were performed, and deformations were measured for each 

specimen, subjected to bending-torsion loading. The exact dimensions of each specimen are different 

and median values are calculated to estimate the small differences in the width. The constraints and the 

loading location in each experimental test are illustrated in Figure 2. 

 
Figure 2. Illustration of the conducted experimental tests: (a) plate fixed in one side, (b) plate fixed in 

two sides. The red dot represents the location where the loading is applied and where the 

displacements are measured. A 2D coordinate system for the fiber orientation is also represented. 

 
The experimental tests were conducted in Delft University Aerospace Structures and Materials 

Laboratory. Loading occurs at a rate of 2 𝑚𝑚/𝑚𝑖𝑛 and displacements are registered using a mechanical 

clip gauge in the vertical direction of the load location (with a precision of 5 𝜇𝑚). The details of the 

experimental tests are shown in Figure 3. 



5 
 

 

 

 

 

 

 

 

 

 

 

2.3 Computational methods 

 

A parameterized finite element model of the hybrid composite plate was constructed using ANSYS 

Workbench. The methodology for the computational simulations is divided into three modules, as 

presented in Figure 4. In ACP (Pre) the Engineering Data of each material is defined with the elastic 

property values of Table 4. Additionally, the geometry of the plate is constructed and the mesh model is 

fully characterized. Finite element models were developed with both linear SHELL181 and quadratic 

SHELL281 elements. These are well-suited for layered applications and are commonly used in thin and 

moderately thick composite plates [8] (ratio of length to thickness higher than 20). Moreover, the material 

stacking sequences and ply fiber orientations are defined in the Setup of the Section Data as presented 

in Table 3. The constraints and applied loadings are modelled as illustrated in Figure 2. Finally, the 

results of the displacements for the computational simulations of the experimental tests are obtained in 

the Static Structural module. With ACP (Post) it is also possible to evaluate the stresses, strains and 

failure criteria values for each ply of the hybrid composite plate. 

 

 

 

 

 

 

 

Figure 4. Project scheme for finite element models developed in ANSYS Workbench. 

Convergence studies were implemented to determine the total number of elements required for 

fully converged total displacement results, presented in Table 5. The mesh is refined in the area where 

the loading is being applied and the displacements are higher. For instance, the resultant mesh with the 

number of elements SHELL181, required for fully converged displacement results in the computational 

simulation of the experimental test with one of the plate sides fixed, is represented in Figure 5. 

Table 5. Number of elements required for fully converged displacement results for each experimental 
test and element. 

Experimental test Element 
Number of elements required for fully 

converged displacement results 

One side fixed 
SHELL181 2982 

SHELL281 54 

Two sides fixed 
SHELL181 684 

SHELL281 84 

Figure 3. Experimental bending-torsion tests with the hybrid composite plates: (a) one side fixed;      
(b) two sides fixed. 
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Figure 5. Total displacements of hybrid specimen P1 for a mesh with 2982 elements SHELL181. 

 

3 RESULTS COMPARISION AND ANALYSIS 

To rigorously evaluate if the developed finite element model in ANSYS Workbench (WB) makes a 

good prediction of the experimental tests, the values of the vertical displacements obtained in the loading 

application point in each of these methods have been arranged in ascending order, depending on the 

type of experimental test and the value of the applied force. 

By organizing the values of the displacements in increasing order for each type of experimental 

test and for the force values applied, it is possible to evaluate the prediction of finite element model 

developed in the ANSYS Workbench from the values obtained in the experiments. 

Table 6. Displacements obtained in experimental tests and ANSYS Workbench for different loading 
values, by ascending order of values with associated specimens for comparison of different methods. 

Experimental 
test 

Loading [N] 
Experimental 

displacement [mm] 
Specimen 

ANSYS WB 

displacement [mm] 
Specimen 

One side 
fixed 

50 N 3.49 𝑃3 3.16 𝑃3 

50 N 3.71 𝑃1 3.21 𝑃1 

50 N 3.89 𝑃2 3.61 𝑃2 

50 N 4.33 𝑃5 3.61 𝑃4 

50 N 4.40 𝑃4 4.01 𝑃5 

One side 
fixed 

6 N 3.31 𝑃6 5.35 𝑃6 

6 N 4.14 𝑃8 8.57 𝑃8 

6 N 4.16 𝑃9 9.00 𝑃9 

6 N 5.63 𝑃7 17.29 𝑃7 

Two sides 
fixed 

50 N 1.16 𝑃5 0.77 𝑃5 

50 N 1.26 𝑃4 0.90 𝑃4 

50 N 1.37 𝑃2 0.92 𝑃2 

50 N 1.69 𝑃1 1.45 𝑃1 

50 N 2.40 𝑃3 1.74 𝑃3 

Two sides 
fixed 

20 N 2.76 𝑃7 2.89 𝑃7 

20 N 3.46 𝑃9 4.25 𝑃8 

20 N 3.47 𝑃8 4.36 𝑃9 

20 N 4.67 𝑃6 6.74 𝑃6 
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Analyzing in Table 6 both displacement values and specimen order, it follows that the computational 

model developed can predict with a high degree of accuracy the mechanical behavior of hybrid 

laminates. The only two exceptions are between the specimens P4 and P5 in experimental testing with 

one fixed side and between the specimens P8 and P9 on experimental testing with two fixed sides. This 

phenomenon can be explained by the fact that the difference of the values recorded in the experiments 

is only 0.07 mm and small movements in the contact point by the clip gauge, can occur during these 

tests. 

 

In Figure 6 are represented the Force-Displacement graphs obtained during experimental tests for 

each specimen. All specimens with 10 plies and all specimens with 4 plies have the same material 

distribution. With the coordinate system of Figure 2 and the data in Table 3, the influence of the fiber 

orientation of the plies is first analyzed. By comparing the slope of the graphs in Figure 6 for the 

specimens with 10 plies (P1 to P5), it is concluded that the number of plies at 0º and 90º fiber orientations 

in each specimen is extremely important for the displacement values. It can be easily seen that for the 

one side fixed experimental tests the most requested fibers are at 0º, whereas in the experimental test 

with two sides fixed, the most requested fibers are at 90º. The influence of the fiber orientation of each 

ply is highly related to the distance between the applied load and the closest constraint. 

Moreover, by analyzing the force-displacement graphs for the specimens with 4 plies (P6 to P9), it 

appears that the mechanical behavior of the laminates is also influenced by the position of each ply. All 

the specimens with 4 plies are produced with two plies at 0º and two plies at 90º fiber orientations. But 

by subjecting these thinner laminates to different loads, it is evident that the outer plies are the most 

requested. As the ratio between the length of the laminate and its thickness gets larger, i.e., as the 

laminate gets “thinner”, the more evident is the influence of the position of each ply. For example, the 

specimen with outer plies at 0º (specimen P6) has the minimum displacement for the one side fixed 

experimental test (where the fibers at 0º are more requested) and maximum displacement for the for 

the two sides fixed experimental test (where the fibers at 90º are more requested). The opposite occurs 

for the specimen with the outer plies at 90º (specimen P9) with maximum displacement for the one side 

fixed experimental test and minimum displacement for the for the two sides fixed experimental test. 

Nevertheless, it is important to note that there are some variables that can influence the results and 

lead to some deviations in the finite element model. The manufacturing process of each sample may 

introduce few imperfections in design, since the laminate quality in Hand Lay-Up is very dependent on 

the skills of the producer, the curing process and the final cutting of the specimen. 

Figure 6. Force-Displacement graph for test experiments specimens with One Side Fixed and for test 
experiments with Two Sides Fixed. 
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Meanwhile, the thickness of each carbon fiber ply and each glass fiber ply was calculated with 

mean values of measurements of the carbon fiber and glass fiber laminates, respectively. Each of the 

nine specimens were measured in 9 points and it was verified that the estimated thickness of the carbon 

fiber and glass fiber plies had a very good approximation. However, the fact that these values were 

taken into account in the development of the finite element models may also have contributed to some 

deviations in the computational results. Additionally, the calculation of the elastic properties of the carbon 

fiber sheets and glass fiber plies was done by a numerical method based homogenization theory. This 

method depends on the definition of geometric parameters of the Representative Elementary Volume, 

so that it is possible that small errors are associated with these properties relatively to the material 

properties of the specimens tested in the experiments. 

Also, the clip gauge used to measure the displacements in the course of experimental tests has an 

established accuracy of 5 μm but the position where the measurement of the displacements is made, 

may also vary slightly throughout the experimental test. 

In spite of this, the results in Table 6 prove that the computational model developed was fairly 

accurate in predicting the deformations of the specimens. 

 

4 OPTIMIZATION 

In this work the final step was to perform an optimization of the fibers orientation in a composite 

specimen with the objective to minimize the displacement. This optimization was achieved using a model 

developed by Ana Luísa Custódio and José Aguilar Madeira, the “Global and Local Optimization using 

Direct Search – GLODS” [9]. In order to accomplish this optimization it was necessary to use a finite 

element model that could interact with GLODS. The finite element model was adapted from a method 

by Sara Monte [10] developed in ANSYS APDL to predict deformations in carbon fiber composites. 

4.1 ANSYS APDL model validation 

The ANSYS APDL model uses solid elements (SOLID186) and a completely different methodology 

compared to the finite element model developed using ANSYS Workbench. The model in ANSYS APDL 

was adapted so it can analyze hybrid composite plates subjected to bending-torsion loading. This 

modified model was subjected to a validation procedure. 

 

 

 

 

 

 

 

To validate the model, the values of the vertical displacements in the loading application point, 

obtained in both ANSYS Workbench and ANSYS APDL, are now compared in Table 7. In this table, the 

calculated values of relative difference (Δ) are low and the same specimen order in terms of 

displacement values is the same, so the model developed in ANSYS APDL is considered to be validated. 

Figure 7. Mesh, constraints, loading application and deformation for specimen P1 in ANSYS APDL. 
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Table 7. Displacements obtained in experimental tests and ANSYS Workbench for different loading 
values, by ascending order of values with associated specimens for comparison of different methods. 

Experimental 
test 

ANSYS WB 

displacement [mm] 
Specimen 

ANSYS APDL 

displacement [mm] 
Specimen Δ % 

One side 
fixed 

3.16 𝑃3 3.06 𝑃3 3.07 

3.21 𝑃1 3.15 𝑃1 1.98 

3.61 𝑃2 3.59 𝑃2 0.63 

3.61 𝑃4 3.61 𝑃4 0.02 

4.01 𝑃5 3.97 𝑃5 1.05 

One side 
fixed 

5.35 𝑃6 5.23 𝑃6 2.26 

8.57 𝑃8 8.85 𝑃8 3.26 

9.00 𝑃9 8.85 𝑃9 1.68 

17.29 𝑃7 16.86 𝑃7 2.48 

Two sides 
fixed 

0.77 𝑃5 0.72 𝑃5 6.88 

0.90 𝑃4 0.84 𝑃4 6.13 

0.92 𝑃2 0.86 𝑃2 6.93 

1.45 𝑃1 1.34 𝑃1 7.37 

1.74 𝑃3 1.60 𝑃3 7.79 

Two sides 
fixed 

2.89 𝑃7 2.47 𝑃7 14.67 

4.25 𝑃8 3.90 𝑃8 8.14 

4.36 𝑃9 3.90 𝑃9 10.46 

6.74 𝑃6 6.16 𝑃6 8.62 

 

4.2 GLODS optimization and results 

The objective function in this work is to minimize the maximum displacement of the specimen. The 

adopted design variables were the fiber orientations of each ply and some restrictions were imposed on 

the problem. The specimen has 10 plies of the same material distribution that were previously studied: 

[𝐶3/𝐺2]𝑆. It was also set a range of angles to the orientation of the fibers between -75º and 90º, with a 

15º step. GLODS is a global single objective optimization method based on direct search that uses a 

efficient multistart strategy to search for local minimums in the domain. From the local minimums, the 

global minimum of the maximum displacements and the corresponding ply fiber orientations given by 

GLODS for each experimental test are obtained, Table 8. 

Table 8. Minimum maximum displacements and ply fiber orientations for each computational simulated 
experimental test. 

Experimental test Maximum displacement [mm] Ply fiber orientations 

One side fixed 2.35 [1510] 

Two sides fixed 0.38 [75/(60)2/−60/90]𝑠 

 

The optimization is considered to be successful after comparing the optimized maximum 

displacement values obtained in Table 8  with the ANSYS APDL displacements for specimens with 10 

plies (P1 to P5) in Table 7. 
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5 CONCLUSIONS 

Several specimens were produced with different thicknesses and ply fiber orientations using hand 

lay-up, with carbon fiber and glass fiber reinforcements in an epoxy matrix. These samples were 

subjected to bending-torsion loading in two different experimental tests and vertical displacements were 

registered on the load application point using a clip gauge. A numerical method based on 

homogenization theory was successfully used in order to determine the elastic properties of the carbon 

fiber and glass fiber plies. The experimental tests were simulated in ANSYS Workbench using shell 

elements and the displacement results were compared to the displacements obtained in the experiments 

in order to assess the accuracy of this model. However, there were some factors that may have caused 

inconsistencies in the results of the finite element model: limitations in the manufacturing process of the 

specimens, the calculated averages of the thickness in each ply; estimating the elastic properties of the 

plies with defined geometry for RVE; and small movements in clip gauge during the experimental tests. 

It was found that the computational model developed was fairly accurate in predicting the deformations 

in the test specimens and therefore the initial objective was reached. 

Finally, it was intended to perform a optimization of a specimen by minimizing its maximum 

displacement for the two experimental tests carried out previously. This optimization was achieved using 

GLODS, a global single objective optimization method and an adapted finite element model that had 

been previously developed to interact with GLODS model. The adapted ANSYS APDL model was 

validated by a comparison of its results with the model developed in ANSYS Workbench. Both models 

were found to have an equal prediction of the mechanical behavior of the specimens. The design 

variable used was the ply fiber orientations and restrictions were defined for this model: fixed number of 

10 plies for the specimen and fiber orientations of {-75º, -60º, -45º, -30º, -15º, 0º, 15º, 30º, 45º, 60º, 75º, 

90º}. Finally, the values of the optimized global minimums for maximum displacements were obtained 

and compared with the lowest values obtained in the models of ANSYS APDL for the same experimental 

tests. The optimization is considered to be successful by comparing the optimized maximum 

displacement values with the ANSYS APDL displacements for specimens P1 to P5 in both experimental 

tests. 
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