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Abstract: Free-edge effect is one of the factors affecting the mechanical properties of three-dimen-

sional woven composites under tensile load. However, current research is relatively poorly under-

stood regarding the effect of free-edge on the stiffness and strength of the material. This paper aims 

at examining the influence of free-edge effect on the mechanical properties of 3D woven composites 

under tension through experimental and simulation mathods. The three-dimensional DIC technique 

is used to collect the full-field strains on the specimen surface during the test, and the stress-strain 

differences in different regions in the width direction are analyzed, and the overlap of the curves in 

each region is found to be high. Experimental studies are conducted on specimens of different 

widths (within the range of 15-20 mm), and the results indicate that the differences in mechanical 

properties of 3D woven composites under tension loading in this width range are not significant. A 

progressive damage finite element model is developed for calculation and compared with experi-

mental results. 
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1. Introduction 

In the fields of aerospace and shipbuilding, fiber-reinforced composites are exten-

sively used due to their exceptional mechanical characteristics, including high specific 

stiffness and specific strength. These composites are frequently subjected to tensile forces, 

and scientists have investigated and examined their tensile properties. 

Tensile property is a significant mechanical feature of fiber-reinforced composites, 

which are excellent engineering materials, and scholars studied this property in depth 

from various aspects[1-3].Hang et al[4] researched the damage and deformation of 2.5D 

woven composites under tensile loading through a micro/mesoscale analytical frame-

work, analyzed and predicted the strength and elastic properties of fiber bundles, and 

verified them by comparing with experimental results. 

Researchers have conducted numerous early studies on the free-edge effect of com-

posite laminates and found that in many cases the difference in Poisson's ratio between 

adjacent plies can lead to laminate free-edge damage [5]. The study of the free edge effect 

in woven composites is further complicated by the presence of inhomogeneous defor-

mation within the single cell [6].  

Chao et al [7] focused on the effect of free-edge effect on the feedback of triaxial wo-

ven composites under tensile loading and the effect of different specimen widths on the 

tangential modulus and breaking strength of the material in transverse tension. Finally, 

the free-edge periodic distribution law was obtained and the relationship between the 

effective modulus and the specimen width was quantified. 

Researchers investigated ways to enhance the mechanical properties of composites 

by dealing with the free-edge effect. Brauning et al [8] adopted a method of treating the 

edges of composite sheets with a high-performance adhesive to eliminate the free-edge 
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effect and demonstrated that the method was effective in improving the tensile properties 

by about 11%. 

The influence of the geometry of the specimen on the properties of the composite is 

also not negligible [9][10]. Li et al [11]found through experimental studies that different 

preparation angles have significant effects on the tensile properties and damage mecha-

nisms of 3D braided composites. Tl et al [12] used a new modified fixture for combined 

loading to investigate the difference in the performance of three laminates with the same 

size and elastic properties and different layup size and layup orientation angles under 

combined loading. The study by Cai et al [13] on the free-edge effect of triaxially woven 

composites found that the damage mechanism changed from fiber bundle pull-out to fiber 

bundle shear as the specimen width increased. 

Relatively little research was reported on the free-edge effect on the tensile properties 

of 3D woven composites, because of the complex and diverse internal weaving forms of 

three-dimensional woven composites, diverse weaving patterns lead to different material 

properties [14][15], there is a necessity to study more comprehensively and extensively on 

the free-edge effect of 3D woven composites. 

In this paper, the free-edge effect of three-dimensional woven composites under ten-

sile loading is investigated. The three-dimensional digital image correlation (3D DIC) 

technique is used to observe the process in order to collect the distribution of full-field 

strain on the surface of material. The strain variation in different regions along the width 

of the specimen during the tensile process is analyzed, and the effect of width on the ten-

sile properties of the material is investigated ensuring that the width of the specimen is 

greater than two single cell dimensions, and the variation of tensile strength, tensile mod-

ulus and failure strain are analyzed. The affect of the free-edge effect on the tensile prop-

erties of the material is predicted by using a progressive damage finite element model. 

2. Materials and Methods 

2.1 Materials 

Three-dimensional woven composite is one of the typical non-uniform anisotropic 

material composed of fiber reinforcement and resin matrix, whose internal fiber bundles 

include warp fiber bundles, weft fiber bundles and Z-directional fiber bundles, which 

form a fiber reinforcement by complex and diverse winding forms between them. 3D wo-

ven composites are classified into three categories: orthogonal woven, angle-interlocked 

woven and inter-layered interlocked woven composites, depending on their Z-directional 

fiber bundle winding methods. 

The material used in this study is an interlocking three-dimensional woven compo-

site material provided by the Institute of Composites Structure of Tianjin University of 

Technology. The thickness of the material sheet is 5 mm, in which there are 8 layers of 

warp fiber bundles and 9 layers of weft fiber bundles, and Z-directional fiber bundles are 

interspersed between the warp fiber bundles and link the layers of weft fiber bundles as 

a whole. The structure schematic diagram of the material is shown in Figure 1. 
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Figure 1. The structure diagram of 3D woven composites 

2.2 Test methods and equipment 

As an advanced composite material, the American Society for Testing and Materials 

(ASTM) developed some test standards for fiber-reinforced composites under quasi-static 

loading in the early years, and later the ASTM D 30 Composites Committee revised the 

original performance test methods several times according to the characteristics of poly-

mer matrix composites, forming such as ASTM D 3039, ASTM D 3410, ASTM D 3518, 

ASTM D 5379, ASTM D 6641 and other common test standards. The reference standard 

for the quasi-static uniaxial tension study of 3D woven composites in this paper is ASTM 

D 3039/D 3039M-08[16]. 

In order to ensure that there are at least two complete cells in the specimen width, 

the specimen width is set to 20mm when studying the boundary effect and 15-20 mm 

when studying the dimensional effect of the specimen, and the specimen size and shape 

are shown in Figure 2. To reduce the early damage of the specimen caused by the stress 

concentration in the clamping part at both ends of the specimen, and to increase the 

clamping friction to prevent the slippage of the specimen during the test, the clamping 

part at both ends of the specimen is polished smooth and a reinforced aluminum sheet 

with a thickness of 2mm and a length of 65mm is pasted, and the effective length of the 

specimen is 120mm. 

 

Figure 2. Uniaxial tensile specimen of 3D woven composites 

The uniaxial tensile experiment is conducted at room temperature, and loaded by 

Lishi – 250 kN Servo-Hydraulic Fatigue Testing Machine. The loading method is displace-

ment-controlled loading with a rate of 0.5 mm/min. 

2.3 Three-dimensional digital image correlation (3D DIC) technology 

A non-contact, full-field strain measurement system developed using digital image 

correlation (DIC) technology can be used to capture the optical scatter on the surface of 

the object to be measured, track the displacement data at each point on the surface, and 

calculate the strain and other data. Compared with the traditional contact strain measure-

ment method, the DIC system has the advantages of no impact on the experimental 
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process due to the actual contact with the specimen, high accuracy, and ease of use, etc. 

The 3D DIC system establishes a 3D spatial coordinate system in the field of view by ob-

taining spatial information between cameras through the calibration process. The 3D DIC 

system can calculate the displacement and strain in one more direction than the 2D DIC 

system, and the strain obtained by the 3D DIC system can eliminate the fake strain caused 

by the off-surface movement of the specimen during the experiment when calculating the 

plane strain. 

To obtain the full-field strain on the surface of the test piece during the tensile exper-

iment, the experimental setup shown in Figure 3 is built in this study. The surface of the 

specimen is photographed with two mutually angled (5°~10° is appropriate) fixed-focus 

camera lenses, and the two cameras are connected to the image acquisition system, and 

the shooting frequency is set to 2 Hz, i.e., each camera takes two pictures per second. 

Clamp the specimen in the upper and lower chuck of the test machine, according to the 

range of the camera, adjust the distance between the camera and the specimen, the angle 

between the two cameras to focus, to ensure that the image acquisition system to obtain a 

clear picture, if necessary, LED lights can be used for lighting compensation. Then, with 

the help of calibration board, several sets of images with different postures and azimuth 

angles are taken by two cameras at the same time, which are used as the parameters of the 

VIC-3D analysis software to calibrate the relative positions of the cameras, so that the real 

strain field on the surface of the specimen can be obtained. 

 

Figure 3. Setup of 3D DIC Technology 

3. Results 

3.1 Boundary effect analysis 

In order to study the boundary effect of the material, the DIC technique is used to 

obtain the full-field strain information on the specimen surface during the uniaxial tension 

of the 3D woven composite. The full-field strains on the specimen surface at different mo-

ments are shown in Fig. 4, and the numbers on the right side of Figs. 4(1) to (16) are the 

average strains in the effective area of the specimen surface corresponding to different 

moments. It can be seen that during the change from the average strain of 1557 to 16481, 

the strain along the latitudinal direction of the specimen surface is basically the same at 

each moment, and the overall strain is relatively uniform, which indicates to a certain 

extent that the boundary effect of the specimen is not obvious. 
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Figure 4. Surface strain nephogram of specimen during uniaxial tension 

With the purpose of further studying the influence of the specimen boundary on the 

overall performance. The strain information of six different regions on the specimen sur-

face are extracted separately, and the average stress-strain curves of different regions are 

obtained, as shown in Fig. 5. The colored square areas in Fig. 5(a) represent the selected 

five small areas at different locations, and the black area represents the middle large area 

with the boundary removed. The average stress-strain curves of these six regions are 

given in Figure 5(b). It can be found that the stress-strain curves of these six regions basi-

cally overlap before the specimens fracture, indicating that the boundary effect of the test 

piece does not have much influence on the macroscopic properties of the material. There-

fore, in order to save materials and ensure more reliable experimental results, the width 

of the test piece is selected as 20 mm. 

  

(a) (b) 
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Figure 5. Boundary effect analysis of uniaxial tension  

(a) schematic diagram for selecting different areas on the surface of a specimen 

(b) stress-strain curves of different area 

3.2 Size effect analysis 

In this study, tensile experimental studies are conducted on three different widths 

(20 mm, 17.5 mm and 15 mm, respectively) to investigate the effect of specimen size on 

the experimental results, and macroscopic stress-strain curves are obtained for the three 

widths, as shown in Figure 6. 

 

Figure 6. Stress-strain curves of specimens with different widths 

As can be seen, the dispersion of the stress-strain curves of the three sizes of test 

pieces is quite minor. The tension experiment results of the three sizes of test pieces are 

given in Table 1, and it can be observed that the average elastic modulus, average tensile 

strength and average failure strain of the three sizes are generally consistent, and the dis-

persion coefficient of the tension results of the three sizes of test pieces is less than 0.03, 

which indicates that the size effect of the three-dimensional woven composite specimens 

is not obvious between 15 mm and 20 mm in width. 

Table 1. Uniaxial tensile experimental data of specimens with different widths 

Specimen 

width 

Specimen 

number 

Geometrical 

dimension（

mm） 

Elastic 

modulus

（GPa） 

Tensile 

strength（

MPa） 

Failure 

strain 

20mm 

UT-20-1 

250×20×5 

53.583 897.41 1.69% 

UT-20-2 53.103 909.976 1.68% 

UT-20-3 51.416 894.933 1.74% 

Average 

value 
52.701 900.773 1.70% 

17.5mm 

UT-17.5-1 

250×17.5×5 

55.692 932.001 1.71% 

UT-17.5-2 52.337 873.523 1.68% 

UT-17.5-3 54.585 894.821 1.69% 

Average 

value 
54.205 900.115 1.69% 

15mm 

UT-15-1 

250×15×5 

54.323 874.693 1.67% 

UT-15-2 52.625 921.112 1.69% 

UT-15-3 55.474 936.882 1.72% 
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Average 

value 
54.141 910.896 1.69% 

Dispersion coefficient 0.027 0.025 0.013 

4. Simulation Verification 

4.1. Finite element model 

In this paper, a progressive damage finite element model is also developed to inves-

tigate the effect of free-edge effect on the tensile properties of 3D woven composites [17]. 

The VUMAT subroutine based on ABAQUS software is written to use different material 

properties by determining the component material type at the location of the integration 

point, thus avoiding the difficulty of meshing the fiber bundle and the matrix separately. 

In case of tensile or compressive damage, the Puck criterion is used as the failure criterion 

for the fiber bundle and the parabolic criterion for the matrix, while in case of shear dam-

age, the maximum shear stress criterion is used as the failure criterion for both the fiber 

bundle and the matrix. An exponential model is used to discount the material properties 

during the damage evolution. The macroscopic full-size model is established according to 

the test dimensions, and the schematic diagram of the model is shown in Fig. 7. The mesh 

is divided into positive hexahedral cells with a mesh size of 0.5 mm, and the cell type is 

an eight-node reduced integral cell (C3D8R), and the boundary conditions are imposed 

according to the real force conditions during the test to simulate the damage failure be-

havior of 3D woven composite materials under tensile loading. 

  

(a) (b) 

Figure 7. Schematic diagram of finite element model (a) load condition (b) mesh 

4.2 Model validation 

The damage and failure behaviors of the 3D woven composite under uniaxial tensile 

loading are obtained by the above finite element model calculation, and the final damage 

schematic is shown in Fig. 8. The final damage and failure of the finite element model 

shows that the final failure is severe at a certain cross-section of the model mid-section 

and a large number of units fail, which is consistent with the actual material failure. 

Different regions are divided according to the width direction of the specimen, and 

the stress-strain curves are extracted separately, as shown in Figure 9. The stress-strain 

curves in the model in the figure for different regions along the width direction show that 

the curves in each region largely overlap before the material fails and damages. This indi-

cates that the mechanical properties of the edge and middle regions of the material under 

tensile loading are basically the same. 

It can be seen that the final damage situation obtained from the simulation is con-

sistent with the damage situation obtained from the test, and the test and simulation 

curves basically match, indicating that the model can effectively predict the failure and 

surface strain distribution of the 3D woven composite under uniaxial tensile loading. 
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Figure 8. Final damage diagram of finite element model 

            

Figure 9. Comparison of stress-strain curves in different areas 

4.3 Calculation results analysis 

The tensile properties of the specimens with different widths are obtained and the 

data extracted by changing the model width through the above model calculations, and 

the results are shown in Figure 10. 
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Figure 10. Finite element simulation results of tensile properties for different width models 

From Figure 10, in the width range of 15-20 mm, the failure strain, elastic modulus 

and tensile strength of the material vary somewhat but are within a reasonable range. 

When the specimen width is less than 15 mm, the mechanical properties of the material 

under tensile load are somewhat weakened with the decrease of the specimen width. 

The reason for this phenomenon is that the three-dimensional woven composites are 

assembled by the arrangement of single cells, and when the width of the specimen is 

smaller than the size of two single cells, the mechanical properties of the material under 

tensile loading are reduced. 

5. Conclusion 

In order to study the free-edge effect of three-dimensional woven composites under 

uniaxial tension, the 3D DIC system is used in this paper to collect and analyze the full-

field strain of the specimens during the test, and the tensile experiments are studied for 

specimens of different widths on the basis of ensuring that the width of the specimens is 

larger than two single cell sizes, and the following conclusions are obtained: 

1. Under the uniaxial tension, the surface strain changes of the three-dimensional wo-

ven composites are generally consistent and uniformly distributed along the width 

direction, and the stress-strain curves of the specimens in different areas along the 

width direction are in good agreement, indicating that the boundary effect has a 

small effect on the tensile properties of the three-dimensional woven composites. 

2. The stress-strain curves of the three-dimensional woven composite specimens with 

different widths (15-20 mm) under uniaxial tensile loading overlap well, and the av-

erage elastic modulus, average tensile strength and average failure strain dispersion 

coefficients of the three types of specimens are less than 0.03, demonstrating that the 

size effect of the specimens in this width range is not obvious. 

3. By using the progressive damage finite element model, it is found that the stress-

strain curves in different regions of the same specimen width direction under tensile 

loading of three-dimensional woven composites basically the same, and are not 

greatly affected by boundary effects. and the mechanical properties of different width 

specimens have not much change. When the width of the specimen is less than twice 

the size of the single cell, the tensile mechanical properties of the material are de-

creased. 
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