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ABSTRACT 

This paper dealt with the bending properties of 3D (three-dimensional) I-shaped woven composites 

with basalt fiber filaments tows and epoxy vinyl resin. The 3D I-shaped woven fabrics with three 

different heights were woven on ordinary loom by reasonable design with low cost. The 3D I-shaped 

woven composites were fabricated by VARTM(vacuum assisted resin transfer molding) process. The 

bending tests were conducted on a microcomputer control universal testing machine (TH-8102S). The 

load-displacement and energy-displacement scatter plots were obtained from experimental tests. The 

results showed that the polynomial fitting formula were obtained by the calculation of least square 

method in the software of origin 8.0. Through the analysis of the mathematical equation and 

correlation coefficient of load-displacement and energy-displacement relationship.it was seen that the 

fitting effect of the curve was very good.The mathematical equation of this method can be used to 

simplify the calculation of load, energy from displacement. 
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1. INTRODUCTION 

 

I-shaped structure of cast-in-situ concrete structure 

occupies a large proportion in bridge construction. 

Although the well-designed and well-maintained concrete 

structure can withstand various loads during many years of 

operation, due to the role of heavy vehicles and the erosion 

of the environment, the concrete bridge deck needs frequent 

maintenance, and still need to be renovated and replaced. 

For these reasons, 3D (three-dimensional) I-shaped woven 

composites have been used to overcome these difficulties 

due to their excellent mechanical properties [1]. 

3D I-shaped textile structural composites were fabricated 

with 3D I-shaped textile fabrics used as reinforced phase 

and resin used as matrix phase. Most ordinary I-shaped 

composites were pressed with plate material, and the 

processing method was simple, but the integrity of the 

ordinary I-shaped composites is poor and it is easy to crack 

[2]. Compared with ordinary fabrics, the 3D woven fabric 

has good integrity and many advantages like larger 

thickness, rigidity and light weight [3]. So 3D woven 

technique is superior in manufacturing the I-shaped 

preform. 3D woven composite has gained extensive 

attention for its high impact resistance and damage 

tolerance, low delamination and structural integrity. 

Muhammad [4] studied the peel strength of T-shaped and 

H-shaped structures, and found that the mechanical 

properties of T-shaped and H-shaped interlocking structures 

are better than P-shaped and laminated structures compared 

with laminated structures. In weaving and designing, the 

3D tubular woven fabric and other 3D woven fabric 

researched by our group also provide the basis for weaving 

the 3D I-shaped woven fabric of this paper [5]. 

I-shaped preform is a common structure used in 

engineering application like supporting structures on 

aircraft wings and ship decks. In the fabrication and the 

mechanical properties of 3D I-shaped composites, the 

mechanical behaviors of the I-shaped composites have been 

investigated extensively [6]. Zagon [7] studied the shear 

behavior of fiber reinforced I-shaped composites. A 

laminated composite beam with reduced proportions is 

proposed, but the wing of the I-shaped composite is a foam 
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sandwich composite [8]. Zhou et al [9] studied the impact 

mechanical properties of 3D braided composite by setting 

three kinds of gas pressure. The results showed that the 

load, displacement and energy absorption increased with 

the increase of the shock gas pressure. Zheng et al[10] 

analyzed the bending properties of braided I-shaped 

composite. The results showed that the change of braiding 

parameters had a great influence on the properties of 

braided I-shaped composite. Even though a lot of 

researches had been done on the I-shaped composite, 

however, the bending properties of 3D I-shaped woven 

composites have not been reported comprehensively so far. 

In terms of raw material selection, nowadays carbon fiber, 

kevlar fiber and glass fiber are mostly used in the 

preparation of composite materials. However, compared 

with these fibers, basalt fiber has the characteristics of high 

strength, high modulus, high temperature resistance, and 

compressive strength and shear strength, especially good 

environmental protection, and it can be completely 

biodegradable [11]. Therefore, basalt fiber is chosen as the 

raw material of 3D I-shaped woven composites. Many 

studies on basalt fiber reinforced composites have been 

done before [12]. But few studies have been done on 3D I-

shaped woven composites with basalt fibers. The paper 

studied the bending properties of 3D I-Shaped woven 

composites with basalt fibers. 

2. MATERIAL AND METHOD 

 

2.1 Material 

800tex basalt fiber filaments tows from Zhejiang Shijin 

Basalt Fiber Co., Ltd, (Zhejiang, China) were chosen as 

weft and warp yarns. Epoxy vinyl resin (V-118) from Wuxi 

Qianguang Chemical Co., Ltd, (Wuxi, China) was used as 

matrix. Loom in the lab (SGA 598) from Tongyuan Textile 

Machinery Co., Ltd, (Jiangyin, China) was used for 

weaving samples; VARTM molding system was used for 

molding; universal system prototype (QG-5A) from Kaya 
Industrial Co., Ltd, (Shanghai, China) was used for cutting 

samples, and universal testing machine (TH-8102S) from 

Suzhou Tuobo Machinery Equipment Co., Ltd (Suzhou, 

China) was used for testing, muffle furnace (SRJX-4-13A) 

from Zhejiang Xinnuo Instrument Co., Ltd (Shaoxing, 

China) was used for testing fiber volume fraction. 

 

2.2 Fabrication of 3D I-shaped Woven Composites  

Most of the 3D woven fabrics are designed by the common 

design method, that is, to directly design the warp section 

of the fabric, and then draw the pattern map according to 
the warp section. The thickness of the fabric designed by 

this method will be limited by the number of heald frames. 

Therefore, in the design process, in order to make the beam 

height of 3D I-shaped woven fabric not affected by the 

number of heald frames of loom, the method of multiple 

pattern board weaving is used for design and weaving, that 

is, flattening reduction method [13]. The specific weaving 

sketch of 3D I-shaped woven fabric was shown in the 

Figure 1. From Figure 1, it can be seen that the shape 

structure of A1 and A3 were same, so the same weaving 

structure was assigned to A1 and A3, therefore the same 

warp structural drawings and chain drafts utilized in this 

paper were to weave the structure of A1 and A3. The shape 

structure of A2 was different from A1 and A3, so using 

different warp structural drawings and chain drafts in this 

paper was manufactured the structure of A2. At the same 

time, the size of A1 was equal to A3, the size of A2 was 

designed according to requirements. In this paper the 

lengths of A2 was set to 20 mm, 40 mm, and 60 mm 
respectively. 

 

 

Figure 1. Specific weaving sketch of 3-D I-shaped woven fabric 

3D I-shaped woven fabric belongs to multiple layers binding 

structure. Since the height of 3D I-shaped woven fabrics is 

determined by the weaving length of the A2, so the warp 

structural drawings and chain drafts were all same, just changing 

the weaving length of A2. The warp structural drawings of 3D I-

shaped woven fabrics with three different heights are shown in 

Figure 2, as seen in Figure 2, (a) was warp structural drawings of 

A2, (b)was warp structural drawings of A1 and A3. According to 

the warp structure drawing, the chain draft of 3D I-shaped woven 

fabric with three different heights was drawn, as shown in Figure 

3. As shown in Figure 3, (a)was the chain draft of A2, and (b) was 

the chain draft of A1 or A3. 

.  
 

(a)  Warp structural drawings of A2  (b) Warp structural drawings of A1 or A3 

 

Figure 2. Warp structural drawings of 3D I-shaped woven fabrics with 

three different heights Note: The line was warp yarn and the 

circle was weft yarn 
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(a)  Chain drafts of A2  (b) Chain drafts of A1 or A3 

Figure 3.Chain drafts of 3D I-shaped woven fabrics with three different 

heights 

Note: The black rectangles are warp interlacing point and 

the white rectangles are weft interlacing point, the numbers 

in vertical directions are weft numbers and numbers in 

horizontal directions are warp numbers. 

The weaving parameters of 3D I-shaped woven fabrics 

were shown in Table.1 The following are loom parameters 

for loom. 

(1) width: 20 inches  

(2) color selection: Manual 

(3) number of heald frames: 16 pages; (standard 

configuration)  

(4) coiling: manual or automatic;  

(5) beating up device: manual;  

(6) heald lifting frame: computer PLC control, pneumatic 

opening;  

(8) power supply: rated power supply 220 V, frequency 

50Hz;  

(9) overall dimension (mm): 1300 × 980 × 1510; weight: 

180kg; power: 1KW  

In order to produce the same heights of three different 3D I-

shaped woven composites, the weaving parameters were all 

same except the heights of A2. For the same thickness, the 

bending properties, energy absorption properties and fiber 

volume fraction of different heights could be compared. 

The 3D I-shaped woven composites were manufactured by 

VARTM process. And, the role of its principle and structure 

of each part could be seen in literatures[14]. The proportion 

of Epoxy vinyl resin, curing agent and accelerating agent 

was 400:5:5. In order to decrease the porosity in composite, 

the vacuum pressure in the bag was about 0.1MPa before 

resin injection. The epoxy vinyl resin was injected into the 

preform by VARTM technique. The curing condition 

included normal temperature(about 20 degrees Celsius) for 

3h, then 80℃ for 8h. As shown in Figure.4, the 3D I-shaped 

woven composites were cut into the testing length of 120 

mm. The thickness of the flanges was 30 mm, and the 

heights of 3D I-shaped woven composites were 20 mm, 40 

mm, 60 mm respectively, which could be compared. 

 

Figure 4. 3D I-shaped woven composites with three different heights 

Note: The unit of the dimensions is mm indicated in this figure. 

 

2.3 Characterization of 3D I-shaped Woven Composites 

The test was conducted using ISO 178:2001, and using a 

computer controlled universal testing machine (TH-8102S). 

The testing speed was 10 mm/min.  

In this paper the energy absorption properties were evaluated 

by Energy-displacement scatter plots which were obtained by 

integrating the area of the load-displacement scatter plots 

curves in origin 8.0.  

Fiber volume fraction is the ratio of fiber volume divided 

by composite volume and depending on the density of the 

constituent materials in a 3D I-shaped woven composites  

In this paper the fiber volume fraction of the 3D I-shaped 

woven composites were achieved by burning method in 

muffle furnace which can be referred to the well-known 

standard ASTM D3171.  

The fiber volume fraction is calculated by using the 

following formulas. 
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V is the total volume of the sample, δResin is the resin 

density (the data provided by the supplier is 1.7g/cm3), 
VResin is the volume of resin, W1 is the weight of sample 

before burning, W2 is the weight of sample after burning, 

V1 is the resin volume fraction, and V2 is the fiber volume 

fraction. 

Therefore, the experimental data obtained from the burning 

method in this paper were shown in Table 2. 
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Table 1. Weaving Parameters of 3D I-shaped Woven Fabrics 

Heights 

/mm 

Linear density/tex Layer number of yarns Weaving density /root /10cm  

Warp/weft yarns A1,A3 A2 Warp density Weft density  

20/40/60 800 5 11 480 1180 

 

Table 2. Fiber volume fraction of 3D I-shaped Woven Composites 

Heights/mm V/cm3 W1/g W2/g V1/% V2/% 

20 2.880 5.328 3.081 41.8 58.2 

40 4.488 8.097 4.677 44.8 55.2 

60 4.968 9.433 5.515 46.4 53.6 

 
 

 

2.4 Origin 8.0 Numerical Fitting  

Although the testing process of bending test was relatively 

simple, it had large number of data to be measured in the 

experiment. The best method was the least squares method. 

Its advantage was that it accurately fit the curve linearly or 

non-linearly, but it had large amount of computation and 

complexity, and it was difficult to realize the artificial 

calculation through numerous formulas. Origin 8.0 software 

just used the least squares method to fit the data non-linearly 

according to load-displacement and energy-displacement 

scatter plots, which had been used by many scholars. 

3. RESULTS AND DISCUSSION 

This research investigated the bending properties of 3D I-

shaped woven composites. First, 3D I-shaped woven fabrics 

with three different heights were woven on ordinary loom 

by reasonable design with low cost. Then 800tex basalt 

filaments were used as weft and warp yarns. And the 3D I-

shaped woven composites were fabricated by 

VARTM(vacuum assisted resin transfer molding)process. 

The bending test was carried out on the microcomputer 

control universal testing machine (TH-8102S). The load-

displacement and energy-displacement scatter plots were 

obtained from experimental test. Finally the software of 

Origin 8.0 was used to fit the load-displacement and 

energy-displacement scatter plots. The results showed that 

the polynomial fitting formulas were obtained by the 

calculation of least square method in origin 8.0. 

3.1 Analysis of Load-displacement Curves  

The bending properties of 3D I-shaped woven composites 

under three-point bending test were evaluated by load-

displacement scatter plots and energy-displacement scatter 

plots. By observing the load-displacement scatter plot, the 

method of 8-orders polynomial fitting was finally adopted. 

The load-displacement scatter plots were obtained from 

experimental data, and then fitted by least square method in 

software origin 8.0. The load-displacement scatter plots and 

fitting curves of 3D I-shaped woven composites with three 

different heights were shown in Figure.5. 

After that the polynomial fitting formula could be obtained 

by the calculation of least square method in origin 8.0. The 

mathematical equation of fitting curve and correlation 

coefficient of load-displacement relationship were shown in 

Table.3. From the correlation coefficient in Table 3, it 

could be seen that the fitting effect of the curve was very 

good. The fitting results depended on the correlation 

coefficient “R”. The value range of “R” was 0 < R ≤ 1, and 
the value was to 1 and the consistent was good of the curve 

and formula. This mathematical equation of fitting curve 

could be used to simplify calculation of load from 

displacement. 

 

Figure 5. Load-displacement scatter plots and fitting curves of 3D I-

shaped woven composites with three different heights 

It could be seen from Figure.5 that the maximum load of 

the composites decreased gradually with the increase of the 

height of 3D I-shaped woven composites. This was mainly 

because the center of gravity of the composites increased 

with the increase of the heights, and the ability endure the 

damage decreased in the bending process. And analysis of 

Figure.5 showed that all three fitting curves could be 

divided into three stages. At the beginning, the fitting 

curves were almost linear, this indicated that bonding 

situation was good between resin and fiber. So, the 
composites exhibited linearly elastic performance. 

Secondly, the curves no longer presented straight lines and 

the slope of curves decreased with the increase of 

displacement. This was because the contact surface area 

increased with the increase of displacement between the 

samples and indenter, and the resin began to destroy. 

Finally, at the peak, the curve began to decline rapidly and 

the composites began to have shear destruction. 
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Table 3. Mathematical Equation of Fitting Curve and Correlation Coefficient of load-displacement relationship 

Heights/mm Mathematical Model Equation of Fitting Curve 
Correlation 

Coefficient 

20 
Y=-15.434+263.249x+8522.060x2-6912.590x3+2532.792x4-507.943x5+57.632x6-

3.474x7+0.086x8 
0.99676 

40 
Y=6.070-178.334x+9402.190x2-7280.569x3+2455.145x4-434.173x5+42.215x6-

2.234x7+0.055x8 
0.99510 

60 
Y=-2.005-165.9005x+7612.0445x2-7157.535x3+3674.481x4-

1190.124x5+231.693x6-24.267x7+1.043x8 
0.99722 

 
 

 

This also could be seen from the load-displacement curves 

that with the increase of displacement, the load reached the 

maximum, the fracture of composites became more severe. 

It showed that the curves were fluctuant and the peak load 

decreased during the three different heights and after 

damage initiation, the composites rigidity was degraded 

gradually according to the specified damage evolution law. 

This was because that the uninterrupted fiber fracture and 

resin rupture emerged in the process of bending. And the 
bending damage was mainly focused on the junction 

between the top flange and the web. 

It also could be seen from Figure.6 that the bending 

properties of the 3D I-shaped woven composites with 20 

mm was the best, because the composite with the heights of 

20mm had bigger rigidity and bigger maximum bending 

load comparing to the composites with the heights of 40mm 

and 60mm. And the bending properties of the 3D I-shaped 

woven composites with the height of 60 mm was the worst, 

and the bending properties of the 3D I-shaped woven 

composites with the height of 40 mm was between the both.  

3.2 Analysis of Energy-displacement Curves 

The energy absorption behavior of textile composites has 

been an attractive research topic in recent years, so in this 

paper the energy-displacement scatter plots were obtained 

from experimental data, and by observing the energy-

displacement scatter plot, the method of 3-orders polynomial 
fitting was finally adopted, then fit by least square method in 

software origin 8.0. The energy-displacement scatter plots 

and fitting curves of 3D I-shaped woven composites with 

three different heights were shown in Figure.6. 

 
Figure 6. Energy-displacement scatter plots and fitting curves of 3D I-

shaped woven composites with three different heights 

And the mathematical model equation of fitting curve and 

correlation coefficient of load-displacement relationship 

were shown in Table.4. This mathematical equation of 

fitting curve could be used to simplify calculation of  

energy from displacement. From the correlation coefficient 

in Table 3, it was seen that the fitting effect of this curve 

was good. From Figure 6, the energy absorption value 

increased with the decrease of the height of 3D I-shaped 

woven composites, the bending properties and energy 

absorption properties of 3D I-shaped woven composites 

were in proportional to each other. This conclusion was 

consistent with the previous studying results in this aspect 

by other scholars[15] 

Energy absorption is also an important index of cushioning 
performance and impact resistance of composites in the 

bending process. So the cushioning performance and 

impact resistance of 3D I-shaped woven composites 

increased with the decrease of height. This was mainly 

because the center gravity of composites increased with the 

increase of height, there was a three-point bending failure 

mode in the composites, which was compression failure on 

the upper surface, tension failure on the lower surface and 

shear failure on the web surface. Therefore, the energy 

absorption mechanism was the expansion of cracks in the 

3D I-shaped woven composites and the increase of the 

compression area of the composites.  

3.3 Analysis of Fiber Volume Fraction 

From Table 2, it was seen that the fiber volume fraction of the 

3D I-shaped woven composites with the height of 20 mm, 40 

mm, 60 mm were 58.2%, 55.2%, 53.6% respectively. It 

showed that the fiber volume fraction decreased with the 

increase of the heights of 3D I-shaped woven composites. 

Combining with Figure 5 and Figure 6, the results showed that 

the increasing fiber volume fraction improved the bending 

properties of the 3D I-shaped woven composites. This 

conclusion was consistent with the previous studying results in 

this aspect by other scholars [16-17]. 

3.4 Analysis of Failure Mode and Failure Mechanism  

The trend of 3D I-shaped woven composites with different 
heights is similar and the failure mode and failure 

mechanism are the same. Therefore, the failure mode and 

failure mechanism of the 3D I-shaped woven composites 

with the height of 20 mm were explained as an example. 

The overall and partial enlargement photographs of 3D I-

shaped woven composites with the height of 20 mm were 

shown in Figure. 7. As seen in Figure 7, (a) was the overall 

and partial enlargement failure modes on the top flange of 

the composites, (b) was the overall and partial enlargement 

failure modes of the bottom flange of the composites, and 

(c) was the overall and partial enlargement failure modes on 

the web of the 3D I-shaped woven composite. 
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Table.4 Mathematical Equation of Fitting Curve and Correlation Coefficient of energy-displacement relationship 
 

Heights/mm Mathematical Equation of Fitting Curve Correlation Coefficient 

20 Y=-297.397+1222.219x+1424.755x2-82.105x3 0.99946 

40 Y=249.761+785.854x+1747.292x2-138.098x3 0.99964 

60 Y=-242.158+302.282x+1725.884x2-183.167x3 0.99897 

 
 

 

 

From Figure. 7, the bending failure modes showed that the 

3D I-shaped woven composites was a typical bending 

failure modes with the compression failure in the top flange 
and tensile failure in the bottom, there was also shear 

failure in the web. Then, the bending failure modes of 3D I-

shaped woven composite with 40 mm and 3D I-shaped 

woven composite with 60 mm were similar to 3D I-shaped 

woven composite with 20 mm. 

In the aspect of damage, at the beginning, the damage 

distribution was mainly focused on the point where the 

pressure head located and the two fixed edges. 

Subsequently, with the increase of displacement, the 

damage area increased gradually. The damage of the top 

flange and the bottom flange were both serious, and 

damage in the web was next to the flange, this was because 

the stress wave spread from the top flange to the web, and 

at the same time the force in the reinforcement inclined 
forward to the web. This was due to the complex weaving 

structure in the reinforcement, which had be explained in 

the part two of this paper. 

With the increase of the height, the destruction of the 

composites was worse, but there was no lamination in the 

3D I-shaped woven composites. It was clear that the 3D I-

shaped woven composites had high delamination resistance. 

There were cracks appearing in the direction of the web in 

the 3D I-shaped woven composite, this was mainly caused 

by the low fracture toughness of epoxy resin.  

 

 

.  
 

(a) The overall and partial enlargement failure modes on the top flange of the composites 

 

 

 
 

(b) The overall and partial enlargement failure modes of the bottom flange of the composites 

 

 

 
 

(c) The overall and partial enlargement failure modes on the web of the 3D I-shaped woven composite 
Figure 7. Failure modes of overall and partial enlargement photographs of 3D I-shaped woven composites with the height of 20mm 
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4. CONCLUSION 

From the results of this study, the following conclusions 

were drawn： 

1. 3D I-shaped woven fabrics with three different heights 

were woven on ordinary loom by reasonable design with 

low cost processing.  

2. The 3D I-shaped woven composite with 20 mm has the 

maximum load. The 3D I-shaped woven composite with 60 

mm has the minimum load. The 3D I-shaped woven 

composite with 40 mm has the load between the two. The 

bending properties of 3D I-shaped woven composites 

increased with the decrease of height. 

3. Through the analysis of origin 8.0 fitting results, it 

showed that the polynomial fitting formula could be 

obtained by the calculation of least square method in origin 

8.0. And it could be seen that the fitting effect of the curve 

was better. This mathematical equation of fitting curve 

could be used to simplify the relationship between load, 

energy and displacement. 

4. The 3D I-shaped woven composites has excellent 

mechanical properties. In the test process, the composites 

showed good interlaminar shear strength, no delamination 

and splitting phenomenon. And, the height of the 3D I-

shaped woven fabrics utilized as the reinforced composites 

were different, and the bending properties of composite 

made of 3D I-shaped woven fabrics also showed a big 

difference, but all of them had same failure modes and 

failure mechanism. 
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