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Abstract 
Crosshead displacement rates are significant parameters that 
alter the mechanical response of fiber-reinforced polymeric 
materials. In this study, we examine the bending behavior of 
S2-glass fiber-reinforced polymeric materials with different 
crosshead displacement rates under out-of-plane loading 
conditions. Out-of-plane loading condition is achieved with a 
three-point bending fixture. Four different crosshead 
displacement rates are chosen: 2 mm/min, 20 mm/min, 40 
mm/min, and 60 mm/min. Flexural strength, flexural modulus, 
and flexural strain at maximum load are analyzed. As the 
crosshead displacement rate increases from 2 mm/min to 20 
mm/min and 40 mm/min, both flexural strength and flexural 
modulus show an upward trend. However, when the crosshead 
displacement rate increases from 40 mm/min to 60 mm/min, a 
reduction in the flexural strength and modulus is observed. 

 
Keywords: S2-Glass Fiber; Crosshead Displacement Rates; Composites; 
Three-Point Bending

Özet 
Test hızları, fiber takviyeli polimerik malzemelerin mekanik 
tepkisini değiştiren önemli parametrelerdir. Bu çalışma 
kapsamında, düzlem dışı yükleme koşulu altında farklı test 
hızları ile S2-cam elyaf takviyeli polimerik malzemelerin eğilme 
davranışlarını incelenmiştir. Düzlem dışı yükleme koşulu üç 
noktalı eğilme fikstürüyle sağlanmıştır. 2 mm/dk, 20 mm/dk, 40 
mm/dk ve 60 mm/dk olmak üzere dört farklı test hızı bu 
çalışmada kullanılmıştır. Maksimum yükte sehim miktarı, 
eğilme modülü ve eğilme mukavemeti test hızına bağlı olarak 
analiz edilmiştir. Test hızı 2 mm/dk’dan 20 mm/dk ve oradan da 
40 mm/dk'ya çıktıkça hem eğilme mukavemetinin hem de 
eğilme modülünün artış eğilimi gösterdiği bulunmuştur. 
Bununla birlikte, test hızı 40 mm/dk'dan 60 mm/dk'ya 
yükseldiğinde eğilme mukavemetinde ve modülde bir düşüş 
gözlemlenmiştir. 
 
 
Anahtar Kelimeler: S2-Cam Fiber; Test Hızları, Kompozit; Üç Nokta 
Eğilme 

  

 

1. Introduction 

Glass fiber-reinforced polymeric (GFRP) materials attract 

the attention of leading industries such as automotive, 

defense, and wind energy. The reason behind this 

attraction is the considerably low specific strength and 

modulus values of GFRP materials. Thanks to the low 

specific strength and modulus values of GFRP, structural 

parts can be manufactured with a lower mass, hence 

enabling less fuel consumption for automobiles 

providing better solutions for defense and wind energy 

industries. GFRP materials possess an anisotropic 

behavior, and this behavior defines the material 

properties in different axes and planes. Generally, 

material properties of GFRP are characterized in in-

plane. However, out-of-plane mechanical properties also 

demonstrate a significant level of importance due to the 

response of the GFRP materials to an applied load. While 

an in-plane load is generally carried by the 

reinforcement, an out-plane load is carried both by the 

fiber and matrix.  

The out-of-plane mechanical test is usually performed 

under quasi-static conditions in which the crosshead 

displacement rates are usually between 0,5 and 2 

mm/min (Kıyak & Kaman, 2018; Mei et al., 2022; Zniker 

et al., 2023).  However, out-of-plane mechanical 

properties of GFRP can be dependent on crosshead 

displacement rates, and experiments need to be 

performed on the required crosshead displacements for 

the planned applications. For that purpose, different 

crosshead displacement rates are used in the 

literature(Amjadi & Fatemi, 2020; Jemii et al., 2022). It is 

shown that the transverse compressive strength of 
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carbon/epoxy laminates increases as the strain rate 

increases(Hsiao & Daniel, 1998). This increase in the 

transverse compressive strength is attributed to 

stiffening of the composite in-plane shear behavior and 

changing of the failure modes. Tensile properties of long 

glass fiber-reinforced polypropylene composites under 

unidirectional tension are examined with different strain 

rates (Wang et al., 2023). It is shown that as the strain 

rate increases, tensile strength and tensile fracture 

stress reveal an upward trend. The effect of strain rates 

is also studied for the long fiber-reinforced thermoplastic 

polymer under tensile loading(Cui et al., 2019). It is 

shown that as the strain rate increases, tensile strength 

and fracture strain show a rising trend, however, tensile 

stiffness remains the same. It is documented that the 

interfacial bonding properties of long-fiber reinforced 

polymer improves as the strain rate increases. The 

improvement in the interfacial bonding properties 

causes a gradual decrease in fiber pull-out. E-glass fiber-

reinforced polypropylene composite is tested under off-

axis tensile loading, and it is presented that as the strain 

rate increases, damage initiation in the matrix is 

postponed (Zhai et al., 2018a). The effect of strain rate 

on the commingled E-glass/polypropylene woven fabric 

composite under the tensile, compression, and shear 

load is examined. It is found that as the strain rate 

increases, tensile strength, tensile modulus, compression 

strength, and compression modulus show an upward 

trend. On the other hand, shear strength and modulus 

demonstrate a downward trend as the strain rate 

increases (Brown et al., 2010a). The compressive 

behavior of woven glass fiber reinforced polymer is 

analyzed in the in-plane loading direction by considering 

different strain rates. It is shown that as the strain rate 

increases a rise in strength and modulus is observed. 

However, when the strain rate further increases, a 

reduction in the strength and modulus is documented. 

(Shah Khan et al., 2000).  

Although a significant number of research in the 

literature focuses on the effect of crosshead 

displacement rates of fiber-reinforced polymeric 

materials under the tensile, compression and shear 

loading conditions, it is best of the authors’ knowledge, 

there is no study on the effect of crosshead 

displacements rates to S2-glass fiber reinforced 

polymeric materials under the out of plane loading 

conditions.  Therefore, S2-glass fiber reinforced polymer 

produced with the vacuum infusion method is used as a 

material under study. Samples are grouped into four and 

labeled as groups A, B, C, and D. These four groups are 

tested with a testing speed of 20 mm/min, 40 mm/min, 

60 mm/min, and 2 mm/min by using a three-point 

bending fixture to examine the effect of testing speed on 

the out of plane strength, modulus and strain of S2-glass 

fiber reinforced polymer.  

2. Materials and Methods 

2.1 Materials and sample preparation 

S2-glass-fiber plain-weave fabrics with an aerial weight 

of 800 gsm is used as a reinforcement. As a matrix 

material, Biresin CR 122 epoxy and Biresin CH122-5 are 

used. The composite plate is manufactured with a 

vacuum infusion method. First, the heated plate is 

cleaned with acetone. Four layers of releasing agent are 

applied to the heated plate to prevent sticking of the 

produced composite plate to the heated table. Four 

layers of S2-glass fabrics are layered on the heated plate. 

Vacuum infusion consumables, as seen in Figure 1, are 

placed over the S2-glass fabric. 

 

Figure 1: Schematic of the vacuum-infıusion process and order of consumables used in the production of the composite test plate 

First, a peel ply, then a perforated film, and flow mesh 

followed by a vacuum bag is spread out on four layers of 

S2-glass fabrics in turn. A double-sided vacuum tape is 

put on the perimeter of four S2-glass layers. Thereafter, 

the vacuum bag is adhered to double-sided tape to seal 

the four layers of S2-glass fiber from the open 

atmosphere. Once the bagging is completed, a leak 

check procedure is followed to ensure air tightness of 

the vacuum infusion setup. The whole setup is 

vacuumed, and the level of vacuum on the gauge is 
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recorded. Both the inlet and outlet of the whole set-up is 

blocked, and it is left for 10 minutes while the vacuum 

pump is on. After 10 minutes, the airflow in the outlet is 

ensured and no drop in the vacuum gauge is observed. 

Then epoxy resin is mixed with hardener with a weight 

ratio of 100:30. Thereafter, the mixture is degassed for 

10 minutes to remove the entrapped air bubbles 

introduced to the resin-hardener mixture during 

mechanical stirring. S2-glass fabric stack is impregnated 

by the resin mixture and then followed by a curing at 90 

°C for 18 hours. Curing is completed on a heated plate. 

The produced plate is cut into test coupons as per the 

dimensions given in ASTM D790 by using a three-axis 

CNC milling machine. 

 

 

 

 
Figure 2: Specimens just before the 3-point bending test 

 

The samples that are prepared for the 3-point bending 

test can be seen in Figure 2. Samples are grouped into 

four, namely A, B, C, and D, and tested with different 

strain rates. 

2.2 Mechanical testing 

The three-point testing is performed with a Shimadzu 

AGS-X UTM (Universal Testing Machine) machine 

equipped with a load cell of 10 kN to measure the out-

of-plane mechanical properties of the produced test 

coupons. Sample dimensions are chosen as per the ASTD 

D 790 standard. Average sample thickness, width, 

support span, and sample length are 2.75 mm, 12.75 

mm, 44 mm, and 60 mm, respectively. According to 

ASTM D790 standard, a crosshead displacement of 2 

mm/min can be used, for the given sample dimensions, 2 

mm/min corresponds to a strain rate of 0.00028    . To 

investigate the effect of higher strain rates on the out-of-

plane mechanical properties of S2-glass fiber-reinforced 

polymeric materials, different crosshead displacement 

rates are employed. Group A is tested with a crosshead 

displacement of 20 mm/min, which corresponds to a 

strain rate of 0.0028    . That strain rate is tenfold that 

suggested in the ASTM D 790 standard. Groups B and C 

are tested with a crosshead displacement of 40 mm/min 

and 60 mm/min. These crosshead displacements 

correspond to a strain rate of 0.0056    and 0.0084    , 

respectively. Group D is tested with a crosshead 

displacement of 2 mm/min as a control group. For each 

crosshead displacement, five specimens are tested to get 

an average result and standard deviation of flexural 

strength, flexural modulus, and flexural strain. A photo 

from the 3-point bending test can be seen in Figure 3. 

(a) 

(b) 

(c) 

(d) 
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Figure 3: A sample tested with a 3-point bending fixture 

 

3. Results and Discussions 

This study is designed to examine the effect of crosshead 

displacement rates on the out-of-plane mechanical 

properties of S2-glass fiber-reinforced thermoset 

polymer. Four crosshead displacement rates, 2mm/min, 

20 mm/min, 40 mm/min, and 60 mm/min, are chosen 

for this study. Samples with tested under 20 mm/min, 40 

mm/min, 60 mm/min, and 2 mm/min are marked as 

batch A, B, C, and D respectively.  

As it is discussed in the previous section, these crosshead 

displacements rates correspond to strain rate of 0.0028 

   , 0.0056    , 0.0084    , and 0.00028    ,  

respectively. These strain rates are tenfold, twentyfold, 

and thirtyfold of the strain rate suggested in ASTM D790 

for the given sample dimensions.  Stress-strain graph of 

batches A, B, C, and D can be seen in Figure 4 (a), (b) (c), 

and (d) respectively. 

From the stress-strain graph of each batch, it can be 

concluded that specimens follow the same path, and 

failure occurs around 1.5x     . The initial portion of 

the plot indicates a linear stress-strain curve. Once the 

critical load is achieved for the first ply failure, the stress-

strain curve follows a zigzag pattern, which is an 

indication of the failure of the other plies. Once the 

stress-strain graph of each sample achieves a maximum 

stress level, there is a sudden drop in the stress. This 

sudden drop indicates that all the plies that consist of 

composite laminate are damaged. However, a complete 

failure is not observed after the maximum stress level in 

the stress-strain curves of all samples.  

The effect of crosshead displacement rates on the 

flexural strength, flexural modulus, and strain at the 

maximum stress are tabulated in Table 1. It can be 

deduced from Table 1 that as the crosshead 

displacement rate increases from 2 mm/min to 20 

mm/min and 40 mm/min, flexural strength increases 

from 646 MPa to 760 MPa and then 900 MPa, which is 

equal to a rise of  17.6% for the first case and for the 

latter 18 %  in the flexural strength. When the 

displacement rate rises from 40 mm/min to 60 mm/min, 

flexural strength decreases from 900 MPa to 810 MPa, 

which corresponds to a reduction of 10 % in the flexural 

strength. 

The behavior of increasing strength as the strain rate 

increases and decreasing strength as the strain rate 

continues to increase is also observed in another study 

(Weng et al., 2021) and attributed to changes in the 

failure modes as the strain rate increases. The same 

behavior is also observed for the flexural modulus. 

 

 

 

(a) 

(b) 
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Figure 4: Stress-strain plot of samples, a) tested in 20 mm/min 
(Group A), b) tested in 40 mm/min (Group B), c) tested in 60 
mm/min (Group C), d) tested in 2 mm/min (Group D) 

First, a rise and then a drop in the flexural modulus of 

S2-glass fiber-reinforced polymeric materials is observed 

with an increase in the crosshead displacement rates. 

Flexural strain at maximum stress does not show a 

significant difference concerning increasing crosshead 

displacement rates.  

Table 1: Flexural properties of S2-glassfiber reinforced polymer 

Property Batch A Batch B Batch C Batch D 

Flexural 
Strength 

(MPa) 

760.8 
(      ) 

900 
(      ) 

810.26 
(     ) 

646 
( 53.97) 

Flexural 
Modulus 

(GPa) 

42.4 
(     ) 

45.5 
(     ) 

42.96 
(     ) 

37.5 
(     ) 

Flexural 
Strain at 

maximum 
stress 
(  ) 

35135 
(     ) 

35158 
( 5084) 

33731 
(     ) 

32076 
(     ) 

 

 
Figure 5: Observation of first ply failure point from the stress-
strain curve of the tested sample 

The first ply failure response of S2-glass fiber reinforced 

polymeric material is also analyzed by checking the first 

ply failure point from the stress-strain curve of each 

sample. Figure 5 shows the stress-strain curve of a 

representative specimen with a zoomed portion 

indicating the first ply failure point. The first ply failure 

strength and strain of each batch with a standard 

deviation can be seen in Figure 6. The low standard 

deviation bars both in Figure 6 (a) and (b) for the strain 

and stress level of first ply failure indicates that results 

obtained are scattered over a small range. The small 

scatter range is a good indicator of the reliability of the 

test. As the crosshead displacement rate increases, there 

is a constant rise in the first ply failure stress and strain 

of S2-glass fiber-reinforced polymeric material. The 

underlying reason behind this phenomenon is the strain 

rate dependence of tested material. Such strain rate 

dependency behavior is also documented elsewhere(Li 

et al., 2016; Shah Khan et al., 2000). This increase in 

literature is explained by the occurrence of different 

damage modes for different strain rates along with the 

viscoelastic property of both reinforcement and matrix 

(Barre et al., 1996).  Fibre-matrix interface and woven 

reinforcement pattern is also being kept responsible 

from this behavior (Brown et al., 2010b).  

(c) 

(d) 
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Figure 6: First ply failure, a) Strain, b) Stress 

Samples after the three-point bending test can also be 

seen in Figure 7. Although all samples are still intact, 

they indicate a severe damage state. When the samples 

surfaces are analyzed, a severe delamination can be seen 

in Figure 7.  

A lateral view of tested samples is given in Figure 8 to 

give a more comprehensive view of the damage 

mechanism.  The sample from group D indicates less 

deformation when compared with other samples from 

groups A, B, and C. It is clear that samples from groups A, 

B, and C imply severe delamination, fiber rupture, and a 

deviation in the plane of the fabric layers due to the 

failure. Failed representative specimen from group A 

bespeaks more deformation than that of groups B and C. 

This result is the confirmation of the change of damage 

modes as the strain rate increases. The change in the 

damage modes as the strain rate increases is also 

observed in previous studies (Perry & Walley, 2022; Zhai 

et al., 2018b).  

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 7: Test specimens, a) Batch A, b) Batch B, c) Batch C, d) 
Batch D 

(a) 

(b) 
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Figure 8: Lateral view of test representative specimens from 
each group 

4. Conclusions 

Herein, we applied different crosshead displacement 

rates to show the out-of-plane mechanical behavior of 

S2-glass fiber-reinforced polymeric materials. 2 mm/min, 

20mm/min, 40 mm/min, and 60 mm/min are applied as 

crosshead displacement rates. Out-of-plane stress state 

is applied with a three-point bending fixture. The effect 

of displacement rates is analyzed by considering the 

change in flexural strength, flexural modulus, and strain 

at maximum load. The effect of crosshead displacement 

on the damage onset of the S2-glass fiber-reinforced 

polymeric material is also investigated by calculating 

first-ply failure stress and strain.  Conclusions given 

below are drawn from this study: 

1)It is seen that as the crosshead displacement rates 

increase from 2 mm/min to 20 mm/min, and then 40 

mm/min, both flexural strength and flexural modulus 

increase. When crosshead displacement rates rise from 

40 mm/min to 60 mm/min, a drop in both flexural 

strength and modulus is observed. 

2) Flexural strain at maximum stress does not 

demonstrate a comparable change when the crosshead 

displacement rate rises from 20 mm/min to 40 mm/min. 

However, when the crosshead displacement increases 

from 40 mm/min to 60 mm/min, a small reduction in the 

flexural strain at maximum stress occurs. 

3)Damage onset is studied by considering the first ply 

failure analysis. It is shown that as the crosshead 

displacement rate increases, the required stress and 

strain level to damage the first ply also rises. 
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