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S-2 glass fiber draws attention because of its higher strength and elasticity
module compared to other glass fiber types. When cracks occur on these
structures, which have their distinctive strength properties, they may suddenly
lose their physical life or in a shorter time than they should be. In this study, the
fracture behaviors of S-2 glass fiber reinforced composite materials for different
temperatures, deformation rate, and crack geometry were investigated. To
investigate the effects of crack geometry on fracture behavior, cracks were
formed on S-2 glass/epoxy composites in two different lengths (10mm and
15mm) and at two different angles (0° and 45°). Fracture tests were performed
at two different environments impending cold (-20°C) and hot (80°C), and three
different tensile strain rates (8.3×10-3, 8.3×10-4, and 8.3×10-5 s-1). For these
experimental conditions, opening mode (Mode I) and mixed-mode (Mode I/II)
fracture toughness values (KC) and strain energy release rates (GC) were
investigated experimentally and numerically. The J integral method was used to
calculate numerical fracture toughness. Experimental results have shown that
fracture toughness increases with increasing temperature and crack length in
general. As the deformation rate increases, fracture toughness decreases. Also,
identical expressions that define experimentally and numerically calculated
fracture were found close to each other. Jintegral method was found to be a
successful method to analyze the fracture behavior of fiber-reinforced
composites.
© 2021 MIM Research Group. All rights reserved.

1. Introduction
In fiber-reinforced composite materials, cracks may occur on them during their production
or after external effects. Crack and following fracture damage can create situations that
will result in serious losses in a structure. Crack negatively affects both the strength and
physical life of the materials. The behavior of the crack should be analyzed to know the
safe physical life and safe usage conditions of the composite materials that have brittle
structure and crack. The geometry of the crack, environmental factors (such as
temperature and humidity), and the magnitude of the load affecting the material are the
main factors affecting the crack behavior. In a composite structure having cracks, the
length of the crack directly affects the fracture toughness of the material and the crack
propagation rate. Therefore, it is important to know the effects of crack length on the
fracture behavior of the composite material.
In their study on the crack location and crack length, Yin et al.[1] have examined the
opening distance at the crack bottom as a toughness assessment criterion for the model
they created in their experimental and numerical studies. Healey et al.[2] have studied the
fracture behavior between layers on carbon fiber prepreg composite structure test
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specimens with crack lengths between 20-40mm. Loutas et al. [3] studied Mod I fracture
behavior in metal composites. They used 28mm, 34.5mm, 54.5mm, and 67.6mm anterior
crack lengths in their studies. Andric and Curtin [4] modeled fractured specimens with a
central crack ranging from 2mm to 15mm in their fracture studies. Bosbach et al. [5]
measured the strain energy release rate between fiber and matrix at opening distances
between 53mm and 78mm of the crack. Kaushik and Ghosh [6] evaluated the crack in
terms of strain energy release rate and fracture toughness in crack expansions between
60mm and 110mm in polytetrafluoroethylene (PTFE) prepreg composite plates. Insausti
et al.[7] have performed a numerical analysis for double cantilever beam test specimens to
determine the crack length, the compliance, and the energy release rate.
The position of the crack or the angle of load that forces the crack to progress causes the
development of different fracture damage modes such as opening mode (Mode I), in-plane
shearing mode (Mode II), out-of-plane shearing mode (Mode III) or mixed mode. Mousavi
et al.[8] Mode I, Mode II and Mod I/II; Aliha and Mousavi [9] Mod I and Mod I/II; Kaynan
et al.[10] Mod I/II for carbon fiber prepregs; Li et al.[11] Mod I/II; Ravindran et al.[12]
Mode II studied experimental specimens with different crack lengths in fracture modes.
Shahani et al. [13] experimentally investigated the inter-laminar fracture behavior under
Mode I loading in a glass/epoxy composite structure. Torabi et al. [14] studied Mod I/II
fracture toughness in nanocomposites. They worked on experiment specimens with 1mm,
2mm, and 4mm length central cracks.
One of the factors affecting fracture damage is environmental factors such as temperature
and humidity [15]. Although the effects of these factors have been an issue studied since
the 1980s, there is still no standard test method. In the literature, the results of some
studies on this subject showed that the fracture toughness increased with increasing
temperature. Such that, fracture toughness investigation in a carbon epoxy laminated
structure, the inter-laminar fracture toughness generally increases with the increase in
temperature for Mode I crack tip opening status [16,17]. Foyouzat et al. [18] investigated
the Mode I fracture toughness of shape memory polymers (SMP) between 20 °C and 100°C
temperatures. Arash Farshidi et al. [19] in their experiments in foam core sandwich
composites -20°C and room temperature (23°C), they found a decrease in Mod I and Mod
I/II fracture toughness as the temperature dropped. M. Fakhri et al. [20] performed crack
analysis of hot mix asphalt at 5°C, 15°C, and 25°C temperatures under Mod I, Mod II, and
Mod I/II loading conditions. Khashaba et al.[21] performed some experiments to
investigate the mechanical properties of Epocast 50-A1/epoxy at room temperature and
50°C. Pan et al.[22] have investigated thermo-mechanical response and morphology of
three-dimensional knitting carbon/epoxy composites under different environment
temperatures such as 25°C, 60°C, 90°C, and 120°C. Pini et al. [23] examined the strain energy
release rate at 0°C and 60°C temperature ranges for cracked test specimens of laminated
carbon fiber composite. In another study, Rahmani et al. [24] determined in their
experimental study, which performed at the temperature range of -80°C to +22°C, that a
reduction in the fracture energy absorption capacity of the composite structure at very low
temperature occurred.
Another factor affecting the fracture behavior of the composite structure is the strain rate
effect. Aktaş et al. [25] investigated the mechanical behavior properties of glass/epoxy
laminated composite plates at different deformation rates of 0.005 s -1, 0.0005 s-1, and
0.00005 s-1. Also, Jia et al. [26] investigated Mode I fracture toughness of polyurethane
adhesive at 0.5mm/min, 50mm/min, 500mm/min loading speeds.
S-2 glass/epoxy laminated composite structures are frequently used as reinforcement
materials in composite applications that require high strength. Sometimes these composite
structures can be used in a body material of cold storage tank. Also, due to its lightness, it
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is used as a building material in wind turbines working in a hot environment. Therefore, it
is important to know the fracture behavior of S-2 glass fiber reinforced composite having
different crack geometry under cold and hot environments and at different deformation
rates. In this context, S-2 glass/epoxy laminated composites having single edge crack
length (10 mm and 15 mm) were tested in two different temperatures (-20°C and 80°C)
and three different deformation rates (8.3×10-3, 8.3×10-4, and 8.3×10-5 s-1) for Mode I and
Mode I/II crack tip opening status. Also, the fracture behavior of S-2 glass/epoxy laminated
composites was modeled using the ANSYS finite element program and fracture toughness
and J integral values were calculated for each experimental parameter. When the
accessible literature was examined, it was seen that the fracture behavior of S-2 glass
reinforced composite structures was not investigated depending on the temperature and
deformation rate changes. The response of different crack lengths to these variables has
been the main research subject of the study. The combination of experimental and finite
element studies will contribute to the literature.
2. Material and Methods
2.1. Production of Composite Materials
Vacuum resin transfer molding method (VARTM) was used to the manufacturing of
composite plates having 8 laminas. The reinforcement material is woven S-2 glass fabric
has 190 g/m2 weight, and 130 μm thickness. Two-component resin consisting of epoxy
(Hexion MGS L285) and hardener (Hexion H287) was used as the matrix material.
Technical specifications of reinforcement material and the matrix material are shown in
Table 1.
Table 1. The material properties of fiber material and epoxy resin
Material Properties

Fibre Material
(S-2 Glass) [27]

Matrix Material
(Hexion Epoxy Resin) [28]

Young’s modulus (E) in GPa
Shear Modulus (G) in GPa
Poisson’s ratio (υ)
Tensile Strength in MPa
Compressive Strength in MPa

86-93
35-39
0.21
4700-4800
4000-5000

3.2
1.18
0.36
70-80
120-140

During the tests, load-displacement curves were saved for each specimen utilizing the
computer-controlled tensile test machine. The displacement values for specimens under
load were observed using a video extensometer capable of recording bidirectional
deformation. Before the fracture tests, the test specimens were kept at the relevant test
temperature and ensured to reach an equal temperature with the environment. Each
experiment was repeated three times and the averages of these three experiments were
used in the study.
Linear Elastic Fracture Mechanics (LEFM) is the whole of analytical expressions used in
the study of fracture mechanics and developed based on the principle that all behaviors in
the material remain within elastic limits. The basic principle of this method is to express
the stresses formed at the crack tip depending on the stress applied to the part, the length
and direction of the crack. The principles of LEFM was used to examine the fracture
behavior of fiber-reinforced composite material [4,13,32].
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(a)

(b)

Fig. 1 Single edge crack test specimen (a) crack creation (b) test sample sizes
The produced S-2 glass/epoxy composite plates were cut in the warp direction with the
dimensions L=150 mm and X=30 mm. Then cracks of a=10mm and a=15mm length on the
fracture test specimens were created from the single edge of the specimen with a jigsaw at
0° and 45° angles according to the weft axis as shown in Figure 1. The thickness of each
crack is 0.5 mm [8,29–31].
2.2. Fracture Tests
The fracture tests were carried out in the Shimadzu AG-X model tensile testing device
having the thermostatic chamber. The loading capacity of the test machine is 100kN. The
hot and cold environments required for fracture tests were created inside the thermostatic
chamber of the test device. Fracture tests performed in cold and hot environments in 5
repetitions have enabled the polymer-built composite material to determine ductile and
brittle deformation behavior. Thanks to the electrical heater of the thermostatic chamber
the environment was heated to 80°C, and to obtain a cold environment (-20°C) Nitrogen
gas was used (Figure 2). Fracture tests were performed three different strain rates of
8.3×10-3 s-1, 8.3×10-4 s-1, and 8.3×10-5 s-1. To obtain strain rates of 8.3×10-3 s-1, 8.3×10-4 s-1,
and 8.3×10-5 s-1, test specimens were subjected to tensile testing at jaw feed rates of 50
mm/min, 5 mm/min and 0.5 mm/min, respectively.

Fig. 2 Shimadzu AG-X 100 kN universal test device
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The critical stress intensity factor is determined by the fracture test. This factor is
calculated according to the damage condition of the crack opening (Mode I), sliding (Mode
II), opening sliding (Mode I/II). The critical stress intensity factor (Kc) for the test specimen
with a single edge crack is calculated according to the following Eq.1.

𝐾𝑐 =

𝑃𝑎𝑝𝑝 √𝜋𝑎 𝑎
𝑦( )
𝑋𝑡
𝑋

(1)

In this formula, 𝑃𝑎𝑝𝑝 , represents the applied load, a crack length, X specimen width, t
𝑎
specimen thickness, 𝑦( ) geometric factor [33–35].
𝑋

2.3. Mod I Fracture Toughness
In the Mode I crack tip opening status, the normal component of the stress influence
vertical to the crack surface. This stress forces to damage by only the opening of the crack
tip. Since the Mode I damage type is the most critical damage type among brittle composite
materials, it is the most widely studied case in fracture mechanics studies. In Mode I, where
the crack tip is forced to open (crack angle α=0°), it is called Fracture Toughness (KIC) when
the stress intensity factor reaches the critical value. Expressed in KIC (Eq. 2).

𝐾𝚤𝑐 =

𝑃𝑐𝑟 √𝜋𝑎
𝑎
𝑦𝚤 ( )
𝑋𝑡
𝑋

(2)
𝑎

Unlike from Eq. 1, in the formula; Pcr represents the damage load and 𝑦𝚤 ( ) represents the
𝑋

𝑎

geometric factor for the opening mode. 𝑦𝚤 ( ) geometric factor values depend on crack
𝑋
length, temperature, and deformation rate. These values were calculated by using the
finite element method. For this aim, single edge cracked test models were created in the
finite element program ANSYS according to the experimental fracture test dimensions of
𝑎
specimens. The following steps have been applied to calculate the 𝑦𝐼 ( ) geometric factor
𝑋
value.
•
•
•

A randomly selected load of P=1000 N was applied to these models created for
each test condition.
The value of (𝐾𝐼𝐶 )𝑁𝑢𝑚 for Mode I obtained by using the “Fracture Tool” of the
program.
𝑎
Then, the geometric factor value 𝑦𝐼 ( ) was calculated by substituting the
𝑋
obtained fracture toughness value in Eq. 3 [35,36].

(𝐾𝐼𝐶 )𝑁𝑢𝑚 . 𝑤𝑡
𝑎
𝑦𝐼 ( ) =
𝑋
𝑃. 𝑐𝑜𝑠𝛼√𝜋𝑎

(3)
𝑎

In the case of Mode I for each experiment parameters, 𝑦𝚤 ( ) values are obtained as in
𝑋
Table 2.
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Table 2. Geometric dimension factor values obtained from ANSYS finite element program
for Mode I (opening mode).
a=10 mm

a=15 mm

Deformation
Rate (s-1)

-20oC

80oC

-20oC

80oC

8.3×10-3

1.9821

2.1788

3.1289

3.4570

8.3×10-4

1.8628

2.3603

3.3696

3.7612

8.3×10-5

2.2449

2.5211

3.5655

4.0238

2.4. Mod I/II Fracture Toughness
If the direction of the applied load is parallel to the crack, occurred stress at crack tip force
the crack by shearing and this condition is called pure shearing mode (Mode II). In some
cases, the crack tip is forced to both open and shear. The state where the effects of Mode I
and Mode II are seen together is called mixed mode, namely Mode I/II. In this case, two
stress intensity factor components are formed at the crack tip. The stress intensity factor
value reaches the critical value as soon as the specimen breaks and the fracture toughness
value is expressed in Kmix [37–39]. Kı and Kıı toughness values given in Eq. 4 and 5 are the
opening and shearing components of Kmix toughness value given in Eq. 6 [34]. Mod Mode
I/II fracture behavior of S-2 glass/epoxy composites was investigated for the crack angle
of α=45°.

𝑃𝑐𝑟 𝑐𝑜𝑠45𝑜 √𝜋𝑎
𝑎
𝐾𝚤 =
𝑦𝑚𝚤 ( )
𝑋𝑡
𝑋

(4)

𝑃𝑐𝑟 𝑠𝑖𝑛45𝑜 √𝜋𝑎
𝑎
𝐾𝚤𝚤 =
𝑦𝑚𝚤𝚤 ( )
𝑋𝑡
𝑋

(5)

𝐾𝑚𝑖𝑥 = √𝐾𝚤2 + 𝐾𝚤𝚤2

(6)

𝑎

𝑎

𝑋

𝑋

For Mode I/II, 𝑦𝑚𝚤 ( ) and 𝑦𝑚𝚤𝚤 ( ) are a function of geometric dimension factor values,
𝑎

crack length, crack angle (α), temperature, and deformation rate. The 𝑦𝑚𝚤 ( ) and
𝑋

𝑎

𝑦𝑚𝚤𝚤 ( ) geometrical factor value required to calculate the Mode I/II fracture toughness
𝑋
value was calculated by following the same procedure. The geometric factor values for the
𝑎
𝑎
opening (𝑓𝑚𝚤 ( )) and shearing (𝑓𝑚𝚤𝚤 ( )) directions were calculated by substituting the
𝑤
𝑤
obtained fracture toughness values in places of Eqs. 7-8, respectively [35,36].

(𝐾𝚤 )𝑁𝑢𝑚 . 𝑤𝑡
𝑎
𝑓𝑚𝚤 ( ) =
𝑤
𝑃. 𝑐𝑜𝑠α√𝜋𝑎

(7)

(𝐾𝚤𝚤 )𝑁𝑢𝑚 . 𝑤𝑡
𝑎
𝑓𝑚𝚤𝚤 ( ) =
𝑤
𝑃. 𝑠𝑖𝑛α√𝜋𝑎

(8)

𝑎

𝑎

The geometric factors (𝑦𝑚𝚤 ( ) and 𝑦𝑚𝚤𝚤 ( ) )for the Mod I/II crack tip opening status were
𝑋
𝑋
given in Table 3.
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Table 3. Geometric factor values obtained from ANSYS finite element program for Mode
I/II
Deformation
Rate (s-1)
8.3×10-3
8.3×10-4
8.3×10-5

a=10 mm

𝑎
𝑦𝑚𝚤 ( )
𝑋

a=15 mm

-20°C

80°C

-20°C

1.4063
1.5020
1.5747

1.5344
1.6553
1.7523

1.8463
1.9847
2.0912

80°C

a=10 mm
-20°C

𝑎
𝑦𝑚𝚤𝚤 ( )
𝑋

80°C

a=15 mm

-20°C

80°C

2.0208 0.7970 0.8949 1.0142 1.1512
2.2078 0.8653 0.9808 1.1152 1.2851
2.3509 0.9319 1.0708 1.2109 1.4145

As seen in Tables 2 and 3, the geometric factor value is affected by the mechanical
properties of the material, ambient temperature, crack position and length, and
deformation rate values. Geometric factor values are a concept that directly changes the
fracture toughness and strain energy release rate studied experimentally. Therefore, when
examining the fracture behavior of laminated composites, geometric dimension factor
value should be calculated for each test parameter.
2.5. Determination of Strain Energy Release Rate
Another parameter used to express the elastic behavior of the crack tip is the strain energy
release rate (GC). The GC value can also be expressed as the energy used up as the crack
proceeds as much as a unit area. For the orthotropic material, in the plane stress state, in
the warp direction and the weft direction, the value of strain energy release rate is
calculated by Equation 9-10 [9,40,41].

𝐺𝐼𝐶

2
𝐾𝐼𝐶
=
𝐸𝐼

𝐺𝐼𝐼𝐶 =

2
𝐾𝐼𝐼𝐶
𝐸𝐼𝐼

(9)

(10)

The mixed-mode (Mode I/II) strain energy release rate (Gmix) is calculated using Equation
11. Kıc and Kııc toughness values are opening and sliding components of fracture toughness
in the case of Mod I/II. For the S-2 glass/epoxy composite, EI warp direction and EII weft
direction are the modulus of elasticity.

𝐺𝑚𝑖𝑥 = 𝐺𝚤𝑐 + 𝐺𝚤𝚤𝑐

(11)

Similar to the mixed fracture toughness formula, here Gıc and Gııc are components of the
mixed-mode strain energy release rate value in the opening and shearing direction [42].
2.6. Finite Element Analyses
Using Ansys Workbench V19, different models were created for each experiment condition
and finite element analysis was made, fracture toughness and J Integral data were
calculated. In the finite element model, the same as in experimental studies, the geometric
model fixed from the bottom side, and the tensile load was applied from the upper side.
The models (Mod I and Mod I/II) were created using 6981 nodes and 3346 triangular
elements. The mesh structure around the crack tip was rearranged so that the smallest
element size was about 0.05 mm. The singularity of the stress/strain area was analyzed
using single type elements around the first ring of the crack tip elements (Figure 3).
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Fig. 3 Geometric model of single edge cracked specimens
Table 4. Mechanical properties of S-2 glass/epoxy laminated composite material in two
temperature conditions
-20°C

8.3×10-5

8.3×10-3

8.3×10-4

8.3×10-5

EI (GPa)
EII (GPa)
G (GPa)
YT (MPa)
XT (MPa)
YC (MPa)
XC (MPa)

8.3×10-4

Mechanical Properties

Deformation rate
(s-1)

80°C

8.3×10-3

Temperature (oC)

18.59
19.53
2.08
382.92
341.71
299.69
287.67

18.58
19.68
2.57
386.89
354.36
305.14
301.65

18.62
21.19
3.20
392.49
355.71
311.56
316.69

16.18
15.41
1.32
277.24
256.69
192.90
185.27

16.29
15.66
1.67
310.47
287.07
219.16
216.71

16.34
17.24
2.05
341.81
291.36
244.64
264.91

Mechanical experiments were conducted according to ASTM D3039, ASTM D3410, and
ASTM D3518M test standards to determine the mechanical behavior of S-2 glass/epoxy
laminated composites under tensile, compression and shear loads, respectively. Weft
direction elasticity module (Eı), warp direction elasticity module (Eıı), shear modulus (G),
warp direction tensile strength (Yt), weft direction tensile strength (Xt), warp direction
compressive strength (Yc) and weft direction compressive strength (Xc) was found. The
determined mechanical properties were given in Table 4. In addition, Poisson ratios were
assumed as vxy=0.11, vyx=0.18 and vyz=0.18 [43,44].
In the finite element analysis, the numerical fracture toughness and J integral value at
different temperatures and strain rates were calculated. J integral represents the amount
of energy per unit opening at the crack tip of the composite material [40,45].
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Jint (mJ/mm²)

100
90
80
70
60
50

40
30
1

2

3

4

5

6

Path Number
-20°C a=10 mm
-20°C a=15 mm

80°C a=10 mm
80°C a=15 mm

(a)

Jint(mJ/mm²)

25
23
21
19
17
15
1

2

3

4

5

6

Path Number
-20°C a=10 mm

80°C a=10 mm

-20°C a=15 mm

80°C a=15 mm

(b)
Fig. 4 J integral change from the crack tip (a) Mode I status and (b) Mode I/II status
During modeling, six paths were created in line with the crack tip onset direction starting
from the crack tip. In Figure 4, J integral value changes of the samples, which were tested
at different temperatures and 5mm/min deformation speed (8.3×10-4 s-1), were given
starting from the crack tip. Since a similar curve behavior occurs in other deformation
rates, a single deformation rate is given. When the J integral change curves are given for
the opening mode (Mode I) in Figure 4(a) are examined, it is seen that the J integral value
of 15 mm crack length is higher. This is believed to be due to the increased energy
absorption capacity of the polymer matrix, which becomes ductile with high temperatures.
In the case of mixed mode (Mode I/II) in Figure 4(b), the highest value of the J integral
value is observed in the crack length of 15 mm and in the hottest experimental conditions.
In other experimental conditions, J integral values very close to each other are seen. In the
case of Mode I/II, S-2 glass/epoxy shows a more complex behavior. The reason for this
situation is the effect of the energy released from the fibers in the direction of sliding while
opening the crack mouth. For both crack tip opening mode conditions, when the J integral
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value in each path is examined, as they move in the direction of the displacement vector
increases a little and then follow a course close to the horizontal [46–48].
3.Results and Discussion
3.1. Fracture Toughness Results
In Figure 5, the load-displacement curves obtained from the fracture tests for Mod I and
Mode I/II crack tip opening status were given. Test results have shown that the S-2
glass/epoxy laminated composite has a brittle fracture behavior in a cold environment. For
two different crack opening status and 10 mm crack length, at -20°C high tensile strength
was obtained. When the crack length was 15 mm, it was more effective to brittleness at 20°C. And according to the 80°C temperature, the fracture occurred at much lower forces.
The deformation ability of this material is higher at low temperatures in all deformation
rates, crack length, and loading modes. Generally, under the same conditions, the fracture
load (Pcr) in the Mode I/II crack tip opening status is higher than in the Mode I status. This
is because, in the case of Mod I/II, the shearing effects force the crack mouth to open in
different directions. A similar situation is seen in other studies [49,50].

(a)

b)

(c)

(d)

Fig. 5 Load-displacement curves, (a) Mode I at -20°C, (b) Mode I/II at -20°C, (c) Mode I
at 80°C and (d) Mode I/II at 80°C
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The fracture damage load, obtained from the load-displacement curve was used to
calculate the toughness values obtained from the experimental and FEM analysis.
Experimental and FEM fracture toughness values were compared for Mod I and Mod I/II
crack tip opening in Table 5 and Table 6, respectively.
Table 5. Experimental and FEM fracture toughness values in Mode I opening case

8.3×10-3
8.3×10-4
8.3×10-5

27,6
36,4
25,9

-20°C
KIC(exp)
KIC(num)
%
(MPam1/2) (MPam1/2) Error
851,77
847,37
825,54

858,53
848,98
828,77

0,8
0,2
0,4

Standard
deviation

Deformation
Rate (s-1)

Standard
deviation

a=10 mm

25,7
11,9
40,9

80°C
KIC(exp)
KIC(num)
%
(MPam1/2) (MPam1/2) Error
879,54
870,16
859,85

884,31
872,26
866,45

0,5
0,2
0,8

8.3×10-3
8.3×10-4
8.3×10-5

24,1
45,1
117

-20°C
KIC(exp)
KIC(num)
%
(MPam1/2) (MPam1/2) Error
991,59
959,36
956,63

963,47
958,79
957,63

2,8
0,1
0,1

Standard
deviation

Deformation
Rate (s-1)

Standard
deviation

a=15 mm

25
22,2
54,7

80°C
KIC(exp)
KIC(num)
%
(MPam1/2) (MPam1/2) Error
1333,32
1332,53
1312,77

1351,7
1344
1320,9

1,4
0,9
0,6

The maximum experimental fracture toughness in Mode I was found to be 1333.32
MPam1/2. This value was obtained from the parameters of 80 °C, 15 mm crack length, and
8.3×10-3 s-1 strain rate. The minimum experimental fracture toughness was found as
825.54 MPam1/2 as a result of experiments at -20°C temperature, in 10 mm crack length,
and 8.3×10-5 s-1 strain rate. When crack length increased from 10mm to 15mm for the same
strain rates a maximum increase of 14.1% was observed in Mod I fracture toughness at 20°C. If the same compression was made for 80°C temperature it seen that the increased
value was at 34.69%. When the fracture toughness values were evaluated in terms of strain
rate, there is a trend towards increasing the experimental fracture toughness value as the
strain rate increases in both cold and hot temperatures. When the same temperature and
the same crack lengths were evaluated, as a result of the experiments, while the strain rate
increased from the lowest to the highest, the fracture toughness value increased by a
maximum of 3.65%. When experimental and numerical fracture toughness is compared,
there is a maximum difference of around 3% between the results.

307

Kaya et al. / Research on Engineering Structures & Materials 7(2) (2021) 297-314

Table 6. Experimental and FEM fracture toughness values in mixed mode (Mode I/II)

8.3×10-3
8.3×10-4
8.3×10-5

27.7
27.6
48.1

-20°C

Kmix(exp)
Kmix(num)
%
(MPam1/2) (MPam1/2) Error
570.17
567.17
564.46

572.7
572.69
567.5

0.4
1
0.5

Standard
deviation

Deformation
Rate (s-1)

Standard
deviation

a=10 mm

23.3
12.5
23.4

80°C

Kmix(exp)
Kmix(num)
%
(MPam1/2) (MPam1/2) Error
549.75
536.5
504.02

552
540.28
508.87

0.4
0.7
1

8.3×10-3
8.3×10-4
8.3×10-5

40.7
21.3
32.1

-20°C

Kmix(exp)
Kmix(num)
%
(MPam1/2) (MPam1/2) Error
578.49
569.62
567.8

580.47
574.4
572.96

0.3
0.8
0.9

Standard
deviation

Deformation
Rate (s-1)

Standard
deviation

a=15 mm

44.8
24
34.5

80°C

Kmix(exp)
Kmix(num)
%
(MPam1/2) (MPam1/2) Error
684.14
668.47
632.59

694.14
675.54
637.22

1.4
1
0.7

In the Mode I/II crack tip opening status, the crack is exposed simultaneously to both the
opening and shearing effect. Therefore, the fracture toughness values are smaller than the
Mod I status. Thus, the maximum fracture toughness value (684.14 MPam 1/2) was found
under 80°C temperature, 15 mm crack length, and 8.3×10-3 s-1 deformation rate
parameters. The Minimum fracture toughness (504.02 MPam 1/2) was found under 80°C
temperature, 10 mm crack length, and at the 8.3×10-5 s-1 deformation rate. For samples,
which were tested at -20°C and the same deformation rate, when the crack length increased
from 10mm to 15mm, a maximum 1.43% increase in mixed-mode fracture toughness was
observed. When a similar comparison was made for 80 °C, this increase in fracture
toughness was found to be 20.32%. In the case of Mode I/II, when the fracture toughness
values were evaluated in terms of deformation rate, the fracture toughness increased by a
maximum of 9.07% as the deformation rate increased for the same temperature. For Mode
I/II, when the toughness values obtained from the experimental and FEM analysis were
compared, a maximum difference of 1.4% was observed between them.
3.2. Fracture Energy Results
In linear elastic fracture mechanics, another parameter that expresses fracture is energy.
The J integral value is equal to the potential energy release rate for a virtual crack extension
at any point along the crack front [51]. The equivalent of the experimentally calculated
strain energy release rate (G) value is the J integral value in the analysis of FEM [52]. The
strain energy release rates and J integral values obtained by experimental and FEM method
were given for Mode I in Table 7 and Mode I/II in Table 8.
The maximum strain energy release rate (109 mJ/mm2) obtained experimentally in the
case of Mod I was at 15 mm crack length, 80°C, and 8.3×10-4 s-1 deformation rate. The lowest
strain energy release rate (36.66 mJ/mm2) was found at -20°C temperature, 10 mm crack
length, and the lowest deformation rate under experimental conditions. Suitable with
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similar studies in the literature, the energy value is higher in the hot environment for the
same deformation rate[23,53,54]. When the same deformation rate and temperatures are
evaluated, the strain energy release rate depending on the two crack lengths varies by up
to 26.22% at -20°C temperature, while this change at 80 °C temperature is 57.35%. As the
deformation rate increases in specimens tested under the same temperature and crack
length, the energy value increased by a maximum of 7.27%. When experimental and FEM
energy values are compared, the highest error percentage is around 13%.
Table 7. Comparison of strain energy release rate and J integral values for opening (Mode
I) status.
a=10 mm
Deformation
Rate (s-1)
8.3×10-3
8.3×10-4
8.3×10-5
Deformation
Rate (s-1)
8.3×10-3
8.3×10-4
8.3×10-5

GIC
(mJ/mm²)
38.96
38.65
36.66

-20°C
Jint
(mJ/mm²)
38.38
36.60
34.57

GIC
(mJ/mm²)
52.81
49.54
49.23

-20°C
Jint
(mJ/mm²)
47.78
46.25
44.95

80°C
%
GIC
Error
(mJ/mm²)
1.5
47.34
5.3
46.48
5.7
45.70
a=15 mm

Jint
%
(mJ/mm²) Error
45.29
4.3
43.05
7.4
41.43
9.3
80°C

%
Error
9.5
6.6
8.7

GIC
(mJ/mm²)
108.80
109.00
106.51

Jint
%
(mJ/mm²) Error
103.35
5.0
98.84
9.3
92.67
13.0

Table 8. Comparison of strain energy release rate and J integral values for mixed-mode
(Mode I/II) state
a=10 mm
Deformatio
n Rate (s-1)
8.3×10-3
8.3×10-4
8.3×10-5
Deformatio
n Rate (s-1)
8.3×10-3
8.3×10-4
8.3×10-5

GIC-mix
(mJ/mm²)
16.94
17.07
16.93

-20°C
Jint
(mJ/mm²)
17.13
16.91
16.27

GIC-mix
(mJ/mm²)
17.47
17.23
17.13

-20°C
Jint
(mJ/mm²)
17.25
16.42
15.83

80°C
%
GIC-mix
Error
(mJ/mm²)
1.1
18.25
0.9
17.85
3.9
15.91
a=15 mm

Jint
(mJ/mm²)
17.71
16.59
14.36

%
Error
3.0
7.1
9.7

80°C
%
Error
1.3
4.7
7.6

GIC-mix
(mJ/mm²)
28.28
27.71
25.06

Jint
(mJ/mm²)
26.90
24.50
21.01

%
Error
4.9
11.6
16.2

In the Mode I/II, the maximum strain energy release rate was observed as 28.28 mJ/mm 2.
This value was obtained in a hot environment (80°C), the highest deformation rate (8.3×103 s-1) and 15 mm crack length tests. The minimum strain energy release rate was found to
be 15.91 mJ/mm2 in experiments where the crack length was 10 mm under hot conditions
and the lowest deformation rate. For tests performed at the same temperature and the
same crack length, the energy value increased up to a maximum rate of 14.7% as the
deformation rate increased. When the crack length increased from 10 mm to 15 mm at the
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same temperature and the same deformation rate, the strain energy release rate maximum
increased up to 3.03% at -20°C and 36.52% at 80°C. In the case of Mode I/II, when
comparing the energy values in experimental and FEM analyses, there is a maximum of
16.2% difference between them.
4. Conclusions
The effect of crack length, temperature and deformation rate on fracture behavior in S-2
glass/epoxy laminated composite plates have been investigated experimentally and
numerically. The results of this study, which examined the changes in fracture toughness
and fracture energy values to crack tip opening status of Mode I and Mode I/II, can be
summarized as follows.
•
•
•

•

•
•

•

•
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Mode I is the most sensitive opening mode for two crack lengths with a 50%
difference between them. The change in crack length, especially at 80 °C
temperature, is seriously felt in fracture toughness and energy values.
For both Mode I and Mode I/II, fracture toughness is also seen to increase with
the increase of deformation rate. Change in deformation rate at 80 oC temperature
in Mod I/II state is more effective than in Mod I state.
S-2 glass/epoxy laminated composite structure is brittle in a cold environment
and more ductile in a hot environment has a structure. It shows higher fracture
toughness at 80°C due to its ductile structure. In Mod I there is a maximum 59%
fracture toughness difference between the two temperatures.
In Mode I/II, the fracture toughness varied at most by 19.98% between the cold
and hot temperature values. Indicates that a 45 ° angle crack on S-2 glass/epoxy
laminated composite to be used in cold and hot environments will be less affected
by the change in temperature, crack length, and deformation rates.
For the same temperature and crack length parameters, the strain energy release
rate increases as the deformation rate increases. This trend applies to both Mod I
and Mod I/II.
As the temperature increases, the ductile material releases more energy. In Mode
I, when the ambient temperature reaches from -20°C to 80°C, the energy release
rate value increases (maximum 190.53%). This also applies to Mod I/II, although
there is less variation (maximum 66.94%).
As a result of experiments, where crack length, temperature, and deformation
rates are the same, the fracture toughness obtained of the Mode I is a maximum
of 107.52% greater than the fracture toughness in the Mode I/II status. This ratio
is 325.02% in terms of the strain energy release rate. These differences were
found at 80°C experimental conditions. This result shows that the cracked S-2
glass/epoxy laminated composite structure is more sensitive to both Mode I
opening mode and temperature.
S-2 glass fiber reinforcement material is a type of material used especially in the
aviation industry and also in outdoor environments. Experimentally and
numerically, this study examined the S-2 glass/epoxy laminated composite
structure at two different temperatures, such as -20°C (for example, a cold climate
zone winter temperature) and 80°C (for example, the conservation box of a heat
source machine). If this material has different crack lengths and fracture modes,
this study can be used as a reference source to predict fracture damage
mechanisms by loaded with different deformation rates.
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