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A Numerical Investigation for the Effect of Environmental Conditions on
the Bending Behavior of Laminated Composites

Rabi Ezgi BOZKURT?, Fatih DARICIK*!

Abstract

In this study, the bending behavior of fiber-reinforced laminated composites (FRCs) with a
balanced and symmetric stacking sequence was investigated numerically under different
environmental conditions. The numerical models of carbon/ bismaleimide, carbon/epoxy, and
S-glass/epoxy laminated composites were designed and analyzed using ESAComp software.
Deformation of the FRCs models was simulated with three-point bending conditions and the
effects of material properties varying with environmental conditions on the flexural analysis
were investigated according to the Tsai-Wu criterion and the Puck criterion. The Tsai-Wu
criterion detects the failure of FRCs earlier and behaves more conservative than the Puck
criterion for all environmental conditions. The flexural strength and failure mode of the
laminates vary with the variation of environmental conditions. The order of the first damaged
ply varied depending on the type of reinforcing fiber. Especially the presence of moisture and
high temperature significantly influences the flexural strength of the laminated composites.
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1. INTRODUCTION

FRCs are very attractive because of their superior
specific strength properties. FRCs are used in
many engineering applications that contain
different loads, such as static, fatigue,
hygrothermal, etc. The fibers supply high strength
and rigidity for in-plane properties of the FRCs.
Out-of-plane properties of the FRCs are
depending on the strength of matrix materials
which are lower than that of the reinforcing fibers.
The hygrothermal stability of the polymer matrix
materials is also very low according to the fibers.
Thus, the environmental conditions and

* Corresponding author: fatih.daricik@alanya.edu.tr

thermal/hygrothermal aging directly affect the
mechanical strength of the FCRS [1-5] The
surface treatment of the reinforcing material is
another factor that can vary the mechanical
behavior of the FCRs by changing the interface
strength of the matrix and fibers [6], [7]. In recent
years, studies have been carried out to increase the
strength of the FCRs by strengthening them with
nanoparticles [8-13]. Tiirkmen et al. produced
glass fiber mat reinforced composite materials
that have a different number of layers by the using
hand lay-up method [14]. The three-point bending
test method was used to determine the flexural
strength of GFRP materials. Because of the test,
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the maximum bending strength of 150.85 MPa
was got from the manufactured materials. Bingol
et al. compared the flexural properties of glass
mat reinforced composites and the woven glass
fiber reinforced composite materials [15]. The
research results showed that the higher fiber
length of the non-woven fiberglass fabric
provides higher flexural strength and the bending
strength of woven glass fiber reinforced
composite material is higher than that of the non-
woven fiberglass fabric reinforced composites.

The physical and mechanical properties of fiber-
reinforced composite materials can be improved
by adding various additives. Giilsah et al
investigated the flexural strength of E-glass
fiber/epoxy composite materials with carbon
nanotube added [16]. The experimental results
have shown the addition of %0.75w carbon
nanotube increased the flexural modulus and the
flexural strength of the material in a ratio of %36
and %23, respectively. Kiratl et al. reported that
the graphene nanoplatelets significantly increased
the flexural strength of the E-glass/epoxy
laminated composites [13]. Hybrid composite
structures are attracted nowadays, as many
different fiber types can be used as reinforcement
elements. Aydin et al. have manufactured glass
fabric reinforced, carbon fabric reinforced, and
hybrid glass/carbon fabric reinforced laminates
and compared the flexural properties of the
laminates [17]. The study presented that just
carbon fiber reinforced composite structure
exhibits maximum bending strength among the
tested laminates.

Metal plate reinforced hybrid materials can be
shown high mechanical properties. Bellini et al.
investigated the flexural strength and fracture
behavior of different types of aluminum carbon
fibers [18]. Experimental results showed that the
presence of an aluminum sheet provides an
increment of the flexural strength and a slight
decrease of the required energy to propagation of
the crack. Furthermore, the presence of the
adhesive at the composite/metal interface made
the flexural strength decrease and the fracture
energy increase.

The hybridization of natural fibers with their
superior aging resistance and synthetic fibers
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relevant attention in terms of environmental
impact and the durability they are provided.
Calabrese et al. glass-flax/epoxy hybrid
composites materials were exposed to salt—fog
environmental conditions for up to 60 aging days
[2]. They evidenced that adding glass fibers in
flax layers positive affected flexural strength and
modulus can be observed. Laminated composite
materials with high fiber angles are more prone to
stress concentration on the layers. Reis et al.
studied  stress  relaxation  behavior  of
glass/polyamide-6 ~ composites  considering
different fiber directions [1], as well as exposure
to NaOH and HCI solutions. Consequently,
compared with the laminates with fibers at O,
flexural strength decreased approximately up to
50%, respectively, for the orientations of 30" and
45,

Fiber, matrix, adhesive and interface components
in composite material are susceptible to
degradation of Ph changed. Wang et al. GFRP
composite material has been exposed to salt-water
and water [3]. Consequently, the degradation was
faster in saltwater than in tap water. Also, when
the exposure time was increased, there has been a
serious decreased in the strain values. Harrison et
al. presented that seawater reduces the flexural
strength of carbon/epoxy and glass/epoxy
composite materials in the long term [4]. Pavan et
al. showed the bending strength and damage
formation of GFRP laminates composite
materials  under  different  environmental
conditions [19]. They evidenced that the bending
strength decreases with increasing exposure
temperature. Bazli et al. investigated the flexural
strength of GFRP laminated composite material
under different temperature conditions [20].
Conclusion reported that as the thickness of the
composite materials decreases, the flexural
strength decreases when the exposure time at high
temperatures increases. Meng et al. examined the
CFRP from 77 K° to 298 K° and showed that the
flexural strength increased as the cryogenic
temperature decreased [21]. Also, has been shown
that the cryogenic temperature affects the
durability of the matrix and the failure mode of
the layers.
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In the literature examined, it has been observed
that different environmental conditions affect the
flexural strength of the materials. Depended on
the changing environmental conditions, the
change in strength values can be determined by
three-point bending analysis. In this paper,
Carbon fiber/bismaleimide, carbon fiber/epoxy
and S-glass fiber/epoxy layered composite
materials are designed with balanced symmetry
and angled storied. These materials have been
examined for their flexural behavior under
different  environmental  conditions.  The
deformation caused by the bending load in FRC
materials was investigated using the Tsai-Wu and
Puck failure criteria.

2. MATERIAL AND METHOD

Three-point bending analyses were done by
simulating the real test according to ASTM D790.
Three different reinforced plies were considered
to design FRC laminates and then to perform
flexural analysis. Carbon fiber/bismaleimide
(Cytek_ CB)  unidirectional  ply, carbon
fiber/epoxy (Toray_CE) unidirectional ply, and
S-glass fiber/epoxy (Cytek S-GE) unidirectional
ply was employed with the material property sets
that differed according to environmental
conditions (Table 1). The ambient temperature
24°C was assume as the reference for all the
materials. The weight amount of moisture in the
ambient was also expressed as +w%, i.e.,
82°C+1w%. The laminates were designed with
the symmetric and balanced stacking sequence of
[0n/30n/-30n/60r/-60r/90n]s via ESAComp
software (Figure 1). The subscript n is equal to 3
for 36 layers of Cytek CB, 2 for 24 layers of

Sakarya University Journal of Science 26(2), 249-261, 2022

Toray_CE, and 1 for 14 layers of Cytek S-GE.
However, there is an exception for Cytek_S-GE
that the subscript n is 2 for the 0° reinforced layer.
As a result of selected stacking sequences, the
thicknesses of the laminates (d) Cytek CB,
Toray CE, and Cytek_S-GE were 3.37 mm, 3.65
mm, and 3.30 mm respectively. The geometrical
models of the three-point bending specimen were
prepared with dimensions of 60 mm in the length
(L) and 12.67 mm in the width (b) (Figure 2).
Each laminate with different material property
sets has been investigated for flexural behavior.

[0°

| a
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Figure 1 Stacking sequence of the laminates

~

Figure 2 The dimensions of the model for bending
analysis
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Table 1 Mechanical Properties of FRCs Materials [22-24]

Symbol Cytek_BCB Cytek_SS-GE Toray_SCE
(p=1.568g/cm” V :=60%) (p=1.839g/cm” V :=49%) (p=1.555g/cm® V :=55%)
'g Temp. (°C) -55 24 177 -54 24 66 82 82 -54 24 82 82
8 Moist. (%) 0 0 1 0 0 1 0 1 0 0 0 1
E, (GPa) 169.00 160.00 138.00 | 48.81 47.99 47.13 46.88 47.37 121.00 119.00 121.00 119.50
E,(GPa) 10.35 9.70 9.00 15.79 15.79 12.31 13.20 11.51 52.98 9.00 7.50 7.00
9 E;(GPa) 10.35 9.70 9.00 15.79 15.79 12.31 13.20 1151 52.98 9.00 7.50 7.00
g_ G1,(GPa) 5.90 5.90 2.00 4.27 4.07 3.72 3.72 2.62 5.00 4.00 4.00 3.00
nE_ G3; (GPa) 5.90 5.90 2.00 4.27 4.07 3.72 3.72 2.62 5.00 4.00 4.00 3.00
é G (GPa) 3.98 3.73 3.46 5.85 5.85 4.56 4.89 4.26 4.26 333 2.78 2.59
5 vy 0.30 0.30 0.30 0.28 0.26 0.26 0.26 0.30 0.35 0.31 0.31 0.32
U3 0.30 0.30 0.30 0.28 0.26 0.26 0.26 0.30 0.35 0.31 0.31 0.32
U3 0.30 0.30 0.30 0.35 0.35 0.35 0.35 0.35 0.35 0.35 0.35 0.35
X (MPa) 2897.00 2618.00 2278.00 [ 1274.79 1501.20 93452 1418.18 880.74 |1682.01 2172.44 2206.66 2259.82
Y ((MPa) 63.00 66.00 28.00 56.54 56.54 56.40 59.64 49.71 52.98 48.86 44.23 25.91
8 Z(MPa) 63.00 66.00 28.00 56.54 56.54 56.40 59.64 49.71 52.98 48.86 44.23 25.91
é X.(MPa) |1620.00 1620.00 966.00 |1240.16 1179.76 95155 508.21 688.92 | 1396.50 1449.77 1410.32 1199.97
DE_ Y .(MPa) 207.00 194.00 180.00 | 274.27 27427 185.68 20857 165.13 | 282.44 198.67 147.72 11643
%’ Z.(MPa) 207.00 194.00 180.00 | 274.27 27427 185.68 20857 165.13 | 282.44 198.67 147.72 116.43
% S1, (MPa) 102.00 103.00 77.00 169.96 132.17 96.73 103.01 81.84 159.52 154.74 12831 95.22
S3; (MPa) 102.00 103.00 77.00 169.96 132.17 96.73 103.01 81.84 159.52 154.74 12831 95.22
S,3(MPa) 59.71 55.96 51.92 87.72 87.72 68.37 73.35 63.97 63.89 50.00 41.67 38.89

The numerical models of the bending specimens
were prepared with rectangular shell elements.
Longer edges of the model were divided into 120
parts and the aspect ratio for the elements was
adjusted to 1. Boundary conditions for the shorter
edges were set as free along the z-direction, as
fixed along the y-direction. The translation of the
edges along the x-direction was kept at x=0 and
released at x=L. Rotations around all of the
directions were released too. Thus, the ratio of the
support span to the thickness was approximately
20:1 for all the models. Then the models were
loaded along the y-direction with a centered line
load. The models were loaded until the failure was
detected. In the numerical model, the value of the
load causing failure was recorded.

The failure of the modeled composite materials
under bending load was determined according to
both the Tsai-Wu and the Puck failure criteria.
According to the Tsai-Wu failure criterion, if the
f value calculated with Equation 1is less than 1 so
that the composite material is safe. The load value

Sakarya University Journal of Science 26(2), 249-261, 2022

that makes the f value equal to or less than 1 was
taken as failure load (Pcr) and the corresponding
deflection (dcr) was recorded. In Equation 1, the
o1 and o> express the axial stresses along the
reinforcement  direction  (direction-1) and
transverse direction (direction-2). The term 12
expresses the shear stress on the 1-2 plane. Other
coefficients are the constants dependent on the
material strength (Table 1).

f =Fo+Fy0,+ Fgtip + 2F 5000, + F11012 +

F,0% + Fse1%, 1)
1 1 1 1
Fl_;t_X_cv FZ_Z_?C’ F6_O (2)
1 1 1
Fp= R Fyy = R Fee = 52 (3)

The Puck criterion dissociates the damage of the
laminates into reinforcement failure (FF) and
matrix material failure (MF). The criterion uses
the indices IFF and IMF for fiber failure and
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matrix failure, respectively. According to the
criterion, reinforcement fiber failure occurs only
under tensile load in the direction of the fiber and
the matrix material failure is handled with three
different fracture modes (Figure 3). According to
Mode A failure, matrix fracture occurs on a plane
parallel to the reinforcing fibers due to tensile
forces transverse to the reinforcing direction. In
Mode B failure, matrix fracture occurs between
reinforcing fibers in the material under shear
stresses and small compressive stresses. In Mode
C failure, matrix cracks occur along inclined
planes in the material under compression loads.
Equations 4-10 are used to control each failure
mode.

01> 0> Igp = 01/Fy; (4)
=0, <0 - Igp =—0y/F (5)
0,20
2 2 2

— [(% Fat o2 a2

hiea= (@) + (1-pa2) (2) 402 @
0, <0
%2| _Foap -
Feu

_ 1 2 2

Iurp = e [\/ 0§ + (D6c02)* + p6c02] (7
= Fe ’ Fae _
Fop = 2pec[ 1+ 2pgc e 1] (8)
F
P2c = Poc = )
Fe
g, <0
%2| _foap -
Feu

_ _FRe[(_ge VP (22}

Turc = ) [(2(1+P2c)Fs) + (FZC) ] (10)

According to Puck and Schiirmann (2004), stress
and strain analysis, failure criterion, and strength
degradation of each layer of laminate are required
to form the most realistic failure envelope [25].
However, the researchers neglected the reduced
strength values that emerged with the first failure
of layered composite materials under load in the
failure criterion they proposed. For the failure

Sakarya University Journal of Science 26(2), 249-261, 2022

analysis of the laminates with the Tsai-Wu and
Puck criteria, when just one ply of the laminates
was damaged then the entire laminates were
assumed as damaged. This approach is called first
ply failure (FPF).

PR
Mode C Mode B
oo F 7
ooT?-‘n e
i
b
T2Ic | ,’/ \
]
<\ <|"zlc ¥
1
oy Ry -R() \-RY,
Y
AL
| <
Mode C Mode B

Figure 3 Formation of damage modes A, B, and C
under plane stress o, and 721 according to the Puck
criterion [24]

3. RESULT

3.1. Analysis of carbon/ bismaleimide/
composites

Variations of the P¢r and ocr for Cytek CB were
presented in Figures 4-5. According to both of the
Tsai-Wu and Puck criteria, the bending strength
of the Cytek CB at room temperature (the
reference material) is maximum, and it is slightly
lower at -55°C. However, the bending strength of
the Cytek CB has been drastically reduced with
the increase in temperature and the presence of
moisture in the environment. According to the
Tsai-Wu criterion, the bending strength of the
Cytek CB at -55°C and 177°C+1.15wWw% is
respectively 3.61% and 57.39% lower than that of
the reference material. According to the Puck
criterion, the bending strength of the Cytek CB at
-55°C and 177°C+1.15wWw% is respectively 3.58%
and 53.3% lower than that of the reference
material.
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Figure 3 P¢rand ocr values of the Cytek CB by the
Tsai-Wu criterion
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Figure 4 Pcrand d¢r values of the Cytek_CB by the
Puck criterion

The ply-wise stress (o1) distributions in the
reference material along the fiber direction
because of the P¢r were presented and compared
(Figures 6-7). The variation of o1 has similar
characteristics for all the environmental
conditions according to both the Tsai-Wu and
Puck criteria. Because of bending load, the
longitudinal compressive stresses on the upper
part, according to the mid plane, caused tensile o1
in the layers with 60° -60°, and 90°
reinforcements. The arrangement of the layers is
balanced and symmetrical, so the stress
distribution across the thickness of the layers is
symmetric concerning the midplane.

Sakarya University Journal of Science 26(2), 249-261, 2022

Layer stresses: Actual - sig_1

- T TT
2 o T
3 o NIl

Figure 5 o1 values at room temperature for the
Cytek _CB by the Tsai-Wu criterion

Layer stresses: Actual - sig_1

P i

spedBCERRYRRYY
L ecetBtbbizenlbiosggnnde

§
g

Figure 6 o1 values at room temperature for the
Cytek_CB by the Puck criterion

The maximum stresses have occurred as tensile at
36" ply and as compression in the first layer. With
the bending load applied to the Cytek CB, the top
layer has been damaged first. According to the
Puck criterion, it has been observed that the
damage mode is Mode A which comprises fiber
failure compression (ffc) and planar shear stress.
On the other hand, the damage is caused because
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of transverse tensile (2t) stress, according to Tsai-
Wu. The detected failure modes were valid for the
failures under all environmental conditions except
for the Tsai-Wu result of 177°C+1.15w%. Inverse
reserve factor (IRF) values calculated by Tsai-Wu
and Puck criterion for each layer of Cytek CB
material at room temperature has given in Figures
8-9, respectively. Because of failure loads, the
Tsai-Wau criterion detects the failure of Cytek_CB
early and behaves more conservative than the
Puck criterion for all environmental conditions.

Layer inv. resarve factors, 1/RF_FPF

"
93%%%

S Dok

o bbb e o bbb o o
EEREEEEREEEREEEREEERE R

THRYRNYER

u ML UG g e
R A e i e ]

T
i
-

AR
°

o8 as 1 1.2

Figure 7 IRF values of the Cytek_CB layers by the
Tsai-Wu Criterion

Figure 8 IRF values of the Cytek_CB layers by the
Puck criterion
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3.2. Analysis of carbon /epoxy / composites

Per and Jcr variations for the Toray CE in
different  environmental  conditions  were
presented in Figure 10-11. According to both of
the Tsai-Wu and Puck criteria, the bending
strength of the Toray CE is maximum at 82°C
and it is slightly lower at -54°C and 24°C.
Furthermore, the flexural strength of Toray CE
was decreased significantly with the increase in
temperature and the presence of moisture.
According to the Tsai-Wu criterion, the flexural
strength of Toray_CE increased by 3.7% when the
temperature decreased from the reference
condition (room temperature) to -54°C and
decreased 0.18% when it increased to 82 °C. Also,
the flexural strength of Toray CE was
significantly reduced by 31.02% at the condition
82°C+1w% compared to the reference Toray_CE.
According to the Puck criterion, the flexural
strength of the Toray CE increased by 2.2% when
the temperature decreased from the reference
condition to -54°C and decreased 0.4% when it
increased to 82°C. Also, the flexural strength of
Toray CE was significantly reduced by 28.6% at
the condition 82°C+1w% compared to the
reference Toray CE.

100

—
=

—
=

30

—
¥

—

60

=]
-]

=
>
Deflection (6}, mm

Bending Load (P), N'mm

=
'

=
[N

—6—F (N/m) = B = § (mm)

=]
=]

-54°C 24°C 82°C 82°C/%lw
Environmental Conditions

Figure 9 Pcrand ocr values of the Toray CE by the
Tsai-Wu criterion
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Figure 10 P and - values of the Toray_CE by the
Puck criterion

The ply-wise o1 distributions in the reference
material along the fiber direction because of P
were presented in Figures 12-13. Although the
planar tensile and compression strength of
Cytek_CB is higher compared to Toray_ CE, the
flexural strength of Toray_CE is higher. This may
be because of the higher shear strength of
Toray_CE. The o1 distributions given for the Tsai-
Wu and Puck damage criteria at room temperature
showed similar results for all conditions. Because
of bending load, the longitudinal compressive
stresses on the upper part according to the mid-
plane caused tensile o1 in the layers with 60°, -
60°, and 90° reinforcements.

Layer stresses: Actual - sig_1

Y | '
o v s

-1000 =500 0 500 1000
MPa

Figure 11 o1 values at room temperature for the
Toray_CE by the Tsai-Wu criterion
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Layer stresses: Actual - sig_1
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1000 1500
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-1500 -1000 -500 L] 500

Figure 12 o1 values at room temperature for the
Toray CE by the Puck criterion

The maximum stresses have occurred as tensile at
24" ply and as compression in the first layer. With
the bending load applied to the Toray CE
material, the top layer has been damaged first.
According to the Puck criterion, it has been
observed that the damage mode is Mode A. The
detected failure modes according to the Puck
criterion were valid for the failures of the
materials under all environmental conditions. On
the other hand, failure modes according to Tsai-
Wau criterion could be just compression along the
fiber direction (1c), transverse tensile (2t), and the
combination of the first two failure modes (1c/2t).
IRF values calculated by Tsai-Wu and Puck
criterion for each layer of Toray_CE material at
room temperature has given in Figures 14-15,
respectively. As a result of failure loads, the Tsai-
Wau criterion detects the failure of Toray_CE early
and behaves more conservative than the Puck
criterion for all environmental conditions.
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Figure 14 IRF values of the Toray_CE layers by the
Puck criterion

3.3. Analysis of S-glass/epoxy/composites

For Cytek_S-GE, variations of the P¢r and dcr due
to environmental conditions were presented in
Figure 16-17. According to both of the Tsai-Wu
and Puck criteria, the bending strength of the
Cytek_S-GE is maximum at 66°C+0.8w%.
According to the Tsai-Wu criterion, the flexural
strength of Cytek S-GE increased by 3.15%
when the temperature decreased from the

Sakarya University Journal of Science 26(2), 249-261, 2022

reference condition (room temperature) to -54 °C
and decreased 0.17% when it increased to 82 °C.
Besides, the flexural strength of the Cytek_S-GE
increased by 15.8% at the condition of
66°C+0.8Ww% and decreased by 15.44% at 82°C
compared to reference Cytek S-GE. According
to the puck criterion, when the temperature
increased to 82°C and decreased to -54°C, the
flexural strength increased by 0.83% and 14.4%,
respectively compared to reference Cytek S-GE.
The flexural strength of the material at
66°C+0.8W% is 16.8% higher than the strength of
reference Cytek S-GE and it is 13.6% lower at
82°C than the reference.
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Figure 15 P and ¢ values of the Cytec_S-GE by the
Tsai-Wu criterion
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Figure 16 Pcrand d¢r values of the Cytec_S-GE by the
Puck criterion

The ply-wise o1 distributions in the reference
material along the fiber direction due to P¢r were
presented in Figures 18-19. The a1 distributions
given for the Tsai-Wu and Puck damage criteria
at  room temperature  showed  similar
characteristics for all conditions. Because of that,

257



Rabi Ezgi BOZKURT, Fatih DARICIK

A Numerical Investigation for the Effect of Environmental Conditions on the Bending Behavior of Lamin...

the level of the 5" ply reinforced is just 0.24 mm
higher than the 6 ply, the o1 at the 5" ply is
tensile while the o1 6" ply is compressive. In
addition to this, the tensile o1 comes up in the 90°
reinforced layer on the mid-plane.
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Figure 17 o1 values at room temperature for Cytec_S-
GE by the Tsai-Wu criterion
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Figure 18 o1 values at room temperature for Cytec_S-
GE by the Puck criterion

The maximum stresses have emerged as tensile at
14" ply and as compression in the first layer. With
the bending load applied to the Cytek S-GE, the
10" layer was damaged first. According to the
Puck criterion, for all environmental conditions, it
was observed that the damage mode is Mode A
which comprises inter-fiber failure (iff) and planar
shear stress. Also, the damage of reference
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material is caused by transverse tensile (2t)
stresses according to Tsai-Wu. According to the
Tsai-Wu criterion, the environmental conditions
change the failure of materials. IRF values
calculated by Tsai-Wu and Puck criterion for each
layer of Cytek S-GE material at room
temperature were given in Figures 20-21,
respectively. As a result of failure loads, the Tsai-
Wu criterion detects the failure of Cytek S-GE
early and behaves more conservative than the
Puck criterion for all environmental conditions.
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Figure 19 IRF values of the layers of the Cytec_S-GE
by the Tsai-Wu Criterion
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4. CONCLUSIONS

Numerical bending analyses of
carbon/bismaleimide, carbon/epoxy, and S-
glass/epoxy  laminated  composites  were
performed using ESAComp software. Materials
property sets differing from environmental
conditions were used for the analysis. Failure of
the laminates was determined by the Tsai-Wu
criterion and the Puck criterion. As a result of the
analysis, the following conclusions have been
obtained,

= The Tsai-Wu criterion detects the failure
of FRCs earlier and behaves more
conservative than the Puck criterion for all
environmental conditions.

= The top layers where the line load directly
affect, were damaged first in the
Cytek CB and Toray CE laminated
composites. Besides, the 10" layer was
damaged first in the Cytek S-GE
laminated composites.

= The variation of flexural strength differs
according to the type of the laminated
composite. However, high environmental
temperature and moisture reduce the
flexural strength.

=  While the environmental conditions do
not affect the damage mode according to
the Puck criterion, the damage mode can
change with the change of environmental
conditions according to the Tsai-Wu
criterion.
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