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Abstract

The present paper proposes a new analytical model for predicting the effective
stiffness of composite laminates with fiber breaks and transverse cracks. The model
is based on continuum damage mechanics and the classical laminate theory. We
derived damage variables describing stiffness reduction due to fiber breaks and its
maximum value during ultimate tensile failure from the global load-sharing model.
Furthermore, a simplified analytical model is presented for obtaining two damage
variables for a cracked ply subjected to transverse tensile loading or in-plane
shear loading. This model was developed assuming that the displacement field of
the longitudinal direction can be expressed in the form of a quadric function by
loosening the boundary condition for the governing differential equation. For verifying
the developed model, the elastic constants of damaged composite laminates were
predicted for cross-ply and angle-ply laminates and compared with finite element
analysis results. As for the appropriate expression of the effective elastic stiffness
matrix of the damaged ply, we verified four types of effective compliance/stiffness
matrices including the Murakami, Yoshimura, Li and Maimi models. We found the
Maimi model to be the most appropriate among these four models. Moreover, we
successfully simplified the expressions for damage variables in the complicated
infinite series obtained in our previous study. We also proved that this could contribute
toward improving the accuracy of our analysis. After verifying the present model,
the stress-strain response and failure strength of carbon- or glass- fiber-reinforced
plastic cross-ply laminates were predicted using Maimi’s compliance model and the
simplified damage variables.
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Introduction

The application scope of advanced composite materials is increasing due to their superior
mechanical properties like high specific modulus and strength. The specific modulus
plays an important role in real structures, but the specific strength of these materials
has not been effectively utilized in real applications owing to the incapability of failure
analysis. The reason why effective designs considering the high specific strength are not
yet developed is that structural designs are developed using the strain criterion based
on initial ply failure. When load is applied to composite structures, matrix cracks are
generated in the transverse ply. However, if the applied strain level is low, these cracks
do not cause secondary damage and affect the reduction of stiffness. Furthermore, if the
applied strain reaches a certain level, the damage migrates from the ply cracks, leading to
catastrophic damage phenomena like delamination and fiber breakage. Thus, similar to
metals, if designers consider the initial damage and users can predict the progress of the
damage, the structural weight can be reduced. Therefore, damage tolerance designing is
the next step for expanding the application scope of composite structures.

Designers need to analyze the stiffness reduction in composite structures owing to
transverse cracks accurately. Transverse cracks occurring in cross-ply laminates have
been studied since the 1970s.'™ Initially, there were many stress analysis studies
performed using the shear-lag model, which was developed to analyze the stress profile
around discontinuous fibers.” Using the shear-lag model, the damage progress could be
predicted using the stress criterion and/or energy criterion. Specifically, the onset of
transverse cracks from the viewpoint of micromechanics was analyzed. In the 1980s,
the shear-lag model was improved. ®’ Finite element analysis (FEA) '’ and the minimum
energy principle model''~'? utilizing variation methods were proposed to analyze the
stress field around the transverse cracks. These models enable us to calculate the stress
field around the transverse cracks in cross-ply laminates very accurately.

In addition to the above approaches, continuous damage mechanics (CDM)
models '“~'° were developed simultaneously. CDM models are divided into the following
two types: the first one involves the effective elastic stiffness or compliance matrix
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utilizing the damage tensor derived from the thermomechanical relationship; while the
other one calculates the inelastic strain with internal state variables so that the average
stress of the laminate can be estimated. Both models are fitted with the classical laminate
theory (CLT) because the detailed stress distribution in the laminate is unnecessary and
the damaged ply is homogenized. Therefore, arbitrary laminates other than cross-ply
laminates can be analyzed easily. On the contrary, problems regarding the objective
determination of damage tensor and internal state variables must be addressed.

In the 1990s, McCartney '’ presented an accurate anisotropic elastic solution for
cross-ply laminates, satisfying both the equilibrium and compatible equation. Pagano
et al.'® proposed an accurate solution based on cylindrical bending. Moreover, several
researchers analyzed the delamination migrating from the matrix crack from the view
point of energy balance. '>? Xia et al.?! used the McCartney model to analyze damage
progress in ceramic-matrix cross-ply laminates. Furthermore, using CDM, Gudmundson
and Zang > extended the two-dimensional model of Dvorak et al. >*?* which is applicable
to an isotropic body, to obtain a three dimensional model with the generalized laminate
theory for analyzing three-dimensional laminates. As stated above, CDM can be applied
to angle-ply laminates. Gudmundson and Zang applied the model to study stiffness
reduction in angle-ply laminates. Kobayashi et al.?> used the Gudmundson and Zang
model to predict the damage progress in quasi-isotropic carbon-fiber-reinforced plastic
(CFRP) laminates. After the 2000s, several researchers2°~® continued to develop models
for analyzing arbitrary laminates other than cross-ply laminates. However, the derived
formulations are extremely complicated for ordinary people to use them easily.

Recently, we derived the analytical form of the damage tensor with transverse crack
density by solving the Laplace equation for the displacement fields under the generalized
plane strain condition.”” The laminate stiffness can be estimated with the obtained
damage tensor through the CLT and CDM model proposed by Murakami and his
colleagues.®**! We have also proved that the estimated stiffness agrees with the finite
element calculations and experimental results.'* This approach is extended to a three-
dimensional model*? using a sophisticated model proposed by Li et al.** However, the
effective compliance matrix proposed by Murakami and his colleagues is asymmetric.
This asymmetry of the compliance matrix was also observed in the study done by Lee et
al.'? Furthermore, because the damage tensor is derived by solving the Laplace equation,
it is written as a complicated infinite series. >’

The fiber breakage generally causes nonlinearity in the stress-strain curves when
the applied strain is large. It is well known that Rosen?* originally studied the stress
transfer length around fiber breaks as well as the unidirectional composite failure strength
and applied to glass-epoxy monolayer specimens. Analytical models considering fiber
breakage have been mainly developed in the field of ceramic matrix composites (CMCs)
since the late 1980’s. This is because a stress concentration due to a fiber break can
almost be neglected, so that the global load sharing model (GLS), wherein the load
shed by a broken fiber is shared by all intact fibers, can be directly applied to the
experiments. Curtin®® presents a famous theory to predict the ultimate tensile strength
of the unidirectional composites assuming the GLS model. Neumeister*® developed
an approximate solution of the stress-strain curve and strength of the composite, and
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compared to a numerical result based on the fiber fragmentation theory formulated by
Curtin.?’” Hui et al.*® derived an explicit closed form solution of the evolution of fiber
fragments and applied to estimate the strength of unidirectional composite materials. In
general, the GLS models give a larger strength than the local load-sharing (LLS) model
that considers local stress concentrations caused by fiber breaks.?° However, the GLS
models are theoretically easy to handle. Therefore, it is suitable to utilize the GLS models
to analytically formulate the damage tensor.

This study developed an appropriate expression for the effective stiffness matrix of
damaged composite laminates and derived simplified expressions for the damage tensor
with the fiber breakage and transverse crack density. Damage variable for fiber breakage
was formulated using the GLS model for unidirectional fiber-reinforced composites. An
approximate simplified expression for the damage tensor with transverse crack density
was obtained from the Laplace equation, assuming the quadratic function. For validating
the present model, the obtained damage tensor was substituted into CDM and CLT
models, and the elastic constants of damaged composite laminates were then predicted
for cross-ply and angle-ply laminates. As for the appropriate expression for the effective
compliance/stiffness matrix of a damaged ply, we verified four types of damage matrices
including the Murakami**?!, Yoshimura*’, Li*} and Maimi models.*' We determined
that the Maimi model was the most appropriate among these four models. Moreover, we
succeeded in simplifying the expression for damage variables with complicated infinite
series obtained in our previous study. We also proved that this could contribute toward
the improving the analysis accuracy. Further, we determined the nonlinear stress-strain
response and ultimate tensile strength of CFRP and glass-fiber-reinforced-plastic (GFRP)
cross-ply laminates. We employed the Maimi model and simplified damage variables
proposed in this study when calculating the stress-strain response. The ultimate tensile
strength of CFRP cross-ply laminates was predicted based on a strain-based fiber failure
criterion”’ because fiber fracture in CFRP laminates often occurs at the point of laminate
failure. For GFRP laminates, the stiffness reduction due to multiple-fiber fragmentation
in 0° plies and the subsequent final laminate failure were determined using the GLS
model.

Model formulation

Effective elastic compliance/stiffness matrix of damaged ply

Four models for the elastic compliance matrix of a damaged composite ply under the
plane stress condition are introduced here and their characteristics are explained.

Model 1: Murakami model Murakami published a sophisticated book?" introducing
CDM and proposed a compliance matrix for damaged composite plies with his
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colleagues.®! They used the strain equivalent principle to obtain the following stress-
strain relationship:

1 _ V1o 0
€11 _(kdﬁiiEl (a2 0 o11
€99 = (1—d11)E1 (1—d22) B2 1 o2 | . (1)
215 0 0 1 (# + #) L \op
2 17d11 17d22 G12

E; is the Young’s modulus, G; is the shear modulus, v;; is the Poisson’s ratio, €;; is the
strain tensor, o;; is the stress tensor, and d;; is the damage variable. In Eq. (1), subscripts
1 and 2 denote the fiber direction and the in-plane transverse direction respectively. In our
previous study, we found that this matrix is effective for obtaining the elastic constants
of damaged composite laminates if the appropriate damage tensor is used. However, the
compliance matrix in Eq. (1) is obviously asymmetric and this violates the existence
of the strain energy function. Moreover, this form cannot be directly entered into the
numerical simulation code as in FEA. As stated above, this asymmetry of the compliance
matrix was also observed in the work of Lee. '

Model 2: Yoshimura model Yoshimura et al.*’ proposed the concept of the stress
equivalent principle to overcome the difficulty of the asymmetry of the compliance
matrix. The stress-strain relation can be written as:

o11 Bii Bz 0 €11
0922 = BQQ 0 €22 5 (2)
012 SyIm. Bss 2e12
where
By — (1—du)Er  di; vigvar (1 + v3) By 3)
1 — V1221 4 A(l — V121/21) ’
dyy + dzz)
1— ———= | vFE
By — ( 2 1252 _ di1da2 V12(V23 + V12V21)E2 4)
2 1 —viav9; 4 Al —viov91)
322 _ (1 — d22)E2 . L%Q (V23 + V12V21)2E2 (5)
]. — V1221 4 A(l + 1/23)(1 — 1/121/21)7
d d
B3z = (1 - 11;”) G2, 6)
A =1— 13 — 2v119;. @)

In this case, the stiffness matrix is obviously symmetric. This effective stiffness matrix
has already been inserted into the ABAQUS user subroutine to simulate the high-
velocity impact problem. The simulation results roughly reproduced the damage progress
observed experimentally, but the simulation underestimated the extent of damage
compared to the experiments. Moreover, the degradation coefficient of shear modulus
does not have any physical meaning. These points are discussed later when comparing
the four models explained in this section.
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Model 3: Li model Li et al.*’ formulated the three-dimensional effective stiffness matrix
for a ply with transverse cracking assuming a small damage. The two-dimensional
effective stiffness matrix can be written as:

2

o11 Cn — %i Cr2 — 0103763'23 0 €11
o9 | = Clg — % 0 €22 |, ®)

012 Sym. ” CGG 2512

where
1-— E
Cn = AV23 B — Wiliiym ; 9)
Vig Eovi2(1 — vigva1)
Cr2 = A B-w (1 +vag)A2 (10)
V12 Eov12(va3 + v12v21)
Ci3=—"Fy — 11
13 A 2 w (1 + V23)A2 ) ( )
1 —viov9; Es(1 — vyav01)?
22 1+ 09)A 2 W (14 193)2A2 (12)
Vo3 + V1221 E5(1 — vigva1)(vas + vi2v21)
Cor = _ 13
BT (U va)A 2 “ (14 1193)2A2 7 (13
1— vy Es(va3 + v12v91)?

Cs = By — 14
33 1+ ) A 2 — W (1 + 193)2A2 ) (14)
Cos = G2 — EwGa. (15)

Here, w is the damage parameter related to tensile damage and £ is the constant damage
parameter related to shear damage. w and & can be expressed as follows: >

Ed
w= fE—Z:dm, (16)
1 G¢ 1
=—(1-=2)~ . 17
= (1-82)~; an

Here, superscript d denotes the property of the damaged ply and ) is the material constant
described later. Onodera and Okabe?? utilized this effective stiffness for predicting
the stiffness reduction and steady-state cracking of laminates with ply cracking. The
proposed CDM model agrees with the experimental and numerical results.*> However,
the damage parameter w and transverse crack density have upper limits because a small
damage was assumed.

Model 4: Maimi model Maimi et al.*' proposed the complementary free energy function
and thermodynamically derived the effective compliance matrix as follows:

1 _ V2 0
€11 (1—d11)En 1E1 o11
e | = [C=ron 0 022 | - (18)
2612 sym. m g12
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The effective compliance matrix in this case is also explicitly symmetric. However, this
case needs an additional damage variable d;2 for evaluating the shear stiffness reduction
due to transverse cracks or fiber breaks. For the ply with transverse cracks, this parameter
is derived from the displacement field of the damaged ply in this study. For the ply with
fiber breaks, d1» can be approximated as follows: "

1 1 1
].*dlg 2<1d11+ ) (9)

The approximate relation of Eq. (19) was used when considering the ply with fiber
breaks.

Damage variables

Damage variable d,, for multi-fiber fragmentation An analytical expression for dj;
was developed by employing Curtin’s GLS model® considering the ultimate tensile
strength of unidirectional fiber-reinforced composites. Now, we consider the mechanical
equilibrium on an arbitrary cross section in a unidirectional fiber-reinforced composite
with broken fibers. Utilizing the shear-lag model, the slip length [; can be described as

rT
Iy = 5 (20)

where T is the far-field axial fiber stress, 7 is the fiber/matrix interfacial sliding stress,
and r is the fiber radius. If fiber breaks occur equally within the range £l¢, then the
average stress carried by the broken fibers in the selected plane is half of that carried by
the unbroken fibers. The stress carried by the broken and unbroken fibers in the selected
plane can be described as

oy ZT{l —Pf(T,Qlf)}-l-%Pf(fRQlf). 21

Here, the first term on the right-hand side represents the load carried by the unbroken
fiber with the fraction 1 — P¢(T,2ly) and the second term is the average load carried
by the broken fibers, whose fraction is Py (T, 2ls). It is well known that the probability
P;(T,2ly) of the fiber failure with applied stress T" and length 2{; can be simplified as

2zf<T>m (T)m“ . 2zf(:r)m
Pi(T2)~=L =) =(= if =L (=) <1, (22)
r(T21) 0 \ 00 Oc Ly \ oo

where m is the Weibull modulus and o is the mean strength at gauge length Lg. o is
the characteristic strength defined as follows:

I 1/(m+1)
o0 = ("OZ 0) . 23)
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In the selected cross section, the following mechanical equilibrium condition must be
satisfied:

o1 = [y, (24)

o1 is the stress applied on the unidirectional composite along the fiber direction and
f is the fiber volume fraction. Using the Voigt model for representing the Young’s
modulus of composite, the unidirectional axial composite stress o, axial fiber stress
T, and unidirectional Yong’s modulus E; are expressed as

o1 = (1 —dun)Ee, (25)
T = Eye, (26)
E1 = fEf-f-(l-f)Em %fEf (27)

Here, ¢ is the unidirectional composite strain, E is the fiber axial modulus, and E,, is
the matrix modulus. We neglected the term (1 — f)E,, in Eq. (27) because E; > E,, is
approximately satisfied in the case of polymer matrix composites. Using Egs. (21), (22)
and (25) - (27) in Eq. (24), the damage variable was simply derived as

1 T m+1
dyy =~ () . (28)

2 \ o,

The remaining unknown variable is the far-field fiber axial stress T'. Substituting Eqgs.
(21) and (22) into Eq. (24), the following nonlinear equation for 7" was obtained.

1 T m—+1

Stress 1" at applied load o; was numerically obtained by solving the above nonlinear
equation. When a cross-ply laminate having 0° plies with volume fraction V; and the
90° plies with volume fraction Vj is considered, the applied axial laminate stress o7, can
be described using the rule of mixture as follows:

o1 = Vioy + Voo = Vioy, (30

o1 is the 0° ply stress and o5 is the 90° ply stress. We decided to neglect the second term
on the right-hand side in Eq. (30). This is because fiber breaks in the 0° ply may start
after the saturation of transverse cracks and the 90° plies have very small load-bearing
capacity during saturation of transverse cracks. Using Eq. (30) in Eq. (29), the nonlinear
expression for stress 7" is rewritten as

— 1 T m—+1
?/f:fT<1—2<g) ) G1)
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The ultimate tensile strength of cross-ply laminates can be derived using Eq. (31). The
ultimate failure condition of composite laminates is described by the following equation:

doy,
— =0. 32

a7 (32)
The maximum far-field fiber stress T1,,,x and ultimate tensile strength E[LJLT
laminates were simply obtained by substituting Eq. (31) into Eq. (32).

of cross-ply

9 1/(m+1)
Tm'x =\ /5 c 33
a (m+2> g (33)
2 \Y D 1
—ULT
= (— nr- 4
TL Vifoe (m+2> ) (34)

The maximum value of damage variable d;; was obtained using Eq. (33) in Eq. (28).

max 1
™ = m+ 2 (35)
dy; increased to its maximum value in Eq. (35) under the ultimate tensile failure
condition. In this study, the far-field stress T was calculated using the Newton method
to solve the nonlinear equation (Eq.(31)) at a given laminate tensile stress o7, until the
ultimate tensile failure condition in Eq. (32) was satisfied. d;; was obtained using the
calculated stress 7" in Eq. (28).

Damage variable d;s associated with ftransverse cracking In any of the
effective stiffness/compliance models stated above, d2s is necessary to evaluate the
compliance/stiffness matrix of the damaged ply. The governing equation (i.e., Laplace
equation) of the corresponding problem was derived. The simplified solution of the
equation obtained assuming that the displacement field in the longitudinal direction can
be expressed as a quadric function. Further, the boundary condition for the governing
equation was loosened.

As shown in Fig. 1, the solved problem is the displacement field for the damaged
transverse ply including periodic matrix cracks having an interval of 2[. These matrix
cracks fully propagate in the z direction and reach the interface. The longitudinal strain of
the neighboring ply is assumed to be uniform and unaffected by these cracks. Considering
the symmetry of the problem, only the first quadrant in the xy plane was addressed. The
plane strain condition was assumed, and the constitutive relations are given by

du(z,

5xz(xa y) = w = Clo'a:;v(-ra y) - C’gayy(x,y), (36)
v (z,

Eyy(xa y) = ngy) = Clayy(xa y) - CzUm(Uny), (37)

~oxy(z,y)  Ov(z,y) | Ou(z,y) _ Ov(z,y)
YY) = e s e Y ey N or

(38)
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Figure 1. Representative volume element in a cracked ply with transverse crack spacing 2/
and ply thickness 2t. (1, 2, 3) is the material coordinate system, and (z, y, z) is the
representative volume element coordinate system.

Here, u and v are the displacements along the x and y directions respectively. C; and Cs
are given by
1 —v9vy

CI_T’ Cy =

Vo3 + V12921

7, (39)

We assumed that Ou/0y was negligible in Eq. (38) so that the compatible condition of
the strain tensor was not satisfied. To obtain the governing equation for displacement v,
the following relationship was introduced:

Exx (SC7 y) = asyy(x» y)v (40)

where a is the effective Poisson’s ratio derived from the equilibrium equation.
Substituting Eq. (40) into Egs. (36) and (37), we obtained the stress with displacement v
as follows:
aCi + Cy dv(x,y)
zx\L) = ; 41
Cy + aCy Ov(z,y)

Oyy(T,y) = (42)
" CT—C3 oy
These stresses satisfy the following two-dimensional equilibrium equations:

004y~ 004y

=0, 43

or Jy (43)
005y 00y,

=0. 44

or dy @4

Prepared using sagej.cls



11

Substituting Eqs. (38) and (41) into Egs. (43) and removing the trivial case (i.e.,
0?v/0x0y # 0), a was calculated as

O+ Ga3(C? — C2)

- _ c

Es(vag 4 viaver) + Gas{(1 — viave1)? — (va3 + v12101)?}
E5(1 — v12v21) '

(45)

Furthermore, substituting Eqs. (38) and (42) into Eq. (44), the following governing
equation of the displacement field was obtained:

0?v 5 0%
z - z 4
922 +A 7 0, (46)
where
- Ci+aCy By — Gaz(ves + vizver)
A= 5 5T = . 7
Ga3(CF — C3) Gas(1 — v12121)
The boundary condition of the governing equation is written as
0,9) =0 220,49) =0 48)
Og ) = a. Y =Y
vy oz Y
o(t,y) = g5y, (49)
v(z,0) =0, (50)
Ov
oyy(z,l) =0< a—y(x,l) =0, (51

where 77 is the applied strain of the ply parallel to the y-axis and 2t is the ply
thickness. The displacement field can be solved with Eq. (46). In our previous study, >’
this partial differential equation was solved by the variable separation method. However,
the obtained solution was an infinite series and very complicated. Therefore, this study
obtained a simplified form of the displacement field.

To obtain the simplified solution, the displacement form of the following type was
assumed:

v(z,y) = A(y)2® + By)z + C(y). (52)
Using the displacement in Eq. (52) in Egs. (48) and (49) yielded

B(y) =0, (53)
Cly) =epy — Aly)t. (54)

Thus, Eq. (52) can be written as
v(z,y) = A(y)(@® — %) + ey, (55)
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Next, our main task was to explicitly determine A(y). The boundary condition of Eq.
(50) gives

A(0) = 0. (56)

However, it is impossible to satisfy the boundary condition of Eq. (51) exactly as it is.
Thus, according to McCartney, !’ the following averaged boundary condition was used:

1 [t
7/ ol,l) oy (57)
tJo Oy

Hence, using Eq. (55) into Eq. (57) results in

dA(l) 35yy
TR (58)

Similar to Eq. (51), the government equation, i.e., Eq. (46), cannot be solved directly.
Instead of Eq. (46), the following averaged government equation was here solved.

9%v 92v
5/0 <8x2 )\282>dx—0 (59)

Using Eq. (55) in Eq. (59) yielded the following ordinary differential equation

d*A(y) 24
2 — B*A(y) =0, (60)
where
_ V3
=2 1)

The solution of Eq. (60) with the boundary conditions in Egs. (56) and (58) is

_ 3eyy, sinh By

AW) = 525 cosh 51 62)

Thus, it can be shown that

3,y sinh By
2t23 cosh Bl

v(z,y) = (2 — %) + ey (63)

As stated in our previous paper,”’ the damage variable is the ratio of the inelastic strain
due to crack opening to the total strain and is finally given by

1 t
syy——/ v(z,l)dx tanh Bl 2
dyy = t Jo _ tanhfl_ 20 m 5 (64)
3 5l I} 2p
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where p = 1/(2l) is the transverse crack density in the damaged ply. As stated above, we
derived the following equation: %’

oo

8 1 tanh[(2n — 1)wAt
Z [( )T Atp]

T3 —1)3
AL = (2n — 1) p

dyg = 1 . (65)

Equation (64) is obviously simpler than Eq. (65) and loosening the boundary condition
Eq. (51) increases crack opening, so that Eq. (64) gives better predictions than Eq. (65)
in some cases. We will describe this section later through verifications and validations.

Damage variable d,> associated with transverse cracking When the effective
compliance matrix shown in Eq. (18) is used, the analytical form for damage variable
dy2 is required. The schematic shown in Fig. 1 is also considered here. The neighboring
ply deforms under a constant shear strain ~y,7 in the yz plane and the displacement field
is assumed as

u(z,y,z) =v(z,y,2) =0, (66)
w=w(z,y). (67)

Thus, these equations give 0, = 0y =0, = 0yy =0and e, = ey =€, = y;, =0, 50
that the out of plane shear stresses are nonzero and given as

022(2,y) = G12Yaz(2,y) = G12W7 (68)
oy (2,y) = Gravy=(2,y) = Glzw (69)
The stresses should satisfy the following three-dimensional equilibrium equations:
Ty Oy B g (70)
Oy 6g;y + %y, an
0oy, . 0oy, n 0o, _0 72)

ox dy 0z

These stresses given in Egs. (68) and (69) automatically satisfy Egs. (70) and (71) and
leads to the following governing equation derived from Eq. (72):

Pw  Pw
57+ g =0 (73)
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As mentioned in the previous section, the following boundary conditions should be
satisfied:

0
00:(0,y) = 0 Z2(0,9) =0, (74)
w(t,y) = 7,29, (75)
w(z,0) =0, (76)
oy(z,l) =0& %(x, l)=0. a7

This boundary problem defined by Eqgs. (73)-(77) is almost the same as the one defined by
Egs. (46)-(51); therefore, the same derivation procedure can be adopted for this boundary
problem. Thus, the displacement field is given by

37,z sinh 12y

2 2 (e%s)
= —t 78
’LU(.CL', y) 2t2612 COSh BlQl ('T ) + ’szyv ( )
V3
ﬁlz = T (79)
The shear damage variable d;5 can be defined as
Gd
dip=1— =12 80
12 G12 ) ( )

where G¢, is the shear stiffness of the ply with transverse cracking. The average ply shear
strain y7° not considering the crack-opening displacement and applied shear strain ;2

are described as follows:

(op
ave _ 1 _ yz ) 81
Vyz G (81
[e%} Oyz
Yoo =1- G?Q' (82)

Substituting Eqgs. (81) and (82) into Eq. (80), d12 can be rewritten as
ave
dip =1— 22 (83)

Yyz

The average shear strain is defined by

ave 1 K
Vs :E/O w(z,l)dz. (84)

We obtained d;, from Egs. (78), (83), and (84).

1 t
oo 1)d
=T w(z, l)dz _tanh Bl _ 2 B

dig = = —
2 Voo P12l P12 2p

(85)
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The reduction in shear modulus was initially determined by Hashin,'' by using the
variation approach. Recently, Onodera and Okabe*” also obtained the shear damage
variable with an infinite series.

8 1 tanh[(2n — 1)7tp]
= 1 _—
diz w3t ; (2n—1)3 p (86)

However, Eq. (85) is obviously simpler than the infinite series of Eq. (86).

Effective elastic constants for the damaged composite laminates

The substitution of damage variables ds2 and d;5 into Eqs. (1), (2), (8), and (18) gives
the effective compliance/stiffness matrix of a ply with transverse cracks as a function of
crack density p, and fiber breaks can be considered by substituting d;; into Egs. (1), (2),
and (18). The effective stiffness of composite laminates with transverse cracks can be
estimated through the CLT using the effective compliance matrix of a damaged ply.

Let us consider the coordinate systems shown in Fig. 2. The effective compliance
matrix and thermal expansion coefficient of the kth ply having transverse crack density
p in material coordinate system (1,2,3) are defined as Ci(p) and ay, respectively.
Similarly, those of laminate coordinate system (X, Y, Z) are defined as C},(p) and &y,
respectively. When the fiber angle is given by 0, C}.(p) and @, are given as

Ci(p) = RiCr(p)T; 87
ar = Ray, (88)
where
T
o = [0411 Q22 0} ) (39)
cos? 0y, sin® 0y, — sin 0}, cos 0y,
R;, = sin? 6y, cos? 0, sin 0}, cos 0y, , (90)

2sin 0y cos O, —2sinb cosfy cos? 0 — sin® ),

\H/\'

kth ply

Figure 2. Relationship between the laminate coordinate system (X, Y, Z) and material
coordinate system (1,2, 3).
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cos? 0y, sin? 6, —25in 0y, cos 0y,
T, = sin? 6, cos? 0, 2sin @ cos Oy, | . 91)
sin @y, cos0p —sinfg cosfy cos? O — sin’ O,

« is the thermal expansion coefficient. Therefore, according to the CLT, the effective
laminate strain £y, is expressed as

€r, :éLEL +ar AT, 92)

where the effective stiffness matrix C'1,(p) and thermal expansion coefficient @, (p) of
the cracked laminate can be written as

N —1
Cr(p) = [Criy| = ltlL kaC;I(P)] ) 93)
— 1k:]\1] ——1
ar(p) = [a] =Cy |fl > 4C, (p)akl : (94)
k=1

o 1, is the applied axial laminate stress, ¢, is the thickness of the corresponding composite
laminates, and AT (=T — Ty) is the difference between the testing temperature T'
and stress-free temperature 7. Therefore, the effective elastic constants and effective
thermal expansion coefficients of the laminates are given as

1 1 C1a(p) 1
Ex == ’ Ey = = ) v - T = ) G == ’ (95)
* Cui(p) v Caa(p) Y C11(p) Y Ces(p)
ax =ari(p), ay =ara(p). (96)

We can derive the effective elastic constants analytically with the crack density and
fiber breaks through the CLT. The stress-strain relationship of damaged laminates can
be obtained using Eq. (92).

Results and Discussions
Verification of damage models

The stiffness reduction in laminates with transverse cracking was studied using five
approaches for verifying the effective compliance/stiffness matrices and proposed
damage variables ds2 and dy2. Murakami_simplified shows the Murakami model using
doo expressed in a simplified form in Eq. (64). Yoshimura_simplified is the Yoshimura
model with dsy expressed in a simplified form, identical to Murakami_simplified.
Li_simplified is the Li model including the damage parameter w in Egs. (16) and (64), and
constant damage parameter £ in Eqs. (17) and (47). Maimi_simplified gives the Maimi
model with simplified forms of dss in Eq. (64) and d;, in Eq. (85). Maimi_infinite_series
describes the result of the Maimi model with infinite forms of dss in Eq. (65) and dy2
in Eq. (86). In Li_simplified, the upper limit of the transverse crack density resulting
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from the assumption of a small damage postulated in Li’s effective stiffness matrix was
determined in the same manner as in our previous study.*’ Table 1 presents the upper
limit of the transverse crack density in GFRP laminates used in Li_simplified.

For verification, comparisons to results obtained using FEA are presented for [90/0]s
GFRP cross-ply laminates. The material properties listed in Table 2 were used.
Transverse cracks are assumed to exist in the 90° plies and face the outer surface.
Gudmundson and Zang”’ calculated the reduction in Poisson’s ratio and Young’s
modulus due to the increase in the transverse crack density. When the matrix crack faces
the surface, the crack length should be doubled to include the surficial effect and satisfy
the boundary condition. Therefore, we obtain

4p p

=22 tanh 7
d22 6 tan 4p, (9 )

4p B2
dya = —— tanh —, 98
2 B2 4p ©8)

B 4 & 1 tanh[2(2n — 1)wAtp]
d2=1-"55 ; (2n —1)3 P ’ ©9)
B 4 & 1 tanh([2(2n — 1)7tp]

du—l—ﬁ;(zn_l)g p ) (100)

The comparison results are shown in Figs. 3 and 5. As for Young’s modulus, all
approaches reproduce the tendency of the results observed in FEA. When comparing
Maimi_simplified and Maimi_infinite_series, it is shown that the simple forms of
Eqs. (64) and (85) yielded results closer to the FEA results than the infinite
series forms of Egs. (65) and (86). Thus, Egs. (65) and (86) gave smaller crack
openings than the FEA results and loosening the boundary condition may improve
the tendency of the crack opening displacement to match with those obtained using
FEA. Murakami_simplified, Li_simplified, Maimi_simplified and Maimi_infinite_series
captured the degradation tendency of the Poisson’s ratio; however, Yoshimura_simplified

Table 1. Upper limit of transverse crack density used in Li_simplified.

Laminte Upper limit of transverse crack density (cracks/mm)
GFRP [90/0]s 2.01
GFRP [55/ — 55]n 4.02

Table 2. Material constants and thickness of GFRP ply used in stiffness reduction
calculation. ??

Fn Es V12 V23 G2 Gas aq Q2 P|y thickness
(GPa) (GPa) (GPa) (GPa) (/°C) (/°C) (mm)
41.7 13 0.3 0.42 3.4 4.58 6.72 29.3 0.203

x107% x107°
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Young’s modulus Ey (GPa)

® FEA result
Murakami_simplified

----- Yoshimura_simplified
===-Li_simplified

= = Maimi_simplified

= + =Maimi_infinite series

20

4 6 8
Crack density p (/mm)

Figure 3. Comparison of Young’s modulus reduction in GFRP [90/0]s laminate due to
transverse crack predicted using present models and FEA (Gudmundson and Zhang %).
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Figure 4. Comparison of Poisson’s ratio reduction in GFRP [90/0]s due to transverse
cracking predicted using present models and FEA (Gudmundson and Zhang ).

obviously underestimated the degradation. This causes the significant errors in the case
of angle-ply laminates because the non-diagonal component directly affects the Young’s

modulus of the laminate.

Gudmundson and Zhang?” also calculated the stiffness reduction in several types of
angle-ply laminates using FEA. The present model was verified by comparison with the
results for [+55]y angle-ply GFRP laminates. The material properties listed in Table
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Figure 5. Comparison of Young’s moduli of GFRP [+55]~ axial laminates due to transverse
cracking predicted by present models and FEA (Gudmundson and Zhang ).
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Figure 6. Comparison of Young’s moduli reduction in GFRP [+£55] 5 transverse laminate due
to transverse cracking predicted by present models and FEA (Gudmundson and Zhang??).

2 were used. Figures 5 - 10 show the changes in the Young’s moduli, shear modulus,
Poisson’s ratio, and thermal expansion coefficients of [+55] 5 laminate as a function of
the transverse crack density. Clearly, Maimi_simplified shows the best agreement among
these five approaches for any of the elastic constants, whereas Yoshimura_simplified
cannot capture the trends of Young’s modulus and Poisson’s ratio at all. As stated above,
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Figure 7. Comparison of shear modulus reduction in GFRP [£55] 5 laminate due to
transverse cracking predicted by present models and FEA (Gudmundson and Zhang®?).
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Figure 8. Comparison of Poisson’s ratio change in GFRP [£55] x laminate due to transverse
cracking predicted by present models and FEA (Gudmundson and Zhang ).

Poisson’s ratio is a critical parameter for evaluating the properties of angle-ply laminates
as it reflects the behavior of non-diagonal components in compliance/stiffness matrix.
The trends of Yoshimura_simplified are substantially different from those observed in
FEA. Therefore, we do not recommend using Yoshimura_simplified for evaluating angle-
ply laminates.

Prepared using sagej.cls



21

Thermal expansion coefficient

—_ o [\]
()] (@] ()}

(X 1076 /°C)

—_
o

~
Seo
-~
-

® FEA result
——Murakami_simp}
=-=-=-Yoshimura_simp
-=-=--Li_simplified
-==-Maimi_simplified \
-Maimi_infinite series

| | |

2 4 6 8
Crack density p (/mm)

10

Figure 9. Comparison of axial laminate thermal expansion coefficient reduction in GFRP
[+55]~ due to transverse cracking predicted by present models and FEA (Gudmundson and

Zhang®).
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Figure 10. Comparison of transverse laminate thermal expansion coefficient reduction in
GFRP [£55] ~ due to transverse cracking predicted by present models and FEA

(Gudmundson and Zhang®?).

Although the results obtained using all the models agree well with the FEA results,
Maimi_simplified shows the best agreement. In fact, we proved that Maimi_simplified is
the most appropriate approach among five approaches considering in this study.
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Nonlinear stress-strain response of CFRP cross-ply laminates

The nonlinear stress-strain response of CFRP cross-ply laminates resulting from
transverse cracking was calculated using the present model and compared to the
experimental results obtained in this study. We also applied our model to the results
reported by Fikry et al.*> The stress-strain response of cross-ply laminates with
transverse cracking was calculated using Eqs. (92)-(94). From the verification result
described in the previous section, the effective stiffness model of Maimi_simplified
composed of the Maimi model with simplified forms of ds2 in Eq. (64) and d;2 in Eq.
(85) was utilized to predict the stiffness reduction due to transverse cracks in 90° plies. In
CFRP laminates subjected to quasi-static monotonic tensile loading, fiber fracture often
occurs at the ultimate failure stress of the laminate. Therefore, the stiffness reduction
owing to fiber breaks was not considered here, and the ultimate tensile strength of CFRP
cross-ply laminates was predicted based on a strain-based fiber failure criterion presented
by McCartney > to determine the fracture point in the nonlinear stress-strain curve. In this
criterion, the calculated effective laminate axial strain using Eq. (92) is considered equal
to the fiber axial strain in 0° plies. When the effective laminate axial strain is equal to the
critical strain, €., during ultimate fiber failure, ultimate failure of the laminate occurs.
The ultimate fiber failure strain, €., is derived from the spring element model (SEM)
simulation,** which considers the surficial stress concentration obtained from multiple-
fiber fragmentation tests.** The bimodal Weibull distribution was applied to reproduce
the statistically distributed strength in fibers. A stress concentration factor of 1.9 was
used. The average ultimate fiber failure strain obtained by 100 SEM simulations scaled
with each specimen size, was regarded as the ultimate fiber failure strain ;.. Table 3
lists the material properties of the T700S and resin and Table 4 shows bimodal Weibull
parameters of the T700S fiber used in SEM simulations. The evolution of transverse
crack density p as a function of the applied laminate stress is needed to predict the
nonlinear stress-strain curves of the laminates. In this study, to validate the proposed
stiffness reduction model, we assumed the following Weibull form for transverse crack

density evolution:
o —OJ, mr
p=ps {1—exp{— (0) H (101)
OLc

Table 3. Properties of T700S fiber and resin used in SEM simulations. *®

Fiber axial Young’s modulus £y (GPa) 230

Fiber radius r (um) 35
Matrix Young’s modulus E,, (GPa) 3.4
Matrix Poisson’s ratio vp, (-) 0.31

Table 4. Bimodal Weibull parameters of the T700S fiber used in SEM simulations. **

001 (GPa) mi go2 (GPa) meo
5.2 4.8 6.1 12.0
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where pg is the saturated transverse crack density, oz is the initiation stress of the
transverse crack, oy is the Weibull scale parameter, and mq is the Weibull modulus.
These parameters were determined by fitting with the experimental results.

We performed the experiments by ourselves to validate our model presented in this
study. Here, we briefly explain the experimental procedures followed to determine the
stiffness reduction, transverse crack density, and stress-strain curves of the cross-ply
laminates. Loading and unloading tests were conducted to obtain the nonlinear stress-
strain response of cross-ply laminates, transverse crack density in 90° plies, and stiffness
reduction. The [0/90g/0] cross-ply laminate was composed of T700S/2592 (Toray
Industries) unidirectional plies. The laminate specimen had a length, width, and thickness
of 249, 25, and 1.42 mm, respectively. A strain gauge (Kyowa Electronic Instruments
Co.) was used to measure the strain in the laminate. The free edge of the laminate was
polished by a diamond grinding disk (Buehler Ltd.) to observe the transverse crack
density. Loading and unloading tests were performed using a servo-hydraulic testing
machine MTS810 (MTS Systems Corporation) and involved the following steps. (1) The
specimen was loaded with a crosshead speed 1.0 mm/min. (2) When the load reached
a specific value, the specimen was held at this load and the transverse cracks were
observed at the free edge of the specimen using RepliSet (Struers). (3) The specimen
was then unloaded with a crosshead speed 1.0 mm/min until the load reached zero. This
loading/unloading cycle comprising steps (1)-(3) was repeated until the specimen failed.

The stress-strain relationship for the T700S/2592 [0/90g/0] laminate predicted from
the present model was compared to the obtained experiment results. We denote
T700S/2592 as CFRP-I. The material properties of the ply, parameters of transverse crack
evolution, and ultimate fiber failure strain, ., derived from SEM simulations are listed
in Tables 5, 6, and 7, respectively. The out-of-plane shear modulus, Gs3, of CFRP-I ply
given in Table 5 was derived as follows:

Ey

Gaz = ————.
2791+ 1)

(102)

Parameters of transverse crack density evolution were determined by fitting the
calculated results of the present model with the experimental data as shown in Fig. 11
(a). Figure 11 (b) presents a comparison of the predicted results for stiffness reduction
as a function of transverse crack density determined by using the present model with
experimental results. The results predicted using the present model agree quantitatively
with the experimental results obtained through loading/unloading tests. The predicted
stress-strain responses of the T700S/2592 [0/90s/0] laminate was compared to the
experimental results, as shown in Fig. 11 (c). The results of the present model obtained
considering stiffness reduction due to transverse cracking show good agreement with
the experimental data. According to these results, the nonlinearity of the stress-strain
responses observed in the 200-350 MPa range is mainly due to transverse cracking. The
ultimate failure stress and strain determined from the critical-strain-based criterion also
agree with the experimental data. This result implies that the ultimate failure strength of
CFRP laminates with 0° plies can be determined using the strain-based fiber criterion,
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Table 5. Mechanical properties of plies used in the calculation of stress-strain behavior of
cross-ply laminates.

CFRP-1“®  CFRP-II*?

Longitudinal Young’s modulus E; (GPa) 115 123
Transverse Young’s modulus E> (GPa) 7.74 8.68
In-plane Poisson’s ratio v12 (-) 0.315 0.33
Out-of-plane Poisson’s ratio v23 (-) 0.394 0.394°
In-plane shear modulus G2 (GPa) 3.54 3.92
Out-of-plane shear modulus G23 (GPa) 3.78* 2.91*
Longitudinal thermal expansion coefficient o;; (10~%/°C) 0.4° 0.4°
Transverse thermal expansion coefficient ap (107%/°C) 36 36"
Temperature difference AT (°C) —100 —110
Fiber volume fraction f (-) 0.51 0.528¢
Ply thickness (mm) 0.142 0.15

® (23 was estimated using Eq. (102).

> These values are quoted from Okabe et al. °

¢ This value is quoted from Kumagai et al. *®

4 This was estimated from Eq. (103). Ef and E,, given in Table 3 were used.

Table 6. Simulation results of ultimate fiber failure strain at stress concentration factor of 1.9.
CFRP-I CFRP-II
Ultimate fiber failure strain €. (%) 1.77 1.83

Table 7. Parameters of transverse crack evolution in CFRP laminate used in Eq. (102).

CFRP-l  CFRP-II
oo (MPa) 180 180
ore (MPa) 74 110
mr 15 17
ps (/mm) 0.76 0.9

and the ultimate fiber failure strain used in this criterion can be predicted through SEM
simulations.

The nonlinear stress-strain behavior of the T700SC/2592 [0/90s/0] laminate was
predicted using the present model and the results were compared to the experimental
result obtained by Fikry et al.*> We denote T700SC/2592 as CFRP-II. The material
properties of the ply, parameters of transverse crack evolution, and ultimate fiber failure
strain, € y., derived from SEM simulations are also listed in Table 5, 6, and 7, respectively.
The out-of-plane shear modulus G535 of CFRP-II ply given in Table 5 was estimated using
Eq. (102). The fiber volume fraction, f, of CFRP-II is estimated as

_ El - Em

[= By~ B, (103)
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Figure 11. Comparison of results predicted using present model for (a) transverse crack
density evolution, (b) stiffness reduction, and (c) stress-strain response of T700S/2592
[0/90s /0] laminate with experimental results.

where FE is the fiber axial Young’s modulus and F,, is the matrix Young’s modulus
given in Table 3. The crack evolution parameters used in Eq. (101) were derived by
fitting the predicted results with the experiment results, as shown in Fig. 12 (a). The
predicted results for stiffness reduction as a function of the transverse crack density show
excellent agreement with the experimental results, as shown in Fig. 12 (b). Figure 12 (c)
presents the nonlinear stress as a function of the longitudinal or transverse strain obtained
using the present model and through experiments. The present model considering the
stiffness reduction due to transverse cracks can predict the nonlinearity of the stress-
strain response up to the ultimate failure strength of the laminate estimated using the
critical-strain-based criterion.

Nonlinear stress-strain response of GFRP cross-ply laminates

The nonlinear stress-strain behavior of E-glass/TX24235 GFRP [0/90,,/0]s (n = 2,4, 6)
laminates was predicted to validate our proposed damage variables d11, d22, and dy2. The
stress-strain responses of cross-ply laminates with transverse cracking and fiber breaks
were calculated using Egs. (92)-(94). The effective stiffness model Maimi_simplified
comprising of the Maimi model with simplified forms of ds2 in Eq. (64) and d;2 in Eq.
(85) was utilized to predict the stiffness reduction due to transverse cracks in 90° plies. In
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Figure 12. Comparison of (a) transverse crack density, (b) stiffness reduction, and (c)
stress-strain response of T700SC/2592 [0/90s /0] predicted using the present model with
experimental results (Fikry et al.*?).

the case of GFRP laminates, the stiffness reduction due to multiple-fiber fragmentation
in 0° plies and subsequent final laminate failure was calculated using damage variable
d11 in Eq (28)

The GFRP ply properties were estimated using the analytical model developed by
Kravchenko et al.#’ According to them, the properties of unidirectional-fiber-reinforced
ply composed of the transversely isotropic fibers and the isotropic matrix are determined
as follows:

4™ — yE2Em D G

_ B ) 4 gom) pm)
By = BV S BEOST A G T oy k) + () — &) Gom) )

] f(f)f(m)’
(104)

RS Y
4]62 4G23 E1 ’

(™ — Dy (k) — K (D)Gem) £ plm)
kD 1 G m) 4 (k) — fom))Glm) 7 ’
(106)

By = [ (105)

Vig = l/££)f(f) + V(m)f(m) +
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FEs E
vy = 1= 5% = Wwh (107)
_ o | (@R +G) + (G — GO
Gz =G 5 5 ) (108)
(Giy +Gm) — (Gl — Gm) f()

(GY) + Gk 2 atm 1 (GH) — Gm)ktm) £

Gag = G ) ) )
(G35 + G)Em) 4 2G5 G — (G55 — Gm)(k(m) 4 2G (™)) £(f)
(109)
(f) () (m) p(m) £(m)
al:al EY + o™ EM™ f ’ (110)

EY $(5) 4 E(m) fm)
az = (o8 + VDl ) (14 1) m) pm) _ (1) ¢(F) ) (m) pm)y g,

(111)
where

(F) p(F)

k) = Ev By i , (112)
2(1 - v EY )_4( (f )) EY

(m)

kM) = E 5 (113)
2(1 — vim)) — 4 (v(m)
63 (M) (m) (f) _ g Gm) ¢(F)

py — (B4 GEDIR™ 4+ (kD) = k)G f a14)

(& + G — (kD) — fm) £

Here, superscripts (f) and (m) denote the fiber and matrix property, respectively.
Subscripts 1, 2, and 3 represent the material coordinate axis of the ply shown in
Fig. 1. E, G, v, o, k, and f are the Young’s modulus, shear modulus, Poisson’s
ratio, thermal expansion coefficient, bulk modulus, and volume fraction, respectively.

ki is the transverse plane bulk modulus. B\ = E{) = B G\) = Gl = g,

l/g) = (f) = v, and a(lf) = aéf) = a/) are assumed because the E-glass fiber is

isotropic. Table 8 lists the material properties of the E-glass fiber and resin used in Eqgs.
(104)-(114). Tables 9 and 10 present the material properties used for calculating dj
and the parameters of transverse crack evolution in Eq. (101), respectively. The crack
evolution parameters were derived by fitting the results predicted by present model with
the experimental results, as shown in Fig. 13 (a).

Figure 13 (b) shows the comparison of the stress-strain responses of E-glass/TX24235
GFRP [0/90,,/0]s (n = 2,4, 6) laminates with those obtained experimentally by Okabe
et al.”” The results predicted by the present model for the [0/905/0]s laminate does
not agree with the experiment results. The present model overestimated the laminate
failure strength, despite considering the stiffness reduction due to transverse cracking
and fiber breaks. The reason for this overestimation may be the stiffness reduction, due
to additional damage modes such as delamination resulting from stress concentration at
the transverse crack tip. The predicted results for [0/904/0]s and [0/906/0]s laminates
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Table 8. Material properties of E-glass fiber and resin.*®

Fiber Young’s Modulus E) (GPa) 72.4
Fiber Poisson's ratio v/ 0.2
Fiber shear modulus G*) (GPa) 30.17
Fiber thermal expansion coefficient a® (1075/°C) 0.5
Fiber volume fraction f 0.5
Matrix Young’s modulus E™ (GPa) 3.4
Matrix Poisson’s ratio v(™ 0.35
Matrix shear modulus G(™ (GPa) 1.259

Matrix thermal expansion coefficient o™ (107%/°C)  11.0

Table 9. Material properties used for calculating di1.*°

Fiber radius r (um) 6.5
Gauge length Lo (mm) 24
Weibull modulus m 6.34
Fiber strength ¢ based on Ly (MPa) 1550

Fiber/matrix interfacial shear stress 7 (MPa) 25

Table 10. Parameters of transverse crack evolution in E-glass/TX24235 GFRP [0/90,, /0],
(n = 2,4, 6) laminates.

[0/902/0]s  [0/904/0)s  [0/906/0]s

oro (MPa) 140 70 55
ore (MPa) 100 100 100
mr 3.1 3.1 3.1
ps (/mm) 215 16.0 10.5

reasonably agrees with the experimental results. Furthermore, the laminate failure
strength derived from the GLS model can be used to predict the results. From the results
described in the previous and current sections, we concluded that the present model can
reproduce the stress-strain responses of cross-ply laminates with transverse cracks and
fiber breaks using the Maimi model with damage variables d11, des, and d;2 proposed in
this study.

Conclusions

This study involved deriving a new analytical model for predicting the effective
compliance of composite laminates and simplified expressions for the damage tensor.
We evaluated four models that yielded asymmetric/symmetric compliance matrices of
damaged composite plies. Damage variable dy; describing stiffness reduction due to fiber
breaks and its upper bound d3** given by 1/(m + 2) were formulated using the GLS
model. Moreover, the simplified analytical forms of damage variables ds5 and d;2 were
developed, assuming that the displacement field along the longitudinal direction could be
expressed as a quadric function by loosening the boundary condition for the governing
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Figure 13. Comparison of (a) transverse cracking progression and (b) stress-strain
responses of E-glass/TX24235 GFRP [0/90,/0]s (n = 2,4, 6) laminates predicted using the
present model with experimental results (Okabe et al. ).

differential equation. We also proved that the effective laminate properties could be
obtained by substituting the damage variables into the CLT- and CDM-based models.
Comparisons of the effective stiffness of laminates with transverse cracking to the results
obtained via finite element calculations were performed for model verification. We found
that the Maimi model*' in combination with the proposed formulation for the damage
variables, referred to as Maimi_simplified in this study, was the most appropriate model
for predicting or estimating damage in composite laminates with transverse cracking.
The nonlinear stress-strain behaviors of CFRP cross-ply laminates resulting from
transverse cracking were predicted using the present model, and the predicted results are
compared with the experimental results. The effective compliance model with simplified
damage variable ds2 and dy2 was utilized to calculate the stiffness reduction of the CFRP
laminates. The ultimate tensile strength of CFRP cross-ply laminates was predicted based
on a strain-based fiber failure criterion because fiber fracture in CFRP laminate occurs
at the ultimate laminate failure stress. We assumed that the laminate failed when the
effective axial laminate strain became equal to the ultimate fiber axial failure strain
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in 0° plies. The ultimate fiber axial failure strain was derived from SEM simulations.
The present model quantitatively reproduced the experimental results up to the ultimate
failure strength of the laminate.

We predicted the nonlinear stress-strain behavior of [0/90,,/0]s (n = 2,4, 6) GFRP
cross-ply laminates with transverse cracks in 90° plies and fiber breaks in 0° plies to
validate our proposed damage tensor dy1, deos, and di5. dq1 associated with fiber breaks
and its upper bound describing the ultimate failure condition were analytically derived
using the GLS model.*> The effective stiffness model with simple damage variables d;1,
ds2, and dq5 was utilized to evaluate the stiffness reduction due to transverse cracking,
fiber breaks, and ultimate failure of the laminate. In [0/904 /0] and [0/90¢ /0] laminates,
the results predicted using the developed model showed reasonable agreement with
the experimental results when the transverse cracking progression was fitted with the
experimental results. Thus, if transverse cracking progression is formulated properly, the
stress-strain diagram can be reproduced better.
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