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Abstract

Although automated fiber placement manufacturing can improve productivity, gaps and overlaps of plies
occur due to the low position accuracy of the robot arm. This study develops the ply-by-ply shell layer
model to investigate the mechanical effects of a gap on the damage progression and strength of composite
laminates with a hole. The gaps and a hole are modeled independently of the mesh using the extended finite
element method (XFEM) to reduce the preprocessing and computational costs using a simple square mesh.
The opening of the resin rich area of the gap is represented by applying the cohesive zone model to the
crack surface. The open hole tensile analysis was performed on a laminate with gaps. The predicted strength
of specimen with gaps agrees well with the experiment and is slightly higher than that of specimen without
gaps because the gap opening reduces the stress concentration at the hole.

Keywords: Polymer matrix composites, Cohesive zone modelling, Damage mechanics, Finite element

analysis

1. Introduction
The productivity of carbon fiber reinforced plastic (CFRP) structures must be increased to meet the growing
demand for composite structures in the aerospace fields. Since 1970s, the automated technologies of the
layup process of CFRP laminates have been continuously developed to improve productivity and reduce
fabrication costs [1,2]. Automated fiber placement (AFP) is one of the automated technologies used for
automatic fabrication of the CFRP components of aircrafts. It utilizes a robot arm head with narrow width
CFRP prepreg slices. The AFP robot arm head path is variable, which allows the variable curvature and
angle paths to be used for manufacturing the multi-stiffened CFRP laminates [3].

Although AFP manufacturing technology improves productivity of composite laminates, it can introduce

several types of manufacturing defects. Denkena et al. [4] conducted the analysis of AFP production process.
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They mentioned that processing time of placing slit tapes to manufacture the fuselage panel is only 46%
while remaining time is spent in manually inspecting every ply, correcting defects, and other
activities/processes. A detailed classification of manufacturing defect types in AFP manufacturing is
provided by Harik et al. [4] and Heinecke et al. [S]. Among these defects, gaps and overlaps of plies are
difficult to avoid due to the low position accuracy of the robot arm.

Fig. 1 shows a gap and overlap parallel to the fiber direction in a composite laminate. Because a resin
rich region is generated at the gap [6], the structural strength can be influenced by the gap. In addition,
fibers in neighboring plies are curved in the through-thickness direction along the gap/overlap. The local
structural change can lead to degraded mechanical properties. However, the impact of gap/overlap on the
mechanical properties is unclear. Generally, these defects occur simultaneously, and the fact that their
effects vary depending on loading conditions and structural shapes makes them perplexing. The design-
allowable strength of composite laminates must be low for their application in aircraft structures.
Therefore, it is necessary to understand the essential nature of damage and fracture phenomena caused
by the presence of defects.

Several experimental studies have clarified the influence of gap/overlap on composite laminate
strength [7-17]. Croft et al. [12] investigated the ultimate strengths of composite laminate with
gaps/overlaps subjected to tensile, compressive, or shear loads. As a result, the fiber waviness of 0° ply
mainly decreases the open-hole compressive and in-plane shear strength. Lan et al. [14,16] demonstrated
that the compressive strength of composite laminate with gap and overlap defects is improved by
reducing the fiber waviness using the cowl plate. Marouene et al. [17] found that the open-hole
compressive strength depends on the defect position against the hole in the laminate. The open-hole
compressive strength is considerably reduced when the gap parallel to compressive loading is located at
the center of the hole. Nguyen et al. [9,10] conducted a comprehensive experimental study of the
influence of gaps/overlaps on the tensile/compressive strength and damage progression. They concluded
that the tensile/compressive strength decreases as the gap width increases and that the effect of overlap
on tensile/compressive strength is relatively small. The experimental studies indicate that the type and
distribution of defects will have a significant effect on the strength properties of CFRP laminates.

Many of the experimental studies mentioned above analyzed composite laminates with defects

controlled using hand lamination and experimentally measured their stiffness and strength. However,
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clear trends of the impact of defects on mechanical properties still remain unclear. An experimental
approach alone is not efficient because the type, distribution, and shape of defects vary considerably. Thus,
numerical studies [17-21] have also been conducted. Li et al. [19] developed 3D meshing tools of ply-by-
ply finite element models with gaps and overlaps. In their study, the ply waviness is explicitly modeled by
varying the solid element thickness, and the matrix crack and delamination are modeled using the cohesive
zone model (CZM). Moreover, the fiber failure is predicted by applying the Weibull statistical failure
criterion. They investigated the influence of gaps and overlaps on composite laminate tensile/compressive
strength using their developed model. Nguyen et al. [21] generated the 3D solid finite element meshes of
microstructures with gaps and overlaps using optical micrographs of specimen free edge. Using rigorously
modeled meshes, the finite element analysis (FEA) of the laminate with gaps/overlaps perpendicular to the
loading direction was performed, and their obtained numerical results qualitatively reproduced the strength
and in-plane damage progression of experimental observations. Although these meshing tools can explicitly
model the geometry of gaps and overlaps, it tremendously increases the computational cost due to complex
finite element meshes. The finite element mesh generation tends to be a complex and laborious task in the
analysis of composite laminates with inherent gaps and overlaps due to microstructural variation near the
defects. Therefore, the development of an FEA tool that can easily model microstructures with gaps and
overlaps is indispensable for the numerical simulation of the effects of gaps and overlaps at low
computational costs and for the design and development of composite structures.

This study develops the ply-by-ply shell layer model to investigate the mechanical effects of a gap on
the damage progression and strength of composite laminates with a hole. In particular, a hole and gaps are
modeled independently of the finite element meshes using the extended finite element model (XFEM) to
simplify the mesh and reduce the computational costs. Considering that the gap area is filled with resin
after curing, bonding and opening of the gap area are represented by applying the cohesive zone model
(CZM) to the crack surface of the XFEM. To verify the proposed model, the open hole tensile (OHT)
analysis of a quasi-isotropic CFRP laminate without gaps was conducted and its results compared with the
experimental results reported by Hallett et al. [22] and Song et. al. [23]. After the verification, the proposed
model results are compared with experimental results on ultimate tensile strength and damage progression
at final failure in open hole quasi-isotropic CFRP laminates with manually introduced gaps. These test

specimens with gaps were subjected to cowl plates during resin curing to minimize fiber waviness.
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Therefore, the effect of undulation was negligible, and the resin-filled gap is simplified as a crack by the
XFEM to investigate the effect of the gap on the ultimate tensile strength.

The remainder of this paper is structured as follows. Section 2 describes the proposed ply-by-ply shell
layer model, which is a numerical analysis model that simplifies the finite element mesh, thus reducing
the computational costs. Section 3 describes the verification analysis of an open hole quasi-isotropic
CFRP laminate without gaps. In Section 4, the OHT analysis of quasi-isotropic CFRP laminates with or
without gaps using the proposed model is discussed, and the effect of gaps on strength is investigated. In

Section 5, the conclusion of this study is presented.

2. Numerical Model

2.1 Ply-by-Ply shell layer model

The ply-by-ply shell layer model based on incremental static implicit FEA was developed to simulate the
damage progression and strength of open hole CFRP laminates with gaps for simplified modeling and low
computational costs. The CFRP ply was assumed as a linear transversely isotropic body with infinitesimal-
deformation. The Newton-Raphson method was used to calculate the displacement increment for each
incremental step by solving the equilibrium equation between the internal and external forces. The in-house
FEA code was developed in Fortran language.

Fig. 2 shows the schematic figure of ply-by-ply shell layer model. The laminated structure was
modeled with shell elements for each ply, and each shell layer (ply) was connected to a CZM that
represented delamination. The matrix cracking and the fiber breakage were considered using continuum
damage mechanics (CDM). The XFEM was used to model a hole and gaps independently of the finite
element mesh. This implies that the gaps were modeled as built-in cracks. Closing and opening of the
filled-in gap were predicted by applying the CZM to the crack surface of the XFEM. The gaps expressed
by cracks on shell elements with a simple square mesh were modeled independently of the mesh to reduce
computational cost. The same mesh is applicable for the hole and gaps of various geometries, which
saves pre-processing and improves the consistency of the analysis. Each of these models is detailed below.
The ply-by-ply shell layer model assumes that the same mesh shells is used for each layer. Therefore, it

is not possible to uncouple the shell layer and CZM using kinematic constraints.



2.2 MITC shell element
The shell elements can be used to model the thin CFRP ply. To avoid shear locking owing to the low plate
thickness, a four-node mixed interpolation of the tensorial component (MITC) shell element [24,25] was
employed, as shown in Fig. 3.

Using the natural coordinate system (isoparametric coordinate system of the shell element) (71, 72, 73),

the displacement # within a shell element in the global coordinate system (x, y, z) is given as follows.
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where, I denotes the node number, Uy =[u} uj, u, a' PB'| is the generalized nodal

displacement vector composed of translational displacement (u, uj, u5) and rotation (a', B'), Niyq is the
generalized shape function corresponding to UL, , N'(ry,7,) is the shape function of 4-node
isoparametric element, I is the identity matrix of size three, ¢ is thickness, and Vi, V), and V5 are unit
basis vectors in natural coordinate system, where V} is director vector. The motion of a shell element is
described by three nodal displacements (uy, uy, u;) and two rotations (a’, ') in the neutral plane. Therefore,
the total number of nodes and degrees of freedom was smaller than that of 3D solid elements, which reduced
the modeling effort and computational cost. Two integration points were set in each direction (8 points in
total).

In the MITC shell element, the out-of-plane shear strain components, y,3 and Yy,3, are reinterpolated

by the out-of-plane shear strain at four sampling points A, B, C, and D as follows.
1 a1 C
Vi3 =5 A +r)yis + > (1 —7)y1s (2)

1 1
Y3 =5 A +r)yzs + 7 (1 —1)yzs 3)
The superscripts 4, B, C, and D denote each sampling point in Fig. 3. Shear locking can be avoided using
Egs. (2) and (3).
Compared to first-order isoparametric solid elements and MITC shell elements, MITC shell elements
have a smaller total degree of freedom (DoF) per element. The first-order isoparametric solid element
consists of 8 nodes with 3 degrees of freedom per node. In contrast, the MITC shell element has 4 nodes

and 5 degrees of freedom per node. The total number of DoF of the isoparametric solid element was 24,



and that of the MITC shell element was 20. Therefore, the total number of DoF per element is smaller for
the MITC shell element, and the smaller dimensions of the element stiffness equations lead to lower
computational cost. Furthermore, first-order isoparametric solid elements require 2 or 3 layers of mesh per
ply owing to shear locking. However, the MITC shell elements can be represented by only one shell layer
per layer because shear locking can be avoided. The ability of the MITC shell elements to avoid shear
locking is discussed in Appendix A. The ability of the MITC shell elements to correctly perform
delamination propagation analysis when the CZM was applied between the MITC shell layers is discussed

in Appendix B.

23 CZM

The CZM represents delamination or crack opening by decreasing the traction in response to increase of
relative displacement between elements. The CZM proposed by Camanho et al. [26] was used to predict
mixed-mode crack opening. The cohesive element connected each shell layer consists of 8 nodes (green
points), as shown in Fig. 4, and the traction between the elements was applied in the direction of decreasing
relative displacement. The zero-thickness cohesive element was placed between the top surface of the lower
shell element and the bottom surface of the upper shell element. The unit basis vectors in the directions of
the modes I, II, and III crack openings are denoted as &;, €j;, and &y, respectively. The local coordinate
system (X;, Xy, Xy is defined to represent the constitutive laws of the CZM. X; (i =1, II, III) is the
coordinate component along the direction of mode i, which corresponds to the unit basis vector &;.

The relation between the traction T = [f; f; £y]T and the relative displacement A =

[6; &y &iy]T in the local coordinate system (X;, Xy, Xyy) is given by the following expression.

(1—d)1(@+1<(1—@) 0 0 &

T=DA= Or O Sul, (4)
0 (1 - d)K 0 5
0 0 1-d)klm

where, K is penalty stiffness, d is damage variable, { ) indicates Macaulay brackets defined as (x) =
max (0, x), subscripts I, IT, and IIT denote modes I, II, and III, respectively. The relative displacement A

between the shell element surfaces can be expressed as follows.

E = R{uUpper (rlr 2, _1) — Upower (rlr 2, +1)}' (5)



where, the subscripts Upper and Lower denote the upper and lower shell elements, respectively, and R is
the coordinate transformation matrix used to transform u defined in the global coordinate system in Eq. (1)
into that in the local coordinate system (X;, Xp;, Xjj).

The CZM considering mixed modes [26] was employed as the damage model. The relative displacement

6 under mixed modes is expressed as follows.

~ ~ = \2 = 2 4 2 2
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where, 8gpear is the relative shear displacement. The quadratic power law of tractions was used as the

damage initiation criterion, and the power law of fracture toughness was used as the damage progression

criterion.
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where, £f (i =1, II, III) is interlaminar strength of mode i, G; is the energy release rate of mode i, Gf is

1, ™

interlaminar fracture toughness of mode i, and « is power-law exponent of mixed-mode fracture. After the
damage initiation criterion was satisfied, the linear softening process of tractions was considered, and the
strength and fracture toughness values of modes II and III were assumed to be equal. Using Egs. (7) and
(8), the mixed-mode relative displacement at damage initiation (8°) and that at the final failure (§/) are

obtained using the mixed-mode ratio £ as follows.
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The damage variable d is represented as follows.

d = max [d*,min[ (12)

57 (5 - 50)”’

567 - 5°)
where, ( *) denotes the value at the previous time step.

In general, bilinear and exponential softening models are used for the traction and relative
displacement relationships in the CZM. However, when employing implicit FEA, these softening models
deteriorate convergence [27]. The direct iterative method [28,29], arc length method [30,31], and zig-
zag softening law [32,33] can be used to eliminate or mitigate this problem. The direct method always
follows a solution with reference to the origin. Therefore, it cannot be applied to cases where an
incremental analysis, such as an elastoplastic analysis, is required. The arc length method is useful for
tracking solutions with softening behavior; however, it may require the adjustment of various parameters
of the coupling force model to obtain a convergent solution in analyses with significant damage
propagation and large nonlinearity [31]. The zig-zag softening law [32,33] was adopted in this study
because it can be applied to incremental analysis and does not require any parameter adjustment of the
CZM. In zig-zag softening law, the tangential stiffness of the softening process is modified to be
segmentally positive with respect to the linear softening law as shown in Fig. 5. The fracture energy

consumed by the CZM was maintained to be equivalent to the linear softening law.

2.4 CDM
Fiber and matrix damage in the ply were modeled using CDM. For shell elements, the effective compliance

S for transversely isotropic damage material [35] can be expressed as follows:

! L 0 0 0
(1 —-dE; Ey
1
0 0 0
(1 —dy(ex2)/e22)E,
1
S = —_— 0 0 , 13
(1—=d42)Gy (13)
1

sym. -—_— 0

y (1 = d33)KGy3
1

(1 — dy3)KGy,

where, E is Young’s modulus, v is Poisson’s ratio, G is shear modulus, and subscripts 1, 2, and 3 indicate

fiber, transverse, and thickness directions, respectively. Furthermore, k is shear correction parameter and
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its value is 5/6 in the case of rectangular cross section, and d; and d, are damage variables associated

with fiber and matrix damage, respectively. The shear damage variables were approximated as follows [36].

1 1/ 1 1

1—d12:E(1—d1+1—d2)' (14)
1 1/ 1

1—d23=§(1—d2+1)’ (15)
1 1/ 1

1—d13=5<1—d1+1)' (16)

The smeared crack model (SCM) was employed to analyze damage progression of fiber damage. The
maximum stress criterion was used as the fiber damage initiation criterion.

o =X, 17)

where, 0;; and X, denote stress along the fiber direction and longitudinal tensile strength, respectively.

The stiffness softening process in the o7, — &;; relationship is assumed to be linear after damage initiation.
Using the crack band model [37,38] to reduce mesh dependence, the strain sfl at which the element

completely loses stiffness can be expressed as follows:

2G£
fo_2Yr+
&1 = X, (18)

where, Gf, is the fiber tensile fracture toughness and [ is the characteristic length [39] with a length

dimension to normalize the dissipated energy. The fiber damage variable d; can be expressed as follows:

f 0

g,(e11— €

d, = max [d{, min [d{“ax, %ﬂ, (19)
511(511 - 511)

where, d"®* = 0.9999 is the upper limit of the damage variable d,.

The mixed-mode matrix damage SCM [40] is used to calculate damage variable d,. The following

effective strain ¢, is defined to account for matrix crack propagation in the mixed mode.

Ee = \/(522>2 + (r12)? + (r23)* (20)
The effective strain is the strains (€55, Y12, ¥23) contributing to the matrix crack opening and is considered
to be a uniaxial strain. The effective stress g, paired with ¢, is expressed by the following equation from
the equivalence of energy release rate.

_ {€22)025 + 261,01, + 22303

Op = - (21)
e

The o, — ¢, relationship describes the matrix damage evolution by assuming a bilinear law of linear



softening after damage initiation. The following quadratic stress criterion is used as the damage initiation

criterion.

(022) ? 012> 023\”
P(2) () =1 2
( Y, (SL St (22)
where, Y, is transverse tensile strength, S; is the longitudinal shear strength, and St is the transverse

shear strength. Using the power law of energy criterion for expressing the damage progression behavior,

the mixed-mode fracture toughness G can be expressed as follows.

AN (A A\
C =
Cin {(cgw) +(G;L o) | (23)

Juy

where,
(€22)022 21501, 2853053
A=——— 1= ! A = ’ (24)
Im = (€22)02; + 2€1,01; + 285303. (25)

GSy, GEL, and Gfr are the matrix fracture toughness value of modes L, II, and III, respectively. Using

f

crack band model, the effective strain €, at failure is expressed as follows:

F_ 206y
)=

— 2
o (26)

&

where, g is the effective stress when the matrix damage initiation criterion (Eq. (22)) is satisfied. The

matrix damage variable d, is expressed as follows:

A
d, = max [d;, min [d;“ax ” 27)
e (E — &9 )

where, &7 is effective strain at the matrix damage initiation and d3*®* = 0.9999 is the upper limit of
damage variable d,. The zig-zag softening law [32,34] was used when calculating the damage variables

d; and d,.

2.5 XFEM
XFEM was used to model displacement discontinuities due to a hole and gaps independently of the finite
element mesh. According to partition of unity [41,42], the displacement u(x) in the shell element can be

approximated as follows.
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4
U = ) MUl + 90Uk, (28)
I=1

where, g(x) is the enrichment function that represents the discontinuities of displacement, and UL, is

the generalized nodal displacement vector added at node 7 along with the enrichment function.

The gap was modeled as a built-in crack using XFEM. To represent the displacement discontinuity in the
vicinity of the crack, the DoF of the nodes in the element through which the crack passes were enriched.
This enriched node was defined as a J-type node. If shell element has J-type nodes, Eq. (28) can be
expressed as follows.

4
u) = ) NiaUha + ) NiaHG Ul 29)
=1 I€j
where, J denotes the J-type node. The Heaviside function g(x) = H(x) was used to account for the crack-
induced discontinuities. As shown in Fig. 6, H(x) is set to 1 if above the crack line and —1 if below.
Each J-type node has 10 DoF.

The displacement discontinuity at the free surface is represented by extending the nodal DoF of the
elements through which the free surface boundary passes. This enriched node is defined as an F-type node.
The step function g(x) = V(x) was used, where V(x) takes the value 1 inside the analysis domain and

0 outside it, as shown in Fig. 6. If shell element has F-type nodes, Eq. (28) is described as follows.

u(x) = ) NlyyUlaV @) (30)
=1

As expressed in Eq. (30), the DoF does not increase at the enriched F-type nodes.
When both the J- and F-type nodes exist in an element, the displacement field within the element is

expressed using shifting technique [43,44] as follows:

u(x) = ( D NigUlg + ) Naa(H@) = HGD)Ubne |V (), 31

Te]

where, x!

is the nodal position. The displacement u(x) of an enriched element is calculated using Eq.
(31), which implies that the displacement field and nodal displacements coincide at J nodes. To represent

the load transfer [45,46] between the shell layers and the cohesive elements in the vicinity of the crack, the

crack is also inserted into the cohesive elements between the shell layers located above or below the crack
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using Eq. (31).

The CZM [26] presented in Section 2.3 is applied between crack surfaces of XFEM to consider the
opening and closing of the gap filled with resin. The model wherein CZM was inserted on the crack
surface of XFEM is labeled as XFEM CZM. Two integration points are placed on the crack line in the
element as evaluation points for the crack opening displacement. In the XFEM_CZM, the XFEM crack
surface was bounded by the CZM. Therefore, crack growth can be predicted as the crack opens in
accordance with the CZM, as the load increases, and the crack length can be predicted. This method
requires specification of the crack propagation direction in advance.

Gaussian integration cannot be applied directly for calculating the element stiffness matrix when
discontinuous functions are expanded in XFEM. Therefore, the element was divided into several sub-
elements and the Gaussian integral was applied after ensuring that no discontinuities are included within
the sub-elements. Fig. 7 shows the element partitioning pattern used in this study. The element is divided

such that the minimum number of triangles or squares was obtained based on the crack line.

3. Verification

To verify the developed model, the OHT analysis of IM7/8552 [454/904/-454/04]s laminate without gaps was
conducted and compared with experimental results reported by Hallett et al. [22] and Song et. al. [23]. The
material properties considered in this study are listed in Table 1.

The finite element model of OHT specimen of IM7/8552 [454/904/-454/04]s laminate [22] is shown in
Fig. 8. The symmetric boundary condition is applied on the mid-plane of the laminate, and half of the
laminate is modelled. The laminate length, width, and half thickness are L = 63.5 mm, W = 15.875 mm,
and ¢ = 2 mm, respectively. The circular hole diameter is d = 3.175 mm. Four angle plies of the same
type are represented by a single shell layer. The enforced displacement along x-axis is applied on x =
L, and the x-direction displacement is fixed on x = 0. At the grip ends, the transverse displacement v
along y-axis is fixed in the width direction at both ends to account for the effect of gripping.

Three different models (Standard, Aligned, and SCM_DCM (the model using the SCM and
XFEM CZM of the discrete crack model)) with different mesh patterns were used, as shown in Fig. 9.
The meshes for the Standared and Aligned models were generated using the commercial software

ABAQUS CAE [47]. Aligned meshes were generated using the partitioning and local mesh seed
12



specification capabilities in ABAQUS CAE based on the mesh pattern in the literature [22]. The Standard
model has only square mesh and the circular hole is modeled using XFEM. Mesh size is approximately
0.35 mm. The total number of nodes and elements are 33,488 and 32,580, respectively. The dependence of
damage propagation by CDM on the mesh has been pointed out in previous studies [48—50]. To investigate
the mesh dependency of the CDM, the Aligned and SCM_DCM models were considered. The Aligned
model has the mesh pattern where the crack propagation direction coincides with mesh direction. Based on
suggestions in [22], the hole shape was adjusted to prevent distortion of the mesh shape. The total number
of nodes and elements are 31,792 and 30,912, respectively. The SCM_DCM model has the same square
mesh as the Standard model and introduces XFEM_CZM to represent diagonally oriented cracks in 45 and
-45° layers. Two cracks are placed in each of the 45° and -45° layers in the fiber direction for the entire
width and in contact with the circular hole edge. The increase in the total DoF by using XFEM_ CZM,
compared to the Standard model, is approximately 2%. Static implicit incremental FEA (0.0045 mm
displacement increment) is performed using three models.

The FEA and experimental [22,51] results of load-displacement relationship are shown in Fig. 10. The
initial stiffness values of FEA results obtained for the three models are slightly higher than that of the
experimental results. This may be due to plasticity of the off-axis CFRP plies. However, the discrepancy
between experiments and numerical results is small as shown in Fig. 10. A significant first load drop was
observed at approximately 0.34 mm in the experimental results. This load drop is caused by the significant
delamination propagation at the —45°/0° ply interface [22]. The overall load—displacement diagrams
obtained from three models are in general agreement with the experimental data. For a more detailed
comparison of the three models, the matrix damage and delamination distributions immediately after the
first load drop will be discussed.

The matrix damage distributions of each ply immediately after the first load drop predicted by three
models are shown in Fig. 11, and the X-ray image [22] is shown in Fig. 12 (a) for comparison. From Fig.
12 (a), major cracks, which are several long cracks extending from the circular hole edge, and diffused
cracks, which are short and consist of multiple cracks, were observed in the experiments. Major cracks
promote delamination due to stress concentration at the crack tip, while diffused cracks cause localized
stiffness softening. In the Standard model, the major cracks in the 0° plies and the diffused cracks in the

90° plies are well represented, as shown in Fig. 11, but the major cracks in the £45° plies are absent. This

13



is due to the difference between the mesh direction and the direction of crack propagation. Moreover, the
accuracy of crack growth prediction can be improved when the mesh direction coincides with the crack
direction [49,50]. On the other hand, diffused cracks in the 90° layer and major cracks in the other layers
are well represented in the Aligned and SCM_DCM models. Although the mesh direction and the crack
propagation direction are the same in Aligned mesh, the generation of such a mesh is empirical and labor-
intensive. The SCM_DCM model has a simple square mesh, but the introduction of the XFEM CZM
crack model in the +45° plies predicts experimental crack initiation and propagation as accurately as the
Aligned model.

Fig. 13 shows the predicted delamination distributions after the first load drop. The stress
concentration at the major crack tip promotes delamination. The X-lay images in each interface of Fig.
12 (b) shows that the positions of the major crack tips in the 45°, -45°, and 0° layers coincide with the
delamination front. As shown in Fig. 13, the Standard model incorrectly predicted the +45° major crack,
resulting in a delamination distribution that differed from the experimental observation. On the other
hand, the Aligned and SCM_DCM models correctly predicted the major cracks and their results are in
qualitative agreement with the experiments.

These results indicate that Aligned and SCM_DCM models are able to follow the damage propagation
behavior of OHT laminates. One way to improve the prediction accuracy of the damage distribution in
the standard model is to use nonlocal damage theory [48,52]. Nonlocal damage theory can be used to
mitigate the mesh dependence of the SCM. However, incorporating nonlocal damage theory into an
implicit FEA can lead to a deterioration in convergence [48]. The Aligned model moderates the mesh
dependence CDM by generating the mesh in the direction of crack propagation. Some studies [50,53]
have attempted OHT analyses based on the same concept, but complex meshing is unavoidable.
Furthermore, the finite element mesh of the Aligned model must be changed empirically as the stacking
configuration changes. However, to improve the consistency of the analysis, SCM_DCM allows the same
square mesh. Therefore, the SCM_DCM model with a simple square mesh using both CDM and

XFEM_CZM is a suitable approach for damage propagation analysis of CFRP laminates with a hole.

4. Strength prediction of a quasi-isotropic laminate with gaps

4.1 Experiment
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The OHT specimen of quasi-isotropic CFRP laminate with gaps is shown in Fig. 14. The material is
T800S/3900-2B (Toray Industries) and stacking sequence is [45/90/-45/0],s. The specimen dimensions are
length = 350 mm, width = 100 mm, thickness = 3.04 mm, and hole diameter = 25 mm. The gap
perpendicular to the load is made manually at the center of the circular hole in all 90° plies. The specimen
had four gaps, all of which were in the same position with respect to the through-thickness direction. The
gap width before curing of CFRP prepreg is 2 mm. The CFRP laminate is autoclaved, and a cowl plate is
used at the curing process of the prepreg to minimize the fiber waviness. The laminates without gaps were
also prepared to compare the tensile strength of specimens with or without gaps. The OHT tests were
conducted using hydraulic testing machine to obtain the load—strain relationships, tensile strengths, and
photographs of failure of OHT specimens. The strain values used for comparison with the analysis were
the averaged values of the strain gauges attached to the S1, S2, S3, and S4 positions, as shown in Fig. 14.
Fig. 15 shows an edge view of a specimen with gaps near the hole. After curing of the CFRP, the width of
each gap was approximately 1 mm. The gap positions moved slightly because of resin flow. As shown in
Fig. 15, the plies near the gap were almost straight with no waviness, suggesting that the effect of fiber
waviness on the strength of the specimens with gaps was very small. The obtained load—strain relationships
and photographs of failure of OHT specimens with or without gaps are shown in Figs. 16 and 17,

respectively.

4.2 Analytical results and discussion

The proposed model is compared with experimental results on ultimate tensile strength and damage
progression at final failure in open hole T800S/3900-2B [45/90/-45/0]»s laminates with manually-
introduced gaps. The material properties used in this study are shown in Table 1.

The OHT analysis model for the T800S/3900-2B [45/90/-45/0]»s specimen with gaps in 90° plies is
shown in Fig. 18. The symmetric boundary condition was applied on the mid-plane of the laminate, and
half of the laminate was modeled. Each ply was modeled with one shell layer. The circular holes were
modeled by XFEM. In addition to +45° major cracks, the gap is modeled using the XFEM_CZM model to
consider resin rich region at the gap. The material properties of the CZM at the gaps are the same as those
of the delamination because resin rich region exists at the interfaces. The gap was placed such that it passed

through the center of the elements. In addition, analysis of same laminate but without gaps was conducted
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as a reference. The square meshes sized approximately 1 mm were used in each ply. The total number of
nodes and that of elements were 161,600 and 159,200, respectively. The enforced displacement along x-
axis was applied on x = L, while the x-direction displacement was fixed on x = 0. At the grip ends,
the transverse displacement v along y-axis is fixed in the width direction at both ends to account for the
effect of the gripping. The strain increment was set to 0.01%.

Fig. 16 shows the analytical and experimental load—strain diagrams with and without gaps in 90° plies.
The strain in the analysis is calculated by dividing the applied displacement by the longitudinal length.
Comparing the results of FEA and experiments with gaps, the analysis shows slightly higher stiffness,
but the overall load—strain behavior up to failure agrees well with the experiment despite the simplified
modeling. Table 2 shows the tensile strengths of the experimental and FEA results. The analysis shows
a slightly lower strength with and without gaps than that of experiments but agrees well with the
experiment with maximum percentage error of 5.5% for specimens with and without gaps. Both the
experimental and analytical strength values for specimens with gaps are slightly larger than for those
without gaps. Therefore, we concluded that the gap has some effect on the strength.

To investigate the effect of gap on tensile strength, the stress distribution in the 0° ply that is the load—
bearing layer and the matrix damage distribution in the 90° ply with gaps are compared with those
without gaps. Fig. 19 shows the axial stress distribution near the circular hole in the fourth 0° layer from
the surface (Ply 4 in Fig. 14 (a)) of the laminate with and without gap immediately before final failure.
Note that the failure strain in specimen with gaps is different from that in its counterpart without gaps.
The stress concentration at the circular hole edge of the 0° ply is reduced in the vicinity of the gap.
Similar phenomena were observed in the other 0° plies. Fig. 20 shows the distribution of the matrix
damage variable d, for the second 90° ply from the surface (Ply 2 in Fig. 14 (a)) with and without a
gap immediately before and after final failure. In the absence of the gap, the cracks propagate extensively
in the 90° ply, whereas in the presence of the gap, the cracks are confined to the gap, resulting in a
narrower crack zone. As shown in Fig. 17, the wide failure zone is observed for the specimen without
gaps while a rectilinear crack zone appeared in the specimen with gaps. Therefore, the predicted matrix
crack distributions qualitatively agreed with the experimental results obtained for at final failure. As
shown in Fig. 20 (b), the gap is slightly opened at the edge of the circular hole. Therefore, the gap opening

can reduce the stress concentration at the hole, resulting in higher strength of composite laminate with
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gaps than that without gaps.

Figs. 21 and 22 show the axial strain distribution of 90° ply of Ply 2 and Ply 6 in the laminate (a) without
or (b) with gaps in 90° plies at 0.69% applied strain, respectively. In the case without a gap, the axial strain
was large over a wide area, including the edge of the hole, because of the stress concentration caused by
the hole. By contrast, in the case with a gap, the axial strain at the edge of the circular hole just above the
gap was small, and the strain was large around the edge. Because of the stress redistribution caused by the
gap opening, there were fewer matrix cracks at the edge of the circular hole. Therefore, opening the gap did
not increase the stress concentration in the 0° ply, and was not expected to cause premature failure. In the
stress distribution of the 0° ply as shown in Fig. 19, the maximum stress value as well as the stress at the
edge of the circular hole is smaller in the analysis with the gaps than in the case without gaps.

The percentages of the strength change were 1.68% and 4.11% in the experiment and in the analysis,
respectively. The small percentage strength change in the experiment can be attributed to the change in the
gap position before and after the curing. As shown in Fig. 15, the gap position after curing changed slightly
owing to the resin flow. A slight shift of each gap from the circular hole edge reduced the effect of the gap

on stress concentration. Therefore, the rate of change in strength in the experiment was small.

5. Conclusion

This study developed the ply-by-ply shell layer model to explore the impact of a gap on the damage
progression and strength of composite laminate using simplified modeling to reduce computational costs.
The gap is modeled using the XFEM_CZM model combining XFEM and CZM to simplify the finite
element mesh and consider resin rich region at the gap. The same mesh can be used for various gap
geometries, which saves pre-processing and improves the consistency of the analysis process.

To verify the proposed model, the OHT analysis of IM7/8552 [454/904/-454/04]s laminate without gaps
was conducted and compared with experimental results. The matrix damage and delamination evolutions
were successfully reproduced using the simplified square mesh using both the XFEM CZM model for the
major cracks in the £45° plies and CDM for diffused cracks.

OHT analysis was performed on a specimen of T800S/3900-2B [45/90/-45/0],s laminate with a gap in
each 90° ply to investigate the effect of the gap on tensile strength and matrix damage distribution. Although

the analytical results showed slightly high stiffness values than those obtained experimentally, the overall
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load—strain behavior up to final failure agreed well with the experimental results despite the simplified
modeling. Both the experimental and analytical strengths with gaps are slightly higher than those without
gaps. It is one of the causes that the gap opening reduced the stress concentration at the hole, resulting in

higher strength of composite laminate with gaps than that of its counterpart without gaps.

Appendix A Bending analysis of the cantilever beams

Shear locking generally occurs in shell elements as their thickness decreases. A bending analysis of the
cantilever beams confirmed the ability of the MITC shell elements to avoid shear locking. The bending
accuracy was compared between the MITC shell element and the shell element without the out-of-plane
shear strain redefinition. Cantilever beam bending analysis was performed on a 150 mm long and 20 mm
wide plate. The left end of the beam was completely fixed, and the right end was subjected to a 5 mm
downward forced displacement as a boundary condition. The plate thickness was varied from 1 to 10 mm,
and the loads at the point of forced displacement were calculated and compared with beam theory. Fig. A.1
presents a comparison of the loads for pure bending of varying thicknesses. The vertical axis was
normalized by the load using the theoretical solution of beam theory, and the horizontal axis was normalized
by the thickness of the beam. As shown in Fig. A.1, the load of the shell element without the out-of-plane
shear strain redefinition (labeled as No interpolation) was overestimated because of shear locking as the
plate thickness became thinner than the longitudinal length. However, the MITC shell element (labeled as
MITC) shows no shear locking, even under thin-wall conditions, and the solution is almost the same as the

theoretical solution.

Appendix B Double cantilever beam and end notched flexure analyses

The validity of the MITC shell element and CZM was verified by performing 3-D analyses of the double
cantilever beam (DCB) and end notched flexure (ENF) tests and comparing them to theoretical solutions
based on the modified beam theory [54,55]. A [0], CFRP laminate was used in the analysis. The dimensions
and boundary conditions of the numerical model for the DCB analysis are shown in Fig. B.1 (a). The
specimen was 150 mm long, 20 mm wide, 3.1 mm thick and had a pre-crack length of 35 mm. In the finite
element model, the specimen was represented by two shell layers with the CZM inserted between the layers.

The mesh size of each shell is a square mesh of 0.5 mm (40 sections in the width direction and 300 sections
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in the longitudinal direction) with 24,681 total nodes and 24,000 total elements. The dimensions and
boundary conditions of the numerical model for the ENF analysis are shown in Fig. B.1 (b). The specimen
was 150 mm long, 1 mm wide, 3.1 mm thick and had a pre-crack length of 35 mm. In the finite element
model, the specimen was represented by two shell layers with the CZM inserted between the layers.
Because contact occurred at the pre-crack region in the ENF analysis, a contact element based on the penalty
method was introduced on the pre-crack surface to account for the contact. The mesh size for each shell
was a square mesh of 0.2 mm (5 sections in the width direction and 750 sections in the longitudinal
direction) with 9,012 total nodes and 7,500 total elements. These two models were analyzed for
delamination propagation. Their material properties and parameters are presented in Table B.1. Fig. B.2
shows the relationship between the crack opening displacement, load point displacement, and load obtained
from the in-house FEA code and modified beam theory [54,55]. The results obtained using the in-house
FEA code were generally consistent with the theoretical solution. Therefore, the correct traction acts on the

cohesive elements between shell elements.
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Table 1 Material properties of IM7/8552 [51] and T800S/3900-2B [56,57].

Property IM7/8552 T800S/3900-2B
Longitudinal Young’s modulus E; (GPa) 161 153
Transverse Young’s modulus E, (GPa) 11.4 8.0
In-Plane shear modulus G;, (GPa) 5.17 4.03
Out-of-Plane shear modulus G,; (GPa) 3.98 2.75
In-Plane Poisson’s ratio v;, 0.32 0.34
Out-of-Plane Poisson’s ratio v,z 0.43 0.45
Longitudinal tensile strength X, (GPa) 2806 3100
Transverse tensile strength Y, (GPa) 60 66.9
Longitudinal shear strength S;, (GPa) 90 118
Transverse shear strength St (GPa) 90 118
Fiber tensile fracture toughness Gf, (N/mm) 112.7 193.3
Mode I matrix tensile fracture toughness G5, (N/mm) 0.297 0.54
Mode II longitudinal matrix fracture toughness 0.631 1.64
mr, (N/mm)
Mode III transverse matrix fracture toughness GS+(N/mm) 0.631 1.64
Mode I interlaminar tensile strength £f (MPa) 30 66.9
Mode II interlaminar shear strength £f; (MPa) 45 118
Mode III interlaminar shear strength £;; (MPa) 45 118
Mode I interlaminar fracture toughness G (N/mm) 0.293 0.54
Mode II interlaminar fracture toughness Gj; (N/mm) 0.631 1.64
Mode III interlaminar fracture toughness Gfj; (N/mm) 0.631 1.64
Power-law exponent of mixed-mode fracture « 1.0 1.0
Penalty stiffness K (N/mm?®) 103 106

Table 2 OHT strength of experimental and FEA results.

without gap (kN)  with gap (kN)

Experiment 120.29 122.34
FEA 113.70 118.44
Relative error 548 % 3.19%

27



Table B.1 Material properties of CFRP for DCB and ENF analyses [58].

Longitudinal Young’s modulus E; (GPa) 120
Transverse Young’s modulus E, (GPa) 10.5
In-Plane shear modulus G;, (GPa) 5.25
Out-of-Plane shear modulus G,3; (GPa) 3.98
In-Plane Poisson’s ratio v, 0.3
Out-of-Plane Poisson’s ratio v, 0.51
Mode I interlaminar tensile strength £f (MPa) 30
Mode II interlaminar shear strength £ (MPa) 60
Mode III interlaminar shear strength £f; (MPa) 60
Mode I interlaminar fracture toughness G (N/mm) 0.26
Mode II interlaminar fracture toughness Gf; (N/mm) 1.002
Mode III interlaminar fracture toughness Gf; (N/mm) 1.002
Power-law exponent of mixed-mode fracture a 1.0
Penalty stiffness K (N/mm?) 10°

Resin rich region /A
. *_®

(a) Gap (b) Overlap

Fig. 1. Schematic figure of (a) gap and (b) overlap.
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Gap: XFEM
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Fig. 2. Schematic figure of ply-by-ply shell layer model.
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Fig. 3. Four-node MITC shell element.

@® Node of shell element
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Fig. 4. Cohesive element between shell elements.
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P-u.a

— Bilinear law —— Zig-zag law

Traction

&° Relative displacement 6§
Fig. 5. Zig-zag traction—separation law of CZM.
Crack surface Traction free surface

Enriched node: @J node @F node

Fig. 6. Enriched nodes of a crack surface and free edge using the XFEM functions.
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@ Node
X Integration point

Fig. 7. Element division for Gaussian integration. (a) Break into 2 quadrangles and (b) 4 triangles.
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Fig. 8. Dimension and boundary condition of [454/904/-454/04]s laminate with a hole.

in-45° Ply  in45° Ply

©
.

Standard Aligned SCM_DCM
—XFEM for free boundary XFEM for crack

Fig. 9. Finite element mesh around the hole in the three models: (a) Standard, (b) Aligned, and (c)

SCM_DCM.
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Displacement (mm)

Fig. 10. Load-Displacement curves of the IM7/8552 [454/904/-454/04]s laminate obtained experimentally

[22,51] and by using the three models.

45° ply 90°ply —45°ply
(a) Standard

45°ply  90°ply —45°ply 0°ply 45° ply 90°ply —45°ply 0°ply
(b) Aligned (¢) SCM_DCM

Fig. 11. Numerical results of matrix crack distributions of (a) Standard, (b) Aligned, and (d) SCM_DCM

models after the first load drop. The dotted white line represents the circular hole modeled by XFEM.
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o 3H
, i-:. ﬁi 45°/90° ply 90°/—45° ply —45°/0° ply
(a) Crack distribution (b) Delamination distribution

Fig. 12. X-lay images of (a) matrix crack [22] and (b) delamination [23] failure patterns of the

IM7/8552 [454/904/-454/04]s laminate after the first load drop.

Damage

1
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0.1
0

Intact

45°/90° ply 90°/—45° ply —45°/0° ply
(a) Standard

45°/90° ply 90°/—45° ply —45°/0° ply 45°/90° ply 90°/—45° ply —45°/0° ply
(b) Aligned (c) SCM_DCM
Fig. 13. Numerical results of delamination distributions of (a) Standard, (b) Aligned, and (c) SCM_DCM

models after the first load drop. The dotted white line represents the circular hole modeled by XFEM.
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(a) Stack sequence (b) Dimensions

Fig. 14. (a) Stacking sequence and (b) dimensions of the open hole tensile test specimen.

Center of the hole

Fig. 15. Edge view of the specimen with gaps near the hole.
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Fig. 16. Load—Strain curves of the T800S/3900-2B [45/90/-45/0],»s open hole laminate with and without

gaps obtained experimentally and through FEA.

90°

L; 0° (a) Without Gap (b) With Gap

Fig. 17. Photographs of failure of specimen (a) without gaps and (b) with gaps in 90° plies.
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Fig. 18. Dimension and boundary condition of the [45/90/-45/0]»s open hole laminate with gaps in

90° plies.
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Fig. 19. Axial stress distribution of 0° ply (Ply 4) in the laminate (a) without and (b) with gaps in 90°

plies immediately before final failure.
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| - Max. 0.999 | Max. 0.999
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(a) Without Gap (b) With Gap

Fig. 20. Matrix crack distribution in 90° ply (Ply 2) immediately before and after final failure: (a)
without and (b) with gaps in 90° plies. The dotted white line represents the circular hole modeled by

XFEM.
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Fig. 21. Axial strain distribution of 90° ply (Ply 2) in the laminate (a) without or (b) with gaps in 90° plies
at 0.69% applied strain.

Max. 2.88% strain Max. 2.74% strain
(a) Without Gap (b) With Gap

Fig. 22. Axial strain distribution of 90° ply (Ply 6) in the laminate (a) without or (b) with gaps in 90° plies
at 0.69% applied strain.
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Fig. A.1. Comparison of loads for pure bending with varying thickness.
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Fig. B.1. Simulation models and boundary conditions for (a) DCB and (b) ENF analyses using cohesive

elements.
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Fig. B.2. Comparisons of load-displacement curves for (a) DCB and (b) ENF analysis using cohesive

elements.
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