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ARTICLE INFO ABSTRACT

The shear buckling performance of a flat laminated composite structure depends on various factors like the
nature of the applied load, lamina orthotropy, stacking sequence and the support boundary conditions. The
emphasis of the current work is to decipher the effect of the direction of applied shear on the post-buckling
response and failure of a quasi-isotropic carbon CFRP panel. A comprehensive experimental test campaign in-
volving 3D-digital image correlation (DIC), acoustic emission (AE) and strain gaging techniques are used to
capture the post-buckling deformation and the associated failure mechanisms in the CFRP test panels under
positive and negative shear load. Further, a generic finite element based progressive damage model involving 3D
Hashin’s failure criteria in conjunction with the cohesive zone model is developed in Abaqus software for si-
mulating the intra and inter-laminar damages in the quasi-isotropic laminate and later compared with the ex-
perimental results. The effect of positive and negative shear on the post-buckling response and the associated
damage modes are investigated in detail. The outcome of the current investigations reveals that the direction of
the shear load has a definite impact on the post-buckling response and failure behavior of the CFRP test panels.
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1. Introduction

Advanced fiber-reinforced composite materials are widely used in
modern aerospace applications owing to their superior mechanical
properties and structural tailorability options. The primary load-
bearing composite structures in aircraft are thin-walled and susceptible
to buckling when subjected to in-plane loading conditions like com-
pression, shear, or combined loads. Buckling is an important design
constraint in the design of aircraft structures and they are generally
designed to operate below the buckling load. However, platelike com-
posite structures exhibit stable post-buckling behavior, and new design
methodologies are being explored for enhancing the weight savings by
allowing the aircraft structural designers to work in the post-buckling
regime. The degree of post-buckling allowed depends on the type of
structure, and the aerodynamic constraints often dictate them.
Empennage and wing covers are mostly held buckling resistant, on the
other hand, fuselage panels, ribs and spars of wing box allow post-
buckling designs. But the post-buckling collapse of laminated composite
panels is still not clearly understood, especially under shear. The
challenge is to solve the nonlinear problem comprising of large trans-
verse deformation (geometrical nonlinearity) and the evolution of
various damages (material nonlinearity) in the post-buckling regime. It

requires sophisticated experimental and numerical tools to understand
the post-buckling response and their interaction with the damage
modes in composite laminates. In this work, the post-buckling behavior
and collapse of composite laminate under in-plane shear load are stu-
died using both experimental and numerical techniques.

A review of the early investigations on the shear buckling perfor-
mance of composite panels is presented in Refs. [1-7]. Researchers in
the late 1980’s demonstrated the development of analytical and nu-
merical methods for understanding the buckling behavior of the com-
posite panels [8-13]. Since the 1990’s, increasing number of works
have been reported on the post-buckling studies of composite panels
under various loading conditions [14-17]. But, the overall survey
shows that the investigation of composite panels under in-plane shear
has attracted less attention compared to compression loading. Recent
years have witnessed emerging studies on the post-buckling analysis of
composite structures subjected to in-plane shear loading [18-21].
Kumar et al. [18,21] numerically studied the effects of cut-out shape,
size and direction of shear load on buckling and post-buckling behavior,
failure loads and failure characteristics of quasi-isotropic panels. They
have reported that the cut-out shape, direction of applied shear load
and the composite layup have a considerable effect on the strength and
failure characteristics of the test panels. Raju et al. [22] studied the
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buckling, post-buckling behavior of variable angle tow (VAT) compo-
site panels under in-plane positive and negative shear loads and com-
pared their performance with the straight fiber composites. The nu-
merical results are computed using the differential quadrature method
and then compared with the finite element results. However, these
preliminary studies [18-22] are analytical/numerical in nature. These
theoretical investigations invariably prompt questions regarding the
validation of the results and requires experimental verification. How-
ever, in literature, only a limited number of experimental investigations
are available related to the shear buckling behavior of laminated
composites [23-26]. There are no experimental studies available on
studying the effect of the direction of applied shear load on the buckling
and post-buckling characteristics of composite panels.

Therefore in the present work, the structural performance of a
quasi-isotropic CFRP laminate under positive and negative shear
loading up to the collapse has been studied in detail to understand the
stability behavior and their associated failure mechanisms. The current
work use non-contact techniques like digital image correlation (DIC),
Air-coupled ultrasonics and infrared thermography (IR) [27,28] and
other in situ damage monitoring techniques like acoustic emission (AE)
[29-34] for better understanding of the structural behavior and com-
plex damage characteristics of composite laminates. In addition, finite
element modeling is carried out to enhance our understanding of the
post-buckling response and the associated failure mechanisms of a
quasi-isotropic CFRP panel under in-plane shear loading.

2. Experimental investigations
2.1. Details of the test panel geometry and boundary conditions

The test panels used in the present study are fabricated in-house
using vacuum bagging technique. The laminates are made up of uni-
directional (UD) carbon fiber reinforcements (HinFab® 200 gsm-
Supplied by Hindoostan Mills Ltd.) embedded in an epoxy matrix
(Araldite® CY-230). Additional details related to the fabrication of the
test panels are given in Ref.[35]. The geometry of the test panels, along
with the prescribed boundary conditions, is illustrated in Fig. 1. The test
panel used in the present study is a quasi-isotropic [45/90/—45/0]; panel
of square geometry. The nominal thickness of the panel after curing is
measured to be 1.8 mm with an individual-ply thickness of 0.225 mm.
An in-house, custom made picture frame setup is fabricated and used
for applying the shear load on the CFRP test panels. Diagonal tension/
compression load applied at one corner of the picture frame with the
opposite corner being fixed results in positive/negative shear load,

—>
Negative shear

*All dimensions are in mm
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respectively, on the test panel. The schematic of the positive and ne-
gative shear load application on the test panel is shown in Fig. 2. Details
of the picture frame loading fixture are given in Ref.[35].

2.2. Details of experimental setup and procedure

In the current study, MTS Landmark® servo-hydraulic fatigue testing
machine of capacity 100 kN is used for loading the test panels. The
shear load is applied to the test panels in the displacement control mode
at a rate of 0.5 mm/min. Fig. 3 shows the typical experimental setup
involving a test frame and various other real-time monitoring techni-
ques. The deformation of the test panel is monitored using the DIC
whole-field imaging technique for acquiring the displacement and
strain field measurements. AE technique is involved for real-time in situ
monitoring of the various damage modes in the test panel. The details
related to the 3D-DIC system, surface preparation for whole-field de-
formation measurements, and other real-time damage monitoring sen-
sors are discussed in detail in Ref.[35].

However, for supporting the DIC strain estimates, conventional
strain measurement gages (350 ohms electrical strain gages) are also
used for capturing the strains in the critical regions of the test panels
(Ref.Fig. 4)). In addition to the above techniques, four wide-band pie-
zoelectric AE sensors are bonded to the test panel for acquiring the AE
signals corresponding to the various damages encountered in the test
panel. The physical locations of the AE sensors are illustrated in the
Fig. 4. Prior to the test, the AE sensors are calibrated by performing a
standard pencil lead break test. A sub-threshold value of 40 dB is
maintained to filter the noise signals generated by the load frame and
the loading fixture. During the experiment, the elastic waves generated
by the initiation and evolution of the various damage modes are ac-
quired by the AE sensors. The AE signals are further enhanced using
pre-amplifiers (Gain 40 dB) and stored on a computer using a data
acquisition card. Later, the characteristics of the AE signals are ana-
lyzed to identify and classify the various damage modes experienced by
the test panel.

2.3. Details of non-destructive testing (NDT) and fractography equipment

Apart from the in situ AE damage monitoring, the fractured test
panels are also inspected using air-coupled ultrasonic testing (ACUT)
and infrared pulse thermography (IPT) for the post-test damage as-
sessments. The equipment used in the current study for the NDT and
fractographic inspections are shown in Fig. 5. ACUT is a non-contact
ultrasonic measurement method used for imaging the damages in the

CFRP panel subjected to

gative shear loading

Fig. 1. Schematic of the CFRP test panel showing its geometry and boundary conditions (a) Positive shear load (b) negative shear load.
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Fig. 2. Schematic of the shear load application (a) Positive shear load (b) negative shear load.

(1) MTS Load frame (2) Picture frame setup (3) CFRP test panel (4) MTS user interface (5) CCD cameras (6) LED light source
(7) Image grabbing computer (8) NI data acquisition card

Fig. 3. Typical experimental setup involving real-time deformation and damage monitoring techniques.
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Fig. 4. The locations of the bonded strain gages and piezoelectric AE sensors (a) schematic (b) actual panel.
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Technical specifications:
¢ IR thermal camera : Make-FLIR, model-SC 5500
* Pulse thermography
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» Image grabbing rate 100 Hz, duration 10 Sec.
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Fig. 5. Photograph of the experimental setup used for NDT and fractography studies (a) air-coupled ultrasonics (b) infrared thermography (c) digital microscope.

panel. It typically consists of an ultrasonic pulser-receiver, a data ac-
quisition card, and a computer for post-processing of ultrasonic signals.
(See Fig. 5(a)). Here in the current study, the ACUT inspections are
performed in through-transmission mode. The frequency of the air-
coupled probes (ULTRAN NCG500-D25) used in the current study is
500 kHz. The effective air gap between the test panel and the probes is
maintained as 20 mm.

For the qualitative comparison of the damage assessments made by
the ACUT method, the damaged test panels are also inspected using the
pulse thermography technique. IPT consists of a flash lamp, power
generator/power pack, IR camera, and computer for processing of
thermal images. High energy pulses generated by a flash lamp are used
to heat the test panel. Further, the energy required for creating the high
energy pulses is provided by the voltage power pack and the IR camera
is used for measuring the surface temperature distribution. (See
Fig. 5(b)). In the present study, a high energy thermal pulse of 6 kJ
energy is excited for about ten milliseconds and the sequential thermal
images of the test panel are acquired at a rate of 100 Hz. A total of 1000
thermal images are captured over a period of 10 s. More technical de-
tails related to the AUCT and IPT inspections are provided in the Fig. 5.
Moreover, for ascertaining the various damages manifested in the test
panels, a detailed fractography study is carried out using a digital mi-
croscope (See Fig. 5(c)). The specimens extracted from the fractured
zones are prepared for the microscopic observations. Further, images
are acquired at different magnifications for ascertaining the presence of
various damages in the test panels.

3. Numerical investigations
3.1. Details of the finite element model
Fig. 6 shows the finite element (FE) model of the shear test panels

used in the current study. In the present study, the laminae in the test
panel are modeled using the solid brick elements (C3D8R) with

enhanced hourglass stiffness. While the interfaces between each lamina,
are modeled using cohesive elements (COH3D8, 0.001 mm thick). A
uniform mesh size of 2 mm is used to discretize the FE model, which is
based on the results obtained from the mesh convergence study. The
number of elements along the thickness direction is equal to 8, which
equals one element per lamina. The aspect ratio of the solid elements is
maintained well within the limits of the guidelines (<10) to avoid the
numerical instability issues. A total of 1,32,540 number of elements
have resulted in the FE model with 1,44,400 number of nodes.

The material orientation is assigned as per the stacking sequence to
the individual lamina by defining a local element coordinate system.
Further, the nodes on the panel edges are coupled to the top and bottom
ends by creating two master nodes, as shown in Fig. 6(a). Only rotation
is allowed at the four corners of the test model. The top end of the FE
model is constrained by fixing all degrees of freedom (DOF). The load is
applied at the bottom end such that it is allowed to move only in
loading direction and the remaining DOF’s are constrained. The com-
pression (tension) displacement at the loading end results in an in-plane
positive (negative) shear load on the test model.

The post-buckling analysis starts with an initial Eigen buckling
analysis for extracting the critical buckling loads and mode shapes.
Later, the Eigen-mode shapes obtained from the buckling analysis are
used as scaled imperfection functions (5% of skin thickness) for the
subsequent non-linear post-buckling analysis. The degradation in the
material due to intra-laminar (fiber and matrix failures) damages is
simulated by employing a 3D-Hashin based PDM and the inter-laminar
(delaminations) damages are simulated using cohesive elements.
Material properties used in the current PDM are evaluated in-house
from the standard coupon tests (Ref. Tables 1 and 2). However, the in
situ strength effects are not taken into account as the average thickness
of the individual ply is 0.22 mm [36].



N.R. Kolanu, et al.

Coupling constraint

Fixed ?

Composite Structures 246 (2020) 112379

Uniform mesh
size 2mm

Global &
coordinate system
vy

coordinate system

Fig. 6. Details of the FE model (a) schematic with boundary conditions (b) meshed FE model.

Table 1
Material properties of the CFRP laminate [37]

Carbon/Epoxy composite (HinFab® UD fabric and Araldite® CY230 resin)

Stiffness and strength properties Units Avg. value with Std.dev.
Longitudinal modulus Eyp (GPa) 105.68 + 1.2
Transverse modulus Ey, (GPa) 464 + 0.3
In-plane shear modulus Gy, (GPa) 3.34 + 0.2
In-plane Poisson’s ratio V12 0.36 = 0.02
Longitudinal tensile strength Xr (MPa) 1280 + 80
Transverse tensile strength Yr (MPa) 20 + 4
Longitudinal compressive strength Xc (MPa) 500 + 45
Transverse compressive strength Yo (MPa) 50.26 + 4.6
In-plane shear strength S12 (MPa) 42 + 0.6
Out-of-plane Poisson’s ratio V)3 0.49
Out-of-plane modulus Gz (GPa) 1.55
Laminate fracture toughness Units Avg. value with Std.dev.
Fiber tension G (N/mm) 140 = 15
Fiber compression Gfe (N/mm) 102 = 6
Matrix tension Gy (N/mm) 0.32 = 0.03
Matrix shear Gps (N/mm) 0.68 = 0.05

Table 2

Cohesive properties for epoxy (Araldite®-CY230).
inter-laminar properties (Epoxy-CY230) Mode-I Mode-II Mode-III
Interfacial strength (MPa) 18 14 14
Fracture toughness (N/mm) 0.32 0.68 0.68
Interface stiffness (MPa/mm) 106 106 106

3.2. Intra-laminar progressive damage modeling

For simulating the intra-laminar damage initiation, a user-defined
material subroutine (UMAT) based on Hashin’s damage criteria is de-
veloped in the Abaqus FE software. Further, a set of gradual stiffness
degradation rules are employed for simulating the damage evolution
within the laminae.

3.2.1. Intra-laminar damage initiation criteria

The post-buckling behavior of the CFRP composite panels under
shear loading exhibits large in-plane and out-of-plane deformations.
This leads to the intra-laminar matrix failures in the in-plane and out-
of-plane directions. However, the fiber mostly fails under in-plane
compression and tension. Therefore, the Hashin based damage initia-
tion model used in this work contemplate seven different damage

initiation criteria namely, fiber tension (Fj), fiber compression (Fy.), in-
plane matrix tension (F,,), in-plane matrix compression (Fj,.), out-of-
plane matrix tension (F,,,), out-of-plane matrix compression (F,,.) and
fiber-matrix shear-out (Fj). The expressions for the seven damage
initiation criteria are given as.

Fiber tension failure F; when ;> 0

c 2 y 2 ¥, 2
n= (i) *(st) + (sl
Xr/Cyy S12/Caa S13/Css (€))
Fiber compression failure Fy. when €;<0
e 2
Fp = 1 )
e (Xc/ Cn 2)
In-plane matrix tension failure F,,, when €,>0
( N2 )2 i ( Y3 )2
YT/ sz S12/Cas 823/ Ces 3)
In-plane matrix compression failure F,,. when €,<0
_ ( N )2 i ( X )2
lmC -
Yc/ C22 S12/Ca4 823/ Ces @
Out-of-plane matrix tension failure F,,,, when ;>0
( N3 )2 i ( Y3 )2
ZT/C33 S13/Css S23/Ces (5)
Out-of-plane matrix compression failure F,,. when ;<0
\/ ( N3 )2 + ( Va3 )2
ZC/ Cas S13/Css S>3/ Cs (6)
Fiber-matrix shear failure Fj,; when ;<0
2
Fjs = ( €1 )2+( N2 )2+( N3 )
Xc/Cn S12/Cas S13/Css @

In the Eqns. (1-7), the term C; (i,j = 1,2,....6) represents the
components of stiffness tensor, €; (i = 1,2,3) are the normal strains and
% (i = 1,2,3; i# j) are the shear strains. Xr and X represent tensile
and compressive strengths along the fiber direction, Yr and Y. represent
tensile and compressive strengths in the transverse direction, Zr and Z¢
represent tensile and compressive strengths in the out-of-plane direc-
tion respectively. Shear strength of the laminate are denoted by S5, Si3
and 523.
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Fig. 7. Flow chart for the progressive damage modeling using UMAT.

Fig. 8. Evolution of buckling mode shapes with in-plane shear loading (a) positive shear (b) negative shear.
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Fig. 9. Whole-field in-plane (v) and out-of-plane (w) displacement contours for (a) positive shear loading (b) negative shear loading.

3.2.2. Intra-laminar damage evolution criteria

The PDM algorithm for simulating the damage initiation and evo-
lution in the FE model is shown in Fig. 7. The damage status of each
element is checked at the gauss points. Once the damage initiation
criteria are satisfied, certain selective stiffness properties of the asso-
ciated elements are degraded in a gradual manner. As the post-buckling
response is governed by the bending behavior of the CFRP laminates,
the choice of damage variable (d;) is made from the bending studies
available in the literature [38]. The damage variable used in the current
study is an exponential function given by,

C; €¢(1 — E)IC
dz=1—iexp e i( 2
E G,

Z (8
where L€ represents the characteristic length of the element, F, are the
damage initiation criteria, and G, is the fracture energy of the fiber or
matrix dissipated during the damage evolution.

The solution convergence of the current PDM is improved by
adopting viscous regularization schemes [39]. After the initiation of
damage, the associated effective stiffness tensor C® with degraded
stiffness is evaluated (Ref. Eq. (9)). The stiffness coefficients are
quadratic functions of the damage variable and are expressed as,

CchH Cf C50 0 O
cs, C; 0 0 O
e o cL& 0 0 0
symmetric Ciy 00
Cs 0
Cés 9

Cfi=(Q —dy)Cy

Ch=Q—dgp)A — dipy)Crz

Ch =01 —=dy)A — domy)Ci3

Cs =1 — dimy)*Cxz

Cis = (1 = dip)(A = doms)Cas

Ci=(01 - damf)zcss

Ciy = (1 = dppns)*Caa

Cés= (1 — dy)(A — domys)Css

Cos = (1 = dimp)(1 — domys) Ces (10)

In Eq. (10), the subscripts represents the different failure modes:ff
for fiber failure in tension or compression, imf for in-plane matrix
failure, omf for out-of-plane matrix failure and fms for fiber-matrix
shear failure. After the evaluation of the degraded stiffness matrix, the
stresses are updated as

if(0<d,<1) C=ce
g = . €
if(d,=0) C=¢° an

Later, the tangent stiffness matrix (Jacobian) is evaluated using the

expression

do ace

—=C+—

5e - T5e € (12)

To visualize the damage status of the elements, damage variables
are stored as the solution dependent variables (SDV’s) in the UMAT.

3.3. Traction separation laws for cohesive elements

The constitutive behavior for the cohesive elements is based on the
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Table 3
Summary of post-buckling test results of CFRP composite panels under in-plane
shear load.

Quantity Positive shear load Negative shear load
Shear buckling load (kN) 5.6 10

Maximum load (kN) 22.3 27.2

Maximum end-shortening (mm) 0.98 1.09

Maximum out-of-plane disp. (mm) 4.75 5.33
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mixed-mode bi-linear traction-separation law. The onset of delamina-
tion is predicted using the quadratic stress criterion (Eq. (13)).

<t ) 2 ¢ 2 ¢ 2
D) (5] (5] -
tYl tS [t
After the initiation of delamination, the softening behavior of the

cohesive element is governed by bi-linear traction-separation law and
expressed as,

13)

K <8
K=71-dk’ &° <8 < i =n,s, t normal and shear directions
0 s> 51‘

as

where d is a damage variable, which can vary between 0 and 1.
Expression for the damage variable d in terms of the separation value is
given as,

TCEY)
5(5 -8 1s)
Further, the mixed mode criteria for damage evolution proposed by

Benzeggagh and Kenane [40] is used in this work and is given by,

c c c GS ’
Gc=Gn+(Gs_Gn)_
Gr

1e)

where Gs = G;+G,;, Gr = G,+G;+G, and 7 is the B-K material para-
meter evaluated from the mixed-mode bending experiments. Here,
G,, G; and G, are the strain energy release rate values corresponding to
the normal and two orthogonal shear fracture modes respectively.

4. Results and discussions
4.1. Experimental results

In this section, the stability behavior and the collapse mechanisms
exhibited by the CFRP composite test panels under positive and nega-
tive shear loading are presented. The whole-field deformations ob-
tained using the 3D-DIC technique are analyzed for the prediction of the
buckling modes, post-buckling response and the damage initiation
sights. Further, the classification of the various damage modes en-
countered in the test panel is evaluated based on the AE parametric
data. Further, the effect of shear direction on the buckling and post-
buckling behavior and the associated damage mechanisms are also
discussed.
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Fig. 11. Conventional strain measurements collected on the test panels under (a) positive shear (b) negative shear.
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4.1.1. Post-buckling performance of the test panels under positive and
negative shear loads

The evolution of the buckling and post-buckling deformations with
the variation of the shear load is depicted in Fig. 8. For the positive
shear load case (See Fig. 8(a)), the buckling mode shape of the panel is
observed at 5.5 kN load and the mode shape is maintained with further
load increments. In the case of negative shear load (See Fig. 8(b)), the
buckling mode deformation of the panel started at 10.4 kN load (almost

double) and progressively deforms with further load increments. The
DIC results show that buckling mode shapes are different for positive
and negative shear loads. The mode shape seen for the positive shear
load is half-waves aligned along the loading direction. But, for the
negative shear load, the buckling mode shapes are half-waves aligned
perpendicular to the loading direction.

For evaluating the post-buckling performance of the test panels, the
end-shortening displacement and out-of-plane displacements are
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extracted from the whole-field data near the loading end and panel
center, respectively (See Fig. 9)). The buckling and post-buckling re-
sponses exhibited by the CFRP test panels under positive and negative
in-plane shear loading is shown in Fig. 10. It is observed that the test
panel exhibits better buckling performance under negative shear com-
pared to positive shear. The reason behind the improved performance
under negative shear is attributed to the alignment of the compressive
forces along the fiber direction.

The pre-buckling stiffness of the test panels is observed to the same
under positive and negative shear loads. Test panels under positive and
negative shear load exhibit a linear response in the load vs. end-
shortening behavior till the onset of buckling with a pre-buckling
stiffness of 34.4 kN/mm. The phenomenon of buckling is more appre-
ciable from the load vs. out-of-plane displacement curves (See
Fig. 10(b)). Although the CFRP panel under positive shear load has
buckled early, the post-buckling response is observed to be approxi-
mately the same as that of the negative shear load case with a post-
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buckling stiffness of 26 kN/mm. The panels continue to take the load in
the post-buckling stage and the average failure load under positive and
negative shear loads are 22.3 kN and 27.2 kN, respectively. For con-
firming the repeatability of the experimental results, two test panels are
tested for each case. A close match is observed between the two panels
tested under identical loading conditions, which in-turn shows the re-
peatability of the experimental test procedure adopted in this work. The
summary of the experimental buckling and post-buckling results are
shown in Table 3.

The strain data at critical locations in the test panels are measured
using the conventional strain gages. The response obtained from the
axial strain gages with the applied positive and negative shear load is
shown in Fig. 11(a) and (b), respectively. It is observed that the loads at
which bifurcations occur are close to the buckling load value predicted
from the DIC technique (Ref.Fig. 10(b). Under positive shear, the test
panel experiences tension along the loading direction and compression
in the transverse direction. Whereas, it is vice versa in the case of
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Fig. 20. Damage initiation and evolution simulated by the PDM under positive shear load.

negative shear. Therefore, in the case of positive shear the strain gages
aligned along the loading direction (SG-L1, SG-L2, SG-L3, SG-L4, and
SG-L5) show a tensile response (Ref.Fig. 11)) and the transverse strain
gages (SG-T1, SG-T2, SG-T3, and SG-T4) which are perpendicular to the
loading exhibit compressive state. However, in the case of negative
shear, the resultant force along the loading direction is compressive.
Therefore, the strain gages (SG-L1 and SG-L2), which are aligned along
the loading experience compressive strains, and the transverse strain
gages (SG-T1 and SG-T2) have experience tension.

4.1.2. Damage assessments obtained from DIC and AE techniques

The whole-field measurements from the DIC are used for studying
the damage initiation and evolution zones in the test panels. Fig. 12(a)
and (b) show the transverse (¢,) and longitudinal (g,,) strain maps at
the three different stages of the damage (initiation, evolution, and
collapse) for positive and negative shear, respectively. The damage
initiates near the corners of the test panel, irrespective of the shear
direction and propagate towards the center of the test panel. Under
positive shear, the damage evolved from the longitudinal corners of the
test panel and progress longitudinally towards the center. Whereas,
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under negative shear, damage initiates from the horizontal corners and
propagate towards the center of the test panel.

Further, the parametric data obtained from the AE technique is used
for identifying and classifying the various damages in the test panels.
The characteristic AE parameter ranges used for damage classification
in the present study are obtained from preliminary investigations car-
ried out by the authors in their previous works, Ref. [41,35,37]. The
peak-frequency and amplitude ranges obtained for the various damage
modes involved in the CFRP test panel under positive and negative
shear load are presented in Fig. 13.

The AE peak-frequency and amplitude plots associated with the
damage events encountered in the test panels under positive and ne-
gative shear loads are shown in Fig. 14 (a) and (b), respectively. After
the onset of buckling, AE events of low frequency and less energy
content (micro-cracks) is observed (Ref. Fig. 14 and 15) and does not
have any effect on the load response. Further, near the failure load, an
increasing trend in the AE events is observed, which indicates more
damage events in the test panel. The damage evolution is witnessed by
continuous and sequential interactive events of intra-laminar (matrix
cracking, fiber-matrix shear and fiber kinking) failures and inter-
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laminar delamination failures (See Fig. 14 and 15). Further, it is evident
from the cumulative energy plots that the delamination and fiber
failure are the dominating failure modes. The AE events associated with
the delamination propagation has less AE energy (few 100 Joules).
However, the damage events corresponding to the fiber failure have
very high AE energy of the order 107 to 10° Joules (See Fig. 15(a) and
(b)).

In the case of positive shear, the damage evolved with the onset of
delamination followed by few fiber failure events (See Fig. 15(a)).
Further, an apparent plateau in the load response is observed, in-
dicating the stable delamination propagation/migration phenomenon
(See Fig. 15(a)), which is followed by the collapse of the panel. The
damage events corresponding to the inter-laminar delaminations are
predominant in positive shear when compared to the negative shear as
seen from the Fig. 14(a) and (b). The primary damage mode under
negative shear load involves both fiber kinking failure and delamina-
tion, which continued until the final collapse. As a result, a gradually
decreasing load response is evident, as shown in Fig. 15. However, from
the cumulative energy plots, it is evident that fiber kinking failure
under compression is the dominant damage mode observed under ne-
gative shear load application.

Post-failure inspections of the test panels also reveal crucial damage
signatures (See Fig. 16). Under positive shear load, the post-failure
images depicted in Fig. 16(a) shows no significant damages on the outer
plies. In the case of negative shear load, one can observe that the da-
mage started as fiber-matrix shear failure in the outer 45° plies,
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followed by a fiber kinking failure under compression. Thus, it is evi-
dent from Fig. 16 that the test panel under positive shear fails along the
loading direction and in the case of negative shear, the panel fails
perpendicular to the loading direction.

4.1.3. Damage assessments obtained form NDT studies

ACUT and IPT techniques are utilized for assessing the damaged
area within the failed CFRP test panels. The ACUT C-scan image of the
fractured CFRP test panels is shown in Fig. 17(b). Under positive shear,
the inter-laminar delamination damage is more predominant near the
longitudinal corners of the test panel (See Fig. 17(b)). Later, the damage
propagates within the test panel along the loading direction in the form
of intra-laminar (fiber and matrix) failures. However, in the case of a
negative shear load, the damage progress across the net section of the
panel transverse to the loading direction. The damages are identified as
localized delamination and fiber-matrix failures under compression.
Further, the damage-maps acquired using the ACUT technique is sup-
plemented with IPT measurements (See Fig. 17(c)). The thermograms
obtained from the IPT technique also shows similar damage spread area
and thus corroborates well with the ACUT scans of the CFRP panels.

Summary of the results obtained from the integrated experimental
approach shows that the post-buckling performance of the test panels
under positive and negative shear loads is successfully captured. The
whole-field measurements obtained from the 3D-DIC system are useful
in evaluating the buckling and post-buckling behavior. Also, the DIC
measurements are supported by the strain gage data collected from the
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Fig. 22. Damage initiation and evolution simulated by the PDM under negative shear load.

critical locations in the test panel. The various damages exhibited by
the test panel are assessed and classified using AE parametric data.
Further, the damages are quantified by the post-test NDT assessments of
the failed test panels. Therefore, the integrated experimental approach
used in the current study provide insights into the post-buckling be-
havior and failure characteristics of the CFRP composite panels under
in-plane shear loading.

4.2. Numerical results

In this section, the numerical results of post-buckling response and
collapse behavior of CFRP test panels under in-plane shear evaluated by
the PDM are presented. The computational time taken by the proposed
damage model in case of the positive and negative shear buckling
loading is 6.2 and 7.6 h, respectively, with a 16 CPU processor com-
puter. The initiation and evolution of intra and inter-laminar damages
under positive and negative shear loading are discussed in detail.
Further, the damage evolution and associated damage mechanism re-
sults evaluated by the PDM are validated with the experimental ob-
servations. Moreover, the damage assessment data from the NDT and
fractography studies is used to supplement the PDM predictions.
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4.2.1. Comparison of FEA and experimental results

The deformation contours (in-plane and out-of-plane displacement)
computed by the finite element model in the case of positive and ne-
gative shear loading are compared with the whole-field experimental
3D-DIC results, as shown in Fig. 18. For the positive shear case, the
deformations contours correspond to a shear load of 19.89 kN, while for
the negative shear load, they correspond to 25 kN. A good correlation
between the numerical and experimental deformation maps is ob-
served. Further, the post-buckling performance of the CFRP test panels
under positive and negative shear load evaluated by the current nu-
merical model (PDM in conjunction with CZM) are compared with the
experimental results (See Fig. 19). The results show a good agreement
with the experiments in terms of the pre-buckling and post-buckling
stiffness. Also, the failure load and displacement computed by the PDM
reasonably matches well with the experimental values. Under positive
shear, the average collapse load obtained from experiments is 22.3 kN,
whereas, from the FE model, evaluated to be 23.9 kN. However, in the
case of negative shear, the average collapse load obtained from ex-
periments and FE model are 27.2 kN and 26.73 kN, respectively.
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4.2.2. Intra and inter-laminar damage predictions by PDM under positive
shear

The transverse deformation of the laminate in the post-buckling
regime results in in-plane matrix tension and compression failures are
predominantly seen in the top and bottom plies, respectively (See
Fig. 20). The bottom plies which are under tension have shown the
matrix tensile failure, starting from the center of the panel at 19.5 kN.
Whereas, the matrix compression failure is seen in the top plies near the
corners at 21.53 kN load. The near-surface 45° plies, which are in line
with the loading direction, show the evidence of fiber tension failure.
Subsequently, with further increments in the load, the damage modes
coalesced together and result in the ultimate failure of the panel. The
damage is characterized by a fracture that progress along the loading
direction with a gradual load drop, as shown in Fig. 20.

Inter-laminar delamination failures simulated by the FE model
under positive shear load are shown in Fig. 21. It is observed that the
test panels show local delamination failures along the loading direction.
Delaminations are dominant at interfaces of the top layers (compression
side) compared to the bottom layers (tension side). From the PDM
predictions, one can observe that the delamination failures are pre-
valent as they approach the longitudinal corners. Further, the NDT and
fractographic studies also support the damage predictions made by the
FE model.

4.2.3. Intra and inter-laminar damage predictions by PDM under negative
shear
In the case of negative shear load, the major dominant failure modes
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observed are fiber-matrix shear and fiber kinking (See Fig. 22). The top
45° ply, which is under direct compression, has shown the evidence of
fiber kinking failure and fiber-matrix shear failure. Similar to the ex-
periments, the damage in PDM also initiate (at &% 26.6 kN) at the
transverse corners and progress across the panel net section. The matrix
tension failure is observed in the bottom 45° plies and with loading, it
traverses towards the center. The inter-laminar (delaminations) failures
simulated by the PDM model are shown in Fig. 23. It shows that the
delamination failures are confined only to the top layer interfaces si-
milar to the positive shear load. It is also clear from the figure that the
delamination is significant in the top [45/90] interface. Also, it is ap-
preciable in the subsequent [90/-45] and [-45/0] layers. The damages
assessed by the NDT methods and the post-failure micrographs of the
fractured test panel ascertain the same failure mechanism and corro-
borates well with PDM results (See Fig. 22).

5. Conclusions

In this work, a detailed experimental and numerical study on the
post-buckling response and failure of a quasi-isotropic CFRP test panel
under in-plane shear loading is presented. An integrated experimental
approach involving various on-line monitoring techniques are used for
capturing the stability and failure characteristics of the CFRP test pa-
nels. Further, a generic FE based PDM is developed in Abaqus software
to simulate the post-buckling response and collapse behavior of the test
panels.

It is experimentally shown that the direction of the applied shear
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load has got a major influence on the post-buckling characteristics and
the associated failure mechanisms. The quasi-isotropic CFRP test panels
have exhibited improved buckling and post-buckling performance
under negative shear when compared to positive shear. It is attributed
to the alignment of the compressive forces along the fiber direction by
the applied shear load. Under positive shear load, the major damage
modes observed are the intra-laminar matrix failures and the delami-
nation. However, under negative shear load, fiber kinking and the fi-
ber-matrix shear failure are predominantly observed. An experimental
benchmark study has been shown for the first time, which would help
us in further enhancing our understanding of damage evolution under
in-plane shear loads. The complex failure mechanism is also captured
by the proposed PDM, which supports the experimental findings.
Therefore, the developed generic PDM model can be used for the design
of the composite structures in the post-buckling regime and allows
options to reduce the mass of the composite structure.
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