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ABSTRACT

This manuscript presents a combined experimental-computational investigation of the compression
failure response of laminated composites in double-edge notch compression (DENC) configuration.
Analysis of in-situ and post-test DENC experiment results indicates the presence of multiple failure
mechanisms, including ply splitting, delamination, and compression kink bands. In order to charac-
terize the onset, growth, and interplay of the critical and subcritical damage mechanisms, a multiscale
progressive damage analysis approach is implemented. A nonlocal multiscale damage model explicitly
tracks the intraply failure mechanisms that lead to the formation and propagation of kink bands in
the specimen. A cohesive zone model is used to track initiation and progression of ply splitting in
the specimen. The splitting model was implemented using implicit finite element simulations and
deployed with a pre-crack insertion technique to reduce simulation time while preserving prediction
accuracy. Model parameters are calibrated based on available calibration data and measurements. The
effects of split location and growth characteristics on model predictions are studied. The computational
model along with a suite of experiments were employed to study the formation, growth and interactions
of damage mechanisms in the composite specimens subjected to compression loading. The onset of
matrix damage is not clear from the experimental images but the model predicts early onset around
the onset time of splits which greatly reduce the stress concentration at the notches. Analysis of
acoustic emission energy experimental data indicate that observable compression failure mechanisms
are not causing nonlinearity consistently exhibited in the experiment responses. Simulation results
demonstrate the capability of the multiscale modeling approach to predict critical kink bands and
sub-critical matrix cracking and splitting in the DENC specimens while reducing computational cost

compared to a direct numerical simulation of fibers and matrix.

1. Introduction

A critical weakness of laminated carbon-fiber reinforced
polymer (CFRP) composites is their longitudinal compres-
sion strength. Results from experiments on unidirectional
specimens report as low as 60% of the strength of the
same material under tension loading [24, 78, 84]. Compu-
tational prediction of the behavior and associated failure
mechanisms is therefore essential for effective design of
composite structures operating under compressive loading.
The behavior is complicated due to the presence of multiple
failure mechanisms which include kink banding, splitting,
delamination, fiber cracking, fiber-matrix debonding, and
matrix cracking [36, 58, 66, 67, 71, 72, 81], some of which
interact during the loading process. Progressive damage
analysis models that incorporate the appropriate mecha-
nisms at multiple scales and that capture the interactions
between these mechanisms (thereby going beyond the ca-
pabilities of traditional approaches, such as strength-based
failure models) are therefore needed.

Several computational damage and failure analysis tech-
niques have been employed to model failure mechanisms
associated with the compression response of CFRP com-
posites. Among the compression failure mechanisms, kink
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bands have been shown to strongly influence the compres-
sion strength of composites [43, 49, 63, 66, 72, 82]. Kink
banding is an instability phenomenon [2, 19, 34, 43, 49, 50]
and numerical studies suggest a strong link between fiber
misalignment, mechanical properties of the constituent ma-
terials, and the resulting compression strength [33, 80, 86].
Modeling approaches for kink band failure span direct nu-
merical simulations [14, 51, 86] that resolve the composite
constituents at the mesoscale, continuum damage models
that track fiber rotation and incorporate shear nonlinearity
at the mesoscale [10, 11], multiscale modeling that con-
currently evaluates failure processes in resolved materials
microstructures across the macroscale domain [33], and
models based on macroscale failure criteria by including
effects of shear nonlinearity and pressure [57] or critical fiber
misalignments [20, 83]. Other mechanisms (i.e., splitting,
delamination, matrix cracking, and fiber-matrix debonding)
are not unique to compression loading and are typically
observed under other loading conditions as well [52, 61].
Fracture mechanics-based approaches such as cohesive zone
modeling (CZM) [10, 29, 51, 74] and extended finite ele-
ment method [27, 38], continuum damage mechanics [21,
29, 74], multiscale methods such as the eigenstrain based
homogenization method [16, 17, 25, 26], multiscale discrete
damage theory [55, 69, 70], and criterion-based failure mod-
els [20, 87], among others have been employed to study
the aforementioned failure mechanisms. Fiber fracture is a
consequence of the bending experienced in microbuckling
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and/or kink band formation [43] and has been included using
strength [7, 20] or curvature criteria [33].

Recent experimental studies shed some light into the
compression failure interactions in laminated CFRP com-
posites. Physical testing of compression specimens provided
some understanding of the order of occurrence of failure
mechanisms in composite laminates of varying layups and
configurations. The ultimate failure is typically induced by
the propagation of the dominant kink band across a 0 degree
lamina [9, 12, 23, 73]. Prominent splitting is also consis-
tently observed prior to failure in notched specimens at
the notches and within multiple laminae of different direc-
tions [9, 12, 23]. Matrix cracking and delaminations are
present and observed connecting to kink bands [9, 12, 23].

Recent computational investigations provide informa-
tion on the interactions between the failure mechanisms
throughout the loading process [12, 15, 60]. Prabhakar and
Waas [60] investigated several unnotched laminate layup
configurations. The onset of kink bands was predicted just
prior to the ultimate load, whereas delaminations were pre-
dicted to fully form after kink band onset. This study also
showed that increasing interlaminar shear strength results
in delayed kink band initiation and increased laminate com-
pression strength, pointing to interaction between interlam-
inar damage state and kink band initiation. Bishara et al.
[15] investigated the progression of failure in unnotched
[+45/90/ — 45/0],5 specimens. Delaminations were pre-
dicted to fully form early in the process at 90-45 degree ply
interfaces near the edges of the specimen (at approximately
77% of the ultimate load). Kink bands initiated immediately
prior to the ultimate load away from these delaminations.
Matrix cracking in the 45 and 90 degree plies were also
predicted post-ultimate load. Additional delaminations were
predicted at the 0-90 and 0-45 degree ply interfaces connect-
ing to the ends of the formed kink band. Bergan et al. [12]
studied the progression of damage in 3 different open-hole
layups which exhibited 3 different effective stiffnesses. Ini-
tial splitting and matrix cracking are predicted around 75%
of the respective ultimate load in all specimens, followed by
kink band initiation around 97-99%. The early onset damage
features exhibit differences in initial size and growth. Long
initial splits were predicted in the stiffest laminate and are
accompanied by a small amount of delamination prior to
failure. In contrast, delaminations were predicted with size
matching short splits prior to ultimate load in the least stiff
laminate. The results of this investigation show variation of
failure mechanism initiation time, initial size, and growth
among specimens consisting of the same material. Other
investigations of laminate specimens with rectangular cen-
tral hole and asymmetric layup indicate failure mechanism
initiation after the onset of buckling [30—32]). The aforemen-
tioned studies point to uncertainties in compression failure
mechanism interactions and how these interactions influence
overall compressive performance.

A recent experimental investigation performed on double-
edge notched CFRP specimens provide additional insight

into the progressive damage growth under quasi-static com-
pressive loading [23]. The geometry and layup of the spec-
imen resulted in stable damage progression which enabled
detailed experimental characterization of failure onset and
growth as a function of load amplitude. The work presented
in this manuscript employs a multiscale computational
model to study the onset, growth, and interplay of the
failure mechanisms observed in the double-edge notched
compression (DENC) experiments. A nonlocal multiscale
model originally proposed in Ref. [33] is generalized to
study laminated kink band formation and propagation. A
CZM-based model is incorporated to study the effect of
splitting on the compression performance of the DENC
samples. The kink band and splitting models were calibrated
based on a suite of experimental data and image analysis.
DENC specimens were simulated with the calibrated model
and a detailed analysis of how progressive splitting and kink
band failure interacts to culminate in specimen failure is
performed based on computational and experimental evi-
dence. A unique contribution of this work is that it compares
the predicted onset and progression of compression failure
mechanisms to experimental data and images generated
from specimens subjected to sub-critical loads.

2. Methods

2.1. Experimental

Experiments were performed at the Air Force Research
Laboratory (AFRL) on CFRP laminates in a double-edge
notch compression (DENC) configuration [23]. The DENC
specimens were hand-laid with IM7/977-3 carbon/epoxy
unidirectional pre-impregnated tape in a stacking sequence
of [03/+45/—45/90/0]g and autoclave cured. Two notches
were introduced by milling and were examined to ensure
that no damage was introduced in the gage section. Tabs
were bonded to both ends of the specimens using a two-part
structural paste adhesive. The final specimen geometry and
dimensions are shown in Fig. 1a-b. The reasons for choosing
the layer arrangement and the notch geometry used in the
experiments are discussed in Ref. [23]. The test procedure
followed ASTM D6641 [5], where a constant displacement
rate of 1.3 mm/min was applied to the gripped specimen
using a combined loading compression test fixture. Load-
displacement from the test machine was acquired in addition
to local strains and displacements across the gage section
between the notches measured using a virtual extensometer
(VE) system as indicated in Fig. 1b. Both the test frame
and VE data were captured at 10 Hz. Multiple other imag-
ing techniques were employed to examine failure during
testing. Optical images of the exterior surface in the gage
section were captured throughout the test at 100 Hz using
a digital camera. Microcomputed Tomography (#CT) scans
were performed on damaged composite specimens with and
without zinc-iodide dye penetrant using a Zeiss Xradia Versa
620 X-ray Microscope system equipped with a 160 kV
transmission target X-ray source and a flat-panel detector. A
series of optical objectives allowed multiple magnification
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Figure 1: (a) Geometry and dimensions of the DENC test article, (b) detailed view of the gage section.

Table 1
Breakdown of experiments.
Calibration Analysis
Experiment Procedure  Qty. | Experiment (stop criteria)  Procedure  Qty.
UD DENC 5] 4 DENC (Failure) 5] 9
V-notch shear [3] 5 DENC (Load Interval 1) [5] 9
DCB [4] 5 DENC (Load Interval 2) [5] 16
ENF [6] 5

levels. Micrographs were produced using a Nikon MM-60
table-top microscope, NIS-Elements D software, and a DS-
Fi2 camera. Energy-event readings from acoustic emission
sensors were used to define two load intervals for interrupt-
ing tests prior to ultimate load as well as an observable
damage threshold. A grind/polish process was performed
with these specimens and micrographs were obtained across
the width of the specimens from one notch as indicated in
Fig. 1b and described in [23]. No damage was detected in the
test specimens when an acoustic energy jump (or event) was
recorded with a value less than 10~ !3]. The X-ray CT images
provide additional detail on the internal extent of damage.

Additional property characterization experiments were
performed on unidirectional 0 degree (UD) specimens. The
experiments include compression loading of UD DENC
specimens. Configuration, dimensions and test procedure
for the UD DENC specimens are identical to the DENC
specimens as shown in Fig.1, including specimen thickness.
Other characterization experiments include shear loading
parallel to the fiber direction of V-notch specimens, dou-
ble cantilever beam (DCB), and end-notch flexure (ENF)
configurations. The UD compression, DCB, and ENF tests
were carried out at the AFRL. The V-notch tests were carried
out at the Mechanics of Composite Materials Laboratory at
Tel-Aviv University. The breakdown of experiments by cal-
ibration and analysis phase, the testing procedure followed,
and the quantity of tests performed are shown in Table 1.
The DENC experiments and results have been previously
reported in [23]. Additional images generated during the
experimental program but not included in [23] are used in
the model calibration (3.1) and analysis (3.2).

2.2. Numerical Modeling
2.2.1. Multiscale Compression Kink Band Model

A reduced order multiscale model proposed in Fau-
pel et al. [33] has been used to represent the compres-
sion kink-band failure behavior in the composite specimens.
The model is based on the eigenstrain-based reduced order

computational homogenization (EHM) approach which has
been previously used to study progressive failure behavior
of composites under a range of loading and environmental
conditions [16, 17, 39, 54, 85]. The model keeps track of
the failure processes associated with kink band formation at
the scale of the microstructure coupled to a computational
homogenization method in solving the macrostructural com-
pression response. The evolution of nonlinear shear defor-
mation and damage in the matrix concentrated in the kink
band region are explicitly tracked. The length scale of the
kink band (i.e., the kink band width) is captured by using
a gradient-based nonlocal formulation. Full description and
verification of the multiscale kink band model are provided
in [33]. The constitutive relations for the multiscale kink
band model are summarized below.

Under compression loading, the composite laminate un-
dergoes localized instability induced by material imperfec-
tions (i.e., fiber misalignment or waviness). Kink bands
form as a result of excessive deformation of the matrix and
localized bending-induced fiber fracture near these regions
of instabilities. The failure in the matrix is modeled using
continuum damage mechanics. Upon onset of instability at
the mesoscale, the fibers buckle and no longer contribute to
load carrying capacity. For simplicity, explicit fiber fracture
induced by local buckling is not considered in the model. The
formulation described in Ref. [33] includes fiber breakage
as well. Mesoscale analyses conducted with and without
fiber breakage predict the same compression strength in UD
specimens.

The localized large deformation behavior is captured
using a co-rotational formulation, where a local coordinate
system is attached to the microstructure that follows macro-
scopic rotation. In what follows, a superposed hat, () indi-
cates the corresponding field expressed in local coordinates,
and a superposed bar, () indicates a macroscopic quantity.
At a given material point in the specimen, the macroscale
Cauchy stress, &, in the co-rotational frame is expressed as:
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&= [1 - w(m)] [E(m) : 2+l_’(mm) : M(m)]

—(®) —(mf) M
+[L CEe+P ,u(m)]

in which € is the macroscopic strain; @™ denotes the
damage state within the matrix. The scalar damage variable
evolves within 0 < o™ < 1 with limits ®™ = 0
and @™ — 1 respectively indicating no damage and
complete loss of load carrying capacity within the matrix.
u™ is inelastic strain induced by the damage process within

the matrix. ﬁ.) and I_’(.) are coefficient tensors that reflect
the effect of microstructural morphology on determining
the macroscopic stress state ([17, 53, 68]). The kinematic
equation that relates the inelastic strain coefficients to the
macroscopic strain is expressed as:

[1 _w<m>] [Awm) - &4 plemm) . u(m)]
)
+[A(“f) D e+ BOM y(m)] =0; a=m,f

in which A©) and B®) are additional coefficient tensors.

This system of equations for the model is closed by
defining evolution equations for the matrix damage variable.
The matrix is taken to exhibit a nonlinear hardening behavior
followed by material softening. The damage behavior is
described as a function of the nonlocal damage history
variable, g£(M:

o™ =oE™); 0<d<1 (3)

which evolves according to the monotonic damage evolution
function:

arctan(a™ (g™ — My — pm)y 4 pm)
O(RM) = 0 @
% + arctan(b™)

where g™, pm) Ko(m) are material parameters, and the
Macaulay brackets, (-), are used to enforce the threshold for
the onset of inelastic evolution of damage.

When not regularized, continuum damage mechanics
models localize damage to a region dictated by the size of the
finite elements [1, 65]. The width of the compression kink
bands on the other hand are dictated by fiber properties (e.g.
fiber size [86] and longitudinal modulus [34]) and matrix
properties (e.g. shear nonlinearity or “ductility" [7, 50]).
The model employed in this study uses a gradient based
regularization scheme to consistently capture the kink band
width [33]. The nonlocal equivalent damage variable is
expressed using the following partial differential equation
defined over the domain of the specimen parameterized by
X:

£ (x, 1) — L2V? [#™(x,1)] = «™(x, 1); (5)

in which L is a length scale parameter related to the size of
the kink band width, and V? denotes the Laplacian operator.
x™ is defined as:

k™ (x, 1) = min{#™, k,} (6)

where k, denotes the value of the local damage history
variable when full damage is reached (i.e., ®(k = «.) = 1).
The local damage history variable is ™ is defined as:

&M = max {o™ (1)} (7
0<r<t
taking the value of the maximum damage equivalent strain,

o™ in the loading history. The damage equivalent strain is
defined as:

o = \/ Zem : f ;g ®)

which is a function of the local principal strains, é™, and
the elastic modulus tensor, /I:(m), rotated to the principal
directions. Neumann boundary conditions are enforced to
evaluate the nonlocal equation:

V™ .n=0 9)

where n is the unit outward normal to the domain bound-
aries.

A drawback of the regularization scheme employed in
this study is the observed expansion of the damage region
under sustained loading even after the failure is reached
within the specimen (see also, e.g., Geers et al. [35] for a
discussion on this type of spurious growth). We note that this
is unrelated to the observation reported on the growth of the
kink band width as it propagates [50, 80], as the numerical
simulations exhibit widening in parts of the kink bands that
have already formed as well. The spurious spread of the kink
band is controlled by degrading the length scale parameter
as matrix damage evolves [59]:

L(x,1) = (cyw + &) - g (0™(x, 1) (10)

(1 — Ryexp (—no™) + R — exp (—1n)
g:\/ xp (—no™) ED

I —exp(-n)

where, ¢; and ¢, are model parameters, and w is the observed
kink band width; R and 7 are numerical constants controlling
the length scale degradation.

2.2.2. Cohesive Zone Model for Splitting

We consider a standard CZM described in Ref. [22].
Similar CZM models have also been used in modeling
splitting in CFRP composites [37, 52, 77]. The traction-
separation law follows a bi-linear form using a quadratic
stress damage initiation criterion and linear softening slope
enforced for critical fracture energy. Mixed mode state is
expressed according to the Benzeggah-Kenane relation-
ship [8]. Evolution of the damage variable for the ply
interface is as described in [22].
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Figure 2: Analysis geometry, boundary conditions, mesh, and model assignment.

2.2.3. Implementation Details

In EHM, a nonlinear analysis and history dependent
reduced order microstructure problem is concurrently eval-
uated with the structural scale analysis. A separate reduced
order microstructure model is evaluated and tracked at each
quadrature point of the macroscale discretization. Simula-
tions are performed using commercially available implicit
finite elements analysis code, Abaqus/Standard. The mi-
crostructure in the analysis is idealized as a periodic and
square unit cell with two parts representing the damageable
matrix and the elastic fiber. The coupled macroscopic sys-
tem of equations for equilibrium and nonlocal equations is
implemented through the use of coupled thermo-mechanical
solver. The nonlocal equation is enforced on the O degree
plies only, as the critical kink bands are expected to occur on
0 degree plies. Matrix damage evolution is also considered
in the non-zero degree plies to predict failure by transverse
cracking [17, 18]. In this case, the length scale parameter
is set to a small (near zero) value since the length scale
parameter is associated with the kink band width. The full
implementation workflow of the kink band model is detailed
in Ref. [33] and is implemented in the same manner here for
the nonlocal matrix damage using a user-defined material
and auxiliary data passing subroutines. In-built Abaqus ca-
pabilities are used for CZM models of splitting.

2.2.4. Simulation Setup

The geometry, discretization and the boundary condi-
tions used in the specimen simulations are shown in Fig. 2.
The domain for the analysis is constructed to match the
gage section of the DENC specimen. Boundary conditions
corresponding to displacement control are applied on the
numerical gage section top and bottom faces which are
aligned to the ends of the gripped tabs on the experiment

test articles. The plies composing the laminate are mod-
eled by dividing the geometry into equal thickness layers
matching the number of plies in the layup and assigning an
initial material orientation that match the ply fiber directions.
Computational expense is balanced with higher resolution
of the failure mechanism predictions by partitioning the ply
layers into elastic and damageable regions as shown in Fig. 2
and meshed with full-integration continuum elements. The
mesh size is uniform in the thickness direction, where there
are two elements for every ply (i.e. 28 elements through
the thickness). The mesh is structured and elements lengths
vary from approximately 70 um in between the notches to
300 um outside of the damageable region. While damage
models without regularization are typically mesh-sensitive,
the compression kink band model used in this study is reg-
ularized through the gradient-based regularization scheme
with the kink band width serving as the nonlocal length
scale. The mesh independence of the kink band model has
been demonstrated in Ref. [33].

It is well known that the initial fiber misalignment
strongly affects kink band onset, and unidirectional compres-
sive strength is very sensitive to the maximum misalignment
angle [43, 80]. Selection of misalignment parameters (and
the other model parameters) are described in the model
calibration section below. The 0 degree plies are prescribed
an initial fiber misalignment by defining the integration point
orientation with the expression:

. z—2zy5 1
y(z) =y sin (7[( ] +5>) (12)
where, z is the material coordinate in the fiber direction,
z is the coordinate of the notch tip in the fiber direction,
Yy is the maximum initial misalignment angle, and / is the
half-wavelength of the function. The expression represents
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a periodic form similar to the waviness in experimental ob-
servations [43, 56]. The variation in orientation corresponds
to waviness in the transverse direction (1 axis in Fig. 2) and
the maximum misalignment angle occurs at the notch tip.
Provided that the misalignment half-wavelength is smaller
than the fracture process zone, a phase shift in the assumed
initial fiber misalignment (where maximum misalignment
angle does not align with the notch tip) is not expected to
significantly affect the onset of failure.

Splitting regions where cohesive traction can degrade
are defined as longitudinal strips tangent to the notch tips
in all O degree plies. Previous studies in the literature have
also employed selectively placed splitting regions based on
experimental observations when modeling edge- and center-
notched specimens [37, 44, 61]. The splitting regions are
meshed with full-integration continuum cohesive elements
with uniform thickness of 0.1 um and side lengths matching
the ply mesh in the 2 and 3 dimensions. A linear elastic
analysis indicates shear stress concentration in the plies
occurring at locations near the notch end but not exactly
on the notch tip. As is commonly observed with cohesive
models, element lengths along the failure direction should be
sufficiently small to capture the fracture process zone [28].
Furthermore, resolving the stress concentration is crucial
for predicting split initiation. To address these concerns,
a mesh convergence study including nominal element side
lengths, h, in the 3 dimension ranging from 40 to 1pum
was performed. Convergence of the stress field is predicted
with 2 = 10 pum starting at approximately 70 um from the
center of the notch (mid-height of the specimen). The final
simulation element size near the notches linearly increases
to h = 160um at a distance of 2mm from the center
of the notches. The 3D finite element model consists of
approximately 900,000 degrees of freedom.

3. Results and Discussion

3.1. Model Calibration

The calibrated values of the kink band and local damage
model parameters as well as the sources of calibration data
are listed in Table 2. The starting point for the calibration
of the physical parameters were the values reported in [17]
and the values in [33] were used for the numerical param-
eters, since these studies employed similar materials. UD
DENC experiments were also used in model calibration.
Specifically, the unidirectional compression modulus and
strength of the specimens (shown in Table 3) obtained from
the UD DENC tests were used in the calibrations. In these
experiments, specimens exhibited brittle failure. Splitting
ahead of the notch tips early on is observed which reduced
the stress concentrations near the notch tips. The ligament
between the notch tips following split formation exhibits a
relatively uniform stress that is equal to the load divided by
the cross-sectional area between the notch tips. The longi-
tudinal fiber elastic modulus, E gf ), was calibrated using the

rule of mixtures (i.e. Ej,,, = V(f)ng)+(1 —VUNE™ with
65% fiber volume fraction, V'©, and E,,,,,, is calculated from

the mean linear regression of the load-virtual extensometer
data between 0.5 microstrain and 2 microstrain divided by
the cross-sectional area between the notch tips.

The UD specimen strength value (calculated as the mean
ultimate load of the UD DENC experiments divided by the
cross-sectional area between the notch tips) was then used to
calibrate the maximum fiber misalignment angle. The model
is calibrated by adjusting the maximum initial misalignment
angle so that the predicted strength matches the specimen
strength The procedure for misaligment angle calibration
is as follows: Multiple mesoscale simulations of the UD
material were performed by varying the misalignment angle.
A least-squares function was fitted to the resulting strength
vs. misalignment angle data. The calibrated misalignment
angle is read from the fitted curve as the value that cor-
responds to the mean UD compression strength measured
in the experiments. The calibrated misalignment angle is
1.35°. The half-wavelength of the misalignment function
is set to / = 0.5 mm (approximately 71 times the fiber
diameter), which is shown to be a sufficient localization
of fiber misalignment for kink band initiation based on the
analyses of [33, 46, 79] and the experimental observations
in [43, 72].

The stress-strain behavior obtained from 90 degree V-
notch experiments were used to calibrate the failure proper-
ties of the matrix. The shear chord modulus (computed at
1 microstrain and 2 microstrain) and the ultimate specimen
shear strength predicted by numerical simulations and mean
experimental results were matched by calibrating a™ and
b™ The calibration simulations consisted of a mesoscale
finite element (a section of composite material) subjected
to simple shear. The calibration is performed manually. The
outcomes of the calibration simulations are listed in Table 3
alongside the experimental values. Given the variability
observed in the experiments, reaching a minimum of 95%
accuracy in capturing the mean is deemed sufficient to
conclude the calibration process. With the calibrated matrix
parameters, the resulting transverse composite compression
strength is 91 MPa (found by subjecting a mesoscale finite
element to uniaxial transverse displacement conditions at the
nodes). The value for w used in Eq.10 is chosen such that
the simulated kink band width is equal to the average kink
band width measurements taken from micrograph images
of a DENC specimen. The experimental target values and
calibration simulation results are presented in Table 3. The
influence of model parameters on the kink band width and
strength predictions is studied in detail in Ref. [33].

The parameters of the cohesive zone model for splitting
are also calibrated based on experimental observations and
prior data. Table 4 shows the mode I and mode II maximum
traction and fracture energies used in the simulations. The
maximum traction values are estimated in the normal and
shear directions based on values used in the literature for
carbon-epoxy laminates [62, 75]. The initial stiffness, kg,
is set to 10° Nmm™3 (about 27 times the matrix elastic
modulus) on the diagonal components and zero on the off-
diagonal components. The stiffness value is on the order of
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Table 2

Calibrated parameters of the kink band and local damage model (components designated in the local coordinate axes where the

1 direction designates the fiber direction).

Parameter Unit Value Source Parameter  Unit  Value Source
Eif) GPa 305.0 UD DENC W N/A  0.206 [17]
E GPa 12.45 [17] Em GPa  3.70 [17]
Gg:f GPa 146.0 [17] yam N/A 0377 [17]
vy N/A 0.291 [17] Wo ° 1.35  UD DENC
am™ MPa~1/2 22.5  V-notch Shear n N/A  -20 [33]
™ N/A 17.5 V-notch Shear 2 N/A 0.833 UD/V-notch
K™ MPa 0.0 [33] ¢ N/A -350 UD/V-notch
R N/A  -0.006 [33] w um 428 DENC

Table 3
Experimental and model composite properties.

Property | Experiment | Experimental Mean (standard deviation) | Calibration Simulation Result
Longitudinal Compression Strength (GPa) UD DENC 1.43 (0.18) 1.43
Longitudinal Compression Modulus (GPa) UD DENC 206.9 (5.39) 203.0
Ultimate Shear Strength (MPa) V-notch shear 58.8 (19.1) 55.7
Shear Modulus (GPa) V-notch shear 6.44 (0.39) 6.40

14
v L}
v
12 v
*
% 101 *
—c%
Q L = Specimen A| |
a8 " ¢ Specimen B
n e Specimen C
v Specimen D
6r L4 Specimen E | 1
Specimen F
Simulation
4 . . . . .
0 1 2 3 4 5

Split Length (mm)

Figure 3: Experimental image analysis results overlaid with the
calibration simulation result.

magnitude found to not significantly affect the compliance
of the composite while also avoiding convergence issues in
[76]. The critical fracture energies for splitting differ from
those for delamination that are typically calibrated using
double cantilever beam (DCB) and end notch flexure (ENF)
tests. In particular, prior investigations determined that the
critical mode II fracture energy for splits is approximately
25-40% [41, 52, 61] of measured Gﬁ’g from ENF tests
(PC indicates the pre-cracked fracture toughness value). In

accordance with these findings, we set GISlC to be 1/4 the

value of measured GI}I)C (=0.502 kJ/m?). GISC is set equal
to Gyc from the DCB test results since other investigations
indicate the split initiation and growth to be mode II driven
fracture (see again [41, 52, 61]). The BK exponent, f, is set
to 1.0 in the absence of critical fracture energy data for the
IM7/977-3 material system under mixed-mode interlaminar
or intralaminar conditions.

The model includes a pre-existing split ahead of the
notch in the 0 degree plies as described above. A sensitivity
study was performed to understand the effect of the length
of the split introduced on the overall damage evolution
behavior. In this study, the plies were assumed to remain
elastic. This is consistent with experimental observations
below, that indicate that splits are the first major damage
event observed under compression. Fig. 3 shows the growth
of the splits as a function of load amplitude based on the
simulations and the experimental observations. The experi-
mental observations are obtained from the analysis of optical
images of the experimental DENC specimens. The initial
split length and corresponding load level are tracked, provid-
ing a coarse representation of the split growth. Simulations
were performed with pre-splits of lengths 0.125, 0.25, 0.50,
1.0, and 2.0 mm from the notch tip. The simulations recover
the same curve regardless of the size of the initial split (the
discontinuity at split length of 1.71 mm is due to combining
results from simulations with short and long initial split
lengths recorded from different mesh sizes) indicating that
the growth behavior is not affected by the choice of the initial
length.

An additional sensitivity analysis was performed to in-
vestigate the effect of fracture parameters for splitting on
the rate of split growth. In this analysis, simulations were

performed by setting Gy, . to values in the range of 0.10 to

0.20 kJ/m? and ultimate traction to values in the range of
90 to 180 MPa. The rate of split growth is found not to be
affected significantly by GISIC or the ultimate traction values.
These parameters were found to have a stronger influence
on the load at which splits initiate. This observation is con-
sistent with those reported in [61]. Since the experimental
data exhibits large variation, the splitting model is calibrated
such that the crack growth curve fits through the mean

experimental initial split length and load values. The slope
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Table 4
Parameters of the cohesive zone model.
Parameter Unit Value  Source | Parameter Unit  Value Source
Keon N/mm®  10°  [47, 76] G kJ/m?>  0.230 DCB
I MPa 60 [62] Gic kJ/m2  0.130 ENF
1 MPa 90 [75] [/ N/A 1.0  Estimate
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Figure 4: (a) Load-strain predictions compared to experimental results; (b) mechanism and failure observation loads (bars) and

predictions (annotated solid lines).

of the load vs. split length predicted by the model falls within
the observed experimental data as shown in Fig. 3.

3.2. Analysis of DENC Behavior

Simulation of the DENC specimen was performed using
the calibrated model parameters and completed in about
81 hours using 8 processors in parallel. Results from the
simulation were analyzed along with the experimental ob-
servations. Figure 4a shows the envelope of load vs. strain
curves from specimens ran to failure in addition to the
interrupted tests and the calibrated simulation prediction.
Simulated strains are computed by mimicking the virtual
extensometer measurements. The base length of the virtual
extensometer is 3.0 mm and the macroscopic strain is calcu-
lated as the difference between the average displacements
of nodes within a 40 ym radius of the two extensometer
ends. In Fig. 4b, the histograms for the observation of initial
splits, kink bands, and failure in terms of load amplitude
in the DENC experiments and simulation are shown. The
predicted macroscopic force response is essentially linear
until an unstable load drop suggesting an abrupt failure
process. The maximum load prediction (13.8 kN) is within
the range observed in the experiments (11.7-15.1 kN) and
somewhat overpredicts the mean (13.1 kN). The experiment
results exhibit a somewhat nonlinear macroscopic load-
strain response and the strain at maximum load ranges from
0.37% to 0.54% (mean 0.46%) while the predicted strain
at maximum load is 0.42%. The standard deviation of the
failure loads and strains is also plotted on Fig. 4a.

Nonlinearity in the DENC experiments initiates early on
and continues throughout the loading process until failure,
as demonstrated by the representative experiment curve in
Fig. 4. This nonlinearity is likely due to nonlinear shear
effects, although additional mechanisms could be contribut-
ing to this behavior as discussed below. Other experimental
studies in the literature report similar nonlinearity in the
compressive stress-strain response of laminates [13, 45, 66]
(e.g., in laminates with high volume fraction of 45 degree
plies and when O degree plies are not at the mid-plane
[45, 66]). The amount of nonlinearity varies with specimen
size, presence of off axis plies, ply thickness, and layup.

In the DENC model, the matrix constitutive behavior
was calibrated (as described in Section 3.1) based on 90
degree V-notch shear tests which exhibit a relatively brittle
behavior (specimen failure around 1-2% shear strain). Other
experiments including + 45 degree tension and V-notch
shear [17, 40] show higher ductility, which could better
characterize the nonlinear shear behavior of the composite.
For instance, Ref. [17] demonstrated an alternative matrix
damage model which directly incorporates shear nonlinear-
ity and uses both sets of shear tests to calibrate the matrix
model.

Nonlinearity in the fiber behavior was also previously
proposed to contribute to the observed nonlinearity of the
overall compressive stress-strain curve [48, 64]. The model
in Ref. [13] includes nonlinearity in the longitudinal lamina
modulus using the empirical relationship from Ref. [42],
however the importance of it in determining the nonlinear
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Figure 5: Acoustic energy-events during loading in all experiments. The large markers indicate acoustic events meeting or exceeding
the observable damage threshold and the small markers indicate acoustic events below the threshold (each color represents a

different test).

macroscopic response is not studied. Other studies on mul-
tidirectional laminates under compression incorporate fiber
damage [12, 17] but predict fiber failure only above 90% of
the ultimate load.

Acoustic emission sensors were used to provide addi-
tional information on the evolution of damage in the spec-
imens. Acoustic energy-event histories from all of the ex-
periments are shown in Fig. 5 where the events which
meet or exceed the observable damage threshold are plotted
with large opaque markers while smaller acoustic energy
events are plotted with small faint markers. Smaller acoustic
energy events are numerous and present throughout the
entire loading process. The earliest damage event observed
in the experiments is split formation at the range of 6-
8.5 kN. There are relatively few and spread out observable
damage events after the onset of nonlinearity. Images from
specimens with these readings included evidence of one or
more compression failure mechanisms.

Evidence of the failure mechanisms in the 45 degree
plies of the test specimens is compared to model predictions
in Fig. 6. Figure 6a shows damage regions in a failed speci-
men loaded to 13.2 kN. There is a longitudinally-extending
damage feature at the left notch while a 45 degree feature
present at the right notch. Higher magnification images
of the left notch in Fig. 6b show details of the damage
features observed from the same specimen scanned with
dye penetrant introduced. The images include thin matrix
cracking patterns in addition to a stepped failure propaga-
tion. The stepped feature shown in Fig. 6a is also present in
Fig. 6b Detail 1 (labeled “I") and likely consists of matrix
cracks which migrate around fibers but might also include
broken fibers. The saturated area in Detail 1 (labeled “II" in
Fig. 6b) could be delamination or a dense field of matrix
cracks parallel to the 45 degree fibers. In addition to the
distinct crack originating at the bottom of the notch in Detail
2 (labeled “III"), there are multiple cracks parallel to the

fiber direction above the notch location (labeled “IV"). The
highlights oriented perpendicular to the fiber direction in this
region are the results of cracks in the adjacent 45 degree ply.
The X-ray CT images also include beam-hardening artifacts
as indicated in the Fig. 6a-b. The artifacts in Fig. 6a are
caused by the notch edge, which is parallel to the X-ray beam
path and spans from the left to the right side of the image.
The artifacts in Fig. 6b appearing as thick and dark vertical
strips are caused by the presence of dye penetrant and large
variations of the X-ray attenuation within the material of
the scanned volume around the notch tip. In comparison,
the model predicts matrix damage in the 45 degree plies
as shown in Fig. 6¢. Full matrix damage is present prior to
10.2 kN, and grows from the split. Distinct damage paths are
predicted at the ultimate load of 13.8 kN, propagating in the
space between the notches. The model also predicts damage
along and behind the splits. Overall, the damage contours are
similar to the experiment images with dye-penetrant which
show a combination of distinctly isolated cracks in addition
to different forms of less isolated damage features and paths.

Splitting is observed in the experiments as shown on
a representative specimen in Fig. 7a and Fig. 7c. In the
experiments, initial splits (as observed after the first signif-
icant AE reading) are 1-2mm long. Additional splits also
develop at higher loads. In the specimen shown in Fig. 7a,
splitting occurs first on the right notch, followed by the
formation of a second and longer split on the left notch.
The two splits grow toward the gripped boundaries with
increasing loading in a stepwise and non-uniform manner
as shown in the datasets in Fig. 3. It is not clear if the
splits extend under the grips which were not imaged. The
simulation predicts a nearly symmetric (due to the symmetry
of the numerical specimen) growth of splits at the notches
starting at 7.4 kN. The arrows in Fig. 7b indicate the split
ends and the length evolution is similar to Fig. 3. At the
load amplitude of 13.3kN the dominant splits in both the
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Figure 6: (a) Damage in 45 degree plies in an X-ray CT image. (b) Detailed images from scanning with dye penetrant. (c)

Predicted damage patterns in the simulation.

experiment and the simulation are near or at the gripped
boundaries. The lack of symmetry of the split formation
and growth in the experiments is attributed to nonuniformity
in the material. The shear concentration site on the notch
with the weakest material will be where the first split forms.
Additional split nucleation and split growth is dictated by
the stress redistribution thereafter. The highlighting from the
dye penetrant in X-ray CT images in Fig. 8a-b demonstrates
the most frequently observed splitting pattern in the 0 degree
plies at loads over 13 kN. Splits are consistently present in
the exterior plies and observed with much less frequency
in the interior O degree plies. The simulation also predicts
prominent splitting in the exterior plies, and the predicted
split growth is smaller in the interior O degree layer as shown
in Fig. 8c.

Figure 9 shows the longitudinal strain fields in the ex-
terior and interior 0 degree plies during the simulation near
the predicted failure load. The simulation predicts the onset
of the kink band at the interior O degree ply around 12.8
kN (92.7% of the ultimate load). There is a progressive and
steady propagation of the kink band from the onset until the
ultimate load is reached. Concentration of higher magnitude
longitudinal strains ahead of the notch tip is evident in
the interior ply plots. The strains immediately above and
below the formed kink band are relaxed behind the kink
band front. The propagation then accelerates and instanta-
neously leads to specimen failure. In the experiments, the
nucleation time of the kink bands cannot be determined

with accuracy since kink band observations were made in
interrupted tests, which were not taken to failure, since these
specimens were sacrificed to sectioning for kink band char-
acterization. Kink bands are observed in the experiments
starting in specimens reaching loads of 10.6 kN and higher.
The predicted macroscopic strain at kink band initiation of
0.38% lies towards the upper bound of strains experienced
in the experiments at loads around 10.6 kN (0.29-0.40%).
The large range of strains associated with observed kink
band formation implies that there is variability in the fail-
ure onset time. The majority of specimens did not show
formation or propagation of kink bands in the exterior O
degree plies and an example of the through-thickness kink
band presence is shown in Fig. 8a-b. The longitudinal strain
in the middle O degree plies of the specimen is shown in
Fig. 10a with close up profiles of matrix damage in the cross-
section ahead of the notch (Section A-A) and at the kink
band tip (Section B-B). The damage patterns reflect what
is observed in the experiments, where micrograph sections
show clear matrix cracking in the plus/minus 45 degree
and 90 degree plies near the root of the kink band ahead
of the notch as shown in the micrograph section Fig. 10b
and only the kink band further away from the notch like
shown in Fig. 10c. The experiment images in Fig. 10b-c
clearly show that the primary kink band propagation occurs
in the interior O degree ply only and additional numerical
simulations we performed suggests that splitting affects the
observed behavior. For instance, in the absence of splits the
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Figure 8: X-ray CT images of a dye penetrated specimen loaded to 13.2 kN showing (a) splitting in the exterior O degree ply and
(b) kink band interior 0 degree ply. (c) Through-thickness splitting predicted at ultimate load.

kink bands initiate in the exterior plies first, around 7.9 kN,
and propagate ahead of later-initiating kink bands in the
interior plies until failure. Suppressing splitting results in
a significant under-prediction of the failure load (8.3 kN)
and the strain at failure (0.33%) pointing to the relaxation
induced by the splits. Splits forming 20-50 ym behind the
notch tip increases the load and strain at failure but still
under-predicts the experimental range.

X-ray CT images additionally suggest delamination be-
tween the 0 and 90 degree plies connected to the ends of the

kink band as shown in Fig. 11a. The delaminations present at
the 0-90 degree ply interface extend parallel to the kink band
propagation and likely formed to accommodate the discon-
tinuity induced by the kink band ends. These delaminations
were not modeled explicitly in the simulations. Incorpo-
rating this mechanism with cohesive elements results in
convergence issues and excessive computation times making
the analysis infeasible. Zooming into the model prediction
at the kink band tip, Fig. 11b-c show the shear strains in the
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Figure 9: Predicted longitudinal strain fields in the O degree plies at (a) 92.7% of the ultimate load and (b) ultimate load. Strains

are reported in the global coordinate system.

through-thickness cross section. There is significant shear-
ing (&1, and &,3) present at the 0-90 degree ply interfaces at
the ends of the kink band. This information suggests that
the onset of delaminations is likely shear driven. The 45
degree plies experience shearing (e,3) as well, coinciding
with the predicted matrix damage pattern in Fig. 10a, Section
A-A, suggesting that the damage at the +45 degree interface
visible in Fig. 11a and Fig. 7c is shear driven.

4. Conclusions

Analysis of images from DENC experiments provide
some indication of the load levels where splitting and kink
bands are present. Simulation results point to the capabil-
ities of the multiscale modeling approach and enhance the
understanding of these failure mechanisms in the DENC
ultimate failure while greatly reducing computational cost
compared to a direct numerical simulation of fibers and
matrix. The lamina behavior in the model was calibrated
using UD-DENC compression and V-notch shear properties.
Measurements from micrograph and optical images were
used to select parameter values related to kink band width
and splitting behavior. The model predicts the DENC failure
load within the range of experimental values and shows
how the critical failure mechanism of kink bands occurring

primarily on the interior of the specimen, and interior and
exterior occurring subcritical damage features interact dur-
ing the failure process. Among the consistently observed
failure mechanisms, splitting is particularly important as
the formation of splits directly alters the stress distribution
around the notches. Matrix cracking in the 45 degree plies
is predicted to accompany splitting just ahead of the notches
in agreement with experimental cross-sectional images ob-
tained from specimens loaded to ultimate failure. The onset
of matrix damage is not clear from the experimental im-
ages but the model predicts early onset around the onset
time of splits. Together, these precursors to ultimate failure
contribute to the load range where instability of the inner
0 degree layer results in kink band initiation around 93% of
the ultimate predicted macroscopic load and propagation be-
tween both notches. Splits not present or forming behind the
notch tip result in an under-prediction of the experimentally
observed kink band and ultimate loads.

The numerical predictions suggest that the simultaneous
presence of matrix cracking, exterior ply splits and kink
bands should be considered in modeling laminates with
exterior 0 degree plies in order to accurately capture the
apparent strength, failure propagation, and failure interac-
tions. Additionally, while delamination is not included in the
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final simulations due to excessive computational demand,
significant shear straining is predicted at the 90-0 degree
ply interfaces and 45 degree plies prior to ultimate load.
Without predicting the progression of delamination, the
model predicts kink band propagation as the cause of ulti-
mate failure, matching experimental observations which also
indicate the subcritical nature of delaminations (occurring at
the interfaces bounding the primary kink band [23, 66]).

The proposed multiscale computational model does not
capture the nonlinearity observed in the overall load-strain
behavior of the composite. The potential sources of this
nonlinearity are discussed in the manuscript. A thorough
and quantitive investigation of all sources of nonlinearity is
necessary. Such an investigation could be used to extend the
multiscale model and address this shortcoming.

Because of the multitude of failure modes and size of
the model, we were not able to perform parametric analyses
(e.g. with fiber waviness characteristics or matrix shear
nonlinearity) or predict the progression of delamination with
the DENC model.

The experimental data show a strong variation of ma-
trix cracking pattern ahead of the notch tip in addition to
splitting and kink band onset time. A probabilistic sampling
of material properties that reflect material heterogeneity and
uncertainty in model parameters could provide insight to
the sources of variation of experiment load-strain results.
Future work could include parametric studies to investigate
different sources for the macroscopic nonlinearity in the
overall load-strain results, and incorporate delamination pro-
gression well.
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