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This work investigates the high rate interlaminar delamination of an angle-ply carbon �ber reinforced
plastics (CFRP) laminate by combining experimental in-situ monitoring and �nite element analysis. Split
Hopkinson Pressure Bar experiments with ultra-high-speed synchrotron x-ray phase contrast imaging were
conducted to monitor the through-thickness fracture progression in the laminate at high strain rates. A
cutting method was developed to prepare specimens with increased shear between layers during loading in
the macroscopic compressive mode. The interlaminar delamination was simulated with three-dimensional
models using Virtual Crack Closure Technique (VCCT) and Cohesive Zone Model to calculate fracture
toughness and study the speed of crack growth. The fracture toughness of the CFRP laminates is suggested
to decrease at high strain rates. The simulated results for the tilted specimen with critical energy release
rate (ERR) values of GIC = 14 J/m2 and GIIC = 156 J/m2 showed good agreement with the experimental
data, particularly when using a homogenized model of the test specimen at high strain rates. The VCCT
model was �nally used to predict a crack propagation speed of approximately 1.24 mm/ls.

Keywords delamination, fracture mechanics, �ber composites,
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1. Introduction

Delamination is a typical fracture mode in laminated
composites, particularly in carbon �ber reinforced polymers
(CFRP) prepared using prepreg, due to their inherently low
interlaminar fracture toughness. Delamination reduces stiffness
and load-carrying capacity of structures, potentially leading to a
catastrophic failure during deformation. In fracture mechanics,
the propagation of fracture can be de�ned by the strain energy
release rate (ERR) at the crack tip, where this energy not only
forms new crack surfaces but also causes other dissipative

phenomena. However, the detailed assessment of ERR under
dynamic loading conditions is challenging due to the rapid
conversion of mechanical energy into forming of new crack
surfaces, heat generation, acoustic emissions, and kinetic
energy (of the specimen) during delamination.

The prediction of delamination is especially important in
applications with dynamic loads, such as aerospace and
automotive vehicles, where CFRP composites could be sub-
jected to impact loads. For this kind of events, the strain rates in
a material amidst crack tip can be very high. A common
experimental method to investigate the high strain rate behavior
of CFRP is the Split Hopkinson Pressure Bar (SHPB) technique
(Ref 1, 2). For accurate characterization of damage mecha-
nisms, such as delamination, it is essential to monitor crack
propagation in real time during experiments. The ultra-high-
speed synchrotron x-ray phase contrast imaging (XPCI) is a
technique that allows observing fracture modes not only on
specimen surfaces but also through the specimen volume. In
recent studies, ultra-fast imaging with high spatial resolution
and timing scale of microseconds has enabled the real-time
observation of through-thickness fractures at high strain rates
(Ref 3, 4). This capability allows tracking of crack onset and
propagation under high rate loading, providing valuable data
for simulation of a crack at the length scale of individual plies.
This approach signi�cantly supports the analysis of rate-
dependent ERR by providing precise information about the
crack location and status, i.e., if a crack opens only on the
surface or propagates through the entire specimen.

From a fracture mechanics perspective, the energy dissipation
and conversion processes occurring at the crack tip during
delamination are complex and not entirely measured, particularly
at high strain rate loadings. This makes the precise modeling of
high-speed crack growth a necessary topic of research. Various
techniques, including the Cohesive Zone Model (CZM), Virtual
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Crack Closure Technique (VCCT), and Continuum Damage
Mechanics (CDM), have been used to model crack onset and
growth based on a speci�c set of strength parameters, e.g., critical
fracture toughness, critical traction, or various bulk strength values
(Ref 5-7). Independent of these techniques, the critical fracture
toughness value is required to de�ne the ERR due to crack (and
damage) evolution. Studies have shown that fracture toughness
values are sensitive to the loading rate and the crack growth speed.
For AS4/3501-6, Mode I and Mode II fracture toughness (GIC and
GIIC) decreases at higher strain rates due to increased brittleness in
the composite matrix (Ref 8, 9). However, the micro-scale ERR for
debonding of �ber�matrix interface has been reported to increase
(up to � 50% (Ref 10 )) with increasing strain rate. These �ndings
suggest a certain increase in the interlaminar fracture toughness of
a laminate whenever �ber�matrix debonding occurs with delam-
ination. Therefore, it is necessary to study the effect of ERR values
in crack modeling along with precise experimental validation,
especially for high rate loading.

In this study, we focused on the experimental method
development and numerical analysis for calculating Mode II
ERR related to the delamination of CFRP composites at a high
strain rate. For this purpose, the laminates were cut in two steps to
tilt the ply plane by 45� over the axis transverse to the loading
direction. The high strain rate experiments were performed using
a SHPB system synchronized with in-situ XPCI to monitor
simultaneously the force data as well as the delamination onset
and growth. The dynamic explicit FEA was carried out with
VCCT and CZM approaches to obtain an accurate ERR value.
The angle-ply laminate was simulated by applying two different
homogenization levels, i.e., layer homogenization and laminate
homogenization. The study highlights that the critical ERR
values of CFRP laminates decrease at high strain rates (1000�
2000 s�1). Both VCCT and CZM models were used to predict
crack propagation speeds, which is otherwise dif�cult to
determine experimentally using optical and XPCI imaging.

2. Experimental Procedure

2.1 Material and Specimen Preparation

The laminates were based on the unidirectional (UD) AS4/
3501-6 prepreg, assembled and cured using an autoclave based on
manufacturer�s guidelines. The lay-up consisted of 28 plies with a
stacking sequence of [(0)3/�45/0/ +45/�45/0/ +45/0/0/�45/0/
+45] SE. The cutting process of specimens included two steps with
a specimen tilting (45� rotation). The target was to achieve a
realistic structural laminate close to quasi-isotropic behavior,
characterized essentially by constant stiffness in the xy-plane.
However, the current lay-up shows higher stiffness along the
primary x-axis compared to the y-axis in the laminate coordinate
system (see Table 2). Due to the non-quasi-isotropic lay-up, the
selection of the tilting axis is more challenging. First, the laminate
was cut into essentially cubic parts (3.9 ± 0.1 mm side length)
using water jet cutting. The cubic parts were then rotated and cut in
a tilted position from four edges with a high-speed milling
machine at a spinning speed of 80,000 rpm, as shown in Fig. 1.
Thus, the plane of plies (12-plane) in the cubic parts was
transformed to the 45� tilt angle with respect to the original
laminate xy-plane. In comparison with the axis of load in the
following SHPB tests (longitudinal axis of bars in Fig. 2), the plies
were positioned at the 45� tilt angle. Therefore, shear stresses

between the plies increased to promote the occurrence of
delamination. The two types of specimens, i.e., Cut (1), and Cut
(2), were de�ned based on the axis of tilting (x and y, respectively).
The target of the specimen preparation was to maximize the shear
load and deformation between the plies at the symmetry plane (in
terms of lay-up). The nominal size of the �nal specimen was 3.92 �
2.77 � 2.77 mm3.

2.2 High Strain Rate Experiments Using in-Situ
Ultra-High-Speed XPCI

The high strain rate tests were carried out using SHPB devices
at Tampere University (TAU) and at the European Synchrotron
Radiation Facility (ESRF, ID-19 Beamline) (Ref 11). These two
SHPB setups essentially consisted of a striker, incident, and
transmitted bars all made of aluminum, as listed in Table 1. The
cubic specimen is placed between the incident and transmitted
bars, with two half bridge strain gauge stations attached to each bar
in a precise location and direction (longitudinal). During each
experiment, the striker was launched at a controlled velocity to
impact the incident bar and to generate a compressive stress wave
(in the direction of force (F) in Fig. 1). This wave propagated
through the incident bar, passed through the specimen, and
partially transmitted into the transmitted bar, while a part of the
wave re�ected back according to the typical SHPB wave
propagation sequence. The signals from the strain gauges were
recorded using a high-speed data acquisition system, and the
stress, strain, and strain rate were calculated based on the one-
dimensional wave propagation theory (Ref 12). Thus, force in the
specimen was calculated by F … AbEbet tð Þ, where Ab and Eb are
the cross-sectional area and Young�s modulus of the transmitted
bar, and et is the transmitted strain.

The ultra-high-speed x-ray imaging at the ID-19 beamline was
used to investigate the in-situ fracture process of the CFRP
specimens, as shown in Fig. 2. Under the 16 bunch operation mode
of the ESRF storage Ring, hard x-ray pulses are delivered from the
storage ring by two axially aligned U32 undulators every 176 ns.
The x-ray beam propagated through the 150-m-long vacuum �ight
tube and was focused on the CFRP specimen using two sets of in-
vacuum slits. The ultra-high-speed imaging detector consisted of
the fast LYSO:Ce scintillator, which was imaged through a mirror
by an HPV-X2 (Shimadzu, Japan) camera with 2X magni�cation
Hasselblad tandem optic, resulting in a spatial pixel count of
400 9 250 pixels per frame with a pixel size of 15.2 lm/pixel.
The ultra-high-speed camera recorded 128 full frames with a �eld
of view of 6.4 9 4 mm2. The detector acquisition was set with 3-
bunch integration in one exposure per frame at 880 ns interframe
time and 550 ns exposure time to record fast crack propagation.
The XPCI data and strain gauge measurements were synchronized
using a coincidence logic unit, a radio frequency bunch clock,
a series of delay units, and a computer-triggered signal. This
synchronization allowed us to correlate the compressive loads and
strains with the in-situ observations of damage inside the
specimens. More details about the setup and con�guration of the
XPCI measurements for composite testing are given in a published
work (Ref 3, 13).

3. Finite Element Modeling

Continuum mechanics and fracture mechanics were used to
analyze the following factors:
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� The effects of different data collection methods from �nite
element (FE) models�namely average nodal stress from
the contact interface versus nodal strain from the transmit-
ted bar�to compare with the strain gauge data of real
experiments

� To evaluate the numerical reproduction of the SHPB tests
and delamination using either VCCT or CZM

� To determine the critical Mode II energy release rate of
delamination, representing the fracture toughness of
delaminating ply interfaces during the high strain rate
tests.

A three-dimensional (3D) FE model was created using Abaqus/
Explicit (2021, Dassault Systems) to resolve and �t ERR due to
the delamination growth in laminates at a high strain rate. The
specimens were modeled in two different levels of homoge-
nization: I) layer-homogenized modeling and II) layer-by-layer
modeling. The geometry of each specimen was modeled
according to the nominal dimensions (3.92 � 2.77 � 2.77 mm3).
The engineering constants of an individual ply (for specimen
modeling II) and the homogenized laminate (for modeling I)
are listed in Table 2. The homogenized laminate (for modeling
I) is an orthotropic material model by default in FEM, while the
single ply model (for specimen modeling II), in terms of values,
corresponds to a transversely isotropic behavior with one axis
of symmetry. The homogenized laminate properties and
stiffness were calculated using laminate 2.5D analysis of
ESAComp (Altair) software based on the classical laminate
theory and the stacking sequence of the laminate with the ply

properties matching the modeling II. The homogenized model
was meshed with the fully integrated linear hexahedral
elements (C3D8); two nominal element sizes of 0.198 mm
and 0.099 mm were used to study mesh effects. The layer-by-
layer model was meshed by the C3D8 elements with sizes of
0.16 mm and 0.099 mm to study mesh effects.

3.1 Simulations of the High Strain Rate Tests

A 3D FE model assembly of the SHPB setup including the
aluminum bars was created with their exact geometries (see the
TAU SHPB in Table 1). The material properties used for the
aluminum alloy were a Young�s modulus of 70.2 GPa, a
Poisson�s ratio of 0.3, and a density of 2,720 kg/m3. To reduce
the computational time, the element size of incident and
transmitted bars was gradually changed from 0.3 mm (at the
contact surfaces with the CFRP specimen) to 3 mm (at the
strain gauge positions), and �nally up to 6 mm at the opposite
ends of bars. A surface-to-surface contact was used at the
interfaces of the bars with the penalty method and default hard
contact formulation in the tangential and normal directions. The
kinematic contact algorithm was also applied to allow small
sliding conditions. The initial velocity of 10 m/s was applied to
the striker using a prede�ned velocity �eld. The boundary
conditions of the test were set as shown in Fig. 3.

3.2 Delamination Simulation Using VCCT

Delamination was primarily simulated using VCCT to
resolve a �tting ERR value. VCCT is a method of LEFM for

Fig. 1 (a) Schematic illustration of two types of specimens cut (Cut (1) and Cut (2)) from the laminate in two steps which allows shear testing
in terms of the ply coordinate system (123), when the load is introduced in the z-direction of the xyz coordinate system aligned with the laminate
plane, (b) high-speed milling of the CFRP specimen, and (c) the optical microscope image of the 45� tilted specimen surface
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crack tip modeling, and it only requires a critical ERR value for
computing the potential for nodal separation. VCCT also allows
the estimation of time duration, i.e., modeling of the delam-
ination growth (from corner to corner in the tilted CFRP
specimen). In this approach, the delamination plane was
adjusted according to the experimentally observed delamination
interface from XPCI, as shown in Fig. 4. The crack onset was
enabled by a pre-existing crack of a length of �0.3 mm. The
initial (�rst trial) mode-speci�c critical ERR values were input
as GIC = 72 J/m2 and GIIC = 779 J/m2 (GIIIC = 10,000 J/m2)
(Ref 15). Here, it was assumed that Mode III (GIIIC) behavior is
negligible.

The fracture function was de�ned by a linear mixed-mode
power law criterion f … GI

72

� �0:68þ GII
779

� �0:68þ GIII
10000

� �
with the

power value of 0.68 based on experiments of the same CFRP
material (Ref 16). Delamination initiates when the function

equals unity. The critical Mode II ERR values (GIIC) were
investigated over a range including 779 J/m2, 698 J/m2 (Ref
17), 600 J/m2, and 400 J/m2.

3.3 Delamination Simulation Using CZM

After brittle delamination growth with VCCT, the fracture
planes cannot carry load and hence allow stress waves to
propagate toward the transmitted bar or to be re�ected back into
the incident bar. Thus, no simulated transmitted and re�ected
strain data could be collected to match with experimental strain
gauge data. Therefore, CZM was implemented to model the
delamination with a cohesive zone. This method allows stress
wave propagation during the evolution of damage in the
cohesive zone and the collection of the transmitted and
re�ected strain data. The purpose of the simulation with
CZM was mainly to validate the stiffness and dynamic response
of the modeled SHPB assembly.

A surface-based CZM is used to model the interface
between layers where delamination occurs. Here, the ply
interface for the simulation with CZM was the same as that for
the simulation with VCCT. In CZM, the interface between the
surfaces of the materials is de�ned with cohesive interactions,
which are governed by the bi-linear traction�separation law in
the current study. This law speci�es a linear relationship
between the traction (stress) and separation (displacement) at
the delamination interface, allowing for the modeling of crack
initiation and growth. The damage initiation was de�ned by the

quadratic nominal stress criterion tn
ton

n o2
þ ts

tos

n o2
þ tt

tot

n o2
… 1,

with maximum normal and two shear tractions of different
values of 100 MPa and 150 MPa. The damage evolution was

Fig. 2 A photograph of the experimental hutch and a schematic illustration of the experimental system for high strain rate tests of CFRP
specimens with the 45� tilted ply plane with an in-situ synchrotron XPCI at the ID-19 beamline of the ESRF

Table 1 SHPBs con�gurations used at TAU and ESRF
laboratories (Ref 3)

Pressure bars information TAU ESRF

Striker length, mm 300 150
Incident bar length, mm 1800 1300
Transmitted bar length, mm 1800 1100
Distance of input gauge to specimen, mm 600 400
Distance of output gauge to specimen, mm 600 390
Diameter of the bars, mm 11.95 12.7
Young�s modulus of the bars, GPa 70.2 73.0
Density of the bars, g/cm3 2.70 2.82
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parametrized with the (critical) ERR and the linear mixed-mode
power law criterion, similar to the VCCT approach used in this
work.

4. Results and Discussion

4.1 Force–Strain Behavior and Fracture

The dynamic force�strain response measured using the
SHPB systems at TAU and at ESRF is shown in Fig. 5. The
two specimen series (Cut (1) and Cut (2)) indicate different
peak forces due to the effects of lay-ups, i.e., different crack
growth direction with respect to the �ber direction at crack
faces. The delamination occurred diagonally at the interfaces of
different plies. However, the average of the initial slopes (linear
slopes on the graph) of force�strain curves for the two Cuts (1)
and (2) were considerably similar, as the difference was less
than 16%. This is due to the specimen lay-up close to quasi-
isotropic and the in�uence of out-of-plane stiffness that does

not vary per cutting direction or rotation. The scatter in the
series responses with Cut (2), especially in terms of peak force,
was less than that of Cut (1).

Figures 6 and 7 show XPCI images of Cut (1) and Cut (2)
specimens taken during high strain rate loading. These data
were used to reveal the weakest ply interfaces where delam-
ination starts and propagates. For Cut (1) and Cut (2), failure
initiates right after the maximum force by delamination at the
interface of 0� and 45� (5th and 6th) plies. After that, the
second delamination starts at a corner of the interface of 0�
and � 45� (3rd and 4th) plies. When the force drops com-
pletely (Point 4 in the curves of Figs. 6 and 7), the �nal
delamination occurs close to the diagonal (plane) leading to the
disintegration of the specimen.

Figure 8 shows the simulated shear stress �elds of the
specimen (with diagonal ply-ply interface view) in (i) local ply-
speci�c coordinate system and (ii) laminate coordinate system.
The ply coordinate system always has the primary axis in the
�ber direction in the plane of the ply. These results show that
the interlaminar stress state in the 45� tilted laminate is
dominated by simple shear rather than pure shear due to the
simultaneous compressive stress pressing the plies together. At
each 45� interface, the resolved shear component (r23 in the
local 123 coordinate system) reaches almost the same value as
the compressive normal component (r33) generated by the
external load. Therefore, during the fracture process, the crack
tip loading is essentially pure Mode II. The distribution of shear
stress in the laminate coordinate system (ryz) is strongly
in�uenced by the lay-up (location). The shear stress ryz varies
by nearly 50% from one interface to the next due to the stiffness
mismatch between 0 and ± 45� plies and free-edge effects. The
highest shear stress occurs along the 0�i + 45� and 0�i� 45�
interfaces, where the �rst and second delamination is exactly
observed in the XPCI images (Figs. 6 and 7). Within each
individual ply, the local shear stress r23 is essentially more
uniform than the ryz values transferred to the laminate
coordinate system.

4.2 High Strain Rate Delamination Behavior in CZM
and VCCT Simulations

A speci�c specimen with Cut (1) was selected for further
analysis and numerical FE solution of ERR. Figure 9 shows the

Table 2 Elastic constants of an individual ply and the
homogenized CFRP laminate as they were input for the
FE analysis of the two different specimen models

Engineering constants Ply properties* Laminate properties**

E1, GPa 140 88.80
E2, GPa 10 22.11
E3, GPa 10*** 10***
m12 0.3 0.659
m13 0.3 0.659
m23 0.52 0.659
G12, GPa 5.17 18.48
G13, GPa 5.17 18.48
G23, GPa 3 18.48
* Based on the previous works (Ref 14, 15).
** Based on the classical laminate theory (ESAComp homogenization
results).
*** Based on the previous study (Ref 3).

Fig. 3 Boundary conditions and loading (velocity �eld) used in the simulations of the high strain rate compression experiments (SHPB) of the
45� tilted CFRP specimen
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Fig. 4 Delamination path and element mesh with a size of 0.099 mm for a) homogenized model and b) layer-by-layer model. The crack
opening and pre-crack tip (in VCCT simulations) were marked with the red line and circles

Fig. 5 Experimental force�strain curves of specimens with Cuts (1) and (2) loaded at high strain rates. Note: the notation �SPi� refers to
different specimens, and the presented force and strain shown in the curves are measured in the positive z-direction (in Fig. 3)
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experimental strain gauge data of the individual specimen (SP1-
TAU) and the corresponding data obtained from the simulation
of Cut (1) specimen with the nominal size including VCCT and
CZM models. The incident and transmitted strain gauge data
obtained from the CZM models with various critical traction
values are shown in Fig. 9(a). The simulated transmitted strain
data from the CZM model with the traction value of 100 MPa
(mode independent) best matched with the experiment. The
simulation with the VCCT model could not proceed after the
full (brittle) specimen debonding, as the simulation terminated
due to severe element distortion under high strain conditions.
Therefore, no re�ected or transmitted strain data could be
collected at the real strain gauge location. Comparable trans-
mitted strain gauge data from the VCCT model were collected
by moving the simulated strain gauge location closer to the
contact interface of the specimen and transmitted bar. With this
modi�cation, the stress pulse reached the simulated transmitted
strain gauge earlier compared to the experimental strain gauge
signal, as shown in Fig. 9(b). The simulated transmitted strain
data obtained with both CZM and VCCT models agree with the
experiment up to full delamination from corner to corner. After
this, the results of the CZM model differ from the experimental

data because the fracture surfaces in the simulation continue
carrying normal load, whereas the specimen in the experiment
disintegrates quickly after delamination. As noted above, for
the VCCT model, no data were obtained after delamination.

4.3 Effects of Homogenization, Mesh Density,
and Out-of-Plane Young�s Modulus of the Specimen

Figure 10 shows the simulated force�time curves obtained
by the homogenized model with CZM using different critical
traction values and also curves obtained by the model with
VCCT using various critical ERR values. Here, the simulated
force data were calculated with the average of the stress on the
specimen surface in contact with the incident bar. The force
response of the FE models tends to be slightly �stiffer� over time
compared to the experiment, as is typical for FE analysis. The
predicted peak force in simulations including the CZM model
with the critical traction values of 100 MPa and 150 MPa is
higher than that in the simulations with VCCT using the same
fracture energy (values). Additionally, the simulated results
with the VCCT model and a survey of different critical ERR
values indicate that the peak force decreases when lower GIIC
values are used, compared to the default values of the �rst trial

Fig. 6 High rate delamination data of a Cut (1) specimen (SP2-ESRF): Left�force�strain data; Right�in-situ XPCI images. Note: the loading
direction is the vertical direction in the images, and the x-ray images correspond to the numbers in the force�strain curves on the left side

Fig. 7 High rate delamination data of a Cut (2) specimen (SP2-ESRF): Left�force�strain data; right�in-situ XPCI images. Note: the loading
direction is the vertical direction in the images, and the x-ray images correspond to the numbers in the force�strain curves on the left side
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Fig. 8 Simulated shear stress component in (a) local ply-speci�c coordinate system (r23) and b) laminate coordinate system (ryz). The right-
side images show the inside of the specimen with the diagonal cross-sectional views of shear and normal stresses

Fig. 9 Experimental and the corresponding FEA strain gauge data over time for the high strain rate test (a) using CZM with two different
critical traction values and (b) using VCCT with default critical ERR (GC) values. All the FEA results in the curve were obtained from the
homogenized model with the element size of 0.198 mm
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(Ref 15). Thus, the simulated force data obtained with the
VCCT model using GIIC = 779 J/m2 show discrepancies with
the experimental results at high strain rates, highlighting the
need to investigate lower GIIC values. Comparison of Fig. 10(a)
and (b) demonstrates that the effects of mesh density on the

force response of the homogenized model with VCCT (and for
different critical ERR values) were negligible.

The effect of fracture energy and mesh density on the
response of layer-by-layer models with VCCT is shown in
Fig. 11. Similar to the homogenized models, the maximum
force value decreased with decreasing critical ERR values.

Fig. 10 Experimental and the corresponding FEA force�time curves for the high strain rate tests with CZM and VCCT models over a range of
GIIC values for the homogenized model with (a) the coarse mesh (element size of 0.198 mm) and (b) the dense mesh (element size of
0.099 mm)

Fig. 11 Experimental and the corresponding FEA force�time curves for the high strain rate tests with the VCCT model over a range of GIIC
values for the layer-by-layer model with (a) the coarse mesh (element size of 0.16 mm) and (b) the dense mesh (element size of 0.099 mm)
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Interestingly, the force response is clearly sensitive to the mesh
density when each ply is simulated in layer-by-layer models.
The response is particularly in�uenced by the number of nodes
in the thickness of each individual ply. For example, it was not
possible to reach acceptable results with the element size higher

than 0.1 mm (i.e., coarse mesh), as demonstrated in the results
with the element size of 0.16 mm, shown in Fig. 11(a).

The specimens in FE models were observed to be stiffer than
those in the corresponding experiments. The inaccuracy of the
out-of-plane Young�s modulus value (E3) of a ply was considered

Fig. 12 Experimental and the corresponding FEA force�time curves for the high strain rate tests with the VCCT model over a range of
Young�s modulus (E3) in the out-of-plane direction for the (a) homogenized model and (b) layer-by-layer model. The FEA results in the curves
were obtained from the simulations with the element size of 0.099 mm

Fig. 13 Experimental and the corresponding FEA force data with (a) the VCCT model and (b) the CZM model with two critical ERR values
of (1) GIC = 72 J/m2 and GIIC = 779 J/m2 and (2) GIC = 14 J/m2 and GIIC = 156 J/m2 that were calculated by two methods: (1) the average of
stress on the specimen surface in contact with the incident bar and (2) the transmitted strain gauge data as F … AbEbet tð Þ . The FEA results were
obtained from the homogenized specimen model with the element size of 0.198 mm
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as a potential reason for this. The value used (Table 2) was based
on the experimental �tting of FE models to SHPB data in our
previous work (Ref 3). However, the current work with different
loading conditions in the ply coordinate system�possibly
leading to the shear-plane strain coupling�and variations in
the precise strain rate could result in a mismatch with the true
elastic constant. Therefore, different values of E3 were studied.
Figure 12 shows the simulated force�time curves resulting from
homogenized models and layer-by-layer models when different
values of E3 for the layer are considered. The force�time
response of the models with E3 = 10 GPa shows higher �stiffness�
(slope of the curve). With E3 = 4 GPa, particularly the layer-by-
layer model demonstrates a better match with the experiment.
This suggests that the constant value E3 = 10 GPa (Ref 3) is not
wrong, but its effect is not correctly translated to the total
specimen response when the plies are tilted 45�. The material
model here is orthotropic and naturally applies certain simpli-
�cations of the real ply behavior in the 3D loading condition. In
summary, a lower E3 is more realistic for the homogenized model
in the current experiments of the tilted CFRP. For the further
simulations, the value of E3 = 10 GPa was still used to compare
with the above results.

4.4 Analysis of Delamination Onset and Growth

For precise determination of the critical ERR of Mode II
(GIIC) for the CFRP laminate based on the SHPB experiment,
different data collection methods were also investigated. The
two approaches were:

I. The average of nodal stress on the specimen surface in
contact with the incident bar was used to calculate the to-
tal momentary force exerted to the specimen.

II. The nodal strain in the transmitted aluminum bar at the
point resembling the strain gauge location was used to
calculate the momentary total force F … AbEbet tð Þð Þ cor-
responding to the force determination in the experimental
work.

The calculated FEA force response from the transmitted
strain data indicates slightly lower maximum values than the
force response obtained from the average stress on the
specimen�s contact surface. The force calculation from nodal
stress on the specimen surface is in�uenced by several factors
including contact formulation, mesh size, and stress concen-
tration at corners due to element shape, which can cause
discrepancies when comparing with the forces calculated from
strain in the transmitted bar. According to the results, by
reducing the critical ERR values (GIC and GIIC) by 80%, the
peak force decreases and overall better agreement with the
experiment is reached. For the CZM model, the reduction can
be done for the critical traction value only. It should be noted
that a good agreement with experiment using the CZM model

does not necessitate a reduction in critical ERR value when the
critical traction is reduced (reduced to 100 MPa, compared to
150 MPa). Figure 13 shows the experimental and the corre-
sponding FEA force data with CZM and VCCT models with
resolved critical ERR values of 1) GIC = 72 J/m2 and GIIC =
779 J/m2 and 2) GIC = 14 J/m2 and GIIC = 156 J/m2.

The indications of the method of force calculation are two-
fold. The transmitted strain cannot be collected properly when
VCCT is applied in the simulation (no transmission of the stress
wave over crack faces). However, this method is the one used in
experimental force recording. The application of CZM allows
the collection of transmitted wave data (strain), while CZM is a
modeling concept with the critical traction and ERR values.
Therefore, CZM �tting cannot be regarded as a unitary solution
even for the current loading condition. The VCCT application
can be improved by collecting the simulated stress wave and the
respective strain on the transmitted bar earlier compared to the
experiment. This improvement is prone to certain errors because
the stress wave is subject to dispersion while propagating in the
aluminum bar (Ref 12). However, due to the relatively small
change in the data acquisition location, the shifted strain
collection is considered suitable when using the VCCT model
for resolving the critical ERR of delamination onset. Figure 13
indicates the �nal solutions of critical ERR (GIIC) with the two
force calculation methods and both crack modeling techniques.
Here, the VCCT model with the shifted strain collection was
selected to determine the �nal reduced fracture toughness of
156 J/m2. This decreased fracture toughness at a high strain rate
(approx. 1000�2000 s�1) agrees with the trend in the study by
Machado et al. (Ref 9) at the strain rates of 0.2 and 11 s�1.

The �nal simulations (in Fig. 13) were also used to investigate
the speed of crack propagation. The time for crack onset and
crack growth diagonally up to the other corner (ultimate failure)
is given in Table 3. The delamination growth speed was observed
to be higher in VCCT models compared to CZM models when
similar reduced critical ERR values were used. Figure 14 shows
the comparison of delamination onset and ultimate failure in the
FE simulation with the VCCT model using GIIC = 156 J/m2 and
the experiment. This comparison indicates that delamination
starts before the peak force and through-specimen fracture
�nalizes just after the peak for the VCCT models with different
computation settings. Experimentally, the resolution of the high-
speed optical imaging permits the observation of �nal failure
(with delamination fully open), but the onset of the crack might
not be precisely determined during the experiments.

5. Discussion

This study presents the combined use of ultra-fast XPCI
imaging, SHPB tests, and dynamic (explicit) FEA to determine
Mode II critical ERR for the 45� tilted CFRP specimen. The

Table 3 Time for crack onset and growth (full debonding), and the speed of crack propagation for VCCT and CZM
models with reduced critical ERR values of GIC = 14 J/m2 and GIIC = 156 J/m2

Model Do, ls Df, ls V, mm/ls V, m/s

VCCT- GIIC = 156 J/m2 19.45 22.15 1.24 1240
CZM- GIIC = 156 J/m2- t = 100 MPa 19.0 21.1 1.73 1730
CZM- GIIC = 156 J/m2- t = 150 MPa 20.5 22.6 1.73 1730
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tilted specimen allows testing interlaminar shear under high
strain rate loading. The determined ratio of GI/GII of less than
5% from the beginning of delamination to the full debonding
point indicates essentially pure Mode II delamination. For the
current specimen design, localized corner breakage can occur
due to high shear stress at the beginning of a test. The stress
state near corners is affected by friction between the bar and
the specimen, free edge effects of the composite specimen, and
precise Poisson�s effect of transverse (y and x directions)
deformation. In terms of force response and energy dissipation,
the corner cracks are minor features. The overall fracture
process is dominated by the diagonal �nal delamination. For
future work, the specimen preparation could be improved by
using precision micro-machining or laser cutting (Ref 18) to
remove the corners and allow directly shear deformation along
the diagonal (see Fig. 15c).

For unidirectional AS4/3501-6, Mode II fracture toughness
shows signi�cant decreases from approximately 460 J/m2 to

around 60 J/m2 at low to intermediate loading rates from
2.7 9 10�6 m/s to 9.2 9 10�2 m/s (Ref 19). This rate sensi-
tivity is generally attributed to a very fast, essentially brittle
matrix deformation and micro-crack growth ahead of the crack
tip at high strain rates. Kusaka et al. (Ref 20) used an advanced
ENF-based test setup with SHPB to measure the Mode II
fracture toughness at high loading rates (up to 20 m/s). The
GIIC at a high displacement rate of 10 m/s was 13% and 29%
lower than that at a low rate of 8.3 9 10�4 m/s for the
CF/conventional epoxy (T300/2500) and CF/toughened epoxy
(IM600/133) composites, respectively. Machado et al. (Ref 9)
indicate a decrease in GIIC up to 17% at higher strain rates
(from 0.2 to 11 s�1). Therefore, the 80% decrease of fracture
toughness required in the present work to �t FE responses with
experiments at very high strain rates (1000�2000 s�1) agrees
with the trend in the previous studies.

At high strain rate, Mode II delamination can work as an
additional phenomenon for heating due to rapid disintegration

Fig. 15 A schematic illustration of (a) homogeneous specimen design under compressive loading, (b) Localized corner breakage due to shear
stress, and (c) potential improvement in specimen cutting for diagonal shear deformation under compressive loading

Fig. 14 Delamination onset and full debonding points marked on the experimental and the corresponding FEA force data for the simulations
with VCCT for homogenized models with two force calculation methods. The FEA results were obtained from the specimen models with the
element size of 0.099 mm
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and the friction between the detached plies. Carlsson et al. (Ref
21) measured the crack-face friction in quasi-static ENF tests
and found that, with reasonable friction coef�cients (l = 0.25�
0.50), the calculated Mode II toughness increases by only 2�4
%. However, at high strain rate, the frictional energy dissipation
can increase with the crack propagation speed and contact
pressure, especially in the presence of multiple interacting
cracks. In future studies, both crack face friction effects and
heat dissipation mechanisms should be included in the
evaluation of Mode II fracture toughness under high strain
rate conditions.

6. Conclusions

In this study, delamination onset and growth in CFRP
specimens at high strain rates were investigated. For experi-
ments, the tilted specimen design was used to increase shear
between layers in the diagonal direction of the specimen. The
tilted specimen was tested using the SHPB experiments at high
strain rate, with in-situ XPCI observations of delamination in
real time. The experiments were simulated using CZM and
VCCT applications for the crack tip. The simulated delamina-
tion plane was de�ned according to the observations from the
in-situ XPCI. Two laminate homogenization levels�fully
homogenized model and layer-by-layer (individual plies)
model�were analyzed. The simulated strain data were com-
pared to the strain gauge measurements from the SHPB
experiments to validate the accuracy of the simulation with the
experiments. The analysis process included studying the effects
of critical ERR (GC), mesh densities, and two force collection
methods. The �ndings indicate that the delamination-related
fracture toughness of the CFRP laminate decreases when the
tilted specimen is loaded at high strain rates (1000�2000 s�1).
The �nal critical ERR values were found to be GIC = 14 J/m2

and GIIC = 156 J/m2. When using the VCCT for fracture, the
simulated crack propagation speed�from onset to full corner-
to-corner debonding�was approximately 1.24 mm/ls.
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