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A B S T R A C T   

This work presents a detailed analysis of failure prediction for a glass fiber reinforced plastic (GFRP) composite 
under out-of-plane compression at quasi-static (10− 3 and 1 s− 1) and high strain rates (103 s− 1). The simulations 
were compared with the experiments of a recent study (Pournoori. et al. Int. J. Impact Eng., 147 (2021)). The 
failure at different strain rates was predicted using the three-dimensional (3D) Hashin failure criterion imple
mented into the finite element analysis by the Abaqus user-defined subroutines UMAT and VUMAT. According to 
the results, the criterion predicted failure onset well in terms of force level, location, and failure mode, without 
any fitting parameters. The inter-fiber failure was the dominant failure mode at all studied strain rates in sim
ulations. The 3D Hashin criterion predicted that the failure onset occurred at a low strain level close to the 
experimental nonlinearity point with a ±7% difference between them while the coefficient of variation of related 
strains at nonlinearity point was 15.4% at low and intermediate rate tests. The virtual crack closure technique 
simulations of fracture for low and high rate tests indicated that the GFRP deformation involves some dissipation, 
which causes a type of nonlinear response prior to the peak force.   

1. Introduction 

The failure mechanisms of fibrous composites at high strain rates 
(above 100 s− 1) have been previously studied experimentally, using 
different test methods, such as servo-hydraulic machines, impact drop- 
weight system, and the Split Hopkinson Pressure Bar (SHPB) [1,2]. 
According to these experiments, various failure modes from matrix 
cracking to delamination have been observed in fiber reinforced poly
mers (FRPs). In general, the failure modes in composites under either 
in-plane or out-of-plane loading depend strongly on the fibers’ orien
tation [1]. Okereke et al. [3] found that the dominant failure mechanism 
is the interlaminar matrix failure for a unidirectional (UD) GFRP under 
in-plane compression at low, medium, and high rates tests. The onset of 
macroscopic damage was interpreted by the rapid fall in the stress for 
the high rate tests [4]. It should be noted that the difficulties inherent to 
the high rate testing of composites have often led to inconclusive results 
[5]. 

Predictive failure criteria for FRPs have been developed for long, and 
successful criteria have been found for unidirectional plies as well as 
laminates under in-plane loading at low and intermediate rates [6,7]. 
Among the FRP failure criteria, the 3D Hashin criterion has been widely 

used due to its prediction accuracy and ease of use as well as compu
tational efficiency [8]. However, the Hashin criterion is incapable of 
predicting the increase of the shear strength of a ply under in-plane 
transverse compression and might not account for the reduction of 
compressive strength [9,10]. 

Recently, the strain rate dependent failure criteria have been 
developed to study the failure envelopes as well as failure modes in 
composites, essentially for in-plane compression [11–13]. Damage and 
its evolution have been studied on the basis of constitutive laws and in 
terms of degradation of stiffness and also viscoplastic behavior under 
in-plane compression [14–16]. However, the strain rate effects on the 
location of failure onset and failure stress-strain values in the composite 
lay-up have been neglected so far. The prediction of failure in composite 
structures is very complex and depends on the laminate configuration 
and the direction of impact loading. Therefore, it is not clear if the rate 
dependent criteria can successfully predict the failure mode and the load 
level under high rate compression, in the out-of-plane direction. 

The studies of failure criteria and their validity, in particular for the 
out-of-plane high strain rate compressive loading, are very scarce in the 
current literature. Typically, the damage initiation in GFRP laminates 
under out-of-plane compression has been observed experimentally using 
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the high-speed optical imaging [4,17]. Kara et al. investigated the 
damage initiation and propagation of a GFRP composite both experi
mentally and numerically [18]. They considered the average maximum 
stress as the failure stress in the experiments. The numerical failure 
stress of the (homogenized) laminate was also determined by fitting the 
experimental values with the function of logarithmic strain rate de
pendency. However, the local failure stress/strain was not predicted 
inside the composite lay-up, and continuum damage mechanics were 
used to model the crack propagation. The cohesive damage model has 
been used to simulate the delamination initiation and propagation under 
in-plane high strain rate compression [13]. However, the presented 
model did not analyze the ply failure, only the degradation at ply 
interfaces. 

In this work, we focused on the failure of GFRP at a high strain rate 
by using numerical models and simulations to reveal: 1) the prediction 
of the internal failure modes in the GFRP lay-up under out-of-plane 
compressive loading, 2) the exact location of failure onset and the 
local failure stresses/strains inside individual plies, and 3) the effect of 
crack tip opening by using the finite element method and fracture me
chanics (Virtual Crack Closure Technique (VCCT)). For these purposes, 
the strain rate dependent stiffness was determined based on the recent 
experimental data [19]. Then, the 3D Hashin failure criterion was 
implemented to predict the failure onset locations and modes, by using 
the quasi-static strength parameters defined prior to the high rate case 
studies. The agreement of the FEA prediction with the detailed experi
mental observations in terms of nonlinearity, visible crack onset, and 
peak force was analyzed for a range of strain rates. 

2. Materials and method 

2.1. Experimental data 

Recently, out-of-plane compression experiments were performed on 
pultruded (in detail pull-wound) E-glass fiber reinforced polyester 
composite specimens with a [0◦,85◦,0◦] lay-up at three strain rates: 
10− 3, 1, and 103 s− 1 (i.e., low, intermediate, and high strain rate, 
respectively) [19]. The illustration of the lay-up and laminate’s coor
dinate system are shown in Fig. 1 (a). The low and intermediate strain 
rate tests were carried out using an Instron 8800 servo-hydraulic testing 
machine, and the high strain rate tests were carried out with a SHPB. The 
details of the experimental setup can be found in our recent study [19]. 
The failure or the damage onset point of the specimen in the experiments 
was defined to be the point when the crack was visually observed. 

2.2. Failure criterion 

The 3D Hashin (3DH) failure criterion is able to predict the onset of 
different failure modes as defined by the following equations [20,21]: 

The fiber tensile mode (here simply called fiber failure, FF): (σ11 > 0) 
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In the equations above, the strength constants are given in Table 1, 
and the numeral sub-indices refer to the tensorial stress components in 
the ply’s Cartesian (3D) coordinate system. The 3DH was implemented 
as user-defined subroutines, UMAT and VUMAT. 

2.3. Virtual crack closure technique 

The prediction of failure propagation in laminates is complicated, 
and often the cracks are analyzed ‘as is’ (via singularity). The VCCT is an 
effective method based on the LEFM principle to determine the energy 
release rate (ERR) at the crack tip. This method assumes that the energy 
released by the propagation of a crack is identical to the strain energy 
required to close the crack. Therefore, the ERR can be calculated using 
the nodal forces at the crack tip and the relative displacements in the 
local elements adjacent to the crack tip [22]. For the ERR calculation, a 
linear power law-type criterion for the mixed-mode fracture was used: 

GI

GIC
+

GII

GIIC
+

GIII

GIIIC
= 1 (5)  

where G is the ERR, the subscript C denotes a ‘critical’ value and the 
subscripts I, II, and III refer to different fracture modes. 

2.4. Strain rate dependent elasticity 

In the SHPB experiment, it takes time for the stress and strain in the 
specimen to reach an equilibrium; the stress pulse needs to travel back 
and forth through the specimen at least five to six times [23]. Therefore, 
it is difficult to obtain an accurate value for the elastic modulus to be 
used in simulations of high strain rate tests. The well-known rate scaling 

Fig. 1. a) The schematic picture of the test specimen [19] b) the boundary conditions and loading used in the simulation of the quasi-static compression tests.  

Table 1 
Material constants of the GFRP determined for quasi-static performance [25].  

Engineering constants Strength constants (MPa) 

E1 = 35 GPa G12 = 3.6 GPa ν12 = 0.3 Xt = 500 Yt = 50 Zt = 50 
E2 = 7 GPa G13 = 2 GPa ν13 = 0.3 Xc = 200 Yc = 100 Zc = 100 
E3 = 4.5 GPaa G23 = 3.6 GPa ν23 = 0.3b Sxy = 40 Sxz = 26 Syz = 36  

a Based on the recent experimental data [19]. 
b A value of 0.4 was also studied. 
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of (Young’s) moduli was used to calculate the high strain rate elastic 
modulus as [18]: 

Ert = E0

⎛

⎝1 + Cln
ε̇
ε̇0

⎞

⎠ (6)  

where E0 is the reference modulus (at low-rate), ε̇0 is the strain rate of 
the reference loading, and C is the strain rate sensitivity constant. In this 
study, the value of C was solved with the logarithmic regression to the 
experimental data [19] at strain rates of 10− 3 s− 1 and 1 s− 1. The Young’s 
moduli at the low rate (10− 3 s− 1) and at the intermediate rate (1 s− 1) 
were 4.5 GPa and 9.2 GPa. Finally, the effective modulus in the simu
lation of the SHPB test at the strain rate of 103 s− 1 was calculated (Ert =

12.35 GPa). 

3. Finite element modelling 

3D finite element models, for the out-of-plane compression, were 
created using the Abaqus Standard/Explicit (2017) to study the failure 
prediction in each of the tested specimens (separate models). The ge
ometry of each specimen was modelled in detail with a cuboid config
uration and according to the real dimensions [19]; the failure was 
predicted independent of the geometry. However, the cubic specimen 
geometry might indicate a higher stress level than an axisymmetric 
specimen at the high strain rate – regardless of the type of the tested 
material [24]. Each specimen model consisted of three plies (using ge
ometry partitions) with different material orientations corresponding to 
the real lay-up, as shown in Fig. 1 (a). 

The engineering constants, listed in Table 1 (for the static case), were 
used to define anisotropic elastic deformation. The Poisson’s ratios of 
0.3 and 0.4 were considered in the simulations to study its effects on the 
failure onset prediction (see supplementary data). The density of the 
GFRP for the dynamic (explicit) simulation was 1870 kg/m3. The fully 
integrated linear hexahedral (C3D8) elements were used. Two different 
mesh densities were considered to study the applicability of the failure 
criterion for different modelling resolutions: (1) 0.1 mm in-plane and a 
single ply-size in the thickness direction; and (2) 0.1 mm (cubic shape, 
here called the ‘dense mesh’). 

3.1. Simulations of the quasi-static tests (10− 3 s− 1 and 1 s− 1) 

The quasi-static tests were modelled including deformable steel an
vils, which were placed above and below the specimen. A surface-to- 
surface contact formulation was used. The boundary conditions were 
applied on the anvils, as shown in Fig. 1 (b). The low strain rate (10− 3 

s− 1) test was simulated in the Abaqus Standard, while the intermediate 
rate test (1 s− 1) was simulated using the Abaqus Explicit. For the low 
strain rate (10− 3 s− 1) model, an enforced out-of-plane displacement that 
was equal to the experimental displacement at the damage onset [19] 
was applied to the upper anvil. For the intermediate strain rate (1 s− 1) 
model, a constant velocity was applied to the upper anvil using the 
instantaneous amplitude as defined in Abaqus. 

3.2. Simulations of the high strain rate tests (103 s− 1) 

The SHPB tests were modelled using the Abaqus Explicit, where the 
entire model consisted of three elastic aluminium bars, i.e. incident, 
transmitted and striker bars, with the Young’s modulus of 70.2 GPa, 
Poisson’s ratio of 0.3, and density of 2720 kg/m3. The incident and 
transmitted bars had a length of 1800 mm and a diameter of 11.95 mm. 
Likewise, the striker had the same diameter and a length of 300 mm. 
Several mesh densities were tested and, finally, an optimal element size 
of 0.5 mm was used for the cross-section of the bars. In order to obtain 
accurate results with a minimum computation time, the incident and 
transmitted bars were meshed with C3D8 elements using an element size 

that changed gradually from 0.3 mm in the contacts between the bars 
and specimen surfaces to 3 mm at the strain gauge locations, and up to 6 
mm at the ends of bars. A surface-to-surface contact was used between 
the interfaces of the striker, incident bar, specimen, and transmitted bar. 
The penalty contact with the default hard contact formulation was 
applied in the tangential and normal directions, whereas the kinematic 
contact algorithm was used to allow the small sliding conditions. 

The boundary conditions were set as shown in Fig. 2. The initial 
velocity of the striker was input using a predefined velocity field. The 
impact speed for each test was obtained from the experimental incident 
stress pulse (σi) using the equation: σi = 1

2 ρCbV0. Here, Cb is the speed of 
the elastic stress (strain) pulse in the bar, which was obtained from Cb =

̅̅̅̅
Eb
ρ

√
. Eb and ρ are the Young’s modulus and density of the bars, 

respectively. 

3.3. Simulations of experimentally observed crack onset and growth 

The VCCT crack propagation was modelled based on the crack plane 
observed in the in-situ high speed images of the experiments [19]. In the 
simulations, one crack plane was modelled to evaluate the effects of a 
brittle fracture on the force response. The pre-existing crack (or flaw) 
with a length of 0.3 mm was created at the interface of the plies with 
different fiber orientations. The crack plane was located diagonally in 
the YZ plane allowing the crack to propagate towards the surface, which 
was in contact with the anvil/bar, as shown in Fig. 3 (a). The critical ERR 
(GC) of the crack propagation was determined according to the 
maximum GII value of the damage onset point; the GC value was esti
mated to be 285 J/m2 for the tested specimen at the strain rate of 10− 3 

s− 1. For crack propagation, the enforced displacement was increased to 
0.3 mm, which was equal to the experimental displacement at the peak 
force. In the dynamic (explicit) simulations, a range of GC values was 
used to analyze how the critical ERR affects the force response at the 
high strain rate, as there is currently no standard method available for 
experimental determination of the high strain rate mode II fracture 
toughness [26]. 

For the static and dynamic simulations, multiple pre-cracks were 
modelled to study the effects of multiple weak points on the mechanical 
response. For the low strain rate (10− 3 s− 1) model, the second pre-crack 
had a length of 0.4 mm and it was positioned at the surface of the crack 
plane in contact with the anvil (see Fig. 3 (b)). Moreover, a third internal 
pre-crack, with a length of 0.4 mm, was located in the middle of the 
crack plane (Fig. 3 (c)). For the high strain rate (103 s− 1) model, the 
second and third pre-cracks were 0.5 mm long (length is based on the 
real test specimen). 

Fig. 2. The boundary conditions, loading, and element mesh used in the 
simulation of the high strain rate compression tests (SHPB). 

N. Pournoori et al.                                                                                                                                                                                                                              



Composites Science and Technology 218 (2022) 109141

4

4. Results 

4.1. Predicted failure force and strain compared to the experimental data 

Fig. 4 shows the experimental [19] and simulated force-strain re
sponses of individual specimens at the low and intermediate strain rates. 
The simulated stiffnesses were mainly reproduced based on the experi
mental out-of-plane moduli and agreed with the experiments before any 
nonlinearity. The Poisson’s ratio value (ν23 = 0.3 and ν23 = 0.4) had 
negligible effects on the predicted failure force and strain, as well as the 
failure mode and location (see supplementary data). The nonlinearity 
point in each curve was determined by plotting a line in the experi
mental force-strain data with the same slope as the Young’s modulus and 
observing where the experimental data differs from the calculated line. 
The nonlinearity point was indicated by letters ‘NL’ in Fig. 4 (b). The 
simulated and experimental [19] failure onset points were indicated by 
the letters ‘F’ and ‘D’, respectively, in Fig. 4 (a). The 3DH criterion 
predicted clearly lower failure strains and force levels compared with 
the experimental damage onset when the crack was visible on the sur
face of the specimen. It suggests that the 3DH criterion merely predicted 
a phenomenon related to the earlier damage onset, e.g. micro-cracking 
and matrix damage. The experimental data might also be affected by 
geometric imperfections of the specimen. It is interesting to know how 
close the predicted failure onset was from either the nonlinearity point 
or the experimental damage onset point. 

The strain and force of each specimen at the simulated failure point, 
the experimental damage onset point, and the nonlinearity point are 
presented in Table 2 and supplementary data to compare the predicted 
failure onset level precisely with the experimental data. Table 2 shows 
the relative difference between the simulated force at failure onset and 
the experimental force at the damage onset point (normalized with the 
experimental peak force), i.e. (FIFF − FD)

Fpeak
, as well as the difference between 

the simulated strain at failure onset and the experimental strain at the 
damage onset point (normalized with the experimental strain at the 
peak force), i.e. (εIFF − εD)

εpeak
. Likewise, Table 2 shows the difference between 

the simulated force at the failure onset and the experimental force at the 
nonlinearity point (normalized with the experimental peak force), i.e. 
(FIFF − FNL)

Fpeak
, and also the difference between the simulated strain at failure 

onset and the experimental strain at the nonlinearity point (normalized 
with the experimental strain at the peak force), i.e. (εIFF − εNL)

εpeak
. Clearly, the 

failure onset point predicted by the 3DH criterion matched better with 
the experimental nonlinearity point than the damage onset point not to 
mention the peak force or strain. 

4.2. Prediction of the location of failure in the low strain rate compression 

Figs. 5 and 6 present the out-of-plane stress field and the failure 
mode at the damage onset (unity by criterion) at the strain rate of 10− 3 

s− 1. Fig. 5 (a) shows that the compressive stress (σ33) in the middle ply 
was higher than the stresses in the upper and lower plies with the 
0◦ fiber direction. The high IFF values were mainly due to the high σ33 
stress component, which was higher than the in-plane stress compo
nents. The IFF failure onset occurred at the middle ply, in the XZ plane, 
close to the free edge, as highlighted in Fig. 6 (a). It can be also seen that 
the IFF mode remained low elsewhere. Interestingly, in the model with 
single elements through the ply thickness, the IFF mode shows the 

Fig. 3. The crack path with a) one pre-crack, b) two pre-cracks, and c) three 
pre-cracks. The crack and pre-cracks tip were marked with the red line and 
circles. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 

Fig. 4. The simulated and experimental [19] force-strain curves for the GFRP specimens under out-of-plane compression. (Note: (1) strain is the average strain 
computed over the specimen surface, YZ plane; (2) the FEA results were obtained with the model with dense mesh.). 

Table 2 
The FEA predictions of compressive failure in this study.  

Strain rate & 
specimen 

εIFF
a (mm/ 

mm) 
ΔεD 

(%) 
FIFF

a 

(kN) 
ΔFD 

(%) 
ΔεNL 

(%) 
ΔFNL 

(%) 

Low (10− 3 s− 1): 
SP1 0.016b − 39 4.9 − 44 +6 +18 
SP2 0.016b − 55 2.4 − 40 +2 +16 
Intermediate (1 s− 1): 
SP3 0.008b − 72 4.4 − 58 − 7 − 3 

High (103 s− 1): 
SP4 0.006b − 86 3.4c − 16 N/A N/A 
SP5 0.0055b − 140 5.7c − 18 N/A N/A  

a Stands for the load level when IFF reaches value of 1. 
b Stands for the average strain computed over the specimen surface (YZ 

plane). 
c Stands for the specimen failure force computed from the transmitted strain 

gauge signal. 
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highest values at the edges of the specimen, while the values were close 
to zero in the middle ply (Fig. 6 (b)). In this case, the failure was pre
dicted to occur at the free edges that are in contact with the test machine 
anvils. Overall, the FF mode had low values. If no other damage would 
exist, the fiber failure would occur at the ply interfaces according to the 
simulations with dense mesh. 

4.3. Prediction of the location of failure in the high strain rate 
compression 

Fig. 7 shows the experimental strain gauge data and the corre
sponding data obtained from the simulation of the SHPB test (i.e., with 
the specimen SP4). The simulated incident and transmitted strain data 
fit well with the experimental results up to the moment when the failure 
onset was predicted. The FEA predicted that the failure occurs by the IFF 
mode. Apparently, the failure onset was predicted to occur before the 
experimental [19] D point. The Poisson’s ratio did not significantly 

Fig. 5. The stress distributions at the predicted failure in the GFRP specimen (SP1) at the strain rate of 10− 3 s− 1 with (a) dense mesh; (b) mesh with single elements 
through thickness. The right-side images show the inside of specimen with the cross-section views. 

Fig. 6. The IFF mode at the predicted failure in the GFRP specimen (SP1) at the strain rate of 10− 3 s− 1 with (a) dense mesh; (b) mesh with single elements through 
thickness. The right-side images show the inside of specimen with the cross-section views. 
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affect the simulated incident and transmitted strain data nor the failure 
onset prediction at the high strain rate (see supplementary data). Fig. 7 
(b) shows the experimental and simulated strain rate data calculated 
using the reflected strain pulse. The 3DH criterion predicted the failure 
onset soon after the maximum strain rate that can be related to the 
micro-scale damage in the real specimen. However, the experimental 
macroscopic damage onset was observed when the load-carrying capa
bility of the specimen drops and the strain rate increases. The strain rate 
was also obtained from the full field strains by calculating an average of 
the strain field over the surface of the specimen, and dividing the 
average strain by the time it took to reach the given frame. The nominal 
strain rate given for each compression experiment is the maximum 
strain rate obtained with DIC in the specimen before the damage onset. 

The simulated stress field and failure mode for the high strain rate 
(103 s− 1) compression are shown in Figs. 8 and 9. The local compressive 

stresses were highest in the middle ply, on the specimen surface in the 
XZ plane. However, the cross-section views of the specimen show almost 
uniform stresses elsewhere inside the specimen. The predicted failure 
onset occurred predominantly due to the matrix cracking (i.e., IFF 
mode). The failure onset at the high strain rate was predicted at the 
middle ply on the specimen surface, as shown in Fig. 9. However, the 
failure onset in the specimen model with single elements through the ply 
was predicted at the edges that were in contact with bars, similarly as it 
was predicted by the low rate model. The FF mode had high values at the 
interfaces of the plies, which was related to the in-plane stress compo
nents. The comparison of the predicted failure for various strain rates 
demonstrates that the compressive stresses in the middle ply (on the XZ 
surface) in the high rate tests were higher than the stresses in the lower 
rate tests (at the failure location). The predicted first-occurring failure 
mode for both the low and the high strain rate simulations was the 

Fig. 7. The experimental and the corresponding FEA data for the high strain rate out-of-plane compression tests: (a) the strain gauge data; (b) the strain rate data of 
the specimen (SP4). The FEA results were obtained from the SHPB model with the dense mesh. 

Fig. 8. The stress distributions at the predicted failure in the GFRP specimen (SP4) at the strain rate of 103 s− 1 with (a) dense mesh; (b) mesh with single elements 
through thickness. The right-side images show the inside of specimen with the cross-section views. 
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compression matrix failure (i.e., IFF = 1) and this always occurred at the 
edges of the middle ply and on the XZ specimen surface. 

4.4. The crack onset and propagation 

The crack opening was observed by monitoring the compression 
experiments [19] with the high-speed optical and infrared cameras. The 
model with the VCCT focused only on simulating the crack onset. The 
simulated force-displacement curves of the model with the VCCT at the 
low strain rate (SP1) are shown in Fig. 10. The (reaction) force decreased 
sharply when the crack(s) propagated. The configuration of multiple 
pre-cracks (the modelled pre-flaws) had a negligible effect on the 
response (peak force). The bond state analysis by all the multiple 
pre-crack models indicates that the crack tip located at the free edge, and 
at the interface of plies, was the dominant failure point for crack prop
agation. Figs. 11 and 12 show the experimental strain gauge data and 
the corresponding data obtained from the simulation of the SHPB 
experiment (SP4). The simulated transmitted strains of the model with 
the VCCT crack propagation matched better with the experimental re
sults prior to the peak force. Fig. 11 shows the incident and transmitted 
strain gauge data obtained from the crack-containing models with 
various GC values. Apparently, the simulated amplitudes of the trans
mitted strain pulses increased when using lower GC values than what 
was fitted based on the simulations for low rate testing (i.e. GC = 285 
J/m2). However, the exact shape of the experimental pulses cannot be 
simulated using lower GC values. Thus, it would be necessary to simulate 
exact material performance including the plasticity of the matrix poly
mer. In terms of the failure point, the VCCT can predict well the 
experimentally observed crack onset as long as the path/plane of the 
first crack was properly set. Fig. 12 compares the strain gauge data of the 
models with different pre-crack configurations. It is evident that the 
effects of multiple pre-cracks on the reflected and transmitted strain 
signals were negligible. 

5. Discussion 

Failure and especially its initiation in a composite laminate can occur 
locally and propagate rapidly [1,4,19]. In the experiments [19], the 
failure onset and crack propagation could only be observed on a single 

Fig. 9. The IFF mode at the predicted failure in the GFRP specimen (SP4) at the strain rate of 103 s− 1 with (a) dense mesh; (b) mesh with single elements through 
thickness. The right-side images show the inside of specimen with the cross-section views. 

Fig. 10. The comparison of the experimental and simulated force-displacement 
curves for quasi-static out-of-plane compression with different patterns of pre- 
cracks and GC = 285 J/m2. The inset image shows the FEA-reported bond state 
illustration of the crack. 
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specimen surface at a time. Based on the current FEA, the failure starts 
with compressive matrix failure, which is mainly caused by out-of-plane 
stresses. The mismatch of in-plane elastic properties between the plies 
with different orientations typically induces out-of-plane stress con
centrations near free edges of the laminate [27,28]. Strictly speaking, 
the ply interfaces are prone to be locations of failure onset due to the 
concentrated occurrence of the stress field σ33 at free edges. Therefore, 
the location of failure was well predicted at the edges of the middle ply 
on the specimen surface. However, it should be noted that for the high 
rate tests, the specimens fracture fast into many fragments and, there
fore, the location of (visual) damage and the timely order of failure 
processes should be analyzed with caution [3]. In general, the accuracy 
of predicted failure location by laminate plies is beneficial for design 
purposes. 

Experimental compression data generally show significant nonline
arity [29,30] and it might be difficult to define a precise failure point. 
Furthermore, the out-of-plane compression behavior of composites is 
governed by the matrix behavior [31] that often shows plastic defor
mation or even some nonlinear elasticity. The nonlinear behavior can be 
also due to the geometric imperfections of the specimen, the dissipation, 
and the local temperature rise within shear bands [32,33]. Here, it was 
shown that the propagating (brittle) fracture cannot reproduce the 
nonlinear response prior to the peak force (stress). Thus, some 

microscopic damage is presumably taking place before the visual 
observation of the crack on the surface of the specimen, independent of 
the strain rate. Basically, validated nonlinear constitutive models [16] 
could help to model the plasticity within the crack propagation more 
precisely. For design purposes, fast and efficient failure criteria are 
necessary. This work has shown that the 3DH criterion predicts con
servative failure loads, referring merely to the beginning of nonlinearity. 

6. Conclusions 

In this work, the mechanical failure of a GFRP laminate in out-of- 
plane compression at different strain rates was predicted using FEA 
and the 3DH criterion. The work focused on the prediction of the failure 
strain and force level, the failure mode including four different micro- 
scale modes, and the location of the failure in the lay-up. The simula
tion results were compared with the experimental data. The crack onset 
was simulated by the VCCT to better understand the specimen response 
and energy dissipation. The conclusions can be summarized as:  

● The 3D Hashin criterion successfully predicted the location of failure 
onset at the middle ply on the outer surface of the specimen, where 
the crack opening was observed in the experiments [19] for low and 
intermediate strain rates loading. The predicted failure mode was 

Fig. 11. The experimental strain gauge data and the corresponding FEA data for the high strain rate out-of-plane compression with different GC values. The FEA 
results were obtained from the SHPB model with the dense mesh. 

Fig. 12. The experimental strain gauge data and the corresponding FEA data for the high strain rate out-of-plane compression with different patterns of pre-cracks 
and GC = 300 J/m2. The FEA results were obtained from the SHPB model with the dense mesh. 
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inter-fiber failure mainly due to the out-of-plane compressive stress 
component. The 3D Hashin criterion predicted lower failure strain 
and force values for each exact specimen model compared with the 
visual crack.  

● The failure analysis of the GFRP specimens with a lay-up, under out- 
of-plane compression, required fine mesh (element size <25% ply 
thickness) to be able to predict the correct location of the failure 
onset in the lay-up.  

● The simulations of fracture with VCCT could not precisely reproduce 
the nonlinear compressive response of the GFRP specimens prior to 
the peak force, thus, the plasticity-related dissipation or other 
damage might occur before the crack opening observed in reality. 
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