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Abstract: [Objectives] In order to study the effects of impact damage on the compressive strength and failure modes
of woven carbon fiber reinforced thick composite laminates, in-plane compression tests are carried out. [Methods] The
modified Hashin failure criterion and material degradation model are implemented with user-defined subroutines to
simulate the failure behaviors of laminates using the ABAQUS/Explicit modelling package. The effectiveness of the
numerical model is validated through comparison with experiments aimed at the compressive strength and failure
modes. [Results] The results show that the impact damage reduces the compressive strength of the impacted
laminates. The compressive failure mode of the non-destructive specimen is concentrated at the ends of the impacted
laminates, while truncated failure occurs across the middle region. The compressive strength decreases with the
increase of impact energy, but there is no linear relationship between the compressive strength and impact energy.
The evolution of the damage behavior of laminated plates is closely related to the history of compression load. The
damage failure of laminates hardly develops when the compression load is below the threshold of the failure load.
Otherwise, the damage expands rapidly in the width direction, and compression damage eventually occurs across the
whole width direction of the laminate. [Conclusions] The results of this study can provide references for evaluating
the impact resistance of woven carbon fiber reinforced thick composite laminates.

Key words: carbon fiber reinforced composite; compression after impact; compressive strength; failure mode; finite
element analysis (FEA)
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0 Introduction

Carbon fiber composites have been widely applied
in aerospace, automotive, ship, and medical fields
due to their exceptional mechanical properties,
fatigue and corrosion resistancel!l. In ship engineering,
ship composites are often subject to low-velocity
impacts of other objects such as falling tools, wave

impacts, floater, marine organism, and ship collisions
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during manufacturing, using, and maintenance
process. As a result of these low-velocity impacts,
woven composites can experience damages such as
matrix cracks, delamination, fiber breaks, and pits,
which can significantly reduce the load-bearing
capacity of the structure and pose a serious threat to
the safety of the structure. The impact resistance of
ship structures has long been a research hotspot for

designers®3). In fact, thick woven carbon fiber
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composite laminates will be adopted at some
specialized areas of real ships, making it crucial to
study the impact resistance of this type of structure.
The study on compression damage in composite
materials after impact has been a hot issue for
scholars in China and abroad. Fan et al. * analyzed
the compression failure behavior and characteristics
of two types of woven composite laminates, and
found that the failure modes varied depending on
the materials used. Using ABAQUS software, Jia et
al. Bl investigated the impact of different damage
depths after low-velocity impact on the residual
compressive strength of composite laminates. They
found that the deeper the damage, the weaker the
load-bearing capacity of the laminate. Through
experimental discussion, Zhu et al. ) examined the
relationship of impact energy and damage area,
with residual compressive strength after impact.
They concluded that the damage area after impact is
the main determining factor for the compressive
strength of laminates. Cui et al. [l studied the
influence of impact energy on residual strength of
laminates based on finite element model and found
composite laminates had the impact energy threshold
that caused a sharp decrease in the residual strength
of laminates. Ma et al. ! conducted experiments on
the compression characteristics of woven laminates
after impact of different energies and analyzed the
relationship of crater depth and damage area with
residual strength and impact energy. Xu P! developed
a simulation model to study the entire process of
composite laminates from low-velocity impact to
post-impact compression damage, and verified the
effectiveness of the model through comparison with
test results. Through digital image correlation
(DIC), Tuo et al. "% revealed the damage evolution
process of composite laminates under compressive
loading after impact. They found that the post-
impact compressive strength decreased with
increasing impact energy and number of impacts.
With combination of experimental and simulation
methods, Yang et al. 'l investigated the influence
of punch diameter and impact energy on the
residual compressive strength of woven composite
laminates after impact. They observed that the
residual compressive strength of the laminates
increased with a decrease in punch diameter. He et
al. "2l examined the compression damage mode of
composite laminates after impact combining experi-
mental measurements and numerical simulations.
They analyzed the impact rof cerater depth and

impact energy on the residual strength of composite
laminates after impact. Li et al. '3 determined the
compression failure mode of carbon fiber composite
laminates after impact

through experimental

investigations. They also established a numerical

model for (4]

compression after impact. Evci
conducted low-velocity impact tests on laminates
with thicknesses ranging from 2 to 8 mm. The study
revealed that, in thinner laminates, fiber fracture
damage on the bottom surface was primarily
induced by bending stresses. Additionally, the
perforation energy, absorbed energy, peak deforma-
tion, and contact time of the laminates decreased
with an increase in thickness compared to thicker
laminates. Caminero et al. 'Slcompared the post-
impact compressive properties of laminates with
three different thicknesses (2, 3, 4 mm). They found
that, at the same impact energy, thicker laminates
exhibited greater bending stiffness and higher
postimpact compressive strength.

Currently, the majority of studies on the post-
impact compressive strength of composite materials
concentrate on thin or medium-thickness laminates.
The studies on the post-impact compressive strength
of thicker laminates are lacking. Yet, in practical
engineering applications, the thickness of laminates
employed in specialized areas of ships are often
large The thickness of some structures may even
exceed 12 mm. Hence, it is necessary to research on
the post-impact compressive strength of thick
composite laminates. This paper primarily focuses
on the study of compression damage behavior in
woven carbon fiber reinforced thick composite
laminates after impact and analyzes the influence of
impact damage on compression strength and failure
modes. Simultaneously, a numerical simulation
model for composite compression with initial
low-velocity impact damage is established. The
improved Hashin criterion and a material degrada-
tion model based on damage variables are utilized
to predict the post-impact compression performance
ot the structure. The aim is to provide a foundation
for the design and application of woven carbon
fiber

practical engineering.

reinforced thick composite laminate in

1 Test equipment and method

1.1 Preparation of materials and speci-
mens

The woven carbon fiber reinforced thick composite
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laminate consists of carbon fiber (T300-3K) twill
flat fabric with an areal density of 387 g/m?. The
matrix material used is vinyl resin (430LV). The
laminates were fabricated using the vacuum-
assisted resin infusion (VARI) molding process at a
temperature of 23 °C and a pressure of approximately
0.1 MPa. Subsequently, specimens were cut into
standard sizes of 150 mmx100 mm using a waterjet.
Within the specimen, the carbon fiber content is
approximately 68%, and the lay-up mode is [(0,90)],.

The nominal thickness of a single layer is 0.22 mm.
1.2 Test device

For the study on the residual compressive
strength of laminate after low-velocity impact, the
tests primarily involve a low-velocity impact test
and an in-plane compression test after impact. The
low-velocity impact test was conducted using an
Instron 9350 drop hammer impact tester in
accordance with standard ASTM D7136. The punch
was a steel hemisphere with a diameter of 16 mm
and a mass of 5.5 kg, and the axis of the punch was
perpendicular to the plane of the laminate. The
experimental equipment has an anti-kickback system
to prevent the laminate from repeated impacts.
Fig. 1(a) shows the low-velocity impact test fixture.

After
performed on the specimens using a self-constructed

impact, compression experiment was
compression tester in accordance with standard
ASTM D7137. During the in-plane compression
test on composite laminate, the laminate specimen
was installed within the compression test fixture,
making the specimen end flush with the end of the
fixture. Pads located at the top and bottom of the
fixture served to align and calibrate the specimen,
as depicted in Fig. 1(b). Simultaneously, side plates
with cutouts were positioned approximately 4 mm
from the edge of the specimen. This could minimize
out-of-plane bending caused by specimen buckling,
preventing the overall instability of the restrained
specimen. Sliding blocks support the bottom and
top of the specimen to restrict any rotation of the
specimen. The simply supported boundary conditions
were assumed.

(a) Low velocity impact test fixture (b) Compression test fixture

Fig. 1 Low-velocity impact experiment fixture and
compression test fixture

2 Numerical simulation model

2.1 Finite element model

Before the compression simulation experiment
on composite laminate after impact, it is essential to
initially predict the low-velocity impact test. After
the low-velocity impact simulation experiment on
the laminate, the low-velocity impact damage is
introduced into the compressive finite element model
using the restart analysis technique. Subsequently,
axial compression was performed on the composite
laminate containing impact damage, with a displace-
ment load (U) applied, as illustrated in Fig. 2.

Transfer

Impact damage

Compression after impact

o
diiiiy
Fig. 2 Compression simulation analysis steps after impact

The ABAQUS 6.14/Explicit software was em-
ployed to create a three-dimensional finite element
model of the woven carbon fiber reinforced thick
composite laminate. The geometric dimensions of
the laminate model are 150 mmx100 mmx13.2 mm,
with a single layer thickness of 0.22 mm. The total
number of layers is 60. 8-node linear solid unit
(C3D8R) was chosen for the inner layer unit, while
(COH3D8) embedded in
ABAQUS software was utilized to simulate interlayer

the interface unit

layered damage. To capture the damage resulting

from the low-velocity impact while ensuring
computational efficiency and accuracy, local mesh
refinement is implemented in the central impact
region of the laminate. The in-plane size of the
refined unit is set to 1 mm X 1 mm, covering a
refinement range of 20 mm X 20 mm. Meanwhile,
coarser meshes are applied in other regions. The
compressed laminate model after impact should
be consistent with the finite element model in
low-velocity impact in terms of the number of
units, material types, and material parameters. The
differences only lie in the boundary conditions and
loads. Simply support constraints are implemented
at the bottom (left end) of the model to simulate the
constraints on the specimen by the groove at the
fixture's bottom. Displacement constraints in the

thickness direction (U,;=0) are applied at the top and
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bottom sides of the model, simulating the constraints
on the specimen by the cutter of the side plate of
the fixture. A reference point (RP) is established on
the right side of the model. Subsequently, through
kinematic coupling constraints, all nodes on the top
surface (right end) of the laminate are coupled to
the reference point. Meanwhile, a velocity load (V)
is applied to the reference point to simulate the
compression test of the actual laminate. The model
used in numerical simulation and the setting of
boundary conditions are shown in Fig. 3.

Simply support:

U,=0,5
U;=0

U, %0
Fig. 3 FEM model and boundary conditions

2.2 Damage model
exhibit similar

mechanical properties in both the longitude and

Woven composite laminates
latitude directions, making them anisotropic material
in transverse and longitudinal directions. Throughout
the damage process, the variation of strain
components is smoother ['®, Hence, an improved
Hashin failure criterion based on the strain form is
employed to identify the initiation of unit damage,
as illustrated below.

Longitudinal tensile failure (&,,= 0):
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Longitudinal compressive failure (g;; < 0).
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Transverse compression failure (&,, < 0):
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Tensile failure in the thickness direction (gy; = 0):
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Compression failure in the thickness direction
(£33 < 0):
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where f; is utilized to identify the failure mode; ¢;
represents the strain component; E; and G; denote
the elasticity and shear moduli in the corresponding
directions, respectively; X, X,, ¥,, Y., Z, and Z_ are

tensile, longitudinal
tensile, and

longitudinal compressive,

transverse transverse compressive
strengths, and tensile strengths and compressive
strength in the thickness direction of a single-layer
laminate, respectively; S is the corresponding shear
strength in the corresponding direction.

When f; = 1, it indicates that the corresponding
failure criterion is met, and the material model
begins to suffer damage. Prior to the initial damage,
the model exhibits a linear response, but once the
initial damage occurs, there is a reduction in the
model's stiffness. The continuous damage variable
F; (i =1t, 1c, 2t, 2¢c, 3) is introduced to describe the
initial and evolutionary processes of damage in the

material and is calculated as follows:
0, (fi<l;i=1t, 1lc, 2t, 2¢, 3)
F. 1-—,
fi

where n (n > 0) is a dimensionless parameter to

(fzlLi=1t le 2t 2¢ 3)

control the rate of damage evolution in woven
composites. Taking into account the deterioration of
material stiffness, the damage stiffness matrix C can

be derived by inversion of the flexibility matrix S.
J-L

0 0 0

0 0 0

0 0 0

| ®)
- 0 0
G (1—wy)

1
0 _ 0
Gy (1—ws)
0 0 ;
G13 (1 - VV6) E
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where v,,, 0,3, and v, represent the Poisson's ratios
corresponding to the 1-2, 1-3, and 2-3 planes,
respectively; the stiffness reduction parameter w; is
determined by the damage variable F;:

w; =max (0, F,, F)

wy, = max{0, Fy, Fy)
wy = max {0, Fy)
wy =max (0, F, Fi., Fy» Fy)
ws =max (0, F,., F3)
wg =max(0, F,, Fi., F3)

The Fortran language is utilized to encapsulate
the material ontology, the enhanced Hashin failure
criterion for the unit, and the stiffness degradation
model of the damaged unit based on damage
variables into a user-defined material subroutine.
This subroutine is employed to conduct finite
element simulations and analyze the compression
process of composite laminates after low-velocity
impact in ABAQUS/Explicit. Table 1 shows the
primary material parameters for the woven carbon
fiber reinforced thick composite laminate. In the
table, 1%, ¢%, and 0 are the interfacial strengths in the
normal direction, the 1st shear direction, and the
2nd shear direction, respectively; G¢ and G¢ are the
release rates of fracture energy in the normal
direction and the 1st shear direction, respectively; 5

is the mode coefficient.

Table 1 Mechanical properties of woven carbon fiber
reinforced thick composite laminates !!

Parameter Numerical value

Density/{(kg-m™) p=1467
E, =E,=623 GPa, E,=8.5GPa
G=7.1GPa, G;=0G,;=3.0GPa
v, = U= Uy= 0.00
X, =Y, =610, X,=Y.=3147
Z,=556, Z.=500
S, =101.7, S;=25,;=594

Elasticity parameter

Material strength/MPa

12 =20MPa, 12 =1 =34MPa

Interface parameters . c
Gy =032kl/m*, Gy =2.01kI/m*, 5=2.09

3 Analysis and discussion of results
3.1 Damage results

3.1.1 Low-velocity impact damage

The surface damage morphology of the woven
carbon fiber reinforced thick composite laminate
after a low-velocity impact was observed using an

advanced digital microscope, and the results are

depicted in Fig. 4. The results reveal that at an
impact energy of 69 J, the laminate surface exhibits
visible  fiber breakage, splitting, and pit
deformation. The splitting along the fiber direction
results in the formation of cross-shaped cracks.
With the increase of impact energy (99 J), the
surface damage intensifies, and the features of pit

deformation become more pronounced.

Fiber

Cross=shaped fracture

crack S
>

¥
et

-

E: £Splitting

na

(b) 99 J impact energy

Fiber
fracture

Splitting {
—_ |

(a) 69 J impact energy

Fig.4 Impact damage on the surface of laminates

3.1.2 In-plane compression damage after im-
pact

To quantitatively assess the influence of impact
damage on the in-plane compression performance,
in this study compression tests were conducted on
woven carbon fiber reinforced thick composite
laminates. The compression strength of the laminate
in undamaged state and the residual compression
strength after impact are listed in Table 2. The low
impact-induced damage significantly will directly
decrease the laminate's compressive strength;
greater impact energy corresponds to increased
damage and failure, resulting in a more pronounced

reduction in compressive strength.

Table 2 Compression strength of laminates after impact

Impact Number of  Test compression ~ Simulated compression
energy/J specimens strength/MPa strength/MPa

0 1 314.4 303.0

69 2 219.1£1.3 256.4

99 2 208.542.5 208.6

The in-plane compression test for twill-woven
carbon fiber reinforced thick composite laminate
involved five working conditions (Table 2). For
specimens impacted at room temperature, two
repetitive tests were conducted at 69 J and 99 J
impact energy. The relative errors of the test results
were all within 2%, indicating good repeatability
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and reliability of the compression test results after
impact.

Fig. 5 shows the compression failure modes of
laminates after impact with different energies. It is
apparent that in the absence of impact damage,
compressive failure occurred at the end of the
laminate. This is because that concentrated contact
stresses are at the edge of the laminate and the
loading indenter, resulting in end collapse and
extensive longitudinal cracking. Under impact
energies of 69 J and 99 J, truncated failure occurs
across the middle region of the specimen, which
can be explained by Saint-Venant principle. The
initial impact damage defect significantly alters
local stresses in the specimen during compression.
However, its impact on stresses farther away from
the defect is negligible. This ultimately leads to
crack expansion and the formation of a penetrating

fracture in the middle impact damage region.

(a) No impact energy

(b) 69 J impact energy

(¢) 99 J impact energy

Fig. 5 Compression failure modes of laminates after impact
with different energies

3.2 Finite element simulation results

3.2.1 Validation of numerical model

The numerical simulation results of the influence
of low-velocity impact damage on the residual
compressive strength of twill-woven carbon fiber
reinforced thick composite laminates were compared
with the experimental findings. The effectiveness of
the numerical model was verified in terms of
compressive strength and compression failure
modes after impact. The compressive strength
values obtained from tests and numerical simula-
tions are compared, as shown in Table 2 The errors
between numerical results and average test values
are —3.6%, —17%, and 0% for impact energies of 0,

69, and 99 J, respectively. Given the material

properties and external conditions, it is found that
the compressive strengths derived from numerical
simulations are in good consistence with the
experimental results.

Compression failure of fiber is the predominant
failure mode in woven carbon fiber reinforced thick
composite laminate under compressive loading. The
simulated compressive failure results from the
numerical model are compared with the observed
test results, and the results are shown in Fig. 6. For
the laminate in the undamaged state, the numerically
predicted failure mode is manifested as significant
transverse fiber compression damage due to stress
concentration at the end of the specimen, which
agrees with the test results in Fig. 6(a). The failure
modes of the laminates simulated numerically after
both 69 and 99 J energy impacts were compressive
failures across the entire middle of the composite
laminate. In the post-impact compression tests,
compressive failure occurred in the middle of the
post-impact laminate along the entire width direction
(Fig. 6(b) and Fig. 6(c)), and the results show that
the numerical simulation results are in good
agreement with the test results. In the simulation
results, the nearly circular damage in the middle of
the post-impact laminate model is the initial low-
velocity impact damage, and the damaged area
becomes larger with the increase of impact energy,
which is in good agreement with the actual situation.

In summary, the predicted location and extent of

(a) No impact energy

(b) 69 J impact energy

(c) 99 J impact energy

Fig. 6 “Compression failure mode of the laminates
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compression failure using finite elements are in
good agreement with the results observed in the
tests, affirming the practicality and feasibility of the
model in simulating compression failure behaviors
of laminates.
3.2.2 Analysis of compression failure process
Take the case of 99 J impact energy as an example,
the compression failure process of woven carbon
fiber reinforced thick composite laminates after
impact is analyzed. Fig.7 illustrates the longitudinal
compression damage process. The value on the
color bar indicates the unit damage state, ranging
from O (initial non-destructive state) to 1 (complete
failure state). From the figure, it can be observed
that in the initial stage of compression, the damage
to the composite laminate is attributed to the low-
velocity impact simulation-induced impact damage.
As the compression load reaches 80% of the
laminate's failure load, the compression damage
barely extends outward, with only the elements in
the central impact-damaged region experiencing
compression failure. As the compression load
increases to 91% of the failure load of the laminate,
the compression damage slowly expands along the
width direction of the laminate model. Further
increasing the compression load to 98% of the
laminate's failure load results in a rapid expansion
of compression damage along the width direction.
100% of

failure load of the laminate, damage occurs across

When the compression load reaches

the entire width direction of the model, leading to
the complete failure of the composite laminate

structure.

(a) 0% compression
failure load

(b) 50% compression
failure load

(c) 80% compression
failure load

(d) 91% compression
failure load

(e) 98% compression
failure load

(f) 100% compression
failure load

Fig. 7 Compression damage process of laminate after impact

4 Conclusion

In this paper, the compression tests after impact
with typical energies were carried out for the
compression behavior of twill-woven carbon fiber
reinforced thick composite laminates after impact.
Additionally, the numerical model was developed
to predict the structural failure behavior of the
laminates, and the effect of impact energy on
compression behavior was investigated. The
following conclusions are mainly obtained:

1) In the undamaged state, the compression dama-
ge mode of the woven carbon fiber reinforced thick
composite laminate primarily is end compression
damage. After impact, the thick laminate experiences
truncated failure across the impact damage region.
The presence of impact damage defects induces
notable changes in local stress during compression,
ultimately leading to crack expansion in the middle
impact damage region. This contributes to the
formation of a penetrating fracture, thereby
reducing the compressive strength of the laminate.

2) The compressive strength after impact dec-
reases with increasing impact energy, but there is no
linear relationship between compressive strength
and impact energy. With impact energies of 69 J
and 99 J, the average compressive strength after
impact decreases from 314.4 MPa to 219.1 MPa
and 208.5 MPa, respectively, decreasing by 30.3%
and 33.6%.

3) The development of user subroutines enables
the simulation of compression damage behavior in
twill-woven carbon fiber reinforced thick composite
laminate. The validity and accuracy of the numerical
model were confirmed through comparisons with
experimental results.

4) During the compression process, the damage
to the laminate does not significantly increase
before the compression load reaches the threshold
value for damage. Once this threshold is reached,
the damage rapidly expands along the width
direction. Eventually, the compression damage
spreads across the entire width direction of the

model.
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