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Abstract

High-velocity impact damage in CFRP laminates was studied experimentally and
numerically. Part I of this study observed and evaluated near-perforation damage in the
laminates and characterized the damage pattern experimentally. Part II predicts the extension
of high-velocity impact damage based on smoothed particle hydrodynamics (SPH), which
facilitates the analysis of large deformations, contact, and separation of objects. A cross-ply
laminate was divided into 0° and 90° layers, and virtual interlayer particles were inserted to
express delamination. The damage patterns predicted on the surfaces and cross-sections
agreed well with the experiments. The analyzed delamination shape was similar to that
resulting from a low-velocity impact, consisting of pairs of fan-shaped delaminations

symmetric about the impact point. Finally, the mechanisms of high-velocity impact damage in



CFRP laminates are discussed based on the observations and numerical analyses.
Keywords: A. Polymer-matrix composites (PMCs); B. Impact behaviour; B. Delamination; C.

Numerical analysis.

1. Introduction

Carbon fiber reinforced plastics (CFRPs) have good specific strength, specific modulus,
and fatigue properties compared with conventional metals, so they have been applied to
primary load-bearing structures such as wings and a fuselage in the latest airplanes. CFRPs
have also been used in fan blades and fan cases of turbofan engines in recent years. One of the
critical issues for these engines is reliability when subjected to high-velocity impact of foreign
objects such as small stones, birds, and broken fan blades. Therefore, it is essential to clarify
the extension mechanisms of high-velocity impact damage in composite laminates.

The ballistic limit energy and energy absorption during perforation have been investigated
experimentally [1-6]. Several theories have also been proposed to predict the ballistic limit
velocity based on the energy balance, considering the energy absorption due to damage
extension [3,7,8]. The impact response of composite plates has been analyzed by the finite-
element method. Nandlall et al. [9] predicted damage in a GRP plate based on continuum
damage mechanics. Gower et al. [10] analyzed the displacement of the back surface and
delamination, which agreed with their experiment results. Lopez-Puente et al. [11] predicted
the projected damage area of thin carbon-epoxy woven laminates subjected to normal and
oblique ballistic impacts. However, it has been pointed out that a complex contact algorithm
and the remeshing and handling of largely deformed elements, in addition to adequate damage
extension criteria, are necessary to accurately calculate the perforation by finite-element

analysis [12,13].



In recent years, a number of numerical analyses of ballistic impacts on composite laminates
have been presented using smoothed particle hydrodynamics (SPH), which is a meshless and
fully Lagrangian method that facilitates calculations involving contact, large deformation, and
separation. Chen et al. [14] introduced an orthotropic elastic-plastic constitutive law to the
SPH and predicted the perforation characteristics of a quasi-isotropic laminate. Medina and
Chen [15] implemented a one-parameter visco-plasticity composite material model and
investigated the effects of the strain-rate dependency on the perforated area and residual
strength within the hypervelocity range. Shintate and Sekine [16] proposed particle generation
and particle merger techniques and successfully removed the unrealistic numerical fracture
that frequently appears at the ballistic impact point using conventional SPH. Wicklein et al.
[17] analyzed a hypervelocity impact on a CFRP-Al honeycomb sandwich structure and
compared the damage states between predictions and experiments.

Although previous research on high-velocity and hypervelocity impacts focused on the
perforation characteristics and the ballistic limit, the generation and extension of individual
damage in plies and ply interfaces have not been discussed in detail. In order to estimate the
energy absorption due to damage extension, it is valuable to investigate the complex damage
extension mechanisms using numerical analyses.

This study thus characterizes the high-velocity impact damage in CFRP laminates to clarify
the damage extension mechanisms. To this end, we focus on impact damage near the
perforation. This study consists of two parts. Part I [18] conducted high-velocity impact tests
for unidirectional laminates, two types of cross-ply laminates, and quasi-isotropic laminates,
and observed their damage states. Part II analyzes the high-velocity impact on CFRP cross-ply
laminates based on SPH and predicts the extension of impact damage considering detailed

damage modes. Our experiments [18] are summarized in Section 2 for completeness. The



analytical model and damage criteria are provided in Section 3. Finally, Section 4 presents the

numerical results and discusses the mechanisms of the damage extension.

2. Summary of high-velocity impact tests

Our experiment [18] tested CFRP laminates with four stacking sequences; this section
summarizes the results of cross-ply [04/904]s laminates as a typical case. Square specimens
were prepared from CFRP prepreg sheets (T700S/#2521R, Toray), with dimensions of 55 mm
on a side and 1.6 mm thick. Here, the fiber direction in the top and bottom plies was defined
as the 0° direction. A high-velocity impact testing machine with an electric-heat gun was used,
and the projectile was a steel ball with a diameter of 1.5 mm (14.2 mg in mass). The tested
velocity was 200 to 1200 m/s. The size of the fixture jig was 50 mm on a side, and there was
no supporting plate on the back surface. The laminate thus bent freely upon impact.

Figure 1 depicts the damage states on the front surface and the back surface. A crater was
generated due to the impact, and splits extended from both edges of the crater on the front
surfaces of all of the specimens. Matrix cracks appeared on the back surfaces, even at low
velocity (344m/s), and fiber breaks and peeled ply were observed with a higher impact
velocity. The damaged area of both surfaces increased with increasing velocity, but the
damage pattern was identical regardless of the velocity.

Figure 2 depicts the damage just beneath the impact point. Two cross-sections including the
impact point were observed as depicted in Fig. 2a. One is a cross-section normal to the fiber
direction of the 0° ply (N-section); the other is a cross-section parallel to that direction (P-
section). A crush zone (crater), extensive fiber breaks in the middle 90° ply, delaminations,
and matrix cracks in the bottom 0° ply were observed in the N-section (Fig. 2b). A crater with
fiber breaks, catastrophic ply failure in the 90° ply, oblique matrix cracks, and delamination
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were observed in the P-section (Fig. 2c). The lower 0° ply was peeled off because of
significant delamination in the P-section. Considering the observations of the two cross-
sections, the catastrophic ply failure zone included extensive fiber breaks, matrix crushing and
cracking, and delaminations. Oblique matrix cracks were generated outside the ply failure
zone in the 90° ply, and their tips were connected to delamination areas. The delamination at
the 0°/90° ply interfaces extended far more in the 0° direction than in the 90° direction.

Soft X-ray photographs are presented in Fig. 3. Delaminations were generated near the
impact point. The delamination at the upper 0°/90° interface extended from the tips of the
matrix cracks in the top 0° ply to the transverse (90°) direction. The lower 90°/0° interface
delaminated along the matrix crack in the bottom 0° ply. These delaminations were symmetric
with respect to the impact point, and this pattern was similar to that observed in the laminate
subjected to low-velocity impact. A higher velocity induced elongated delamination

accompanied by matrix cracks in the bottom ply.

3. Analysis

In order to characterize the extension of high-velocity impact damage in composite
laminates, this study conducted three-dimensional analysis based on SPH, which is a mesh-
free particle-simulation method that facilitates calculating large deformation and separation.
The fundamental equations of SPH for isotropic elastic solids are provided in the references
[16,19]. The motion of the steel projectile was analyzed based on these equations. This
section introduces the analytical model, the constitutive equation of orthotropic fiber-
reinforced composites, and the material failure model applied in this simulation. This study
focuses on near-perforation damages, not on perforation characteristics discussed in Ref. [16].

This analysis then requires damage criterion considering the orthotropic nature of each ply



and material degradation rules considering microscopic damage and stress transfer

mechanisms. A self-made code was used in this study.

3.1 Analytical model

Before conducting the damage extension simulation, the model size was first investigated
by using a large particle (0.16 mm), and two models were prepared. One was a full-scale
quarter model (the target was 25.0 mm long, 25.0 mm wide, and 1.6 mm thick), and the other
was a small quarter model (the target was 7.2 mm long, 4.8 mm wide, and 1.6 mm thick). The
edges of the target were fixed in the full-scale model, while the target was not fixed in the
small model. The initial velocity of the projectile was 600 m/s. It was found that the pattern
and size of damage generated in the surfaces and cross-sections were almost identical among
these two models. They were also identical to the results of the fine model that will be
discussed in Section 4. This is because the target exhibited a significant local deformation,
and because damage was not generated by reflected stress waves. These test simulations
indicated that the damage extension depended solely on the state near the impact point
regardless of the areal size of the target. This result was also demonstrated experimentally
[20]. The local deformation was prominent within the range of 5 mm from the impact point at
the impact velocity of 600 m/s. Therefore, if the model size is larger enough than this size,
there will be no influence of the model size on the damage growth.

The analytical model used in this study is illustrated in Fig. 4. A quarter of the whole
system was modeled considering the symmetry, and the CFRP target was 9.0 mm long, 9.0
mm wide, and 1.6 mm thick; the diameter of the projectile was 1.5 mm. The initial spacing
between neighboring particles was 0.089 mm, and there were 184198 particles. Virtual
interlaminar layers were inserted into the 0°/90° ply interfaces to represent delamination. The
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modulus of this layer should be small so that it will have no influence on the mechanism of
stress transfer. The laminate was not fixed, and the projectile collided vertically with the
laminate at a prescribed initial velocity.

A CFRP lamina was considered as an orthotropic elastic material in this analysis. Table 1
lists the properties of the CFRP unidirectional lamina. The stress rate &, is calculated from

g

the deformation rate ¢, as
{e}=[sli}, (1
T . . . . . . T -\ o o . . o . 7 .
where {‘9} :{5113522’5333723>731>712} and {O-} :{0'115522’0'3330'23>531’O'12} . Subscripts 1,
2, and 3 denote the fiber direction, the transverse direction, and the through-the-thickness

direction. Matrix [S] is the compliance matrix, and its components are represented as

1 1 1% 14
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where E, G, and v are the Young’s modulus, shear modulus, and Poisson’s ratio. The Young’s
modulus and Poisson’s ratio of the interlaminar layer was 2.65 GPa and 0.36 assuming the
epoxy resin. The stresses in the interlaminar particles are calculated by the same procedure as
the CFRP particles. Equations (1) and (2) assume linear elastic relation between the stress and
the strain, but in general, a CFRP unidirectional lamina has nonlinearity in the in-plane shear
deformation. The influence of the nonlinear shear behavior was discussed in Appendix.

The stresses of the steel projectile were calculated based on the constitutive equations of

isotropic materials [16]. Table 2 lists the material properties of the steel projectile.

3.2 Material failure model for composite laminates

This analysis applied modified Chang-Chang failure criteria with a delamination criterion



[21] to the CFRP laminate to identify the damage mode in each particle. The following

equations are evaluated at every time integration step.

2 2 2
Oy + O, +0y; >1
F, F.> |
L LTf

1. Fiber failure

€)

F denotes the strength, subscripts L and 7 represent the fiber longitudinal direction and the

transverse direction, and the following lower-case subscripts represent the fracture mode: ¢ is

tensile failure, ¢ is compressive failure, and s is shear failure. Tensile strength Fi: is used as

the strength in the longitudinal direction, F, when 11 > 0, and the compressive strength Fi. is

used when o11 < 0. Frrris the shear strength involving fiber failure.

2. Matrix cracking

2 2 2
[Uzzj +[ O1p ] +(023 J >1,1f022>0
FT[ FLTS FTTS
3. Matrix crushing

2 2 2
1{ -0y +1FTc20-22 %2 | % >1,if022<0
4 F 4F FTc FTC F

LTs LTs LTs

4. Delamination

2 2 2
FTt FTTs FLTs

The first term of the left-hand side is removed if 633 < 0.

(4)

()

(6)

Table 3 lists the strengths used in this study [16,22,23], while some values are slightly fitted

to the experiments. The strengths for the interlaminar layer are typical values assuming the

epoxy resin. Equation (6) is applied only to particles in the interlaminar layer to judge

delamination extension.

If a particle was assumed to break, the stiffness and stresses in the particle were degraded,

considering the stiffness reduction due to the damage and the mechanism of stress transfer.
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Table 4 lists the particle degradation rule used in this analysis. When one of the failure criteria
was satisfied, the stress components related to the damage mode were set to zero [21], and the
relevant stiffness was updated to the degraded value. The degradation factors should be zero
at a crack surface, but nonzero values were applied considering stress recovery in a particle;
these values were fitted to the experiments. In order to transfer compressive stresses, all
broken particles were not removed, and slightly large degradation factors were used in the

compression failure modes.

4. Analytical results and discussion

Figure 5 depicts the damage patterns on the front surface and the back surface, in which the
whole target dimensions are depicted for easy understanding. Matrix cracking denotes the
cracks due to tensile transverse stresses and shear stresses, and matrix crushing indicates the
matrix failure by compression and shear. A crater with fiber breaks was formed on the front
surface, and matrix crushing and matrix cracking extended in the fiber direction. The straight
matrix crushing and cracking appeared as the multiple splits observed in Fig. 1, although the
crack lengths differed. Only a single crack was predicted on the back surface at 344 m/s, and
this corresponds to the barely visible damage in Fig. 1. Multiple matrix cracks and fiber
breaks were generated on the back surface at higher velocities. Small fiber breaks occurred
beneath the impact point at 618 m/s, and the fiber breaks increased with increasing velocity.
These damage patterns on the front and back surfaces agreed well with the experiment.
Unrealistic oblique cracks appeared on the back surface at 885 m/s, possibly due to
insufficient damage criterion.

Figure 6a depicts the damage extension in the N-section, where the projectile was removed
in this figure. Matrix cracking and crushing in the top 0° ply (A) reached the 0°/90° ply
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interface, and delamination (B) was generated from those tips at 0.4 ps after the collision. A
crater zone was formed by the matrix failure. Severe matrix damage (C) and fiber
compressive failure (D) occurred in the middle 90° ply after 0.8 s, and the lower ply
interface also delaminated. Matrix cracking (E), which appeared as splits on the front surface,
occurred on the side of the crater at 2.0 ps. The number of matrix cracks on the top 0° ply
increased as time advanced. Transverse cracks (F) was also predicted in the bottom 0° ply,
corresponding to the multiple splits observed on the back surface (Fig. 1).

Figure 6b depicts the predicted damage extension in the P-section. The top 0° ply suffered
matrix failure (A) and fiber breaks (G) near the impact point, and a crater was formed. The
0°/90° ply interface was then delaminated (B), and a matrix cracking and crushing zone (C)
appeared in the 90° ply. This damage pattern agreed with the observation (Fig. 2). Greater
delamination size was predicted in the P-section than in the N-section; this result also
coincided with the observation. Although well-defined cone cracks were not predicted in the
90° ply, matrix cracking did occur outside the crushing zone. These matrix cracks correspond
to the cone cracks observed in Fig. 2. A transverse crack (F) appeared just beneath the impact
point in the bottom 0° ply, and this damage could be observed on the back surface (Fig. 1).

Both normal stresses and shear stresses are considered in the damage criteria (Egs. (3)-(6))
under a multiaxial stress condition. The contribution of the shear terms to damage is plotted in
Fig. 7 to determine the major cause of damage generation. The color indicates the magnitude
of the shear term(s) in Eqgs. (3)-(6) at breakage of each particle. It was found that little
contribution of the shear stress was observed except for delaminations in both cross-sections.
Normal stress due to indentation and bending was therefore the major factor of the high-
velocity impact damage. In the P-section, high contribution of shear stresses was observed in
the matrix cracking region outside the crushing zone of the 90° ply, i.e., cone cracking region.
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The projection of damaged particles in the z-direction is depicted in Fig. 8a for comparison
with the soft X-ray photographs. Delaminations (B) were generated near the crater (A,G)
along the matrix crack (F) in the bottom 0° ply, and this pattern agreed well with the
observation (Fig. 3). Figures 9b and 9c depict the delamination at the upper and lower ply
interfaces. The upper delamination extended more in the 90° direction than did the lower
delamination, and this trend was also observed in the experiment. This delamination became
peanut-shaped with increasing velocity, which was observed in the experiment, including in
the low-velocity impact.

Based on the experiments (Ref. [18] and Figs. 1-3) and the above analyses, the extension
mechanisms of high-velocity impact damage in CFRP laminates are estimated as follows (Fig.
9). (1) Fiber breaks and matrix crushing induced by the compressive stress and the local
bending deformation are generated just beneath the impact point in the top 0° ply, and these
form a crater. (2) Matrix crushing and cracking occurs from both edges of the crater in the top
ply, and these cracks appear as splits on the front surface. Shear stresses contribute less to
these cracks than did normal stresses, and thus the compressive stress due to the impact and
the accompanying local bending deformation are the major causes of matrix damage in the
top ply. (3) After the crater zone reaches the upper ply interface, delamination occurs mainly
in the shear mode, since compressive stress is generated in the through-the-thickness direction
by the impact. The delaminations extend in a symmetric fan shape from the impact point,
which can be observed in the low-velocity impact. The delamination area will be governed by
the matrix cracks in the plies adjacent to the interface. (4) The middle plies fail
catastrophically. This ply failure consists of fiber breaks, matrix cracking, and matrix crushing.
(5) The ply interfaces are delaminated due to the neighboring matrix damage. Pairs of fan-

shaped delaminations symmetric about the impact point extend at each interface, similarly to
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those of the top interface. (6) Fibers in the bottom 0° ply break beneath the impact point due
to local bending deformation. The bending deformation also induces multiple matrix cracks in
the bottom ply, which appear as splits in the back surface. The fiber breaks and matrix cracks
accelerate the delamination extension at the lowest ply interface along the matrix cracks. The
damage patterns observed in the other stacking sequences were similar to that of the cross-ply
laminate (Figs. 1-3) [18], and therefore these damage-extension mechanisms will be identical

among all of the stacking sequences.

5. Conclusions

This study experimentally and numerically investigated mechanisms of the extension of
high-velocity impact damage in CFRP laminates and consisted of two parts. Part I [18]
conducted high-velocity impact tests for CFRP laminates with four stacking sequences, and
observed near-perforation damage states. Part II predicted the extension of high-velocity
impact damage in a cross-ply laminate using smoothed particle hydrodynamics (SPH). The
laminate was modeled by particles, and interlaminar particles were inserted into the 0°/90°
layer interface to represent delamination. Damage in a particle was judged by modified
Chang-Chang criteria, and a material degradation rule was applied to the stiffness and stress
in the damaged particle. Three-dimensional simulation was conducted, and the impact-
damage extension was analyzed.

The high-velocity impact damage predicted by SPH included a crater and matrix
cracking/crushing in the top ply, catastrophic failure of the middle plies, and fiber breaks and
matrix cracking in the bottom ply. The predicted damage patterns agreed well with those
observed on the front and back surfaces and cross-sections beneath the impact point. The
crater and the catastrophic ply failure consisted of significant fiber breaks and matrix failure
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induced by indentation and local bending. Pairs of fan-shaped delaminations symmetric about
the impact point were predicted, and this pattern coincided with the observation. It was found
that the delamination generated by high-velocity impact was similar to that observed in
laminates impacted at a low velocity. Finally, the extension mechanisms of the high-velocity
impact damage were estimated based on the observations of near-perforation damage and

corresponding analyses of impact-damage extension.
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Appendix 1. Influence of nonlinear shear behavior

This section investigated the influence of the nonlinear shear behavior on the high-velocity
impact damage. The analytical model depicted in Fig. 4 was used. An empirical equation
representing the nonlinear in-plane shear stress-strain relation is given by

7=71.41+3.66y —91.52¢7 +20.11e™ , (7)

where 7 is the shear stress in MPa and y is the engineering shear strain in percent [24]. This
equation was transformed to the time differentiation form and was applied to the relation
between 7, (7;;) and y,, (¥;,). If the absolute value of the shear strain was smaller than the
maximum value, the initial stiffness of Eq. (7) was given as the tangent stiffness. Here, the
initial stiffness was almost the same as the in-plane shear modulus of the linear elastic
analysis. The nonlinearity in out-of-plane shear was ignored, since its nonlinear effect would

be much smaller than that of in-plane shear.
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The damage pattern taking the nonlinearity into account was compared with that of the
linear elastic analysis at the impact velocity of 600 m/s. Figure 10 depicts the damage states
on the front and back surfaces. A crater and multiple splits on the front surface, as well as the
matrix cracks on the back surface, were generated regardless of considering the nonlinearity.
Figure 11 presents the damage states on the N-section and the P-section at 4.0 ps after
collision. The target with the nonlinear material properties exhibited greater out-of-plane
deformation than in the linear elastic analysis, since the nonlinearity yielded greater shear
strain. This led to extensive damaged region in the nonlinear analysis. However, in both
analyses, the damage in the cross-section included a crater on the top ply, the catastrophic ply
failure consisting of matrix damage and fiber breaks, the matrix crack in the bottom ply, and
delamination at ply interfaces. Figure 12 depicts delamination shape. Although the properties
of the interlaminar layer were identical, greater delamination was generated when considering
the nonlinearity, because the large out-of-plane deformation caused severe interlayer shear
deformation. The shape of the delamination with the nonlinear shear behavior did not agree
with the observations (Fig. 3). Thus, the influence of the nonlinear shear behavior on the
mechanisms of high-velocity impact damage was small. The rate dependency of the shear
stress-strain relation will lead to this conclusion. In general, the yield stress increases, and the
failure strain decreases with increasing strain rate. Therefore, the simulation with linear elastic
material properties, in which the failure strain was small, provided good predictions, although
more verification will be needed to figure out the nonlinear shear effect including the rate

dependency.
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Figure and Table captions

Fig. 1 Damage states of the front and back surfaces of the impacted specimens. Damage

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

generated on the back surface at 344 m/s was barely visible.

Damage states of the cross-sections (a) normal to the 0° direction and (b) parallel to
the 0° direction.

Soft X-ray photographs of the impacted cross-ply specimens.

Analytical model of the cross-ply laminate considering the symmetry. Interlayer
particles were inserted into the ply interface to represent delamination.

Damage states on the front and back surfaces. Full dimension of the target is depicted
considering the symmetry.

Damage extension in the cross-section beneath the impact point.

Contribution of shear stresses to damage generation. The color indicates the magnitude
of the shear term(s) in Egs. (3)-(6).

Projection of the damaged particles. (a) Projected damage area. (b) Delamination at

the upper interface. (¢) Delamination at the lower interface.

9 Schematic of high-velocity impact damage in a cross-ply laminate.

10 Comparison of the damage states on the front and back surfaces at 600 m/s between

the linear elastic analysis and the analysis taking the nonlinear shear into account.

11 Comparison of the damage states in the cross-sections beneath the impact point at 600

m/s between the linear elastic analysis and the analysis with the nonlinear shear

behavior.

12 Comparison of the delamination shape at 600 m/s between the linear elastic analysis

and the analysis with the nonlinear shear behavior.
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Table 1 Material properties of CFRP unidirectional lamina.

Table 2 Material properties of a steel projectile.

Table 3 Material strengths used in this analysis.

Table 4 Degradation rule in material properties and stresses in a broken particle. Superscript

d denotes the degraded property. E; is the Young’s modulus of the interlaminar layer.
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Table 1

Density p (kg/m?)

Longitudinal Young’s modulus E1 (GPa)
Transverse Young’s modulus £> (GPa)
In-plane shear modulus G12 (GPa)
Out-of-plane shear modulus G23 (GPa)
In-plane Poisson’s ratio vi2

Out-of-plane Poisson’s ratio v23

1.6x10°
139
9.85
5.25
3.8
0.25

0.38
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Table 2

Density p (kg/m?)

Shear modulus G (GPa)

Sound velocity co (km/s)

Parameter of Mie-Griineisen equation of state I”

Parameter of Mie-Griineisen equation of state ¢

7.81x10°
81.0
5.33

2.0

1.338

21



Table 3

(a) CFRP lamina

Tensile strength in the fiber direction F1: (MPa)
Compressive strength in the fiber direction Fi. (MPa)
Tensile strength in the transverse direction Fr: (MPa)
Compressive strength in the transverse direction Fz. (MPa)
Shear strength involving fiber failure Fi7y (MPa)
In-plane shear strength Fr.zz (MPa)

Out-of-plane shear strength Friz (MPa)

(b) Interlaminar layer

Tensile strength Fr: (MPa)

Compressive strength Fr. (MPa)

Shear strength Fs (MPa)

2100

1500

84

248

450

400

400

90

150

50
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Table 4

Damage mode

Degradation rule

Fiber tensile failure

Fiber compressive failure

Matrix cracking

Matrix crushing

Delamination

E' =0.07E,

0,,=0y, =033,=0,,=0;,=0,,=0

E! =0.14E,
0,,=0y,=033,=0,,=0;,=0,,=0

E{ =02E,, G%=02G,, Gi=02G,
0, =0,=0

E! =04E,, G.=04G,, GI=04G,,
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Parallel cross-section
(P-section)

Normal cross-section (N-section)

(a) Schematic of the observed sections

(b) Normal cross-section, 508 m/s
Fiber breaks

Cone cracks

Delamination

0° direction 500 pum
<+—> —

(c) Parallel cross-section, 600m/s

Fig. 2



Matrix crack in the bottom ply

Delamination at /

the upper interface _T»

Delamination at the lower interface

(@) 217 m/s

Matrix cracks in the bottom ply

Delamination at the lower interface

(b) 485 m/s

Fig. 3



x (0°)

Interlaminar layer

1.5

Fig. 4



Figure(s)
Intact

Matrix cracking

B Delamination M Matrix crushing Il Fiber compressive failure

Fiber tensile failure

344 m/s
Crater
Front I{
0° direction 2 mm
4—p L
Matrix crack
Back ¢
0° direction 2 mm
e e

Fig. 5

618 m/s

)

Splits

Matrix cracks

] e

Fiber breaks

V¥
[

885 m/s

-
Y. i WL
sl A S e,

Splits

Matrix cracks

l
e 5.

Fiber breaks



Figure(s)
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Fig. 7
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Fig. 9
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Figure(s)
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Figure(s)
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