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ARTICLE INFO ABSTRACT

Keywords: Rain erosion may cause substantial damage to aircrafts during supersonic flight. Such event is investigated here
Liquid impact via high-speed waterjet impact on composite laminates. An experimental setup is developed to produce waterjets
CFRP

with the speed up to 700m/s and a finite element model of the waterjet-composite impact event is established.
The consistency of experiment and simulation results validates the adopted numerical methods. The distribution
of the water-hammer pressure is non-uniform and the maximum pressure occurs near the contact periphery when
the water is about to eject laterally. After a high-speed (300~560m/s) waterjet impacts a composite laminate,
the impacted surface depression is observed, and the typical surface damage presents a central region with no
visible surface damage surrounded by a faded “failure ring” with resin removal, matrix cracking and minor fiber
fracture. Delamination occurs at the interfaces of adjacent layers with unequal dimensions and longitudinal
matrix cracking appears on the back surface. Both the velocity and the diameter of waterjets are crucial factors
on CFRP damage extents. Water-hammer pressure, the stagnation pressure and propagation of stress waves are

Water-hammer pressure
Finite element analysis
Damage mechanics

failure mechanisms for most matrix damage in CFRP impacted by waterjets.

1. Introduction

Rain erosion on aircrafts during flight has been reported for decades
[1-4]. Such an encounter may arise when an aircraft traverses a cloud
formation or when it becomes exposed to precipitation. The subject of
liquid droplet impingement (LDI) on solid materials was extensively
investigated dating back to the early 1950s, with the main focus of the
isotropic materials including metals [5], polymers [6], ceramics [7] and
rocks [8,9]. Few investigations were conducted on rain impact resis-
tance of anisotropic materials such as carbon fiber reinforced polymers
(CFRP), which is one of the most widely-used materials in aircraft
structures. Hancox [10] studied the erosion behavior of unidirectional
CFRP by repeated impact with liquid jets at velocities of up to 90 m/s,
with individual fiber cracking and pits observed on the impacted sur-
face. Gorham and Field [11] investigated the impact properties of CFRP
by waterjets with higher velocities (up to 700m/s), in which the basic
damage modes were presented as the undamaged center surrounded by
a failure ring on the impacted surface.

* Corresponding author.

E-mail addresses: hao.cui@nwpu.edu.cn (H. Cui), liyulong@nwpu.edu.cn (Y. Li).

https://doi.org/10.1016/j.ijimpeng.2022.104276

Since liquid impact event features small spatial and temporal scales,
numerical simulation thus emerges as a more convenient and powerful
tool to evaluate the stress, strain, and deformation fields for liquid-solid
impact analysis, which would be costly and difficult to reproduce
experimentally or theoretically. The majority of numerical research
focused mainly on the hydrodynamics of the liquid, rather than the
target material response to it [12-14]. Therefore, the solid material was
frequently simplified to rigid or elastic-plastic model. Among those
studies in which the deformation and failure of the solid were consid-
ered, isotropic materials especially polymethylmethacrylate (PMMA)
were extensively investigated [15-17] while none of the studies simu-
lates the damage initiation and evolution of a CFRP laminate during
waterjet impact to authors’ knowledge. Some fundamental principles of
liquid-CFRP impact also remain unclear and are summarized as follows.
Firstly, it is well understood that symmetric pressure distribution and
damage patterns are generated in isotropic materials, while how the
stress distribution and damage patterns are presented on the anisotropic
materials like CFRP laminates subjected to liquid impact is still lack of
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comprehension. Secondly, Hsu et al. [17] reported that their simulation
results of hydraulic impact pressures generated on PMMA substrate were
in good agreement with one-dimensional (1-D) water-hammer pressure
equation presented by Cook [18]. When it comes to a CFRP laminate,
whether the 1-D empirical formulas are still applicable for the estima-
tion of water-hammer pressure remains to be explored. Additionally,
though some typical failure characteristics of CFRP under waterjet
impact were observed in previous studies, their underlying mechanisms
are still ambiguous and lack of concrete evidence.

The goal of the present study is to reveal the dynamic response and
failure mechanism of CFRP laminates subjected to liquid impact by the
means of combining experimental research with numerical simulation.
In Section 2, basic theories of liquid-solid impingement and common
approximations of water-hammer pressure are overviewed. A typical
waterjet generating apparatus is introduced in Section 3 and experi-
ments of single waterjet impact were carried out on CFRP specimens.
Section 4 developed a finite element model in which the damage initi-
ation and evolution of each ply of CFRP laminates can be displayed
during waterjet impact. Simulation results of the mechanical response as
well as failure patterns of CFRP laminates impacted by waterjets are
presented and compared with experiments in Section 5. Failure mech-
anism of each damage mode is analyzed and the effects of the velocity
and diameter of the waterjets are assessed by parameter studies. Finally,
some conclusions are highlighted in Section 6. This paper strikes to gain
an insight into the fundamental mechanical behavior of CFRP laminates
encountering high-speed waterjet impact, and lay the groundwork of the
rain impact resistance design of supersonic aircrafts.

2. Liquid-solid impingement theory

Liquid-solid impact process involves two stages: liquid compression
and lateral jetting. At the initial contact when the liquid impacts on the
solid, the contact boundary moves faster than the shock wave inside the
liquid and hence a series of wavelets are hindered to form a shock en-
velope, shown in Fig. 1(a). The liquid within the envelope is compressed
and induces a transient high pressure known as “water hammer pressure”.
Though there are plenty of empirical formulas aiming to determine the
analytic value of the water-hammer pressure, a consensus is still not
reached. The concept of the water-hammer pressure is initially introduced
by Cook [18] and this impulsive pressure can be estimated by,

Pun = poCoV @
in which pyg is the liquid density, Cy is sound speed of the liquid and V'is
liquid impact velocity. Heymann [19] argued that this approximation is
not valid in higher speed regimes since the shock wave speed does not

equal to the sonic speed taking into account the compressibility of the
liquid. Hence the impact pressure is modified by Heymann’s equation,

P = p,CoV(1 + kMy) @

where k denotes a material constant related to liquid compressibility and
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is close to 2 for water in the velocity range for V up to 1000 m/s [19]. My
is impact speed Mach number defined by V/Cy. Both the aforementioned
formulas give the hydraulic pressure without the consideration of the
solid compressibility and thus may only be reasonable in liquid-rigid
plate impact. If the elastic deformation of the solid is involved, the
impulsive pressure yields to Engel’s approximation [20],

1+ kM,

Py :P()Covm 3

in which 1 refers to the acoustic impedance ratio between the liquid and
the solid, defined as

1= PG

psCS (4)

where ps and Cs are the density and the shock wave speed of the solid
respectively. Engel’s equation is only valid for homogenous materials
since constant values of ps and Cs are assumed. For the anisotropic
material CFRP laminate in the present study, C; is direction-dependent.
As the impact direction is along the thickness, the 3-direction elastic
modulus Ess is utilized to determine the average wave speed of CFRP,
defined by [21]

E
Co= 4[> ®)
pS
When the shock wave speed exceeds the contact periphery, the stage
of water-hammer pressure will be terminated, with the whole duration
expressed as [22],

_ 3RV

= ©

in which R refers to the radius of curvature of the liquid front and C;
represents the shock wave speed of the liquid, which is related to its
sound speed Cy by,

C=Cy+kV )

After that, the compressed liquid is discharged and a high-speed
liquid jet is ejected laterally along the solid surface, shown in Fig. 1
(b). The velocity of the lateral jet is generally two to six times of the
initial impact velocity [23], and the high pressure at the surface grad-
ually releases and reduces to the much lower Bernoulli stagnation
pressure, defined as [24]

PV
P, =
> ®)

3. Experiment method

The waterjet generating facility used in this study is developed based
on the principles of Single impact waterjet apparatus (SIJA) in

(b)

Lateral jetting

Compressional
wave

Solid

Compressional <
—
wave

Release wave

Solid

Fig 1. Liquid-solid impingement. (a) Liquid compression. (b) Lateral jetting.
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Fig 2. (a) Waterjet generating experiment apparatus, (b) clamping method of the specimen and (c) location of the strain gauge.

Cavendish Laboratory [5]. The schematic of the whole apparatus is
shown in Fig. 2(a). Before the test, a stainless-steel chamber with a
converging nozzle is filled with tap water and sealed by a neoprene disc.
Then a bullet is accelerated down the barrel and impinged onto the
sealing disc, propelling the liquid to eject and thus forming a high-speed
waterjet. The velocity of the waterjet is measured by recording the in-
terval of interrupting two laser beams. The morphological changes of the
moving waterjet are captured by a high-speed camera Phantom V711,
with images of 128*128 resolution taken at intervals of 4.76 ps.
Stand-off distance (SOD), referring to the distance between the waterjet
nozzle and the specimen, is set to be 10mm in this study, where the
shape and velocity of waterjets reach a stable state as reported in [25,
26]. This facility can generate stable and repeatable waterjets with the
speed between 100 to 700m/s and the diameter between 4 to 7mm.
Different waterjet velocities are realized by adjusting the pressure of the
propelling gas and different waterjet diameters are obtained by using
reservoirs with different orifice diameters.

The CFRP laminates used in present tests were manufactured from a
unidirectional carbon-fiber/epoxy prepreg T700/7901. The material
parameters are listed in Table 1. The final specimen with the stacking
sequence of [0,90]9s has the dimensions of 28mm x 28mm and 1.2mm
in thickness. Before test, the top surface of the CFRP is carefully grinded
by sandpapers of 3000 grit and polished by 1um diamond paste before
test, in order to get a good smooth initial surface and hence minimize the
influence of surface asperities on damage results [27,28]. In the test, the
CFRP specimen was fixed on a rigid frame with a square back hole of
16mm in length and width by four screw clamps at the corners (shown in
Fig. 2(b)), with small pieces of rubber pad placed between the clamp and

Table 1
Material properties of the carbon-fiber/epoxy unidirectional laminate [29,30].
Property Value
Density p=1600 kg/m>
Elastic E1=115GPa, Ep»=E33=9GPa, G1,=G13=4.8GPa, G3=3.8GPa,
properties V15=113=0.3, 153=0.35
Strength X=2300MPa, X.=1050MPa, Y;=42MPa, Y.=143MPa,
S12=S13=S23=116MPa
Fracture Gg=133N/mm, Gi=40N/mm, G,;=0.6N/mm, Gp,=2.1N/mm
toughness

the specimen to reduce the stress concentration near the clamping ends.
The top surface of the specimen was perpendicular to the waterjet
impacting direction. Strain history was measured by a strain gauge
attached along the transverse direction, 3mm from the center of the back
surface with the marking diagram shown in Fig. 2(c). Specimens after
tests were observed by a stereo microscope for evaluating the surface
damage dimensions. A stylus profile-meter was used to measure the
profile of the impacted surface and ultrasound C-scan devices were
employed to inspect their internal defects.

4. Numerical modelling
4.1. Finite element model

The whole numerical model is comprised of three components shown
in Fig. 3. The plate is composed of 8 unidirectional plies stacked in the
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Fig 3. Finite element model of waterjet-CFRP laminate impact event

sequence of [0,90]2 and each ply has one layer of elements with the ply
thickness of 0.15mm. 8-node reduced integration brick element
(C3D8R) is selected to mesh all the laminae. Cohesive elements
(COH3D8) are inserted between neighboring plies to describe the
behavior of the interlaminar interface, with the interface thickness of
0.01mm. After mesh convergence study, the central local area (10 x
10mm) of the plate is assigned to a refined mesh size (0.15 x 0.15mm)
for the accurate calculation near impacted region, while a coarser mesh
(0.6 x 0.6mm) is applied to the rest of the plate to reduce the required
CPU time. There are four transition areas with the medium mesh (0.15
x 0.6mm) for two reasons. One is to achieve good transition from fine
mesh to coarse mesh without sharp corner angles of elements. The other
is due to the possible extension of interlaminar delamination outside the
fine-mesh region. It has been observed in experiment results that the
scope of the internal damage could be several times larger than that of
the surface damage (which will be shown in Fig. 6). Therefore, the
medium mesh is assigned to the cross region to capture the integrated
scope of the delamination in cohesive layers. The similar meshing
scheme was also applied in finite element model of waterjet-solid impact
in [17]. The prediction of all the intralaminar damage behaviors pre-
sented in Section 4.2.1 is realized by VUMAT subroutines. The consti-
tutive model of the cohesive elements presented in Section 4.2.2 has
been embedded in Abaqus/explicit codes for the convenience of simu-
lating interlaminar delamination. The movement of a waterjet is
calculated by Smooth particle hydrodynamics (SPH) method [31]

diE\ (1 — duvnsvsy)  drdnEyy (Var 4 vasvs)

dnEy (1 - dfl/13l/31)

drEn (V31 + dulaiVn)
dnEy (V32 + de/IZVSl)
Es3(1 — didnbiovan)

B> —

embedded in Abaqus 6.14. Instead of a grid, SPH particles are interacted
with each other following a kernel interpolation within a smoothing
length, thus avoiding severe mesh distortion during large deformation.
The waterjet is modelled by solid elements in advance and these
“parent” elements are converted to SPH particles (PC3D) at the begin-
ning of the analysis. The interaction of the two parts is calculated by
general contact algorithm. Its back surface is mounted on the rigid
fixture with hard contact, and some nodes near the edge of the front
surface are fixed to constrain the through-thickness displacement of the
plate. Abaqus/Explicit analysis is applied to solve the whole impact
event with a total time of 30 ps, which is a duration long enough for the
flow to reach a steady state.

4.2. Composite damage model
4.2.1. Intralaminar damage model

4.2.1.1. Stress-strain relationship with damage variables. In a composite
laminate, each lamina can be regarded as a transversely isotropic ma-
terial, of which there are five independent elastic parameters for an
undamaged lamina. When further loading is exerted beyond capacity,
the lamina will start to damage with cracks accumulating, leading to the
degradation of the mechanical properties. The damaged stiffness matrix
applied in this study refers to Li et al. [30] and is given by

Adidy,G1» ©

AdidyGo3
Adid G13
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in which

di = (1 —dp) (1 —dg)
dm = max((l - Sm! mt)zs (1 - Smcdmc)z)
A =1 —didnviota1 — dnlpsbz — divi3vs) — 2drdnla Vabns

(10)

where df and d, represent the fiber and matrix damage variables
respectively, and d, dg, dmt, dmc are the damage variables for fiber and
matrix damage under tensile and compression loads (detailed calcula-
tion elaborated in Section 4.2.1.3). The coefficients Sy and Sy, aim to
control the shear stiffness degradation due to matrix damage in tension
and compression, with the values are assigned to 0.9 and 0.5
respectively.

4.2.1.2. Damage initiation. Since little fiber damage occurred in liquid
impact tests of this study, maximum stress criteria are applied to di-
agnose the initiation of fiber tension and compression damage. Hou
failure criteria [32] are proposed for predicting the onset of the matrix
tension and compression damage.

2
Fibertensilefailure(s;; > 0)ry = <%) an
t
5\ 2
Fibercompressionfailure(o;; < 0)r,, = <%) (12)
c
on\’ o1\’ o\’
Matrixtensilefailure(oy, > 0) ro = (—= | + (== + (== 13)
yl SIZ S23
L/—on\> Y2 :
Matrixcompressionfailure(cy, < 0)ry, = Z( Sﬂzz> + 1 5262; - %(%)
12 124c¢ c 12
a4

Here X;, X., Y;, Y. denote tensile and compression strengths along
and perpendicular to fiber orientations. S5 and Sp3 refer to the in-plane
and out-of-plane shear strength respectively. The variables rg, re, 'mt,
rme are the failure criterion values for fiber and matrix damage under
tensile and compression loads.

4.2.1.3. Damage evolution. Progressive degradation method [33] is
proposed to describe the degraded loading capacity of a damaged ma-
terial based on the theory of the continuum damage mechanics (CDM).
In this study, a linear degradation trend is applied and the damage
evolution starts with the stiffness matrix is softened when the failure
criterion is satisfied. Equivalent displacement method based on element
fracture energy is adopted here to calculate the damage variables
aforementioned in Section 4.2.1.1. The evolution of damage variables
for each failure mode I is expressed as

65.eq ((slvﬂl - 5?.661)

d; = (d; €10,1],1="ft, fc, mt, mc) (15)
51,&1 (55,&1 - 5?.eq)
2 6 e C
5§Aeq = %7 8y =~ 0, = e (16)

o TV TN T n

; ioh 50 0
in which &/ and 67

stress at the damage onset respectively, and éf‘eq

displacement when the material loses all loading capacity and totally

denote the equivalent displacement and equivalent

is the equivalent
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failure mode I. The detailed formulas of the equivalent displacement &y eq
and equivalent stress o7,eq of each failure mode are given in [30].

4.2.2. Interlaminar damage model

Delamination is a major failure mode in impact damage of a com-
posite laminate. Cohesive elements are implemented in the present
study to describe the interlaminar delamination damage. The constitu-
tive model of cohesive elements is based on a bilinear traction-
separation law [34], relating the interlaminar traction stress (T,, T,
Ty) to the separation displacement between the nodes at the interface of
adjacent plies. The elastic mechanical behavior of cohesive elements is
defined by penalty stiffness corresponding to normal and two shear di-
rections (Kpp, Kps, Kst). Here the quadratic nominal stress criterion is
applied to judge the onset of delamination, in which T2, T?, Trepresent
the normal and two shear strengths at the interface.

) T2 T2

< >2Jr 2t : 7=1

()" ()" (1)
Once the failure criterion in the above equation reaches the

threshold, the Benzeggagh and Kenane (B-K) criterion [35] is imple-

mented to predict the damage evolution of delamination by coupling the

critical fracture energies of the three failure modes (G¢, G¢, G?). 7 is a
material constant in the B-K formula.

a7

C e PN AL
G‘:G;+(G§*G;){G—S},GS:G<+G.,GT:GH+GS+G[
T

18
in which Gy, Gs, G; denotes the work done by the tractions and their
relative displacements in the normal and two shear directions and Gr is
the sum of the three. The material parameters of cohesive elements in
this study are listed in Table 2.

4.3. Modelling of the waterjet

In order to simulate the test conditions, the geometric model of the
waterjet is established by imitating its profiles in tests. Key dimensional
features are extracted from the typical shapes of the waterjets with
different diameters. Therefore, a waterjet model is regarded as a com-
bination of a spherical crown, frustum of a cone and a cylinder. The
frontal radius of the crown (R) refers to the radius of the waterjet, and
the diameter of the cylinder (D) equals to that of the orifice. The overall
length (L) is set to twice the crown radius R. Assuming the profiles of
waterjets do not change with their velocities, three numerical models of
waterjets with different diameters (4.8mm, 5.5mm and 6.2mm) are
displayed in Fig. 4.

Mie-Gruneisen Equation of state (EOS) is available in ABAQUS/
Explicit code for the description of the hydrodynamic behavior of water.
Here the linear Us-Up, Hugoniot form of Mie-Gruneisen EOS is presented,
with the detailed derivation referred to [17].

_ /)oCS(/’ ( 1% 19)

2
In the above equation, I'y is a Gruneisen material constant and py is
the reference density. ¢ is the nominal volumetric compressive strain

defined by 1 — ”70 Cp and s are introduced to define the linear relation-

ship between the linear shock velocity U and the particle velocity Up, as
follows

fails. ry is the failure criterion value and G refers to the fracture energy of Us = Cy + sU, (20)
Table 2
Material properties of the interface cohesive element [29,30].
Property Kun (GPa/mm) K,s (GPa/mm) K, (GPa/mm) 79 (MPa) T° (MPa) T? (MPa) G; (N/mm) G; (N/mm) G; (N/mm) n
Value 100 100 100 20 36 36 0.6 2.1 2.1 1.45
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Fig 4. Modelling of waterjets with three different diameters

N. Hou et al.
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Waterjet  0.8mm [
Modelling
Waterjet
in tests
Table 3
Material properties of the water in Mie-Gruneisen EOS.
Property polkg/m?) Co(m/s) s To
Value 1000 1489 1.79 1.65

The values of the coefficients for water are referred to [36] and listed
in Table 3.

5. Results and discussion
5.1. Water-hammer pressure

Fig. 5(a) illustrates the time history of the contact pressure at the
center point on the surface of the CFRP plate impacted by a waterjet with

the diameter of 6.2mm and the velocity of 557m/s. Results show that the
transient pressure reaches the peak (1.03 GPa) at the first instant of
contact, followed with the relatively low stagnation pressure dominated
by the length of the water column. Though there are numerical oscil-
lations in simulation results (represented by the black solid line), the
peak contact pressure and average steady pressure are fairly in line with
the approximation of Eq. (3) for the 1-D water-hammer pressure and Eq.
(8) for the stagnation pressure (depicted by the red dotted line)
respectively.

It is revealed in Fig. 5(b) that the pressure distribution is non-
uniform along the central path of the impacted surface. The critical
location with the maximum pressure appears not at the center point but
about 1.5mm away from the center at 1ps, because of the successive
accumulation of a bunch of wavelets before the shock envelope over-
takes the expanding contact edge. Though the value of the peak pressure

Fig 5. Simulation results of water-hammer

: . 1 02
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is underestimated compared to the results of previous investigations
(around 3ppCoV), this high pressure lasts a very short time (several
nanoseconds) and thus is generally believed to have little influence on
the material damage. After this peak pressure releases and the water-
hammer phase is finished, the pressure within the contact area gradu-
ally reduces and is eventually evenly-distributed with Bernoulli stag-
nation pressure.

Fig. 5(c) demonstrates the maximum contact pressure Pp,x distrib-
uted along both the longitudinal and transverse directions. The radial
location is normalized using the true distance from the center point r
divided by the radius of the waterjet R. Results show that Py, initially
fluctuates with the radial location increasing while it gradually de-
creases after r/R exceeds 0.5. The exact values of Py, are a little higher
along x direction than y direction while the changing tendencies are
identical. This implies the condition that the stress distribution may not
be uniform within the contact area due to the anisotropic mechanical
properties of the CFRP laminate. More intuitive knowledge can be found
in the surface contour plot in Section 5.2.

In Fig. 5(d), three empirical formulas presented in Section 2 are
chosen as a reference to evaluate the simulation results of the peak
impact pressure with respect to the impact velocity. The dimensionless
pressure is expressed as the true pressure P divided by water-hammer
pressure poCoV, and the impact velocity is normalized to be the ratio

Impacted k&Y,
. surface

25 mm
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of V/Cy. 1t is illustrated that Eq. (1) presents a constant dimensionless
pressure in spite of the velocity variation, since the solid is regarded as
rigid material and the sound speed of liquid is constant (i.e. the
compressibility is not considered for both the solid and the liquid). When
the compressibility of the liquid is introduced by the parameter k, Eq. (2)
gives a linear increasing trend with the velocity rising, and the
approximation of the water-hammer pressure apparently increases
compared to the results of Eq. (1). As for Eq. (3), the compressibility is
additionally incorporated for the solid by introducing another param-
eter A, while the calculating results are found to be reduced compared
with Eq. (2). Compared with the simulation results, Eq. (3) provides the
best estimation especially at higher speeds while Eq. (1) can generally
predict the cases with low impact speeds (V/Cy<0.15). All the above
discussions point to the fact that the compressibility of the liquid ele-
vates the water-hammer pressure while the compressibility of the solid
alleviates it. The two factors may exert little influence at low speeds
which leads to a simple expression as Eq. (1), but both of them cannot be
neglected when the impact speed is relatively high (mostly exceeding
250m/s) and thus Eq. (3) is recommended.

=19.05 ps

w’\"/v\‘ - /\‘

Ea

—>

6 4 2 0 2 4 6
Lateral Position/mm

Fig 6. Experiment results of CFRP laminate impacted by a waterjet with the velocity of 557m/s and the diameter of 6.2mm. (a) High-speed photographic recording
of the impact process. (b) Micrograph of the impacted surface and (c) the back surface. (d) Surface profile of the impact location. (e) C-scan result of the impacted
specimen. (f) Micrograph of the cross-section perpendicular to the surface and (g) its local magnification.
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5.2. Dynamic response and damage patterns of the CFRP laminate
subjected to waterjet impact

The experiment results of a CFRP specimen impacted by a waterjet
with the diameter of 6.2mm and the velocity of 557m/s are demon-
strated in Fig. 6. The impact process is recorded by high-speed
photography in Fig. 6(a) that the lateral jetting can be observed
clearly, while after that the boundary between the waterjet and the
specimen is hard to be distinguished since both of them are opaque. In
the micrograph Fig. 6(b), typical damage patterns of the impacted sur-
face are composed of a center region with no visible surface damage
(shown at @) and an annular faded “failure ring”, in which there are
resin removal(®), matrix cracking(®) and sometimes minor fiber
breakage. At the back surface, there are an array of cracks parallel to the
fiber direction shown in Fig. 6(c). Fig. 6(d) displays the measured profile
of the impacted surface along the solid line in Fig. 6(b) and a shallow U-
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shaped pit is observed, indicating that permanent deformation occurred
on the CFRP specimen. C-scan result in Fig. 6(e) depicts a diamond-
shaped delamination inside the laminate, and the damaged region
clearly presents unequal feature, with the extension larger along longi-
tudinal direction than the transverse direction. In the cross-section view
shown in Fig. 6(f), visible deformation can be noticed in several plies
beneath the impact site, together with the matrix cracking extending
away from the impact site and interlaminar delamination. After partial
magnification in Fig. 6(g), macroscopic cracks are presented in matrix
throughout the lamina, with the increasing width and scope from top to
bottom, connecting the delamination of the two adjacent layers.

Fig. 7 shows the framing sequences of the jet impacting on a CFRP
target with contour plots of the velocity variation throughout the
waterjet, Mises equivalent stress and contact pressure over the impacted
surface at 6 instants between O and 30ps. At the first snapshot, the
waterjet impacts the CFRP plate causing a transient high pressure and
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Fig 7. Contour plots of the velocity throughout the waterjet (the top photo at each moment, with the unit of m/s), Mises equivalent stress (middle, GPa) and contact

pressure (bottom, GPa) over the impacted surface at 6 instants.
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Fig 8. (a) Simulation results of the damage evolution of matrix compression and tension at the impacted and back surface. (b) Comparison of damage patterns in

simulation and experiment.

the affected water particles slow down within the shock envelope until
the lateral jetting is about to occur at 1ps. When the jetting starts, the
water SPH particles are accelerated at the contact periphery and reach
the peak velocity of 1089m/s (about twice the impact velocity) at 2ps.
Subsequently, the waterjet continues to interact with the target and flow
along the surface with a relatively low pressure lasting for about 20ps.
When the whole water impact loading is over, the deformed target will
rebound to some extent and oscillate due to the propagation and
reflection of the stress waves. It is noteworthy that the Mises stress
generated on the surface along the longitudinal direction is larger than
that along the transverse direction, while such feature is not observed in
contact pressure. Both the maximum Mises stress and contact pressure
occur at t=1ps when the shock wave of water is about to overtake the
contact boundary, and the elements with maximum values are also at
the location of the contact boundary (i.e. about 1.35mm from the impact
center).

Fig. 8(a) exhibits major damage modes and their evolution on the
surface of CFRP specimen during the waterjet impingement. There is no
fiber failure occurred, so the intralaminar failure only incorporates
matrix compression damage and matrix tension damage. In the damage
contour plots, the region marked in blue represents no damage (denoted
as 0 in the legend) and somewhere in red indicates complete failure
(denoted as 1). Visually, matrix compression damage is observed to
initiate at the instant of contact and keep expanding during the stage of
the water-hammer pressure. After the shock wave surpasses the contact
edge, the area of the matrix compression damage remains substantially
constant on the impacted surface. On the contrary, matrix tension
damage has not occurred until the onset of lateral jetting and the
damage scope is broadened as the rear water column continues to exert a
long duration of stagnation pressure on the surface. Though there is no
matrix compression failure on the back surface, the matrix tension
damage is obviously emerged when the compression wave reflects at the
back surface and continuously deteriorated due to the propagation of
stress waves. Compared with the experiment results in Fig. 8(b), the
annular matrix tension damage resembles the “failure ring” on the top
surface with similar diameters. An array of longitudinal cracks is
observed on the back surface in both simulation and experiment. The

projected areas of interlaminar delamination in simulation and test are
observed to resemble each other in terms of the diamond shape and its
dimensions. The matrix compression failure caused by water-hammer
pressure leads to the permanent deformation near the impact location.
The altitude of the crater after impact is quantitively displayed in Fig. 9
(a), in which the simulation result shows good agreement with that in
experiment. The time history of the strain at the back surface (the spe-
cific location shown in Fig. 2(c)) is also compared in Fig. 9(b) the and the
results are similar in both the peak and the amplitude. The consistency
of all the above results further proves the reasonability of the numerical
methods applied in this study.

Fig. 10 displays the two types of intralaminar damage in each layer
and the interlaminar delamination between all the adjacent layers. Re-
sults show that the matrix tensile damage area gradually extends to be
larger from the upper to the lower layers (except the first layer), while
the matrix compression damage reduces its scope from top to bottom.
There is even no matrix compression damage detected near the back
three layers. This phenomenon is also reported in results of low-velocity
impact by a rigid impactor [30,37] and the explanations are presented as
follows. Matrix compression damage firstly appears on the top layer due
to the hydraulic shock exerted on the surface at the instant of impact,
and then the compression damage expands to lower layers through the
thickness with the propagation of compression stress wave. On the other
hand, matrix tensile damage usually initiates at the bottom layer due to
the reflection of the compression wave at the back surface, and propa-
gates to the upper layers with the release wave. It is important to add
that the occurrence of lateral jetting aggravates the extents of matrix
tensile damage on the first layer. The presented damage shapes of the
interlaminar delamination are composed of the cohesive elements with
their damage variables exceeding 0.8, while the contour plot on them
represents a built-in output variable MMIXDME in Abaqus/Explicit.
Since the mixed fracture energy criterion is used in this study, the mode
mix ratio m; is introduced to quantify the relative proportions of normal
and shear fracture modes, defined by
19
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Fig 9. Simulation and experiment results of (a) profile of the impacted location and (b) time history of the strain at the back surface.
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Fig 10. Matrix tensile and compression damage in each layer and interlaminar delamination between all the adjacent layers.

in which G, and Gt have been defined in Section 4.2.2. The variable
MMIXDME measures the fraction of the total deformation that is shear
during damage evolution, evaluated by 1-m; and set to -1 before initi-
ation of damage. When MMIXDME equals to O or 1, respectively, the
element is failed by totally normal fracture or totally shear fracture.
Therefore, a failed element is dominated by normal fracture if the value
of MMIXDME in the range of O to 0.5 while a shear-dominated fracture is
indicated when it goes from 0.5 to 1.0. It is clearly observed that the
interlaminar delamination of all interfaces is dominated by shear frac-
ture except for a central small region dominated by normal fracture.

5.3. Parameter studies

The present section will evaluate the effects of the velocity and
diameter of the waterjets on the damage extents of CFRP laminates ac-
cording to the five damage measuring parameters Dy, Dy, L, Ly, Sxy. The
surface damage size D represents the minimum diameter of the central
no-visible-damage zone, and D; represents the outermost diameter of
surface “failure ring”. The internal damage dimension Ly and Ly repre-
sents the longitudinal and the transverse maximum lengths of the
delamination zone respectively, and Syy represents the projected area of
the delamination zone from top to bottom measured by C-scan devices.

Fig. 11 depicts the results of different jet velocities with the same jet
diameter of 5.5mm. It is illustrated that there is nearly no damage
observed on the surface and only a small amount of signal attenuation in

10

C-scan result of a CFRP plate subjected to a 343m/s waterjet impact.
When the velocity increases to 428m/s, a typical ring damage mainly
caused by the resin removal appears on the surface, and the internal
delamination area is also enlarged. If the velocity reaches 557m/s, the
surface damage becomes more serious with the width and diameter of
the failure ring increasing. Within the surface failure ring, not only the
range of the resin removal expands, but also the matrix cracking appears
along the fiber direction. The delamination damage area further in-
creases, and presents a diamond-like shape. Results show that waterjet
velocity is a crucial factor on the CFRP damage. With the jet velocity
increasing, both the water-hammer pressure (Eq. (3)) and the stagnation
pressure (Eq. (8)) are increased, and the specimen has to deform more
and thus suffer more damage in order to absorb the increased impact
energy.

The test and simulation results of the CFRP specimens under impacts
of waterjets with the same velocity of 557m/s and different diameters
are shown in Fig. 12. With the growth of the jet diameter, the surface
annular damage continuously extends outward, with a wider area of
resin removal and the occurrence of the matrix cracking along the fiber
direction. When the jet diameter increases to 6.2mm, the faded “failure
ring” is observed to be more apparent and the cracks become wider and
deeper. The internal delamination damage always presents a typical
diamond shape, and its projected region expands with jet diameter
increasing. Results show that the damage patterns and their measuring
parameters are basically well-predicted by the simulation, and waterjet
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Fig 11. Simulation and experiment results of different jet velocities with the same jet diameter of 5.5mm.

diameter is also proved to have great influence on the CFRP damage. The
larger the jet diameter is, the more the liquid mass will be and thus the
higher impact energy is generated to cause more serious damage. In the
perspective of the impact momentum, both the water-hammer pressure
(Eq. (3)) and the stagnation pressure (Eq. (8)) have no relation with the
waterjet diameter while the impulse duration (Eq. (6)) is dominated by
the jet diameter. Therefore, the phenomenon that the damage increases
with the waterjet diameter increasing can be attributed to the increased
impulse duration.

Fig. 13 shows the quantitative variation of the internal damage area
Syy with the waterjet velocity increasing at three diameters by
comparing the experiment and simulation results. It is further proved
that the established numerical model can well predict the internal
damage area of CFRP impacted by waterjets for higher speeds (over

400m/s). For relatively lower speeds (below 400m/s), the damage areas
are overestimated due to the assumption in simulation that the waterjet
profiles do not change with the velocity increasing, which is not the case
in tests. Both the velocity and the diameter of the waterjet exert sig-
nificant influences on the CFRP impact damage, since increasing the two
factors directly results in the growth of the impact energy and the im-
pulse of water-hammer pressure. There is a threshold of the jet velocity
below which a single impact of a waterjet cannot result in any damage
on the specified material. This parameter “single-shot threshold (SST)”
was previously introduced in [22] and it is known to be decrease with
the jet diameter increasing. According to experiment results in Fig. 13,
the SST of the CFRP laminate in this study is about 300m/s for jets with
the diameter of 5.5mm and 340m/s for 4.8mm jets.

d=4.8 mm d=5.5 mm d=6.2 mm
V=557 m/s
Experiment Simulation Experiment Simulation Experiment Simulation
Surface
damage
Delamination

Comparison of
five damage
parameters

Length/mm
Length/mm

Length/mm
Area/mm*

Are/mm*

Fig 12. Simulation and experiment results of different jet diameters with the same jet velocity of 557m/s.
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Fig 13. Simulation and experiment results of the internal damage area S, with
respect to the waterjet velocity at three jet diameters.

5.4. Discussions on damage mechanism

The typical damage characteristics of the cross-ply CFRP laminate
subjected to single waterjet impact are concluded and the mechanism of
each damage mode is analyzed based on all the experiment and simu-
lation evidence in the previous sections.

The typical damage on the surface presents a “failure ring” with a
central region with no visible surface damage surrounded by resin
removal, matrix cracking, and minor fiber fracture. According to the
simulation results, matrix cracking is a kind of matrix tension damage
which initiates at the ending moment of the water-hammer pressure and
expands its scope due to the propagation of stress waves during the
lateral jetting. Remarkably, the stagnation pressure used to be thought
as little effect on the material damage because it is far lower than the
strength of most studied isotropic materials [38]. In the present study,
however, the stagnation pressure under high-speed impact (45MPa for
300m/s and 155MPa for 557m/s) exceeds the matrix tensile strength of
the CFRP (Y{=42MPa in Table 1) and thus cannot be ignored in com-
posite damage analysis. Therefore, matrix cracking on the surface is
caused by the release wave at the boundary of the contact radius and the
stagnation pressure of lateral flow. Furthermore, resin removal and fiber
exposure are believed to be the consequence of the shear stress exerted
by the high-speed radial flow. According to previous investigations [11,
39], the lateral flow mainly corrodes the initial surface defects near the
impact zone, and thus the smooth surface is relatively unaffected. This
mechanism cannot be proved in the present simulation model since
macro-mechanic homogenous strength theories are applied, which
neglect the surface roughness and the difference of mechanical behav-
iors between the fiber and the matrix. Extra tests and micro-mechanical
models will be implemented to verify it in the future.

The impacted surface is depressed near the impact location and the
main incentive is the water-hammer pressure due to the following two
reasons. One is the value of the water-hammer pressure (around 1GPa
for 557m/s) is far higher than the transverse compression strength of the
CFRP laminate in this study (Y.=143MPa in Table 1). Although the
duration of the water hammer pressure is only about 1 ps, it is sufficient
to cause permanent deformation on solids [6,39]. Another evidence is
the dimension of the crater is in accordance with that of the matrix
compression failure in simulation, and the onset and evolution of the
matrix compression damage agree well with the duration of the
water-hammer pressure.

There is a string of matrix cracks along longitudinal direction
observed at the back surface and the simulation results have shown that
the onset of these cracks is related to the reflection of the compression
wave. Additionally, the back cracks are constantly aggravated due to the
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propagation of stress waves within the specimen.

The projected area of the internal delamination damage presents a
typical diamond-like shape with unequal dimensions when the impact
velocity is over 500m/s. It is illustrated in simulation results that shear
fracture (related to 613 and 653) is the dominant failure mode in most
delamination regions of all interfaces while only a minor delamination
region near the impact center is dominated by normal fracture (related
to 633). This points to the fact that most delamination area is caused by
the bending shear stress generated in the impact event and minor
delamination is due to the reflection of the compression wave at the back
surface. Moreover, the load-bearing capacity along the longitudinal di-
rection is higher than the transverse direction, so the average stress level
is higher and the interface damage extents further, leading to unequal
lengths of delamination.

It is observed in tests that the matrix cracking extends its scope from
top to bottom at the cross-section view, which shows similar trend with
the simulation results of the intralaminar matrix tensile damage.
Therefore, the intralaminar matrix cracking is related to matrix tensile
damage, initiating at the bottom layer due to the reflection of the
compression wave, and propagates to the upper layers with the release
tension wave.

6. Conclusions

In this paper, experiments of waterjets impacting on a cross-ply CFRP
laminate were performed on a typical single waterjet generating appa-
ratus and a finite element model of the CFRP-waterjet impingement
event was established. The dynamic response and typical impact dam-
age behavior of the CFRP laminate with high-speed waterjets
(300~560m/s) were observed and the failure mechanisms were
analyzed. Some highlights can be drawn as follows.

(1) The best estimation of the water-hammer pressure is given by
Engel’s equation as the compressibility of both the liquid and the
solid is considered. The distribution of the water-hammer pres-
sure is non-uniform within the contact region and the maximum
pressure appears near the contact boundary when the shock wave
is about to overtake. Mises stress generated on the surface along
the longitudinal direction is larger than that along the transverse
direction while such feature is not obvious in contact pressure.

(2) After a high-speed waterjet strikes a CFRP laminate, the impacted
surface is depressed, and a central region with no visible surface
damage is presented, surrounded by a faded “failure ring” in
which there are resin removal, matrix cracking and minor fiber
fracture. Delamination occurs at the interfaces of adjacent layers
with unequal dimensions and longitudinal matrix cracks appear
on the back surface. Both the velocity and diameter of the
waterjets have significant effects on the damage of CFRP
laminates.
Matrix cracking on the top surface results from the release wave
at the contact boundary and the stagnation pressure of lateral
flow which is sufficiently larger than the CFRP transverse tensile
strength. The surface pit is caused by matrix compression related
to the water-hammer pressure. Reflection and propagation of
stress waves within the specimen lead to interlaminar delami-
nation, intralaminar matrix damage and the matrix cracking on
the back surface.
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