% 43 %% 14 AR5 X ¥ TEFROP E DO Vol. 43 No. 1
2021 %2 A Journal of Civil and Environmental Engineering Feb. 2021

DOI: 10. 11835/j. issn. 2096-6717. 2020. 162 TrHAF G R IRS) #7175 (OSID) ; K2

Failure mechanism of rock under ultra-high strain rates

ZHAO Gaofeng s SUN Jianhua s LI Shijin, ZHANG Ben

(State Key Laboratory of Hydraulic Engineering Simulation and Safety; School of Civil Engineering,
Tianjin University, Tianjin 300350, P. R. China)

Abstract: We explored the failure mechanism of rock under ultra-high strain rates using 3D numerical
modeling of the light gas gun test. Based on numerical results, it concluded that mesoscopic hydro-
compressive failure rather than mesoscopic shear or tensile failure is the main mechanism of rock failure
under the condition of shock compressive loading. The shock wave, indicated by the stress signals of two
stress gauges in the rock specimen, can be well reproduced by numerical simulation with the quasi-static
rather than the dynamic elastic parameters. The simulation results indicate that the compressive shock
wave involves a compressive failure loading process similar to that shown in the conventional uniaxial
compressive failure test rather than the ultrasonic test. A mesoscopic-rate-dependent failure model was
developed to take the dynamic effect into account. Our results revealed that larger rock porosity could
result in an decrease in dynamic strength and dynamic effect under shock compressive loading.
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. research in aeronautics, was later used in the field
1 Introduction , _ , _
of material science. The light-gas gun test is

The light-gas gun, first developed for hypervelocity mainly used in material science for: 1) obtaining
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the Hugoniot curve of the material™, 2)
measuring dynamic failure strength™’, 3) studying
the high-pressure phase transition™, and 4)
investigating impact-induced chemical reactionst®.
The light-gas gun test has also been applied to rock
and rock-like materials. Grote et al. '’/ conducted a
flat plate impact test on cement mortar and
concrete. They reported that the average flow
stress of cement mortar and concrete increased to
1. 3 GPa and 1. 7 GPa, respectively, compared with
the unconfined quasi-static compressive strength of
46 MPa and 30 MPa.

reinforced

The dynamic effect of
shock

loading was also explored using the light-gas gun

concrete under compressive

test®™). The bearing capacity of the reinforced

concrete was found to be improved with the

increase of impact velocity and reinforcement

L8]

ratio™.  Recently, similar phenomena were

observed by Zhang et al.'” with marble and
gabbro.
theory for solid

The dynamic elasticity

materials was adopted to interpret experimental

81 The constitutive

data of the light-gas gun test!""
model based on the dynamic elasticity theory can be
used with the finite element method (FEM) for
numerical simulation of the light-gas gun test. Liu

Lo]

et al. simulated the dynamic fracture mode of

tungsten alloy by LS-DYNA (an explicit FEM
code) and captured the characteristics in their

al. 10!

of foamed

experimental results.  Lopatnikov et
light-gas gun test
LS-DYNA and

demonstrated that the dynamic deformation-time

simulated the

aluminum  plates using
relationship and kinetic energy changes of the

impact plates at different impact velocities
predicted by the FEM were consistent with their
theoretical model. Nevertheless, as pointed out by
Riedel et al. 'Y, the intrinsic heterogeneity of rock-
like material might result in challenges to the
determination of the equation of state parameters
and the need for a mesomechanical model. Duan et
al. ' incorporated a statistical isotropic elastic

micro-crack model into the FEM to simulate the

propagation of plane shock waves in soda-lime glass
and reproduced their experimental data. Recently,
besides FEM with the mesomechanical model'*',
a number of discontinuum-based numerical
methods™ "2 have also been applied in the study of

the dynamic failure of rock. The molecular

dynamics (MD)™* and the lattice type model"'**"
were successfully applied to study the dynamic
failure of rock. However, most of these studies
only reproduced the failure mode of the rock using
a mesoscopic constitutive model with tensile
failure. The implementation and practicability of
the model to simulate the light-gas gun test is still
unclear.

In this work, we used a lattice type model to
explore the light-gas gun test conducted on marble
by Zhang et al.'. Our main purposes were to
answer the following questions:

1) What kind of

information can be obtained from the experimental

mesoscopic  damage
data of the light-gas gun test?

2) What kind of elastic parameters, the
dynamic elastic ones or the quasi-static elastic
ones, control the shock loading propagation within
the rock specimen?

3) How to describe the rate dependency of
rock under shock compressive loading in the light-
gas gun test using a mesoscopic constitutive model?

4) What is the role of the rock’s mesostructure
in the dynamic strength and dynamic effects
(strain/loading rate dependency) of rock under
shock compressive loading?

In this work, the distinct lattice spring model
(DLSM) was adopted as the numerical tool due to
its advantages in modeling rock failure based on
simple mechanical elements, e.g., Newton’s
second law and springs with simple constitutive
models. These characteristics of the DLLSM make it
a suitable numerical tool for failure mechanism
study. In addition, the DLSM is computationally
appropriate for full 3D simulation. The following
sections of this paper include a brief introduction of

the physical test and numerical model, a brief
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description of the development of rate-dependent
constitutive models and a comparison of model
response with published data of the light-gas gun
test conducted by Zhang et al. ', based on which
shock

compressive loading is explored. Finally, a few

the failure mechanism of rock under

conclusions are derived to answer the

aforementioned questions.

2 Methods

2.1 The light-gas test

The light-gas test data reported by Zhang et
al. ', obtained using the experimental facilities at
the Cavendish Laboratory, Cambridge, UK?Y, are
adopted in this work. Fig. 1 shows the basic
working principle of the experimental facilities as
well as the components of the marble specimen and
the copper flyer. Different from the traditional rock
mechanics tests, two stress gauges were placed in
the composite specimen made of marble and PMMA
(see Fig. 1(b)). The two stress gauges were used
to obtain the stress history curve of the
corresponding location inside the specimen during
the test, that is, the waveform of the shock wave.
Since there is a certain distance between the two
stress gauges, the velocity of the shock wave in the
rock specimen can be obtained based on these
signals. After the light-gas gun test, both the
composite rock specimen and the flyer became
powdery and dissipated, as a result, no
morphological data was recorded for the failure
process, or the failure pattern of the rock
specimen. Another important parameter of the
light-gas gun test is the impact velocity of the
copper flyer, which is the only controllable input of
the light-gas gun test. A number of different
impact velocities were adopted by Zhang et al. ' to
obtain the Hugoniot parameters of the marble.
Basic material properties of the marble, PMMA
and copper flyer were also provided in reference
[1]. The longitudinal and shear wave velocities
were obtained using an ultrasonic transducer,

which can be further used to obtain the dynamic

elastic parameters. The quasi-static elastic
parameters of the marble were obtained by the
standard uniaxial compression test, the parameters
of which are listed in Table 1. The dynamic elastic
parameters of PMMA and copper were close to
their quasi-static counterparts, therefore, no quasi-
static tests were conducted on the copper and

PMMA.
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Fig. 1 Light-gas gun test conducted by

Zhang et al. ') on the marble

Table 1 Material properties of the light-gas gun test
conducted by Zhang et al. (']

Density / Eam/ E quasi-static/
Material Vdyn Vquasi-static
(kg * m—3) GPa GPa
Marble 2 680 55.1 0.31 40. 0 0. 20
PMMA 1187 6.1 0. 33
Copper C101 8 930 130. 8 0. 31

2.2 Distinct Lattice Spring Model (DLSM)
The lattice spring model (LSM) was first
developed by Hrennikoff in 1941/,

principle is to represent the mechanical responses

Its basic

of a solid through a group of spring-like
interactions. The LLSM is regarded as the ancestor
of both the FEM and the discrete element method
(DEMD. Due to its simplicity, the LSM has been
widely used in the study of many fundamental
mechanical phenomena of solids*?”. The distinct
lattice spring model (DLSM) was developed by
Zhao et al. "*) to overcome the Poisson’s limitation
in the classical LSM. As shown in Fig. 2(a), the
basic principle of the DLSM is to represent the

solid as a group of particles linked through spring
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bonds, which consist of a normal spring and a
shear spring. Defining the normal unit vector: n=
(n, n, n)"is directed from particle 7 to particle
j» which are connected by a normal spring. and the
normal deformation of the spring is defined as
uy = (u; *nmn (D
where u; = u; — u; is the relative displacement
between particles j and 7. In the DLSMP, the
most commonly used constitutive model for the
normal spring is
by X ul win <u,
F; = (2
0 else
where %, is the stiffness coefficient of the normal
spring and u, is the ultimate deformation of the
normal spring. When the normal spring stretch
exceeds the ultimate stretch value, breakage occurs
and there is only one zero strength contact between
the particles™,
The multi-body

thedistinctive features of the DLSM. Its principle

shear spring is one of
is to calculate the shear deformation through local
strain rather than the displacement of the two
particles. In the DLSM, the shear deformation is

given as

u; = [e]iman— [(Le]ioandnln (3
where [€]w is the local strain of the spring bond,
which can be obtained from an average operation
over the local strain defined at the two particles
using a least square method. The main feature of
the multi-body shear spring is the ability to
represent different Poisson’s ratios without
violating the rotation invariance”’. The failure
criterion of the shear spring is given as

ky uj; |y | <<wl

F; = (4)

0 else
in which &, is the stiffness of the shear spring and
u. is the ultimate shear deformation.

Egs. (2) and (4) are the constitutive models
adopted in the DLSM for brittle solids. Fig. 3(a)
and (b) show the constitutive model for the normal
spring and the constitutive model for the shear

spring, respectively. Since a solid is represented as

a spring network in the DLSM (as shown in Fig. 2
(a)), the fracturing process is manifested by the
gradual breakage of these springs ( mesoscopic
failure events). It has the following advantages in
simulating the fracturing of brittle materials.
First, these constitutive models are easily
implemented, and the simulation results are easily
fewer required

explained, as parameters are

compared to other, discontinuous models, e. g. ,
the bonded DEM. Third, the straight forward
parallelization of the DLSM™ %) gives the model

relatively high computational performance.

Particle

3D view Front view Side view
(e)
Fig. 2 Basic principle of the DLSM and the computational

model for the light-gas gun test
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Another distinctive feature of the DLSM is
that the relationship between the spring parameters
(k, and k) and the macroscopic material properties
(E and v) is derived from the hyper-elastic theory.
No calibration is required for the mesoscopic elastic
parameters, as they can be calculated using the

following equations.

_ 3k
P (1 —2v)
3(1 —40E

ke = (1 o) (1 — 20) (6)

is a lattice coefficient that can be

ky (5

where P

calculated according to
2
P = 2 Li
Vi
where [; is the initial length of the i™ spring and V,

(D

is the volume representing the computational
model. More details of the DLSM and its recent
development can be found in reference [25-27].
2.3 Computational model for the light-gas gun test
Fig. 2(b) shows the computational model for
the light-gas gun test conducted by Zhang et al. "
on a marble specimen. Here, the marble specimen
is represented as a group of mass points linked by
springs. The dynamic contact between the particles
was considered in the DLLSM, so the impacts on the
light-gas gun test could be directly simulated. The
influences of thermal and chemical reactions were
not considered in this work. Therefore, its
mechanical response is characterized by a mass-
spring system based on Newton's second law and
Hooke’s lawt*”. As shown in Fig. 2 (b), the
computational model consists of a copper flyer, a
composite marble specimen and a PMMA plate,
This three-dimensional numerical model can be
viewed as a numerical test parallel to Zhang et
al', as shown in Fig. 1(b). The specific geometric
parameters are consistent with the physical
experiment. The only boundary condition input is
the corresponding impact velocity of the copper
flyer. For a closer comparison with the outputs of

L combined

the actual experiment in Zhang et al.
with the characteristics of the DLSM, a numerical

stress gauge scheme was developed to record the

stress data in the simulation. As shown in Fig. 2
(¢), a rectangular plane was placed in the model,
and its normal vector is ny. During the calculation,
assume the normal unit direction vector of the
spring bond cut by this plane is n;, and the total
spring bond force accounting for the normal and
shear springs is F? (1) =F" (¢) +F; (¢), then the
corresponding stress of the numerical stress gauge
is given as

) — D sign(nt  my) o (FP(0) « ny) @

Ay

where A, is the area of the stress gauge and sign( * ) is

the sign operation, which is given as

1 x>0
sign(x) =( 0 x=0 €))
—1 x<<O0

Eq. (8) gives the time history of the normal
stress on the stress gauge.

The particle size used in this work is 1 mm and
there are about 100 000 particles. The input
parameters of the light-gas gun test are based on
experimental tests. The output of the numerical
test is controlled by the selection of the meso-
mechanical constitutive model and the
corresponding constitutive parameters. A key point
of this work is to minimize the difference between
the numerical prediction and the physical
experimental result. Thus, the failure mechanism
of the rock under shock compressive loading may
be interpreted from the searching process of the
meso-mechanical constitutive model and its
parameters.

2.4 Tri-linear hydro-compressive model

Many researchers suggest that macroscopic
compression and shear failure is essentially tensile
failure at the mesoscopic level ™!, However,
most of those studies are limited to tensile failure
Fig. 3(a) shows the
simple brittle constitutive model of the normal
More

considering the

of the normal springt'® 2 %,

spring considering only tensile failure.

comprehensive forms,

e g.
damage and plastic deformation, can be developed.

[31]

Jiang and Zhao recently developed a coupled



16 Journal of Civil and Environmental Engineering

Vol. 43

damage plasticity model to describe the dynamic
crack propagation of a gypsum-like 3D printing
material. When considering the interaction between
two particles, shear failure is a natural logical
extension. However, there are very few studies on
shear failure in classical LSMs due to the absence
of shear interaction. In the DLSM, shear failure
can be considered due to the introduction of the
multi-body shear spring. The corresponding
constitutive model is illustrated in Fig. 3(b). Shear
failure was widely adopted in the bonded DEM,
which usually takes into account both the influence
of the cohesion of the contact bond between two
particles and the frictional angle. The shear
constitutive model presented in Fig. 3(b) can be
viewed as a special case when the frictional angle is
zero. Therefore, the prediction of shear fracturing
of the DLSM using the constitutive model shown in
Fig. 3(b) is not conservative.,

When considering the interaction between two
particles, it can be suggested that there is another
possibility of damage, that is, the compression
failure of the normal spring, which is related to the
under hydrostatic

failure of the material

compression. If there is no hydrostatic failure
involved, there is no need to introduce the hydro-
compressive failure model into the DLSM. In this
work, a trilinear constitutive model (see Fig. 4) is
introduced to describe the hydrostatic failure of the
rock. Four parameters are required to determine
the constitutive model without considering the
loading and unloading. The first parameter, wu. »
represents the first hydro-compression yield of the
normal spring. The hardening or softening stage
starts, followed by the normal spring yields. The
second parameter, S5, corresponds to the
reduction factor of the spring stiffness of the first
yield. When it is greater than zero, it represents
hardening, and when it is smaller than zero, it
represents softening. The other two parameters,
us and Bs', correspond to the secondary hydro-
compression yield deformation and the stiffness
respectively. The

reduction coefficient,

mathematic equation of this tri-linear constitutive
model is as follows.

kou U= Uy

Fw) =< kyttg +B5k (u—uq) u<ug

kot 5 by (e — 1) L5k, (U — 1) u ==

ao

reluadinV

(1-D)k,

Bisiko ‘u

iC Hins )

40 35 30 25 20 -15 -10 -5 0
u,fuy

(a ) Pure damage based description

or

unloading

_18 N
-40 -35 -30 -25 -20 -15 -10 -5 0
u,fu;,

(b ) Pure plastic based description
Fig. 4 A tri-linear constitutive model considering the
hydro-compressive failure of the normal spring
(assuming u,. =1 and ky =k, )

The response of the constitutive model is
controlled by these four parameters, u» uess B5°
and B

To introduce the effects of plasticity and
damage, the same approach as that adopted by

[31] ;

Jiang and Zhao""" is used. First, rewrite Eq. (10)

as follows.
F(uw) = SGk,u an
where S (u) is a state parameter of the normal

spring, which is defined as follows.

F(uw)

kau

Stu) = (12)

The interpretation of Eq. (10) can be
expressed as the following formula if it is based on
damage mechanics.

Flw = 0 —DW))k,u (13)
Then, the damage function can be expressed

as follows.
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D@ =1—S) a4

In the calculation of the spring force, the
maximum damage variable corresponding to the
loading history is recorded as D" (u), then the
equation considering the

damage constitutive

loading and unloading can be written as
Fuw) = O —D" (w)k,u (15)

The loading and unloading response of this
constitutive model is as shown in Fig. 4(a). If Eq.
(10) is regarded as a plastic response, it can be
expressed as

Fluw) = (u—u")k, (16)
Compare Eq. (14), we will have the plastic
deformation u” as
W =u—Su an
Similarly, to record the maximum plastic
deformation " experienced by the spring at the
moment of loading, the pure plastic constitutive
model considering loading and unloading can be
written as
Fw) = (u—u"" (w)k, (18
The corresponding pure plastic constitutive
model is shown in Fig. 4(b). Combined with Eq.
(15) and (18), a coupled damage-plastic model can
be constructed by introducing the damage-plastic
coupling coefficient as follows.
Fw = 0 —2")(u—u )k, +
A1 —D" (w)kyu o)

When A® =1, it represents the pure damage
constitutive model, and when A® =0, it represents
the pure plastic constitutive model. In this work,
we consider the copper behavior as pure plastic
material, while the rock has a pure damage
response.

Under dynamic loading, the material has
obvious dynamic rate effects. To capture this
phenomenon, it is convenient to introduce a rate-
dependent model. The approach developed by Zhao
et al. ™™ is adopted in this work to bring rate
dependency into the tri-linear constitutive model.
The idea is to change the compressive strength

parameters of the trilinear constitutive model as a

function of the spring deformation rate. It was
found that the instantaneous value of the spring
deformation rate may not be able to reproduce the

8, To solve

correct macroscopic dynamic effec
this problem, Zhao et al. "** proposed the concept
of time non-localization, which uses the average
value of the spring deformation rate from the start
time to the current time. In this work, following a
similar idea, the local average deformation rate is

given as

u() — 0. 99uy
t_tuvl

() = (20

The average deformation rate of the spring is
only calculated when the spring is deformed beyond
0. 99u,. Based on this concept, the strength
parameters of the corresponding dynamic tri-linear
constitutive model are given by the following

formula.

v (D) -
ulyr = Jud <a Uret ) @ (1) => v 21)

Ua else
v () B
ul = J“2<“v°f) @(®) = 0nt (99
L U else

dyn

where u{" is the first yield deformation considering
the dynamic effect, u%" is the second yield
deformation considering the dynamic effect, v is
the reference deformation rate, and a is a
dimensionless coefficient. Fig. 5 (a) shows three
different loading curves; each represents a different
loading rate (deformation rate). The loading rate
has alternating positive and negative values, which
is common in dynamic loads. Fig. 5(b) shows the
dynamic response based on the proposed dynamic
tri-linear constitutive model, which shows good

loading.  The

dynamic constitutive model contains a total of six

robustness for dynamic/cyclic
parameters with clear geometric and physical
meanings. The selection of the parameters in the
actual simulation process will be further illustrated

in the following section.
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Fig. 5 Dynamic tri-linear hydro-compressive constitutive

model (assuming u, =1)

3 Numerical modeling and discussion

3.1 Elastic parameters selection

A proper selection of parameters is
fundamental to numerical simulation. For the light-
gas gun test, Zhang et al. ' performed two kinds
of test to obtain the elastic parameters of their
marble specimens. They conducted ultrasonic tests
and obtained the wave velocities, which is a main
variable of the dynamic elastic modulus and
Poisson’s ratio, as shown in Table 1. The quasi-
static elastic modulus and Poisson’s ratio of the
marble specimens were also obtained through the
traditional uniaxial compression test (see Table 1).
The quasi-static elastic parameters of the copper
and PMMA are close to the dynamic ones,
therefore, they were not tested and reported in
reference [1]. Now, the challenge is the selection
of the elastic parameters, dynamic or quasi-static
ones, for the numerical modeling of the light-gas
gun test. Here, the light-gas gun test with an
impact velocity of 385 m/s is used as our modeling
stress signals were

target. During the test,

recorded by two stress gauges, which were used to
obtain the characteristics of the shock wave
propagation within the specimen. It is reasonable
to use the elastic parameters for ultrasonic wave
propagation within the specimen to simulate the
Therefore,
elastic parameters are assigned to the marble as the

first step, i.e.» E=055 GPa, v=20. 31, for the

shock wave propagation. dynamic

numerical simulation. Here, a pure elastic dynamic
simulation is performed by setting all failure
parameters extremely large to prevent any damage
from occurring, e. g. u, =1 mm and u, =1 mm.
In order to achieve a quantitative comparison
between the experimental data and the numerical
data, an adjustment of the initial recording time is
performed to make the initial waveform of the first
numerical stress gauge match the corresponding
physical signal. The time shift value was also
applied to the signal of the second numerical stress
gauge. As shown in Fig. 6 (a), the initial stage of
the numerical prediction of the second numerical
stress gauge is significantly earlier than the
experimental observation. This indicates that the
velocity is

numerically predicted shock wave

markedly larger than that of the physical
observation when the dynamic elastic parameters
are used for the light-gas gun test. The quasi-static
elastic parameters for the marble specimen, i.e. , E
=40 GPa, v = 0. 20, are also adopted. The
simulation results are shown in Fig. 7 (b). It is
noted that a better fitting is observed. Therefore,
in the subsequent numerical modeling, for the
marble  specimen, the quasi-static elastic
parameters are selected as the input values. In
terms of the stress peaks, the numerical results are
experimental

also  much larger than the

observation, revealing  that  damage/failure
occurred within the specimen during the light-gas
gun test, otherwise a much higher peak value
would be detected in the physical test. In the
following section, we will further explore the

corresponding failure mechanism of the specimen
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under shock compressive loading.
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O Experiment stress gauge 2
DLSM stress gauge 1
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Fig. 6 Shock waveform predicted by the DLSM with

different elastic parameters
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Fig. 7 The shock waveform predicted by the DLSM with

different mesoscopic failure models

3.2 Failure mechanism of the marble specimen in
the light-gas gun test
In this section, the mesoscopic failure

mechanism of the marble specimen during the light-

gas gun test conducted by Zhang et al.l' is
explored. First, the failure parameters were set as
u; =0. 000 1 mm, and « =1 mm, which means
only tensile failure was considered. According to

the empirical equation proposed by Zhao"*, the
represented macro tensile strength is about u, E/d=

4 MPa, where E is the elastic modulus and dis the
mean particle size of the computational model. Fig.
7(a) shows the corresponding simulation results.
Fig. 8 shows the shock wave propagation and
damage evolution of the marble specimen when
considering only the mesoscopic tensile failure.
Initially, the copper sheet collides with the rock
sample at a high speed to generate a shock wave,
and contact occurs at 3.00 microseconds. As
shown in Fig. 8, the speed of the copper sheet is
immediately transmitted to the rock specimen and
the part in contact with the copper sheet
immediately breaks down. With the propagation of
the shock wave, the damaged area spreads
continuously around the copper piece (Fig. 8(b)).
The damage first propagates in the direction of
impact, then it expands radially, and finally, the
entire specimen is damaged. However, according
to the observation presented in Fig. 7 Ca), the
influence on the stress waveforms at the last stage
is minor. The amplitude of the stress wave
recorded at the first stress gauge is not reduced at
all, even if the marble specimen is fully damaged in
tensile failure. Considering the mesoscopic tensile
failure has little effect on the experimental
observations, it is not attributable to the failure
mechanism of the marble specimen in the light-gas
gun test. It should be mentioned that using the
DLSM the uniaxial compressive failure can be
reproduced with only mesoscopic tensile failure>.
It is speculated that the failure mechanism of the
marble specimen may differ from the compressive
failure observed in the classical uniaxial compression
test. To further investigate the influence of shear
failure between particles, the failure parameters are set
and «° = 0.000 1 mm. The

as u, 1 mm,
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corresponding numerical calculation results are shown
in Fig. 7(b). In the DLSM, the shear constitutive
model corresponds to the case where the friction

coefficient between particles is zero, that is, the shear

failure is fully considered. From the observations of
Fig. 7(b), it is concluded that the mesoscopic shear

failure is also not able to account for the failure

mechanism,

(a) Velocity wave propagation within the specimen

t=12.00 ps

(b ) Damage propagation within the specimen

Fig. 8 Light-gas gun test predicted by the DLSM considering the mesoscopic tensile failure

In the light-gas gun test, the copper flyer was
Whether the

waveform can be affected by the damage to the

completely destroyed. recorded
copper flyer needs to be investigated. Here one
may consider the compressive failure of the normal
spring of the copper using the hydro-compressive
constitutive model, as shown in Fig. 4. The
corresponding failure parameters were selected as
g =0. 001 mm, us=0.200 mm, B5'=0, g5 =0
and A® = 0 to represent the ideal elastoplastic
Fig. 9 (a) shows the

numerical simulation results. Compared with the

response of the copper.

experimental results, the peak is still unable to
meet the experimental value. The compressive
failure parameters of the marble then were taken as
uq=0. 003 mm, us=0.200 mm, ﬁgﬁfd:O, ﬁ;;d:o
and A® = 1. The compression failure parameter
1 =0.003 mm, corresponds to the macroscopic
failure strength of about 120 MPa, which is the
typical value of the uniaxial compression strength
of marble. Fig. 9 (b) shows the corresponding
numerical simulation results. By comparing the

numerical and physical results, it is concluded that

the compression failure between particles in the
light-gas gun test is caused by the hydro-static
compression failure of the rock rather than uniaxial
compression failure. In the following section, the
parameters will  be

compressive  constitutive

adjusted to make the computational model
reproduce the experimental results.

The tri-linear constitutive model developed in
this work consists of four parameters. First, the
values of these four parameters are taken as uy =
0.200 mm, B = 0, g5 = 0 and A® = 1. By
continuously adjusting u. and performing numerical
modeling, it is found that when uy is 0. 030 mm,
the peak value of the numerical shock wave of
stress gauge 1 is closest to the experimental results
(see Fig. 10(a)). However, the reduction of the
stress wave of the second stress gauge was
obvious. This attenuation is caused by the
relatively coarse particle size adopted in the
simulation., For a full three-dimensional model,
there are already 110 000 particles at a particle size
of 1 mm. Considering the computing capacity

limitation of the available hardware and that the
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Fig. 9 The shock waveform predicted by the DLSM using

the tri-linear constitutive model

main purpose is to explore the failure mechanism
rather than precisely capture the attenuation of the
shock wave, the computational model with the
particle size of 1 mm is preferred in the following
simulation with a focus on the comparison of the

Besides the

attenuation, the platform segment of the stress

stress waveform at stress gauge 1.

wave at stress gauge 1 was also not well
reproduced. By further adjusting other parameters,
it is found that by setting f5'=0. 1, u,=0.1 mm,
and B5'=0, the numerical simulation results give a
closer fitting to the physical test (see Fig. 10(b)),
which indicates that a light hardening has occurred
for the hydro-compression failure of the marble

under shock compressive loading.

3. 3 Dynamic effect of the mesoscopic hydro-

compressive failure

So far, in the experimental data of Zhang et
al. ' while the impact velocity of 385 m/s is well
simulated, one needs to generalize it for other
impact velocities adopted by Zhang et al. The
strength S, can be determined as the peak value of
the stress waveform recorded at numerical stress

gauge 1. Fig. 11 shows the experimental data of the
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Fig. 10 Influence of the failure constitutive parameters of
the tri-linear hydro-compressive constitutive model on the
shock waveform predicted by the DLSM

dynamic strength of the marble S, versus different
particle velocities. As suggested by Zhang et
al. ", the relationship between impact velocity v
and particle velocity v, may be estimated as v, =
0. 67v;» which is adopted in the data process of this
simulation. Additional numerical simulations using
different impact velocities, i. e. » 550 m/s, 650 m/s,
800 m/s and 1 000 m/s, were conducted using the
constitutive

C RID

constitutive model was first used. As shown in

same computational model and

parameters, The  rate-independent
Fig. 11, the numerical prediction using the DLSM
with the Rl constitutive model failed to reproduce
the dynamic effect of the strength value observed in
the light-gas gun test. Then, the rate dependent
(RD) constitutive model is used, in which the
strength parameters of the tri-linear constitutive
model are described by Eq. (21) and (22). Fig. 11
shows the numerical results when % =255 mm/s
and « = 0. 43.

results, it is concluded that the mesoscopic hydro-

From the numerical modeling

compressive constitutive model has to include the

rate-dependent effect. In other words, the

mesoscopic failure of the marble under shock

compressive loading includes a dynamic effect.
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Fig. 11 Dynamic strength of the rock specimen in the
light-gas gun test under different impact velocities
predicted by the DLSM with the rate independent (RI)
constitutive model and rate dependent
(RD) constitutive model

3.4 Influence of mesostructure

In this section, the influence of the
mesostructure on the dynamic failure of rock under
shock loading is explored. Fig. 12 shows the
corresponding computational models for the rock
These

computational models are formed by randomly

specimens with different mesostructures.

removing a given number of particles from the
marble specimen. The porosity, which was used to
characterizs different computational models, is
defined as n=number of particles being excavated /
total number of particles in the original model. As
shown in Fig. 12, four pore models with a porosity
of 5%, 10%, 15%, and 20% are constructed. All
the constitutive parameters are the same as those of
the previous section. Fig. 13 shows the numerical
results of the predicted strength of those different
porosity models under different impact velocities.
Overall, larger porosity results in lower dynamic
strength, which seems logically correct. However,
there are some variations, for example, when
porosity is 5%, a higher strength is obtained. The
reason might be that the inter-particle velocities
become more violent under shock compressive
loading when a small number of particles were
removed from the original model. It might trigger
the dynamic effect of the constitutive model and
higher

when the porosity continuously

consequently, result in a strength.,
Nevertheless,
increases, the inter-particle velocity increase may

be released in the lateral direction due to the

existence of a large mesoscopic free surface. This
may result in the increase of strength due to the

dynamic effect becoming inconspicuous (as shown
in Fig, 13).
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Fig. 12 Computational models of rock specimens
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Fig. 13 Numerical prediction of the dynamic strength of rock
specimens with different porosities under various

impact velocities (v, )

4 Conclusions

In this work, light-gas gun tests on marble
were numerically investigated using the DLSM to
study the failure mechanism of rock wunder
compressive shock loading. Based on a detailed
comparison of the numerical response with
published experimental data, it was found that the
elastic parameters controlling the compressive
shock wave propagation in the rock specimen
should be determined through quasi-static tests

rather than ultrasonic tests. Moreover, mesoscopic
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tensile failure and shear failure between rock grains
are not the mechanisms of rock failure under
compressive shock loading. To reproduce the shock
stress waveform observed in the light-gas gun test,
a mesoscopic hydro-compressive constitutive model
is needed. In other words, it is reasonable to
conclude that the light-gas gun test may be able to
provide information about the hydro-compressive
failure of rock under dynamic loading and provide
calibration data for the DLSM or other numerical
methods to determine the constitutive equations
under  dynamic  hydro-compression  loading
conditions. It is noted that a rate-dependent hydro-
compressive constitutive model is also necessary to
reproduce the experimental observation of the
strength increase under different impact velocities.
Finally, the influence of the mesostructure in terms
of porosity was found to decrease both the dynamic
strength and the dynamic effect. The findings in
this work may provide a better understanding of
rock failure under compressive shock loading,
which might be wuseful for a more rational
protective design of underground rock engineering

structures under blasting loading"**®.
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