
Research Article
A Damaged Constitutive Model for Rock under
Dynamic and High Stress State

Yan-Long Li and Zong-Yuan Ma

State Key Laboratory Base of Eco-Hydraulic Engineering in Arid Area, Xi’an University of Technology,
5 South Jinhua Road, Xi’an, Shaanxi 710048, China

Correspondence should be addressed to Yan-Long Li; liyanlong@xaut.edu.cn

Received 8 November 2016; Revised 12 January 2017; Accepted 16 January 2017; Published 23 February 2017

Academic Editor: Salvatore Russo

Copyright © 2017 Yan-Long Li and Zong-Yuan Ma. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

The main research work of this paper focuses on the theoretical prediction of the constitutive relationship for rock, concrete,
and other quasi-brittle materials under dynamic and complex stress state and the influence of dynamic mechanical behavior of
rock on practical engineering problems was studied. A damaged elastoplastic model (DEPM) is established for the investigation
and prediction of static or dynamic mechanical behavior of rock material. The mechanical behavior (brittleness or plasticity) and
dynamic response (due to underground impact pressure and high-velocity impact of projectile) of rock under high in situ stress
were investigated via the DEPM combined with the explicit finite element method. This paper suggests the influence of the brittle
or plastic mechanical behavior of rock material on deep underground rock engineering.

1. Introduction

The strength of the rock or concrete is studied by many
researchers for a long period.The strength of rock or concrete
(quasi-brittle materials) is sensitive to the hydrostatic pres-
sure (𝜎𝑚 = (𝜎1 + 𝜎2 + 𝜎3)/3) under the high stress state [1, 2].
The high in situ stress and the quality of rock mass are also
the key factors of deep underground rock engineering [3–
5]. However, the regularity of brittle and plastic mechanical
behavior for intact rock or concrete material under the
high confining pressure has seldom been investigated. The
high confining pressure 𝜎3 has significant influence on the
mechanical behavior (brittleness or plasticity) of intact rock
or concrete material [6–8]. The high confining pressure 𝜎3
also has significant influence on the stability and failure
mechanism of deep underground rock engineering (Cai
2008).The constitutive relationship for quasi-brittlematerials
subjected to large strains, high strain rates, and high pressures
was investigated by some researchers [9–13], but the brittle
or plastic mechanical behavior for rock or concrete under
high confining pressure has still not been clearly defined.
At present, the theoretical methods and experimental tech-
niques are still limited for the research of dynamicmechanical

behavior of deep underground rock engineering [14–16]. The
main research work of this study focuses on the theoretical
prediction of the constitutive relationship for rock under high
confining pressure condition, and the influence of dynamic
mechanical behavior of rock on deep-buried engineering
problems will be investigated.

2. Constitutive Modeling

The general objective of this study is to establish a damaged
elastoplastic model (DEPM) for the investigation and predic-
tion of static or dynamic mechanical behavior of intact rock
materials. The plastic and damage behavior of rock under
high in situ stress and dynamic response (due to earthquake,
underground impact pressure, and high-velocity impact) can
be investigated via this model combined with the explicit
finite element method.

2.1. Damage Part for DEPM. The stress-strain relations of
damagedmechanics are governed by the scalar damagewhich
is expressed as follows [17, 18]:

𝜎 = (1 − 𝑑) ⋅ 𝜎 = (1 − 𝑑)𝐷𝑒0 : (𝜀 − 𝜀𝑝) , (1)
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2 Shock and Vibration

where 𝐷𝑒0 is the initial (undamaged) elastic stiffness of the
material; (1 − 𝑑)𝐷𝑒0 is the degraded elastic stiffness; and 𝑑
is the scalar stiffness degradation variable, which can take
values in the range from zero (undamaged material) to one
(fully damaged material). Damage associated with the failure
mechanisms of the rock or concrete (cracking and crushing)
therefore results in a reduction in the elastic stiffness. Within
the context of the scalar damage, the stiffness degradation
is isotropic and characterized by the degradation variable 𝑑.
Following the usual notions of continuum damage mechan-
ics, the Cauchy stress is related to the effective stress through
the scalar degradation relation. The damage evolution law of
damage variable 𝑑 is shown as follows [19]:

𝑑 =

{{{{{{{{{{
{{{{{{{{{{{

0 𝜀max < 𝜀0
1 − 𝜂 − 𝜆𝜂 − 1

𝜀0
𝜀max

+ 1 − 𝜆𝜂 − 1 𝜀0 < 𝜀max ≤ 𝜀𝑟
1 − 𝜆 𝜀0

𝜀max
𝜀𝑟 < 𝜀max ≤ 𝜀𝑢

1 𝜀max > 𝜀𝑢,

(2)

where 𝜀0 is the initial damage strain (micro crack initiation,
i.e., damage threshold), 𝜀0 = 𝜎𝑡/𝐸, or 𝜀0 = 𝜎𝑐/𝐸 (𝜎𝑡 and 𝜎𝑐
are the uniaxial tension and compression peck strength, and
𝐸 is Young’s modulus for rock), 𝜀max is the maximum strain
during the deformation of rock material, and it is evaluated
from the incremental form of the maximum principal strain
𝜀1 in tension and minimum principal strain 𝜀3 in compres-
sion. The maximum strain 𝜀max cannot be decreased. The
relationship between damage variable 𝑑 andmaximum strain
𝜀max for damage evolution is shown in Figure 1, where 𝜎0
is the peck values of the stress and strain relationship yield
by the uniaxial tension or compression test and 𝜎𝑟 is the
residual values of the stress and strain relationship yield by the
uniaxial tension or compression test. 𝜀𝑟 is the residual strain
corresponding to the residual values of the stress and strain
curve yield by the uniaxial tension or compression test. 𝜀𝑢 is
the ultimate strain corresponding to the fully failure of rock
material.The relationship of damage evolution is bilinear and
divided by three stages: firstly, 𝜀max < 𝜀0 and the damage
variable 𝑑 is equal to zero; secondly, 𝜀0 < 𝜀max < 𝜀𝑟 is the first
damage stage, and the brittle failure behavior of rockmaterial
occurred; 𝜀𝑟 < 𝜀max < 𝜀𝑢 is the second damage stage; a
residual strength and deformation of rock occurred; if 𝜀max >𝜀𝑢, the damage variable𝑑 is equal to one, and the rockmaterial
is fully failure. 𝜆 is the coefficient of residual strength (𝜎𝑟 =𝜆𝜎0), 𝜂 is the coefficient of residual strain (𝜀𝑟 = 𝜂𝜀0), and 𝜉 is
the coefficient of ultimate strain (𝜀𝑢 = 𝜉𝜀0).

A stress weight factor is defined that is equal to one if all
principal stresses 𝜎𝑖 (𝑖 = 1, 2, 3) are positive and equal to zero
if they are negative [20]. The Macaulay bracket ⟨⋅⟩ is defined
by ⟨𝑥⟩ = (|𝑥| + 𝑥)/2.

𝑟 (𝜎) = ∑3𝑖=1 ⟨𝜎𝑖⟩
∑3𝑖=1 𝜎𝑖

, 0 ≤ 𝑟 (𝜎) ≤ 1. (3)
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Figure 1: Damage evolution relationship between damage variable
𝑑 and maximum strain 𝜀max.

The scalar damage degradation variable 𝑑must be consistent
with the damage variable in tension 𝑑𝑡 or in compression 𝑑𝑐.
The damage degradation variable 𝑑 is assumed as follows:

𝑑 = 1 − [1 − 𝑟 (𝜎) 𝑑𝑡] [1 − (1 − 𝑟 (𝜎)) 𝑑𝑐] . (4)

The values of the initial damage strain 𝜀0 are increased
with the values of confining pressure 𝜎3 increased, and the
relationship for initial 𝜀0 and 𝜎3 is expressed as follows:

𝜀0 = 𝜀0 (ℎ𝜎3𝜎𝑐 + 1) , (5)

where 𝜀0 is initial damage strain obtained by uniaxial tension
or compression test.

2.2. Plastic Part forDEPM. For plastic part, the shear strength
envelope for rock material follows the Hoek–Brown criterion
[1].

𝑓𝑠 = 𝜎1 − 𝜎3 − 𝜎ci (𝑚𝑏 𝜎3𝜎ci + 𝑠)
𝑛

= 0, (6)

where 𝑓𝑠 yield functions of Hoek–Brown criterion, 𝜎ci is the
uniaxial compressive strength of intact rockmaterial, and𝑚𝑏,𝑛, and 𝑠 are the material parameter. The order of the three
principal stresses is as follows, 𝜎1 ≥ 𝜎2 ≥ 𝜎3, and positive
in compression. The tension strength 𝜎𝑡 of the rock material
suggested by Hoek and Brown [2] is given by:

𝜎𝑡 = 𝜎ci
2 (𝑚𝑏 − √𝑚2𝑏 + 4𝑠) . (7)

The volumetric strength envelope for rock material is as
follows:

𝑓𝑉 = (𝐼21 − 2𝐼2)1/2 − 𝑝𝑐 = 0, (8)

where 𝐼1 and 𝐼2 are the first and second stress invariant, 𝑝𝑐 is
the cap pressure, and the plastic volume changed is controlled
by this volumetric yield function.The shape of the volumetric
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strength envelope is sphere.The common boundary between
the shear strength envelope and volumetric strength envelope
is 𝑝𝑐 = 𝜎ci[𝑚𝑏(𝜎3/𝜎ci) + 𝑠]𝑛. The plastic potential function 𝑔
for shear loading surface can be written as follows:

𝑔𝑠 = 𝜎1 − 𝜎3 − 𝐻 (𝛾𝑝𝑠 ) 𝜎ci [𝑚𝑏 𝜎3𝜎ci + 𝑠]
𝑛

= 0 (9)

and the volumetric loading surface

𝑔𝑉 = (𝐼21 − 2𝐼2)1/2 − 𝐻 (𝜀𝑝V ) 𝑝𝑐 = 0, (10)

where 𝐻 is the strain hardening function and 𝛾𝑝𝑠 and 𝜀𝑝V are
the shear and volumetric hardening parameter. The strain
hardening function for the shear and volumetric loading
surface can be written as follows:

𝐻(𝛾𝑝𝑠 or 𝜀𝑝V ) = 1 + [𝜎3𝜎𝑐 (1 − 𝑒
−(𝛾𝑝
𝑠
or 𝜀𝑝V ))]

𝑛

. (11)

The plastic deformation and damage failure behavior of rock
under high stress state can be predicated by this model. The
DEPM constitutive model is written in FORTRAN as user
subroutine to definematerial behavior (VUMAT) and loaded
into the ABAQUS FEM code and computed by the explicit
FEM scheme.

The strain rate effect is reflected by the viscoplasticity in
the constitutive model [21]. The viscoplastic plastic flow rule
is as follows:

̇𝜀pl = �̇�𝜕𝑔 (𝜎)𝜕𝜎 , (12)

where ̇𝜀pl is the plastic strain rate, �̇� is the nonnegative plastic
multiplier, 𝑔 is the plastic potential function and defined
in the former contents, and associated plasticity is used in
DEPM.

2.3. Verification. The plastic deformation and brittle failure
behavior of Yamaguchi Marble under triaxial compression is
simulated by the DEPMmodel via ABAQUS explicit scheme.
The values of parameters in DEPM for triaxial test simulation
are shown in Table 1. Only one hexahedron element is used
to simulate the triaxial test, and the maximum principal
stress 𝜎1 is loaded by displacement boundary condition,
and confining pressure 𝜎3 is stress boundary condition. The
stress-strain relationships of Yamaguchi Marble predicted by
DEPMmodel and suggestd byMogi [7] are shown in Figure 2.

Another verification case is the drop hammer test and its
numerical simulation. The drop hammer test was progressed
in this study with a concrete beam in three-point bending
condition. Three steel bars were placed in the position the
same as the three-point bending test, and the hammer (1.0 kg)
fell down from the height of 10 meters and hit the steel bar on
the top of the concrete beam. The results obtained by FEM
simulation using DEPM model and comparison of the drop
hammer test photograph are shown in Figure 3.The results of
the drop hammer test suggest that the damage zone evolution
and the crack propagation are similar between the test results
and the numerical simulation.
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Figure 2: Stress-strain relationships of Yamaguchi Marble under
triaxial compression by DEPM prediction (this study) and test [7].

2.4. Comparison with Similar Models. A damaged constitu-
tive model for brittle materials subjected to large strains, high
strain rates, and high pressures was suggested by Johnson
and Holmquist [9, 10], and this model is implemented
in LS-DYNA produced by Livermore Software Technology
Corporation. Two yield surfaces (shear and volumetric) are
used in Johnson and Holmquist’s model, and the hydrostatic
pressure-volume response is taking into account during the
impact or perforation process. A plastic-damage constitutive
model for cyclic loading of concrete structure was suggested
by Lee and Fenves [20], and this model is implemented in
ABAQUS produced by SIMULIA Corporation. Only one
yield surface (shear) is used in Lee and Fenves’s model, and
two scalar degradation variables are used for axial tension and
compression conditions, respectively. However, the dynamic
mechanical behavior for brittle materials (rock or concrete)
under high confining pressure has not been fully considered
in such constitutive models.The dynamic mechanical behav-
ior under high confining pressure condition can be taken into
account and well predicted by the constitutive models DEPM
suggested in this paper.

3. Application

The stability and failure mechanism of deep underground
excavation influenced by the underground impact pressure
was analyzed via the DEPMmodel and explicit finite element
method. A brittle failure behavior was obtained by the uniax-
ial tension or compression stress state (𝜎2 = 𝜎3 = 0) for rock
material. However, a large plastic deformation was obtained
by the high confining pressure (𝜎1 ̸= 𝜎2 = 𝜎3) condition for
rock material. Moreover, the deep underground excavation
is often influenced by the underground impact pressure due
to the high in situ stress condition. Two application cases
were analyzed using DEPM model under the dynamic and
high magnitude stress state. The values of the parameters
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Table 1: Values of parameters for numerical simulation.

Parameters for damage part Parameters for plastic part
Young’s modulus 𝐸
(GPa) Poisson’s ratio V Residual strength

coefficient 𝜆
Residual strain
coefficient 𝜂

Ultimate strain
coefficient 𝜉

𝜎ci
(MPa) 𝑚𝑏 𝑎 𝑠

40 0.25 0.1 10 20 80 5 0.5 1

1.000

0.917

0.833

0.750

0.667

0.583

0.500

0.417

0.333

0.250

0.167

0.083

0.000

Initial velocity

(a) FEM simulation using DEPM

(b) Test results

Figure 3: Concrete beam fracture due to impact load.

for the computation of application cases are the same as the
verification cases (shown in Table 1).

The FEM model, damage zone, and dynamic failure
mechanisms of surrounding rock for rectangular tunnel
under different initial in situ stress are shown in Figure 4.
The initial in situ stress and underground impact pressure are
uniform applied around the circle boundary of the surround-
ing rock. The calculation results shown that, after the impact
loading, the surrounding rock in the corners and lateral
walls of the tunnel was cracked (brittle failure mechanism)
under low or no initial in situ stress condition. However, the
large plastic deformationwas yielded in the surrounding rock
closed to the tunnel after the impact loading and high initial
in situ stress.

Due to the geologic conditions limit and lowpermeability,
ultra-heavy oil is very difficult to exploitation. In general, the
ultra-heavy oil reservoir must be perforated by the metallic
shaped charge jet in the deeply buried rock stratum. The
depth and effect of penetration of rock stratum will be
influenced by the magnitude of the in situ stress significantly.
The high-velocity impact of a rigid penetrator into the rock
stratum under deep underground and high initial in situ
condition was investigated via this model combined with the
explicit finite element method. The FEM model and damage
zone of the rock stratum by a rigid projectile perforation
under different confining pressure 𝜎3 are shown in Figure 5.
The initial velocity of rigid projectile is about 1000m/s. Large-
scale plastic zone of the rock stratum was yielded around

the head of the projectile under high confining stress condi-
tion, and the penetration depth of the projectile under high
confining stress condition is smaller than the case of low or
no confining stress condition significantly.

4. Conclusions

In comparison with similar models, the dynamic mechanical
behavior for brittle materials (rock or concrete) under high
confining pressure can be taken into account and well
predicted by the constitutive models DEPM suggested in
this paper. The strain rate effect is reflected by viscoplasticity
in DEPM. Based on the results of this study, the following
conclusions and recommendations for future work can be
stated.

(1) In this paper, the results suggest that a great influ-
ence will be yielded on the deep underground rock
engineering due to the different mechanical behavior
(brittle or ductile) of rock material under the high
pressure stress state. The research works of this study
also aim to provide the regularity about the influences
of mechanical behavior for rock material on the
practical problems of rock engineering under the high
pressure stress state and dynamic situation.

(2) The investigation and prediction of the static or
dynamic behavior for rock material under the high
pressure stress state will be very helpful to the deep
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Figure 4: FEMmodel and failure mechanisms of surrounding rock for rectangular tunnel under different initial in situ stress.
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Figure 5: High-velocity impact and perforation by a rigid projectile into a rock stratum under different confining pressure (initial velocity =
1000m/s).

underground excavation engineering, heavy oil exp-
loitation, and so forth. The new insight or idea for
the dynamic response and failure mechanism of deep
underground rock engineering influenced by the high
in situ stress, rock blast, or underground impact pres-
sure may be obtained.

(3) In future studies, the stability and failure mechanisms
of the surrounding rock for deep underground rock
engineering due to the dynamic load will be further
investigated using the constitutivemodel suggested in
this paper.
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