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Abstract: Surrounding rock of tunnels beneath the groundwater level line is suffered from the effect of coupling 
between stress field and seepage field, and its deformation is sustained and developed over time. Based on the 
basic theory of rock hydraulics and rheological mechanics, we in this work established the rheological model 
under the effect of coupling between stress field and seepage field, by which, corresponding finite element 
calculating format was derived. The correctness of the mode established in this work is verified through the 
comparison with corresponding experimental results. This model is applied to the long-term stability analysis on 
underground caverns and slopes suffered from the effect of coupling between stress field and seepage field. 
Copyright © 2013 IFSA. 
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1. Introduction 
 

At present, the effect of water on rock rheology 
has attracted many scholars’ attention, in which the 
comparative researches on rheological properties of 
rocks containing water and dry rocks are abundant  
[1-4]. Researches show that, with the increase of 
moisture content, the peak strength, long-term 
strength, elastic modulus and coefficient of viscosity 
are decreased, while the rheological rate is increased. 
Thus, the presence of water significantly enhances 
the rheological characteristics of rocks [5]. Note that, 
the above researches only focused on rocks 
containing water that is in quasi-stationary state. In 
practice, many rocks (especially soft rocks) not only 
contain water, but also the water inside the rocks may 
wash through tiny pores and fissures of the rocks 
under the effect of hydraulic gradient, leading to the 
formation of seepage [6]. For example, besides 
hydrostatic pressure, foundation rocks and tunnel 
surrounding rocks are also suffered from the 

hydrodynamic pressure due to seepage [7]. Compared 
to rocks containing water, the rheological 
characteristics of rocks within seepage fields show 
obvious difference. Plus the fact that the service life 
of most rock engineering is up to decades or even 
centuries, the long-term effect of seepage on 
rheological properties of rocks is an important factor 
that must be considered in engineering design [8]. 

Coupling analysis of seepage field and stress field 
is an important task for a long time in rock mechanics 
and engineering fields. Since the proposing of the 
empirical relationship between permeability 
coefficient and normal stress by Louis in 1974, many 
researchers have carried out a number of works and 
obtained many results with theoretical and practical 
values. However, the number of works of rock 
rheology considering the effect of seepage is limited. 
Kang Wenfa [9] introduced a multifunctional rock 
three axis rheogeniometer, with which triaxial creep 
test on sandstone containing water and triaxial 
compression test on dry rocks were implemented. 
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Through comparison, the following conclusions were 
obtained: 1) the softening effect of water on particles 
of sandstones; 2) the mechanical parameters of wet 
rocks are generally lower than dry rocks. Although 
the fluid-solid coupling has been a hot topic in rock 
mechanics in recent years, the number of rheological 
researches on coupling of seepage is relatively rare in 
the field of rock rheology. Xu Ping et al. [10] 
proposed a rheological model for high slope rocks of 
shiplocks of the Three Gorges Project, simulated the 
effect of infiltration hydraulic pressure on long term 
deformation of slope rocks, and the writer believed 
that the influence of seepage pressure on the long-
term stability of slope rocks is significant. However, 
in practice, rock masses are mostly in the generalized 
rheological deformations [11]. With the development 
of engineering activities, geological effects or various 
natural environment changes, rock mass will 
maintain in a relatively stable stage for a period of 
time. This stable state will be disturbed by new 
engineering activities, geological effects or various 
natural environment changes [12]. The presence of 
state or process changes is mainly resulted from the 
changes and interactions of the stress field and 
seepage field inside rock masses. 

Therefore, according to the basic theory of 
equivalent continuous medium model and rheological 
mechanics, we in this paper established the coupling 
analysis model under the effect of coupling between 
stress field and seepage field, derived the 
corresponding direct coupling control equations, and 
proposed the finite element analysis scheme and its 
implementation process under the coupling effect 
between stress field and seepage field. 
 
 
2. The Finite Element Equations  

of Coupled Rheological Analysis 
 
2.1. Flac 3D Fluid-Solid Coupling  

Model Theory 
 

Rock is a complex medium with multiple 
structure, thus the number of coupled rheological 
models is abundant. Different coupled rheological 
models are to describe different mechanical 
behaviors of the rocks. In order to establish the 
analysis model of rock mass to be examined, we in 
this paper proposed the following assumptions: 
(1) only small pores and crannies that are randomly 
distributed exist inside the rock mass, rather than 
macroscopic visible cracks and faults, and the rock 
mass can be regarded as equivalent continuum; 
(2) rock rheological deformation (creep) will not 
cause volume deformation; (3) the fluid is slight 
compressible liquid; (4) seepage obeys Darcy’s law; 
hydraulic conduction coefficient is constant in the 
same time step. In addition, in formula derivation, the 
symbolic rules of rock mass mechanics are adopted, 
namely the compressive stress is positive. Thus, 
according to the effective stress principle of rock 
mass, we get 

e
ij ij ij ijkl kl ijp D pσ σ α δ ε α δ′= + = +          (1) 

 
e

ij ij ij ijkl kl ijd d dp D d dpσ σ αδ ε αδ′= + = + ,  (2) 
 

where, ijσ  is the total stress tensor; σ ′ is the 
effective stress tensor; p is the pore water pressure; 

1 / sK Kα = − is the Biot coefficient ( K indicates 

the effective compression modulus, sK  indicates the 

bulk modulus of rock solid particles); ijδ is the 

Kronecker symbol; ijklD  is the elastic tensor; e
klε  is 

the elastic strain tensor. 
For viscoelasto-plastic rocks, according to 

rheological theory, we get  
 

e ve vp
ij ij ij ijd d d dε ε ε ε= − −                     (3) 

 
By substitution of formula (3) into formula (2), 

we get the viscoelasto-plastic constitutive relation of 
coupling rocks  

 

( )ve vp
ij ijkl ij ij ij ijd D d d d dpσ ε ε ε αδ= − − +   (4) 

 
Formula (4) can be expressed in  

incremental form: 
 

( )ve vp
ij ijkl ij ij ij ijD pσ ε ε ε αδ∆ = ∆ − ∆ − ∆ + ∆ ,  (5) 

 

where, e
ijε  is the elastic strain increment; ijε∆ is the 

total strain increment; ve
ijε∆ is the viscoelastic strain 

increment; vp
ijε∆ is the viscoplastic strain increment. 

ve
ijε∆  and vp

ijε∆ are determined by the rheological 
model adopted, and can be obtained using the general 
format of time integration according to the 
constitutive relation of the rock rheological model. 
For elements in viscoelastic state of the Nishihara 
rheological model, the viscoelastic strain rate can be 
expressed as 

 

1
0

1 1

1{ } [ ]{ } { }ve ve
ij n ij n

ECε σ ε
η η

= −             (6) 

 
For elements in viscoelasto-plastic state, the 

viscoplastic strain rate is 
 

1

1{ } ( )
{ }

vp
ij n

FFε
η σ

∂
= Φ

∂
,                 (7) 

 

where, { }ve
ij nε  and { }vp

ij nε  are the viscoelastic and 
viscoplastic strain rate stress arrays respectively; 
{ }σ  is the stress array; F is the plastic yielding 
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function; 0[ ]C  is the inverse matrix of unit elastic 
modulus (Poisson’s ratio matrix). 

According to the general format of the time 
integral, we get: 

 

1
0

1 1

{ } (1 ) { } [ ]{ }ve ven n
n n n n

E t tt Cθε θ ε σ
η η

⎡ ⎤∆ ∆
= ∆ − +⎢ ⎥

⎣ ⎦
 (8) 

 
{ } [{ } [ ] { } ]vp vp n

ij n n ij n n nt H tε ε θ σ= ∆ + ∆ ,     (9) 
 

where 
{ }[ ]
{ }

vp
n

n

H ε
σ

⎛ ⎞∂
= ⎜ ⎟∂⎝ ⎠

; θ is the time integral 

factor, the general range is 0~1; { }ve
nε  and { }vp

nε  
are the viscoelastic strain rate and viscoplastic strain 
rate at time nt  respectively; 1{ }ve

nε +  is the 

viscoelastic strain rate at time 1n n nt t t+ = + ∆ . 
 
 
2.2. Continuity Equation 
 

At any time, the incremental equilibrium equation 
for analysis system can be derived according to the 
principle of virtual work  

 

[ ] { } { } 0
T

n nn
B d fσ

Ω
∆ Ω − ∆ =∑∫ ,         (10) 

 

where [ ]nB , { }nσ∆  and { }nf∆  are the geometric 
matrixes, stress increment array and external load 
increment array in nt∆  respectively. 

Formula (1)-(5) can be written as the increment 
matrix within nt∆  

 

{ } [ ]({ } { } { } ) { }ve vp
n n n nD M pσ ε ε ε α∆ = ∆ − ∆ − ∆ + ∆  (11) 

 
By substitution of formula (11) into incremental 

equilibrium equation (10), we get the overall control 
equation for viscoelasto-plastic finite element 
analysis under the effect of coupling between stress 
field and seepage field   

 

[ ]{ } [ ]{ } { } { } { }ve vp
e c n n nK U K P f f f∆ + ∆ = ∆ + ∆ + ∆ , (12) 

 

where, { }U∆  is the overall nodal displacement 
increment array; { }P∆  is the overall water pressure 

increment array; { }nf∆  is the total external load 

increment array; [ ]eK  and [ ]cK are the total elastic 
stiffness matrix and the total coupling matrix 
respectively; { }ve

nf∆  is the additional force caused 

by viscoelastic strain increment; { }vp
nf∆  is the 

additional force caused by viscoplastic strain 
increment.  

According to the law of conservation of mass, we 
get the continuity equation for fluid seeping along the 
main direction inside orthotropic rocks: 

 

*
,

i
ii ii

k p c p αε
µ

= − ,                       (13) 

where, ik  is the permeability coefficient of the rock 
in direction i ; µ  is the dynamic viscosity of the 
fluid; iiε  is the volume strain rate of the rock; *c  is 
the comprehensive compressibility of the fluid and 
the rock. 

Dispersing formula (13) and the boundary 
seepage conditions using pore water pressure 
interpolation function, by the Galerkin variational 
principle, we get 

 

[ ] { } [ ]{ } [ ]{ } { }T e e e e
c p s qk u k p k p R+ − = ,  (14) 

 
where 
 

*[ ] [ ] [ ]
T

p nn
k c N N d

Ω
= Ω∫  

[ ] [ ] [ ][ ]
T

s nn
k B k B d

Ω
= Ω∫  

[ ] [ ]
T

nB N
x x x

∂ ∂ ∂⎡ ⎤=     ⎢ ⎥∂ ∂ ∂⎣ ⎦
 

 
For orthotropic rocks, if the fluid runs along the 

main direction, the permeability coefficient matrix 
can be expressed as 

 

0 0
[ ] 0 0

0 0

x

y

z

k
k k

k

⎡ ⎤      
⎢ ⎥=       ⎢ ⎥
⎢ ⎥      ⎣ ⎦

                       (15) 

 
If the rock can be simplified as isotropic material, 

then x y zk k k= =  in the permeability matrix, so we 
obtain: 

 

{ } [ ]e T
q ns

R N q ds= ∫ ,                 (16) 
 

where nq is the boundary fluid source vector. 

Integrate formula (14) from nt  to 1nt + taking the 
general format of time integral, we get 

 

( ) ( )[ ] { } [ ] [ ] { } { } [ ]{ }T e e e e
c p s q s nk u k t k p t R k pθ∆ + − ∆ ∆ = ∆ +  

(17) 
 

Establish formula (17) for all elements, to form an 
overall continuity equation 

 

( )
[ ] { } [ ]{ } { }

[ ] [ ] [ ]

{ } ({ } [ ]( ) )

T
c s q

s p s

e e
q q s n

K u k p R

K k t k

R t R k p

θ

⎧ ∆ + ∆ = ∆
⎪⎪ = − ∆⎨
⎪

∆ = ∆ +⎪⎩

∑
∑

          (18) 
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For undrained boundary, 0nq = , then 

{ } 0e
qR = ; for incompressible fluid, * 0c = , 

namely [ ] 0pk = . 
Both equation (12) and equation (18) have 

coupling terms, so they must be solved 
simultaneously. Thus, we get the overall  
control equation: 

 

e

fe c
T

s q

RK K U
K K P R

∆⎧ ⎫⎛ ⎞ ∆⎧ ⎫ ⎪ ⎪=⎜ ⎟⎨ ⎬ ⎨ ⎬∆ ∆⎩ ⎭ ⎪ ⎪⎝ ⎠ ⎩ ⎭
               (19) 

 
The finite element analysis scheme described in 
formula (19) is a unified form for rheological finite 
element analysis on coupling between stress field and 
seepage field, and can be used to implement elastic-
plastic and viscouselasto-plastic analysis on any kind 
of rheological model. 
 
 
2.3. The Establishment of Flac 3D Model 
 

In order to test the feasibility of the theoretical 
model proposed, corresponding plane finite element 
program is prepared, and the calculating model is 
shown in Fig. 1. Both the height and the width of the 
model are 10 m; the left and right borders are 
constrained by horizontal bound by horizontal 
restraints and are impervious; the bottom is 
constrained by vertical constraints, and is impervious 
too; but also impervious; the upper boundary is 
withstanding the vertical pressure of 5 MPa, and is 
the free drainage surface. The initial conditions are: 
water pressure shows linear distribution from the top 
to the bottom; the initial horizontal stress is 2.0 MPa, 
the vertical stress is -3.5 MPa, and the shear stress is 
0. According to the test results of a strongly 
weathered rock, the physical and mechanical 
parameters are taken as: Elastic Modulus  
E0 = 2890 MPa, Poisson’s ratio v = 0.3, cohesion  
C = 1.5 MPa, internal friction angle ϕ=32 °, tensile 
strength Rt = 0.25 MPa; permeability coefficient 
kx=ky=0.0003 m/d, the dynamic viscosity of water  
µ = 1.2×103 Pa⋅s, comprehensive compressibility  
c* = 0.006 MPa-1, Biot coefficient α = 1. Time 
integral factor θ = 0.5, the time step ∆t = 0.1d.  
 
 

 
 

Fig. 1. Calculating model. 

3. Test Analysis and Simulation Results 
 
3.1. Experimental Design 
 

Generally, seepage is extremely slow flow in 
water conservancy and geotechnical engineering, and 
is usually considered as a linear, steady process. 
However, in mining engineering, due to the effect of 
mining activities, the structure of pores and cracks 
will be changed significantly, and accordingly, 
permeability will be varied by several orders 
compared to conditions without seepage, which is 
easily to cause dynamic disasters such as 
groundwater inrush and gas ejection etc. In this case, 
seepage is in a non-steady-state featured with non-
linearity. Test on seepage inside rocks throughout the 
whole stress-strain process can obtain the 
permeability of the rocks, providing reference for the 
design of water conservancy and geotechnical 
engineering. For cracked, broken rocks, steady state 
method is applied to permeability test, while the 
transient method is appropriate for standard rock 
samples. In this work, MTS815.02 rock mechanics 
test system is adopted to carry out transient 
permeation test on rock samples. The volume of the 
two regulators of the pore pressure subsystem is B, 
and the pressure of the two regulators are 1P  and 2P  
respectively; the height and the cross-sectional area 
of rock samples are H and A respectively. At the 
initial state, pressure gradient exists between the two 
ends of the rock sample, so the liquid in tank 1 will 
be pushed into tank 2 through the rock sample, until 
the pressure of the two tanks are of the same. Set the 
volume of the liquid entering the sample from tank 1 
is q, if the rock sample is saturated, the volume of the 
liquid entering tank 2 from the sample is q too, and 

the seepage velocity is 
qV
Aρ

=  inside the sample. In 

the whole stress-strain process of the rock samples, N 
strain values 0ε 1 2... Nε ε ε  are preset. Load the 
samples according to the direction of strain 
increasing, and carry out penetration tests under the 
strains using transient penetration method. A time 
series can be obtained through the collection of pore 
pressure difference signals, from which we get the 
three infiltration parameters: permeability, unsteady 
flow factor and acceleration coefficient. 

In the test, the compressibility of the fluid and the 
rock sample are ignored. Since the volume of pores 
in rock samples can be neglected compared to the 
capacity of the regulators, the compressibility of the 
fluid inside the samples will not cause significant 
errors for the test results. The permeability is 
determined by the porosity of the rock samples, so 
the pore compressibility cannot be ignored. However, 
pores and fractures inside rock samples are 
determined mainly by axial loads and confining 
pressure which is constants at each test point, 
therefore, the rock samples can be regarded  
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as uniform, and the mathematical model is  
simplified greatly. 

In addition, for pore pressure system of the 
MTS815.02 rock mechanics test system, duct wall is 
thick enough and will be deformed (expanding) under 
pressure, leading to reduction in pore pressure 
reduces. It needs further research to understand the 
size of the error and finding measures to eliminate the 
effect of it. 
 
 
3.2. Elastoplastic Coupling Analysis and 

Viscoelasto-Plastic Coupling Analysis 
 

The results of elastoplastic coupling analysis and 
viscoelasto-plastic coupling analysis are shown in 
Figs. 2-4. 
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Fig. 2. The dependence of pore pressure at A on time. 
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Fig. 3. The dependence of pore pressure at B on time. 
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Fig. 4. The dependence of displacement at C on time. 

We can learn from Figs. 2-4 that, in the loading 
phase and the initial deformation phase (t≤0.6 d), 
both differences in pore pressure and displacement 
are limited for elastoplastic coupling analysis and 
viscoelasto-plastic coupling analysis; after t>0.6 d, 
pore pressure and displacement of viscoelasto-plastic 
coupling analysis are larger than that of the 
elastoplastic coupling analysis. Along time, change in 
displacement of elastoplastic coupling analysis is 
very small, and the incremental value is about 
0.18 mm after t=0.6 d; while change in displacement 
of viscoelasto-plastic coupling analysis is relatively 
larger, and the incremental value is about 25 mm 
after t=0.6 d. Note that initial pore pressure exists in 
the area to be examined, and the initial pore pressure 
of point B is greater than that of point A. From Fig. 2 
and Fig. 3 we learn that the incremental pore pressure 
of point A is larger than that of point B. Over time, 
the incremental pore pressure of point A will be 
dissipated (decreased) rapidly, while the incremental 
pore pressure of point B will continued to be 
increased; But after t>2.2 d, pore pressure of 
elastoplastic coupling at point B begins to be 
dissipated slowly, and after t>3.7 d, pore pressure of 
viscoelasto-plastic coupling at point B begins to be 
dissipated slowly. Changing characteristics of pore 
pressure in different layers is similar to the 
consolidation process of soil. 
 
 
3.3. The Effect of Distance on the  

Pressure Drop 
 

Fig. 5 shows the dependence of the pressure drop 
on distance, where, solid curves are theoretical 
results, and dots indicate experimental results.  
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Fig. 5. The dependence of pressure drop on distance. 
 
 
The results show that when the distance is zero, 

changes in pressure drop are very small, indicating 
the pressure drop is the result of exchange of mass 
and momentum. Therefore, the influence of distance 
should be considered when calculating the pressure 
drop. Table 1 shows the effect of distance on pressure 
drop. We can learn that distance shows significant 
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effect on pressure drop, particularly in the same 
length, changes in pressure drop are increased with 
the increase of distance. Thus, the experimental 
results agree well with the simulation results, so the 
model established in this work can predict the fluid-
solid coupling problem of rocks with seepage. 

The solid lines are the theoretical results, while 
the dots indicate the experimental results. 
 
 

Table 1. The effect of distance on pressure drop. 
 

∆x∆P(kPa) 0.2 0.4 0.6 0.8 1 
∆P1 -0.0032 -0.0056 -0.0097 -0.0150 -0.0178
∆P2 -0.0102 -0.0213 -0.0350 -0.0495 -0.0655
∆P3 -0.0155 -0.0322 -0.0520 -0.0765 -0.0985
∆P4 -0.0194 -0.0426 -0.0752 -0.1000 -0.1462

 
 
4. Conclusions 

 
Based on the basic theory of rock mass equivalent 

continuous medium model and rheological 
mechanics, we in this work established the 
rheological model under the effect of coupling 
between stress field and seepage field, by which, 
corresponding finite element calculating format was 
derived. The finite element analysis scheme under the 
effect of coupling between stress field and seepage 
field proposed in this paper contains coupling 
analysis methods for elastic, elastic-plastic, 
viscoelastic, and viscoelasto-plastic rocks; 
meanwhile, according to the actual rheological 
properties of engineering rock masses in different 
states, fluid-solid coupling analysis can be 
implemented choosing reasonable rheological model; 
this model is applied to the long-term stability 
analysis on underground caverns and slopes suffered 
from the effect of coupling between stress field and 
seepage field. With the increase of seepage rate, the 
change of the pressure drop is also increased, namely 
the fluid-solid coupling effect is significant, and can 
not be ignored when calculating the coupling effect. 
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