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Abstract  Submerged tunnels may pass through 
rock types and may encounter a variety of difficult 
geological conditions. One of these challenging con-
ditions is confronting with highly stressed weak rock 
masses. The challenge pertaining to design of these 
tunnels is intensified when water seepage occurs into 
tunnel. In this condition, the rheological behavior of 
the rock mass causes the pressure acting on the lin-
ing to enhance over time, and consequently, the per-
meability coefficient of the rock mass in any point is 
changed over time. This paper investigates this prob-
lem, the tunnel construction process is all simulated 
in this study. Furthermore, based on the rock mass 
volumetric strain, a time-dependent variable perme-
ability is assigned to the rock mass around the tunnel. 
A parametric study is conducted to evaluate the effect 
of rock mass rheological parameters, the internal 

water pressure, and the ratio of the rock mass and 
lining permeability on the submerged tunnel behav-
ior. The results show that the internal water pressure 
extremely influences the tunnel response. Moreover, 
the permeability variation of the rock mass should 
be necessary, but unfortunately this is not feasible in 
most computer codes for three-dimensional numeri-
cal modeling.

Keywords  Submerged tunnels · Long-term 
behavior · Weak rock mass · Time-dependent 
permeability · Tridimensional numerical modelling

1  Introduction

Most of rock engineering projects involve sedimen-
tary rock masses, which are classified as soft rock 
masses, such as schist, shale, and sandstone (Kanji 
et al 2019; Li et al. 2023; Zaheri et al. 2023a; Pelizza 
et  al. 2000; de Rienzo et  al. 2009). These soft rock 
masses when located at great depths show extreme 
squeezing and a time-dependent behavior. Therefore, 
e.g., in tunnels, the induced pressure on the lining 
increases over time; sometimes the phenomenon can 
be dangerous because it can lead to breakage.

The issue of the time-dependent behavior of tun-
nels in soft rocks has been comprehensively investi-
gated, and numerous numerical and analytical studies 
have been conducted. In these cases, it is not pos-
sible to adopt simplified approaches such as those 
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developed for other areas of tunnel stability study 
(Ranjbarnia et al. 2014; Oreste 2009; Do et al. 2015). 
These studies have followed up different aspects of 
the time-dependent behavior such as:

•	 installation time of the tunnel lining and its 
response over time (e.g., Nomikos et  al. 2011; 
Wang et  al. 2013; Kargar 2019; Wu and Shao 
2019a, 2019b; Wu et al. 2019, 2020a, b, c, d; Chu 
et  al. 2019, 2020, 2021; Do et  al. 2020, 2021; 

Zhou et  al. 2021; Guo et  al. 2021; Zhao et  al. 
2022; Hongming et al. 2024; Lu et al. 2024);

•	 tunnel excavation speed (e.g.,Paraskevopoulou 
and Diederichs 2018; Chu et al. 2019, 2020);

•	 different rheological behavior of rock masses (e.g., 
Fahimifar et  al. 2010; Tran Manh et  al. 2015; 
Zhang et al. 2020; Song et al. 2022; Tarifard et al. 
2022; Hu and Gutierrez 2023; Jing et  al. 2023; 
Liu et al. 2023; Zaheri et al. 2024a, b, 2025; Zeng 
et al. 2024; Chen et al. 2025; Liang et al. 2025; Ai 
et al. 2025);

Fig. 1   The geometry of 
the model. Key: P

0
′ : initial 

in-situ effective stress,pw0 : 
initial pore water pres-
sure,pw(Rin) : pore water 
pressure at the inner radius 
of the lining,R

0
 : outer 

radius of the lining,Rin : 
inner radius of the lining
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•	 effects of in-situ stresses (e.g.,Kargar and Hagh-
gouei 2020; Kargar et al. 2020; Wang et al. 2020, 
2023);

•	 effects of the tunnel shape (Wang et  al. 2019; 
Zeng et al. 2020); and

•	 considering the excavation damaged zone around 
tunnels (Zaheri et al. 2022; Zaheri and Ranjbarnia 
2021, 2023a, b; 2024) and etc.

One of the major challenges in submerged tunnels 
is the interaction between the tunnel lining and the 
surrounding rock mass, particularly considering the 
seepage of water. This seepage can occur from the 
tunnel lining into the surrounding rock mass, or vice 
versa. This phenomenon leads to additional stresses 
on the tunnel lining. The development of pore water 
pressure as well as seepage of water in the surround-
ing rock mass, is influenced by various factors, 
including the phases of tunnel construction. These 
phases include the tunnel excavation, installation of 
a lining, and the filling of the tunnel with water to 
transport water from a reservoir to a powerhouse.

Bobet (2001) analyzed the behavior of shallow 
tunnels with and without drainage at the ground-
lining interface, assuming for both soil and lining 
an elastic behavior. Bobet and Nam (2007) pro-
posed a solution to find out the role of seepage and 

slope angle on the tunnel behavior, when the tunnel 
is constructed on a slope. Brown and Bray (1982) 
investigated the influence of permeability in the 
plastic zone around the tunnel on the performance 
of deep circular tunnels. Bobet (2010) clarified the 
influence of seepage force on the response of deep 
tunnels embedded in rock masses. Carranza-Torres 
and Zhao (2009) evaluated the drainage condition 
of the lining and its effect on the induced pres-
sure. Dadashi et  al. (2017) considered the coupled 
hydro-mechanical interaction (simultaneous effects 
of water seepage and rock mass properties to each 
other) in the analysis, and simulated the effect of 
lining cracks due to the high internal water pres-
sure. Zareifard and Fahimifar (2016b) and Zareifard 
and Shekari (2021) investigated the effect of poor-
blasting damage of rock masses on the response of 
deep submerged tunnels tunnels. The issue of dif-
ferent seepage patterns of water inflation into a tun-
nel, which can be due to the rock mass permeabil-
ity value, was studied by Fahimifar et  al., (2014), 
(2015a, b); Fahimifar and Zareifard (2014); Zarei-
fard and Fahimifar (2016a).

It seems that most of the studies for the submerged 
tunnels is pertaining to non-squeezing conditions, 
which are not applicable for time-dependent behavior. 
Due to the fact that the rock mass with a rheological 
behavior causes the pressure acting on the lining to 
enhance over time, the stress field around the tunnel 
is altered; moreover, the permeability coefficient in 
each point of the rock mass changes over time. It may 
lead the stress induced by the water seepage to the 
lining to vary.

Therefore, a need arises to cover the above-men-
tioned gap in order to study the simultaneous influ-
ence of the water seepage and the time-dependent 
behavior of the rock mass on each other. Indeed, as 
discussed above, rock mass deforms due to squeez-
ing behavior, leading its permeability to change 
over time. This paper follows up this issue by using 
the numerical simulation with FLAC3D. However, 
like most numerical software, as this program takes 
a unique permeability coefficient that is not altered 
during the analysis, a specific numerical procedure is 
developed in order to consider the permeability coef-
ficient variability around the tunnel (this variability 
has been implemented in the software). The final aim 
is to investigate if this variability has a great influence 
or not, for future revision in software.

Fig. 2   a Burgers model, b CVISC model. Key: � : stress, GM : 
Maxwell shear modulus, GK : Kelvin shear modulus,�M : Max-
well viscosity, �K : Kelvin viscosity, c : cohesion, � : friction 
angle, Ψ : dilation angle, �t : tension strength
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Fig. 3   Constructed model 
in FLAC3D software

Fig. 4   Pore water dis-
tribution a before lining 
installation, b after lining 
installation, c after applying 
the internal water pressure 
(Unit: Pa)
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2 � Problem Definition

A long tunnel with a circular cross-section with radius 
R
0
 (See Fig. 1) is excavated in a saturated rock mass 

with rheological behavior. The initial in-situ effective 

stress is hydrostatic and equals to P
0
′ whereas the ini-

tial pore water pressure is pw0.
The time-dependent behavior of the rock mass is 

described by the Burgers model or the CVISC model 
(i.e., Burgers-Mohr-Coulomb model), as observed 
in Fig.  2. The Burgers model consists of two shear 

Fig. 5   Rock mass permeability coefficients in different zones 
(

unit ∶
m

s

)

Fig. 6   Distributions of effective radial and tangential stresses, 
pore water pressure, and radial displacement varying the scaled 
distance from the center of the tunnel (the continuous lines and 

the triangle markers represent the results of the Bobet (2010) 
and FLAC3D software, respectively). Key: r : radial distance 
from the tunnel center, R

0
 : tunnel radius
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moduli ( GM ,GK) and two viscosities (�M , �K ), where 
subscripts M and K indicate the Maxwell and Kel-
vin models, respectively. In the CVISC model, if the 
applied stress does not meet the failure criterion, the 
model will be the Burgers model (Itasca Consulting 
Group, 2020).

The construction phases of the tunnel are idealized 
in three stages including:

(1)	 Tunnel excavation (before lining installation);
(2)	 Lining installation at time t

1
 ; and

(3)	 Filling the tunnel with water at time t
2
 to trans-

port water from a reservoir to a powerhouse.

3 � Numerical Simulation by the Tridimensional 
Numerical Modelling

The adopted running procedures consist of the fol-
lowing steps:

•	 The preliminary simulation

•	 Setting up the model: Due to the axisymmetric 
conditions, only a sector of the model is con-
sidered. The length of the model along the 
radial direction is considered as 8 times of the 
tunnel depth to avoid unpredicted effects of the 
boundary location on the results. Note that the 
displacement behavior for dry and saturated 
rock masses exhibits notable differences. For 
the dry rock mass, displacement decreases with 
increasing distance from the tunnel boundary. 
However, when the effect of water flow is 

Table 1   Input data (Bobet 2010)

Parameter Symbol Unit Value

Tunnel radius R
0

m 3
Seepage radius of influence rsep m 100
Initial total stress P

0
MPa 3

Initial pore water pressure pw0 MPa 1.5
Pore water pressure at the tunnel 

boundary
pw(R0) MPa 0

Shear modulus of the rock mass GM MPa 315
Poisson’s ratio of the rock mass v – 0.35

Fig. 7   Distribution of tunnel wall displacement over time ( t)
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included, a more complex displacement pattern 
emerges (See for example Fig. 6). Initially, the 
displacement decreases with distance from the 
tunnel, but at greater distances, it increases 
before ultimately decreasing again. Thus, when 
the external boundary of the model is chosen 
to be smaller, greater displacements will be 
occurred at the boundaries. This results indi-
cate that the location of the model boundary 
can significantly influence the results. For this 
purpose, the length of the model is chosen 
eight times of the tunnel depth. Also, thanks to 
the assumed plain strain condition, the length 
of the model along the tunnel axis is consid-
ered 1  m. The seepage radius of influence is 
considered as h +

√

h2 − R2

0
 in which h is the 

distance between the tunnel center and the 
groundwater free surface ( h parameter is 
shown in Fig.  1) (Kolymbas and Wagner 
2007); Note that 2 different zones exist in this 
condition; The first zone has inner and outer 
radii equal to R

0
 and h +

√

h2 − R2

0
 . In this 

zone, water can seep towards the rock mass or 
vice versa. The other zone has inner and outer 

radii equal to h +
√

h2 − R2

0
 and 8 times of the 

tunnel depth, respectively. In this zone, pore 
water pressure is assumed to be constant, so 
the seepage force becomes zero (See Fig. 3).

•	 •	 Applying the boundary conditions: After 
assigning the in-situ total stress and pore 
water pressure to the model, these parameters 
are also applied to the right and left bounda-
ries as shown in Fig.  3. The displacements 
are restricted such that only radial displace-
ments can occur, due to the axisymmetric 
geometry;

•	 •	 Assigning constitutive models: The CVISC 
model or the Burgers model is assigned to the 
rock mass. As water seeps radially toward the 
tunnel and the permeability coefficients do not 
vary in the tangential direction, the isotropic 
flow model is assigned to the rock mass;

•	 Running the initial condition: This step is for 
checking the initial equilibrium state. Then, 
the nodal displacements and velocities are set 
to zero;

Table 2   Input data (Zaheri et al. 2023a, b)

*Calculated by RocLab software (Rocscience 2007)

Parameter Symbol Unit Value

Inner radius of the lining Rin m 4.18
Outer radius of the lining R

0
m 4.5

Initial effective stress P
0
′ MPa 4.08

Initial pore water pressure pw0 MPa 2.72
Pore water pressure at the inner radius of the lining after applying the internal 

water pressure
pw(Rin) MPa 3.264

Lining installation time t
1

day 4
Time of applying the internal water pressure (as a submerged tunnel) t

2
day 365

Permeability of the rock mass kini m/s 10
−6

Permeability of the lining kcon m/s 10
−7

Maxwell shear modulus of the rock mass GM MPa 658
Maxwell viscosity of the rock mass �M MPa. year 132,500
Kelvin shear modulus of the rock mass GK MPa 345
Kelvin viscosity of the rock mass �K MPa. year 665
Friction angle of the rock mass � ◦ 33.95*
Cohesion of the rock mass c MPa 0.39*
Poisson’s ratio of the rock mass v – 0.25
Shear modulus of the lining Gcon MPa 13,125
Bulk modulus of the lining Kcon MPa 17,500
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•	 Excavation of the tunnel: The tunnel is excavated 
and the pore water pressure is set to zero at the 
tunnel boundary to simulate the drained condition;
•	 Running the model for t = 0: The hydraulic 

analysis is firstly carried out and the mechan-
ical analysis is then performed. Therefore, a 
steady-state pore water pressure distribution 
is obtained in the hydraulic analysis, and this 
is then used as input data for the mechani-
cal analysis. In the mechanical analysis, the 
water bulk modulus is set to zero to prevent 
extra pore water pressure being generated 
from mechanical deformations. This type of 
analysis is the so called “uncoupled method”. 
As the coupled analysis (i.e., simultaneous 
hydraulic/mechanical analyses) is too time-
consuming in the tridimensional numerical 
modelling, the uncoupled analysis was cho-
sen. In Fig.  4a, the pore water distribution 
before the lining installation is shown.

	 	     Note that the time after which the steady 
state is reached can be estimated by

where Lc is the average length of the flow path 
through the rock mass (unit: m), k is the rock mass 
permeability 

(

unit ∶
m

s

)

, and M is the Biot modu-
lus (unit: Pa) which is equal to Kw

n
. Kw is the water 

bulk modulus (unit: Pa) and n is the rock mass 
porosity (in this paper, the values of Kw and n are 
selected as 2 GPa and 0.5, respectively).

•	 The permeability of the rock mass is con-
sidered variable (see Fig. 5) as a function of 
the volumetric strain ( �V ) (Brown and Bray 
1982) i.e.,

where kini is the initial permeability of rock 
mass prior to the tunnel excavation, and � is 

(1)tf
c
=

L2
c

Mk × 10
−4

(2)k = kini

(

1 + �
(

�V
)2
)

the strain-dependent permeability constant. 
The value of � depends on the spacing of frac-
tures, the number of rock mass fractures, and 
the fractures aperture (Brown and Bray 1982). 
By default, the permeability coefficient of the 
rock mass remains constant in FLAC3D code. 
Thus, an algorithm able to vary the perme-
ability coefficient in the model is implemented 
into the FLAC3D software through a specific 
subroutine;

•	 Analysis for t > 0 till lining installation: The 
previous step is conducted for t = 0. But the 
current step is conducted for t > 0. As the 
water flow is in the steady-state condition, 
it is not necessary to perform the hydraulic 
analysis again. Thus, it is necessary to per-
form only the creep analysis in the current 
step. In the creep analysis, the out-of-balance 
forces should be minimal; and therefore, it is 
recommended that the chosen time-step in the 
creep analysis become smaller than the maxi-
mum time-step ( Δtcr

max
 ) (Itasca Consulting 

Group, 2020). Note that in Eq. 3, GM is Max-
well shear modulus. �M and �K are Maxwell 
and Kelvin viscosities, respectively. Besides, 
GK is the Kelvin shear modulus.

	   •	 Lining installation: An elastic lin-
ing with inner and outer radii of Rin and R

0
 is 

installed at time t
1
 . It is assumed that the lining 

is porous. The assumption is based on practi-
cal observations and engineering realities. 
Indeed, even well-designed tunnel linings may 
exhibit some level of permeability due to micro 
cracks or cracks. As the lining is assumed to 
be porous, water can seep through it and con-
sequently, the pore water pressure in the outer 
surface of the lining will be increased. But in 
the inner surface of the lining, the pore water 
pressure is set to zero to simulate the drained 
condition. Furthermore, the boundary nodes 
are restricted so that only radial displacements 
can occur;
•	 Running the model in new condition: 

Before performing the mechanical analysis, 

(3)Δtcr
max

= min

(

�M

GM

,
�K

GK

)

Fig. 8   Distributions of a displacements and b permeability 
coefficients when the rock mass behavior is governed by the 
Burgers model. Key: r : radial distance from the tunnel center, 
R
0
 : tunnel radius, k : permeability of the rock mass, u : displace-

ment, � : strain-dependent permeability constant,t  : time

◂
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the velocities are set to zero because when 
switching from the creep analysis to the 
static analysis, the developed velocities are 
inappropriate for the static analysis (Itasca 
Consulting Group, 2020). Then, the hydro-
mechanical analysis is performed for the 
time immediately after the lining installa-
tion. Afterword, the creep analyses are con-
ducted till filling the tunnel with water. In 
Fig. 4b, the pore water distribution after the 
lining installation is depicted;

•	 •	 Filling the tunnel with water: At time t
2
 , the 

tunnel is filled with water to transport water 
from a reservoir to a powerhouse. The pore 
water pressure and total radial stress are set to 
the value of the internal water pressure at the 
inner radius of the lining;
•	 Running the model in final condition: The 

velocities are again set to zero. Then, the 
hydro-mechanical analysis is performed for 
the time immediately after filling the tun-
nel with water. The creep analysis is then 
conducted for the necessary time. The pore 
water distribution after filling the tunnel 
with water is shown in Fig. 4c.

4 � Results and Discussions

4.1 � Verification

The accuracy of predictions by the numerical simu-
lation can be verified by analytical solutions (Cardu 
et  al. 2019; Oggeri et  al. 2021). Figure 6 shows the 
short-term behavior obtained by using the procedures 
proposed by Bobet (2010) and by the numerical mod-
elling (for the input data of Table 1); they show a very 
good agreement. 

Recently, Zaheri et  al. (2023b) proposed an ana-
lytical method to obtain the long-term response of 
deep submerged tunnels embedded in saturated rock 
masses. In this method, the behavior of the rock 
mass was considered viscoelastic obeying the Burg-
ers model. Furthermore, the rock mass permeability 
coefficient was also considered variable as a func-
tion of the volumetric strain. In Fig. 7, the results of 
the numerical analysis are compared with those by 
this analytical method for the input values reported 
in Table 2. As seen, at t = 1 year, the internal water 

pressure is applied to the tunnel boundary. This 
causes the pore water pressure to increase at the outer 
radius of the lining. As this pressure is greater than 
the initial pore water pressure, water seeps toward the 
rock mass, and consequently, seepage forces decrease 
which leads displacements to diminish at t = 1  year. 
As times elapse, the tunnel convergences increase 
over time due to the rheological behavior of the satu-
rated rock mass.

A satisfactory agreement between the results of 
numerical method with those by the analytical one 
implies the efficiency of the adopted algorithm imple-
mented in FLAC3D to consider a variable perme-
ability coefficient. Therefore, the elasto-visco-plastic 
model is assigned for the rock mass in order to inves-
tigate the problem with a more realistic behavior.

4.2 � Parametric Study

In the following subsections, the effect of:

•	 Variable permeability over time;
•	 The ratio of lining permeability to the rock mass 

permeability;
•	 The internal water pressure; and
•	 Rheological parameters

Fig. 9   Induced difference in the tunnel wall displacement 
( Δu ) over time ( t  ) when the rock mass behavior is governed 
by the Burgers model. Key: � : strain-dependent permeability 
constant
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are followed up on the submerged tunnel behavior 
with input data provided in Table 2.

4.2.1 � Without Supporting System

4.2.1.1  The Influence of  Variable Permeability 
of Rock Mass  As stated, the permeability of the rock 
mass is considered variable as a function of the volu-
metric strain ( �V ) (Brown and Bray 1982) (see Eq. 2). 

The value of the � parameter (strain-dependent perme-
ability constant) in this equation depends on the num-
ber of rock mass fractures, spacing of fractures, and 
their aperture.

As observed in Fig. 8, the greater the � parameter, 
the greater the rock mass displacement ( u ). In addi-
tion, the difference of displacements is intensified by 
moving away from the tunnel wall. Figure  9 shows 
the difference of the displacements over time ( t ) in 

Fig. 10   Distributions of a 
displacements and b perme-
ability coefficients when the 
rock mass behavior is gov-
erned by the CVISC model. 
Key: r : radial distance from 
the tunnel center, R

0
 : tunnel 

radius, k : permeability of 
the rock mass, u : displace-
ment, � : strain-dependent 
permeability constant,t  : 
time
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cases of with and without considering seepage influ-
ence, which indicates the tunnel wall displacement is 
not much influenced by variation of the � factor. 

If the rock mass behavior is elasto-visco-plastic, 
the difference of displacements of the rock mass at 
far distances from the tunnel center becomes small, 
for different � parameters (Fig.  10). This is because 
the rock mass permeability is only changed when the 
rock mass becomes plastic. Thus, the pore water pres-
sure is not much influenced by the � parameter. On 
the other hand, close to the tunnel boundary, the rock 
mass with a lower � value experiences greater dis-
placements. As can be seen in Fig. 11, unlike the case 
in which the rock mass behavior is governed by the 
Burgers model, the difference of the tunnel wall dis-
placements in cases � = 0and � = 10

6 increases with 
time. This can be due to the alteration of stresses in 
the rock mass with time, and therefore, the alteration 
of plastic strains. 

As the tunnel wall experiences a greater displace-
ment when considering the CVISC model for rock 
mass (See Figs. 8 and 10), the rock mass permeabil-
ity coefficient ( k ) will be also greater with respect to 
the Burgers model. It causes the seepage force in the 
vicinity of the tunnel wall to decrease in the CVISC 
model.

On the other hand, for the viscoelastic behav-
ior, the displacement in each point of the rock mass 
becomes greater by increasing the � value. However, 
for the CVISC model, the rock mass displacement 
is greatest when � = 0 (disregarding alteration of 
the permeability coefficient) near the tunnel bound-
ary whereas it becomes reveres at far distances from 
the tunnel boundary (See Figs.  9 and 10). This is 
because, in the vicinity of the tunnel wall, in the rock 
mass with � = 0 , the pore water pressure is greater, 
and thus the rock mass has smaller strength than the 
rock mass with � = 10

6 (See Fig. 10).

4.2.2 � After Lining Installation and Applying 
the Internal Water Pressure

Here, it is assumed that the time of the lining installa-
tion and of applying the internal water pressure are at 
t
1
 = 4 days and t

2
 = 365 days, respectively. Note that t

1
 

is the lining installation time and varies according to 
project conditions such as construction methods and 
rock mass properties. As t

1
 increases (i.e., the lining 

is installed after a longer period), the displacements 
of the tunnel wall increase due to the time-depend-
ent (rheological) behavior of the rock mass. This 
extended time before lining installation allows more 
deformation in the rock mass, leading to greater tun-
nel convergence. In extreme cases, if the installation 
time is too long, the additional deformation could 
lead to tunnel instability or even collapse. Therefore, 
the time of lining installation is a critical parameter 
that should be considered in each project.

As seen in Figs.  12 and 13, when the lining is 
installed, water seeps into the porous lining; and 
hence, the pore water distribution is altered which 
causes the rock mass displacement to decrease. Then, 
the rock mass displacement starts to increase until the 
time of applying the internal water pressure, which its 
magnitude equals to 1.2 times of the initial pore water 
pressure, pw0 . It leads the water to seep from the tun-
nel towards the rock mass.

Thus, the pore water pressure distribution in the 
lining and rock mass differs from the time before 
internal water pressure is exerted; and consequently, 
the rock mass displacement decreases. For example, 

Fig. 11   Induced tunnel wall displacement ( Δu ) over time 
( t  ) when the rock mass behavior is governed by the CVISC 
model. Key: � : strain-dependent permeability constant
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as Fig.  14 shows, when the rock mass behavior is 
governed by the Burgers model, the tunnel wall dis-
placement decreases by about 14% after applying the 
internal water pressure. But for the CVISC model, 
this value is 5% (See Fig. 15). At far distances from 
the tunnel boundary, due to unloading from the rheo-
logical rock mass, rock mass displacements start to 
decrease gradually, for both viscoelastic and elasto-
visco-plastic rock masses (Figs. 12 and 13).

On the other hand, the lining stress gradually 
enhances over time until the time of applying the 
internal water pressure (See Figs. 14 and 15). At t = 
365 days, due to the increasing of the pore water pres-
sure at the lining’s outer radius, the total stress acting 
on the lining suddenly increases. For instance, for the 
Burgers and CVISC model, the total radial stress act-
ing on the lining system increases of respectively 36% 
and 79%, after applying the internal water pressure. 

Fig. 12   Distribution of 
displacement when the rock 
mass behavior is governed 
by the Burgers model. a 
kini

kcon
= 10 , b kini

kcon
= 1 . Key: r : 

radial distance from the 
tunnel center, R

0
 : tunnel 

radius, kini : permeability of 
the rock mass, kcon : 
permeability of the lining, 
u : displacement, � : 
strain-dependent permeabil-
ity constant, t  : time
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After that time, this stress gradually increases over 
time.

Unlike the tunnel wall convergence, the rock mass 
displacement is greatly influenced by the variation of 
� value in the viscoelastic rock mass (See Fig.  12). 
But in the elasto-visco-plastic rock mass, the vari-
ation of � does not show any influence on the rock 
mass behavior (See Fig. 13). On the other hand, after 
applying the internal water pressure, the rock mass 

displacements are negligibly influenced by the � 
factor.

4.2.2.1  The Influence of Ratio of the Rock Mass Per-
meability to  the  Lining Permeability  The ratio of 
the rock mass permeability to the lining permeabil-
ity is another parameter that can significantly affect 
the behavior of submerged tunnels. As Figs. 14 and 
15 illustrate, before applying the internal water pres-
sure and in the case kini

kcon
= 10 , there is almost a sig-

Fig. 13   Distribution of 
displacement when the rock 
mass behavior is governed 
by the CVISC model. a 
kini

kcon
= 10 , b kini

kcon
= 1 . Key: r : 

radial distance from the 
tunnel center, R

0
 : tunnel 

radius, kini : permeability of 
the rock mass, kcon : 
permeability of the lining, 
u : displacement, � : 
strain-dependent permeabil-
ity constant, t  : time
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Fig. 14   Tunnel wall displacement ( u ) and total radial stress acting on the lining system ( � ) over time ( t  ). a kini
kcon

= 10 , b kini
kcon

= 1 
(Burgers model). Key: kini : permeability of the rock mass, kcon : permeability of the lining, � : strain-dependent permeability constant

Fig. 15   Tunnel wall displacement ( u ) and total radial stress acting on the lining system ( � ) over time ( t  ). a kini
kcon

= 10 , b kini
kcon

= 1 
(CVISC model). Key: kini : permeability of the rock mass, kcon : permeability of the lining, � : strain-dependent permeability constant
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Fig. 16   Tunnel wall displacement ( u ) and total radial stress 
acting on the lining system ( � ) over time ( t  ). a �M = 0.05 �

1
 , 

GK = G
1
 , �K = �

2
 , b �M = �

1
,GK = 0.05 G

1
 , �K = �

2
 , c) �M = �

1
 , 

GK = G
1
 , �K = 0.05 �

2
 (Burgers model). Key: � : strain-depend-

ent permeability constant
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Fig. 17   Tunnel wall displacement ( u ) and total radial stress 
acting on the lining system ( � ) over time (t  ). a �M = 0.05 �

1
 , 

GK = G
1
 , �K = �

2
 , b �M = �

1
,GK = 0.05 G

1
 , �K = �

2
 , c) �M = �

1
 , 

GK = G
1
 , �K = 0.05 �

2
 (CVISC model). Key: � : strain-depend-

ent permeability constant
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nificant difference between the rock mass and lining 
permeability coefficients, and when water seeps 
through the lining, a considerable loss of water pres-
sure occurs. In this condition, a greater pore water 
pressure is exerted on the lining, and thus it can be 
expected that when kini

kcon
= 10 , the total lining pres-

sure is higher than that in the case of kini

kcon
= 1 . 

Besides, when the rock mass behavior is governed 
by the CVISC model, as plastic zones appear around 
the tunnel, the deviatoric effective stress in the vicin-
ity of the opening is lower than that in the rock mass 
with viscoelastic behavior. Thus, due to the lower 
deviatoric effective stress in the elasto-visco-plastic 
rock mass, it can be expected that the rock mass 
experiences lower displacements, and smaller pres-
sure is exerted on the lining.

4.2.2.2  The Influence of  the  Rheological Parame-
ters  The effects of rheological parameters are inves-
tigated in this subsection. For this purpose, the values 
of the Maxwell viscosity, Kelvin shear modulus, and 
Kelvin viscosity are decreased by 95% from their ini-
tial values listed in Table 2. Note that �

1
 , G

1
 , and �

2
 in 

Figs. 16 and 17 represent their initial values.
The comparison of Figs. 14 and 16 reveals, regard-

less of � value, when the values of �M = �
1
 , GK = G

1
 , 

and �K = �
2
 respectively are decreased to 0.05�

1
 , 

0.05G
1
 , and 0.05�

2
 , the tunnel convergence at t = 

1  year (before applying the internal water pressure) 
increases about 1.7%, 3.9%, and 17% (at t = 5 years, 
these values change to 3.5%, 16%, and 10%, respec-
tively). Therefore, the Kelvin shear modulus and Kel-
vin viscosity respectively have the greatest influence 
at t = 1 and 5 years. Note that when the value of �K is 
selected as 0.05 times of �

2
 , the initial displacement 

rate is higher than the case with �K = �
2
.

After applying the internal water pressure, the tun-
nel wall displacement instantaneously decreases, due 
to the unloading condition. However, unlike the other 
cases, the tunnel convergences gradually decrease 

over time, and after elapsing some time, this condi-
tion is reversed.

On the other hand, when the rock mass behavior is 
governed by the CVISC model, as stated earlier, plas-
tic zones appear around the tunnel, and therefore, the 
deviatoric effective stress in the vicinity of the tunnel 
is lower than that in the rock mass with viscoelastic 
behavior. Thus, due to the lower deviatoric effective 
stress in the elasto-visco-plastic rock mass, it can be 
expected that the percent increase in the tunnel wall 
displacements is smaller than that in the viscoelastic 
medium (See Figs. 15 and 17).

When the values of �M = �
1
 , GK = G

1
 , and 

�K = �
2
 respectively are decreased to 0.05�

1
 , 0.05G

1
 , 

and 0.05�
2
 , the total stress acting on the lining at t 

= 1  year enhance about 7%, 18%, and 28% (at t = 
5  years, these values will be 8%, 41%, and -5%, 
respectively). In the case �K = 0.05�

2
 , due to the 

decrease of the tunnel wall displacement, this stress 
decreases gradually.

4.2.2.3  The Influence of  the  Internal Water Pres-
sure  The tunnel wall displacement ( u ) and the total 
radial stress acting on the lining system ( � ) at t  = 
5 years in terms of kini

kcon
 , 
pw(Rin)

pw0
 , and � values have been 

shown in Fig. 18. In the viscoelastic rock mass, by 
increasing the � value, the total radial stress acting 
on the lining system decreases; and consequently, 
the tunnel wall displacement increases (Fig.  18a). 
However, when the kini

kcon
 ratio becomes greater, the 

rock mass experiences greater convergences (with 
lower � ). This is because, the seepage force is lower 
than the case with a lower kini

kcon
 ratio, as stated previ-

ously.
Furthermore, 

pw(Rin)

pw0
 has the most notable influence 

on the tunnel response among the others. In a sub-
merged tunnel with higher internal water pressure, 
the water pressure at the outer radius of the lining is 
greater and it leads the magnitude of the � parameter 
to enhance (see Fig. 18).

However, as seen in Fig.  18b, for the CVISC 
model, the magnitudes of both u and � are not altered 
linearly with 

pw(Rin)

pw0
 , because the size of the plastic 

zone radius and plastic strains will be different when 
pw(Rin)

pw0
 ratio is altered.

Fig. 18   Tunnel wall displacement ( u ) and total radial stress 
acting on the lining system ( � ) at t  = 5 years. a Burgers model 
b CVISC model. Key: � : strain-dependent permeability con-
stant, kini : permeability of the rock mass, kcon : permeability of 
the lining, pw(Rin) : pore water pressure at the inner radius of the 
lining, pw0 : initial pore water pressure

◂
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Similar to the viscoelastic model, for greater 
pw(Rin)

pw0
 

values, higher total radial stress values are exerted on 
the lining. On the contrary, investigation of kini

kcon
 and � 

roles on the tunnel response reveals that their effects 
on the u and � do not follow a unique trend; and the 
responses differ from case to case (see Fig. 18).

5 � Conclusions

In this paper, the interaction of submerged tunnels 
and rock masses was investigated in detail, consid-
ering the construction phases of the tunnel. For this 
purpose, the simultaneous influence of the water 
seepage and the time-dependent behavior of the 
rock mass was considered. To simulate the rheologi-
cal behavior of the rock mass, both the elasto-visco-
plastic model (so called CVISC model) and Burgers 
viscoelastic model were assigned to the rock mass. In 
addition, the permeability coefficient of each point of 
the medium was assumed to vary with the volumetric 
strain, unlike the default assumption in geotechnical 
software packages in which this parameter is gener-
ally assumed constant throughout the analysis. The 
following distinguished conclusions are made:

•	 In the viscoelastic rock mass, by increasing the 
strain-dependent permeability constant ( � ), the 
difference of displacements becomes gradually 
more as distance from the tunnel wall increases;

•	 Unlike the viscoelastic rock mass in which the 
unsupported tunnel wall displacement is not influ-
enced by considering variable permeability, in 
the case of visco plastic model, a difference in 
displacements exists when considering and disre-
garding the variable permeability, and this differ-
ence increases over time;

•	 After applying the internal water pressure, in the 
case of the viscoelastic model, the increasing the 
strain-dependent permeability constant value 
causes the total radial stress acting on the lining 
system to decrease;

•	 After applying the internal water pressure, the 
increase of the ratio of lining permeability to the 
rock mass permeability leads the rock mass to 
have greater convergences but to exert a lower 
total radial stress on the lining;

•	 The magnitudes of both the tunnel wall displace-
ment and the total stress acting on the lining are 
not altered linearly by increasing the value of the 
internal water pressure.

From a practical perspective, accounting for 
time-dependent permeability in rock masses with 
time-dependent behaviour makes the problem more 
complex, as it requires considering hydro-mechan-
ical interactions. Despite this, the results show that 
including the variability of permeability coefficients 
improves the accuracy of tunnel displacement predic-
tions. Therefore, incorporating time-dependent per-
meability into geotechnical software is both feasible 
and highly beneficial for practical use.
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