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ABSTRACT 

Rehabilitation of old tunnels can be achieved through reduction of 
seepage forces on them using filters. In this case, the potential head on the outer 
surface of the tunnel can be reduced to reach zero. Circular tunnel rounded by 
filter known as (drainage-type tunnel) that permits flow through the filter around 
the tunnel. The special purpose computer program (Z-soil) is used to study 
seepage flow around single, double and triple tunnels rehabilitated by filters in 
homogeneous isotropic and anisotropic soils with different anisotropy ratio. The 
study includes the effect of the relative groundwater level, relative depth of the 
impermeable layer, relative depth of the tunnel under ground surface, and soil 
anisotropy ratio on the average seepage pressure around the tunnels. All the 
relations are presented in the form of dimensionless curves. The reduction in 
seepage pressure around single, double and triple tunnels resulting from the 
existence of filter are obtained. 
 
KEYWORDS 
Seepage forces; Tunnel; Finite Element Method; Drainage-Type tunnel.  
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1. INTRODUCTION 

The reduction of seepage pressure around existing tunnels is of great 
importance due to the wide engineering applications that can help in extending 
the working life of such tunnels. The present study deals with seepage flow 
around drainage-type tunnels coated by filters. Existence of filters around 
tunnels is intended to reduce the seepage forces around tunnels. It may be used 
in rehabilitation stage as maintenance for existing tunnels. Lee and Num (2001) 
studied the seepage force problems arising from the flow of groundwater into 
tunnels. Lee et al. (2003) studied the effect of seepage forces on the tunnel face 
stability. Callari (2004) presented an analysis of shallow tunneling in saturated 
poro-elastoplastic media. Lee et al. (2004) studied the effect of seepage forces 
on the tunnel face stability reinforced with multi-step pipe grouting. Lee and 
Num (2004) studied the effect of seepage forces arising from the groundwater 
flow on the tunnel face stability for underwater tunnels. Lee et al. (2006) studied 
the influence of seepage forces on the ground reaction curve of circular opening. 
Nam and Bobet (2006) studied the linear stresses in deep tunnels below the 
ground water table. Salem et al. (2007) studied the seepage forces around 
circular single drainage-type tunnel in homogenous and anisotropic soil with 
different anisotropy ratio. 
 Figure (1) shows a schematic representation of the studied tunnels 
including single, double, and triple tunnels along with their dimensions before 
rehabilitation. In the case of water-proof tunnel(s) there is now flow around 
tunnel(s) and the hydrostatic pressure at the tunnel center represented by pc. 
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Figure (1): Single, double, and triple tunnels without filter, (before 

rehabilitation), including the domain dimensions. 
 

In the case of existence of filter around the tunnel (rehabilitation stage), 
water moves through the filter around the tunnel towards the lower bottom, as 
shown in Figure (2). This flow movement reduces the piezometric head around 
the outer surface of the tunnel to zero. 
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Figure (2): A single tunnel rounded by filter. 
Figure (3) shows schematic representation of the studied tunnels after the 

rehabilitation stage with filters installed around the tunnels. 
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Figure (3): Single, double, and triple tunnel(s) rounded by filter,  

(after rehabilitation), including the domain dimensions. 
 
2. BOUNDARY CONDITIONS 
 In studying the seepage flow around tunnels before and after the 
rehabilitation process, the following boundary conditions are applied, as shown 
in Figure (4): 
Type (i): Prescribed boundary,  
1- At the water table (groundwater) surface, h = ho. 
2- At the tunnel surface, h = 0 in the case of existence of filter around the tunnel 

Type (ii): No flow across the impermeable surface, 0
n
h
=

∂
∂

 , 

Where n is the direction normal to the surface. 
 

Tunnel outer Surface

Filter around 
Tunnel
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Figure (4): Boundary conditions before and after rehabilitation. 
 

3. SEEPAGE FORCES  
     When the groundwater flows under steady-state flow conditions, there exists 
a difference in the hydraulic head from the surrounding ground to the tunnel 
lining. The force that acts on the soil grain due to the differential head is known 
as the seepage force, and it is exerted in the direction of groundwater flow. 
     The seepage force acting on a unit volume of soil grains can be expressed as, 
i.γw, where γw is the unit weight of water and, i, is the hydraulic gradient. 
Consequently, to calculate the seepage force, the distribution of hydraulic head 
around the tunnel is first calculated by solving the groundwater flow equation 
using a two-dimensional Finite Element Program Z-Soil (2003). Next the 
hydraulic gradient was evaluated in each section followed by the seepage force. 

By summing up all of the seepage forces, the total seepage force acting on 
the tunnel outer surface could be obtained. Then the average seepage pressure 
(pav) could be calculated by dividing the total seepage force by the tunnel 
surface area. Finally, the seepage pressure ratio (pav/pc), which is the ratio of the 
average seepage pressure to the hydrostatic pressure at tunnel center is also 
calculated.  
 
4. ANALYSIS OF THE RESULTS 
 Starting with the analysis of a single tunnel, Figures (5) and (6) represent 
the velocity distribution as velocity vectors and color shadow map, respectively 
through the domain of single tunnel rounded by filter. One half of the tunnel is 
analyzed due to symmetry. It is noticed that the flow moves towards the very 
bottom end of the tunnel and the maximum velocity reached 7.832 m/day, 
occurring at that point, in the case of existence of filter around the tunnel.  
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Figure (5): Velocity vectors distribution for a single tunnel (Z-soil Output), for 

(D/r = 10, C/r = 3 in homogeneous soil). 
 

 
Figure (6): Velocity distribution for single tunnel as a color shadow map (Z-soil 

Output) for (D/r = 10, C/r = 3 in homogeneous soil). 
 
Figures (7) and (8) represent the velocity distribution as vector and color 

shadow distributions, through the domain of double tunnels rounded by filters. 
The maximum velocity reduced to 6.849 m/day occurs at the bottom end for 
each tunnel.  
 

313



Proceedings of the 7th ICCAE Conf. 27 -29 May, 2008              GE10 
 

  

6

 
 

Figure (7): Velocity distribution for double tunnel (Z-soil Output) for (D/r = 10, 
C/r = 3 and homogeneous soil). 

 
 
 
 

 
 

Figure (8): Velocity color shadow distribution for double tunnels (Z-soil 
Output), for (D/r = 10, C/r = 3 in homogeneous soil). 

 
 The case of three adjacent tunnels is shown in Figures (9) and (10) 
representing the velocity distribution around them. It is noticed that the 
maximum velocity further reduced to be 5.535 m/day. 
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Figure (9): Velocity distribution for triple tunnels (Z-soil Output).  

(D/r = 10, C/r = 3 and homogeneous soil). 
 
 
 
 
 

 
 

Figure (10): Velocity distribution for triple tunnel (Z-soil Output), as a color 
shadow map, for (D/r = 10, C/r = 3 and homogeneous soil). 

 
Figure (11) represents the pressure ratio for single tunnel against the 

ground water level ratio, H/r, for different anisotropy ratio, Kx/Ky and 
impermeable layer depth, D/r = 10. About 15% decrease in seepage pressure as 
a result of decrease in ground water level ratio from 0.5 to 1.5 and still constant 
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after that. As Kx/Ky increases from 1 to 5, the seepage pressure ratio decreases. 
As Kx/Ky increases from 1 to 2 to 3 to 4 and to 5, the seepage pressure ratio 
decreases to be 20%, 11%, 7%, 5% respectively.  

      
Figure (11): Seepage pressure ratio for different relative water tables with 

variation of anisotropy ratio (Kx/Ky), and (D/r = 10). 
 

Figures (12) and (13) represent the previous relationships for 
impermeable layer depths, D/r = 15 and D/r = 20 respectively. It is noticed that 
as D/r increases to 15 as in Figure (12), the constant seepage pressure ratio starts 
at H/r = 1.75. As D/r increases to 20 the constant seepage pressure ratio starts at 
2.0.  The change in seepage pressure ratio for different Kx/Ky nearly the same as 
D/r = 10, as shown in Figure (13). 
 

       
Figure (12): Seepage pressure ratio for different relative water tables with 

variation of anisotropy ratio (Kx/Ky), and (D/r =15). 
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Figure (13): Seepage pressure ratio for different relative water tables with 

variation of anisotropy ratios (Kx/Ky), and (D/r = 20). 
 

Figure (14) illustrates the seepage pressure ratio, pav/pc%, versus the 
relative groundwater level ratio, H/r, for various anisotropy ratios, Kx/Ky. In this 
case, the relative depth of the tunnel ratio C/r equals 3. It is noticed that as H/r 
increases from 0.5 to 1.75 about 15% decrease in seepage pressure ratio is 
obtained. Constant seepage pressure is found thereafter. As the anisotropy ratio, 
Kx/Ky, increases from 1 to 5 the seepage pressure ratio increases. The rate of 
increase in the seepage pressure ratio, pav/pc, decreased as Kx/Ky increased.   

Figure (15) and (16) represents the previous relationship for C/r = 4 and 
C/r =5, respectively. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.(14) Seepage pressure ratio for different relative water tables with variation 
of anisotropy ratio (Kx/Ky), and (C/r =3). 
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Figure (15): Seepage pressure ratio for different relative water tables with 

variation of anisotropy ratio (Kx/Ky), and (C/r = 4). 
 
Figure (17) shows the seepage pressure ratio for different relative ground 

water heights, D/r = 10, 15 and 20 in the case of two adjacent tunnels in 
homogeneous isotropic soil. It is noticed that as D/r increases from 10 to 15, 
about 15% decrease in the seepage pressure ratio took place. A reduction of 6% 
only in the seepage pressure ratio resulted from increasing D/r from 15 to 20. In 
addition, for each D/r ratio 21% reduction in seepage pressure is found as a 
result of increasing H/r from 0.5 to 3.0. 

 
 
 
 
 
 

 
 
 
 
 
 
 
 

 
Figure (16): Seepage pressure ratio for different relative water tables with  

variation of anisotropy ratio (Kx/Ky), and (C/r = 5). 
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The seepage pressure ratio for different groundwater levels in the case of 
three adjacent tunnels is shown in Figure (18) that represents the middle tunnel 
only. It is noticed that about 29% and 9% increase in the seepage pressure ratios 
resulted from increasing D/r ratio from 10 to 15 and from 15 to 20, respectively 
at the groundwater level ratio, H/r, equal 0.5. As H/r increases from 0.5 to 3.0, 
the increase in seepage pressure ratio decreases to be 17% for H/r = 3. When 
increasing D/r from 15 to 20, the same increase, 9%, is obtained.  

 

 
Figure (17): Seepage pressure ratio for different relative water tables, isotropic 

soil in case of two tunnels (Kx = Ky). 
 

 
 

 
Figure (18): Seepage pressure ratio for different relative water tables for three  

adjacent tunnels (middle tunnel). 
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The seepage pressure ratio for different relative groundwater height, in the 
case of three adjacent tunnels, is represented in Figure (19) for the case of side 
tunnel. About 23% and 7% increase in the seepage pressure ratio is found as a 
result of increase in D/r from 10 to 15 and from 15 to 20, respectively.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure (19): Seepage pressure ratio for different relative water tables for three 
adjacent tunnels (side tunnel). 

 
Figure (20) illustrates the seepage pressure ratio for different relative 

groundwater height in the cases of single, two and three tunnels. The results is 
obtained for D/r = 10. In the case of double tunnels, the seepage pressure ratio 
decreased by 47% than that of single tunnel. More reduction occurs when three 
tunnels used, about 20% reduction in seepage pressure ratio in the case of side 
tunnel. About 53% reduction in the seepage pressure ratio in the middle tunnel 
of the values in the case of two tunnels. Figures (21) and (22) give the nearly 
similar results for D/r = 15 and 20 respectively. 

 

0

2

4

6

8

10

0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50 2.75 3.00
Groundwater level ratio H/r

Se
ep

ag
e 

pr
es

su
re

 r
at

io
 (P

av
 / 

P c
)%

D/r =10
D/r =15
D/r =20

Water Table 

Impervious Strata

Ground Surface

r

C
H

D

rr

320



Proceedings of the 7th ICCAE Conf. 27 -29 May, 2008              GE10 
 

  

13

0

5

10

15

20

25

30

0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50 2.75 3.00
Ground water level ratio H/r

Se
ep

ag
e 

pr
es

su
re

 r
at

io
 (P

av
 / 

P c
)%

One Tunnel
Two Tunnels
Three Tunnels (side tunnel)
Three Tunnels (middle tunnel)

 
Figure (20): Seepage pressure ratio for different relative water tables, (D/r =10). 
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Figure (21): Seepage pressure ratio for different relative water tables, (D/r =15). 
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Figure (22): Seepage pressure ratio for different relative water tables, (D/r =20). 
 
5. CONCLUSIONS 
The following conclusions are drawn from the research results: 

1. In the case of rehabilitation of water-proof tunnels by adding filter around 
them, the tunnels are changed to drainage-type tunnels. It could be 
unconservative to neglect the seepage forces resulting from flow through 
the filter rounding the tunnel lining into consideration.  

2. The seepage pressure acting on the tunnel is proportional to the 
groundwater level. The ratio of the average seepage pressure to the 
hydrostatic pressure at tunnel center for the same groundwater level, 
named the seepage pressure ratio (pav/pc), was about 15% for 
homogeneous isotropic soil and its average value was about 20% for 
homogeneous anisotropic soil for one tunnel. This means that the pressure 
reduced to be 15%  and 20% of its original value for isotropic and 
anisotropic homogeneous soils as a result of placing of filter around the 
old single tunnel. 

3. The pressure reduced to be about 8% of its original value for two adjacent 
circular drainage-type tunnels in homogeneous isotropic soil. 

4. About 7% reduction in the original pressure for the side tunnels in the 
case of  three adjacent circular drainage-type tunnels in homogeneous 
isotropic soil, but the reduction reaches 3.9% for the middle tunnel. 

5. Increasing the adjacent tunnels number from one to two tunnels causes an 
average decrease in the seepage pressure ratio, pav/pc, by 47%. 

6. Increasing the adjacent number of tunnels from two to three causes an 
average decrease in the seepage pressure ratio, pav/pc, by 53% for the side 
tunnels and 20% for the middle one. 

322



Proceedings of the 7th ICCAE Conf. 27 -29 May, 2008              GE10 
 

  

15

7. Increasing the relative impermeable layer depth ratio (D/r) causes an 
increase in seepage pressure ratio (pav/pc). The rate of increment decreases 
as the relative impermeable layer depth ratio (D/r) increases. 

8. The increase of the relative ground surface height ratio (C/r) has a small 
effect on seepage pressure ratio (pav/pc) when the relative groundwater 
level ratio (H/r) < 2.0. However, when (H/r) ratio ≥ 2.0, the average 
seepage pressure ratios are constant for different relative ground surface 
height ratio (C/r).  

9. The increase in anisotropy ratio (Kx/Ky) causes an increase in the average 
seepage ratio (pav/pc). The rate of increment decreases as the anisotropy 
ratio (Kx/Ky) increases. 

10.  The designer engineer may use of The seepage pressure ratio (pav/pc) 
sdimensionless curves. These curves can be a simple estimation for the 
seepage pressure acting on the tunnel in homogeneous isotropic and 
anisotropic soils with different anisotropy ratio Kx/Ky = 2, 3, 4 and 5. 

 
6. List of Symbols 
Symbol                     Definition      

A Cross-sectional area of soil mass, perpendicular to the direction of flow, 
C The ground surface height measured from tunnel crown, 

C/r The relative ground surface height ratio, 
D The impermeable layer depth measured from tunnel invert, 

D/r The relative impermeable layer depth ratio, 
H The groundwater level measured from tunnel crown, 

H/r The relative groundwater height ratio, 
h The field variable (hydraulic head), 
ho The hydrostatic head, 
i Hydraulic gradient, 
K Darcy's coefficient of permeability,  
Kx Coefficient of permeability in x-direction, 
Ky Coefficient of permeability in y-direction, 

Kx/Ky Anisotropy ratio, 
Pav The average seepage pressure, 
Pc The hydrostatic pressure at tunnel center, 

Pav/Pc The seepage pressure ratio, 
r Tunnel radius, 
V Velocity of flow, 
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