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ABSTRACT: Tunnelling below the groundwater table influences the hydraulic regime in the surrounding
ground. This will, in turn, cause seepage into the tunnel through the pores and discontinuities and often produces
a long-term interaction between the tunnel and the ground. In this paper an attempt is made to identify the
behavior of surrounding ground due to seepage, and ground reaction curves (GRC) considering seepage forces
are presented for a tunnel under drainage conditions using an analytical method. It is found that the flow of
groundwater has a significant effect on the radial displacement of a tunnel wall. While the effective overburden
pressure is reduced by the arching effect during tunnel excavation, seepage forces still remain. Therefore, the
presence of groundwater induces large radial displacement of the tunnel wall compared to dry conditions.

1 INTRODUCTION

Tunnelling below the groundwater table affects the
hydraulic equilibrium.This will, in turn, cause seepage
into the tunnel through the pores and discontinuities
in the ground and often produce long-term interac-
tion between the tunnel and the ground. The effect
of seepage on the tunnel is initially reflected in the
ground loading, transmitted through the ground and
then, eventually applied to the tunnel resulting in addi-
tional stresses in the linings. It would be appropriate,
therefore, to include the influence of seepage force in
estimating ground behavior due to tunnelling.

The ground behavior due to tunnelling can be indi-
cated theoretically by the ground reaction curve which
shows the increasing trends of radial displacement as
the internal pressure of the tunnel decreases.

In this paper, the theoretical solution of ground reac-
tion curve considering seepage forces due to ground-
water flow under steady-state flow was derived. The
studies were performed for a non-supported condition
as well as a supported condition with shotcrete lining.

2 GROUND REACTION CURVE WITH
SEEPAGE FORCES

2.1 Theoretical solutions

It is assumed that a soil-mass behaves as an isotropic,
homogeneous and permeable medium. Also, an

Figure 1. Elasto-plastic model based on Mohr-Coulomb
yield criterion.

elasto-plastic model based on a linear Mohr-Coulomb
yield criterion is adopted in this study, as indicated in
Figure 1:

where, σ ′

1 indicates the major principal stress, σ ′

3 is the
minor principal stress,

k and a are the Mohr-Coulomb constants, c is the
cohesion, and φ is the friction angle.

Figure 2 shows a circular opening of radius r0 in
an infinite soil-mass subject to a hydrostatic in situ
stress,σ ′

0.The opening surface is subject to the outward
radial pressure to the tunnel surface, pi. Considering
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Figure 2. Circular opening in an infinite medium.

Figure 3. Body forces under the groundwater table.

all the stresses on an infinitesimal element abcd of
unit thickness during excavation of a circular tunnel in
Figure 3, equilibrium equation can be expressed as:

If the tunnel is excavated under the groundwater
table, then it acts as a drain in unsupported condition.
The body force is the seepage stress, as illustrated in
Figure 3:

In this state, ir and iθ are the hydraulic gradient in r
and θ directions respectively, and γw is the unit weight
of groundwater.

If the stress distribution is symmetrical with respect
to the origin (“O”) in Figure 3, then the stress compo-
nents are not varied with angular orientation, θ, and
therefore they are functions of the radial distance r
only. By putting Equation (4) into Equation (2) the
equilibrium equation reduces to the single equation of
equilibrium as follows:

By substituting σ ′

θ = σ ′

1 and σ ′

r = σ ′

3 in Equation (1)
and by putting Equation (1) into (6), Equation (6) can
be given as follows:

The above partial differential equation can be solved
by using the boundary conditions σ ′

r = pi at r = r0.
Then, the radial and circumferential effective stresses
in the plastic region are as follows:

In this equation, pi is all the support pressure developed
by in situ stress and seepage. Subscripts rp and θp
indicate the radial and tangential effective stresses in
the plastic region respectively.

In order to estimate the effective stress in the elastic
region, the superposition concept is used. As shown in
Figure 4, the effective stress considering the seepage
force can be assumed as a combination of the solu-
tion of equilibrium equation in dry condition and the
effective stress only considering seepage. The Kirsch
solutions are applied to solve the effective stresses in
the elastic region under dry condition (Timoshenko
and Goodier, 1969). And the solution proposed by
Stern (1969) is adopted to obtain effective stresses in
elastic region with consideration of seepage forces.

The following Equation (10) is derived by combin-
ing the Kirsh solutions with the Stern’s solution in the
elastic region as follows:
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Figure 4. Concept of superposition in elastic region.

where

Finally, at the interface between the plastic and elas-
tic regions, r = re as shown in Figure 2, the radial stress
calculated in the plastic region must be identical to that
in the elastic region. The following Equation (11) of
the radius of the plastic zone, re can be derived as
follows:

The radial displacement for a circular tunnel can
be worked out based on the elasto-plastic theory. By
following the same procedure proposed by Sharon
(2003), the expression for the radial displacement in
the plastic region can be obtained as follows:

where,

The radial displacement ur(r=r0) at the opening surface
r = r0 is given by Equation (13).

Figure 5. The example tunnel for seepage analysis.

Figure 6. The ground reaction curve (C/D = 10,
H/D = 10).

The theoretical solution shown above was verified by
performing numerical analysis and comparing the two
analysis results (Shin, 2007).

2.2 Example problem

As defined in previous section, the ground reaction
curve, GRC is the relationship between the decreasing
internal pressure, pi and the increasing radial displace-
ment, ur . Given a value of pi, re can be calculated using
Equation (11), then, the ur value using Equation (13).

As shown in Figure 5, the ground reaction curve
is calculated for a sample circular tunnel with diam-
eter of D = 5 m, the cover depth of C = 50 m, under
the ground surface, and the groundwater table of
H = 50 m, above the tunnel crown. As shown in
Figure 6, the ground reaction curve with considera-
tion of seepage force is bigger than the ground reaction
curve in dry condition, which means that there is no
ground water while the cover depth of tunnel, C is
10 times diameter of tunnel, D. This is due to the
fact that even if the effective overburden pressure
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Figure 7. The distribution of water pressure in fully and
restricted drained cases.

can be decreased by the arching effect during tunnel
excavation, seepage forces still remain.

2.3 Theoretical solution for lined tunnel when
including consideration into seepage forces

For a real tunnel, the first lining (such as shotcrete),
is installed during tunnelling, and the permeability of
this material is relatively lower than that of ground.
The theoretical solution when considering seepage is
obtained by assuming that the tunnel acts like a drain.
However, the installation of lining makes the ground-
water flow change from a fully drained condition to a
partly drained condition.

When the installation of the lining is considered, the
distribution of water pressure in the ground is shown
in Figure 7. The water pressure caused by tunnelling
can be different according to the ratio of permeabil-
ities of the soil and the tunnel lining. In case of the
fully drained condition, the water pressure increases
with depth to a certain depth but it converges smoothly
to zero, uw = 0 at tunnel wall. On the other hand, if
the drained condition is changed to a partially drained
condition due to installation of the lining, then the
water pressure increases with depth like the hydro-
static pressure, but it converges rapidly to zero at the
inside of the tunnel wall. It develops a residual stress
on the surface of lining, therefore eventually induces
a bigger seepage force adjacent to tunnel wall than
that of fully drained condition. For the development of
residual water pressure, a large total head loss is devel-
oped within relatively short distance (i.e., thickness of
lining).

When considering the installation of a lining with a
relatively lower permeability than ground, the ground
water flow is changed as shown in Figure 7. This
induces the development of a residual water pressure
on the surface of lining and makes the hydraulic gradi-
ent vary. This means that ir in Equation (4) is changed
to i′r considering the lining installation. Figure 8 shows
the variation of hydraulic gradient as the result of the
installation of the lining. Therefore, Equation (11) and

Figure 8. The variation of hydraulic gradient due to lining
set up.

(13) can be rewritten with the consideration into lining
installation as follows, where rel is the elasto-plastic
interface considering lining installation under ground-
water table, assuming the stiffness of the shotcrete is
the same as that of the ground.

The ground reaction curve is estimated through
theoretical solution when considering a lining in which
the permeability is one thousandth of the soil per-
meability, kl/ks = 0.001, under the groundwater table.
The geometry is same as previous one. Before the lin-
ing is installed, the ground reaction curve is the same
as the fully drained curve. Then, after installation of
the lining, a residual water pressure develops on the
surface of lining. It induces an increase of seepage
forces near the tunnel wall, thus the ground reaction
curve increases as shown in Figure 9. Accordingly,
it is known that the permeability and the installation
time of the lining is the most important factor in the
behavior of the ground.

3 THE SIMPLE METHOD OF GROUND
REACTION CURVE

3.1 Estimation of equation of hydraulic gradient

In this study, to evaluate the term related to the see-
page in the theoretical solution, the hydraulic gradient
should be estimated in advance under conditions cor-
responding to the existing geometry. The seepage
analysis is conducted for a sample circular tunnel
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Figure 9. The ground reaction curve considering lining set
up under groundwater table (C/D = 10, H/D = 10).

Figure 10. Generalized hydraulic gradient distribution in
example tunnel.

shown in Figure 5. The radial component of hydraulic
gradient, ir as estimated by the seepage analysis, is
normalized by square of the depth from the ground-
water table to the tunnel, z2 as the sample tunnel shows
in Figure 10, where z is unit of [m], thus unit of ir/z2

becomes [m−2]. If the distribution of the hydraulic gra-
dient is expressed as a hyperbolic function, then it can
be easily integrated into the theoretical solution. The
equation of distribution of hydraulic gradient shown
in Figure 10 is as follows:

Figure 11. The variation of parameter A for water height
and tunnel diameter.

where, ir = the radial component of the hydraulic gra-
dient, z = the depth from the groundwater table to the
tunnel (ex. crown, shoulder, invert), r = the distance
from the center of the tunnel, and D = the diameter
of the tunnel. In general form, Equation (16) can be
expressed as

where, A and B are parameters depending on C/D and
H/C. Shin (2007) performed parametric and sensitiv-
ity analysis to assess the two parameters. The results
of his analysis are as follows. Firstly, the parameter B
can be assumed as a constant of one through the sen-
sitivity analysis. In other words, the estimation of the
hydraulic gradient can be reduced to the problem of the
only parameter A. Thirdly, when the groundwater level
is higher than cover depth (H/C > 1), the parameter A
decreases as the groundwater level increases. On the
contrary, when the groundwater level is lower than the
cover depth, the parameter A increases as water level
increases.

Also, when the diameter of tunnel increases, the
parameter A tends to decrease. Thus, if the diameter
of tunnel, groundwater level and cover depth are given
in any geometric condition, the normalized equation
of hydraulic gradient can be estimated by using the
tendency established above. This can be used to esti-
mate the hydraulic gradient necessary to calculate the
ground reaction curve without a seepage analysis in
a preliminary design. Figure 11 is the diagram of the
parameter A including various conditions; it can be
used to estimate the equation of hydraulic gradient in
any geometric condition.
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3.2 Simplified theoretical solution with
consideration of seepage forces

As mentioned before, the equation of normalized
radial hydraulic gradient can be predicted. The equa-
tion of normalized radial hydraulic gradient can be
expressed as follows:

where, C = A z2

d
Therefore, the elasto-plastic interface and radial dis-
placement can be written as follows, where recs is the
simplified elasto-plastic interface considering seepage
forces.

4 CONCLUSIONS

The groundwater has a significant effect on the behav-
ior of tunnel. This is due to the fact that even if the
effective overburden pressure can be decreased by the
arching effect during tunnel excavation, seepage forces
still remain. The results obtained from this study can
be summarized as follows:

1 The flow of groundwater has a significant effect
on the radial displacement of a tunnel wall. While
the effective overburden pressure is reduced by

the arching effect during tunnel excavation, see-
page forces still remain. Therefore, the presence of
groundwater induces the large radial displacement
of tunnel wall compared to dry condition.

2 When the shotcrete lining (with a relatively lower
permeability than that of ground) was installed, the
residual water pressure occurs on the surface of the
lining. The seepage forces near tunnel wall increase
and consequently the radial displacement of tun-
nel increases, too under the assumption that the
shotcrete has the same mechanical properties as the
surrounding soil.

3 The hyperbolic curve (ir = Cr−1) that can esti-
mate the distribution of hydraulic gradient due to
tunnelling under groundwater table is suggested
through parametric studies and sensitivity analysis.
Using it, the simplified ground reaction curve can
be achieved without performing seepage analysis.
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