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Deep excavations are intensively carried out in many cities in China and other countries. One of the major loadings in such
construction work is the water pressure, and great effort is required to assess the seepage problem and the corresponding water
pressure on the retaining wall for a good design and construction. Different methods used for the seepage analysis are discussed
in this paper through a series of projects in Hong Kong. Some interesting phenomena from the seepage analysis will also be
discussed. Two large scale seepage field tests in Hong Kong are also used for the illustration of the back analysis in seepage
problems which are seldom carried out. The comparative studies demonstrate that a realistic seepage analysis is very important
for deep excavation works, but it was not seriously considered in the past.

1. Introduction

In Hong Kong, China, and many developed cities in the
world, deep excavations are necessary for the building foun-
dations, basements, mass transit, subways, and other con-
struction works [1–5]. In fact, excavation and lateral
support (ELS) works are one of the major construction activ-
ities in Hong Kong and China, and many engineers are work-
ing on the design and construction of different ELS works.
Many support systems have also been developed for different
ground conditions with different ground water control sys-
tems [6]. In general, an ELS design submission includes

(1) Lateral support system, e.g., sheet piles and dia-
phragm wall

(2) Strutting (or tie-back) layout

(3) Construction sequence

(4) Supporting geotechnical documents

(5) Ground water seepage analysis, control of ground
water, and estimates of ground movements

(6) Assessment of the effects of excavation and dewater-
ing on adjoining structures

(7) Monitoring proposal for the ground settlement and
ground water level

Cheng has worked on the design and construction of
many deep excavations in Hong Kong. For example, for the
Sheung Wan MTR Concourse, which is a 35m deep dia-
phragm wall excavation in very poor soil, the water level
has to be controlled to at least 2m below the formation level
during construction. The actual amount of water table
drawdown is around 35m depth; hence, the maximum water
pressure difference at the two sides of the diaphragm wall is
about 35 × 9:81 = 343 kPa (if hydrostatic), which is about
three times the soil active pressure. The loading from water
is hence the greatest loading for the design of the MTR
concourse. Without the consideration of seepage, 343 kPa
hydrostatic water pressure should be designed for the dia-
phragm wall which is a very expensive design. The ground
settlement for this project amounted to 350mm, and about
50% of the settlement came from the changes in the pore
water pressure. To control the ground settlement in such a
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poor soil condition, recharge wells have been used to restore
the water table outside the diaphragm wall to a reasonable
level. A careful and yet safe analysis and design of the water
pressure is hence very important for the deep ELS works.

Following the incompressible flow assumption of water
seepage through soil, the governing differential equation for
seepage [7–9] is given in many text books [10–13] as

Kx
∂2h
∂x2

+ Ky
∂2h
∂y2

= 0: ð1Þ

In the equation, h is the total head (the sum of eleva-
tion head and pressure head in the Bernoulli theorem) with
the velocity head ignored due to its insignificant contribu-
tion and Kx and Ky are the coefficients of permeability of
the soil in the X and Y directions defined by the Darcy
Law as

vx = Kx
∂h
∂x

, vy = Ky
∂h
∂y

, ð2Þ

where vx and vy are, respectively, the velocities of flow
of water in the soil in the X and Y directions. It is possible
that the principal directions of permeability may not align
with the horizontal and vertical directions; hence, the X
and Y can be considered as the local principal directions
for general cases. Due to the deposition and gravity actions,
it can be assumed that the principal directions of perme-
ability align along the vertical and horizontal directions
for many practical problems. Though numerical methods
[14–17] can always be used to solve Equation (1), Equation
(1) can be solved by the flownet construction or analytical
method for simple cases, approximate method by method
of fragment for rapid design in simple cases, and finite
difference/boundary element method for homogeneous
problems with relatively regular geometry or the finite ele-
ment for general cases. The construction of flownet is well
understood and will not be repeated here. Analytical solu-
tions of the equation can be found for certain cases where
the geometries of excavations involving impermeable walls
are simple (the analytical formulae are usually obtained by
using complex conformal analysis). For more general con-
ditions, the use of finite difference and finite element
method (through the Galerkin formulation) is used. Cur-
rently, the most famous finite difference seepage program
is the Modflow which is an open source code, while many
proprietary pre-/post processors are also available. The use
of the finite element method is more popular as compared
with the finite difference method, as the use of imaginary
nodes can be avoided. More importantly, for nonhomoge-
neous problems with irregular geometry, the use of the
finite difference method is very difficult, and a special trick
is required at the interface between different material
regions. Many commercial codes are available for finite ele-
ment seepage analysis, and this will not be discussed here.

2. Use of Analytical Method

The seepage problem of a simple problem can bemapped to a
regular domain by the use of a complex conforming method
[13, 18], and the governing Laplace equation can be solved
then. After the solution of the Laplace equation in a regular
square (rectangular) domain, the results can be mapped back
to the original problem. Some analytical equations have been
developed in the literature, but very few of them are known to
the engineers or even researchers. The authors would like to
pick up two cases for the illustration of such analytical
methods, as these methods appear to be unknown to most
of the engineers and researchers.

2.1. Case 1: Impermeable Layer at Depth at Infinity. For the
example in Figure 1, rockhead is assumed to be so deep that
it can be assumed to be at a depth of infinity. The authors
have checked that no textbook has ever provided the guide-
line on the construction of flownet for such a case. For the
engineers, they will simply assume a finite depth to draw
the flownet or carry out finite element analysis as an approx-
imation. Bettess [19] originated the infinite element for such
a condition, which is further extended by Honjo and
Pokharel [20] and Cheng [21]. The boundary element
method has the advantage for this case, as the infinite domain
is simple for this method. Nevertheless, for simple engineer-
ing cases, the use of the analytical method is actually simpler
for applications but is virtually not known to most engineers.
For Figure 1, the water level at the downstream side is kept at
a depth of 0.5m (by pumping) below the excavation level. In
Figure 1, T is at most measured to the ground level of the
upstream side even if the water level is above ground level
while H is measured to the water level on the upstream side,
regardless whether the water level is above or below ground.
So T =H if the water level is below ground on the upstream
side, otherwise T <H.

If the soil is homogeneous and isotropic where Kx = Ky ,
Equation (1) can be reduced to

∂2h
∂x2

+ ∂2h
∂y2

= 0: ð3Þ

Analytical solutions for Equation (3) with geometry have
been derived and are listed in Azizi [22], and a design guide-
line has been prepared by Cheng (see HKIE [23]):

(i) Determine η from Equation (4) by trial and error
process

tan πηð Þ − πη = πd
T

: ð4Þ

(ii) Determine hF (head at F, the toe level of the wall) by
the relation

hF = ηH, ð5Þ
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Determine λ = H
π
, β = T

π
, α = β

cos hF/λð Þ : ð6Þ

(iii) The equation relating the total head hz along the wall
and depth z is

z = βhz
λ

− α sin hz
λ
, ð7Þ

where z is taken as zero at the downstream water level. It
should be noted that the equation is applicable for both the
upstream and downstream sides. When hz increases along
the flow from upstream to downstream, z will change from
decreasing to increasing at the upstream course.

(iv) The average hydraulic gradient at the upstream side
at the wall at level z is

iuz =
hA − hz
T − z

, ð8Þ

where hA is the total head at the ground surface of the
upstream side.

The average hydraulic gradient at the upstream side at
the wall at level z is

iud =
hz − hB

z
, ð9Þ

where hB is the total head at the water surface of the down-
stream side.

(v) The actual pressure is ðhz − zÞγw where γw is the
density of water.

For the problem in Figure 1, using Equations (4) to (7)

tan πηð Þ − πη = πd
T

= π × 2:5
3 ⇒ η = 0:4209,

hF = ηH = 0:4209 × 3 = 1:2627,

λ = H
π

= 3
π
= 0:9549, β = T

π
= 3
π
= 0:9549,

α = β

cos hF/λð Þ = 3:8821:

ð10Þ

So the governing equation between z and hz is

z = βhz
λ

− α sin hz
λ

= hz − 3:882 sin 1:0472hz: ð11Þ

The calculated results at the various levels on the
upstream and downstream sides are tabulated in Table 1.

The calculated hydrostatic pressure profiles are plotted in
Figure 2 as follows.

Based on the results in Table 1, the stability against the
seepage force can be checked. For the design of the retaining
wall, the net water pressure/force instead of the absolute
value of the water pressure/force is used in the design. The
results in Table 1 are plotted in Figure 2 against the hydro-
static pressure which are shown by the dotted lines. It is
observed that for the upstream side, the water pressure drops
below the hydrostatic value which is due to the release of the
water for driving the water to move. On the other hand, the
water pressure at the downstream side increases above the
hydrostatic value due to the ingress of water. The total forces
and moments on the wall due to the seeping water on both
sides are summed and tabulated in Table 2.

With a factor of 1.5, the allowable average hydraulic gra-
dient is ð19 − 10Þ/10/1:5 = 0:6. The average hydraulic gradi-
ent at the downstream is 0.5 which is less than 0.6; the
“quick sand” problem is hence checked to be acceptable. It
should be pointed out that the water pressures at both sides
of the wall toe must be equal, with a net water pressure of 0
at the toe of the retaining wall. For the Sheung Wan MTR
Concourse, if hydrostatic pressure is applied, the design
water pressure will be 343 kPa instead of 0 kPa at the toe of
the retaining wall which is highly conservative! Thus, the
adoption of the “no seepage” hydrostatic pressure for the
design will be very conservative, but surprisingly, this issue
is seldom addressed clearly in nearly all the existing text-
books. For some relatively shallow excavations, some engi-
neers even assume hydrostatic water pressure for the
design, which is obviously a waste of money.

For the present case, there is actually no need to draw the
flownet, as the water pressure is sufficient for all the analyses
and design of the problem. Concurrently, there is also no
simple method to draw the flownet for this case.

2.2. Case 2: Impermeable Layer at Finite Depth. If the depth to
rockhead is finite, an impermeable boundary has to be con-
sidered which is illustrated by the problem in Figure 3. This
case is well illustrated in many textbooks which can be solved
by the flownet construction.

The calculation procedures are shown in Figure 4. For
the problem in Figure 3, ξ = 1:0985, hA = 1:7548m, and
hB = −1:2452m. The heads, hydraulic gradients, and water
pressures due to seepage are given in Table 3.

The calculated hydrostatic pressure profiles are plotted in
Figure 5 as follows.

The total force and moments on the wall due to the
seeping water on both sides are summarized in Table 4.

Compared with case 1, there is a slight increase in the
forces and moments on the sheet pile wall. This result
appears interesting and is not reported previously. Since such

z = 0

GWL

C
B

A

F

0.5 m

Hu = 1.5 m

H = 3 m 
T = 3 m 

d = 2.5 m 

Figure 1: A seepage problem where the impermeable layer is found
at a great depth.
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increase is small, it can be considered that unless the rock-
head is near to the toe of the sheet pile, the use of case 1 for
normal design is already adequate. It should also be noted
that for the water pressure above the formation level at the
upstream side, the water pressure distribution is nearly a
straight line even after the seepage, though the value is less

than the hydrostatic value. This is observed for both cases
1 and 2.

3. Finite Difference Method

The Laplace equation can be solved by means of the finite dif-
ference method, which is particularly appealing for three-
dimensional problems where a large matrix is not required
[24]. For case 2, the finite difference solution yields the total
head contours (or equipotential lines) in Figure 6. A set of
“flow lines” perpendicular to the total head contours is super-
imposed onto the total head contours to form the “flownet.”

The “pressure head” can be obtained by subtracting the
elevation head from the total head as determined previously.
The pore water pressure can then be determined by multiply-
ing the pressure head by the density of water, and the final
results will be similar to that in Table 2.

If an impermeable layer exists at a great depth, it is
required to assume an impermeable boundary with the finite
difference method. On the contrary, an infinite element can
be used for the finite element method for such condition. It
can be concluded that the finite difference method is less

Table 1: Summary of heads/pressures for case 1.

(a) Summary of upstream side (b) Summary of downstream side
Head hz
(m)

Depth z
(m)

Average hydraulic
gradient izu

Hydraulic pressure
hz − zð Þγw (kPa)

Head hz
(m)

Depth z
(m)

Average hydraulic
gradient izd

Hydraulic pressure
hz − zð Þγw (kPa)

3 3 0 0.00 0 0.0000 0 0.00

2.75 1.7452 0.1992 10.05 0.25 −0.7548 −0.3312 10.05

2.5 0.5589 0.2048 19.41 0.5 −1.4411 −0.3470 19.41

2.25 −0.4951 0.2146 27.45 0.75 −1.9951 −0.3759 27.45

2 −1.3620 0.2293 33.62 1 −2.3620 −0.4234 33.62

1.75 −1.9999 0.2500 37.50 1.25 −2.4999 −0.5000 37.50

1.625 −2.2239 0.2632 38.49 1.272 −2.5000 −0.5088 37.72

1.5 −2.3821 0.2787 38.82

1.45 −2.4268 0.2856 38.77

1.4 −2.4609 0.2930 38.61

1.272 −2.5000 0.3142 37.72
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Figure 2: Hydrostatic pressures on the wall in Figure 1. Note that
the dashed blue line (left 1) means the upstream water pressure on
the wall stem without seepage, the real bold blue line (left 2)
means the upstream water pressure on the wall stem with seepage,
the real cyan line (left 3) means the net water pressure on wall
stem with seepage, the dashed black line (left 4) means the
downstream water pressure on wall stem without seepage, and the
real bold black line (left 5) means the downstream water pressure
on the wall stem with seepage.

Table 2: The total forces and moments on the wall for case 1.

Force (kN) per meter width
Moment (kNm) about wall toe

per meter width
Upstream Downstream Net Upstream Downstream Net

116.8 42.99 73.81 218.33 35.19 183.14

D = 6 m

L = 3.5 m 

Impermeable layer

C
B

A

F

0.5 m

Hu = 1.5 m

H = 3 m 

T = 9 m 
d = 2.5 m

z = 0

Figure 3: A seepage problem where the impermeable layer is found
at limited great depth.
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versatile as compared with the finite element method. The
use of the finite difference has an advantage over the finite
element: the speed of computation. Finite difference analysis
is much faster than the finite element analysis in terms of
computer time, but this is not important for the modern
computer where the CPU is fast enough.

4. Finite Element Approach

The seepage problem is best solved by the finite element
method, where the Galerkin formulation is applied to form
the element stiffness matrix ½Ke� as

Ke½ � =
ð ð

T½ �T kc½ � T½ �dxdy, ð12Þ

where

kc =
kx 0
0 ky

" #
T½ � =

∂N1
∂x

∂N2
∂x

∂N3
∂x

∂N4
∂x

∂N1
∂y

∂N2
∂y

∂N3
∂y

∂N4
∂y

2
664

3
775: ð13Þ

Ni are the interpolation functions for a quadrilateral ele-
ment. For three nodes or higher order elements, the matrix
size for ½T� in Equation (13) will be modified accordingly.
Very detailed treatment of this problem is given by Smith
et al. [25], Asadzadeh [26] and many others, and sample cod-
ing in Fortran 90 has been developed by Cheng which can be
obtained at natureymc@yahoo.com.hk. If the principal direc-

tions of the permeabilities are not the global x and y direc-
tions, the coordinates of the element can be rotated to the
local principal directions x′ and y′ axes. The “stiffness
matrix” can be formed by using the transformed coordinates
while the element stiffness matrix ½Ke� is not required to be
modified. This is possible as the degrees of freedom are only
the total head which are independent of the coordinate axes.

For illustration, the seepage analysis for the project Kwun
Tong Line Extension-Whampoa Station in Hong Kong is
given in Figure 7.

For the West Rail Tsuen Wan West Station project, the
site is mainly underlain by sandy/silty material comprising
the fill, alluvium, and completely to highly decomposed
granodiorite layers; elastic settlement will generally be
induced as a result of dewatering. This is assessed by applying
the effective stress change to the soil stratum down to the top
of the stiff material (i.e., completely to highly decomposed
tuff layer). With reference to the current monitoring record,
it was noted that the lowest groundwater table of SP1 (at
the southeast side of the site) is recorded to be +1.79mPD.
Therefore, in the analysis, the groundwater level is taken at
+1.79mPD for the southeast side of the construction site
and +2.1mPD for the other remaining sides of the site based
on the monitoring record during construction. The seepage
analysis for this project is shown in Figure 8. The monitoring
record for piezometer SP1, the results of the SEEP/W analy-
sis, and the induced ground settlement are estimated. The
maximum settlement due to the groundwater drawdown is
estimated to be -6.07mm. Pump wells and observation wells
are installed along the critical sections for pumping tests.

Alongside AF, the head Alongside AF, the headThe head at A

hz = – ξ ln hB = ξ lnhA = ξ lnhz = ξ ln

hTuz = hz – hA + T

(hTdz (hTuz – z) 𝛾w – z) 𝛾w

iuz = iuz
hA – hz
T – z

hTdz = hz – hB + T

ξ =

++++ – 1– 1– 1– 1

H

The total head at B on wall

The water pressure at z

Upstream Downstream

The water pressure at z

Average hydraulic gradient The total head at A on wall Average hydraulic gradient

The head at B

T
L

T2

L2
z2

L2
z
L

z
L

z2

L2

ln + lnT/L + T2/L2 –1 D2/L2 – 1D/L +

D
L

D2

L2

iud = iud
hz – hB

z

Figure 4: The flowchart for case 2.
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5. Unconfined Flow

Based on the observations on many deep excavation projects
in Hong Kong, Shenzhen, and other places, the authors have
noted that the assumption of prescribed constant ground
water level on the upstream side which is assumed in nearly
all the textbooks is not an appropriate assumption. The water
level outside the retaining wall actually falls during construc-
tion, which results in “unconfined flow” where the upstream
profile becomes another unknown to be solved. In fact,
ground water control is an important issue for deep excava-
tion analysis, and many methods have been developed to
control the ground water during excavation [27–29]. For
Cheng’s past experience, recharge wells outside the retaining
wall have been used to restore the water table for the Sheung
Wan and Wanchai MTR Concourses in Hong Kong.

The free surface is governed by ϕ = y (u = 0) and flow rate
normal to the free surface being 0. Consideration of free sur-
face flow is commonly neglected by many engineers in the
routine analysis and design. Consider the boundary condi-
tions for a typical seepage problem as shown in Figure 9. If
the boundary condition along AB is a constant head, that will
be a classical seepage problem, and the water table along AG
will remain stationary during seepage analysis. If the total
head along AB is assumed to be varying with the boundary
condition ϕ = y along AG (also no flow across AG), then
the precise position of AG will be an unknown which can
be determined from iterative finite element analysis.

In the finite element analysis, there are two major
approaches towards this problem. In the first approach, the

mesh will deform while the number of elements remains
unchanged until the domain satisfies all the boundary condi-
tions. The first approach which is an adaptive mesh method
is useful when the trial free surface is not significantly differ-
ent from the true free surface. This method is simple to be
implemented, yet there are many disadvantages which are
as follows:

(1) The elimination of the dry soil domain prohibits con-
current calculation of the deformation of the soil
structure

(2) The use of this method may lead to poor results or
even divergence because the mesh may be highly dis-
torted during the iteration process. This problem will
be extremely prominent at the interfaces of materials
with large differences in permeabilities

(3) The number of iterations and the total solution time
required for solution are generally great

In the second approach, some of the nodes outside the
valid domain (with negative water pressure) will be removed
until no more nodes can be removed. The mesh will then
slightly deform to fine tune the satisfaction of all the bound-
ary conditions. This approach will involve nodes and element
renumbering which can be tedious work. The second
approach can avoid some of the disadvantages of the first
approach as mentioned above. The use of the Baiocchi trans-
formation [30] can lead to the existence theorem, but it is not
general enough to be implemented for the nonhomogeneous
medium with arbitrary geometry. Residual flow procedure is
the most common method that is used for the second
approach, and many variations on this procedure have been
developed. A simple method for the implementation of this
approach can be achieved by the use of “air element” used
for the modelling of excavation process as proposed by Desai.
Under this concept, any element which is “inactive” in the
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Figure 5: Hydrostatic pressures on the wall for the problem in Figure 3. Summing the total force and moments on the wall due to the seeping
water on b. Note that the dashed blue line (left 1) means the upstream water pressure on the wall stem without seepage, the real bold blue line
(left 2) means the upstream water pressure on wall stem with seepage, the real cyan line (left 3) means the net water pressure on the wall stem
with seepage, the dashed black line (left 4) means the downstream water pressure on the wall stem without seepage, and the real bold black
line (left 5) means the downstream water pressure on the wall stem with seepage.

Table 4: The total forces and moments on the wall for case 2.

Force (kN) per meter width
Moment (kNm) about wall toe

per meter width
Upstream Downstream Net Upstream Downstream Net

121.0 41.76 79.24 229.67 33.56 196.12
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analysis will be given a small but finite permeability/stiffness.
Since the stiffness of the “air element” is much smaller than
the remaining elements, its effects on the iteration analysis
will be negligible. Complicated computer coding can then
be avoided because the computations are carried out on a
mesh which remains unchanged. Bathe has proposed a sim-
ple solution method which is based on this concept. Either
the Newton-Raphson or modified Newton-Raphson solution
method is usually employed for the analysis. The Newton-
Raphson method is preferred if the active zone differs signif-

icantly from the original finite element mesh. The disadvan-
tages of these commonly used methods are as follows:

(1) The stiffness of the air element is finite but small;
hence, the spectral condition number associated with
the system stiffness matrix will be large. The solution
error will be great unless a double precision computa-
tion is used in the computation. It is suggested by
Ridlon [31] that the difference in the stiffness of
adjoining element should preferably be not greater
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Figure 6: Flownet for case 2 by the finite difference method.
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Figure 7: Seepage analysis for the Kwun Tong Line Extension-Whampoa Station in Hong Kong by finite element method.
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than 10000 times for most problems in order to min-
imize the solution error

(2) Unnecessary computations are required for the ele-
ments and nodes which are outside the free surface

(3) Complicated procedures are used for the evaluation
of the equivalent forces during iteration

(4) The method of penalty is used for the nonlinear iter-
ation analysis or the modelling of the flow exits
through the downstream boundary. This will also
induce solution error in the analysis

Cheng and Tsui [32] proposed a modified approach for
approach two, where the nodes to be removed will remain

in the mesh while the elements outside the valid domain will
not be considered in the element stiffness matrix. The global
stiffness matrix will still be based on the original mesh, but
the total head of the “air nodes” will be prescribed as 0. Thus,
all the “air nodes” will be prescribed nodes, with a result that
there is no need to renumber the nodes and element. The
precise domain will then be obtained by an interpolation pro-
cess which is good enough for normal purposes, unless very
few elements are used for the analysis. This approach appears
to be superior to the classical approach two because it is sim-
ple in operation and fast in computation.

One of the difficult problems for the free surface seepage
analysis is the radius of influence R0, which is largely empir-
ical. Currently, this value is usually taken from statistical
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information. Alternatively, a simplified method is adopted by
some engineers as

R0 = CH
ffiffiffi
k

p
, ð14Þ

where C is a constant,H is the amount of drawdown, and
k is the permeability of soil as determined from field test. C is
commonly taken as 3000 for radial flow and 1500 for line
flow to trenches or well points. In Hong Kong and many
other countries, the radius of influence is also commonly
taken as twice the depth of excavation, and this is generally
sufficient for design purposes. For large scale construction
problems, the radius of influence can be determined by field
tests, but this is seldom carried out in practice.

For the problem in Figure 9, the finite element equation
will be ½K�fϕg = fqg, where fqg is the vector of point source
or sink. For a steady state problem where the head is pre-
scribed along AG and FD, this matrix equation can be solved
directly to give ϕ. If AG is assumed to be a free surface, then
the boundary condition of AB is given as ϕ = constant and
given by height AB, while the precise location of AG will be
varied until ϕ = y and u = 0 along AG.

While most of the engineers, design charts, and figures
are based on the assumption that the water table outside
the excavation remains stationary, Cheng has observed that
this assumption is not valid. For the Mass Transit Railway
construction in Hong Kong, Cheng has analyzed many water
drawdown measurement results, and significant drawdown
can be possible for many projects. In fact, the recharge well
is used to restore the water table outside the excavation to

control the ground settlement arising from the construction.
In Figure 10, an example of free surface flow analysis using
the true air element by Cheng is carried out for the project
at Hillwood Road, Hong Kong. It should be noted that free
surface flow analysis for excavation work is seldom carried
out for normal engineering works, as most of the engineers
are not aware of the importance of free surface flow. The
drop in the water level outside the retaining wall is very sig-
nificant as shown in Figure 10, and this should not be
neglected in the analysis and design.

6. Water Pressure Difference

Based on the finite element/difference method or equiva-
lently flownet construction or the free surface construction,
the net water pressure difference at the retaining wall for
ELS can be illustrated in Figure 11. In general, the actual
water pressures at the two sides of the retaining wall are not
required, and the net water pressure difference will be suffi-
cient for the analysis and design of the ELS. As shown in
Figure 11, the net water pressure difference from finite ele-
ment/flownet is nearly a triangular distribution, except at
the tip of the sheet pile where there is a very rapid change
of the water pressure. This result is similar between the clas-
sical confined flow and the free surface flow analysis. The
blue line in Figure 11 is based on the free surface flow analysis
which is actually observed in many deep excavation works by
Cheng, and the water pressure is smaller than the classical
approach where the water table outside the retaining wall
remains stationary during construction. A simplified
approach is adopted in Hong Kong (see also Ou [33]), where
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the design water pressure difference is a triangular pressure,
and the maximum water pressure is given by

u = 2 ×HD
2D +H

× γW : ð15Þ

It should be mentioned that the net water pressure dif-
ference at the tip of the retaining wall must be zero. Cheng
has been asked by many engineers and students about this,
as a trapezoidal water pressure difference assuming hydro-
static condition is used by many engineers in the actual
design. At any point, there is only one water pressure;
hence the net water pressure difference at the tip of the
sheet pile must be zero, but this simple fact has been
neglected by some engineers. Again, the importance of the
actual water pressure difference across a retaining wall as
indicated in Figure 11 is not noticed by many engineers
and researchers. The illustration in Figure 11 also appears

to be unique which is absent in all the textbooks that the
authors have checked.

7. Field Tests for Guangzhou-Shenzhen-Hong
Kong Express Rail Link (XRL) Project and
West Kowloon Reclamation Project

The permeabilities of soil obtained from laboratory tests are
well known to be several times smaller than the in situ per-
meability. For large construction projects where the amount
of water table drawdown is significant, good estimates of
the permeabilities of soils are important, but this is usually
not carefully considered in actual construction. The authors
would like to discuss two major projects in Hong Kong,
where extensive drawdown seepage tests are carried out.
For the first project, the Guangzhou-Shenzhen-Hong Kong
Express Rail Link (XRL) (Figures 12 and 13), it is an express
rail link connecting Hong Kong, Shenzhen, and Guangzhou.

28/3/2011

(a)

811A Diaphragm wall

CLP TAM grouting

TAM grouting

Slurry wall

803A D-wall803A Grouting

Existing WRL D-wall

TAM grouting

Slurry wall SW1-1 to
SW1-7

Slurry wall SW2-1 to
SW2-8

Cross wall

Toe grouting

(b)

Figure 12: XRL site at Hoi Ting Rd. andWRL Tunnel, with 300m long cofferdammade of diaphragm wall: (a) site photo before construction;
(b) locations of diaphragm wall, slurry wall, and toe grouting prior pumping test.

Figure 11: Design net water pressure difference on the retaining wall.
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It is aimed at providing a fast and convenient railway service
linking the three places. The Hong Kong section of the XRL
will be a 26 km long underground rail line on a dedicated
track that runs from the terminus in West Kowloon to the
boundary at Huanggang, where it will connect with the
XRL Mainland section. Prior to commencing the bulk exca-
vation for the tunnel, pumping tests were carried out first
to verify the actual permeabilities of the soil and to carry
out the design for the dewatering system. Different types of
underground soil with different characteristics such as per-
meability (K value) will generate different test results, and
the permeability and pore pressure distribution will be deter-
mined in this project.

The main purposes of the pumping tests are to prove the
effectiveness of the cofferdam waterproofing prior starting
any main excavation work and to estimate the permeabilities
of different types of soils and to check the effects of dewa-
tering on the existing adjacent structures prior starting any
main excavation work. Due to different construction prog-
ress and achievement, the contractor will separate the
pumping tests into 3 sections, i.e., (1) the northern section
(July 2011), (2) the southern section (August 2011), and (3)
the 811B interface section (May 2012).

Dewatering procedure in each section will be conducted
in 2 stages. An intermediate stage of pumping test for

dewatering to -9.3mPD will be carried out prior to proceed-
ing to the final stage of the pumping test to -24.4mPD. This
sequence of dewatering will allow the later construction of
ELS in 2 distinct parts. Hence, the contractor will conduct a
total of 6 independent dewatering stages (2 stages for each
of the 3 different sections). A number of instruments to mon-
itor the dewatering are being installed.

There are 4 types of wells which are being used on site:

(1) Dewatering wells: those wells will provide sufficient
dewatering capacity to lower down the ground water
table (GWT) inside the cofferdam

(2) Observation wells: those wells will measure the GWT
level inside and/or outside the cofferdam

(3) Observation wells including piezometer: those wells
will allow the contractor to know the GWT level
below the layer of the marine deposit

(4) Recharge wells: those wells act as contingency mea-
sures to keep the GWT level outside the cofferdam
to a definite level

The test for the northern section was carried out in the
middle of June 2011, while the test for the southern one

Line reading

Contract
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The dewa
carried
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rewised phase 2 after phase 1 te

Phase dewatering

Observation well baseline reading
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Figure 13: Locations of recharge wells.
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was carried out in the middle of July. Both the northern and
southern sections contained 3 types of wells: dewatering well,
observation well, and recharge well. For each of them, a num-
ber of instruments to monitor dewatering are being installed
(see Table 5).

7.1. Pump Test Procedure and Sequence

7.1.1. Outline Requirements. The contractor has planned to
conduct the pumping test over 3 sections separated by a slurry
wall connecting panels AT-WE18 to AT-WW18, and a D-wall
connecting panels AT-WW41 to the existing WRL tunnel.

7.1.2. Ground Water Table Baseline. Prior to commencing
any pumping tests, the contractor will provide a unique
GWT baseline for all types of instruments: For instruments
outside the cofferdam with a long reading story, the contrac-
tor will take into consideration the readings of the last 10
months with available instruments (piezometers, standpipe).
For the recent installed instruments inside and outside the
cofferdam, the contractor will monitor the instruments for
7 days at a frequency shown in Table 6. The values will be
compared with the 10-month readings and corrected where
required.

The GWT baseline will be established by considering the
lowest water level recorded.

7.1.3. Equipment Test. To avoid any failure in the dewatering
procedure due to material malfunction, the contractor will
ensure that all installed plant and materials are working
properly prior to the pumping test. Each of the above equip-
ment will be checked thoroughly following a checklist previ-
ously agreed by the engineer:

(1) Each type of well (vertical tubes, pumps, riser pipe,
float switch, and filter material)

(2) Pipe lines (setting-out, seepage at valve, and float
switch)

(3) Flow meters and pressure gauges

(4) Instrumentation (through a damage instrument list
in daily reports)

(5) Plants and tank (permit to work and license)

If an observation and/or recharge well is found to be mal-
functioning during the pumping test, the well will be flushed
and a response test will be performed to ensure that the well
is working properly. The individual elements of the system
will be checked prior to installation. The on/off switches will
be inspected and checked for function in water. The pump
will be switch on prior to installation and checked for flow
capacity by lowering into the well and monitoring the water
volume over time. Any pump that fails to activate during a
pumping test will be deemed to be malfunctioning and will
be immediately replaced. If the water level goes below the
switch off level or above the switch on level and the pump
fails to respond, then the on/off switches will be deemed to
be malfunctioning. In this case, the pump will be controlled
manually using the water levels measured from the piezome-
ter installed inside the pump well.

7.1.4. Constant Discharge Test. After completion of the equip-
ment test, the dewatering test can commence (Figures 14, 15,
16, and 17). As a 10-meter layer of marine deposit will be
encountered during the pumping test, the designer has
decided to separate the pumping test into 2 phases:

(1) Phase 1: dewatering to -9.3mPD

(2) Phase 2: dewatering to -24.4mPD

The 2-stage operation will allow the contractor to con-
struct the three upper levels of struts which will be carried

Table 5: Layout of dewatering monitoring.

Northern section

Dewatering well
12 nos.: DW1, DW2, DW3, DW4, DW5, DW18, DW19, DW20, DW21, DW22, DW23, DW24

+DW6 & DW17 (as observation well)

Observation well
13 nos.: OW1, OW2, OW3, OW4, OW5, OW6, OW17, OW18, OW19, OW20, OW21, OW22,

OW23

Observation well including
piezometers

3 nos.: OW24P, OW27P, OW29P

Observation well used as reserved
dewatering well

3 nos.: OW25, OW26, OW28

Recharge well
15 nos.: RW1, RW2, RW3, RW4, RW5, RW6, RW7, RW17, RW18, RW19, RW20, RW21, RW22,

RW23, RW24

Table 6: Pumping test monitoring frequency.

Pumping test criterion Reading frequency
Dewatering well reading frequency

Observation
well reading
frequency

Piezometer
reading
frequency

Inside Inside Outside Inside Outside

Readings to be measured during 7 days prior pumping test starting 4 hrs 4 hrs 4 hrs Hourly Daily
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out at the same time together with required additional reme-
dial works on the lower part of the D-wall. It will save a con-
siderable amount of time as 2 types of works will be carried
out at the same time but independently in technical matters.
Wells will be pumped continuously at a defined flow previ-
ously agreed by the designer. At a certain point of pumping,
the steady rate of discharge with the required drawdown is
achieved. Steady state is defined as the constant rate of pump-
ing such as the rate of groundwater both inside and outside
the diaphragm wall shaft measured in the observation wells
and piezometers as less than 0.1m per hour over three suc-
cessive hourly readings. Steady rate shall be defined as the
constant rate of groundwater drawdown both inside and out-
side the site which is less than 0.1m over an hour. The min-
imum test period shall be 7 days. However, if the contractor
maintained the steady state for 72 consecutive hours, subject
to approval of the engineer, the test period may be shortened.

Where the steady state will not be reached, pumping will
carry on until such a state is reached or as instructed by the
engineer; the minimum test period will be 7 days.

7.1.5. Phase 1

(1) Pump sunk to -16.05 mPD

(2) Commencement of pumping test (first stage)

(3) Lower down water table level to -9.3mPD

(4) Permanent instrumentation monitoring through
observation wells and piezometers

(5) If an excessive drawdown of the ground water level
occurs (GWT level below -0.5mPD) outside the dia-
phragm wall, a recharge well corrective system will be
operated resulting in the failure of the pumping test

Marine deposit

Pump

Dewatering
well

Dewatering 
area

Observation
well

Tentative
founding level

Water table
level

Existing GL

–23.4 mPD

Figure 15: Pumping Tests, stage 1.

Existing
D-wall

Existing
D-wall

Existing water table level Existing GL

Status to be
constructed

T1

T2

T3

T4

T5

T6

Tentative
founding level

–8.5 mPD

–23.4 mPD

Marine Deposit

Figure 14: Initial condition prior staring pumping tests.
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(6) After achievement of steady state at -9.3mPD, the
phase 2 pumping test can commence

7.1.6. Phase 2

(1) The pump sunk to the required level depending on
the location (see table above)

(2) Commencement of pumping test (second stage)

(3) Lower down water table level to -24.4mPD

(4) Permanent instrumentation monitoring through
observation wells and piezometers

(5) If an excessive drawdown of ground water level
occurs (GWT level below -0.5mPD) outside the

diaphragm wall, a recharge well corrective system
will be operated resulting in the failure of the
pumping test

(6) After the achievement of steady state at -24.4mPD,
the recovery phase can commence

7.1.7. Recovery Phase. During the recovery phase, all pumps
will be switched off. Hence, the water level will slowly
increase inside the cofferdam until reaching its initial level
or after 2 days, whichever is sooner. During this phase, the
monitoring will carry on until the water levels in both the
observation wells and the piezometers have recovered their
initial levels. The engineer will be notified prior to termina-
tion of taking readings.

Observation
well

Tentative
founding level

Water recoveryWater recovery

–23.4 mPD

–8.5 mPD

Water table level inside
cofferdam after recovery

Existing GL

Marine deposit

Pumps switched off

Figure 17: Recovery phase.

Marine Deposit

Water table level

–24.4 mPD
–23.4 mPD

–8.5 mPD

Existing GL

Dry area

Pump

Dewatering
well

Observation
well

Dewatering
area

Tentative
founding level

Figure 16: Pumping tests, stage 2.
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7.1.8. Monitoring Plan during Pumping Test. As explained
above, the contractor has installed several monitoring points.
Each monitoring instrument intends to monitor the
following:

(1) Any movement of existing structures adjacent to the
811A project

(2) Any undue ground settlement

(3) Any nonstandard ground water table level outside
the cofferdam

Different monitoring phases will be encountered during
the pumping tests: before pumping tests, the contractor will
monitor water levels of dewatering wells and observation
wells inside the cofferdam. Those readings will form the base
set of initial data for the pumping test.

Different kinds of monitoring equipment were installed
and took the initial reading prior to commencement of the
pumping test. During the pumping test, these monitoring
points should be monitored daily; if any excessive movement
was found according to the allowable movement, the pump-
ing test should be ceased immediately.

7.2. Determination of Permeabilities by the Dewatering Tests.
The pumping test results are measured and compared with
the numerical results from Flac3D seepage analysis. The per-
meabilities of different types of soils are adjusted until the
measured results match well with the numerical results (see
Figure 18). The in situ measured permeabilities are then used
for the future analysis and design of the construction works.
This approach is also used for theWest Kowloon reclamation

project in Hong Kong (another large scale project in Hong
Kong). By comparing the results of 27 trial cases with differ-
ent combinations of permeability for each layer of soil with
the field dewatering test, the permeability for each layer of
soil as shown in Table 7 was found to be most appropriate
with the result of the field dewatering tests. Based on
Table 7, the seepage analysis for the West Kowloon reclama-
tion project is carried out as shown in Figure 18.

8. Discussions and Conclusion

In this paper, the authors have discussed various methods
that are used for the analysis of the seepage problem. Based
on the use of various numerical methods and computer pro-
grams, the authors view that the finite element method is the
most versatile method among all, while the analytical method
is actually sufficient for normal engineering problems. The
authors have also collected several cases from different
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Figure 18: Seepage analysis for the West Kowloon Reclamation.

Table 7: Permeabilities of different types of soil from the dewatering
tests.

Soil Permeability

Fill 1:5 × 10−5

Marine deposit 2:5 × 10−7

Alluvium 4 × 10−6

CDG (-20 to -30mPD) 1:4 × 10−6

CDG (below -30mPD) 8:3 × 10−7

Rock 1 × 10−8
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projects in Hong Kong, and the importance of a good seepage
analysis is well recognized by many engineers.

Based on the present study, some conclusion can be
drawn:

(1) Based on the analytical formulae, it can be observed
that the existence of an impermeable boundary at
the bottom of the excavation will slightly increase
the water pressure. This effect is however small in
general, and the assumption of a rock boundary at
infinity is actually sufficient for normal engineering
design

(2) Based on the Hillwood Road project, it is established
that the free surface flow is important for the seepage
problem in loose soil. This is further supported by the
observations of large drawdown of the water table for
the Sheung Wan andWanchai MTR Concourses and
major ground settlement due to change of pore water
pressure outside the diaphragm wall, which is very
important for the construction of deep excavations
in loose soils

(3) The net water pressure on a retaining wall as shown
in Figure 11 is not appreciated by many engineers
or researchers. The actual net water pressure which
is shown by the blue line in Figure 11 is virtually
never addressed by the engineers or researchers, but
this is actually observed by Cheng in some deep exca-
vation projects in Hong Kong. The results in this
paper also reflect the problems in nearly all the exist-
ing textbooks which have not clearly considered the
actual water pressure in a deep excavation
construction

(4) The two large scale field tests have illustrated the
importance of obtaining the true permeabilities of
soils against the use of unreliable laboratory tests.
The authors have also illustrated the possibility of
carrying out back analysis to obtain the permeability
for a proper seepage analysis for the coming con-
struction works
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