
HYDROLOGICAL PROCESSES
Hydrol. Process. 22, 1857–1865 (2008)
Published online 13 August 2007 in Wiley InterScience
(www.interscience.wiley.com) DOI: 10.1002/hyp.6768

Modelling study on the impact of deep building foundations
on the groundwater system

Guoping Ding,1 Jiu J. Jiao1* and Dongxiao Zhang2,3

1 Department of Earth Sciences, The University of Hong Kong, Hong Kong, People’s Republic of China
2 Mewbourne School of Petroleum and Geological Engineering, The University of Oklahoma, Norman, OK, USA

3 Department of Energy and Resources Engineering, College of Engineering, Peking University, Beijing, People’s Republic of China

Abstract:

Coastal areas are usually the preferred place of habitation for human beings. Anthropogenic activities such as the construction
of high-rise buildings and underground transport systems usually require extensive deep foundations and ground engineering
works, which may unintentionally modify the coastal groundwater system because the construction materials of foundations
are usually of low hydraulic conductivity. In this paper, the impact of these building foundations on the groundwater regime
is studied using hypothetical flow and transport models. Various possible realizations of foundation distributions are generated
using stochastic parameters derived from a topographical map of an actual coastal area in Hong Kong. The effective hydraulic
conductivity is first calculated for different realizations and the results show that the effective hydraulic conductivity can be
reduced significantly. Then a hypothetical numerical model based on FEFLOW is set up to study the change of hydraulic head,
groundwater discharge, and saltwater-fresh water interface. The groundwater level and flow are modified to various degrees,
depending on the foundations percentage and the distribution pattern of the buildings. When the foundations percentage is
high and the building foundations are aggregated, the hydraulic head is raised significantly and the originally one-dimensional
groundwater flow field becomes complicated. Seaward groundwater discharge will be reduced and some groundwater may
become seepage through the ground surface. The transport model shows that, after foundations are added, overall the seawater
and fresh groundwater interface moves landward, so extensive foundations may induce seawater intrusion. It is believed
that the modification of the coastal groundwater system by building foundations may have engineering and environmental
implications, such as submarine groundwater discharge, foundation corrosion, and slope stability. Copyright  2007 John
Wiley & Sons, Ltd.
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INTRODUCTION

Historically, cities have been located on coastlines
because there are many transport, food, and ecologi-
cal benefits. Of the world’s ten largest cities, eight are
coastal. Coastal cities around the world are growing at
faster rates than those in inland areas. In the USA, around
53% of the population lives near the coast, and since 1970
there have been 2000 homes per day erected in coastal
areas (UN, 2006). By 2015, 340Ð5 million people will be
living in 18 coastal megacities worldwide (Alexander and
Pulquerio, 2005).

The more people that crowd into coastal areas, the
more pressure they impose on coastal land. Taking Hong
Kong as an example, the high rate of population growth
has put severe demands on Hong Kong to provide
adequate housing, facilities and services for its people.
The small size of Hong Kong has resulted in the city
expanding vertically, leading to the highest residential
density and some of the tallest buildings in the world.
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The construction of high-rise buildings usually requires
extensive, deep foundations and ground engineering
works, including deep excavations, bored piles, grouting
and diaphragm walls, large-bored pilings and diaphragm
walls. For construction use, bentonite slurry, sheet piles,
caissons, mini piles, steel piles, etc. are used, and huge
amounts of natural soil are replaced with impermeable or
low-permeable construction materials, such as concrete.
Piers of the building foundations are usually anchored at
least 5 m below the rockhead, which can be about 50 m
below the ground surface. Diaphragm walls and silicate
grouting at the bottom of the walls are commonly used
along the perimeter of a construction site to cut off inward
water flow. Consequently, after a building is constructed,
a ‘concrete box’ of low hydraulic conductivity is left in
the soil. The natural soil in the upper few tens of metres,
which is usually the zone with the most active ground-
water movement, is then largely replaced by foundations
and other construction materials (Jiao et al., 2006).

Deep foundations of densely distributed buildings in
coastal cities may modify the overall hydraulic conduc-
tivity and then change the coastal groundwater flow sys-
tems. However, the study on how the deep foundations
affect the groundwater flow has been largely ignored.
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The possible damming effect of a basement structure
on groundwater flow was first mentioned in Hong Kong
(GCO, 1982). Pope and Ho (1982) further examined the
effect between two piles using a simple numerical model,
and Brassington (1998) demonstrated schematically that
pile foundations, especially in urban areas, can radically
reduce the cross-sectional area of shallow aquifers and
may result in changes of the groundwater level. Recently,
Jiao et al. (2006) used a two-dimensional cross-sectional
model to study the impact of deep foundations on ground-
water flow in a coastal hillside and concluded that deep
foundations may cause a reduction in hydraulic conduc-
tivity of 14–20 times in the urbanized area.

The range of hydraulic conductivity of concrete mate-
rials with different concrete mix varies from 10�9 to
10�12 m s�1 (Concrete Society Working Party, 1987).
Therefore, these kinds of material can serve as some type
of barrier to hydraulic movement (Johnson et al., 1985).

This paper will use a three-dimensional hypothetical
model to investigate the change of groundwater flow
system as a result of distributed foundation blocks
in urban areas. The urban area is considered as a
bimodal system: the original porous media with high
hydraulic conductivity and the deep foundation blocks
with low hydraulic conductivity. Stochastic realizations
with different percentages of low-permeability blocks
are used to represent the distribution pattern and the
percentage of the deep foundations. The models are first
run without foundation blocks and then with foundations.
The changes of hydraulic head, groundwater discharge
to the sea and seepage to the ground surface, and
the saltwater–freshwater interface after foundations are
added are investigated.

MODEL SETUP

Model configuration

The hypothetical study is based on a coastal area
around the Mid-Levels area of Hong Kong Island.
This area can be divided into upper and lower parts
with significantly different modes of development. The
upper part is essentially a natural slope with minimum
development and the lower part is relatively flat and is
extensively urbanized with high-rise buildings. In this
paper, they are referred to as ‘natural area’ and ‘urban
area’ respectively.

For the hypothetical studies, the buildings are assumed
to be located in the urban area only. A model area of
800 m ð 1000 m is chosen for this study. The topography
of the ground surface, together with the three-dimensional
mesh system, is shown in Figure 1. The ground surface
ranges from 302 m at the south boundary to 53 m at
the north coast. Hexahedron elements are adopted and
the cell size is 10 m ð 10 m. Vertically, the aquifer is
evenly divided into five layers. The numbers of nodes
and elements are 40 000 and 49 086 respectively. The
south boundary is assumed to be located at the water
divide and is represented as a no-flow boundary and

the north boundary is assumed to be at the coastline
and represented as a constant-head boundary. For the
hypothetical study, the boundary head can be set as an
arbitrary number and is set to 45 m. The east and west
boundaries are set as no-flow boundaries. The bottom of
the model is represented by a horizontal impermeable
layer, which is 60 m below the ground surface at the
coast. The system has only recharge from rainfall and
the ground surface is set as a prescribed flux boundary
recharged by rainfall. An infiltration rate of 8Ð22 ð
10�4 m day�1 is used in the model, which is equivalent to
20% of the annual rainfall of 1500 mm. Zero infiltration
is assumed in cells with foundation blocks.

The aquifer of the model is unconfined and is assumed
to be homogeneous and isotropic. The hydraulic conduc-
tivity of the background aquifer materials is assumed to
be constant and the value is 10�5 m s�1. The hydraulic
conductivity of the low-permeability foundation blocks
is also given a constant value of 10�8 m s�1. Founda-
tion blocks are only located in the lower half of the
model area or urban area, and each foundation fully
penetrates the entire aquifer. A three-dimensional finite-
element groundwater model, FEFLOW, a commercial
code developed by WASY, is used to do the simulation
(Diersch, 2005).

The study focuses on the modification of the ground-
water system by deep foundations in the long term. It
is assumed that groundwater flow is in a steady state
before urbanization and achieves another steady state
after urbanization when deep foundations of high-rise
buildings are added. The water levels, groundwater dis-
charge and interface of fresh groundwater and seawater
from the two steady-state models with and without foun-
dation blocks are compared.

Realizations of building-block distributions

The building distribution is assumed to be stochastic.
The overall distribution of the building blocks is con-
trolled by the orientation of streets and is non-stationary.
Statistical and stochastic studies of the building block
distributions are carried out using the topographical map

Figure 1. Hypothetical model area and three-dimensional mesh system
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of the Mid-Levels area, Hong Kong in 2000 (Survey &
Mapping Office, 2000). The percentage of the area occu-
pied by the foundations of the building blocks over the
urban area, which is referred to as foundation or build-
ing percentage hereafter, is analysed statistically from the
topographical map. The result shows that the buildings
percentage in the urban area is about 30% (Ding, 2006).

The building map is then digitized and a grid system
with 50 m ð 50 m cells is superimposed for stochastic
analysis. The urban area consists of cells with and without
building blocks, so it can be represented by a bimodal
system. Each cell is given an indicator, which is set
to unity if the cell is within the building blocks and
zero otherwise. Thus, an indicator map of the building
distribution is derived. Stochastic parameters, such as
the mean, variance, range, search direction angle, and

nugget, are then derived from the experimental variogram
calculation and exponential model fitting by use of
ArcGIS and its Geostatistical Analyst (Johnston et al.,
2001).

The stochastic parameters obtained from the Mid-
Levels area are used here to generate realizations of
foundation blocks for the hypothetical studies. With these
stochastic parameters, realizations are then generated by
the code SISIM in the Geostatistical Software Library
(Deutsch and Journel, 1998). Seven realizations repre-
senting different percentage of buildings, namely 5%,
10%, 15%, 20%, 25%, 30%, and 35% used by Ding
(2006), are used again here for the hypothetical study (see
Figure 2). The correlation scale used is 107 m, which
is based on a statistical study of the building distribu-
tions in an extensively urbanized area in Hong Kong

Figure 2. Possible realizations of foundation blocks selected for the modelling study when foundations percentages are (a) 5%, (b) 10%, (c) 15%,
(d) 20%, (e) 25%, (f) 30%, and (g) 35% (dark grey cells are foundation blocks)
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(Ding, 2006). The realizations in Figure 2 follow a certain
distribution pattern that is completely controlled by the
stochastic parameters, such as the mean, variance, range,
search direction angle, and nugget.

CHANGE OF HYDRAULIC CONDUCTIVITY DUE
TO FOUNDATION BLOCKS

The overall hydraulic conductivity of the urban area
is expected to be modified by the foundation blocks.
The effective hydraulic conductivity in a bimodal sys-
tem has been studied previously (e.g. Desbarats, 1987;
Rubin, 1995; Lu and Zhang, 2002; Zhang, 2002). Des-
barats (1987) studied the effective hydraulic conductivity
for sand–shale formations where the indicator function
I�x� is assumed spatially stationary. The hydraulic con-
ductivities of both the sand and the shale are treated
as constant. In the Rubin (1995) study, the hydraulic
conductivity of different media is relaxed to stationary
random fields while I�x� remains stationary. In the study
by Winter and Tartakovsky (2000), the stationarity of
I�x� is not required; however, the hydraulic conductiv-
ity is still assumed stationary. In this paper, both the
hydraulic conductivities of the natural soil and the foun-
dation blocks are assumed constant, and Dagan’s self-
consistent method (Dagan, 1989) is adopted to study the
change of hydraulic conductivity due to the implemen-
tation of different percentages of foundation blocks. The
formula for binary media is (Renard and Marsily, 1997):

Kef D 1

D

[
Vbldg

Kbldg C �D � 1�Kef

C Vback

Kback C �D � 1�Kef

]�1

where Kef[LT�1] is effective hydraulic conductivity,
D is the space dimension, Vbldg is the volume ratio
of foundation blocks to the aquifer, and Vback is the
volume ratio of background or natural soil to the aquifer.
Desbarats (1987) concluded that this formula is only
valid when the volume of foundation blocks is less than
60% of the whole area. The equation can be solved by
the recursive method by giving the initial Kef and the
convergence criterion.

Assume that the hydraulic conductivities of the back-
ground soil and the foundation blocks are 10�5 m s�1 and
10�8 m s�1 respectively. Table I shows the computed
effective hydraulic conductivity for different percentages
of foundation blocks. When there are no foundation
blocks, the calculated Kef is equal to the hydraulic con-
ductivity of the natural soil. When the percentage of
foundation blocks is increased, Kef decreases. When the
percentage of foundation blocks reaches 35%, the calcu-
lated Kef D 3Ð03 ð 10�6 m s�1, or the foundation blocks
added into the underground reduce the hydraulic conduc-
tivity by 70%. Jiao et al. (2006) used a two-dimensional
cross-sectional model to study the impact of deep foun-
dations on groundwater flow in a coastal hillside and

concluded that deep foundations may cause a reduction in
hydraulic conductivity of 14–20 times in the urbanized
area. The present study suggests that Jiao et al. (2006)
overestimated the reduction in hydraulic conductivity.

CHANGE OF GROUNDWATER LEVEL AND FLOW
DUE TO FOUNDATION BLOCKS

The groundwater model is first run to calculate the
water level, groundwater discharge when there are no
foundation blocks. In this case the flow is strictly two-
dimensional and the water level contours are shown
as continuous straight lines (Figure 3). All the recharge
of the rainfall eventually becomes discharge to the sea
through the coastline. There is no discharge through the
ground surface, which is referred to as seepage hereafter,
because the water table is below the ground surface.

The flow system is expected to be modified by the
foundations percentage and pattern of foundation cells.
Different realizations of the foundation distributions are
created when the foundations percentage ranges from 5%
to 35%. Some information about the foundations percent-
age and rainfall recharge of these realizations, together
with the case without any foundations (referred to as
the background case), is shown in Table II. The recharge
decreases as the foundations percentage increases because
no recharge is added to the foundation cells.

The groundwater model is run again with different
foundations percentages and distributions based on dif-
ferent realizations. Water level, discharge to the sea, and

Table I. Effective hydraulic conductivity and reduction in
hydraulic conductivity with respect to background hydraulic con-

ductivity corresponding to different foundations percentages

Foundations
amount (%)

Kef

(10�6 m s�1)a
Reduction
in K (%)

0 10Ð0 0
5 9Ð00 10
10 8Ð00 20
15 7Ð01 30
20 6Ð01 40
25 5Ð01 50
30 4Ð02 60
35 3Ð03 70

a Dagan’s method (Dagan, 1989).

Table II. Foundations percentage and rainfall recharge for differ-
ent cases

Realization name Foundations
amount (%)

Rainfall recharge
(m3d�1)

Background 0 658
R01 5 639
R20 10 625
R17 15 609
R06 20 592
R02 25 574
R07 30 558
R27 35 540
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Figure 3. Groundwater contours for four possible realizations of foundations distributions with foundations percentages of (a) 5%, (b) 15%, (c) 25%
and (d) 35%

seepage are output from the model to compare with those
from the background case.

Figure 3 shows the change of hydraulic head caused by
foundations for four possible realizations of foundation
distributions when the foundations percentages are 5%,
15%, 25%, and 35%. For a foundation realization with a
foundations percentage of 5% (Figure 3a), the original
straight water level contours are obviously disturbed.
Overall, the water level is increased. In the area where the
foundation blocks are sparse and not combined into large

aggregations, the hydraulic head shows an insignificant
increase. If foundation cells are combined in such a way
that they become large clusters which effectively block
the seaward flow, then the hydraulic head in the area
north of the clusters decreases and may be even lower
than the background case; meanwhile, the water head in
the area south of the clusters may build up significantly.
In this case, the cluster may behave like an underground
dam. Figure 3a shows such a large cluster, or a dam, near
the northwest corner of the model area.
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Figure 3b–d shows that, when the foundations percent-
age is increased and the foundation cells are clustered, the
change in the hydraulic head becomes progressively com-
plex. Overall, the hydraulic gradient in the urban area is
larger than that in the natural slope area. Compared with
the background case, the flow direction and velocity are
greatly distorted.

Three observation points (A, B, and C) in layer 3
are selected to examine the detailed change of hydraulic
head due to different foundations percentages. Points
A, B and C are located near the coastline, at the
boundary of the urban and natural areas, and near the
south boundary of the model (see Figure 1). Table III
shows the detailed changes of the water level when the
foundations percentage increases from 5% to 35%. The
water level increase at points B and C is significant
when the foundations percentage is 15%. The increase
can be over 10 m when the foundations percentage is
30%. The change of the water level at point A is
insignificant because it is near the fixed-head boundary.
The water level at this point may be slightly decreased
when the foundation cells happen to cluster in the regions
immediately to the south of this point and block the flow
to the sea.

The flow of the system is also significantly modified
by the foundation cells. Figure 4 shows the discharge
to the sea and seepage to the ground surface with

Table III. Change of hydraulic head with different foundations
percentages

Foundations
amount (%)

A
(m)

Change
(m)

B
(m)

Change
(m)

C
(m)

Change
(m)

0 45Ð21 0Ð00 52Ð33 0Ð00 54Ð56 0Ð00
5 45Ð17 �0Ð04 53Ð71 1Ð38 55Ð75 1Ð19
10 45Ð28 0Ð07 54Ð30 1Ð97 56Ð56 2Ð00
15 45Ð33 0Ð12 58Ð17 5Ð84 60Ð15 5Ð59
20 45Ð18 �0Ð03 61Ð48 9Ð15 62Ð72 8Ð16
25 45Ð61 0Ð40 62Ð29 9Ð96 63Ð96 9Ð40
30 45Ð45 0Ð24 64Ð24 11Ð91 66Ð31 11Ð76
35 45Ð06 �0Ð15 68Ð80 16Ð47 69Ð32 14Ð77

different foundations percentages. When the foundations
percentage is less than 20%, the water level is below
the ground surface, there is no seepage to the surface
and all the groundwater discharges directly to the sea.
When the foundations percentage is greater than 25%,
the water level rises to the ground surface in some of the
urban areas and seepage increases dramatically. When
30% of the urban area is covered by buildings with
deep foundations, seepage accounts for 20Ð7% of the
total rainfall recharge. When the percentage reaches 35%,
56Ð4% of the rainfall recharge is discharged as seepage.

CHANGE OF SALTWATER–FRESHWATER
INTERFACE DUE TO FOUNDATION BLOCKS

It is expected that the seawater and fresh groundwater
interface may also be modified if building foundations
are added to the coast. The model is configured as a
steady-state solute transport model to simulate the change
of saltwater–freshwater interface caused by building
foundations. It is assumed that the salinity of the seawater
is 1Ð025 kg l�1 and the chloride concentration of the
seawater is 35 000 mg l�1. The concentration contour
with total dissolved solids (TDS) of 250 mg l�1 is treated
as the location of the saltwater–freshwater interface. The
model consists of five layers, and the saline concentration
of the third layer is used to examine the change of the
interface with foundations percentage. The flow boundary
conditions remain the same as the flow-only model
except at the coastline. A hydrostatic pressure defined by
h D �sd is imposed at the coastline, where h (m) is the
hydrostatic pressure head, �s is the density of seawater
(which is assumed to be 1Ð025 kg l�1), and d (m) is
the depth below the mean sea level. The boundary
conditions for the transport model are dependent on the
flow boundary conditions. The TDS of rainfall is assumed
to be zero. Solute may neither disperse nor advect across
the no-flow boundary. Other flow and transport data,
if not specified here, are assumed to be the default
value provided by FEFLOW (Diersch, 2005). Table IV
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Figure 4. Change of rainfall recharge, discharge to the sea, and seepage with foundations percentage
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Table IV. Values of the key parameters in the transport model

Parameter Value

Hydraulic conductivity of background
material (m s�1)

1 ð 10�5

Hydraulic conductivity of foundation blocks
(m s�1)

0Ð001 ð 10�5

Density of seawater (kg m�3) 1Ð025 ð 103

Density ratio 250 ð 10�4

Porosity 0Ð3
Henry sorption coefficient 0
Molecular diffusion (m2 s�1) 1 ð 10�9

Longitudinal dispersivity (m) 5
Transverse dispersivity (m) 0Ð5

summarizes the values of the key parameters used in the
transport model.

The model is first run without any foundation and
the background hydraulic conductivity is assumed to be
10�5 m s�1. The saline water and fresh water interface
is 50 m from the coast. To understand how the inter-
face changes in response to the background hydraulic
conductivity, the model is run again with background
k D 10�6 m s�1. The interface is now 47Ð5 m from the
coast and the water level is slightly increased. This shows
that the interface will move towards the coast if the over-
all hydraulic conductivity is decreased. The reason is that
lower hydraulic conductivity increases the hydraulic gra-
dient and, thus, the hydraulic head. As a consequence, the
saltwater–freshwater interface is forced to move towards
the sea.

The model result from the case without foundations
when the background k D 10�5 m s�1 is used as the

background case. Cases with different foundations per-
centages are then simulated and the saltwater–freshwater
interfaces (TDS D 250 mg l�1) are shown as bold black
lines in Figure 5. Because the change of the interface
near the coast is the main concern, only the urban area is
shown in the map. The interface of the background case
with hydraulic conductivity 10�5 m s�1 is also presented
as a dashed line in Figure 5. Although the foundation
blocks reduce the overall hydraulic conductivity of the
model area, the saltwater–freshwater interface does not
move towards the sea, as it is expected to intuitively.
Instead, in most of the cases, the interface somehow
moves landward. This is because most of the founda-
tion cells are located away from the coastline and they
have a certain damming effect. The water level south
of the foundation clusters is increased, but the water
level and hydraulic gradient near the coast are actually
decreased when these cells block the flow from uphill.
Generally, when the foundations percentage is small, the
interface does not change too much compared with the
background case (see Figure 5a). However, when the per-
centage of foundation blocks is large, the interface of
saltwater–freshwater is greatly changed (see Figure 5c
and d). The key factor controlling the location of the
saltwater–freshwater interface is the hydraulic gradient
near the coast. If the hydraulic gradient immediately near
the coastline is increased, then the saltwater–freshwater
interface moves towards the sea; however, if it is reduced,
then the interface moves landward. The coastal hydraulic
gradient is largely determined by the location of foun-
dation cells and the size of foundation clusters. When
the foundation cells are located far away from the coast-
line and the size of the foundation clusters is small, the

Figure 5. Simulated location of saltwater–freshwater interface for cases with foundations percentages of (a) 5%, (b) 15%, (c) 25% and (d) 35%
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hydraulic gradient along the coastal area will not change
much. When the size of foundation clusters is small, even
if the foundation blocks are located near the coastline, the
change of saltwater–freshwater interface is still not obvi-
ous (Figure 5a). When the foundation clusters are located
in such a way that they are near the coast and impede flow
from the upstream, they will reduce the coastal hydraulic
gradient significantly and lead to obvious seawater intru-
sion (see Figure 5c and d).

Figure 5 shows that the locations of the saltwater–
freshwater interface are no longer straight lines, as in the
background case, when foundation blocks are added. As
discussed before, the saltwater–freshwater interface may
move inland due to the inclusion of foundation blocks.
However, as the area happens to be the main discharge
zone in each case, the saltwater–freshwater interface is
similar to that of the background case and in places the
interface is even closer to the sea than that of the back-
ground case. This can be easily explained by the principle
used before: the hydraulic gradient near the coastline in
these zones is much larger than those isolated by founda-
tion blocks, and the saltwater–freshwater interface is thus
forced to advance seaward. When the foundations per-
centage is 35% (Figure 5d), the seawater–fresh ground-
water interface generally moves inland, which indicates
seawater intrusion. Some foundations originally in fresh
groundwater may be soaked in salty groundwater.

DISCUSSION AND CONCLUSIONS

Using hypothetical models, this paper has studied the
impact of deep foundations of buildings on groundwa-
ter flow systems, an issue that is not well recognized or
is ignored in the literature. The aquifer with foundation
blocks is treated as a bimodal system. Various realizations
of the foundation distributions were generated based on
the stochastic parameters obtained from the analysis of
the building distribution in an actual highly urbanized
area in Hong Kong. Using the Dagan (1989) method,
the effective hydraulic conductivity of the aquifer sys-
tem including the foundation blocks was estimated. The
results show that the foundation blocks may reduce the
effective hydraulic conductivity of the aquifer system
by 70% when foundations percentage is 35%. The flow
model was then set up to simulate the change of the water
level and flow by foundation blocks. When the founda-
tions percentage is 15%, the water level increase becomes
significant, especially in the natural slope area. When the
percentage is 35%, the water level in some areas can
be increased by over 14 m. However, inside the urban
area, especially near the coastline, water level may be
decreased if the foundation cells combine into clusters,
which behave like dams and reduce the seaward ground-
water flow. The water level contour lines can be remark-
ably disturbed by the foundation cells and the velocity
distribution is then significantly modified. Groundwater
discharge to the sea is reduced and groundwater is forced
to discharge as seepage through the ground surface. When

the foundations percentage reaches 35%, over half of
the groundwater becomes seepage. Finally, the transport
model was used to study the modification of the seawa-
ter and fresh groundwater interface caused by foundation
cells. If the aquifer system has uniform hydraulic con-
ductivity, then the saltwater–freshwater interface moves
seaward as the hydraulic conductivity is decreased. How-
ever, when the foundation blocks are added into the
model, although the overall hydraulic conductivity is
reduced, the overall location of the saltwater–freshwater
interface moves landward, which seems non-intuitive.
This is because the foundation clusters have a certain
damming effect and the water level between the clus-
ters and the coastline is actually decreased. It is well
known that coastal pumping can cause seawater intru-
sion, but, for the first time, this paper has demonstrated
that extensive foundations can also induce seawater intru-
sion.

This study results in environmental and engineering
implications in coastal areas. Foundations may reduce
the direct seaward discharge, which suggests that sub-
marine discharge may be modified. This may have a
certain effect on the coastal seawater quality. Because
of the foundations, some groundwater may become sur-
face water, which may be most significant in heavy
rainfall and enhance the chance of coastal flooding.
The water level increase in the natural slope area may
increase the possibility of slope failures, a major natu-
ral disaster in a steep coastal area such as Hong Kong.
Because of the seawater intrusion caused by deep build-
ing foundations, some foundations which were origi-
nally in fresh groundwater may be gradually soaked
in salty seawater, which may corrode the foundation
materials. Coastal urban planners should be aware of
the potential problems caused by extensive founda-
tions in costal areas and arrange the building distri-
bution and street orientation in such a way that the
regional groundwater system is not significantly dis-
turbed.

The hypothetical studies conducted in this paper have
limitations because they are based on highly simplified
models. For example, the foundation blocks in the model
are assumed to penetrate the whole aquifer fully. In
reality, the depth of the foundation varies. There are
streets between buildings and the hydraulic properties
of the soil below the streets may be different from
either the background soil or the foundation materials.
In this sense, the bimodal system is not entirely correct.
In spite of these limitations, the general conclusions
about the change of the groundwater pattern due to deep
foundations are reasonable.
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