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1. Introduction 
 

The Quaternary deposit in Shanghai has a thickness of 

more than 300 m and is composed of an alternated multi-

aquifer-aquitard system (Xu et al. 2009, 2012, Zhu et al. 

2016), which is a common aquifer system in many coastal 

areas (Cheng and Chen 2007, Hugman et al. 2015, Zhou X. 

2016). The multi-aquifer-aquitard system generally has high 

hydraulic heads and is rich in groundwater. Underground 

spaces are developing with the increasing population and 

urbanization in coastal regions (Carlson et al. 2011, Jiao et 

al. 2006, 2008, Yin et al. 2014, 2015, Wu et al. 2015a, 

Zhang et al. 2015, 2017). For example, in Shanghai the 

number, and buried depth, of deep excavations are 

increasing Wang et al. 2012, 2013, Tan and Wang 2013a, b, 

Zhou et al. 2010). When excavations reach a depth of  
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around 20 m, where the first confined aquifer exists, 

geohazards such as quicksand, boiling, and piping may 

occur (Xu et al. 2009, Shen and Xu 2011, Wu et al. 2015a-

e). Groundwater levels with high hydraulic heads in some 

coastal cities, such as, Barcelona (Pujades et al. 2014), 

Hong Kong (Forth 2004), Taipei (Ni et al. 2011), Tianjin 

(Shen et al. 2015a), and Shanghai (Xu et al. 2013, 2016, Ma 

et al. 2014, Wu et al. 2016), have been lowered during 

excavation by dewatering inside, or outside, the foundation 

pit to prevent these possible geohazards. Rapidly significant 

dropdown in water level due to dewatering would cause 

remarkable consolidation-induced ground settlement, which 

could cause permanent damage to superstructure or buried 

infrastructure in the proximity of pit (e.g., Tan et al. 2016, 

Tan and Lu 2016). Estimation of the hydraulic parameters 

of the soil is crucial for the analysis of excavation 

dewatering (Lin et al. 2010, Wu et al. 2013, Shen et al. 

2014, 2015b). Pumping tests are conducted before 

dewatering, and these are a common method of determining 

hydraulic parameters in aquifers (Ni et al. 2011, 2013). 

Back-analysis, by fitting the modelling results and 

measured data based on pumping tests through an analytical 

method or a numerical method, is conducted to estimate 

hydraulic parameters such as hydraulic conductivity and 

specific storage (Johnson et al. 2002, Zhou et al. 2012, Wu 

et al. 2015b, c, Cai et al. 2014, Yoon et al. 2015). As 
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Abstract.  Estimation of hydraulic parameters is a critical step during design of foundation dewatering works. When many 

piles are installed in an aquifer, estimation of the hydraulic conductivity should consider the blocking of groundwater seepage by 

the piles. Based on field observations during a dewatering project in Shanghai, hydraulic conductivities are back-calculated 

using a numerical model considering the actual position of each pile. However, it is difficult to apply the aforementioned model 

directly in field due to requirement to input each pile geometry into the model. To develop a simple numerical model and find 

the optimal hydraulic conductivity, three scenarios are examined, in which the soil mass containing the piles is considered to be 

a uniform porous media. In these three scenarios, different sub-regions with different hydraulic conductivities, based on either 

automatic inverted calculation, or on effective medium theory (EMT), are established. The results indicate that the error, in the 

case which determines the hydraulic conductivity based on EMT, is less than that determined in the automatic inversion case. 

With the application of EMT, only the hydraulic conductivity of the soil outside the pit should be inverted. The soil inside the pit 

with its piles is divided into sub-regions with different hydraulic conductivities, and the hydraulic conductivity is calculated 

according to the volume ratio of the piles. Thus, the use of EMT in numerical modelling makes it easier to consider the effect of 

piles installed in an aquifer. 
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numerical methods are particularly useful in complicated 

geological environments, and can give more reliable 

hydraulic parameters, they have become more widely used 

(Pujades et al. 2014, Wu et al. 2015c). 

Many underground structures, such as diaphragm walls 

(Wang et al. 2012, Shen et al. 2013, Wu et al. 2016), 

tunnels (Han et al. 2016, 2017, Ye et al. 2015) and vertical 

barriers for contaminant (Anderson and Mesa 2006, Fan et 

al. 2014, Du et al. 2014a, b, 2015a, b, Richardson and 

Nicklow 2002) are, or will be, constructed in aquifer layers. 

The permeability, affecting the performance of these 

underground structures, had been widely investigated; and a 

series of empirical equations using property indexes were 

developed for prediction of the hydraulic conductivity 

(Hinchberger et al. 2010, Pujades et al. 2012a, Du et al. 

2015a, b). The permeability of these underground structures 

required to be lower than 10
-8

 m/s for anti-seepage in 

general. Slurry-trench cutoff wall for groundwater 

containment as an example, Du et al. (2015b) indicated that 

the cutoff wall created using clayey-soil and 10% calcium 

bentonite (by dry weight) ensured a hydraulic conductivity 

lower the typical regulatory limit of 10
-9

 m/s. Using the 

predicting method proposed by Du et al. (2015a, b), the 

permeability of slurry walls can be well estimated with 

satisfactory accuracy. Due to the low-permeability 

characteristics of underground structures, the seepage 

behavior of the aquifer may change with the installation of 

underground structures (Mulligan et al. 2001, Ranjan et al. 

2008, Vilarrasa et al. 2011, Pujades et al. 2012b). Piles are 

often constructed before excavation and dewatering to 

improve the soil due to poor geotechnical conditions. To 

consider the impact of the piles on dewatering, the influence 

region should be divided into sub-regions. The hydraulic 

parameters of the soil layers in different sub-regions should 

be respectively inverted using a numerical method, which 

makes the inversion results less certain. To analyze the 

blocking effect of underground structures on groundwater 

seepage, effective medium theory (EMT) is adopted to 

evaluate the equivalent hydraulic conductivity keq of an 

inhomogeneous medium (Dagan 1979, Frippiat and 

Holeyman 2008, Bunn et al. 2010). Since EMT is based on 

soft deposits with different sizes of randomly distributed 

soil blocks, the applicability of EMT to the estimation of keq 

of an aquifer, taking into account piles embedded at regular 

intervals, should be confirmed through practical application. 

Here, a case study of foundation pit dewatering in Shanghai 

is presented. A numerical simulation was conducted to 

deduce the hydraulic conductivity of the aquifer. The 

objective of this study is to demonstrate the feasibility of 

EMT for the estimation of the hydraulic conductivity of 

aquifers containing piles, and to evaluate the optimal value 

of hydraulic conductivity with consideration of the effect of 

piles on groundwater seepage during foundation pit 

dewatering. 
 

 

2. Brief review of EMT 
 

The EMT method is adopted to estimate keq in an 

inhomogeneous medium (Ding et al. 2008, Du et al. 2014, 

Yin et al. 2016, Xu et al. 2014). The inhomogeneous 

medium is assumed to consist of homogeneous blocks of 

high hydraulic conductivity with several other blocks of 

lower hydraulic conductivity embedded therein. The distant 

groundwater boundary is assumed to be far from the 

inclusions (Xu et al. 2012, Ma et al. 2014, Ding et al. 

2008). Therefore the groundwater seepage follows a steady 

flow around the embedded material. The other assumption 

is that the effects of different inclusions on the hydraulic 

gradient are isolated. 

The value of keq can be calculated as follows (Dagan 

1979) 
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where keq=equivalent hydraulic conductivity, k=hydraulic 

conductivity of different medium, V(k)=probability density 

function of the hydraulic conductivity, and D=spatial 

dimension. 

In the case of binary media, (i.e., the soil and the piles), 

Eq. (1) becomes (Renard and Marsily 1997) 
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where Vs=volume ratio of natural soil, Vb=volume ratio of 

piles to the soil, ks = hydraulic conductivity of the soil, and 

kb=hydraulic conductivity of the piles. The aforementioned 

equation is valid when Vb is less than 0.6 (Desbarats 1992). 

Based on Eqs. (1) and (2), the volume ratio of the piles 

to the soil is considered in the estimation of equivalent 

hydraulic conductivity. Here, the EMT method is applied to 

estimate keq of the aquifer with piles installed therein. 

 

 

3. Project overview 
 

The Shanghai Grand Centre, with an area of 9,785.9 m
2
, 

is located in the Pudong New Area of Shanghai, and it is 
enclosed by Century Boulevard, Xiangcheng Road, and 
Fushan Road. Fig. 1 shows a plan view of the project. This 
project includes a main building and a low-level skirting 
building. Shanghai Metro Lines No. 2, 4, and 9 pass 
through within the vicinity of this project. Fig. 2 shows a 
plan view of the foundation pit and piles. The absolute 
elevation of the ground is +5.00 m. The foundation pit was 
divided into three excavated regions (I, II, and III). The 
excavated depth of the main building is 22.25 m, that of the 
skirting building is 20.75 m, and that of the area near 
Shanghai metro line No. 4 is 17.05 m. Diaphragm walls, 
with a buried depth of 37.95 m to 41.00 m, and a width of 
1000 mm to 1200 mm, were used as retaining structures. A 
large number of piles which were divided into two types-
main bearing piles and basement uplift piles-had been 
installed in the foundation pit before the pumping tests 
(Table 1). 

Fig. 3 shows the geotechnical profile and soil properties 
beneath the Shanghai Grand Centre. The soil within 120 m 
of the field site includes 12 layers as follows: fill (Layer 1), 
silty clay (Layer 2), silty clay (Layer 3), silty clay (Layer 4), 
clay (Layer 5-1), silty clay Layer 5-2), silty clay (Layer 6), 
sandy silt (Layer 7-1), silt (Layer 7-2), silt (Layer 9-1), fine 
sand (Layer 9-2), and silty clay (Layer 11). The detailed  
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Fig. 1 Plan view of the Shanghai Grand Centre site 

 

 

Fig. 2 Plan view of the piles and wells affecting the 

pumping test 
 

Table 1 Distribution, and characteristics, of the piles 

Type 
Length 

(m) 

Diameter 

(m) 

Elevation (m) Buried depth (m) 

Number 

Top Bottom Top Bottom 

Main bearing pile (Pile I) 49.90 0.8 -18.05 -67.95 23.05 72.95 322 

Basement uplift pile (Pile II) 30.00 0.8 -16.55 -46.55 21.55 51.55 232 

 

 

Fig. 3 Geotechnical profile and soil properties in 

Shanghai Grand Centre 

description of Shanghai ground can be referred to the 

studies of Wu et al. (2015) and Ye and Ye (2016). Soil 

layers 7, 9, and 11 in Fig. 3 correspond to the first confined 

aquifer layer (AqI), the second confined aquifer layer 

(AqII), and the third confined aquifer layer (AqIII) in 

Shanghai (SUCCC, 2010). The buried depth of groundwater 

level in the phreatic aquifer is 0.50 m. Some aquitard layers 

are absent from this field site, so AqI, AqII, and AqIII are 

interconnected and a composite confined aquifer group is 

formed. The depth to this composite confined aquifer group 

is 26.00 to 27.00 m, and the depth to the groundwater level 

is 9.00 m. The presence of the confined aquifer group is 

potentially harmful to the stability of the foundation pit 

because of the high water pressure. 

 
 

Table 2 Characteristics of the test-wells used in the simple 

pumping test 

Well no. Type 

Depth of 

hole 

(m) 

Length of 

well 

(m) 

Buried depth 

of gravel fill 

(m) 

Buried depth 

of filter tube 

(m) 

Static 

pressure 

water depth 

(m) 

Soil layer 

Y9 Pumping well 42 32 29-42 31-41 8.90 

Layer 7-1 

& 7-2 

Y12 pumping well 40 30 27-40 29-39 8.90 

Y14 observation well 42 32 29-42 31-41 9.07 

Y25 observation well 42 32 29-42 31-41 8.81 

Y37 observation well 42 32 29-42 31-41 9.15 

J4 observation well 37 32 30-37 31-36 9.12 

 

 

Fig. 4 Plan view of the wells used in the multi-well 

pumping test and dewatering process 

 

Table 3 Characteristics of the pumping wells used in the 

multi-well pumping test and the dewatering process 

Well no. 

Depth of 

hole 

(m) 

Length of 

well 

(m) 

Buried depth 

of gravel fill 

(m) 

Buried depth 

of filter tube 

(m) 

Pumping period Soil layer 

Y23 37 28 25-38 27-37 

Multi-well pumping 

test 

Layer 7-1 & 

7-2 

Y25 42 32 29-42 31-41 

Y31 42 32 29-42 31-41 

Y33 42 32 29-42 31-41 

Y37 42 32 29-42 31-41 

Y8 40 30 27-40 29-39 

Multi-well pumping 

test & Dewatering 

process 

Y11 40 30 27-40 29-39 

Y12 40 30 27-40 29-39 

Y18 40 30 27-40 29-39 

Y22 42 32 29-42 31-41 

Y34 42 32 29-42 31-41 

Y41 42 32 29-42 31-41 

X
ia

n
g
ch

en
g
 R

o
ad

Century Boulevard

Fushan Road

Shanghai Grand Centre

N

Metro Line No. 9

Metro Line No. 2
Metro Line No. 4

Boundary

of land

Observation well

Pumping well

Main bearing pile

Basement uplift pile

I

II

III

H=20.75m

H=20.75m

H=17.05m

H=17.05m

H=20.75m

H=22.25m

H  = Excavated depth; w = width of diaphragm

wall; d = buried depth of diaphragm wall

Diaphragm wall (w =1200 mm; d =37.95 m)

Diaphragm wall

(w =1000 mm; d = 41.00 m)

Diaphragm wall

(w =1000 mm; d = 37.95 m)

Diaphragm wall

(w =1000 mm; d = 37.95 m)

Diaphragm wall

 (w =1200 mm; d =37.95 m)

Y9

Y37

J4

Y12

Y25

Y14Deeper pit
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Table 3 Continued 

Well no. 

Depth of 

hole 

(m) 

Length of 

well 

(m) 

Buried depth 

of gravel fill 

(m) 

Buried depth 

of filter tube 

(m) 

Pumping period Soil layer 

Y42 42 32 29-42 31-41 

Dewatering process  

Y7 42 32 29-42 31-41 

Y24 40 30 27-40 29-39 

Y38 42 32 29-42 31-41 

 

 

Fig. 5 Flow rates from the pumping wells during the 

multi-well pumping test 

 

 

Fig. 6 Flow rate of the pumping wells during the 

dewatering process 

 

 

4. Well pumping test and multi-well dewatering 
process 
 

In this case study two pumping tests were conducted, 

including a simple pumping test and a multi-well pumping 

test. First a simple pumping test was conducted to deduce 

the hydraulic parameters. Then a multi-well pumping test 

was conducted to verify the deduced hydraulic parameters 

and to estimate the drawdown of the groundwater level. A 

formal multi-well dewatering process was carried out after 

the pumping test. 
 

4.1 Simple pumping test 
 

A simple pumping test was conducted before the multi-
well pumping test in the Shanghai Grand Centre. As shown 
in Fig. 2, there were six test-wells (wells Y9, Y12, Y14, 
Y25, Y37, and J4) used in this project. Table 2 shows the 
characteristics of these test-wells. Wells Y9 and Y12 are 
pumping wells and wells J4, Y14, Y25, and Y37 are 
observation wells. The average static groundwater level is -
9.00 m. Groundwater was pumped from wells Y9 and Y12 

simultaneously during the simple pumping test. The water 
output was 17.0 m

3
/h from well Y9 and 6.2 m

3
/h from well 

Y12. The groundwater level in the observation wells 
remained stable after 22 hours of pumping. After the 
pumping test, the stable groundwater levels in observation 
wells Y14, Y25, Y37, and J4 were -11.72 m, -11.44 m, -
14.09 m, and -13.97m, with groundwater drawdowns of 
2.65 m, 2.61 m, 4.94 m, and 4.85 m, respectively. 
 

4.2 Multi-well pumping test 
 

The multi-well pumping test was conducted before the 
dewatering process in this study. As shown in Fig. 4, 
thirteen pumping wells and three observation wells were 
opened during the multi-well pumping test. The structure of 
the pumping wells is similar to those used in the simple 
pumping test. Table 3 shows the characteristics of the 
pumping wells in the multi-well pumping test. Fig. 5 shows 
the flow rates from each of the pumping wells. 
 

4.3 Multi-well dewatering process 
 

Only the first 15 days of the dewatering process were 

analyzed: eleven pumping wells were used as shown in Fig. 

4. There were eight observation wells inside the pit and 

three observation wells outside the pit. The characteristics 

of the pumping wells are also shown in Table 3. Fig. 6 

shows the flow rate from the pumping wells during the 

dewatering process over the first 15 days. 
 
 

5. Numerical simulation 
 

5.1 Numerical model 
 

Based on the geological conditions, the foundation pit, 

and the multi-well pumping test, a three-dimensional finite 

difference model (FDM) was established. The analysis 

range is determined by the influencing radius R of the 

simple pumping test in the confined aquifer, which can be 

calculated by using Thiem’s equation. The maximum 

calculated value of R is 419.3 m. Fig. 7 shows the three-

dimensional (3-d) finite difference mesh used for the 

modelling. It measures 3000 m in the x-direction by 3000 m 

in the y-direction. The maximum horizontal mesh interval is 

set to 120×120 m, while the mesh intervals around the 

foundation pit are more refined and measure 1 × 0.8 m. The 

numbers of nodes and elements in each layer are 41,200 and 

40,795, respectively. The analysis depth in the vertical 

direction is 150 m and the geological system includes 15 

strata. Fig. 8 shows the finite element mesh around the 

foundation pit. To check the effect of the size and shape of 

the mesh on the numerical results, a sensitivity analysis was 

conducted by comparing several schemes with different 

sizes and shapes of mesh. The adopted scheme for mesh 

size and shape was found to have been sufficiently accurate. 
The diaphragm wall is represented by an impermeable 

medium. The initial groundwater level of the phreatic 
aquifer and the confined aquifer were set to -1.00 m and -
9.00 m, respectively. The four boundaries of this model are 
set as fixed hydraulic head boundaries. The initial 
parameters are summarized in Fig. 3. 

In this case study, many piles were constructed in the 
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foundation pit before the pumping tests. The blocking effect 
of the piles on groundwater seepage from aquifers should 
be considered. To obtain the optimal hydraulic parameters 
by considering the influence of the piles, piles are 
represented by impermeable elements inside the foundation 
pit according to the actual position of the piles. The 
hydraulic parameters of the same soil layer inside, and 
outside, the foundation pits are the same, and should be 
inverted in the numerical simulation. This scenario 
considers the actual position of the piles (labelled as Case 
I). 
 

 

 

Fig. 7 3-d finite difference mesh 

 

 

Fig. 8 Plan view of fine finite difference mesh around the 

foundation pit 

 

Table 4 Inverted parameters in the numerical model for 

Case I 

Calculated layer 
Soil 

layer 
Buried depth (m) kx ky kz SS n 

1 1 0~1.89 0.001 0.001 0.0006 1E-6 0.3 

2 2 1.89~3.51 0.001 0.001 0.0006 1E-6 0.3 

3 3 3.51~10.36 0.001 0.001 0.0006 1E-6 0.3 

4 4 10.36~15.18 0.001 0.001 0.0006 1E-6 0.3 

5 5-1 15.18~18.8 0.001 0.001 0.0006 1E-6 0.3 

6 5-2 18.8~24.3 0.0002 0.0002 4E-5 1E-6 0.1 

7 6 24.3~28.65 0.0002 0.0002 4E-5 0.0001 0.1 

8 

7-1 28.65~37.0 3.6 3.6 0.5 0.0001 0.1 

9 

Table 4 Continued 

Calculated layer 
Soil 

layer 
Buried depth (m) kx ky kz SS n 

10 

7-2 37.0~62.5 3.8 3.8 0.12 8E-5 0.1 11 

12 

13 

9-1 62.5~82.5 10.6 10.6 2 5E-5 0.1 

14 

15 9-2 82.5~152 19.2 19.2 4 5E-5 0.2 

*Note: kx and ky are the horizontal hydraulic conductivities 

in the x- and y-directions (m/d), kz is the vertical hydraulic 

conductivity (m/d), SS is the specific storage (1/m), n is the 

porosity 
 

 

Fig. 9 Comparison of groundwater levels inside the 

foundation pit: The simple pumping test 
 

 

Fig. 10 Comparison of groundwater levels inside, and 

outside, the foundation pit: Multi-well pumping test 
 

 

Fig. 11 Comparison of groundwater levels inside, and 

outside, the foundation pit: Dewatering process 
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5.2 Estimation of hydraulic parameters 
 

The hydraulic parameters of the aquifer should be 

repeatedly corrected by comparison between the field 

pumping test results and the numerical analysis results to 

minimise the errors therein. The hydraulic parameters are 

deduced from pumping test data. The modified seepage 

parameters obtained by back-analysis are then used for the 

design of the dewatering operation (Li et al. 2002, Liu et al. 

2003, Jin et al. 2016a, b). 

The deduced hydraulic parameters of the aquifer layers 

in Case I are summarized in Table 4. Fig. 9 shows a 

comparison of the calculated, and measured, groundwater 

levels for the simple pumping test. To calibrate the 

reliability of the groundwater model, the least squares 

method is used to minimize the sum of the squared errors. 

The estimated standard error of the groundwater level 

between the calculated results and the measured data in 

Case I is 0.125 m, which indicates that this deduced 

parameter in Case I is valid for the simple pumping test. 

The applicability of the deduced hydraulic conductivity 

should be further examined in the dewatering process. 

 

5.3 Verification of hydraulic parameters 
 

To verify the hydraulic parameters, the deduced 

hydraulic parameters were used to simulate the previously 

mentioned multi-well pumping test and dewatering process. 

The maximum calculated value of R is 356.6 m for the 

multi-well pumping test and 383.2 m for the dewatering 

process, which are both smaller than those values from the 

simple pumping test. The numerical model of the multi-well 

pumping test and the dewatering process give values that 

are the same as those of the simple pumping test. Figs. 10 - 

11 show a comparison of the groundwater levels for the 

multi-well pumping test and the dewatering process. The 

measured data and numerical results suffer some omissions 

during dewatering process because the hydraulic 

conductivity is set as a mean average value in the numerical 

analysis, while in fact the hydraulic conductivities of the 

aquifers are variable. Meanwhile, in the numerical analysis, 

only the dewatering effect is considered but the excavation 

effect which may disturb the soil and impact the hydraulic 

conductivity of the aquifers is ignored. The numerical 

results fit the measured data better inside the pit than outside. 

The estimated standard error of the calculated result and the 

measured result for Case I is 0.285 for the multi-well pumping 

test, and 0.62 m for the dewatering process. 

 

 

6. Results and discussion 
 

It is necessary to find a balance between performance 

and complexity in the selection and calibration of a 

groundwater model (Schöniger et al. 2015). As each pile 

should be set in the finite model for Case I, which considers 

the actual position of the piles, the model for Case I is more 

complex, which is impractical. To find the most applicable 

numerical model and the corresponding optimal hydraulic 

parameters, three scenarios have been considered before 

making any comparison with Case I. The finite model for 

the following three scenarios is the same, but the division of 

hydraulic conductivities is different (Fig. 12). 
 
 

 

Fig. 12 Division of hydraulic conductivities: Cases I to 

IV 
 

Table 5 EMT parameters 

Case Soil layer Buried depth (m) D Vs Vb 

Case III Area II 

7-1 33.65-42.0 3 96.3% 3.7% 

7-2 

42.0-51.6 3 96.3% 3.7% 

51.6-67.5 3 97.7% 2.3% 

Case IV 

Area II 

7-1 33.65-42.0 3 97.7% 2.3% 

7-2 

42.0-51.6 3 97.7% 2.3% 

51.6-67.5 3 100% 0 

Area III 

7-1 33.65-42.0 3 93.1% 6.9% 

7-2 

42.0-51.6 3 93.1% 6.9% 

51.6-67.5 3 94.6% 5.4% 

 

Table 6 Deduced hydraulic conductivity of the aquifer 

layers (used in the numerical model) 

Soil layer 
Buried depth 

(m) 
Case 

Hydraulic conductivity 

kx ky kz 

7-1 28.65~37.0 

Case I Area I 3.6 3.6 0.5 

Case II 

Area II 2.88 2.88 0.1 

Area I 3.28 3.28 0.1 

Case III 

Area II 3.4 3.4 0.5 

Area I 3.6 3.6 0.5 

Case IV 

Area III 3.23 3.23 0.5 

Area II 3.47 3.47 0.5 

Area I 3.6 3.6 0.5 

7-2 37.0~51.6 

Case I Area I 3.8 3.8 0.12 

Case II 

Area II 3 3 0.216 

Area I 3.4 3.4 0.216 

Case III 

Area II 3.59 3.59 0.12 

Area I 3.8 3.8 0.12 

Case IV 

Area III 3.407 3.407 0.12 

Area II 3.67 3.67 0.12 

Area I 3.8 3.8 0.12 
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Table 6 Continued 

Soil layer 
Buried depth 

(m) 
Case 

Hydraulic conductivity 

kx ky kz 

7-2 51.6~62.5 

Case I Area I 3.8 3.8 0.12 

Case II 

Area II 3.1 3.1 0.216 

Area I 3.4 3.4 0.216 

Case III 

Area II 3.67 3.67 0.12 

Area I 3.8 3.8 0.12 

Case IV 

Area III 3.49 3.49 0.12 

Area II 3.8 3.8 0.12 

Area I 3.8 3.8 0.12 

 

 

 

Fig. 13 Comparison of groundwater levels inside the 

foundation pit: Simple pumping test 

 

 

Fig. 14 Comparison of groundwater levels inside, and 

outside, the foundation pit: Multi-well pumping test 

 

Fig. 15 Comparison of groundwater levels inside, and 

outside, the foundation pit: Dewatering process 

 

Table 7 Error analysis for the calculated, and measured, data 

for the four multi-well pumping test cases and the dewatering 

process 

Pumping period Case 
Maximum error 

(m) 

Minimum error 

(m) 

Average error 

(m) 

Estimated standard error 

(m) 

Multi-well 

pumping test 

I 0.766 -0.028 0.200 0.285 

II 0.956 -0.034 0.278 0.340 

III 0.732 0.229 0.201 0.310 

IV 0.841 0.139 0.536 0.208 

Dewatering 

process 

I -4.757 -0.065 -1.073 0.620 

II -7.422 -0.830 -3.024 0.835 

III -7.031 -0.619 -2.995 0.732 

IV -6.539 -0.208 -2.602 0.690 

 

 

Case II: this case does not consider the actual position of 

the piles. The aquifer soil with piles inside the foundation 

pit was considered to be a uniform porous material. 

Therefore, the hydraulic conductivity of the same soil layer 

was divided into two areas including Area I outside, and 

Area II inside, the foundation pit. The hydraulic 

conductivities of Areas I and II are then inverted by the 

numerical simulation. 

Case III: this case also does not consider the actual 

position of piles. The finite model and division of hydraulic 

conductivities in this case are the same as in Case II.  

The difference between Case II and Case III lies in the 

setting of the value of hydraulic conductivity. The hydraulic 

conductivity of Area III was calculated according to the 

hydraulic conductivity of Area I, and the volume ratio of 

piles inside the foundation pit was based on the EMT. In 

Case III, the hydraulic conductivity in Area I outside the pit 

is equal to the inverted hydraulic conductivity from Case I. 

Case IV: the finite model of this case is also the same as 

that for Case II. The hydraulic conductivity of the same soil 

layer was divided into three areas including Area I outside 

the pit, Area II in the shallow pit, and Area III in the deeper 

part of the pit. The hydraulic conductivities of Areas II and 

III were calculated based on the hydraulic conductivity of 

Area I, and the volume ratio of piles in the shallow and 
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deeper parts of the pit were both based on EMT. In Case IV, 

the hydraulic conductivity of Area I outside the pit is equal 

to the inverted hydraulic conductivity from Case I. 

According to the sensitivity analysis, the hydraulic 

conductivity of soil layers 7-1 and 7-2 are the parameters 

which exert the greatest influence on the simulated results. 

Repeated tentative calculations and comparison of results 

for the hydraulic conductivity of soil layers 7-1 and 7-2 is 

necessary. Other hydraulic parameters should not need 

repeated iteration because their influence on the stable 

groundwater level is small. The parameters of Case II to 

Case IV are therefore chosen to be the same as those of 

Case I, except for the hydraulic conductivity of layers 7-1 

and 7-2. Since the buried depth of pile I and pile II are 

different, soil layer 7-2 is divided into two layers in the 

numerical model at a depth of 51.6 m, which is 

approximately equal to the buried depth of the toe of pile II. 

The hydraulic conductivity of layer 7-2 above 51.6 m is 

evaluated by considering the impact of pile I and pile II 

while below 51.6 m only the impact of pile I is considered. 

Table 5 lists the EMT parameters used for Cases III and IV. 

Table 6 summarizes a comparison of the deduced hydraulic 

parameters of layers 7-1 and 7-2 for the four scenarios: 

because of the blocking effect of the piles on groundwater 

seepage, the hydraulic conductivity inside the pit is less 

than that outside the pit in Cases II and III. For Case IV, the 

hydraulic conductivity in the deeper pit is less than that in 

the shallow pit because the distribution of piles in the 

deeper pit is more dense. 

Fig. 13 shows a comparison of the calculated and 

measured groundwater level for the simple pumping test. 

The estimated standard error of the calculated results, and 

measured data, for the four cases is similar, with values of 

0.125, 0.100, 0.125, and 0.120 m, respectively, which 

indicates that the deduced parameters for the four scenarios 

are valid for the simple pumping test. However the value of 

the deduced hydraulic parameters of layers 7-1 and 7-2 

inside, and outside, the pit in the four scenarios differs. The 

applicability of the deduced hydraulic conductivity should 

be further examined in the multi-well pumping test and the 

dewatering process, and the optimal hydraulic conductivity 

should be selected. 

Figs. 14 and 15 show a comparison of the groundwater 

levels inside, and outside, the foundation pit for the multi-

well pumping test and for the dewatering process, 

respectively. The difference between the calculated data 

from the four scenarios and the measured data inside the pit 

is smaller than that outside the pit. The groundwater level 

inside the pit calculated from the four scenarios is similar to 

that outside pit, but the difference in level outside the pit is 

more marked. Table 7 summarizes an error analysis for the 

four cases. The estimated standard errors of the calculated 

result and the measured result for the four cases are 0.285, 

0.34, 0.31, and 0.208 for the multi-well pumping test, and 

0.62, 0.835, 0.732, and 0.69 m for the dewatering process. 

The error for Case II is the largest. The errors for Cases I 

and IV are relatively low. 
Although the hydraulic conductivity inverted from Case 

I is the most reliable value based on its exhibiting the least 
error, the models for Cases II to IV are simpler than the 
model for Case I, which may make them more appropriate 

in practical applications. As shown in Figs. 14 - 15, the 
results calculated from Case IV fit the measured data better 
than those from Cases II and III. Furthermore, the error in 
Case IV is less than those in Cases II and III. The hydraulic 
conductivity applied in Case IV is optimal when compared 
with those in Cases II and III, which indicates that the 
hydraulic conductivity calculated by EMT can be applied in 
practical dewatering projects. 

According to EMT, if the hydraulic conductivity of the 

soil layer outside the pit is known, that inside the pit can be 

deduced. As the hydraulic conductivity inside the pit in 

Case IV is calculated based on that outside the pit, which 

itself is equal to the inverted value from Case I, it is also 

difficult to apply it directly in engineering practice; 

however, the concept underpinning EMT can be used in the 

inversion of hydraulic conductivity data. First, the initial 

division of the zone according to hydraulic conductivity 

considers both the inside and the outside of the pit. Further 

division inside the pit should then be conducted according 

to the position of piles in the foundation pit. Only the 

hydraulic conductivity outside the pit needs to be inverted 

during numerical simulation. The value of the hydraulic 

conductivity inside the pit can be calculated using EMT by 

inputting the pile volume ratio as a parameter. The back-

calculated hydraulic conductivity based on EMT is more 

accurate. 

 

 
7. Conclusions 
 

Based on a case study involving a single-well pumping 

test and the multi-well dewatering process used in the 

Shanghai Grand Centre project, this study estimates 

hydraulic conductivities by taking into account the blocking 

effect on groundwater seepage induced by the piles using 

numerical modelling. The following conclusions can be 

drawn: 

• Generally the aquifer soil containing piles is 

considered as being a uniform porous material in the 

numerical model. If the piles are installed inside the pit in 

practice, because of the blocking effect on groundwater 

seepage from piles, the hydraulic conductivity inside the pit 

is lower than that outside the pit. The hydraulic conductivity 

of the soil inside, and outside, the pit should be estimated. 

• By comparing the four numerical simulation scenarios, 

the error in Case II is the largest. The results indicate that it 

is difficult to invert the optimal hydraulic conductivity 

inside, and outside, the pit automatically based on the 

pumping test. 

• The concept of EMT can be applied to the inversion of 

the hydraulic conductivity by considering the blocking 

effect of piles on groundwater seepage. If the hydraulic 

conductivity outside the pit is known, the hydraulic 

conductivity of the soil with piles inside the pit can be 

calculated using EMT. 

• By numerical simulation using EMT, only the 

hydraulic conductivity of the soil outside the pit (without 

piles) needs to be inverted in practice. The hydraulic 

conductivity is initially considered across two zones: inside, 

and outside, the pit. Further division inside the pit should 

then be undertaken according to the position of the piles in 
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the foundation pit. The hydraulic conductivity of the soil 

containing piles inside the pit is divided into sub-regions 

and calculated from the pile volume ratio. The artificial 

inverted hydraulic conductivity based on EMT is deemed to 

have been credible. 
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