
ISSN 1392-3730 / eISSN 1822-3605

JOURNAL of CIVIL ENGINEERING  
and MANAGEMENT

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), 
which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Copyright © 2024 The Author(s). Published by Vilnius Gediminas Technical University

NUMERICAL SIMULATION ANALYSIS OF CONTROLLING  
SETTLEMENT BY WATER-RESISTING CURTAIN COMBINED  
WITH RECHARGE IN DEEP FOUNDATION PIT

Xubing XU1, Yonglai ZHENG1, Xin LAN1 , Jie PAN2, Yuan WEN1

1 Civil Engineering College, Tongji University, Shanghai, 200092, China
2 Wuxi Survey and Design Institute Co. Ltd., Jiangsu, 214072, China

Article History:  Abstract. This study takes a nearby foundation pit project of a high-speed railway in Yancheng City, Jiangsu Province 
as an example to investigate the impact of deep foundation pit projects on groundwater and the surrounding environ-
ment. Through on-site monitoring, in-situ testing, and numerical simulation, we conducted a comprehensive study of 
the impact of foundation pit projects on groundwater and the surrounding environment. The evolution of groundwater 
levels and surface displacement during the excavation of foundation pits was analyzed, and a method for measuring 
the permeability of target soil layers in situ was studied. The simulation of recharge under various soil conditions was 
performed, and the outcomes demonstrated the effective isolation of hydraulic connections between the interior and 
exterior of the foundation pit by the water-resistant curtain. Precipitation head and constant head recharging tests 
were employed to ascertain the actual permeability. The characteristic time method calculation exhibited remarkable 
efficiency and accuracy in determining the permeability coefficient of the recharging soil layer. Recharging phreatic and 
confined water layers has differing degrees of influence on surface deformation, with the impact of confined water lay-
ers requiring more time to stabilize. These findings contribute significantly to a more comprehensive understanding of 
the environmental repercussions associated with deep excavation projects, thereby enhancing safety and environmental 
protection measures in excavation construction practices.
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1. Introduction
As deep excavation projects continue to expand in terms 
of size and depth, their impact on the surrounding envi-
ronment becomes a critical concern. In areas with high 
groundwater levels, deep excavation projects often em-
ploy dewatering during excavation or implement water-
resisting curtains to enhance construction safety. However, 
in addition to the potential ground deformation caused 
by earthwork excavation and subsequent construction 
processes of deep excavation projects (Wang et al., 2010), 
pre-excavation dewatering can also lead to the deforma-
tion of the support system and surrounding soil masses 
(Zeng et al., 2018). To mitigate the environmental impact 
of deep excavation on its surroundings, it is common 
practice to install recharge wells on the outer periphery 
of the excavation. These wells serve to compensate for 
groundwater loss, thereby controlling surface settlement 
(Guo et al., 2022; Mohammadzadeh-Habili & Khalili, 2020; 
Zhang et al., 2017; Zheng et al., 2022).

In foundation pit engineering, the role of environ-
mental conditions and displacement monitoring in the 
vicinity of the pit is of paramount importance. Monitoring 
serves to prevent geological hazards, ensuring the safety 
of surrounding structures and underground facilities (Roy 
& Robinson, 2009), while also allowing for timely adjust-
ments in construction strategies to mitigate potential risks 
(Jan et al., 2002). Through a three-dimensional surface 
deformation monitoring of a 12.8-meter deep excavation 
project in Chicago, Finno and Roboski (2005 and Finno 
et al. (2007) summarized ground responses during exca-
vation and proposed a performance-based approach to 
estimate the maximum horizontal ground movement of 
flexible wall systems. By monitoring and comparing mul-
tiple cases of deep excavations in soft soil near subway 
stations, reasonable phased excavation can effectively 
minimize the impact on the surrounding environment and 
reduce ground surface settlement during excavation (Chen 
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et al., 2016; Ding et al., 2018; Li et al., 2017). Earthwork ex-
cavation and support removal can result in the settlement 
of support pile caps, structural columns, and adjacent 
ground, but cushion layer construction can mitigate pit 
deformation. Foundation pit excavation primarily affects 
subway tunnel settlement, with rapid initial deformation 
increase, which gradually diminishes with increasing dis-
tance from the excavation area (Song et al., 2020). Sun 
and Xiao (2021) explored deformation characteristics in 
foundation pit engineering through field monitoring and 
model experiments. Results indicated a linear reduction 
in sidewall displacement as the distance between pits in-
creased, but an increase in the width of internal pit ex-
cavation led to larger displacements. Chen et al. (2022) 
conducted environmental monitoring around a cluster of 
deep foundation pits and found that adjacent pit excava-
tion reduced lateral deformation of retaining piles while 
causing soil uplift. By optimizing the excavation sequence 
of the pit cluster, they successfully controlled the deforma-
tion associated with this unique excavation scenario.

Numerical simulations of foundation pit engineering 
enable the prediction of groundwater level fluctuations, 
soil deformations, and the stress experienced by retaining 
structures (Faheem et al., 2004; Finno et al., 2007; Schäfer 
& Triantafyllidis, 2006). These simulations aid in devis-
ing support schemes, reducing risks, ensuring construc-
tion safety, and safeguarding neighboring buildings and 
underground facilities (Hou et al., 2008; Son & Cording, 
2008; Zheng & Wei, 2008). Taking the dewatering project 
at Hangzhong Road Station of Shanghai Metro Line 10 as 
a case, Zhou et al. (2010) employed numerical simulations 
to determine the control effect of increasing the depth 
of continuous concrete walls on dewatering. Combining 
numerical simulation analysis, a construction scheme em-
ploying pile-plate retaining walls along with ground treat-
ment was proposed for open-cut tunnel construction (Liu 
et al., 2011). It was found that, under conditions of smaller 
excavation volume, the uplift of existing tunnels exhibited 
nonlinear growth with increasing excavation width for each 
step. Utilizing the phased excavation method minimized 
tunnel uplift, effectively controlling the uplift range. Dong 
et al. (2014) investigated a deep foundation pit project 
at the North Square Shopping Center of Shanghai South 
Station. They conducted comprehensive monitoring dur-
ing construction and calibrated numerical analyses using 
field data. Liao et al. (2016) employed numerical simula-
tions to study the influence of excavation depth and dis-
tance on subway station deformation and internal struc-
tural stress. The results demonstrated a close alignment 
between simulation outcomes and field observations of 
the subway station. Furthermore, Tong et al. (2021) con-
ducted numerical simulations to probe into the influence 
mechanism of complex foundation pit excavation based 
on nested pits on the lateral response of piles in the tran-
sition zone and then introduced an assessment method 
that unveiled the impact pattern of inner pit excavation 
on the lateral bearing performance of piles. The practical 

problems faced by underground rock and soil engineer-
ing are unique and stochastic, so relatively lagging theo-
retical research cannot guide the rapid development of 
large-scale high-speed construction. Existing theories need 
significant adjustments when applied to actual engineer-
ing, based on experience and site conditions. Therefore, 
when facing similar problems, qualitative analysis based 
on past engineering experience is often used, lacking reli-
able quantitative theoretical analysis as the basis for guid-
ing engineering practices.

This study, using a foundation pit engineering proj-
ect located near a high-speed railway in Yancheng City, 
Jiangsu Province, as a case study, employed various meth-
ods such as field monitoring, in-situ recharging tests, and 
numerical simulations. It analyzed the characteristics and 
patterns of changes in groundwater and surface displace-
ments during the excavation of the foundation pit. Ad-
ditionally, the study explored an in-situ testing method 
that allows for the rapid determination of the permeabil-
ity of the target soil layer. The feasibility of recharging 
simulations under multi-layer soil conditions was verified 
through numerical modeling. Furthermore, the study ana-
lyzed the impacts on the surrounding environment when 
recharging was carried out separately for confined aquifers 
and pressurized aquifers outside the cutoff wall. This study 
provides the scientific basis and technical support for the 
non-dewatering construction of deep excavation projects, 
which helps improve the safety and efficiency of engineer-
ing construction, reduces the impact on the surrounding 
environment, and has certain engineering applications and 
promotion value.

2. Engineering background

2.1. Overview of the pit excavation project
This pit excavation project is a supporting project for a 
comprehensive hub of a high-speed railway station in Ji-
angsu. The foundation pit is adjacent to the high-speed 
Railway station and the Railway track. The nearest distance 
between the upper pit line and the foot of the slope of the 
Xinchang Railway is about 46 m, and the distance from the 
Yantong High-speed Railway line is about 105 m. This pit 
is a two-story basement, with the excavation depth varying 
from 10.2 to 12.0 m, and the excavated area of the pit is 
about 19677 m2. Figure 1 shows the general layout of the 
site conditions.

This project is located in the coastal plain area of 
northern Jiangsu, China, forming a vast coastal plain geo-
morphic unit. The soil layers involved in the construction 
area are Late Pleistocene-Holocene Quaternary deposits. 
Through investigation, it was found that the geological 
structure stability of the site area is good, with no obvious 
adverse geological phenomena such as karst, landslides, 
dangerous rocks, collapse, debris flows, mining areas, or 
active faults. The overall stability of the site is good. The 
factors affecting the safety of the project and its surround-
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ings include pore water and confined water. Among them, 
pore water mainly exists above the clay layer of the layer 
. Its influence mainly comes from climate precipitation 
and surface water recharge, and the water level varies with 
the seasons. Confined water mainly exists in the soil layer 
of the layer , and its recharge source is the lateral flow of 
the same aquifer. Based on the engineering survey report 
and indoor permeability coefficient tests, the vertical per-
meability coefficient, horizontal permeability coefficient, 
and soil layer composition are presented in Table 1. In 
compliance with relevant railway regulations, this project 
falls within the groundwater protection zone, and ground-
water extraction is strictly prohibited. Drainage construc-
tion is achieved through the utilization of water-resisting 
curtains and open drainage systems inside the pit.

The foundation pit’s retaining structure utilizes bored 
cast-in-situ piles with diameters ranging from Ф 1000 to 
1200 mm, with some sections employing double-row pil-
ing. Inside the pit, a reinforced concrete support system is 
installed for structural reinforcement, consisting of diago-
nal bracing in conjunction with edge trusses. In consid-
eration of the safety requirements for railway and high-
speed railway operations, the construction of this foun-
dation pit engineering project adopts a “non-dewatering” 
approach, which means that no dewatering wells are 

installed. Instead, it utilizes cutoff walls and in-pit drain-
age for dewatering purposes. The cutoff walls consist of 
double rows (with localized triple-row cutoff piles) of Ф 
850 mm ultra-deep three-axis cement-mixing piles. Within 
the pit, drainage channels collect water, and drainage is fa-
cilitated through collection wells. At the bottom of the pit, 
high-pressure jet grouting piles are used for bottom seal-
ing and reinforcement, reaching a depth of 5 meters below 
the pit bottom to ensure both soil stability and water-
resisting curtaining. In the area of the post-pouring belt 
of the foundation pit, ultra-deep three-axis mixing piles 
are employed for partitioning, simultaneously serving as 
water barriers. Specific geological layers and cross-sections 
of the foundation pit structure are depicted in Figure 2.

2.2. Arrangement of measuring points
To ensure the safety of the foundation pit itself, the sur-
rounding environment, and the continued safe operation 
of the railway system during construction, a comprehen-
sive monitoring system was deployed within the founda-
tion pit and its vicinity. This system encompasses monitor-
ing water levels, surface subsidence, ring beam displace-
ment, adjacent structure settlement, and railway subgrade 
settlement.

Figure 1. The overall plan of the foundation  
pit project site environment

Table 1. Soil composition and permeability coefficient

Layer Composition of each layer H (m) r (kg/m3) kv (m/s) kh (m/s)

 Miscellaneous fill 0.5~0.8 1760 5.0×10–6 5.0×10–6

 Clayey silt 0.7~1.3 1710 6.9×10–7 9.9×10–7

 Silty clay 0.8~2.1 1780 2.7×10–7 5.1×10–7

 Muddy silty clay 3.4~5.4 1800 1.9×10–8 3.7×10–7

–1 Sandy silt 3.4~5.4 1840 7.2×10–7 8.2×10–6

 Clay 3.3~4.6 1860 5.7×10–9 7.5×10–9

 Sandy silt mixed with silty sand 15.3~17.0 1880 8.1×10–6 2.5×10–5

 Silty clay 3.7~6.5 1920 6.8×10–8 6.8×10–8

Note: H – Thickness, r – Density, kv – Vertical permeability coefficient, kh – Horizontal permeability coefficient.

Figure 2. The stratum and foundation pit structure profile
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2.2.1. Water level monitoring system

At the construction site, 45 groundwater level observation 
wells and 2 artesian water level observation wells were 
strategically positioned around the foundation pit, with 
the locations indicated in Figure 3. Among them, SW3 and 
SW5 serve as artesian water level observation wells, while 
the others function as groundwater level observation wells. 
These observation wells are constructed using Ф 325×10 
steel pipes with perforated walls, featuring 5mm diameter 
holes spaced at 50 mm intervals in a staggered pattern. 
They are wrapped in two layers of 40-mesh nylon mesh 
and an additional outer layer of 7-mesh wire mesh. The 
construction of these observation wells is synchronized 
with the excavation of the foundation pit, and water level 
data is systematically recorded. Water level measurements 
are conducted daily using a 30-meter steel ruler electronic 
water level measuring instrument as depicted in Figure 3. 
This instrument offers a minimum reading precision of 
1.0 mm with a repeatable reading accuracy of 2.0 mm.

2.2.2. Settlement observation system

The locations of these measurement points are illustrated 
in Figure 4. Around the foundation pit, a total of 18 ground 
settlement monitoring points, 11 railway subgrade settle-
ment monitoring points, and 14 points along both sides 
of the high-speed railway subgrade were strategically po-
sitioned. The measurements were conducted using a Leica 
Total Station TS60, offering a measurement precision of 
1 mm + 1 ppm. Observations were carried out daily, with a 
recording accuracy of 1mm. The ground settlement moni-
toring points were evenly distributed along the periphery 
of the foundation pit. Notably, DM1, DM17, and DM18 are 
located between the foundation pit and the railway, with 
DM1 falling within the subsequent in-situ dewatering test 
area, making it a focal point of observation. The railway 
subgrade displacement monitoring points are situated on 
the eastern side of the foundation pit, as well as the south-
east side of the platform, with an approximate spacing of 
15 meters between each point, designated as LJ1 to LJ11 
for encoding. The high-speed railway subgrade measure-
ment points were organized into 9 groups. Each odd-
numbered group consisted of two measurement points, 
symmetrically positioned on both sides of the high-speed 
railway track axis. The even-numbered groups were placed 
on one side of the embankment, totaling 14 measurement 
points. The distance between each group of measurement 
points along the high-speed railway track was approxi-
mately 25 meters. A coding system, using GT1-1 to GT9-2, 
was employed for identification purposes.

3. Analysis of the impact of excavation 
for the foundation pit on the surrounding 
environment
3.1. Construction scheme
The excavation of the foundation pit engineering project 
using a phased and layered open-cut method commenced 

on July 28, 2022. Reasonable zoning of the excavation can 
efficiently reduce the impact on the surrounding environ-
ment during the excavation process and minimize ground 
settlement outside the foundation pit (Li et al., 2017; Ding 
et al., 2018). The foundation pit was divided into 12 con-
struction zones for sequential excavation, following the 
order of A1→A2→A3→B1→ … →D2→D3, as illustrated in 
Figure 5. The excavation of the upper soil layers within 
the support system was completed by August 30, reaching 
a depth of approximately 4 meters. Subsequently, the ex-
cavation of the lower soil layers was completed by October 
30, with a depth of approximately 6 meters. The bottom 
slab casting was finalized on November 30, marking the 
conclusion of the high-risk phase of the foundation pit 
excavation.

Groundwater level monitoring at the site commenced 
from the initiation of soil excavation. Due to site limitations, 
monitoring of surface subsidence around the foundation 
pit began at the end of August. At this point, the excava-
tion of the upper soil layers within the support system 
had been completed, and monitoring of the displacement 
of the railway and high-speed railway subgrade began in 
mid-August. All monitoring data for various parameters 

Figure 3. The layout plan of groundwater observation wells

Figure 4. Distribution diagram of ground settlement 
measurement points
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were recorded until January 3, 2023. At this time, both the 
upper and lower basements within the foundation pit had 
been entirely constructed, and the support system was 
gradually being dismantled following the construction se-
quence of the basement level, signifying that the impact of 
construction both inside and outside the pit had stabilized. 
In summary, the monitoring period effectively covered the 
high-risk construction phase, offering significant value for 
risk control and providing reference data for similar engi-
neering projects.

3.2. Analyzing the impact of foundation  
pit excavation on groundwater
The on-site monitoring data substantiated the aforemen-
tioned deductions. Based on the excavation sequence of 
the foundation pit engineering, a statistical analysis was 
conducted on groups of observation wells located around 
specific blocks. These included SW11, SW37, and SW40 
around the A1 block, SW43, SW45, and SW47 around the 
C1 block excavated during the intermediate stage, and 
SW25, SW26, and SW28 around the D3 block, which was 
excavated last. Due to minimal variation in observed water 
levels among adjacent phreatic layers, the average water 
levels of the surrounding phreatic layers for each block are 
considered as the water levels during excavation. The aver-
age water levels in the SW11, SW37, and SW40 phreatic 
layers are denoted as 1A . The average water levels in the 
SW43, SW45, and SW47 phreatic layers are denoted as 1C  . 
The average water levels in the SW25, SW26, and SW28 
phreatic layers are denoted as 3D .

During the construction phase, there exists an ap-
proximate 15-day interval between excavations in dis-
tinct construction blocks. Nevertheless, as illustrated in 
Figure 6, the fluctuations in water levels surrounding the 
construction blocks do not correspond to the excavation 
sequence. The temporal trends in groundwater level al-
terations across various sites exhibit similarity. This ob-
servation indicates that the isolative efficacy of the cutoff 
wall substantially mitigates the influence of foundation pit 
excavation on groundwater level variations beyond the pit 
to a negligible degree.

Among the observation wells, SW3 and SW5 serve as 
confined aquifer monitoring wells. Their water level chang-
es in comparison to the adjacent phreatic layer observa-
tion wells are illustrated in Figures 7 and 8.

It is evident that the water levels in the confined aqui-
fer and the phreatic layer exhibit a similar long-term trend. 

Figure 5. The schematic diagram of foundation pit zoning 
layout and construction direction

Figure 6. Schematic diagram of groundwater level changes 
around different construction areas

Figure 7. The level variation in SW3 pressurized well and 
surrounding submersible wells

Figure 8. The level variation in SW5 pressurized well and 
surrounding submersible wells
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However, when it comes to short-term water level fluc-
tuations, the confined aquifer displays a more gradual re-
sponse. For instance, considering the water level data for 
the week surrounding September 17th, from September 
13th to September 15th, the local region encountered the 
effects of a typhoon along with precipitation, typically re-
sulting in an anticipated elevation in groundwater levels. 
Nevertheless, owing to the partial detachment of the soil 
protection layer, as evidenced in the figure after heavy 
rainfall, localized seepage emerged along the inner wall 
of the pit support structure. After the typhoon’s passage 
on the 15th and the cessation of precipitation, elevated 
temperature conditions ensued. Concurrently with seep-
age, the water level within the phreatic layer experienced 
a rapid decline. Throughout this timeframe, observation 
wells SW2 and SW37 within the phreatic layer manifested 
an average daily reduction in water level of 8.55 cm over 
five days spanning from September 13th to September 
18th. In contrast, while confined aquifer observation well 
SW3 also witnessed a decrease in water level, its rate of 
decline amounted to 2.2 cm per day, approximately consti-
tuting 25.7% of the descent rate observed in the phreatic 
layer.

3.3. Analysis of the impact of foundation  
pit excavation on surface settlement
Statistical analysis was conducted on selected high-preci-
sion data points, namely DM1, DM2, DM3, DM14, and rail-
way embankment monitoring point LJ3, which exhibited 
a linear increase in distance from the foundation pit, as 
depicted in Figure 4. The distances of these four monitor-
ing points from the edge of the foundation pit are detailed 
in Table 2.

Table 2. Distance between monitoring points and foundation pit

Monitoring points DM1 DM14 DM2 DM3 LJ3

Distance (m) 8.8 33.5 60.1 84.8 91.2

The subsidence variations at the aforementioned five 
monitoring points during the excavation period are de-
picted in Figure 9. The results indicate that significant 
settlement of the surrounding ground surface occurred 
during the foundation pit excavation phase. The most pro-
nounced settlement was observed at point DM1, located 
within a distance of one excavation depth. As the distance 
between the monitoring points and the foundation pit in-
creased, the settlement values gradually diminished. Fol-
lowing the casting of the foundation pit’s bottom slab, 
apart from the DM1 point closest to the pit’s edge, the 
settlement values at the remaining monitoring points es-
sentially stabilized.

By the end of the monitoring period, the subsidence at 
the DM1 point, which is closest to the foundation pit, was 
approximately 8.63 mm, while DM14 experienced approxi-
mately 5.54 mm of subsidence. DM2 and DM3 recorded 
subsidence of around 4.21 mm and 2.19 mm, respectively. 

In contrast, the farthest railway monitoring point, TL3, ex-
hibited subsidence that did not exceed 1 mm throughout 
the observation period. Despite TL3’s proximity to DM3 
regarding the distance from the foundation pit’s edge, its 
subsidence was only half of that observed at DM3. Ad-
ditionally, the fluctuations in TL3’s subsidence during the 
monitoring period were less pronounced compared to 
DM3. This discrepancy may be attributed to the reinforc-
ing effect of the railway subgrade on TL3. Furthermore, it 
could also be influenced by the diverse and irregular fac-
tors affecting DM3, such as material stacking and irregular 
vehicle loading, as DM3 was situated within the construc-
tion zone. The railway department stipulates that the al-
lowable value of track settlement is 3–5 mm, with 3 mm 
for initial settlement and 5 mm for long-term settlement. 
Statistical analysis of monitoring point LJ3 on the railway 
embankment shows that the fluctuation value of railway 
embankment settlement during construction is less than 
2.0 mm. During the construction of this foundation pit, 
it meets the standard for high-speed railway foundation 
settlement and does not affect the normal operation of 
the railway.

The overall trend in subsidence for the closely located 
DM1, DM2, and DM3 monitoring points remained consis-
tent, with a brief deviation observed around September 
15th. This deviation may be attributed to the storm surge 
mentioned earlier, which resulted in seepage along the 
inner wall of the foundation pit near the DM1 monitoring 
point. During this period, while DM2 and DM3 monitoring 
points exhibited uplift due to the elevated groundwater 
level in the phreatic layer, DM1 experienced accelerated 
subsidence. This was primarily due to the combined effects 
of stress release caused by the excavation of the founda-
tion pit and the lowering of the groundwater table. Subse-
quently, DM1 briefly rebounded after the implementation 
of improved dewatering and sealing measures. Following 
this rebound, all monitoring points generally continued to 
subside, with localized rebounds possibly associated with 
increased groundwater levels during continuous rainfall. 
However, throughout the water level maintenance period, 
the surface behavior remained predominantly character-

Figure 9. The settlement changes at each monitoring point
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ized by subsidence induced by the excavation of the foun-
dation pit. Figure 9 shows that monitoring points DM1, 
DM2, and DM14 around the pit continue to sink even 
after the bottom slab concreting. Even after construction 
is completed, some monitoring points may still show a 
certain degree of settlement due to uneven settlement of 
the foundation or the nature of the foundation materials. 
In addition, changes in groundwater levels, construction 
quality of the foundation engineering, and surrounding 
environmental factors may also affect the settlement of 
monitoring points.

3.4. Simulation analysis of foundation  
pit excavation
The 3D model of foundation pit excavation and support 
during the construction process was established based on 
Section 3.1, and simulation calculations were conducted 
on the surface settlement during the excavation and sup-
port process of the foundation pit. According to on-site 
monitoring data, the influence radius of the foundation 
pit is less than 100 m, and the model size is selected as 
362 m × 322 m × 60 m, as shown in Figure 10. The model 
calculation adopts a coupled numerical method, with the 
constitutive model selected as Mohr-Coulomb and the 
seepage model selected as isotropic. The fluid-mechanical 
coupling effect is considered using the Biot consolidation 
theory. The lateral boundary of the model is supplied with 
a constant head, with no cross-flow replenishment in the 
confined aquifer. The model’s lateral boundaries are fixed 
with the “fix” command to maintain a constant head, with 
the top and bottom plates of the confined aquifer set as 
impermeable materials. There is no cross-flow replenish-
ment between soil layers, and the water-resisting curtain 
is made of impermeable material, which acts as a barrier 
to hydraulic connection inside and outside the founda-
tion pit.

Figure 11 shows the vertical deformation profile of the 
soil layers. The measured data and simulated data (S-LJ3 
and S-DM1) of key points LJ3 near the settlement moni-
toring rail and the closest point DM1 to the foundation pit 
are compared as shown in Figure 12. The numerical simu-
lation ground settlement values are basically consistent 
with the actual monitoring values. The actual monitoring 
values fluctuate due to significant external environmental 
influences such as construction vibration and temperature. 
However, the simulation results can provide a reliable ref-
erence for foundation pit settlement monitoring and also 
serve as a reliable basis for excavation schemes of the 
foundation pit.

4. The recharging tests and result analysis
4.1. Experimental design
The present experiment was well-suited for constant-head 
injection tests and falling-head injection tests within con-
fined aquifers, as well as constant-head injection tests 
and falling-head injection tests within the phreatic layer. 

Consequently, the experiment comprised four groups: 
confined aquifer variable-head recharge tests, confined 
aquifer constant-head recharge tests, phreatic layer fall-
ing-head recharge tests, and phreatic layer constant-head 
recharge tests.

In the falling head water recharge test, the procedure 
begins with the initial recording of the original water level 
Hi in the recharge well. Subsequently, the water level in 
the recharge well is rapidly raised to a specified elevation, 
recorded as the initial water level H0. The water supply 
is then immediately halted, and this moment is docu-
mented as the initial time t0. An electronic level gauge 
is employed to record the subsequent variations in the 
water level within the recharge well, with the water level 
at time “t” denoted as Ht. This process continues until the 
water level within the recharge well has returned to its 

Figure 10. 3D numerical model

Figure 11. Profile cloud map of soil deformation

Figure 12. Comparison chart of measured curves  
and simulated curves for LJ3 and DM1
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original level. A semi-logarithmic plot is used to depict 
the relationship between the water head decline and time. 
A linear trend on the graph indicates the accuracy of the 
results. Concurrently, monitoring of water level changes 
in the two nearest observation wells around the recharge 
well is maintained for comparative purposes.

In the constant head water recharge test, the proce-
dure initiates with the recording of the initial water level 
Hi within the recharge well. Subsequently, the recharge 
valve is opened, rapidly raising the water level in the re-
charge well to a specified elevation, which is documented 
as the initial water level H0. The moment this is achieved 
is designated as the initial time t0. Following this, the in-
flow rate is gradually reduced to maintain the water level 
in the recharge well at H0. Flow measurements are taken 
at 5-minute intervals for the first five measurements and 
at 20-minute intervals thereafter. This continues until the 
water level in the observation well stabilizes and remains 
unchanged for 60 minutes. When the consecutive flow 
measurements exhibit a difference of no more than 10%, 
the mean of the stable injection rates is calculated as the 
injection rate for further analysis.

4.2. Calculation methods for  
permeability coefficient
In the constant head water recharging test, a continuous 
flow of water is introduced into the borehole to maintain a 
constant water level. The permeability coefficient K of the 
lower section of the borehole can be expressed using the 
equation presented in Eqn (1):

q qK
d h A h

= =a
 D D

, (1)

where q is the stable water recharging rate; d is the diam-
eter of the hole; Dh is the stable head difference formed in 
the hole; a is the correction coefficient based on the inflow 
situation and seepage path; and A is the shape factor.

In the drilling dewatering head recharging test, in ac-
cordance with Darcy’s law, within a given small time pe-
riod, as follows:

Hqdt K Mdt
l

= , (2)

where q is the stable water recharging rate; K is the per-
meability coefficient; H is the head difference inside the 
hole; l is the length of the seepage path; M is the penetra-
tion section area.

Assuming the inner diameter area of the well is repre-
sented as “a”, Eqn (2) can be expressed as:

HK Mdt adH
l

= . (3)

Integrating between t1 and t2 at any time, the corre-
sponding water head decreases from H1 to H2, resulting in:

2 2

1 1

t H

t H

M dHK dt a
l H

=∫ ∫ ; (4)

 

1 1 1
2

2 2 2

2 1 2 1 2 1

ln ln ln

4

H H H
H H Hal d rK

M t t A t t A t t
= = =

− − −
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where A is the shape factor. The test section is situated 
below the groundwater level. If water infiltrates the bot-
tom of the hole, then A = 5.5 r. If water infiltrates the bot-
tom of the hole, and the top plate of the test soil layer is 
impermeable, then A = 4 r.

The method described above necessitates the com-
plete restoration of the water level in the recharge well 
to its original state. Alternatively, there is also a charac-
teristic time method that allows for a swift calculation of 
the permeability coefficient of low-permeability soil layers. 
This method is based on the linear relationship between 
the head drop ratio and time, represented on a semi-log-
arithmic scale:

2

0

rK
AT

=
 , (6)

where T0 is the characteristic time of the water recharging 
process and the time corresponding to Ht/H0 = 0.37 is 
considered as the characteristic time.

4.3. Monitoring results of the recharging tests
SW3 observation well was selected as the recharge well, 
with a depth of 15.1 meters. The well’s bottom screen was 
positioned within the 5th confined aquifer layer. The origi-
nal water level was 279.0 cm below the wellhead. Subse-
quently, the water level was rapidly recharged to an initial 
position of 118.0 cm below the wellhead. After 380 min-
utes, the water level decreased to a position 278.0 cm 
below the wellhead. Assuming the original hydraulic head 
as Hi = 0.0 cm, the initial recharge water level is calculated 
as H0 = 279.0 cm – 118 cm = 161.0 cm. The variations 
in water level inside the well Ht were then recorded, and 
the relationship between confined aquifer hydraulic head 
decline and time was plotted on a semi-logarithmic coor-
dinate axis, as shown in Figure 13a.

As shown in Figure 13a on a semi-logarithmic coordinate 
axis, the curve exhibits a linear shape, indicating that the 
experimental process largely conforms to Darcy’s flow law. 
Utilizing this method allows for an effective determination 
of its osmosis coefficient. By selecting data from a linear 
segment with minimal error, and applying it to the theoret-
ical calculation section of the borehole falling head water 
recharging test theory in Section 4.2, the confined aquifer’s 
osmosis coefficient is calculated to be 1.954×10–3 cm/s.  
Furthermore, by reading T0 as 104 minutes on the semi-
logarithmic coordinate axis and employing the character-
istic time calculation method, the osmosis coefficient is 
determined to be 2.012×10–3 cm/s.

Utilizing the same methodology, we can determine the 
permeability coefficients for W1, SW2, SW4, and SW5. The 
comparison between the calculated results and the perme-
ability coefficients from the geological exploration report 
is presented in Table 3.
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4.4. Data analysis and discussion

It is evident that, for the confined aquifer, the calculated 
permeability coefficients fall within the range between the 
vertical and horizontal coefficients presented in the geo-
logical report. This suggests that the in-situ water recharge 
test provides an effective and reasonably accurate means 
to assess the permeability of well-behaved soil. For the 
phreatic layer, most of the calculated results exceed the 
horizontal permeability coefficients, which are higher than 
other values from the geological report. This discrepancy 
may be attributed to the fact that the geological report 
results are averaged from multiple boreholes and soil sam-

ples, with differences in permeability coefficients within 
each borehole potentially exceeding fourfold, or even an 
order of magnitude. This variance indicates significant 
variability in permeability within the same soil layer. The 
chosen well locations for the phreatic layer test happened 
to be in areas with higher permeability. Additionally, it’s 
worth noting that when the soil’s permeability is lower, 
determining the precise time corresponding to a particular 
water level can be more challenging due to the slower rate 
of water level decline. This challenge can introduce greater 
calculation errors. In summary, when conducting in-situ 
water recharge tests to determine the permeability of well-
behaved soils, results can be considered scientifically valid 

Figure 13. The water level variation diagram of precipitation head recharge tests
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Table 3. Comparison of permeability coefficients obtained by different calculation methods

Layer Geological survey  
report

Precipitation head test
Theoretical

Characteristic time method
Calculated value

Constant head test
Theoretical

–1
kv kh SW1 SW4 SW1 SW4 SW2

7.2×10–7 8.2×10–6 8.1×10–6 8.2×10–6 9.0×10–6 8.8×10–6 8.8×10–6


kv kh SW3 SW5 SW3 SW5 SW5

8.1×10–6 2.5×10–5 2.0×10–5 2.0×10–5 2.012×10–5 2.1×10–5 2.1×10–5
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and valuable for reference when they are within the same 
order of magnitude as those in geological reports. How-
ever, it’s essential to recognize that in-situ water recharge 
tests are more suitable for soil layers with better perme-
ability, where the results are more accurate.

The experimentally determined osmosis coefficients 
are notably closer to the permeability in the horizontal 
direction, which exhibits higher permeability compared to 
other orientations. This observation could be attributed to 
the distinct conditions during the in-situ water recharge 
test compared to laboratory bench-scale experiments. In 
the field, below the bottom of the recharge well, the pres-
sure from the recharge head expedites the rapid lateral 
spreading of water in the well along the direction of high-
er horizontal permeability coefficients in the surrounding 
area.

The utilization of the characteristic time method offers 
the advantage of a straightforward formula and shorter 
testing durations. Given the trade-off between the time 
required for the test and the level of precision achieved, it 
can be concluded that, for most engineering applications, 
employing the characteristic time method is both reason-
ably accurate and resource-efficient for the determination 
of well-point osmosis coefficients.

The osmosis coefficients obtained using the constant 
head method tend to be relatively higher, possibly due to 
prolonged high hydraulic head conditions leading to the 
establishment of more permeable flow paths within the 
soil. While the in-situ recharge method may not distinctly 
differentiate between the vertical and horizontal perme-
ability characteristics of the soil, it is the most effective ap-
proach in reflecting the practical water recharge process. 
It aligns well with the actual recharge capabilities of well 
points based on construction and site-specific conditions, 
particularly in the case of constant head recharge. Conse-
quently, the well recharge capacity determined through 
constant head tests holds significant practical value for 
specific engineering applications.

5. Numerical simulation analysis
5.1. Model establishment  
and calculation results
In this model, simulations were conducted using the po-
rous media elasticity model and the modified Cambridge 
model. The recharge well had a depth of 10 meters with 
a 1-meter distance from the bottom to the phreatic layer, 
allowing only the bottom of the well to be permeable. 

On the left side of the model, there was an impermeable 
boundary representing the function of a water-resisting 
curtain, which, based on the actual layout in the founda-
tion pit engineering site in Yancheng, was positioned at 
a distance of 15 meters from the recharge well. On the 
right side, a fixed pressure boundary was set at a distance 
of 100 meters from the recharge well to simulate lateral 
hydraulic recharge from the surrounding geological for-
mation. The model parameters are detailed in Table 4, and 
the calculation model is illustrated in Figure 14.

The numerical calculations were conducted in the fol-
lowing steps:

 ■ Step 1: Initial geo-stress equilibrium was established.
 ■ Step 2: Excavation of the upper part of the recharge 
well was simulated, with horizontal displacement of 
the wellbore constrained.

 ■ Step 3: Excavation of the lower part of the recharge 
well was simulated, with horizontal displacement of 
the wellbore constrained.

 ■ Step 4: A pore pressure of 86.2 kPa was applied at 
the bottom of the well, simulating a constant re-
charge water level of 1.6 meters. Transient calcula-
tions were performed with time steps not exceeding 
1800 seconds, simulating 10 days of recharge.

 ■ Step 5: Maintaining constant recharge pressure, 
transient calculations continued with time steps not 
exceeding 86400 seconds, simulating 150 days of 
recharge.

 ■ Step 6: With the recharge pressure held constant, 
steady-state calculations were performed to assess 
the final impact of the recharge.

The seepage vector diagrams at 10 minutes, 12 hours, 
50 days, and 160 days after the commencement of re-
charge are depicted in Figure 15. During the early stages 
of recharge, water from the recharge well spreads outward 
from the bottom of the well as a high-pressure center. 
Both the pore pressure contour plots and the flow vector 
maps exhibit a roughly symmetric distribution around the 

Table 4. Model material elastic-plastic material parameters

Layer Permeability Resilience index k Compressive index l Mritical stress ratio M

 Water-table aquifer 0.063 0.139 0.25

 First impervious layer 0.022 0.048 0.33

 Load-bearing aquifer 0.011 0.052 0.98

 Second impervious layer 0.020 0.045 0.33

Figure 14. The calculation model for groundwater recharge 
outside the water stop curtain
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recharge well, with primary recharge flow occurring within 
the phreatic layer. The first aquitard layer demonstrates an 
effective confining influence. Approximately one day after 
the onset of recharge, differences in flow become notice-
able on both sides of the recharge well. After around 160 
days of recharge, a stable state is reached.

5.2. The impact of recharge on groundwater
The direct impact of water recharge on the soil is the alter-
ation of its pore water pressure. Variations in pore pressure 
subsequently result in changes in the stress state within 
the soil and ultimately lead to surface settlement altera-
tions. Initially, the focus is on examining the pore pres-
sure changes along different depth levels within horizon-
tal cross-sections induced by the recharge process. Three 
sections are selected for observation: one at the phreatic 
layer bottom (–11 m) and two others at depths of –7 m 
and –3.8 m below the ground surface. Figure 16 presents 
the pore pressure values at these three sections after the 
completion of the water recharge.

As shown in Figure 16, the pore pressure variations 
exhibit a consistent trend at different depths. However, the 
pore pressure difference between the two sides of the wa-
ter recharge well tends to decrease as the depth increases. 
At –3.8 m depth, the difference is 5.3 kPa, while at –7 m, 
it is 4.4 kPa. At the bottom of the phreatic layer, the same 
difference at the corresponding location is merely 0.1 kPa. 
Vertical pore pressure profiles are depicted in Figure 17 at 
three positions: 0.8 m on both sides of the water recharge 
well (L1, R1) and 40 m away from the water-resisting cur-

tain (R2). Below the first impervious layer, these profiles 
exhibit identical pore pressures, indicating that the con-
fined aquifer remains unaffected by the aquifer replen-
ishment mainly due to the presence of the impermeable 
layer.

Figure 17 provides an enlarged view of the pore pres-
sure change curve. It is evident that the pore pressure 
values along the L1 and R1 profiles are identical, which 
are located equidistant from the center of water recharge 
at the bottom of the phreatic layer. In the phreatic layer, 
the pore pressure variations with depth exhibit slopes that 
closely resemble the gravitational gradient, particularly be-
tween the L1 and R2 sections. Meanwhile, the slope of L1 

c) 50 days

a) 10 min

d) 160 days

b) 12 h

Figure 15. The seepage vector diagrams during recharging

Figure 16. Variation of pore water pressure at different depths
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is initially steeper and then gradually tapers off. These ob-
servations suggest the establishment of a “water storage 
effect” between the recharge well and the water-resisting 
curtain, where the seepage activity within this “reservoir” 
remains relatively stable. The recharge creates a head dif-
ferential on either side of the well, leading to horizontal 
seepage outside the recharge well, resulting in relatively 
unstable pore pressure distribution over short distances on 
the outer side of the well.

5.3. The impact of recharge on ground heave
Under the influence of recharge, the surface undergoes 
uplift due to changes in pore pressure that, in turn, lead 
to alterations in the stress state within the soil. Figure 18 
presents the final distribution of vertical uplift. It is evi-
dent that, with a recharge in effect, uplift occurs uniformly 
around the recharge well. This uplift primarily arises from 
the cumulative uplift of the soil within the phreatic layer 
above the plane of the well bottom. The impervious layer 
and the underlying strata essentially remain unaltered, 
making no significant contribution to ground heave. As 
mentioned in Section 5.2, pore pressure beneath the im-
pervious layer shows no variation, confirming that uplift 
results from pore pressure changes within the soil. Table 5 
provides details of the characteristics of the five marked 
observation points (#1~#5) in Figure 18, along with their 
respective distances from the center of the recharge well.

Figure 19 illustrates the temporal variation of ground 
heaves at five observation points during the recharge pro-
cess. It is evident that all surface points exhibit uplift under 
the influence of recharge, with consistent trends observed 
on both sides of the recharge well. Uplift occurs more rap-
idly on the side closer to the water-resisting curtain, and 
it reaches the stable uplift value earlier. Additionally, prox-
imity to the recharge well results in higher uplift values. 
However, the final ground heave values become largely 
uniform once the seepage stabilizes.

The ground heave can be distinctly divided into two 
phases, with the first phase occurring within the initial two 
days, as summarized in Table 6. During this first phase, 
the ground heave increases rapidly, with all observation 

Table 5. Observation points selection feature table

Characteristic Distance from recharge well

#1 Near the starting point of the largest uplift on the side of the foundation pit 3.5 m
#2 Recharge well and curtain midpoint 7.8 m
#3 The maximum uplift starting point far from the foundation pit side 2.2 m
#4 #4 is the symmetrical point along the reinjection well for # 2 7.8 m
#5 Stay away from the reference point of the recharge well 30.0 m

Table 6. Proportion of first stage uplift at each observation point

Time (day) #1 #2 #3 #4 #5

First phase 2 11.48 mm 11.10 mm 8.07 mm 7.25 mm 2.31 mm
Final stage 160 36.74 mm 36.64 mm 20.14 mm 19.55 mm 13.72 mm
Proportion 1.25% 31.2% 30.3% 40.1% 37.1% 16.8%

points, except for point 5, reaching over 30% of their final 
stable uplift within the initial two days. This indicates that 
within the first 1.25% of the recharge duration, the ground 
heave had already reached 30% of its final value. Point 5, 
being the farthest from the recharge center, required a 
longer time to fully manifest the effects of recharge. Nev-
ertheless, it still exhibited an uplift of 16.8% during the first 
phase, notably higher than in the second phase. These re-
sults underscore the importance of distinguishing between 
various objectives when implementing recharge methods 
for ground settlement control in practical engineering. De-
pending on the specific goals, different recharge amounts, 
and durations should be considered within the recharge 
strategy, such as for emergency settlement control versus 
long-term settlement control.

Figure 20 shows the surface uplift variation at point 2 
along with the groundwater level variation and pore pres-
sure changes at depths of 3.7 m, 5.5 m, and 9 m beneath. 
It is evident that the vertical surface uplift correlates closely 
with groundwater fluctuations. Aligning the curves at both 
ends to observe the temporal trends of the parameters 
reveals that during the early stages of recharge, the sur-
face uplift rate is significantly higher than the groundwater 
level recovery rate. Moreover, closer to the well bottom, 
pore pressure changes exhibit greater rate and magnitude 
variations compared to surface subsidence. At a depth of 
9 m, this influence is especially pronounced. Thus, a much 
more rapid response of pore pressure changes compared 
to surface subsidence. This evolution from shallow to deep 
leads to a linear relationship between pore pressure varia-
tions at a certain depth and surface uplift values over the 
entire recharge process. In this example, the surface uplift 
curve closely matches the 5.5 m pore pressure variation 
curve, allowing for linear inference of surface uplift based 
on pore pressure changes. Groundwater level changes, on 
the other hand, exhibit lag due to the time required for 
groundwater to flow through the subsurface. Consequently, 
their changes are relatively gentle during the early stages 
of recharge and do not promptly reflect surface uplift. Pore 
pressure changes, occurring instantaneously with stress 
alterations, induce soil deformation and surface uplift.  
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Figure 17. Vertical profile pore pressure variation

Thus, groundwater level changes lag behind deep pore 
pressure variations. This indicates that when employing 
phreatic layer recharge, the surface uplift closely relates 
to the pore pressure values within the stable deep flow 
region of the phreatic layer. In regions with lower precision 
requirements, one can estimate recharge effects based on 
groundwater level changes within this stable flow area.

6. Conclusions
This study is based on the foundation pit excavation pro-
ject of a comprehensive high-speed rail station hub con-
struction. It investigates the groundwater flow and soil 
settlement behavior under the influence of dewatering 
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and water recharge during the foundation pit excavation. 
The investigation combines on-site monitoring, recharge 
tests, and numerical simulations. The primary conclusions 
are as follows:

(1) During the foundation pit excavation, the water-
resisting curtain effectively mitigated the impact on 
the surrounding groundwater levels. The confined 
aquifer and phreatic layer exhibited distinct varia-
tions in groundwater levels, with the curtain signifi-
cantly reducing fluctuations. The fluctuation value of 
railway embankment settlement is less than 2.0 mm, 
meeting the standard for high-speed railway founda-
tion settlement.

(2) The results of the confined aquifer tests are consis-
tent with the permeability coefficient in the geologi-
cal survey report, and the recharging tests exhibit 
higher accuracy in soil layers with good permeability. 
Below the bottom of the injection well, under the 
pressure of the injection head, water in the injection 
well can rapidly spread horizontally around it along 
directions with higher permeability coefficients, lead-
ing to an overestimation of horizontal permeability 
coefficients in the aquifer test results.

(3) During the recharging process, the pore pressure in 
the aquifer is sensitive to recharging, and imperme-
able layers restrict seepage, leading to differences in 
pore pressure. Surface uplift is mainly influenced by 
the uplift of the aquifer soil, with the maximum up-
lift occurring near the recharging wells. Groundwater 
level changes lag behind pore pressure, and surface 
uplift during aquifer recharging can be estimated 
through pore pressure data. Proper recharging can 
effectively prevent ground settlement during the ex-
cavation of the foundation pit.
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