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ABSTRACT: Ultra deep excavations in Shanghai soft soils mostly involve confined aquifers. When the confined aquifers are very 

thick, ultra deep excavations usually require the use of suspended waterproof curtains for economic reasons. In this case, there will be 

hydraulic connections between the excavation and the surrounding areas, leading potential environmental impacts from dewatering 

inside the pit. Accurate assessment of these effects requires understanding soil parameters and responses to water level fluctuations, 

typically through pre-construction pumping tests. However, deep soil deformation during pumping is often overlooked, and settlement 

recovery patterns remain unclear, posing safety risks near deformation-sensitive structures. This study analyzes the patterns of water 

level variation and ground surface settlement based on in-situ pumping and groundwater recovery tests conducted in a confined aquifer 

at a site in Shanghai. On this basis, a three-dimensional fluid-solid coupled model was established using Biot’s consolidation theory 

with the Mohr-Coulomb (MC) and HS-Small (HSS) constitutive models, respectively. Comparative analysis with actual deformation 

monitoring data indicates that the HSS provides better simulation of soil deformation during both the pumping and groundwater 

recovery phases. Furthermore, the study systematically investigates the spatiotemporal deformation behavior of deep soil during the 

pumping and groundwater recovery processes using the HSS. The research reveals the multi-stage response mechanism of confined 

aquifer soils caused by water level changes. It is found that settlement recovery rates vary across spatial locations, and the soil completes 

most of its elastic rebound shortly after groundwater recovery. The research results provide a scientific basis for the precise assessment 

of soil response under water level changes in deep confined aquifers in Shanghai, laying the foundation for predicting and controlling 

environmental risks in subsequent foundation pit engineering.  
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1 INTRODUCTION 

In regions along rivers and coasts where the groundwater level 

is typically high, the construction of deep foundation pits 

necessitates dewatering design to lower the water table below 

the excavation level, ensuring a dry working 

environment(Wang et al. 2017; Zhou et al.2010).Pumping tests 

serve as a critical tool for determining dewatering design 

parameters, providing essential data such as hydrogeological 

properties and single-well influence radii(Wang et al. 2025). In 

practice, suspended waterproof curtains are often adopted as 

retaining structures for deep excavations with very think 

confined aquifer due to economic constraints(Zeng et al. 2021; 

Zeng et al.2022) . However, while these curtains facilitate 

dewatering inside the pit, they frequently induce varying 

degrees of groundwater drawdown outside the pit. According 

to the principle of effective stress, changes in groundwater 

levels alter the effective stress distribution in soils(Pujades et 

al. 2014b; 2014a; Wang et al. 2012; Zhou et al. 2014) , thereby 

triggering ground settlement. To accurately predict and mitigate 

environmental deformation around excavations, it is imperative 

to understand the coupling mechanism between groundwater 

variations and surface settlement. Field pumping tests not only 

furnish fundamental parameters for dewatering design but also 

directly reveal the settlement behavior of soils induced by 

groundwater fluctuations  

Numerous studies have been conducted on pumping tests. 

Wang(Wang et al. 2025) analyzed soil deformation patterns 

under pumping tests in different geological settings, while 

Zhang(Zhang et al. 2017) developed a three-dimensional 

numerical model based on Biot’s consolidation theory to 

simulate pumping tests, incorporating fluid-solid coupling 

effects. Ha(Ha et al. 2020) conducted a back analysis of 

hydrogeological parameters of aquifers based on pumping tests 

and optimization algorithms. However, current research 

exhibits two main limitations. Firstly, there is insufficient 

investigation into the deformation characteristics of deep soil 

layers caused by groundwater drawdown. Secondly, the staged 

recovery of groundwater levels is often overlooked. Given the 

pronounced three-dimensional spatiotemporal evolution of 

groundwater seepage fields, a systematic study of soil 

deformation throughout the pumping-recovery process holds 

significant value for both theoretical refinement and 

engineering practice. 

This paper presents a study based on a multi-well pumping 

test in a confined aquifer in Shanghai, combining field 

monitoring with numerical simulation. Firstly, the coupling 

mechanism between groundwater levels and surface settlement 

is elucidated through full-process monitoring of pumping and 

recovery. Subsequently, the fluid-solid coupling model is 

established to compare the applicability of the Mohr-Coulomb 

(MC) and HS-Small (HSS) models in simulating the entire 

pumping-recovery process. Finally, the spatial and temporal 

evolution of soil deformation induced by confined aquifer 

drawdown is systematically analyzed through numerical 

methods, providing a foundation for deformation analysis and 

control in dewatering projects for soft soil regions. 

2 FIELD PUMPING TEST 

2.1 Project Overview 

This study is based on a deep foundation pit project in Shanghai. 

Through field investigations and laboratory geotechnical tests, 

the distribution characteristics of typical soil layers and the 

main physical-mechanical parameters of the site were obtained 

(Table 1). The stable groundwater table of the phreatic aquifer 

(Aq0) is buried at a depth of approximately 5 m, and the initial 

hydraulic head of the confined aquifer is buried at a depth of 

8.2 m. The excavation depth of the foundation pit ranges from 
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17 to 19 m, with the minimum distance between the pit bottom 

and the top of the first confined aquifer being only 9 m. Based 

on the stability calculation against confined water inrush in the 

foundation pit, it is necessary to lower the hydraulic head of the 

first confined aquifer to 15 m below the natural ground level to 

meet safety requirements. However, the thickness of this 

confined aquifer is nearly 40 m, and considering economic 

factors, an ultra-deep suspended waterproof curtain is proposed. 

Under this retaining system, when pumping from the confined 

aquifer inside the pit, an inward groundwater seepage field will 

form, leading to external groundwater drawdown and 

potentially significant ground settlement. Therefore, this study 

conducted pumping tests to evaluate the stratum deformation 

characteristics induced by pumping. 

Table 1. Strata distribution and main soil mechanical parameters. 

Number Soil layer 
H 

(m) 

γ 

(kN/m3) 

ω 

(%) 
e0 

ES 

(Mpa) 

Vs 

(m/s) 

1 Fill soil 3 18.8 28.5 0.8 4.8 135 

3 Mucky silty clay 10.5 17.7 40.3 1.1 3.5 128 

4 Mucky clay 17 16.9 49.9 1.4 2.2 135 

5 Silty clay 25.5 17.7 37.3 1.1 4 177 

6 Silty clay 28 19.6 23.2 0.7 7 264 

7-1 Sandy silt 39 18.9 25.7 0.8 12.3 248 

7-2 Silty sand 70 18.9 25.8 0.8 12.8 345 

Note: H=Burial depth. γ=Unit weight. ω=Water content. e0=Initial void 

ratio. ES=Constrained modulus. Vs=the shear wave velocity 

2.2 Layout of test Wells and monitoring points 

The layout of the test wells and monitoring points is shown in 

Figure 1. The test wells include four pumping wells(S1~S4) 

and five observation wells(G1~G5). Settlement monitoring 

points were arranged at 10-meter intervals along eight 

directions centered on observation well G2. The structures of 

the test wells and their relative positions to the strata are 

illustrated in Figure 2. 

 
Figure 1. Layout of test wells and monitoring points 

The test conditions and parameters are listed in Table 2. In this 

experiment, pumping wells S1 to S4 were activated for group 

pumping in the confined aquifer. During the test, groundwater 

drawdown and ground surface settlement were monitored. 

After the groundwater seepage reached a steady state during 

pumping, the groundwater drawdown at pumping wells S1 to 

S4 were 22 m, 24 m, 29m, and 25m, respectively. All 

observation wells exhibited varying degrees of drawdown, with 

the maximum drawdown of 8.52 m occurring at observation 

well G2, located at the center of the pumping well group. In 

contrast, the drawdown at observation well G1 was only 0.2 m, 

indicating no significant hydraulic connection between the 

phreatic aquifer and the confined aquifer. 

 
Figure 2. Structures of test wells and their relative positions to the soil 

layers 

Table 2. Test conditions and parameters 

Test T(d) Hp Ho 

Pumping 11.8 

S1 (22 m) G1 (0.2 m) 

S2 (24 m) G2 (8.52 m) 

S3 (29 m) G3 (5.8 m) 

S4 (25 m) G4 (3.36 m) 

 G5 (6.01 m) 

Recovery 2   

Note: T=Duration. Hp=Groundwater drawdown of pumping well. 
Ho=Groundwater drawdown of observation well. 

The groundwater drawdown and ground surface settlement 

during the test are shown in Figure 3. From the figure, it can be 

observed that the groundwater at all observation wells 

stabilized approximately 300 minutes (5 hours) after pumping 

began, while the ground settlement continued to increase and 

had not stabilized by the end of pumping. This indicates that 

soil settlement significantly lags behind groundwater 

drawdown. After pumping stopped, due to recharge from 

distant aquifers, the water levels gradually recovered, and 

within 300 minutes (5 hours) of stopping pumping, they had 

largely returned to pre-pumping levels. It is worth noting that 

although the settlement decreased after groundwater recovery, 

a certain amount of irreversible plastic deformation remained. 

It should be noted that the groundwater recovery lasted 

only two days, and the settlement monitoring data at this stage 

cannot reflect the long-term consolidation settlement process of 

soil in soft soil areas. Additionally, this pumping test only 

arranged surface settlement monitoring points without 

deploying deep soil settlement monitoring points. Therefore, 

subsequent numerical simulations will be conducted to further 

investigate the spatiotemporal distribution patterns of soil 

settlement. 

 
Figure 3. Groundwater drawdown and surface settlement during 

pumping and recovery test 
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3 NUMERICAL MODEL 

This section employs Plaxis to establish a three-dimensional 

finite element model based on Biot's consolidation theory. The 

model assumes that the initial water table of the phreatic aquifer 

is at the ground surface and all soil layers are saturated. 

3.1 Model size 

To eliminate the influence of boundaries on the calculation 

results, the lateral boundaries must be set outside the radius of 

influence of pumping(Zhang et al. 2017; Zeng et al.2022). The 

maximum observed drawdown in the aforementioned pumping 

test was 8.52 m. Thus, assuming a maximum drawdown of 30 

m for AqⅠ, the radius of influence (R) is calculated using 

Sichardt's formula: 

 R=10sw√Kh  (1) 

Here, sw denotes the drawdown depth, Kh represents the 

horizontal permeability coefficient. Based on calculations, the 

radius of influence for this pumping test is approximately 400 

m (with Kh=3m/d). The model dimensions were set to 800 m 

(length) × 800 m (width) × 70 m (height), as shown in Figure 4. 

A local mesh refinement was applied within 80 m of the 

pumping well cluster center to enhance numerical accuracy. 

 
Figure 4. Three-dimensional finite element model 

3.2 Constitutive models and parameters 

It is well known that the Mohr-Coulomb (MC) model is 

unsuitable for simulating soil deformation during excavation 

stages because it assumes identical stiffness for loading and 

unloading, leading to excessive pit bottom rebound and 

difficulties in simultaneously predicting reasonable wall 

deformation and soil deformation behind the wall. However, for 

simulating soil deformation caused by pumping in soft soil 

areas, the MC model(Zeng et al. 2023; Zhang et al. 2018) is 

typically used. The advanced HSS model accounts for soil 

hardening characteristics, distinguishes between loading and 

unloading behaviors, and incorporates stress-history and stress-

path-dependent stiffness. Additionally, it captures the strain-

dependent degradation of shear modulus within the small-strain 

range. Consequently, this model is widely applied in the 

analysis of soil deformation during excavation. However, its 

application in pumping test simulations remains limited. 

Therefore, to investigate the applicability of different 

constitutive models to this project, two types of models were 

established in this study. The first type of model adopted the 

Mohr-Coulomb (MC) model for all soil layers, while the second 

type of model employed the HSS model for all soil layers.  

The main physical and mechanical parameters of the soil 

in the numerical model are listed in Table 3, where Kh 

represents the horizontal permeability coefficient, Kv is the 

vertical permeability coefficient, υ is Poisson's ratio. The 

permeability coefficients were obtained through iterative 

parameter inversion(Wang et al. 2012; Zeng et al. 2021). The 

shear wave velocity Vs and poisson's ratio υ of the soil were 

acquired through wave velocity tests. 

The parameters for the first type of model (MC) include: 

the effective cohesion c', the effective internal friction angle φ', 

and the elastic modulus E. Here, c' and φ' were measured via 

triaxial tests. The elastic modulus was calculated using the 

formula(Zeng et al. 2021; Zeng et al. 2022): 

E=2(1+υ)G  (2) 

where G is the shear modulus, and the shear modulus was 

derived from the formula: 

G=0.5ρ𝑉s
2 (3) 

The parameters for the second type of model (HSS): The 

stiffness parameters include the oedometric tangent stiffness 

Eoed, the triaxial secant stiffness E50, the unloading–reloading 

stiffness Eur and the failure ratio Rf, which can be obtained 

through a triaxial consolidation test under the reference 

pressure pref. The small-strain parameters include the initial 

shear modulus G0 and the threshold shear strain γ0.7. The 

parameters for the HSS were selected based on previous 

studies(Wang et al, 2012; Zhang, 2017; Li et al. 2025). The 

dilation angle ψ can be set φ'-30 and the Poisson’s ratio νur can 

be set to be 0.2. The power of stress dependency m can be set 

as 0.5~1.

Table 3. Soil distribution and parameters used in the model. 

Layer 
Kh 

(m/d) 
Kv 

(m/d) 

MC HSS 

c' 

(kPa) 

φ' 

(°) 

E 

(MPa) 
υ 

ref

oedE
 

(MPa) 

ref

50E  

(MPa) 

ref

urE  

(MPa) 

ref

0G  

(MPa) 

ψ
 (MPa) 

νur 
pref 

(kPa)
 γ0.7 Rf m 

1 1.2E-3 8.2E-4 3 28.4 46.3 0.35 4.4 5.2 26.1 90.4 0 0.2 100 2.7×10-4 0.9 0.8 

3 2.7E-4 3.6 E-5 4 30.8 40.9 0.41 3.1 3.8 25.1 62 0.8 0.2 100 2.7×10-4 0.6 0.8 

4 1.4E-5 6.7E-6 6 21.1 43.4 0.41 1.9 2.3 15.6 43.2 0 0.2 100 2.7×10-4 0.6 0.8 

5 3.9E-4 2.2 E-4 4 26.5 77.1 0.39 3.5 4.2 21 60 0 0.2 100 2.7×10-4 0.9 0.8 

6 1.2E-4 7.9E-5 2 36.1 183.1 0.34 6.3 7.6 38 123 6.1 0.2 100 2.7×10-4 0.9 0.8 

7-1 1.5 0.5 1 34 152.3 0.31 11 11 44 115 4 0.2 100 2.7×10-4 0.9 0.5 

7-2 4 1.5 1 35.5 294.7 0.31 12.8 12.8 51 133 5.5 0.2 100 2.7×10-4 0.9 0.5 

3.3 Initial and boundary conditions 

As mentioned in Section 2.1, the initial water level of the 

confined aquifer AqⅠ was buried at a depth of 8.2 m, relatively 

far from the ground surface. To accurately reflect the actual 

seepage and soil deformation, the initial water head of AqⅠ in 

the numerical model was also set at a depth of 8.2 m. In contrast, 

the water level of the phreatic aquifer was buried at a depth of 

about 2.4 m, relatively close to the surface. To simplify the 

model and neglect the influence of unsaturated soil, the phreatic 

70m

Denser area around pumping wells
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aquifer’s water level was defined at the ground surface. The 

hydraulic head between the confined and phreatic aquifers was 

assigned through interpolation. 

For the lateral boundaries of the model, horizontal 

displacements were constrained, and a constant pore pressure 

boundary equal to the initial pore pressure was applied to 

simulate the water head recharge from aquifers far from the 

pumping wells. For the bottom boundary of the model, both 

vertical and horizontal displacements were constrained, and an 

impermeable boundary was set.  

As shown in Figure 2, the well screen of the pumping well 

is installed at a depth of 28m~38 m. Accordingly, four drainage 

lines were incorporated at this depth in the model to simulate 

the pumping well, with the hydraulic head referenced to Table 

2. The drainage lines were activated during the pumping phase 

and deactivated during the groundwater recovery phase. 

3.4 Model verification 

Figure 5 shows the measured and calculated values of 

groundwater drawdown during the pumping stage and the 

recovery stage. It can be observed that during the pumping stage, 

the drawdown values from both models generally align with the 

measured data. In the initial pumping phase (within 100 

minutes), the calculated drawdown values are slightly larger 

than the measured values, which may be attributed to the fixed-

head boundary condition causing a relatively large drawdown 

near the pumping wells at the beginning of pumping. During 

the recovery stage, both the models and field measurements 

show that the groundwater level returns to its pre-pumping 

elevation by approximately 500 minutes (about 8 hours). 

However, the numerical simulations exhibit a slightly faster 

recovery rate compared to the observed well data. This 

difference likely arises because real observation wells 

experience well loss, whereas the numerical model simulates 

recovery by deactivating the pumping wells, thus neglecting 

well loss effects. It should be noted that the long-term steady-

state seepage field has a much more significant influence on soil 

settlement than the transient variations during the early stages. 

Therefore, this model remains effective in realistically 

capturing soil settlement induced by groundwater level changes. 

 
Figure 5. Comparison of the measured and simulated values of 

groundwater drawdown during the pumping and recovery test 

Figure 6 presents the ground surface settlement after pumping 

and groundwater recovery, using monitoring points C1-7~11 as 

an example. After pumping, the calculated settlement values 

from both models are nearly identical. Near the center of the 

pumping well group, the model-calculated settlement matches 

the measured values well, while at farther distances, the 

calculated values are slightly larger than the measured data. 

This discrepancy may arise from the simplification of soil 

layers in the model. However, statistical comparison of all 

monitoring points indicates that the errors for both models 

mostly fall within 25%. Therefore, for this project, both models 

can reasonably reflect the soil deformation induced by pumping. 

Notably, after groundwater recovery, the settlement calculated 

by the HSS model closely matches the measured values, 

whereas the MC model yields smaller settlement values, 

indicating a greater recovery in the MC model during the 

recovery stage. This is because the MC model cannot account 

for the influence of stress history or distinguish between loading 

and unloading. Thus, for studying soil deformation during the 

recovery stage, the HSS model is more suitable. 

In conclusion, this study ultimately adopts the HSS model 

to investigate soil deformation during both the pumping and 

recovery stages. 

 
Figure 6. Comparison of the measured and simulated values of ground 

surface settlement during the pumping and recovery test 

4 DEEP SOIL SETTLEMENT 

4.1 Spatial distribution of soil settlement 

Figure 7 illustrates the distribution characteristics of 

groundwater drawdown (Fig.7a) and soil settlement (Fig.7b) 

with depth at various distances after the pumping and recovery 

test. As shown in Fig.7a, after pumping, the maximum 

groundwater drawdown occurs at the center of the pumping 

well group, and the drawdown gradually decreases with 

increasing distance from the center. The groundwater 

drawdown is primarily concentrated in the 7-1 aquifer. 

Therefore, in the following discussion, the term depressurized 

aquifer specifically refers to the 7-1 layer.  

Regarding the characteristics of soil settlement, the 

maximum settlement also occurs at the center of the pumping 

well group and decreases with distance. As shown in Fig.7b, the 

maximum soil settlement generally occurs within the low-

permeability layer overlying the depressurized aquifer, rather 

than at the ground surface. Notably, the location of maximum 

settlement essentially corresponds to the position where the 

groundwater drawdown is zero(detailed analysis can be found 

in the literature(Zeng et al. 2021),This result aligns with the 

conclusions of the study by Zeng(Zeng et al. 2021) , further 

validating the rationality and effectiveness of the model and 

parameter settings used in this paper. After groundwater 

recovery, the soil settlement at various depths generally 

decreases, but the position of maximum settlement does not 

change significantly. Therefore, during the stages of 

depressurization and short-term recovery, special attention 

should be paid to the settlement deformation characteristics of 

the depressurized aquifer and its overlying soil. 

Figure 8 shows the distribution of the settlement recovery 

ratio (denoted as η) along the depth two days after groundwater 

recovery (i.e., after pumping stops). η is calculated as (δc-δh)/ δc, 

where δc is the soil settlement caused by pumping, and δh is the 

soil settlement caused by groundwater recovery. The following 

patterns can be observed: (1) Contrary to the settlement pattern, 
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the settlement recovery ratio is smallest at the center of the 

pumping well group and increases with distance from the center. 

This may be because smaller settlements are relatively easier to 

recover. (2) Regardless of the distance from the pumping well 

group, the settlement recovery ratio of the soil above the 

depressurized aquifer is smaller than that of the soil within the 

depressurized aquifer. (3) After the short-term groundwater 

recovery (for 2 days), the settlement of the soil in the pressured 

aquifer also basically returned to normal. In summary, there are 

significant differences in settlement recovery ratios at different 

spatial locations. Therefore, if there are structures in the soil 

that are sensitive to differential deformation, corresponding 

control and protective measures should be taken according to 

their spatial positions. 

 
(a) 

 
(b) 

Figure 7. Distribution of (a)groundwater drawdown and (b)soil 

settlement along the depth after pumping and recovery test 

 
Figure 8. Distribution of settlement recovery rate along depth 

4.2 Soil settlement during the long-term recovery 

To explore the evolution of soil settlement during long-term 

groundwater recovery, this section sets the groundwater 

recovery time to 100 days. Figure 9 shows the distribution 

characteristics of soil settlement along the depth at different 

recovery times, analyzing both the center of the pumping well 

group and a location 50 m away from the center. The results 

indicate that, regardless of the distance from the center of the 

pumping well group, soil settlement decreases as the recovery 

time increases, and the position of maximum settlement 

gradually shifts upward toward the ground surface. However, 

during the initial stage of recovery (e.g., within 2 days), the 

position of maximum settlement remains essentially unchanged. 

 
Figure 9. Distribution of soil settlement along depth at different 

recovery times. 

Figure 10 presents the distribution of settlement recovery ratios 

along the depth at different recovery times. It can be observed 

that, firstly, regardless of the duration of recovery, the 

settlement recovery ratio at the center of the pumping well 

group is always relatively smaller at the same time, while it is 

relatively larger at locations farther from the center. Secondly, 

irrespective of the distance from the center of the pumping well 

group, the settlement recovery ratio of the soil above the 

depressurized aquifer continuously improves with increasing 

recovery time, indicating that the recovery process of this part 

of the soil settlement is relatively slow. Notably, when the 

groundwater recovers for 2 days, the settlement recovery ratio 

of this part of the soil is about 30%, whereas after 100 days of 

groundwater recovery, the ratio only increases to about 

50%~60%. This suggests that approximately half of the 

settlement is recovered in the short term. 

Additionally, the depressurized aquifer and the soil below 

it essentially completes their settlement recovery (i.e., elastic 

rebound) within a short period (about 2 days). Therefore, the 

elastic rebound of the soil mainly occurs during the early stage 

of recovery. If the construction schedule is tight, subsequent 

construction processes can be considered approximately 2 days 

after groundwater recovery. 

 
Figure 10.  Distribution of settlement recovery rate along depth 
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5 CONCLUSIONS 

This paper presents and analyzes the pumping and recovery 

tests of a foundation pit project in the soft soil area of Shanghai. 

The fluid-solid coupling model based on Biot's consolidation 

theory was established to investigate the spatial distribution 

characteristics of soil settlement and the long-term deformation 

patterns during recovery. The findings are as follows: 

(1) Soil settlement induced by pumping in confined 

aquifers lags behind water level changes. After the water level 

recovers to its initial state, the soil gradually rebounds, but 

irreversible plastic deformation remains. 

(2) Both the Mohr-Coulomb model and the HSS model can 

effectively simulate soil settlement caused by pumping in 

confined aquifers in soft soil areas. However, compared with 

the measured values, the Mohr-Coulomb model overestimates 

the elastic recovery of the soil caused by the groundwater 

recovery, while the HSS model provides better fitting results. 

(3) The position of maximum soil settlement is generally 

located within the low-permeability layer overlying the 

depressurized aquifer, rather than at the ground surface. As the 

recovery time increases, the location of maximum soil 

settlement gradually shifts upward. 

(4) Significant differences exist in settlement recovery 

rates at different spatial locations. The depressurized aquifer 

completes soil settlement recovery in a short period, while the 

overlying soil requires a longer time for settlement recovery. 
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