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Abstract 

To investigate surface settlement under the combined effect of foundation pit dewatering and excavation, a series of experiments was 
conducted using a scaled model of a deep foundation pit at a metro station. During experimental simulations of the dry excavation and 
dewatering processes, data were collected on surface settlement, water heads outside the pit, and deflection of the diaphragm wall. The 
characteristics of surface settlement were compared and analyzed under different conditions with a focus on the development of surface 
settlement during dewatering and excavation at key locations outside the pit. The combined effect of dewatering and excavation was 
found to increase surface settlement outside the pit and expand its area of influence. The insertion ratio of the diaphragm wall (n) sig-
nificantly affected surface settlement; as the insertion ratio increased, surface settlement, along with its area of influence, decreased. For
n < 1.25, the area beyond twice the excavation depth was considered a minor area of settlement influence. In contrast, for n ≥ 1.25, this
area wasn’t classified as a minor area of settlement influence. As excavation depth increased, the surface settlement pattern outside the pit
transitioned from triangle-type to groove-type, groove-type settlement occurred when As ≥ 1.6Ac, whereas triangle-type settlement
occurred under other conditions (As represents the area of the deep inward part of the convex deformation of the diaphragm wall;
Ac refers to the cantilever part of the diaphragm wall). This study provides insights into the development of surface settlement during
dewatering and excavation and serves as a valuable reference for innovations in sustainable and resilient underground design.
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1 Intr oduction

Recent urbanization has intensified the development of 
underground spaces such as subway stations and building 
basements. Consequently, increasingly large and deep 
foundation pits are being designed. However, these deep
foundation pit projects are associated with new challenges
(Tan et al., 2018; Xu et al., 2021; Pujades-Garnes et al.,
behalf of KeAi Communications Co. Ltd. 
mmons.org/licenses/by-nc-nd/4.0/). 
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2024). In areas with abundant groundwater resources, par-
ticularly water-rich sand layers, high groundwater head s
often present challenges when excavating foundation pits
(Wang et al., 2019; Yang et al., 2022; Ping et al., 2024). 
As the depth of excavation increases, dewatering and exca-
vation can lead to uneven surface settlement outside the
pit, resulting in engineering accidents (M. Li et al., 2020;
Zeng et al., 2021; Yang et al., 2023; Ge et al., 2024). There-
fore, under the combined effect of foundation pit dewater-
ing and excavation, the excavation depth, groundwater 
drawdown, and the form of the surrounding structure are 
key factors influencing surface settlement. To ensure the 
safety of foundation pit projects and to protect the sur-
rounding buildings, accurately estimating the ground set-
tlement caused by dewatering and excavation is crucial
(Serrano-Juan et al., 2018; Zeng et al., 2024; Zheng et al.,
2024). 

The unloading of soil from a foundation pit can cause 
the diaphragm wall to move inward (Xu et al., 2021; Fan
et al., 2024; Ding et al., 2024; Abbas et al., 2023). This 
movement can cause both vertical and lateral shifts in the 
soil layers outside the foundati on pit, resulting in uneven
surface settlement outside the pit (Li et al., 2022; Dong
et al., 2023; Guan et al., 2024). Researchers have proposed 
various empirical (Clough & O’Rourke, 1990; Ou et al.,
1993; Hsieh & Ou, 1998; Wang et al., 2023; Chen et al.,
2018) and analytical (Fan et al., 2021; Abbas et al., 2023;
Li et al., 2024; Tang et al., 2024) formulas for predicting 
the stress and deformation of the diaphragm wall due to 
dewatering and excavation, along with the resulting settle-
ment of the surface outside the pit and the types of settle-
ment. Researchers have also investigated the lateral
displacement of the diaphragm wall and the surface settle-
ment caused by excavation through numerical methods (Li 
et al., 2022; Dong et al., 2023; Cui et al., 2023; Wang et al.,
2023), model test s (Dong et al., 2023; Ge et al., 2024; Fan
et al., 2024), field tests (Cui et al., 2023; Yang et al., 2023;
Ge et al., 2024), and machine learning techniques (Zhang 
et al., 2024). 

However, the studies mentioned above primarily focus 
on the effects of foundation pit excavation on surface settle-
ment outside the pit. When the diaphragm wall does not 
fully isolate the aquifer, dewatering can lower the ground-
water level outside the pit and cause the diaphragm wall to
shift sideways (Zhang et al., 2017; Luo et al., 2018; Wu
et al., 2020; Zeng et al., 2022; Yang et al., 2022). Both 
effects can lead to uneven surface settlement, deformation 
of structures, and even structural failure (M. Li et al.,
2020; Zeng et al., 2022; Xue et al., 2024). Many researchers 
have studied groundwater level and surface settlement 
caused by foun dation pit dewatering through theoretical
analysis (Luo et al., 2018;  J  . Li et al., 2020; Wu et al.,
2020; Yang et al., 2022), numerical simulation (Zhang 
et al., 2017; Wang et al., 2019;  M  . Li et al., 2 020; Xue
et al., 2024; Ping et al., 2024), model tests (Pujades & 
Jurado, 2021; Zeng et al., 2021; Wang et al., 2022), and 
field tests (Serrano-Juan et al., 2017;  W  . Zhang et al.,
2018; Tan et al., 2018; Zeng et al., 2024). However, most 
studies have concentrated on surface settlement caused by 
pre-dewatering, while the effect of dewatering during the 
excavation process is often neglected. Althou gh some
research has analyzed how the interaction between excava-
tion and dewatering affects the ground surface (Hsi & 
Small, 1 992;  Y  . Zhang et al., 2018; Park et al., 2020), the 
combined effect of pit dewatering and excavation unload-
ing on surface settlement remains unclear.

In summary, few studies have analyzed surface settle-
ment under the combined influence of both pit dewatering 
and excavation. In this paper, we investigate surface settle-
ment resulting from the combined effect of dewatering and 
excavation by conducting a series of laboratory-scale 
experiments using a model of a foundation pit based on 
a metro station in Nanchang, Jiangxi Province, China. 
We compared and analyzed the characteristics of surface
settlement under various conditions and discussed the pat-
terns of settlement during dewatering and excavation at
key locations outside the pit. Additionally, we thoroughly
investigated the relationship between the type of settlement
pattern and the lateral displacement shape of the dia-
phragm wall.
2 Experimental syst em

2.1 Engineering back ground

The experimental model was based on a metro station on 
Nanchang Metro Line No. 4 in Jiangxi Province. Figure 1 
illustrates the layout of the foundation pit and simulation 
area. The station has a total length of 238 m and a standard 
width of 22.7 m. The excavation depth for the standard sec-
tion is approximately 16 m, while the excavation depth for 
the end well section is approximately 17.2 m. The design of 
the retaining structure incorporates diaphragm walls coupled 
with an internal support system. The diaphragm wall consists 
of C35 reinforced concrete, with a thickness of 800 mm and a
depth of approximately 28 m. The cross-sectional dimensions
of the first support are 800 mm × 1000 mm, with a spacing of
12.0 m. The steel pipe supports have diameters of 609 mm and
wall thicknesses of 16 mm, with a horizontal spacing of 3.0 m.

Nanchang has a subtropical monsoon climate with 
abundant rainfall and widespread lakes and groundwa-
ter. The foundation pit is mainly affected by the phreatic 
aquifer, which is located in silty clay, fine sand, and 
coarse sand. Because sandy soil has a large gravitational 
water release characteristic, excavation may cause land-
slide, sand flow, and other adverse phenomena if no mea -
sures are taken to decrease the moisture content of the
soil layer (Yang et al., 2022). Geologic exploration 
revealed that the excavation area of the station extends 
into the Quaternary sand aquifer, which has a permeabil-
ity coefficient of 30 m/d, indicating high permeability.
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Fig. 1. Plan view showing the simulated area of the subway station foundation pit.
The water level is located from approximately 4.1–7.0 m 
below the ground surface. A total of 16 pumping wells 
and 18 observation wells have been installed inside and 
outside the foundation pit. One pumping well and two 
observation wells are used to conduct a single-well pump-
ing test on a partially penetrating well i n a phreatic aqui-
fer. Additionally, this model experiment is also based on
the soil properties of the pumping test site, which are used
for conducting the study.

2.2 Experimental desig n

This subway station has a long and narrow foundation 
pit. Therefore, in this study, we focused exclusively on
the simulation area depicted in Fig. 1, specifically the 
region where dewatering well J8 and observation well G9 
are located. It is important to note that this model does 
not perfectly replicate the actual pit; thus, a strict similarity 
ratio was not implemented for the soil around the pit. The 
simulated area represents the middle section of the founda-
tion pit, which is not influenced by corner effects and expe-
riences plane strain conditions, and the model experiment
simultaneously simulates the length direction of the simu-
lated area. Consequently, experiments using this model
can be considered quasi-three-dimensional tests, which
can more accurately replicate the development of surface
settlement resulting from the combined effect of foundation
pit dewatering and excavation.

Figure 2 shows images of the model used in the experi-
ments. Since the experiments were conducted under 1g scale 
conditions, it was challenging to satisfy all physical and 
mechanical similarity requirements. The primary objective 
was to achieve an accurate similarity for the diaphragm wall; 
specifically, the size and stiffness of the diaphr agm wall were
controlled to achieve the desired similarity ratio. Based on
laboratory conditions and existing reports (Zeng et al .,
2021), the similarity ratio was set to 1∶40.

2.3 Experimental box size

As shown in Fig. 3, the experimental model had dimen-
sions of 260 cm × 60 cm × 120 cm 
(length × width × height). The model was a steel rectangu-
lar box without a cover, featuring a transparent tempered 
glass observation window along its length. A T-beam was 
integrate d into the middle of the model box to prevent
deformation. During the test, the observation window on
the side wall of the model box did not exhibit any lateral
deformation. Based on the findings of Xu et al. (2019) in 
a similar dewatering test conducted in sand, both the dewa-
tering influence radius and the excavation influence radius 
were set to more than four times the maximum excavation 
depth to accurately reflect the effects of these radii on the
results. The recharge water tank measured 50 cm in length,
the soil area stretched over 180 cm, and the excavation area
was 30 cm in length.

2.4 Excavation area

2.4.1 Retaining structure: Support and diaphragm wall

The similarity ratio for the scale model used in this study 
was 1∶40, and the spacing between the reinforced concrete 
supports was 12 m. Based on this ratio, the calculated sup-
port spacing should be 30 cm. Because the long side of the 
simulated area for foundation pit excavation was 60 cm, a 
support was placed at the center of this long side. According 
to the cross-se ctional dimensions of the actual engineering
support and existing studies (Fan et al., 2 024), polyvinyl 
chloride (PVC) pipes were selected as the support material. 
These pipes had an elastic modulus of 3.5 × 103 MPa and
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Fig. 2. Images of the model used for dewatering excavation tests. (a) Settlement monitoring, (b) water pump, (c) pumping well, and (d) water level
monitoring.

Fig. 3. Schematic diagram of the dewatering excavation test device. (a) Plan view, and (b) sectional view 1-1. (Unit: cm)
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Fig. 4. Images of the retaining structure system. (a) Support, and (b) diaphragm wall.
a Poisson’s ratio of 0.38. The designed cross-sectional dimen-
sions of the PVC support pipe were 20 mm × 20 mm. The
support layout is illustrated in Fig. 4( a). 

Based o n Zeng et al. (2023), an organic glass plate was 
chosen as the diaphragm wall material. The diaphragm wall 
was designed according to the principle of equivalent similar-
ity in bending stiffness. The thickness of the organic glass 
plate u sed for the diaphragm wall was determined as follows:

dm 
dp 

n 
1 m2 

m 
1 m2 

p 

Ep

NEm

1
3

1

where Em is the elastic modulus of the organic glass plate; 
Ep is the elastic modulus of the underground diaphragm 
wall; dm is the thickness of the organic glass plate; dp is 
the thickness of the underground diaphragm wall; m m is
the Poisson’s ratio of the organic glass plate; mp is the Pois-
son’s ratio of the underground diaphragm wall; and N is
the similarity ratio (1∶40).

In the actual engineering project, the diaphragm thickness 
is 800 mm, and its length is 28 m. The elastic modulus of rein-
forced concrete is 35 GPa, with a Poisson’s ratio of 0.167. In 
this test, the diaphragm wall was simulated using organic
glass, which has an elastic modulus of 3.37 GPa and a Pois-
son’s ratio of 0.25. Substituting these parameters into Eq. (1), 
the calculated thickness of the organic glass plate was 12 mm 
with a depth of 70 cm, as shown in Fig. 4(b). 

2.4.2 Pumping syst em
As illustrated in Fig. 2(b), an SR400 box-type peristaltic 

pump was used for foundation pit dewatering with a max-
imum flow rate of 1.03 L/min (determined based on cali-
bration experiments). As shown in Fig. 2(c), a PVC pipe 
with an outer diameter of 20 mm and an inner diameter 
of 16 mm was used to simulate dewatering. The length of
the well pipe was 65 cm, representing an actual engineering
dewatering well length of 26 m scaled down 40 times. The 
filter section length was 20 cm, equivalent to 8 m in actual 
engineering length, scaled 40 times. To prevent soil parti-
cles from cloggin g the water inlet holes, a nylon filter cloth
with an aperture of 0.125 mm was wrapped around the well
pipe for back filtration.

2.5 Soil tank

The tests used ISO standard sand sourced from Pingtan, 
Fujian with a fill thickness of 110 cm. The particle size dis-
tribution curve of the sand is shown in Fig. 5, and the 
specific granular characteristics were as follows: 
d60 = 0.96 mm; d30 = 0.35 mm; d10 = 0.13 mm; inhomo-
geneity coefficient (C u) = 6.92; and curvature coefficient
(Cc) = 1.05. According to ASTM D2487-11 (ASTM, 
2011) and Chinese Standard GB/T 50145—2007
(Ministry of Water Resources of the People’s Republic of
China, 2007), the sand could be considered well graded,
and it was classified as medium sand.

After filling the model box with sand, the sand parameters 
were obtained through conventional geotechnical tests, and 
the average values of three parallel tests were used. The s oil
parameters are presented in Table 1. The wet density was 
measured using the ring knife method. The moisture content 
was determined using the drying method. The relative den-
sity was assessed using the specific gravity bottle method. 
Porosity was calculated based on the measured wet density, 
moisture content, and relative density, while the permeability 
coefficient was obtained using the constant head method. 
The internal friction angle and effective internal friction angle 
of the sand were measured through triaxial compression 
tests. The compression modulus was determined from con-
solidation tests. The const rained modulus of the soil was cal-
culated from the curve of the void ratio vs. the effective stress
(Fig. 6).
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Fig. 5. Particle size distribution of the soil used in the laboratory tests.

Fig. 6. Relationship between the void ratio and consolidation stress of the
soil used in the laboratory test.
2.6 Water tank and water supply system

The water tank, located on the left side of the model 
box, was separated from the soil tank by a permeable par-
tition. The wall of the water tank was marked with scale 
lines, and the tank was dynamically replenished using a
flow-adjustable pump. The water level in the tank was care-
fully controlled to maintain a constant head boundary. As
shown in Fig. 7, the permeable partition featured evenly 
distributed perforations across its entire section. The open-
ing rate was 30%, similar to the porosity of the test soil.
Filter cloth was attached to both sides to prevent the loss
of sand and soil.

2.7 Monitoring device

The monitoring device included a water level monitoring 
system, dial gauges, and strain gauges. The water level 
monitoring tubes were connected to the pressure hole at 
the bottom of the box, with the spacing between the tubes 
being 20 cm. Dial gauges were installed on the soil surface 
outside the foundation pit and at the top of the diaphragm
wall, with the spacing between the dial gauges being 20 cm.
All strain gauges were attached along the centerline of the
organic glass diaphragm wall following the spatial arrange-
ment shown in Figs. 2 and 3, with the spacing between the 
strain gauges being 15 cm.

2.8 Experimental schem e

Many cases have shown that the ratio of the buried 
depth of the diaphragm wall to the excavat ion depth gener-
ally ranges between 1.6 and 2.2, depending on the soil
Table 1 
Physical parameters of the model soil.

Property q (g/cm3 ) w (%) Gs

Sand 2.01 29.6 2.67

Notes: q is density; w is water content; Gs is specific gravity; e is void ratio; K 
angle.
strata. In this paper, the excavation depth of the model 
pit was 40 cm; thus, the depths of the diaphragm wall were
set to 60, 70, 80, and 90 cm in this study.

As shown i n Table 2, model tests were conducted under 
two conditions: Condition I, the dewatering excavation test, 
where dewatering and excavation were performed alternately 
(dewatering followed by excavation); and Condition II, the 
dry excavation test, which was conducted in four layers.

2.9 Test proces s

Each test was conducted three times in parallel to elim-
inate testing errors. Taking the dewatering excavation test
of Condition I as an example, the test steps were as follows.

2.9.1 Test prepar ation

(1) A sealing test was conducted on the model box to 
ensure that no water seepage occurred.

(2) The permeable partition and diaphragm wall were 
installed in their designed positions, and the dia-
phragm wall was sealed with a hard plastic film on
both sides.

(3) The box was then filled with sand using an artificial 
rain method, and the falling distance of the sand 
was controlled at 500 mm. A specific amount of sand
was moved back and forth and laid in the model box
at a falling speed of 120 g/s.

(4) When the sand was filled to 3 cm below the ground 
surface (1 cm below the bottom of the support) on 
both sides of the diaphragm wall, the support was 
set up before continuing to fill the model with sand 
until it reached the height of the diaphragm wall.
e K (m/d) Es (MPa) u’ (° )

0.72 18.68 11.67 31.6 

is hydraulic conductivity; Es is constrained modulus; u’ is effective friction
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Fig. 7. Filter plate. (a) Diagram of the openings, and (b) image of the plate wrapped in gauze.

Table 2 
Conditions of model tests.

Test conditions (cm) L (cm) h (cm) 

I: Dewatering excavation 0.50 10, 20, 30, 40 60 −15, −21, −31, −41
0.75 10, 20, 30, 40 70 −15, −21, −31, −41
1.00 10, 20, 30, 40 80 −15, −21, −31, −41
1.25 10, 20, 30, 40 90 −15, −21, −31, −41

II: Dry excavation 0.50 10, 20, 30, 40 60 – 
0.75 10, 20, 30, 40 70 – 
1.00 10, 20, 30, 40 80 – 
1.25 10, 20, 30, 40 90 – 

Notes: D is the excavation depth; n is the ratio of the maximum excavation depth Dmax to the diaphragm wall insertion depth DL (DL = L − D, where L is 
the buried depth of the diaphragm wall); and h is the groundwater level, the initial groundwater level was −15 cm, and the groundwater level in the pit was
lowered to 1 cm below the excavation depth before the excavation of each layer.
Monitoring devices, including dial gauges, were 
installed at designated positions and reset to zero
for standby.
2.9.2 Water injection and pressurization

(1) The model was connected to the water circulation 
system, and the speed of the peristaltic pump was 
adjusted to stabilize the water level in the soil tank
at its initial height.

(2) Groundwater flowed through the permeable partition 
into the soil tank until it reached the initial water 
level. The water injection was then stopped, allowing
the system to stand still.

(3) The head of the pressure measurement tube stabi-
lized, indicating that the soil tank could be considered 
saturated due to groundwater seepage. This process
was allowed to continue for 24 h to complete the con-
solidation of the soil layer.
−

2.9.3 Dewatering excavat ion test

(1) Before excavation, the reading of each pressure-
measuring tube was recorded as the initial groundwa-
ter level, whi le the water level in the soil tank was
maintained at 15 cm.

(2) The foundation pit was excavated in layers, with each 
layer having an excavation depth of 10 cm. Manual 
excavation was performed using a flat shovel with a 
width of 7.5 cm, which approximated the action of
a medium-sized excavator with a bucket width of
approximately 3 m.

(3) The data collection system was activated, and the 
foundation pit was dewatered using a pump. Follow-
ing the principle of ‘‘dewatering first, then excavat-
ing”, the water level was lowered to 1 cm below the
low elevation of each excavation layer and left to sta-
bilize for 30 min (Xu et al., 2019; Zeng et al., 2023). 

(4) After stabilization, the reading of each monitoring 
device was recorded. The soil of that layer was then
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Fig. 9. Comparison of dimensionless surface settlement data betwee n the
model test results and measured values.
excavated to the set height and left to stand for
30 min.

(5) The reading of each monitoring device was again 
recorded. The above process was repeated until the
end of the test.

The dry excavation test followed similar steps, but it did 
not include the water injection, pressurization, or founda-
tion pit dewatering steps.

3 Experimental model verification

Since this model experiment involves two main pro-
cesses—dewatering and excavation—it is essential to verify 
the groundwater drawdown and flow rate with pumping 
time, as well as the surface settlement outsid e the pit caused
by these processes. Therefore, groundwater drawdown and
surface settlement were selected as key parameters for
model verification.

3.1 Groundwater drawdown, flow rate, and pumping time

To validate the accuracy of the numerical model, data 
on groundwater drawdown under four different buried 
depths of waterproof structures were extracted. These data,
illustrated in Fig. 8, demonstrate that the pumping time 
and flow rate from the numerical model align with the 
model test results. The groundwater drawdown calculated 
by the numerical model was slightly lower than that 
observed in the model test. This discrepancy occurred 
because the soil layer in the numerical model was consid-
ered to be homo geneous, and the permeability coefficient
in the model test was larger than that in the numerical
model. Despite this experimental error, the trends in
groundwater drawdown remained consistent as the buried
depth of the waterproof structure increased (Xu et al.,
2019; Pujades-Garnes et al., 2024). 

3.2 Surface settleme nt

To verify the reasonableness of the model test data, the 
surface sett lement values outside the pit were normalized
Fig. 8. Changes in groundwater drawdown and flow rate with pumping
time.
and compared with the measured values once the excava-
tion reached the bottom of the pit. In this context, D is 
the depth of excavation, n represents the insertion ratio 
of the diaphragm wall, d represents the surface settlement 
at any point behind the wall, dmax is the maximum surface 
settlem ent behind the wall, d is the distance from the mea-
surement point outside the pit to the diaphragm wall, and
Dmax is the maximum excavation depth of the pit. This con-
vention applies to all subsequent discussions.

In Fig. 9, the model test results aligned well with the 
measured data. As the normalized distance d/Dmax 
increased, the normalized surface settlement d/dmax initially
increased, then decreased, and ultimately approached 0 at a
certain distance outside the pit.

4 Settlement analysis

The model tests can only evaluate surface settlement at a 
fixed point; they cannot continuously measure settlement in 
the depth direction throughout the structure. Therefore, 
only the data collected from the designated monitoring 
points were analyzed. Surface settlement typically occurs 
in two types, and the triangle-type refers to a settlement 
pattern observed during foundation pit excavation, charac-
terized by a triangular distribution with the maximum set-
tlement occurring at the edge of the pit. The groove-type
describes a settlement profile that gradually decreases from
the edge of the pit outward, forming a distribution pattern
similar to a groove, and the maximum settlement occurs at
a certain distance away from the foundation pit.

4.1 Distribution of surface settlement during dry excavation

Figure 1 0 illustrates the surface settlement outside the 
pit for insertion ratios of 0.50, 0.75, 1.00, and 1.25 during 
dry excavation. When the excavation depth was shallow, 
the surface settlement outside the pit decreased monotoni-
cally with the distance from the diaphragm wall. At greater 
excavation depths, the surface settlement first increased 
and then decreased, ultimately approaching 0 beyond a cer-
tain distance from the pit.
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Fig. 10. Distributions of surface settlement outside the pit during dry excavation. (a) n = 0.50, (b) n = 0.75, (c) n = 1.00, and (d) n = 1.25.
Taking n = 1.00 as an example, at excavation depths of 
10 and 20 cm, the maximum surface settlement occurred 
directly at the diaphragm wall (0.256 and 0.728 mm, 
respectively). However, at excavation depths of 30 and 
40 cm, the maximum settlement occurred 20 cm from the 
diaphragm wall (1.791 and 3.702 mm, respectively). Thus,
as excavation depth increased, the settlement distribution
outside the pit shifted from a ‘‘triangle” to a ‘‘groove” pro-
file. When the excavation depth was shallow, the surface
Fig. 11. Comparison of the normalized distributions of surface settlement in d
Dmax = 40 cm.
settlement outside the pit primarily resulted from the defor-
mation of the diaphragm wall. At greater depths, the sup-
port within the pit restricted further deformation of the
diaphragm wall, causing it to bulge laterally.

For dry excavation, the surface settlement outside the 
pit was affected within 2 times the excavation depth, and 
the surface settlement decreased to 0 beyond the influence 
area of excavation. Taking n = 0.50 as an example, for 
excavation depths of 20, 30, and 40 cm, the corresponding
ry excavation and empirical estimation curves. (a) Dmax = 30 cm, and (b)



314 K.-F. Yang et al. /Underground Space 26 (2026) 305–320
distances where surface settlement decreased to 0 were 40, 
60, and 80 cm, respectively. This observation aligns with
the findings of Clough and O’Rourke (1990). 

To analyze the influence area of surface settlement 
outside the dry excavation pit, two types of distribution
curves were referenced: (i) Clough and O’Rourke (1990)
introduced an empirical curve for groove-type surface 
settlement during foundation excavation to estimate sur-
face settlement at various distances behind the wall; and
(ii) Hsieh and Ou (1998) proposed corrections and 
delineated the major and minor settlement influence
areas.

Due to the relatively small surface settlement values at 
excavation depths of 10 and 20 cm, we focused only on 
the surface settlement data outside the pit at excavation
depths of 30 and 40 cm. Figure 11 compares the 
normalized distributions of surface settlement and the 
empirical estimation curves for dry excavation at depths 
of 30 and 40 cm. Using dimensionless parameters allowed
us to examine the variation in d/dmax with d/Dmax.

The area affected by surface settlement outside the pit 
during dry excavation aligne d more closely with the estima-
tion curve proposed by Clough and O’Rourke (1990) than 
that proposed by Hsieh and Ou (1998), which decreased to 
0 at a distance of twice the excavation depth from the pit. 
However, near the diaphragm wall, the results aligned
much more closely to the surface settlement estimation
curve suggested by Hsieh and Ou (1998). 
Fig. 12. Distributions of surface settlement outside the pit during dewaterin
4.2 Surface settlement distribution during dewatering
excavation

Figure 1 2 shows the distributions of surface settlement 
outside the pit for insertion ratios of 0.50, 0.75, 1.00, and 
1.25 during dewatering excavation. When the excavation 
depth was shallow, the surface settlement outside the pit 
decreased monotonically with distance from the diaphragm 
wall. At greater excavation depths, the surface settlement 
first increased and then decreased. For instance, at 
n = 1.00 and excavation depths of 10 and 20 cm, the max-
imum surface settlement occurs directly at the diaphragm 
wall (0.176 and 0.638 mm, respectively). However, at exca-
vation depths of 30 and 40 cm, the maximum settlement 
occurs 20 cm away from the diaphragm wall (0.5 times 
the excavation depth), reaching 1.937 and 6.593 mm,
respectively. This indicates a shift in the settlement distri-
bution from a ‘‘triangle” type to a ‘‘groove” type as exca-
vation depth increased. As excavation depth increased,
the maximum surface settlement significantly increased
compared to under dry excavation conditions. This can
be attributed to the effect of groundwater drawdown inside
the pit, which affected the groundwater level outside the
pit, leading to additional consolidation and settlement of
the soil.

Under dewatering excavation conditions, the surface 
settlement outside the pit was affected beyond 2 times the 
excavation depth. Taking n = 0.50 as an example, a
g excavation. (a) n = 0.50, (b) n = 0.75, (c) n = 1.00, and (d) n = 1.25.
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Fig. 13. Distributions of surface settlement outside the pit during dewatering excavation. (a) Dmax = 30 cm, and (b) Dmax = 40 cm.
measurable amount of additional settlement occurred out-
side the pit at distances of 40, 60, and 80 cm (0.311, 0.502, 
and 0.913 mm, respectively). This indicates that dewat ering
during excavation enlarged the primary area of settlement
influence outside the pit. These findings align with those of
Hsieh and Ou (1998), who reported that an inflection point 
where settlement gradually decreases to 0 appeared at 2
times the excavation depth.

For n = 1.25, the primary influence area of surface set-
tlement outside the pit was confined to 2 times the excava-
tion depth. Thus, as the diaphragm wall insertion ratio
increased, the area of surface settlement influence outside
Fig. 14. Surface settlement outside pit during dry excavation over the length of
d = 2.5Dmax.
the pit tended to decrease. This is because the insertion 
ratio of the diaphragm wall affected the groundwater seep-
age field both inside and outside the pit.

The surface settlement outside the pit at excavation 
depths of 30 and 40 cm was considered in this study.
Figure 13 compares the normalized distributions of surface 
settlement and the empirically estimated curves.

The normalized distributions of surface settlement out-
side the pit during dewatering excavation are closely 
aligned with the estimated curves proposed by Hsieh an d
Ou (1998 ). Notably, additional settlement was observed 
at a distance of two times the excavation depth. More than
 the diaphragm wall. (a) d = 0.5Dmax, (b) d = Dmax, (c) d = 2Dmax, and (d)
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two times the excavation depth, the normalized surface set-
tlement d/dmax gradually decreased as the normalized dis-
tance d/Dmax increased, which is consistent with the
characteristics of the minor influence area described by
Hsieh and Ou (1998). 

As shown in Fig. 13, when n increased to 1.25, the influ-
ence area of surface settlement outside the pit decreased 
significantly, and the area of minor influence became 
almost negligible. Thus, as the buried depth of the dia-
phragm wall increased, the area of influence of surface set-
tlement caused by dewatering within the pit gradually
decreased.
5 Dis cussion

By analyzing the distribution of surface settlement out-
side the pit under various conditions, two phenomena 
emerged that warrant further discussion. First, as the inser-
tion ratio of the diaphragm wall increased, the range of 
surface settlement during foundation pit dewatering 
decreased. To clearly define these differences in surface set-
tlement range, it is essential to propose a critical value for 
the diaphrag m wall insertion ratio. Second, regardless of
whether the excavation was dry or involved dewatering,
the surface settlement outside the pit transitioned from a
triangle-type to a groove-type during foundation pit exca-
vation. These two phenomena are crucial for improving
Fig. 15. Surface settlement outside the pit during dewatering excavation ove
d = 2Dmax, and (d) d = 2.5Dmax.
the understanding of surface settlement behavior under dif-
ferent excavation scenarios.

5.1 Changes in the extent of the influenc e of settlement

outside the pit

Figure 1 4 illustrates the relationship between the distri-
bution of surface settlement at different characteristic posi-
tions and the insertion ratio of the diaphragm wall during 
dry excavation. The characteristic positions were defined as 
0.5Dmax, Dmax,  2Dmax, and 2.5Dmax for an excavation 
depth of 40 cm (Dmax = 40 cm). At the positions of 0.5Dmax 
and Dmax, the surface settlement decreased monotonically
with increasing the length of the diaphragm wall. This
trend indicates that increasing the insertion ratio effectively
confined the development of the major settlement area out-
side the pit.

At the position of 0.5Dmax, when the length of the dia-
phragm wall increased from 60 to 90 cm, the surface settle-
ment decreased by 34.08% from 4.258 to 2.807 mm. A 
similar trend was observed at Dmax, the surface settlement 
decreased by 48.25% from 3.376 to 1.747 mm. In contrast, 
at the positions of 2Dmax and 2.5Dmax outside the pit, the 
surface settlement values were very small; surface settle-
ment remained below 0.050 mm, considerably less than 
0.1 times the maximum settlement. This indicated that 
areas beyond two times the excavation depth were not
included in the major area influenced by settlement.
r the length of the diaphragm wall. (a) d = 0.5Dmax, (b) d = Dmax, (c)
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Figure 15 illustrates the relationship between the distri-
bution of surface settlement at different characteristic posi-
tions and the insertion ratio of the diaphragm wall during 
dewatering excavation. The characteristic positions were 
defined as 0.5Dmax, Dmax,  2Dmax, and 2.5Dmax for an exca-
vation depth of 40 cm (Dmax = 40 cm). At the positions of 
0.5Dmax, Dmax, and 2Dmax, the surface settlement outside
the pit decreased monotonically with increasing the length
of the diaphragm wall. Thus, increasing the buried depth of
the diaphragm wall effectively confined the development of
surface settlement in the major area of settlement influence
outside the pit.

At the position of 0.5Dmax, when the length of the dia-
phragm wall increased from 60 to 90 cm, the surface settle-
ment decreased by 39.20% from 9.057 to 5.507 mm. At the 
Dmax position, the surface settlement decreased by 58.48% 
from 6.879 to 2.856 mm. At 2Dmax, the surface settlement 
decreased by 88.83% from 0.913 to 0.102 mm. At 2.5Dmax,
the surface settlement values were very small; surface settle-
ment remained below 0.100 mm, much less than 0.1 times
the maximum settlement. Thus, when the buried depth of
the diaphragm wall was relatively shallow (n < 1.25), the
Fig. 16. Schematic diagram of the areas of the cantilever and deep inward 
components of the diaphragm wall. (a) First excavation step, and (b)
current excavation step.

Fig. 17. Distribution of diaphragm wall deflection over excavatio
area beyond two to four times the excavation depth repre-
sented a minor area of settlement influence, consistent with
the findings of Hsieh and Ou (1998). Conversely, when bur-
ied depth was relatively deep (n ≥ 1.25), the area beyond 
two times the excavation depth was classified as a minor
area of settlement influence, aligning with the results of
Clough and O’Rourke (1990). 
5.2 Changes in the pattern of settlement outside the pit

Clough and O’Rourke (1990) studied the evolution of 
surface settlement patterns outside the pit and introduced 
two area parameters: As, which represents the area of the 
deep inward part of the convex deformation of the dia-
phragm wall; and Ac, which refers to the cantilever part
of the diaphragm wall. These parameters can be calculated
as follows:

Ac1 max Ac1 A c2 2

where Ac1 represents the cantilever lateral displacement 
value of the diaphragm wall caused by the first step of exca-
vation, while Ac2 refers to the cantilever part of the total
lateral movement of the diaphragm wall resulting from
the current excavation.

The areas associated with the cantilever and deep 
inward parts of the lateral movement of the diaphragm
wall are illustrated in Fig. 16. 

To establish the relationship between the type of settle-
ment pattern and the lateral displacement shape of the dia-
phragm wall, Hsieh and Ou (1998) examined nine typical 
engineering cases. They proposed that groove-type settle-
ment occurs when As ≥ 1.6Ac , whereas triangle-type settle-
ment occurs under other conditions.

For n = 0.75 (corresponding to a depth of 70 cm), the 
deflection of the diaphragm wall was calculated using the 
monitoring data from strain gauges attached along the cen-
terline of the diaphragm wall. With the end of the dia-
phragm wall serving as the base point, the strain gauge 
monitoring data was converted to obtain the change in wall
deflection with depth.
n depth. (a) Dry excavation, and (b) dewatering excavation.
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Table 3 
Calculated area parameters.

Conditions Excavation depth (cm) As (mm2 ) Ac (mm2 ) 1.6Ac (mm2 )

Dry excavation 10 0.00 2.10 3.36 
20 1.72 2.10 3.36 
30 3.42 2.10 3.36 
40 4.89 2.10 3.36 

Dewatering excavation 10 0.00 2.45 3.92 
20 2.62 2.45 3.92 
30 4.73 2.45 3.92 
40 8.26 2.45 3.92 

Fig. 18. Relationship between the area of the cantilever component and 
the area of the deep inward component of the diaphragm wall.
Figure 17 illustrates the distribution of lateral displace-
ment along the depth of the diaphragm wall during both 
dewatering excavation and dry excavation. Here, dh repre-
sents the deflection of the diaphragm wall; positive values 
indicate deflection toward the inside of the pit, whereas 
negative values indicate outward deflection. The trend in 
deflection for the diaphragm wall was similar during both 
excavation methods, with the deflection value increasing 
with increasing excavation depth (i.e., an ‘‘inner convex ”
type of deformation). This behavior can be attributed to
the reinforced concrete support, which limited the defor-
mation at the top of the diaphragm wall. As excavation
depth increased, the maximum deflection of the diaphragm
wall gradually shifted downward and consistently appeared
near the bottom of the excavation depth. Comparing
Fig. 17(a) and (b) reveals a notable difference: the flexural 
deformation values of the diaphragm wall during dewater-
ing excavation were larger than those observed during dry 
excavation. For instance, at an excavation depth of 40 cm, 
the maximum lateral displacement of the diaphragm wall
during dewatering excavation reached 0.024 mm, while
that during dry excavation was only 0.014 mm.

The values of As and Ac after each excavation step were
calculated; these steps are summarized in Table 3. Figure 18 
is based on the data presented in Table 3. According to
Hsieh and Ou (1998), for n = 0.75, both dewatering and
 ≥

dry excavation resulted in triangle-type settlement at exca-
vation depths of 10 and 20 cm. However, at excavation 
depths of 30 and 40 cm, the surfa ce settlement type shifted
to groove type. This finding is consistent with the experi-
mental results presented in Section 4. 

This section thoroughly investigated the relationship 
between surface settlement and the lateral displacement 
of the diaphragm wall by controlling the insertion depth 
of the diaphragm wall, we established the relationship 
between surface settlement and lateral displacement of
the diaphragm wall. The discussion can serve as a reference
for resilient underground design.

6 Conc lusions

A series of laboratory-scale experiments was conducted 
under both dry excavation and dewatering excavation con-
ditions. The surface settlement values, areas of settlement 
influence, and settlement patterns outside the pit wer e ana-
lyzed under various excavation conditions and different
diaphragm wall insertion ratios. The key conclusions are
summarized as follows.

(1) The combined effect of dewatering and excavation 
significantly affected surface settlement. The interac-
tion between dewatering and excavation increased 
the surfa ce settlement values outside the pit and
expanded the area of settlement influence.

(2) The diaphragm wall insertion ratio significantly 
affected surface settlement. As the insertion ratio 
increased, the surface settlement gradually decreased, 
and the area affected by surface settlement became 
smaller. Specifically, when the insertion ratio
increased from 0.50 to 1.25, the surface settlement
outside the pit decreased from 39.20% to 88.83%.

(3) Under dewatering conditions, the accuracy of differ-
ent settlement estimation curves depended on the dia-
phragm wall insertion ratio. The area beyond two 
times the excavation depth represented a minor area 
of settlement influence for n < 1.25, whereas the area 
beyond two times the excavation depth wasn’t classi-
fied as a minor area of settlement influence for
n 1.25.
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c

(4) The surface settlement pattern could be effectively 
estimated using the diaphragm wall deformation dis-
assembly method. As excavation depth increased, the 
surface settlement pattern outside the pit transitioned 
from triangle type to groove type. Groove-type settle-
ment occurred when the As value of the deep inward
part of the convex deformation in the diaphragm wall
was at least 1.6A .
Data availabil ity

The data that support the findings of this study are 
available from the corresponding author upon reasonable
request.
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