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Abstract. Existing theories for calculating the horizontal displacement of retaining structures do not simultaneously consider
the effects of dewatering and excavation. The dewatering leads to drawdown and the seepage force, the excavation leads to the
change of soil pressure. Under the combined effects of both factors, the distribution of water and soil pressure on both sides of
the retaining structure is reassigned, resulting in the occurrence of horizontal displacement. This paper simultaneously considers
the effects of dewatering and excavation, establishing a theoretical framework for predicting the drawdown and the horizontal
displacement of the retaining structure. Firstly, a new method is established to calculate the drawdown caused by dewatering,
deducing the numerical solution for the drawdown based on the unsteady seepage theory. Subsequently, a force balance equation
for the water body element is established, based on the Rankine earth pressure theory, to derive a water and soil pressure
calculation theory that takes into account seepage forces and drawdown. Meanwhile, this paper replaces the traditional Winkler
foundation model with the Pasternak foundation model, deriving the bending differential equation and employing the finite
difference method to calculate horizontal displacement. Compare the field monitoring data to verify the rationality of the theory.
Analyze the calculation errors caused by neglecting drawdown and seepage forces, as well as the selection of foundation model.
Additionally, further investigate the impacts of precipitation parameters and excavation parameters on the horizontal
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displacement and drawdown.
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1. Introduction

With the increase of excavation depth and the
complexity of the surrounding environment, the
deformation control of foundation pit engineering has
become the focus of attention (Mangushev et al. 2016,
Westermann et al. 2020, TerMartirosyan et al. 2022).
Control of deformation in retaining structures is a crucial
issue in foundation pit engineering. During the construction
process, it is important to constantly monitor the horizontal
displacement of the retaining structures to avoid safety
accidents (Liu ef al. 2015, Gotman and Gotman 2019, Jin et
al. 2021, Rossella et al. 2021, Hyungjoon et al. 2022, Sun
et al. 2022). Meanwhile, researchers have improved the
stability of retaining wall structures by enhancing the
materials used for the walls, while also conducting
extensive studies on the consolidation of unsaturated soils
(Liu ef al. 2024, Satyanaga et al. 2024a, Gofar et al. 2022).
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As seepage is a critical factor affecting the stability of
retaining walls and slopes, significant research efforts have
also been dedicated to this area (Satyanaga et al. 2022,
Satyanaga et al. 2024Db).

Excavation-induced horizontal displacement of retaining
structures is generally greater than that caused by
dewatering. There has been no theoretical research on the
horizontal displacement caused by dewatering, and it is
unclear how much computational error can arise from
ignoring the effects of dewatering. Dewatering causes a
reduction in drawdown both inside and outside the pit,
generating seepage forces that alter the distribution of water
and soil pressures, this is the reason for the horizontal
displacement caused by dewatering (Zeng et al. 2019).
Zheng (2022) conducted on-site dewatering tests and found
that the horizontal displacement caused by dewatering can
reach 47% (Zeng et al. 2017) of the allowable deformation.
Therefore, it is essential to establish a theoretical
framework for calculating the horizontal displacement of
retaining structures under the combined effects of
excavation and dewatering, analyze the computational
errors of horizontal displacement when ignoring
dewatering, thereby guiding on-site construction and
providing reference for existing theories.

The factors affecting the accuracy of horizontal
displacement calculations for retaining structures primarily
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include two aspects. First, the inability to accurately
calculate water-soil pressures. Some existing theories
choose to ignore the impact of water pressure, assuming
that the drawdown in both the active and passive zones drop
below the excavation level (Perozzi et al. 2023, Han et al.
2024). However, in reality, the drawdown in the active zone
is often much less than in the passive zone. Ignoring the
water pressure difference between the two sides can lead to
a significant underestimation. Another theoretical approach
neglects the influence of drawdown when calculating water
pressure, leading to issues with the distribution form of
water-soil pressures, this approach does not consider the
effects of seepage forces, resulting in errors in the
horizontal displacement calculations (Huang et al. 2017).
Second, the foundation model is overly simplified. Most
existing studies use the Winkler elastic foundation beam
model (Brandenberg et al. 2017), which has been shown to
have low calculation precision. Pasternak (1954) proposed a
new model that has been validated in tunnel displacement
(Fu et al. 2023) and extensible reinforcement (Patra et al.
2015) calculations, demonstrating higher accuracy.

The distribution of drawdown both inside and outside
the pit directly affects the calculation of water-soil pressures
on both sides of the retaining structure, significantly
impacting the calculations of horizontal displacement.
However, the theoretical framework for -calculating
drawdown is quite inadequate. Existing theories can be
primarily divided into two categories. The first category is
drawdown prediction based on the Dupuit assumption
(Hayek et al. 2024). This method uses steady-state seepage
equations while neglecting the vertical component of
seepage velocity (Loaiciga et al. 2020), providing only a
rough estimate of drawdown. This theoretical model is
overly simplified, resulting in low calculation accuracy and
failing to account for temporal factors, making it unable to
predict changes in drawdown over time (Rak ef al. 2022).
The second category involves drawdown calculation
theories based on indoor experiments and fitting formulas
(Yang and Zhao 2018). This method relies heavily on
laboratory test results, which are significantly influenced by
size effects. This study references the calculation theories
for drawdown in dewatering wells (Neuman 1972, Teo et al.
2003, Chapuis et al. 2006, Chang and Yeh 2009) and
utilizes the unsteady-state seepage equation, considering
vertical seepage velocities and time effects (Stehfest 1970).
Based on the equivalent large well method, a mathematical
model is developed to calculate the temporal and spatial
distribution of drawdown both inside and outside the pit.

To address these issues, this study proposes a new
theory for calculating drawdown. By utilizing the obtained
distribution of drawdown, the influence of seepage forces is
considered to modify the existing soil and water pressure on
both sides of the retaining structure. Additionally, the
Pasternak two-parameter foundation model is introduced to
derive the flexural differential equation, and the finite
difference method is used to calculate the horizontal
displacement. Finally, the calculation theory of horizontal
displacement of retaining structure and the calculation
theory of drawdown considering the influence of excavation
and precipitation are established.
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Fig. 1 Calculation model

2. Horizontal displacement of retaining structures
under dewatering and excavation

Construct the calculation model for the horizontal
displacement of the retaining structure, as shown in Fig. 1.
It includes the foundation reaction coefficient k(kPa) and
the shear modulus G(kPa). The basic assumptions are as
follows:

1. The retaining structure is equivalently represented as
a cylindrical beam with a diameter d and a flexural stiffness
EI

2. The retaining pile is closely attached to the
foundation soil, and its deformation at the contact point is
coordinated with the deformation of the foundation.

The bending differential equation for the retaining
structure is as follows:

Free section

d*w
EIW+F,1—PAB=0 (1)
Fixed section
E1d4W—GBdZ—W+KBw—PAB + pup,B =0 (2)
dz* dz? wp

In the Egs. (1) and (2), F; represents the force exerted
by the internal support (kN); B represents the calculation
width of the horizontal force. G is referenced from the
empirical formula proposed by the researchs (Tanahashi
2004). The value of K is referenced from the empirical
formula proposed by the research (Vesic 1961). P, is the
active zone soil and water pressures, P, the passive zone
water pressure.
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Fig. 2 Retaining structure finite difference diagram
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The pile is divided into n segments along its length, and
each segment is /. The value of / is 0.5. As shown in Fig. 2.

The top and bottom are free boundaries, so the values of

bending moment and shear force are both zero.
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Calculation of horizontal displacement of the retaining

pile by finite difference method
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[F] is the external loads, including P, Pwp and Fi. [K] is
the horizontal stiffness matrix, and [w] is the displacement
at the pile nodes. The detailed derivation process is
presented in Appendix A.

3. Drawdown distribution induced by foundation pit
dewatering

3.1 Mathematical model and basic assumptions

The dewatering of the foundation pit creates a hydraulic
gradient between the inside and outside of the pit, leading to
seepage from the outside to the inside. The seepage zone is
located between the bottom of the retaining structure and
the impermeable layer, resulting in the drawdown both
inside and outside the pit. The operation of foundation pit
dewatering is similar to that of a dewatering well, which is
why researchers have modeled the foundation pit as a large
dewatering well. The diameter of the pit can be equivalently
referenced based on these studies (Yu et al. 2022).

Fig. 3 shows the mathematical model for calculating the
drawdown. Based on the principle of symmetry,
calculations are performed for half of the foundation pit. S,
is the drawdown outside the pit near the retaining structure
(m). r,, is the equivalent radius of the pit (m). b is the depth
of the aquifer (m). { is the height of the infiltration zone
(m). s is the drawdown outside the pit (m). A is the
drawdown inside the pit (m). Q is pumping rate (m3/D).

______________ A
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Fig. 3 Mathematical model for foundation pit dewatering

The basic assumptions are as follows:

1. The aquifer is uniform and anisotropic, and the
impermeable layer is horizontal.

2. The initial water table is horizontally distributed.

3. The seepage follows Darcy's law.

4. The foundation pit is modeled as a large-diameter
non-complete well.

3.2 Laplace domain solution for drawdown outside
the pit

The basic equations for calculating drawdown are as
follows

o’s kos 0% oS
i z?zss*

2 o (0<z<b,r, <r<o)

(10)

The drawdown is zero at the moment of dewatering, the
initial condition is

s(r,z,0)=0 (11)
The bottom is no-flow boundary
os(r,z,t
Mlz:ozo (12)

oz

The boundary condition for the free surface of the
unconfined aquifer is (Teo et al. 2003, Chang and Yeh
2009)

as(r,z,t) as(r,z,t)
kz le:b :—Sy le:b (13)
The drawdown is zero at infinity
s(rzt)],... =0 (14)

For constant flow dewatering, the boundary condition
near the retaining structure is

s(r,z.t)|,.,, =0 (15)

In Eq. (15), Ss is the equivalent specific storage (m™"); -
is the equivalent horizontal hydraulic conductivity (m/d); k-
is the equivalent vertical hydraulic conductivity (m/d); S, is
the specific yield.
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Fig. 4 Seepage path diagram

Take the Laplace transform of the basic equations and
boundary conditions to derive the Laplace domain solution
§ for the external drawdown of the foundation pit

ap)=$ A (o Ko (8. +C, /K |

m=0 \/Ssp+Cm/kr Kl[\issp+cm/krr0

}cos(ﬂmz) (16)

L Qsin(B.¢)
Ao ) = e cos (Ao Jsin(BuL) Al (4

In Eq. (16), p is the Laplace variable. The Laplace
inverse transform of §(I’,Z, p) is performed using the

Stehfest numerical inversion method, ultimately yielding
the numerical solution for the spatial and temporal
distribution of drawdown outside the foundation pit. K, ()
is the modified Bessel function of second kind of order 0.
K, () is the modified Bessel function of second kind of

order 1. The derivation process can be found in Appendix
B.

3.3 Calculation of drawdown inside the pit

The relationship between the drawdown inside and
outside the foundation pit can be referenced in this research

(Wang et al. 2015). The seepage path is A>B—>C—>E
as shown in Fig. 4. The average hydraulic gradient is
- h-s,
" 2D+d+h-s, (18)
In Eq. (18), / is the drawdown inside of the foundation

pit. According to Darcy's law, the pumping rate O can be
expressed as

szﬂkrim(rw+d)§ (19)

Substitute Eq. (19) into Eq. (18) to obtain the pit internal
drawdown h

27k, (r, +d)¢ (b—s,)-Q(b—s, +d —2£)

h= Q+2zk, (r,+d)¢

(20)

By calculating the drawdown s,, from Section 3.2, and
substituting it into Eq. (20), the drawdown inside the pit can
be solved.

h “s"I Drawdown carve

Unconfined
aquifer

Fig. 5 Water body unit force analysis

4. Water and soil pressure distribution considering
drawdown and seepage force

Foundation pit drainage causes a drawdown in the water
level, which affects water-soil pressure and generates
seepage force acting on the retaining structure, ultimately
influencing the horizontal displacement. Considering the
seepage force and drawdown in the calculation of water-soil
pressure, a force equilibrium analysis is conducted on the
unit water body near the retaining structure, as shown in
Fig. 5. Combining the boundary conditions, the calculation
yields the water-soil pressure taking into account the
seepage force and drawdown. pw represents the water
pressure, and R is the viscous resistance of the soil to water,
with the viscous resistance and seepage force being action-
reaction forces.

Water pressure in active zone considering seepage force
and drawdown

2D+d
pwa_yw[mj(z_sw) (21)

Water pressure in passive zone considering seepage
force and drawdown

2(h-s,+D)+d
—y | AW T s
pwp 7W[ h—SW+2D+d j(z ) (22)

Soil pressure in active zone considering seepage force
and drawdown

=k z-2ck, z<s, (23)

. h-s,
=k 7 —2c4[ 7>5S
Psa a[[7+7wh s, +2D+d]x ] > S, (24)

Soil pressure in passive zone considering seepage force
and drawdown

Py, =K, 7z +2¢c/k z<h (25)

h-s,
P k[[y ywh s+2D+dJXZ]+2CF . (26)

The total distribution of water and soil pressure in the
active and passive zones is obtained by superimposing
water pressure and soil pressure
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Table 1 Soil properties

. void - . -
. Wet Density water content - Permeability Compression Modulus Internal Specific .
Soil 3 o ratio . - 1 Water yield
(g/cm?®) (%) (%) Coefficient (m/s) (MPa) Friction Angle storage (m™)
Sandy Soil 191 0.39 0.4 1.55x10* 10.69 42 2.69x10 0.4
120 40 120
15 15 15 15 15 15 15 !‘ '
The flexural differential equation was derived and subsequently solved using = T =
the finite difference method, yielding the computational formula (7) for the F ! 10, E
horizontal displacement of the diaphragm wall. E :‘; 6 E
l E water a3 | Disphragm wall water 0
F Tank 0 Tank |
The unsteady seepage differential equation was solved to derive the F Monitoring well Dewatering wells E
computational formula (16) for calculating drawdown induced by dewatering. E - E
£ Perforated Perforated E
l E perspex plate Soil box perspex plate E
The numerical solution for the drawdown outside the excavation was obtained 40 280 40

by combining Equation (16) with the Stehfest Laplace inversion method.

|

The drawdown within the excavation induced by dewatering was calculated
using Equation (20).

1

The earth and water pressures considering both drawdown and seepage forces
were calculated using Equations (21)-(28).

l

The earth and water pressures were substituted into Equation (7) to compute
the horizontal displacement of the diaphragm wall caused by dewatering and
excavation of the foundation pit.

Fig. 6 Theoretical calculation flowchart

P,=P,+P, @7

Po =P + Py (28)

In (Egs. (22)-(26)), , is the unit weight of water, y; is
the unit weight of soil, y'is the buoyant unit weight of soil,
¢ is the cohesion, k, and k, are the Rankine active earth
pressure coefficient and passive earth pressure coefficient.

Detailed derivations shown in Appendix C. The
computational theory flow of this study is illustrated in Fig.
6.

5. Analysis of calculation results
5.1 Model experiment
5.1.1 Overview of the model experiment
As shown in Fig. 7, the model box size is lengthx

widthx height=3.6mx1.1mx0.5m, with soil chamber length
2.8m and water chamber length 0.4m on both sides. The

360
0 Strain gauge  Unit: cm

Fig. 8 Monitoring points layout diagram

Distance from enclosure structure(cm)

0 20 40 60 80 100 120
0 . . . . .

Aquifer drawdown(cm)
v

€ Model test data
—@— Theoretical data

Fig. 9 Spatial comparison of drawdown

water chambers simulate constant-head recharge at soil
boundaries in this test. The diaphragm wall was modeled
using acrylic plates with elastic modulus 3.37 GPa, depth
60 cm, and thickness 4 mm. For pit dewatering, 2
dewatering wells with 2 peristaltic pumps were used.
Through multiple pre-tests, the maximum pumping rate was
determined as 1L/min to achieve specified dewatering
depth. The dewatering wells used perforated PVC pipes
with 16 mm inner diameter and 20 mm outer diameter.
Sandy soil was used for testing, with properties shown in
Table 1. In this model test, the infiltration zone height was
48 cm, with water level at 100 cm. One-time dewatering to
specified height was conducted, with pre-excavation
dewatering time 120min. Excavation was then performed in
4 layers, each 8 cm deep. Monitoring point layout is shown
in Fig. 8.

5.1.2 Experimental validation of the drawdown and
diaphragm wall displacement theory

As shown in Fig. 9, the theoretical spatial distribution of
drawdown closely matches the experimental results, both
showing a "funnel-shaped" pattern where drawdown
decreases with distance from the diaphragm wall.

Fig. 10 presents the temporal distribution at =2 cm, 30
cm, 60 cm, and 90 cm locations. Both theoretical and
measured drawdown exhibit the same trend: initial rapid
increase, followed by gradual growth, and eventual
stabilization.
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Table 2 Geotechnical properties of soil layers

soil lavers Thickness/m Soil density ~ Buoyant density ~ Angle of internal ~ Cohesion ~ Poisson's
Y (KN/m?) (kKN/m?) friction /(kPa) ratio
Plain fill 1 18.5 17.8 12 13 0.3
Residual sandy clay 6.2 21.5 20.1 15 24 0.3
Fully weathered granite 4.1 20.8 19.5 18 28 0.28
Granular st;);;gilt}é weathered 185 2 205 28 20 025
Fragmented strongly 62 242 22 29 22 0.22
weathered granite
Time{min) Initial groundwater table
. o 5‘0 100 I?O EIGO 2?0 3?0 / 1m
S L S S S s
5 s -~ Drawdown curve
_ j"‘ e e L < 4 4* 20m
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Fig. 10 Temporal comparison of drawdown
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Fig. 11 Comparative analysis of horizontal displacement
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Fig. 12 Engineering geological conditions

Fig. 11 shows that the theoretical and experimental
horizontal displacements of the diaphragm wall both
display a '"bulging" distribution, with maximum
displacement occurring near 30 cm. The close agreement
between theoretical and measured patterns demonstrates the
validity of the proposed calculation method.

5.2 Project overview
Taking the subway foundation pit project in Xiamen as

the background, the dimensions are 231.6 m (length) x 20
m (width) x 20 m (depth). The diameter of the retaining

Fig. 13 Aquifer conditions

2m 3m 10m 5m 5m Surface sefilement
-3 measuring point
1m

L—

P

24m
[Water table| Drawdown

monitoring well |

————
10m  10m 10m 11m

Impermeable layer

Fig. 14 Layout of monitoring points

structure is 1.2 m. The water level is lowered by adopting
dewatering methods within the foundation pit. The aquifer
is a unconfined aquifer with a depth of 35 m. The pumping
rate is 18000 m*/d (from 18 wells, with a single well
pumping rate of 1,000 m3/d). Monitoring wells are set at
distances of 2 m, 10 m, 20 m, and 30 m from the retaining
structure. The support structure and soil layer conditions are
hown in Fig. 12, the aquifer conditions are shown in Fig.
13. The locations of the monitoring points are shown in Fig.
14. The mechanical properties of the soil layers are shown
in Tables 2 and 3. The hydrological properties of the soil are
represented by equivalent parameters (Zhang et al. 2022).
The soil parameters used in the final theoretical calculations
are presented in Tables 2 and 4. The equivalent calculation
formulas for geotechnical properties can be found in
references (Qiao et al. 2024, Zhang et al. 2006, Liu et al.
2021, Mu et al. 2020), while the equivalent calculation
formulas for hydraulic properties can be found in references
(Wang et al. 2021, Huo et al. 2009, Fetter 2001, Bear
1979).

5.3 Theoretical validation

5.3.1Theoretical validation of drawdown calculation
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Table 3 Hydrological properties of soil layers\

Soil lavers Thickness/m Horizontal permeability Vertical permeability Water storage Water

Y coefficient (m/d) coefficient (m/d) capacity (m™) content
Plain fill 1 0.15 0.15 9x10* 0.02
Residual sandy clay 6.2 0.1 0.1 9% 10+ 0.05
Fully weathered granite 4.1 0.3 0.28 8.11x107 0.18
Granular strongly 185 0.5 0.46 8.54%107 0.17

weathered granite

Fragmented strongly 6.2 3 28 9.6x10°% 0.15

weathered granite

Table 4 Theoretical calculation parameters of drawdown

. . Horizontal permeability Vertical permeability Water storage Water
Soil layers  Thickness/m coefficient (m/d) coefficient (m/d) capacity (m!) content
Equivalent 36 0.85 0.29 23x104 0.146
parameters
Time(d)
The validity of the drawdown calculation theory is 0 15 30 45 60 75 90
. . o 0.0
verified by comparing field monitoring data from both o Field monitoring
temporal and spatial distribution perspectives. In terms of 'é\-l.5~l @ Theoretical calculation
temporal distribution, as shown in Fig. 15, data from the ER
monitoring well located 2 m away from the pit is compared. £ -3.01 \T
The drawdown initially increases rapidly, then gradually i T‘)
slows down, with a maximum drawdown of approximately 5% M
6.'28' m, and the tlmm'gs are quite similar. For .spagal P ‘““W@
distribution, as shown in Fig. 16, drawdown monitoring
data from the 80th day of dewatering is compared across -7.5

four monitoring wells. As shown in Fig. 16, the spatial
distribution of drawdown exhibits a "funnel-shaped"
pattern, with the maximum drawdown occurring adjacent to . )
. . < e Distance from enclosure structure(m)
the diaphragm wall. Theoretical predictions demonstrate
s o . . 0 5 10 15 20 25 30 35 40
errors within 5% for all monitoring points. The theoretical 15 P

Fig. 15 Time distribution of drawdown

calculation results closely match the field monitoring z Eﬂ/g»-ﬂ"oﬂﬁd
results, further confirming the validity of the theory H 301 v P -
3 .45 -

5.3.2  Theoretical  validation  of  horizontal g 9/
displacement of retaining structures PR

The calculation results of this paper are compared with 5_7_5_ / @ Theoretical calculation
field monitoring results to verify the rationality of the < ) I Field monitoring
theory. To study the effects of dewatering and the impact of 90
foundation models, this paper considers different Fig. 16 Spatial distribution of drawdown
distributions of water and soil pressure, as well as the
influence of different foundation models on the horizontal Horizontal displacement(mm)
displacement of retaining structures, using four calculation o 0 5 o 15200 25

[E—

modes. Mode | considers the impact of pit dewatering,
using a water and soil pressure distribution that accounts for
drawdown and seepage forces, with the foundation model
selected as the Winkler model. Mode 2 adopts a traditional

=@— Theory of text
Field monitoring

method of calculating water and soil pressure, neglecting 107 jﬁjﬁzj:;
the effects of drawdown and seepage forces, and also uses e Mode 3

Depth of enclosure structure(im)

the Winkler model. Mode 3 employs the traditional 131

calculation method for water and soil pressure, ignoring

drawdown and seepage forces, with the foundation model 209

chosen as the Pasternak model. Mode 4 assumes dry soil -

layers, neglecting the effects of water pressure and seepage 25-%

forces, and similarly uses the Pasternak model for the Fig. 17 Comparison of horizontal displacement of

foundation. Fig. 17 shows these comparisons. retaining structures
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As shown in Fig. 17, the calculation method in this
paper exhibits the highest compatibility with field
monitoring results. The maximum horizontal displacements
are 23.75 mm and 23.99 mm, with an error of only 1%. In
terms of depth, the trend of horizontal displacement is
largely consistent between the theoretical and field data,
with the maximum displacement occurring at a depth of
11m. This demonstrates that the research methods used in
this study are more comprehensive and accurate.

Comparing Mode 1 with the theoretical method in this
study, the maximum displacement depth calculated using
the Winkler foundation model is smaller, differing from
field data by 2 m, which represents an error of 16.7%. The
maximum horizontal displacement differs by 1.45 mm, with
an error of 6.1%. This indicates that the Winkler foundation
model has lower accuracy compared to the Pasternak two-
parameter model.

Comparing Mode 2 with the theoretical method in this
study, which uses a traditional water and soil pressure
calculation method and neglects the effects of drawdown
and seepage forces, the calculated horizontal displacement
is underestimated, differing from field data by 3.95 mm,
resulting in an error of 14.5%. The location of the
maximum horizontal displacement differs by 2 m from the
field measurements, with an error of 16.7%. This indicates
that neglecting drawdown and seepage forces leads to an
underestimation of the calculated results.

Analyzing Mode 3, the traditional water and soil
pressure calculation method is used, neglecting the effects
of drawdown and seepage forces, while employing the
Pasternak two-parameter foundation model. The calculated
horizontal displacement is 2.86 mm smaller than the
theoretical calculation in this study, with an error of 12.1%.
However, compared to Mode 2, the results are closer to the
field data. This suggests that the selection of the Pasternak
two-parameter foundation model, along with consideration
of drawdown and seepage forces, can improve the accuracy
of horizontal displacement calculations.

Comparing Mode 4 with the theoretical results in this
study, when neglecting the effects of water pressure and
seepage forces and only considering the influence of soil
pressure, the calculated maximum displacement is only 17.5
mm. This differs from the theoretical result by 6.25 mm,
resulting in an error of 26.3%. This indicates that the effects
of water pressure and seepage forces are significant and
cannot be ignored. In summary, when calculating the
horizontal displacement caused by excavation and
dewatering, it is essential to fully consider the effects of
drawdown and seepage forces. Traditional calculation
methods have significant errors. The Pasternak foundation
model offers higher computational accuracy.

5.3.3 Distribution pattern of drawdown

As shown in Fig. 18, the drawdown gradually increases,
with the increase rate slowing over time. The drawdown can
be roughly divided into two phases with the 20d mark as a
boundary: a rapid increase phase and a slow increase phase.
By 80 days, the drawdown reaches its maximum value of
21.03 m. Due to the barrier effect of the retaining structure
on the flow path, the drawdown inside the pit is
significantly greater than that outside the pit.
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Fig. 20 Influence of flow rate on spatial distribution of
drawdown outside the pit

As shown in Fig. 19, the drawdown decreases as the
distance from the retaining structure increases. The longer
the dewatering time, the greater the influence range, with a
maximum impact range of up to 160 m. As dewatering
progresses, the drawdown near the diaphragm wall shows
significant reduction, while the decrease becomes
progressively smaller at increasing distances from the wall.

5.3.4 Influence of pumping rate on drawdown

As shown in Fig. 20, with dewatering rates of 16,000
m*/d, 17,000 m*/d, 18,000 m*/d, 19,000 m?*d, and 20,000
m3/d, the pumping rate increases the drawdown and
expands the influence range of dewatering. The impact is
more significant near the retaining structure, where the
drawdown increases from 6.37 m to 9.87 m (a difference of
3.5 m). representing 42.2% of the field-observed drawdown
magnitude (Q=18000 m?3/d), which demonstrates the
significant influence of pumping rate variation on
drawdown development. As the distance from the retaining
structure increases, the difference in drawdown values
decreases. The influence range of dewatering increases
from 143 mto 175 m.
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Fig. 22 Influence of pumping rate (inside the pit)
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Fig. 23 Influence of infiltration zone depth

As shown in Fig. 21 and Fig. 22, under different
pumping rate O, the drawdown outside the pit increases
from 6.37 m to 9.87 m, accounting for 42.2% of the field
conditions. The drawdown inside the foundation pit
increases from 17.28 m to 24.71 m, accounting for 35.4% of
the field conditions. The drawdown analysis in Figs. 16 and
17 examines variation of maximum drawdown and
computational errors under standard conditions, clearly
demonstrating the influence of pumping rate on drawdown.

5.3.5 Influence of infiltration zone depth on drawdown

As shown in Fig. 23, with infiltration zone depths of 7
m, 9 m, 11 m, 13 m, and 15 m, the depth of the infiltration
zone can increase the drawdown and expand the influence
range of dewatering. The impact near the retaining structure
is more significant, with the drawdown increasing from
6.14 m to 12.89 m. As the distance from the retaining
structure increases, the difference in drawdown values
decreases. The influence range of dewatering expands from
145mto 173 m.

As shown in Figs. 24 and 25, under different infiltration
zone depths, the drawdown outside the foundation pit
increases from 6.14 m to 12.89 m (a difference of 6.75 m).
representing 81.4% of the field-observed drawdown
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Fig. 25 Influence of infiltration zone (inside the pit)
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Fig. 26 Influence of dewatering and excavation depth

magnitude (L=11 m). Meanwhile, the drawdown inside the
foundation pit increases from 1594 m to 31.29 m,
accounting for 72.9% of the field conditions. Varying L
only increases the magnitude of drawdown but does not
affect the variation trend of the drawdown curve.

5.3.6 Influence of excavation and dewatering depth
on displacement

The study investigates the variation of horizontal
displacement of retaining structures during dewatering and
excavation of a foundation pit. Excavation depths /4; are 10
m, 15 m, and 20 m, with corresponding drawdown inside
the pit 4, of 11 m, 16 m, and 21 m, resulting in external
drawdown of 6.9 m, 7.8 m, and 8.2 m respectively. The
specific pattern of horizontal displacement is illustrated in
Fig. 26. As excavation and dewatering progress, the
horizontal displacement gradually increases. The depth of
maximum horizontal displacement also increases, and the
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Fig. 29 Influence of retaining structure material

deformation pattern of the retaining structures remains
consistent, characterized by a "bulging" shape. As shown in
Fig. 27, with a fixed excavation depth /; of 20 m, the pit
dewatering depths A, are 21 m, 22 m, 23 m, 24 m, and 25
m. A greater dewatering depth 4, results in larger horizontal
displacement. Different pit dewatering depths 4, have
minimal impact on the location of maximum horizontal
displacement of the retaining structures.

5.3.7 Influence of retaining structure properties on
horizontal displacement

As shown in Fig. 28, with a fixed excavation depth of
20m and dewatering depth of 21 m, changing only the
diameter d of the retaining structure results in a decrease in
horizontal displacement as the diameter increases. The
maximum horizontal displacement differs by 7.24 mm,
covering 30.1% of the site conditions, indicating that

increasing the diameter can significantly control horizontal
displacement.

As shown in Fig. 29, with a fixed excavation depth of
20 m and dewatering depth of 21 m, changing only the
material of the retaining structure to C25, C30, C35, C40
and C45 concrete respectively. As the concrete strength
increases, the horizontal displacement decreases, suggesting
that increasing the strength of the retaining structure can
significantly reduce deformation.

6. Conclusions

A theoretical framework for accurate prediction of both
drawdown in unconfined aquifers and retaining structure
displacements induced by dewatering and excavation is
proposed, with its validity systematically verified through
field monitoring and physical model testing. The main
conclusions are as follows:

o This paper presents a method for calculating the

drawdown of drawdown inside and outside the foundation
pit. Theoretical results were compared with field monitoring
data and model test results to verify the rationality of the
drawdown prediction theory. With the progression of
dewatering, the drawdown initially increases rapidly, then
grows at a slower rate, and eventually stabilizes. The
theoretical calculations demonstrate excellent agreement
with field monitoring data and model test data in terms of
drawdown evolution trends.

* This paper builds on traditional theories of water and soil

pressure by incorporating seepage forces and considering
the impact of drawdown. This approach ensures that the
water and soil pressure during the calculation of horizontal
displacement aligns more closely with actual conditions,
thereby improving the accuracy of horizontal displacement
calculations.

» This paper employs the Pasternak foundation model,

combined with a soil-water pressure calculation theory that
considers seepage forces and drawdown, to derive the
bending differential equation. Using the finite difference
method, the horizontal displacement of the retaining
structure is calculated and compared with field monitoring
results. The maximum horizontal displacements are 23.75
mm and 23.99 mm, with an error of only 1%. Both
theoretical calculations and field monitoring demonstrate
that the horizontal displacement of the diaphragm wall
follows a "bulging" distribution pattern, with remarkably
similar variation trends between the two datasets. The
horizontal displacement along the depth direction shows
close agreement, demonstrating that the proposed
calculation theory has high accuracy.

» Neglecting the effects of seepage forces, drawdown, and

water pressure leads to an underestimation of horizontal
displacement calculations. The results from the Winkler
model are typically lower than those from the Pasternak
model, and the Winkler model exhibits significant errors in
predicting the distribution of horizontal displacement with
depth. The theoretical approach proposed in this study
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demonstrates a computational error of 1%, while the
horizontal displacement errors under four different modes
are 1%, 6.1%, 16.7%, 12.1%, and 26.1% respectively,
further validating the precision of the present theory.

e The drawdown inside the pit is greater than that outside.

Increasing the pumping rate and the height of the
infiltration zone can enhance the drawdown and the range
of dewatering effects. The greater the excavation depth and
dewatering depth, the smaller the diameter of the retaining
structure and the lower its strength, resulting in larger
horizontal displacements.

Discussion

The theoretical approach presented in this study
accurately predicts both the drawdown induced by
foundation pit dewatering and the corresponding horizontal
displacement of diaphragm walls. The model
comprehensively accounts for the effects of drawdown and
seepage forces on both groundwater lowering and wall
displacement. By incorporating the Pasternak two-
parameter model, the proposed method improves upon
existing theories for drawdown and displacement
calculations, ultimately achieving precise prediction of
drawdown and wall displacement. However, this theoretical
framework is only applicable to unconfined aquifers and
cannot be extended to confined aquifer conditions, which
will be the focus of subsequent research phases.
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Appendix A
Let a =EI/I* |y =GB/I? ,n=kB .

Perform finite differences on the free segment equation
Eq. (1) and the fixed segment equation Eq. (2).

a[vvi+2 —4w;

i+1

+6w —4w_ +w_,]+F -P,B=0 (A.1)

OlV\/HZ—(4a+}/)VVi+l+(6O!+2}/+7’])VVi
—(4a+y)wW_,+yw_,—P,B+ P,B=0 (A-2)

Perform finite differences on the boundary conditions.

_El

M = I_z(Wi+1 - 2Wi + Wi—].) (A~3)

El
Q :T(an _2\Ni+1 +2\Ni—1_Wi—2) (A4)
Taking i = 0, combining the top moment and shear force
boundary conditions yields

W, =2wW, —W, (A.S)

W, = 4w, —4w, +W, (A.6)

Taking i = n, combining the bottom moment and shear
force boundary conditions yields

W = 2Wn W, (A7)

Whi2 = 4Wn _4Wn—1 +W,_, (A8)

Taking 1=0,1,2,---,m for Eq. (A.1) and substituting Eq.
(A.5) and Eq. (A.6), taking i =n,n-1n-2,---,m for Eq.
(A.2) and substituting Eq. (A.7) and Eq. (A.8), and Eq. (7)
can be derived.

Appendix B

Applying the Laplace transform to the basic equations
and boundary conditions.
Applying the Laplace transform to Eq. (10) and using

the initial condition, that is
%8 k& 08
—+—L—+k —=8p5 (0<z<br<r<ow B.1
"orr ror  tar L 0 ) B

Boundary condition at the bottom

a5(r,z,p)
=i =0 (B.2)
Boundary condition at the top
a%(r,z,p 3
kz—)|z=b Z—SypS(r,Z, p)|z=b (83)
0z
Boundary condition at infinity
5(r,z,p)|,,. =0 (B.4)
Boundary condition at the retaining structure
~ 0 L<z<b
a(rz,p)
o =12 gl (B.3)
27k Lp

Let 5(r,z,p) = F(r,p) X G(z,p), substituting into Eq.
(B.1), that is
2 2
krGg+k'GE+kng:SSpFG (B.6)
or r or 0z

Separating variables for Eq. (B.6), that is

@F 16F (S.p+C

or? ror E K, ] (B.7)
0°G  Cng_g B8
o2k, (B.3)

Cn is the separation constant.
Solve Eq. (B.7) and apply the boundary condition Eq.
(B.4), that is

(S:p+Cy).
k

r

F=e,(p)K, (B.9)

In Eq. (B.9), e,,(p)is a constant. Solve Eq. (B.8) and
apply the Eq. (B.2), that is

G=f,(p)cos(4,2)

In Eq. (B.10), By, = +/Cin/ k5. Where f,, (p) is a constant.
Substituting the Eq. (B.3) into Eq. (B.10), that is

posin(\Bub) = —%y peos(JAb) M=0L2..0  (B.I1)

Multiplying Eq. (B.9) and Eq. (B.10), we obtain Eq.
(B.12)

(B.10)
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§(r,z,p)= ilm(p)K{ /S pk+cmr}cos(ﬂ z) (B.12)

At this point, A;,,(p) is unknown. Solving the Eq.
(B.12) using the Eq. (B.5), that is

0!
S(raz p [ :_Z/lm \JIS p+C |:Vlsspk+cm rojlcos(ﬂmz)
= - Q O<z<L (B'13)
2z k. Lp
= 0 L<z<b

Lot P (P)=An(PS.P+C /K, [\B.p+C, ki, | |

therefore Eq. (B.13) can be expressed as

> 2, (p)cos(B,2)=R(z) (B.14)
m=0
In the Eq. (B.14)
R(z) = 0 L<z<b
:L O<z<lL
2zrk Lp

The left-hand side of Eq. (B.14) is the Fourier series of
the function on the right-hand side over the range 0 < z <
b. Therefore, the coefficients can be determined using the
properties of the Fourier series

jOL R(z)cos(p,,z)dz
- .[OL cos’ (3, 2)dz
B Qsin(A,L)
~ zk r,Lp[ cos(B,L)sin(B,L)+ B, L]

Substituting Eq. (B.15) into Eq. (B.12), obtain the Eq.
(17) for the Laplace transform of the drawdown § .

(B.15)

Appendix C

C1 water pressure on the right side of the retaining
structure

As shown in Fig. 5, and the average hydraulic gradient
is Im =h-s,/h-s,+2D+d . The seepage force is j=rin.
Along the right side of the retaining structure, the water

pressure distribution along the streamline A— B gatisfies
the following equation
op

~Pu _Rip,g=0

- (C.1)

pw 1s the density of water, g is the gravitational
acceleration. The general solution of Eq. (C.1) is

p, =p,02—-Rz+C (C.2)

Combining with the boundary conditions z=s,, and p,~0
on the right side of the retaining structure, that is

p, =p,02-Rz+C (C3)

Substituting Eq. (C.3) into Eq. (C.2) and then
substituting i,,, obtain the Eq. (C.4) for the water pressure,
which is also Eq. (21)

Pua = 209 (1—

im)(Z_SW)

2D +d

:7W[h—sw+2D+d](Z_SW)

C2 Water pressure on the left side of the retaining
structure

(C4)

Along the left side of the retaining structure, the water

pressure distribution along the streamline C—E satisfies
the following equation

op
2 +R 0
~ D4R p,0= (€5)
The general solution of Eq. (C.5) is
p, =p,02+Rz+C (C.6)

Combining with the boundary conditions y=h and pw=0
on the left side of the retaining structure, that is

C=-Rs, -p,0s, (o))

Substituting Eq. (C.7) into Eq. (C.6) and then
substituting i,,, obtain the Eq. (C.8), which is also Eq. (22)

Pup =p,9(1+i)(z-h)

:yW(Z(h—sW+D)+dJ(Z_h)

h-s,+2D+d

(C.8)
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C3 Earth pressure on the right side of the retaining
structure

The soil is subjected to a vertical downward seepage
force, this leads to a change in the effective stress of the
soil, which alters the active earth pressure acting on the
supporting structure. The effective stresses in the water-
bearing zone and the non-water-bearing zone are
respectively

o =yz z2<S (C.9)

W

o=(y+j)z z>s5, (C.10)

According to Rankine's earth pressure theory, the active

earth pressure can be expressed as Eq. (C.11) and Eq.
(C.12), which are also Egs. (23) and (24):

psa:karsz—zc\/E z<s, (C.11)
psazka((y'+j)xz)—20\/E

: h-s,
_k{[;fﬂ/%_svﬁmjsz]—k\/g z>s,

C4 Earth pressure on the left side of the retaining
structure

(C.12)

The soil is subjected to a vertical upward seepage force,
this leads to a change in the effective stress of the soil,
which alters the passive earth pressure acting on the
supporting structure. The effective stresses in the water-
bearing zone and the non-water-bearing zone are
respectively

oc=yz 1z<h (C.13)

o =(y-i)z z>h (C.14)

According to Rankine's earth pressure theory, the
passive earth pressure can be expressed as Eq. (C.15) and
Eq. (C.16), which are also Eq. (25) and Eq. (26)

Py =kpriz+2ck, z<h (C.15)

Py, =kp((;/— j)z)+20\/q
:kp([yl_y‘”h—shl%ﬂijx 2J+20\/E z>h

(C.16)
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