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Abstract: In this paper, a simplified prediction formula of ground settlement induced by deep foun-
dation pit excavation is proposed, especially suitable for ground overloading near a foundation pit,
such as embankment surcharge load, which is carefully considered via the means of load equivalence.
The ground settlement induced by foundation pit excavation and embankment surcharge load is
determined by the modified skewness prediction formula and the simplified Boussinesq solution,
respectively, and it is assumed that no coupling effect exists between the two settlement sources. In
addition, this paper improves the determination of the maximum settlement location by combining
calculus and curve fitting, replacing the existing prediction formula which relies heavily on engineer-
ing experience to determine the maximum settlement point. The predicted value obtained using this
method comes close to the measured value, and the deviation of the maximum surface settlement
value is controlled within about 5% in the three cases introduced, of which the accuracy is higher
than the existing prediction formula.

Keywords: deep excavation; ground surface settlement; embankment; surcharge load; retaining wall

1. Introduction

Deep foundation excavations are frequently constructed in urban areas, especially
for areas such as subway stations, high-rise buildings and bridge pile foundations. The
stability of foundation excavation itself and potential damage to surrounding structures
are primary concerns in engineering construction [1,2]. As depicted in Figure 1, it has
been indicated that excavation would result in adjacent ground differential settlement and
even come into fissures, especially under the condition of existing surcharge load [3]. As
for the ground surface settlement behind the wall caused by foundation pit excavation,
many scholars [4–6] have conducted in-depth studies and proposed some empirical and
semi-empirical methods based on field measurements, which are of great significance for
the safe construction of foundation pit engineering. However, most of the previous studies
on the ground settlement induced by excavation focus only on the impacts of the retaining
wall horizontal displacement, whereas the effects of surcharge load have not been fully
investigated. Therefore, further investigations with respect to this issue are necessary for
safety assessment of the ground deformation.
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Figure 1. Settlement fissure induced by deep excavation: (a) condition without surcharge load;
(b) condition under surcharge load.

For the construction of bridge pile foundations in river floodplain areas, the overload-
ing of the embankment will aggravate the surface settlement around the foundation pit and
the embankment pavement itself. The effects of surcharge load on the ground settlement
caused by foundation excavation cannot be ignored, which pose an extra risk to the ground
surface stability, in spite of relevant investigations into the surcharge load in regard to
excavation being rarely covered. Previous research devoted to the effects of excavation on
adjacent ground settlement is limited in the literature. The existing relevant investigations
were performed adopting methods of theoretical analysis [7,8], field observation [9–11],
centrifugal modeling experiments [12–14] and numerical simulation [15,16].

Usually, in previous studies, field observation is combined with theoretical analysis
to determine the value range of some parameters in the derived formula. Peck [4] firstly
proposed the principle of the stratum loss method in 1969, and systematically expounded
the adjacent surface settlement caused by foundation pit excavation. This study assumed
that the soil loss induced by the horizontal displacement of the foundation pit retaining
wall is consistent with the total ground deformation outside the pit. Ou and Hsieh [17]
found that the settlement influence zone is related to the depth and width of the foundation
pit excavation, and proposed a simple prediction method for the ground surface settlement
influence zone. Hu et al. [18] proposed a semi-theoretical and semi-empirical prediction
method for the ground surface settlement of deep foundation pit excavation in the clay
layer. In addition, other scholars have also carried out some theoretical investigations into
the surface settlement caused by deep foundation excavation. These efforts provide new
insights into the ground surface settlement prediction, which is beneficial to accurately
evaluate the impact of foundation pit construction on the surrounding surface. However,
the variation law of ground surface settlement with overloading on one side of foundation
pit has not been systematically considered in previous studies, and some parameters in the
existing prediction methods are mainly determined by engineering experience.

Numerical simulation provides a convenient method to perform comprehensive anal-
ysis of ground settlement rules related to geological and construction parameters. Based on
field monitoring and finite difference analysis, Guo et al. [19] investigated the stress and
deformation characteristics of a foundation pit under asymmetric surcharge loading, and
concluded that asymmetric surcharge loading had adverse effects on the deformation of
the supporting structure and the stability of the foundation pit. Rashidi and Shahir [20]
carried out finite element analysis on the performance of an the anchor pile wall under
additional load, indicating that the bending moment of pile body increased along with the
increase in overload. Xu et al. [21] established a numerical model of a foundation pit under
local load by PLAXIS, and studied the influence of the local load value and location on
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the deformation of the retaining structure. Moreover, some studies [22–24] focused on the
dewatering effects during excavation construction, and proposed some rules of ground
settlement with regard to dewatering settings. Nevertheless, difficulties in controlling the
stress state and determining the required parameters may exist, hindering the application
of numerical modeling in the prediction of the ground surface settlement under excavation.

In summary, the value determination of some parameters in the current theoretical
empirical formula comes from past engineering experience, which is greatly affected by
regional factors, and the accuracy cannot be guaranteed. It is necessary to revise some key
parameters in the classical formula. As a matter of fact, the existence of an embankment
would cause the foundation pit to bear asymmetric surcharge load. Therefore, under the
disturbance of the embankment overload, significant differences exist in the settlement of
the ground around the foundation pit, the lateral movement of the retaining structure, and
the uplift on both sides of the foundation pit bottom, which would seriously threaten the
stability of the foundation pit during operation. In view of this detrimental engineering
condition, a simplified prediction formula for the ground surface settlement considering
the effect of the nearby embankment surcharge load is proposed.

In this paper, three-dimensional foundation pit excavation deformation has been
simplified to a two-dimensional plane strain problem. It is assumed that the ground loss
induced by foundation pit excavation and the surface settlement caused by embankment
surcharge load are two irrelevant factors, which can be considered separately. Accordingly,
the influence of the retaining wall structure displacement and embankment load can be
obtained by fitting the modified skewness distribution curve and Boussinesq solution,
respectively. By superimposing the surface settlement curves under the above two influ-
encing factors, the surrounding surface settlement caused by foundation pit excavation
considering the effects of embankment load can be finally acquired. In addition, three
typical case histories in Hangzhou [25], Shanghai [26] and Anqing, China are introduced to
validate the rationality of the proposed method. According to the verification results, the
proposed prediction formula for ground surface settlement under embankment surcharge
load can provide guidance for the construction safety of riverside excavation.

In addition, the outline of this paper is as follows. Firstly, Section 1 (Introduction)
generalizes the research progress about the topic, and poses what inadequacy exists in
current investigations. Section 2 presents several typical surface settlement modes in-
duced by excavation, which is the basis of the simplified approach in this paper. Then,
Sections 3 and 4 describe the simplified method and verify the accuracy via three cases,
respectively. Finally, Section 5 (Conclusions) summarizes the method proposed.

2. Typical Surface Settlement Modes Induced by Excavation

The excavation of foundation pit will induce ground settlement to varying degrees. As
a matter of fact, the ground settlement mode is directly related to the lateral displacement
pattern of the retaining wall. Qian and Gu [27,28] simplified the foundation pit deformation
into a plane strain problem, and solved the equilibrium equation of ground settlement
under foundation pit excavation by a variable separating solution.

As depicted in Figure 2, the deformation patterns of the retaining wall can be sum-
marized into four typical modes: translation mode, rotation mode around the foot of the
wall, rotation mode around the top of the wall, and flexible parabola deformation mode,
resulting in different surface settlement patterns, respectively. It should be pointed out
that the horizontal deformation of the foundation pit retaining wall is considered as a
known displacement boundary, and there is no surcharge load on the surface behind the
wall. In addition, it is assumed that the wall back is vertical, the ground behind the wall is
horizontal, and the soil behind the wall is homogeneous and isotropic.
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Figure 2. Typical surface settlement modes under different types of retaining-wall deformation:
(a) translation mode; (b) rotation around the wall base mode; (c) rotation around the wall top mode;
(d) flexible parabola deformation mode.

The surface settlement formulas under four typical foundation pit deformation condi-
tions are presented below, corresponding to the four equations in Equation (1), respectively.
In terms of the equation form involving complex integral transformation, the solution
process of the explicit solution is quite complicated to directly obtain the distribution law
of the surface settlement curve. In general, assuming that there is a linear relationship
between the surface settlement range (i.e., xref) and the foundation pit depth (i.e., h), the
surface settlement curves under the maximum horizontal displacement (i.e., d) of different
retaining walls are drawn by numerical integration, and the transverse distribution value
of the surface settlement would be ultimately obtained by normalization processing.
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In practical engineering, the deformation of a foundation pit retaining wall is much
more complicated than that of the typical four modes. However, as depicted in Figure 3,
the horizontal deformation of a general retaining wall can be generally viewed as a su-
perimposition of the above four deformation modes. From the perspective of theoretical
calculation, the curve of surface settlement behind the retaining wall can be obtained by
fitting several basic settlement curves.
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Figure 3. Ground settlement induced by superimposed displacement of retaining wall.

It is observed that in this solving method, there exists much inconvenience in calcula-
tion, such as difficulties in accurately analyzing the retaining-wall horizontal deformation
curve, cumbersome calculation steps, wide margin of error, etc. However, it can be in-
spired to regard the retaining-wall lateral deformation as an arbitrary continuous curve,
without considering the deformation mode of the foundation pit. The influence of retaining-
wall deformation on the surface settlement would be explored from the perspective of
differentiation, and specific solutions are elaborated in the next section.

3. Derivation of the Simplified Solution Method
3.1. Solution Thought

Under the condition of embankment load, the excavation of a foundation pit has more
obvious influence on the surrounding surface settlement. In this paper, the influence of
foundation pit excavation and bank overloading on the surface settlement is investigated,
respectively. As shown in Figure 4, it is assumed that excavation and surface load do not
interfere with each other, and there is no coupling effect during the surface settlement.
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As a result, the ground surface settlement induced by a deep braced excavation
adjacent to a river embankment consists of two parts (Figure 4). The first part is caused
by the excavation of the foundation pit itself, and the second part is induced by the
embankment surcharge load. In order to estimate and predict the surface settlement
around the foundation pit near the embankment, this paper calculates the settlement of the
two parts according to the ground loss method and the Boussinesq solution, respectively.
The equation for ground settlement can be expressed as

S(x) = SI(x) + SI I(x) (2)

where S(x) is the total formula of the ground settlement; SI(x) and SII(x) represent the
settlement induced by adjacent excavation and embankment surcharge load, respectively.

According to Nie et al. [26], based on the concept of the formation loss method and a
large number of field measurement data, the distribution rule of the surface displacement
field around the soft soil deep foundation pit has been deeply investigated, and the surface
settlement curve with skewed distribution is proposed as

SI(x) =
Av√

2πvx
exp

(
−
(

ln
x

2xm

)2
/
(

2v2
))

(3)

where x is expressed as the distance between the calculation point and the edge of the
foundation pit; xm represents the distance between maximum settlement point and the
edge of foundation pit; and Av is the envelope area of surface settlement curve behind the
wall and ω is empirical coefficient (i.e., 0.6–0.7 for a soft soil foundation pit).

3.2. The Influence of Foundation Pit Excavation

In Equation (3), Av and xm are important parameters directly related to the surface
settlement curve. However, in many studies and engineering applications in the past, the
selection of these two parameters was mostly determined by engineering experience, which
may bring out major errors, even resulting in wrong results. Therefore, the determination
of Av and xm should be carefully considered, and a simplified method will be performed in
the following sections.

3.2.1. Calculation of xm

The ground settlement behind the retaining wall stems from the horizontal movement
of the retaining wall in the foundation pit. If the retaining wall is assumed to have rigid
translation, the basic analytical solution of the ground settlement induced by the retaining
wall under the rigid translation displacement mode can be obtained. Although the possibil-
ity of rigid translation of the retaining wall in actual engineering is quite small, the surface
subsidence degradation under the complex deformation mode can still be obtained based
on the rigid translation mode of retaining wall [29]. Under the boundary condition of the
retaining wall rigid translational displacement mode, the first formula in Equation (1) is
solved by integration, and the explicit formula can be expressed as

w =
2dh2

π

(
1

x2 + h2 −
1

x2
re f + h2

)
(4)

where w represents the ground settlement; x is the distance from the foundation pit; and h
is the excavation depth.

Through the application of the calculus method [30], the horizontal displacement
curve of any retaining wall deformation form is divided into an infinite number of micro-
segments, and the deformation of each micro-segment is regarded as the rigid translation
mode of the retaining wall. According to the surface settlement solution under the retaining
wall translational deformation mode, as expressed in Equation (4), the surface settlement
caused by each micro-section can be, respectively, calculated. As presented in Figure 5, the
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surface settlement caused by horizontal deformation of the whole retaining wall would be
finally obtained via summation calculation.
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Figure 5. Infinitesimal calculus diagram of surface settlement induced by the retaining wall horizontal
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of arbitrary retaining wall.

The retaining wall can be evenly divided into n segments along the depth direction,
and it is assumed that the translation and displacement mode approximately occurred in
each small section. For the segment i, the surface settlement value induced under the depth
of hi and hi+1 is calculated by Equations (5) and (6), respectively. The relevant equation
could be expressed as

wi =
2dih2

i
π

(
1

x2 + h2
i
− 1

x2
re f _i + h2

i

)
(5)

wi+1 =
2di+1h2

i+1
π

(
1

x2 + h2
i+1
− 1

x2
re f _i+1 + h2

i+1

)
(6)

where wi and wi+1 represent the ground settlement induced by segment i and segment i+1,
respectively; di and di+1 represent the retaining wall horizontal deformation of segment
i and segment i+1, respectively; xref_i and xref_i+1 represent the ground settlement range
induced by segment i and segment i+1, respectively.

Based on the superposition principle, making a subtraction between Equations (5) and (6),
and the surface settlement ∆wi caused by the translation of any retaining wall segment in
the foundation pit is obtained, which can be simplified as

∆wi = wi+1 − wi =
2
π

 di+1h2
i+1

(
x2

re f _i+1 − x2
)

(
x2 + h2

i+1

)(
x2

re f _i+1 + h2
i+1

) − dih2
i

(
x2

re f _i − x2
)

(
x2 + h2

i
)(

x2
re f _i + h2

i

)
 (7)

Previous studies have indicated that there is a linear relationship between the influence
range of surface settlement and the depth of foundation pit excavation. Therefore, for
the retaining wall segment in different depths, the influence range of surface settlement
caused by their translation can be set as m times of the corresponding depth (i.e., xref_i = mhi,
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xref_i+1 = mhi+1). Through the substitution of xref_i and xref_i+1 into Equation (7), the final
form of ∆wi can be simplified as

∆wi =
2

π(m2 + 1)

[
di+1

(
m2h2

i+1 − x2)
x2 + h2

i+1
−

di
(
m2h2

i − x2)
x2 + h2

i

]
(8)

Ultimately, the surface settlement value ∆wi caused by the translation of each micro-
section of the retaining wall can be superimposed and summed. As presented in Equation (9),
the adjacent surface settlement formula under the horizontal deformation mode of any
maintenance structure can be obtained.

w =
n

∑
i=1

(wi+1 − wi) =
n

∑
i=1

∆wi (9)

Accordingly, xm, the maximum position of surface settlement, can be obtained by w in
Equation (9), which is easily realized by programming.

3.2.2. Calculation of Ah

According to a large number of experiments and engineering test data, there is a
proportional relationship between the envelope area of the surface settlement curve behind
the wall (i.e., Av) and the envelope area of the displacement curve of excavation retaining
wall (i.e., Ah) in the soft soil area, which can be expressed as

Av = βAh (10)

where β represents the proportionality coefficient. According to the statistical analysis
results and site engineering experience, when the wall penetration ratio hd/h1 (h1 is the
final excavation depth, and hd represents the wall embedment depth below the excavation
bottom) is less than 0.5, β can be taken as 1.0–1.2; otherwise, it may be within the range of
0.8 to 1.0.

In order to illustrate the expression of Equation (10) more vividly, Figure 6 describes
the linear proportionality relation by different colors. The blue diagonal and the red
diagonal represent Av and Ah, respectively.
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Generally, the horizontal deformation of the supporting structure can be calculated
by the elastic fulcrum method or obtained by actual measurement. Before calculating
the envelope area of the displacement curve of the supporting structure (i.e., Ah), the
displacement data of the calculated or measured points should be processed firstly to
make it fit into a continuous smooth curve. In general, any function in a certain section
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can be approximated by polynomials. Therefore, assuming that the displacement point
coordinates of the retaining wall calculated or measured along the depth direction of the
foundation pit are (h, d), then the horizontal displacement fitting curve can be expressed as

d(h) =
n

∑
i=0

aihi (11)

where n is the order of the polynomial and ai represents the coefficient of the independent
variable in the polynomial.

According to Nie and Hu’s research [26,29], the lateral displacement value of support-
ing structure can be approximated by a quadratic parabolic function. Taking the first three
terms of Equation (11), d(h) can be expressed as

d(h) = a0 + a1h + a2h2 (12)

Based on the least square method, the equation set can be obtained as

a0n + a1
n
∑

i=1
hi + a2

n
∑

i=1
h2

i =
n
∑

i=1
di

a0
n
∑

i=1
hi + a1

n
∑

i=1
h2

i + a2
n
∑

i=1
h3

i =
n
∑

i=1
hidi

a0
n
∑

i=1
h2

i +a1
n
∑

i=1
h3

i + a2
n
∑

i=1
h4

i =
n
∑

i=1
h2

i di


(13)

where hi and di represent the depth of the retaining wall and the corresponding horizontal
displacement values acquired by calculating or measuring, respectively.

Substituting the known hi and di into Equation (13), the values of the coefficients a0, a1
and a2 would be obtained. According to the vertex coordinates (0, a0) and extreme points
(hm, dm) of the supporting structure, a1 and a2 can be finally derived as

a1 = − 2(a0−dm)
hm

a2 = a0−dm
h2

m

}
(14)

By integral calculation of Equation (12), the area enclosed by the horizontal displace-
ment curve of the supporting structure can be expressed as

Ah =
∫ H

0

(
a0 + a1h + a2h2

)
dh = a0H +

1
2

a1H2 +
1
3

a2H3 (15)

where H is the entire height of the retaining wall.
Substituting Equations (10) and (15) into Equation (3) yields

SI(x) =
βAh√
2πvx

exp

(
−
(

ln
x

2xm

)2
/
(

2v2
))

(16)

3.3. The Influence of Embankment Surcharge Load

For the influence of the embankment load, the uniformly distributed load is simplified
as a vertical concentrated force. Therefore, the embankment pavement settlement curve
under the condition of foundation pit excavation can be obtained by the Boussinesq solution
in semi-infinite space.

As depicted in Figure 7a, for an any point M (x, y, z) in the elastic half space, Boussinesq
has derived the calculation formulas induced by the vertical concentrated load P acted
on the surface. According to Boussinesq solution, vertical deformation (i.e., u(z)) can be
expressed in the form of
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u(z) =
p(1 + µ)

2πE

[
z2

R3 + 2(1− µ)
1
R

]
(17)

where R is the distance from target calculation point to load point; µ is Poisson’s ratio; and
E is the elasticity modulus.

Water 2022, 14, x FOR PEER REVIEW 10 of 18 
 

 

( )
( )

( )
2

3

1 1
2 1

2

p z
u z

E RR






+  
= + − 

 
 (8) 

where R is the distance from target calculation point to load point; μ is Poisson’s ratio; and 

E is the elasticity modulus. 

When taking the embankment surcharge load into consideration, as depicted in Fig-

ure 6b, the embankment surcharge load is simplified as the vertical concentrated load 

perpendicular to the embankment surface, and the settlement at any point behind the wall 

can be figured out via Boussinesq solution. 

 

Figure 6. Diagram of surface settlement induced by the retaining wall horizontal deformation: (a) 

Boussinesq solution diagram; (b) simplification of embankment surcharge load. 

For the condition of surface settlement, the value of z is 0. Similarly, R can be simpli-

fied as the horizontal distance between the target surface point and the equivalent con-

centrated force operation point, which is expressed with Rx. By assigning z to 0 in Equation 

(8), the expression for u (z) can be simplified to 

( )
( )21

x

p
u z

ER





−
=  (9) 

In this paper, a three-dimensional foundation pit is analyzed as a plane strain prob-

lem. Accordingly, the embankment load is considered approximately as a uniform load 

with width L on the section. Therefore, the concentrated force P can be replaced by p0L 

through integration, and u(z) can be finally derived as 

( )
( )2

0 1

x

p L
u z

ER





−
=  (10) 

The settlement value of any point on the surface induced by the embankment load 

can be obtained by Equation (10), and the settlement value of other points can also be 

obtained by this method. Therefore, the settlement values at different locations on the 

surface are selected at equal intervals, and the complete settlement curve caused by the 

embankment surcharge load can be obtained through curve fitting (i.e., SII (x)). 

3.4. Optimized Solution Procedure 

To clearly demonstrate the whole derivation process of the proposed analytical 

method, a flow chart is helpful, which is presented in Figure 7. 

Figure 7. Diagram of surface settlement induced by the retaining wall horizontal deformation:
(a) Boussinesq solution diagram; (b) simplification of embankment surcharge load.

When taking the embankment surcharge load into consideration, as depicted in
Figure 7b, the embankment surcharge load is simplified as the vertical concentrated load
perpendicular to the embankment surface, and the settlement at any point behind the wall
can be figured out via Boussinesq solution.

For the condition of surface settlement, the value of z is 0. Similarly, R can be simplified
as the horizontal distance between the target surface point and the equivalent concentrated
force operation point, which is expressed with Rx. By assigning z to 0 in Equation (17), the
expression for u (z) can be simplified to

u(z) =
p
(
1− µ2)
πERx

(18)

In this paper, a three-dimensional foundation pit is analyzed as a plane strain problem.
Accordingly, the embankment load is considered approximately as a uniform load with
width L on the section. Therefore, the concentrated force P can be replaced by p0L through
integration, and u(z) can be finally derived as

u(z) =
p0L
(
1− µ2)

πERx
(19)

The settlement value of any point on the surface induced by the embankment load can
be obtained by Equation (19), and the settlement value of other points can also be obtained
by this method. Therefore, the settlement values at different locations on the surface are
selected at equal intervals, and the complete settlement curve caused by the embankment
surcharge load can be obtained through curve fitting (i.e., SII (x)).

3.4. Optimized Solution Procedure

To clearly demonstrate the whole derivation process of the proposed analytical method,
a flow chart is helpful, which is presented in Figure 8.
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4. Validation of the Simplified Analytical Method through Case Histories

In order to verify the applicability and accuracy of the simplified prediction formula
in this paper, some specific engineering cases should be combined to meticulously analyze
and illustrate. Case 1 and Case 2 are real projects involved in relevant sources from the
literature [25,26]. The observation deformation data of the foundation pit supporting
structure and the surface settlement caused by it were well recorded, which could well
compare the advantages and disadvantages of the proposed method with the previous
methods. Case 3 is an engineering project that the authors participated in personally. It
mainly considers the influence of foundation pit excavation on surface deformation under
the presence of embankment load, which is deserves special attention.

4.1. Case History 1

The underground part of a commercial and residential building in Hangzhou is a
three-floor basement [25]. The project site is the alluvial plain landform of Qiantang River,
with relatively flat terrain. The area affected by the excavation depth is dominated by
saturated soft soil such as deep muddy clay, and the groundwater level is stable at about
1.5 m below the surface. The depth of this deep excavation pit varied between 14.85 and
17.35 m, and the bored pile walls with the size of 1.0 m × 38.0 m × 0.15 m (diameter ×
length × spacing) were installed to brace this deep excavation. Three levels of reinforced
concrete struts were encountered for the most part of the excavation, while four levels
of them were applied for local part where the excavation depth reached 17.35 m. In the
foundation pit, triaxial cement mixing piles were used to strengthen the soil in the passive
area. The width of the reinforcement strip varied from 7.2 m to 13.7 m according to the
importance of the surrounding environment.
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To validate the simplified analytical method proposed in this paper, the middle part
of the west side of the foundation pit (i.e., CX2 section) was selected for research. For this
part, the depth of the excavation was h = 17.35 m, and the reinforcement depth of mixing
pile was 5 m. It should be noted that a six-story pile foundation building was located 20 m
to the west of the retaining wall. As clearly presented in Figure 9a, the observed pile top
displacement (i.e., d1) at the CX2 section equals 25.9 mm, and the observed excavation basal
displacement (i.e., d3) equals 124.5 mm. In this project, the displacement at the bottom of pit
is the maximum displacement of retaining pile. It is a common way to predict the ground
settlement around the foundation pit based on the calculated or measured displacement
data of the retaining wall. The observed surface settlement data, the prediction formula
in the literature [26], and proposed method in this paper are compared, and the surface
settlement curves are, respectively, depicted in Figure 9b. According to the correlation
between the influence degree and the influence scope of the foundation pit excavation, five
observation points were set, respectively, located at 0 m, 5 m, 10 m, 20 m and 40 m from the
edge of the foundation pit.

1 
 

 

Figure 9. Validation based on the Case History 1 [25]: (a) field monitoring of the retaining pile
deformation; (b) distribution of ground surface settlement under different methods [26].

Table 1 presents parameter values and corresponding ground settlement results for
several methods. In the approach proposed in this paper, Equation (9) can be applied for
fitting, which yields the maximum settlement location xm = 11 m. By utilizing numerical
integration method, the envelope area of the retaining structure lateral deformation curve
can be obtained: Ah = 2314.5 m·mm, where β = 0.9, and ω = 0.65 according to experience. In
the prediction formula [26], xm is defined as a parameter linearly related to the foundation
pit depth based on engineering experience and geology conditions, and xm is set as 12.1 m
in Case History 1, which equals to the excavation depth of 0.7 times. In addition, other
parameters are consistent with the formula in this paper. The surface settlement curve can
be obtained by substituting all parameters into Equations (15) and (16). As presented in
Figure 9b, the method proposed in this paper performs well in approaching the observed
results. Compared with the original settlement prediction formula, the simplified method
used in this study is more accurate in fitting with the field monitoring values, especially
the maximum settlement value, demonstrating the effectiveness of the proposed analytical
method in this paper.
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Table 1. Parameter values and results comparison of several methods in Case History 1 [25].

Methods
Key Parameter Values Ground Settlement

Ah β Av ω xm vm

Field monitoring [25] 2295.8 m·mm — — — 10.3 m 81.3 mm

Prediction formula
in literature [26] 2256.9 m·mm 0.9 2031.2 m·mm 0.65 12.1 m 63.4 mm

Proposed method
in this study 2314.5 m·mm 0.9 2083.0 m·mm 0.65 11.2 m 77.5 mm

Ah = envelope area of support structure displacement curve; Av = envelope area of ground settlement curve;
β = proportionality coefficient related to insertion ratio (i.e., Av/Ah); ω = empirical coefficients related to soil
quality; xm = location of the maximum settlement point on the ground; vm = maximum surface settlement.

4.2. Case History 2

This case history is the Shanghai Metro Line M8 Yanji Middle Road Station, located
in the Yangpu District, Shanghai, China [26]. In this project, the diaphragm wall with
0.8 m in thickness, 27 m in length, and 0.76 m in penetration ratio, was constructed to
serve as not only the bracing structure, but also the main structure side wall used during
the in-service phase. The depth of the excavation in the standard segment adjacent to
the monitoring point C28-1 was 15.3 m (i.e., h) and four levels of steel pipe struts were
constructed along the depth direction. The observed horizontal wall displacement at
the wall top was d1 = 0.14 mm. The maximum horizontal wall displacement occurred
approximately at the excavation bottom, with a magnitude of d2 = 55.71 mm. As depicted
in Figure 10a, the displacement at the top of the wall was quite small, and the maximum
horizontal displacement was located at the bottom of the foundation pit.

1 
 

 

 

 Figure 10. Validation based on the Case History 2 [26]: (a) field monitoring of the retaining wall
deformation; (b) distribution of ground surface settlement under different methods.

Table 2 presents some key parameter settings and ground settlement results from
field monitoring [26], prediction formula in the literature [26], and proposed method in
this study. It is noted that the values of Ah and Av are relatively close in the observed
data, which is quite different from the conventional prediction formula. This may be
caused by the vehicle dynamic load and material surcharge in the site. Due to the lack
of available reference data, other parameters are obtained according to the literature [26]:
Ah = 1083.8 m·mm, β = 0.9, and w = 0.65. Moreover, the prediction formula proposed in
this paper also draws on some parameters in the literature above, such as β and w, which
improve the accuracy of surface subsidence results.
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Table 2. Parameter values and results comparison of several methods in Case History 2 [26].

Methods
Key Parameter Values Ground Settlement

Ah β Av ω xm vm

Field monitoring [26] 892.1 m·mm — 876.3 m·mm — 11.7 m 43.1 mm

Prediction formula
in literature [26] 1083.8 m·mm 0.9 759.9 m·mm 0.65 13.2 m 37.2 mm

Proposed method
in this study 925.0 m·mm 0.9 832.5 m·mm 0.65 10.9 m 45.5 mm

Ah = envelope area of support structure displacement curve; Av = envelope area of ground settlement curve;
β = proportionality coefficient related to insertion ratio (i.e., Av/Ah); ω = empirical coefficients related to soil
quality; xm = location of the maximum settlement point on the ground; vm = maximum surface settlement.

A multiple comparison of the ground surface settlements for this case history has
been performed using two different analytical methods, and relevant data are depicted in
Figure 10b. It can be indicated that, in Case History 2, the calculated results of the prediction
formula proposed in this paper are in good agreement with the measured data, and the
fitting result is more accurate than the method in the literature. Specifically, the observed Av
was 876.3 m·mm, while the method in the reference [26] predicted a value of 759.9 m·mm,
with an error of 15.4%. This also causes the Vm of this method to differ significantly from
the actual observed value, at 13.7%. In the method presented in this paper, Av and Vm
have relatively small deviations from the field-measured values, which are 5.0% and 5.6%,
respectively. Further investigation indicates that xm, a parameter closely related to surface
settlement, was determined by engineering experience in the literature [26], whereas it
was obtained by integral fitting in this paper. It is obvious that the prediction formula
for the surface displacement field with skewed distribution behind the wall proposed in
literature [26] is relatively simple. Up till now, most values of some parameters in the
formula are obtained by engineering experience, which would increase the uncertainty of
the prediction formula. In the proposed analytical method, the values of xm and Ah are
optimized to make the values of parameters more reasonable and the prediction results of
surface settlement more accurate.

4.3. Case History 3

This case is based on a deep foundation pit project for the construction of bridge pile
foundations, located in Anqing, Anhui Province, China. The length of the main structural
part of Yangwanhe Bridge is 685 m, of which the 14 # main pier is located outside the
Tongma Causeway of Yangwan River on the land. The cushion cap foundation pit is
supported by cofferdam method, and the single row Larsen steel sheet pile (SP-IV. PU600
× 210) was selected as the maintenance structure. The steel sheet pile foundation pit is
symmetrical dumbbell type, with length of 54.6 m, width of 25.2 m and height of 18 m. It is
internally supported by two enclosing purlins, and the excavation depth is 8 m. Figure 11a
describes the position relationship between the steel cofferdam and the embankment on
the plane, and the horizontal distance between them is 6 m.

A typical steel cofferdam profile (A-A′) in Figure 11a is selected and depicted in
Figure 11b. In view of the distance between the foundation pit and the bank embankment is
only 6 m, the settlement deformation of the bank embankment pavement deserves attention.
The profile of the bank embankment is a symmetrical trapezoid, with a pavement width
of 7 m, a height of 5 m and a slope of 45◦. Yangwan River is on the other side of the
embankment, and the water level is relatively stable throughout the year. According to
the engineering geological survey report, the stratum around the foundation pit is mainly
cohesive soil.



Water 2022, 14, 3868 15 of 18Water 2022, 14, x FOR PEER REVIEW 15 of 18 
 

 

 

Figure 10. Relative spatial position of the foundation pit and the embankment in the case History 3: 

(a) relative plan layout of the steel cofferdam and the embankment; (b) A-A′ cross-section profile. 

A typical steel cofferdam profile (A-A’) in Figure 10a is selected and depicted in Fig-

ure 10b. In view of the distance between the foundation pit and the bank embankment is 

only 6 m, the settlement deformation of the bank embankment pavement deserves atten-

tion. The profile of the bank embankment is a symmetrical trapezoid, with a pavement 

width of 7 m, a height of 5 m and a slope of 45°. Yangwan River is on the other side of the 

embankment, and the water level is relatively stable throughout the year. According to 

the engineering geological survey report, the stratum around the foundation pit is mainly 

cohesive soil. 

As depicted in Figure 11a, during the construction process, the maximum lateral de-

formation of steel sheet pile cofferdam, with the value of 25.8 mm, is at the top of pile, and 

the maximum deformation value at the bottom of foundation pit is 9.3 mm, both of which 

are within a reasonable deformation range. The area of the envelope formed by the sheet 

pile lateral movement (i.e., Ah) is 216.3 m·mm, and the empirical coefficient of the settle-

ment envelope (i.e., β) is determined with 0.9 based on previous engineering experience. 

Therefore, the area of the surface settlement envelope curve (i.e., Av) outside the founda-

tion pit is 194.7 m·mm. The value of xm can be obtained by superposition fitting of the 

micro-segment settlement curve calculated by Equation (9). In case history 3, the maxi-

mum settlement point calculated is 4.9 m away from the foundation pit. In addition, ω 

refers to the value of 0.65 in the reference [26]. By taking the above parameters into Equa-

tion (7) for calculation, the influence of foundation pit excavation on the surface settlement 

can be obtained. Furthermore, the influence of bank overloading can be easily obtained 

by the Boussinesq solution. Considering that the deformation of embankment pavement 

is the focus of attention, settlement observation points were set in the middle and both 

sides of the road. 
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As depicted in Figure 12a, during the construction process, the maximum lateral
deformation of steel sheet pile cofferdam, with the value of 25.8 mm, is at the top of pile,
and the maximum deformation value at the bottom of foundation pit is 9.3 mm, both of
which are within a reasonable deformation range. The area of the envelope formed by
the sheet pile lateral movement (i.e., Ah) is 216.3 m·mm, and the empirical coefficient of
the settlement envelope (i.e., β) is determined with 0.9 based on previous engineering
experience. Therefore, the area of the surface settlement envelope curve (i.e., Av) outside
the foundation pit is 194.7 m·mm. The value of xm can be obtained by superposition fitting
of the micro-segment settlement curve calculated by Equation (8). In case history 3, the
maximum settlement point calculated is 4.9 m away from the foundation pit. In addition,
ω refers to the value of 0.65 in the reference [26]. By taking the above parameters into
Equation (15) for calculation, the influence of foundation pit excavation on the surface
settlement can be obtained. Furthermore, the influence of bank overloading can be easily
obtained by the Boussinesq solution. Considering that the deformation of embankment
pavement is the focus of attention, settlement observation points were set in the middle
and both sides of the road.

Figure 12b presents the characteristic curve of surface settlement under the combined
action of bank overload and foundation pit excavation. The predicted maximum settlement
value of the embankment pavement coincides with the measured value very well, which
strongly proves the effectiveness of this proposed method in predicting and evaluating the
ground settlement induced by foundation pit excavation under the condition of existing
embankment surcharge load.
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deformation; (b) distribution of ground surface settlement under different methods.

5. Conclusions

In the method proposed in this paper, the ground settlement induced by foundation
pit excavation and embankment surcharge load is determined using the modified skewness
prediction formula and the simplified Boussinesq solution, respectively, and it is assumed
that no coupling effect exists between the two settlement sources. Compared with the ob-
served values, the error of the maximum settlement point and the corresponding maximum
settlement value calculated by the method in this paper is almost controlled within 5%, of
which the accuracy is much higher than the existing prediction formula.

• The ground overloading such as embankment overload has a certain influence on the
surface settlement during the foundation pit excavation, which should be paid more
attention to in the project. In this paper, the Boussinesq solution is applied to simplify
the embankment load into the vertical concentrated force, and the ground settlement
curve is easily calculated and fitted, which can well take into account the impact of
ground overload.

• As for the surrounding surface settlement caused by foundation pit excavation, the
value of xm is generally determined by engineering experience in the previous partial
settlement prediction formula, which is an important factor leading to a large deviation
between the measured value and the theoretical prediction value. This paper improves
the determination of xm by the method of combining calculus with curve fitting,
and the predicted value obtained by this method comes close to the measured one.
Accordingly, in the three cases, the deviation between the calculated value of vm and
the actual observation value is 4.6%, 5.5% and 3.4%, respectively.

• Based on the classic prediction formula of surface subsidence skewness distribution,
the simplified method in this paper draws on some empirical parameters, such as β
and ω, which are derived from many engineering practices and have proved reliability
among projects. However, the value range of these parameters is quite wide, and bring
out many difficulties to determine the most reasonable parameter value in settlement
prediction. As a result, it is necessary to make a more detailed division for the value
range of empirical parameters in subsequent studies.

In conclusion, this simplified calculation method can significantly bring down the
reliability and uncertainty of ground settlement prediction around the foundation pit.
It is worth noting that although the accuracy of this method is demonstrated through
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the existing deformation data of the foundation pit retaining wall structure in the cases,
the lateral displacement of the retaining wall can also be preliminarily determined via
numerical simulation or theoretical formula calculation in engineering applications, and
the ground settlement outside the foundation pit can be further derived.
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