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In damage mechanics, the deep excavation of soil is a process of damage development, and soil failure can be considered a process
of continuously transforming undisturbed soil to damaged soil. +erefore, this study considered the occurrence of soil damage
during the pit excavation, established a soil damage model, damage evolution equation, and soil damage constitutive relationship,
and then deduced a calculate model of the pile displacement under the consideration of soil damage. Based on the principle of the
stratum loss method, the surface settlement around a deep excavated pit was assumed as a skewed distribution curve, and the
surface settlement of the pile-anchor supporting pit was solved. Based on this established method, finite element analysis software
was used to calculate the surface subsidence for a field case, and the numerical results were compared with monitoring data in the
field. +e results revealed that, to a certain extent, soil damage affected the distribution of surface settlement in excavated pits.
With the development of soil damage, the mechanical properties of soil gradually decreased, which led to increased surface
settlement and changes in the direction of the excavation pit. Because soil damage is an important factor causing surface
settlement, it is meaningful to consider soil damage when calculating the surface settlement in the deep excavation of pits.

1. Introduction

In deep excavations, the deformation of the supporting
structure and the ground subsidence interact with and re-
strict each other. Research on the deformation of the sup-
porting structure is the basis of ground subsidence research.
Moreover, extensive research has been conducted on the
displacement of the supporting structure of deep excavations
under different conditions, and useful conclusions have been
drawn [1–4].

+e accurate prediction and calculation of surface
settlement around a deep excavation pit are important
for the safe and smooth development of a deep exca-
vation project. +us, different prediction methods and
theories have been proposed [5–8]. In 1969, Peck pro-
posed a method of estimating the surface subsidence in
relation to the soil properties and excavation depth using
engineering measurements. Referring to Peck and
Schmidt’s theory, Xueyuan Hou (Tongji University,
Shanghai, China) developed the formation loss method

deriving from the triangular settlement formula to es-
timate the ground tunnel settlement of shield tunnels.
+ese widely used methods derive from elastoplastic
mechanics and the traditional theory of soil mechanics,
and the soil in these studies is considered ideal undis-
turbed soil.

Based on engineering practice and experimental re-
search, various studies have pointed out [9, 10] that it is
unreasonable to describe the mechanical properties of
damaged materials using the constitutive relationship of
nondestructive materials. During the excavation of a
foundation pit, the soil is damaged, and the soil behind the
wall is no longer ideally undisturbed. Hence, the actual
soil can be considered the combination of ideal undis-
turbed and completely damaged soil. Soil deformation
occurs through the transformation of undisturbed soil to
damaged soil [11]. In this situation, the soil mechanical
properties are determined by the synthesis of the prop-
erties of the two soil types. Shen [12] first applied damage
theory to the investigation of soil constitutive
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relationships. By applying the damage theory to soil
mechanics, he established a basic framework of a soil
model based on damage mechanics. Using the basic
principles of irreversible thermodynamics and the theory
of internal variables, Zhao et al. [10] established the
evolution equations of these variables by introducing
mechanical variables to simulate the damage state of
materials and thus established a series of soil damage
models. Shi et al. [13] introduced the damage and rhe-
ological properties of soil in the elastoplastic constitutive
model of a double yield surface proposed by Zongze and
experimentally investigated the variation of the me-
chanical properties of undisturbed soil and remolded soil.
+en, they used the finite element method to analyze the
settlement deformation of a soft soil foundation; however,
the constitutive model was complex, and the parameters
were difficult to obtain. Referring to the improved Zhu-
jiang Shen damage model, Xiong [14] carried out finite
element analysis on Biot’s consolidation damage for a soft
soil foundation. Li et al. [15] introduced structural damage
variables for structural soft soils and established an ex-
tended elastoplastic damage model based on the theory of
rock-soil damage mechanics and the classical modified
Cambridge model. He et al. [16] introduced the concept of
damage ratio to the settlement calculation of soft soil
foundations. +ey proposed a method to determine the
deformation modulus of soft soil foundations by con-
sidering the damage evolution and obtained reasonable
and feasible calculation results.

+erefore, based on previous studies, this study
attempted to select appropriate damage variables based on
soil mechanics theory and establish a soil damage model,
damage evolution equation, and soil damage constitutive
relationship to develop a body displacement model for the
pile in consideration of soil damage. +e principle of the
formation loss method was deduced and further applied to
solve the ground settlement of a pile-anchor support
structure in a deep excavation. Finally, verification analysis
was carried out.

2. Soil Damage Model of Deep Excavation

From the viewpoint of damage mechanics, the process of
deep excavation is a process of damage development. +e
failure of soil can be considered a process of continuously
transforming undisturbed soil to damaged soil. +e soil
around a deep excavation includes undisturbed soil and
damaged soil; therefore, the soil stress and elastic modulus
combined with strain equivalence can be assumed as follows:

σ � (1 − d)σ i + dσd, (1)

E � (1 − d)Ei + dEd, (2)

σ � (1 − d)Ei + dEd ε, (3)

where d � damage variable, σi � stress of undisturbed soil,
Ei � elastic modulus of undisturbed soil, σd � stress of
damaged soil, and Ed � elastic modulus of damaged soil.

2.1. Determination of Damage Variables. Owing to the
structural nature of the soil, its deformation consists of two
parts: elastic and plastic. According to the concept proposed
by Shen [17], the damage ratio is used to represent the
damage of the soil, that is, the damage variable d, which
represents the proportion of damaged soil in the entire soil.
+erefore, the soil characteristic parameter can be expressed
as the weighted average of the two:

S � (1 − d)Si + dSd, (4)

where Si and Sd represent the same characteristic indices of
undisturbed and damaged soil, respectively.

2.2. Damage Evolution Equation. +is study adopted the
formula proposed by Shen [17] (equation (5)) to describe the
evolution of soil damage. It is assumed that the damage
variable d is the strain function of the soil; m and n are the
damage parameters;m can be determined by the curve of the
compressed undisturbed soil.

d � 1 − e
− mεv− nε2s( ), (5)

m �
1
εv

· ln
Kiεv − σv d

σv − σv d

 , (6)

n �
1
ε2s

· ln
2Giεs − σs d

σs − σs d

 . (7)

Under isotropic compression conditions, εs � 0; there-
fore,m can be expressed as equation (6). Moreover, n can be
determined from the unconfined compression curve, under
undrained conditions, and then εv � 0. Furthermore, n can
be determined by calculating equation (7), and at the same
time, it can be known from equation (10) because εv � 0.
+erefore, equation (7) can be simplified into the following
equation:

n �
1
ε2s

· ln
2Giεs

σs

 . (8)

+e stress and strain tensors are expressed by the ball and
partial tensors, respectively. In equation (5), εv is the body
strain and εs is the partial strain. Let ε1 be the vertical strain
of the soil and ε3 be the strain in the horizontal direction;
then, ε2 � ε3. +us, εv � ε1 + 2ε3 and εs � |ε1 − ε3|.

In equations (6) and (7), Ki and Gi denote the bulk
modulus and shear modulus of the undisturbed soil, re-
spectively. Additionally, it is assumed that the undisturbed
soil is an elastomer; therefore, the following relationships
hold:

Ki �
Ei

3(1 − 2μ)
,

Gi �
Ei

2(1 + μ)
,

(9)

where Ei � elastic modulus of undisturbed soil and
μ�Poisson’s ratio for soil.
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For damaged soil, the soil characteristic parameters σv d

and σs d can be expressed according to the Naylor and
Domaschuk models, respectively, as follows:

σv d � σ0e
εv/cc( ) − σ0, (10)

σs d �
εs

1/2G0 + Rfεs/σsf

, (11)

where σ0 � initial stress of damaged soil, cc � volume com-
pression index, Rf � destruction ratio, G0 � initial slope of
the shear curve, and σsf � damage stress, whose values were
obtained from the literature [17].

2.3. Soil Damage Constitutive Relationship. +e deforma-
tion process of the body is nonlinear. As mentioned
above, the soil around a deep excavation can be con-
sidered a mixture of undisturbed soil and damaged soil.
+erefore, the apparent stress of the soil can be expressed
by equation (1), which is generalized to a tensor form as
follows:

σ{ } � (1 − d) σi  + d σd . (12)

Furthermore, the incremental form is expressed as
follows:

Δσ{ } � (1 − d) Δσi  + d Δσd  − σi  − σd  Δ d. (13)

According to the strain equivalence hypothesis, the
incremental forms of the undisturbed and damaged soil’s
stress tensor can be expressed, respectively, as follows:

Δσi  � Di  Δε{ }, (14)

Δσd  � Dd  Δε{ }, (15)

where [Di] and [Dd] are the tangent stiffness matrices of the
undisturbed soil and damaged soil, respectively.

Let us assume that the damage variable is a function of
strain, as follows:

Δ d �
zd

zε
 

T

Δε{ }. (16)

Moreover, the damage variable can also be obtained by
equation (5), as follows:

Δ d � (1 − d) m Δεv  + 2n εs  Δεs  . (17)

By substituting equations (14)–(16) into equation (13),
the relationship between the stress increment and the strain
increment can be expressed as follows:

Δσ{ } � [D]d Δε{ }, (18)

where [Dd] is the tangent damage modulus matrix and is
expressed as follows:

[D]d � (1 − d) Di  + d Dd  − σi  − σd  
zd

zε
 

T

, (19)

where the composition of [Di] and [Dd] is the same and [Di]

can be expressed as follows:

Di  �

Ki +
4
3

Gi Ki −
2
3

Gi Ki −
2
3

Gi 0 0 0

Ki −
2
3

Gi Ki +
4
3

Gi Ki −
2
3

Gi 0 0 0

Ki −
2
3

Gi Ki −
2
3

Gi Ki +
4
3

Gi 0 0 0

0 0 0 2Gi 0 0

0 0 0 0 2Gi 0

0 0 0 0 0 2Gi

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

.

(20)

3. Calculation Model of Pile Displacement

For the interaction between the pile and the soil, there are
many kinds of research methods according to different
research directions; for example, Zhang et al. [18–20] used
the hyperbolic model to describe the relationship between
the pile-soil skin friction and the vertical relative displace-
ment of a single pile and pile groups under vertical load. In
the pile horizontal displacement calculation, the interaction
between the pile and the soil is simplified as a series of
discrete soil springs, and factors such as the soil’s nonlin-
earity, stiffness variation, and stratification are considered.
However, in the calculations, it is assumed that the soil
properties do not change during the deep excavation pro-
cess, but in fact, the process is accompanied by the occur-
rence of soil damage. +erefore, the soil-soil and soil-pile
interactions cannot be represented by a single-spring model,
as shown in Figure 1. +e double-spring model proposed by
Shen [17] can better reflect this relationship.

First, the following three assumptions were made to
establish a computational model:

(1) +e soil of the deep excavation is undisturbed prior
to the excavation.

(2) +e soil spring is a double-spring model, as shown in
Figure 2.

(3) +e soil above the excavation surface of the foun-
dation pit is damaged, while the soil below the ex-
cavation surface is undisturbed.

Based on the above assumptions, during a deep exca-
vation, the soil spring on the side of the excavation is
eliminated with the formation of the excavation surface; that
is, the earth pressure acting on the unexcavated soil is re-
duced. From the stress-strain relationship curve of the
damaged soil [21] (Figure 3), it can be seen that the elastic
modulus of the soil gradually decreases with the increase of
the soil strain. +erefore, the elastic modulus of the soil can
be used to describe the damage to the soil.

From equation (2), it is known that Ei and Ed are the
elastic modulus of the undisturbed soil and damaged soil,
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respectively, where Ei � E0, in which E0 denotes the initial
elastic modulus of the soil. Moreover, Ed � 0, and equation
(2) can be written as follows:

E � (1 − d)Ei. (21)

In equation (21), the damage of the soil is reflected by the
corresponding decrease (1 − d) in the elastic modulus of the
soil as the strain increases. +e equivalent diagram of the
interaction between the piles and the soils is shown in Figure 4.

Based on the results obtained by the previous study of
one of the authors [22], the mixed method was used to
calculate the horizontal displacement of the supporting piles.
+e calculation process of the mixed method considers the
soil damage. Upon analysis, it was revealed that the damage
of the soil leads to the constant change of the elastic modulus
of the soil, which is reflected in the change of the soil spring
stiffness matrix.

3.1. Nonlinear Equations of Overall Structural Equilibrium

[K] δ{ } − P{ } � 0, (22)

where [K] � overall stiffness matrix of the structure,
δ{ } � vector of all node displacements, and P{ } � vector of all
node loads.

3.2. Incremental Load

Δqi  � ΔPi  + Fi  + Ti , (23)

where Δqi , ΔPi , Fi , and Ti  are the load increments
corresponding to the calculation conditions, earth pressure

increment, elimination of the soil spring force, and bolt
prestress, respectively.

3.3. Structural Overall Stiffness Matrix. +e overall stiffness
matrix of the structure consists of the residual soil spring
stiffness matrix [ki] after the excavation, bolt stiffness matrix
[kT], and row pile stiffness matrix [Kz]. Here, the row pile
stiffness is considered the constant stiffness EI.

Ki  � ki  + kT  + Kz . (24)

Here, when considering the soil damage, [kT] and [Kz]

remain unchanged and only [ki] changes. Hence, based on
the discussion in the previous section, it is assumed that the
deep excavation is divided into four parts, as shown in
Figure 4, and thus, the equivalent soil springs can be divided
into four categories: the soil spring eliminated on the ex-
cavation side (zone I), the spring of the damaged soil acting
on the pile above the excavation surface (zone II), the earth
spring acting on the pile body below the excavation face
(zone III), and the soil spring on the pile below the side of the
excavation face (zone IV).

Amongst them, the soils in zones I, III, and IV are
undisturbed soils. +erefore, the soil spring stiffness matrix
can be generated by the soil springs obtained according to
the Boussinesq solution.

+e deformation displacement δ, the soil’s initial elastic
modulus E0, and Poisson’s ratio μ are calculated.

Zone II consists of damaged soil, and its elastic modulus
constantly changes. +erefore, the spring stiffness matrix of
the soil in zone II can be solved as described below.

By substituting equation (21) in
ki � (Fi/δ) � ((biE)/(1 − μ2)ω), the soil spring stiffness
coefficient can be expressed as follows:

σ
E

Figure 1: Single-spring model.

Ed
σ

Ei d

Figure 2: Double-spring model.

σ

ε

E0 Ed

εeεp
o

Figure 3: Stress and strain of damage soil.
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Figure 4: Soil spring equivalent diagram.
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ki �
bi(1 − d)E0

1 − μ2( ω
. (25)

+e damage variable d is calculated using equation (5)
and substituted into equation (25), as follows:

ki �
bie

− mεv− nε2s( )E0

1 − μ2( ω
, (26)

where bi is the length of the pile length, that is, the depth of
action for each equivalent soil spring, and E0 is the initial
elastic modulus of the soil, that is, the elastic modulus of the
undisturbed soil prior to the excavation.

+e stiffness coefficient of each damaged soil spring is
obtained using equation (26).+en, the stiffness matrix [ki]

e
d

of the damaged soil element in zone II is obtained and
transformed into the overall damage stiffness matrix [ki]d.
Finally, the overall stiffness matrix of the structure in
consideration of soil damage is substituted into equation
(24), as follows:

Ki d � ki d + kT  + Kz . (27)

3.4. Pile Displacement Calculation. By substituting the in-
cremental load Δqi  corresponding to the calculation
condition and the corresponding overall stiffness matrix
[Ki] into equation (22), the node displacement δi  under
the load increment of the working condition is solved and
the error of the calculation result is corrected.

After applying all loads of this working condition, the
incremental displacement of the node Δδi  can be calcu-
lated as follows:

KT i Δδi  � − Ψ δi(   � Pi
′  − F δi(  , (28)

where [KT]i � overall tangent stiffness matrix,
Ψ(δi)  � structural unbalanced force, F(δi)  � structural
restoring force, and Pi

′  � total load applied to the sup-
porting structure under this working condition.

Convergence discrimination: if Δδi ≤ αδi, then the
convergence is calculated and the iteration terminates;
otherwise, the structural tangent stiffness matrix is con-
tinuously calculated according to the displacement and the
iteration continues until the convergence criterion is sat-
isfied; α is the specified displacement convergence tolerance
and is considered as 0.1%≤ α≤ 5%.

+e incremental displacement calculated above is
superimposed onto the previous working condition. +us,
the total displacement of the current working condition is
obtained, and thereby, we can obtain the displacement of the
entire structure.

4. Calculation of Surface
Settlement outside of Pit

Presently, the main methods for predicting the surface
subsidence around the foundation pit are the Peck empirical
curve method, formation loss method, reliability method,
stability safety factor method, numerical analysis method,

and time-space effect method [23]. Amongst them, the
formation loss method [24] proposed by Xueyuan Hou has
been extensively used.

4.1. Calculation of Envelope Area Sp of Support Structure
Displacement Curve

Sp � 
n

i�1
δuiΔh, (29)

where δui is the horizontal displacement (mm) at any po-
sition of the supporting structure within the excavation
range of the foundation pit and can be calculated using the
formula given in the previous section and Δh is the length of
the microsegment (m).

4.2. Determination of Envelope Area Sw of Pit Settlement
Curve. According to the basic principle of the stratum loss
method, there exists an empirical relationship between the
envelope area Sw of the surface subsidence curve and the
envelope area Sp of the retaining structure’s displacement
curve:

Sw � mSp, (30)

where m is the empirical coefficient of area correlation and
can take the following values [24]: m � 1.0 is generally
preferable for a deep underground diaphragm wall or col-
umn cast-in-place pile support structure; m � 1.0 ∼ 1.2 is
preferable when the insertion ratio hd/h≤ 0.5, according to
statistical analysis results and experience; and m � 0.8 ∼ 1.0
is preferable when the insertion ratio is hd/h> 0.5.

4.3. Calculation of Ground Settlement. +e surface settle-
ment curve of the pit is assumed to be a skewed distribution
curve, and the function is expressed as follows:

δv(x) �
Sw

(
���
2π

√
)wx

e
− ln x/2xm( )[ ]

2( / 2w2( ), (31)

where δv is the surface settlement for any point outside of the
pit (mm); x is the distance between the settlement point and
the pit’s edge (m); xm is the horizontal distance between the
maximum settlement point and the pit’s edge (m), which is
0.5 ∼ 0.7h for a soft foundation pit and 0.25 ∼ 0.5h [25] for a
complex stratum with better soil quality; and w is the
empirical coefficient for the soft foundation pit, and its
preferred value is 0.6 ∼ 0.7. For the abovementioned com-
plex strata, the empirical coefficients can be obtained directly
from equation (31), provided that the maximum settlement
location xm is known. +e process is described below.

+e first derivative of δv(x) is obtained as follows:

δv
′ (x) � e − ln x/2xm( )[ ]

2( / 2w2( ) −
Sw

(
���
2π

√
)w

·
1/w2( ln x/2xm(  + 1

x2 .

(32)

Let δv
′(x) � 0, at this time, for x � xm. By substituting

this into equation (32), we obtain w � 0.83.
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5. Engineering Example Verification Analysis

5.1. General Situation of Engineering Examples. Figure 5 il-
lustrates the section profile of the retaining wall on the west
side. For the deep excavation of a comprehensive residential
building project, the excavation depth of the foundation pit
is 11m and the total support length is approximately 256m.
+e surrounding environment of the foundation pit is
complex. Pile-row prestressed anchors and composite soil
nails are used to support the foundation pit in segments. +e
west side of the foundation pit is relatively spacious and used
as a green lawn area. In this study, the west side of the
foundation pit was selected as the research object. Hence, the
surface settlement of the foundation pit was calculated using
the proposed method, and the obtained results were com-
pared with actual monitoring observations.

+e west side of the foundation pit is supported by row
piles with prestressed bolts. +e diameter of the row piles is
800mm, the spacing is 2m, and the strength grade of the
concrete is C30. HRB400 steel bars with a diameter of
28mm, spacing of 2m, anchor hole aperture of 150mm,
inclination of 10°, and prestressing force of 100 kN were
selected as the anchor materials. +e other parameters are
presented in Figure 5.

+e soil layers in the depth range of the foundation pit
excavation are complex and include miscellaneous fill, loess
silt, pebble soil, silty clay, fine sand, silty silt, pebble, and
other soil layers. +e soil parameters are listed in Table 1.
During the foundation pit excavation, the groundwater
depth was approximately 20m.

5.2. PLAXIS Simulation Analysis. Considering that various
existing finite element analysis and calculation software do
not consider the damage to the soil mass, PLAXIS 2D was
selected for calculating the engineering examples. PLAXIS
can better simulate the excavation and supporting process
and provide various soil constitutive models. In this study,
the hardened soil model (HS), which can obtain more re-
liable simulation results, was selected for simulation and
analysis.

For the pile-anchor retaining structure, the pile can be
considered a diaphragm wall, according to the principle of
equal stiffness, which is expressed as bh3/12 � πD4/64. As
described in Figure 5, the diameter of the pile was 800mm,
the spacing between piles was 1.2m, and the equivalent
thickness h was 586mm. Here, the meaning of h is different
from the previous meaning. +e reinforced concrete of the
pile was assumed to be a linear elastic material. +e anchor
used a point-to-point anchor to simulate the free section,
and the geogrid element was used to simulate the anchoring
section. +e soil nails were also simulated using geogrid
elements.

+e pit was rectangular and symmetrical along its width
direction, so half size of the pit along its width direction was
selected in this numerical analysis. +e model dimension
was 60× 30m (width× depth). A 15-node triangular element
was used to simulate the soil body, and a plane strain finite
element model was established. +e interface between the

supporting structure and the soil was simulated by the
contact surface unit, which was extended to approximately
1m under the supporting structure. +is allowed the model
to fully deform so as to obtain a more accurate stress dis-
tribution. Moreover, it was assumed that the horizontal
displacements of the left and right boundaries were zero.
Displacement was allowed in the vertical direction, while the
bottom boundary of the model was fixed. +e influence of
groundwater was not considered in the excavation area of
the foundation pit. Medium roughness was set as the texture
of the grids around the piles, anchors, soil nails, pit surfaces,
and soil close to the excavation surface.+e geometric model
and generated mesh are presented in Figures 6 and 7,
respectively.

According to the actual construction conditions, the
contour profiles of the grid deformation and settlement after
the excavation are shown in Figures 8 and 9, respectively; the
displacement is shown at 50-fold magnification. As shown in
Figure 8, the meshing was ideal and the deformation dis-
tribution was reasonable. Additionally, it can be seen that the
surface settlement outside of the pit mainly occurred at the
excavation depth of the foundation pit, at 1-2 times the
distance from the edge of the pit. +e surface settlement
within the action range of the prestressed anchor was ob-
viously smaller compared with that outside of the action
range. +is implies that the application of the prestressed
anchor to the pile-anchor supporting structure of the deep
excavation can improve the properties of the soil behind the
pile and reduce the soil settlement. Finally, the soil settle-
ment was adequately controlled within the excavation area
that was twice as far from the pit’s edge.

5.3. Monitoring Results. Combined with the construction
progress of the foundation pit, the period of monitoring the
surface settlement outside of the pit started from the be-
ginning of the foundation pit excavation and terminated
until the floor mat of the foundation pit was completed. +e
entire monitoring period was 164 days (June 28 to December
8). According to the actual construction conditions, five
stages were considered for monitoring and analysis. +e
monitoring stages are presented in Table 2.

Figure 10 shows that, in the initial stage of the foun-
dation pit excavation, the surface settlement outside of the
pit was small, while the maximum settlement appeared close
to the edge of the pit. As the pit was gradually excavated, the
location of the maximum settlement gradually moved far
away from the pit, and the maximum settlement gradually
increased. After the foundation pit was excavated to the
design elevation, the surface settlement outside of the pit
continued to increase, but the rate relatively slowed down
until the construction of the main floor in the foundation pit
was completed. +e settlement variation tended to be stable.
+e prestressed anchor had obvious control over the surface
settlement outside of the pit, and particularly over the soil
settlement within 5m from the pit’s edge. +e surface set-
tlement of the deep excavation with the pile-anchor sup-
porting structure was approximately 2∼3 times the
excavation depth of the foundation pit. +e maximum
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Table 1: Mechanical parameters of soil.

Name of the soil layer Miscellaneous fill Loess silt Pebble soil Silty clay Fine sand Silty silt Pebble
Layer thickness (m) 1.8 7.2 1.6 4.8 2.5 3.0 >8.2
Density c (kN/m3) 15 16 15 18 18 15 20
Friction angle φ (°) 18 26 30 25 30 6 40
Cohesive force c (kPa) 10 18 0 19 4 10 0
Initial modulus of elasticity E0 (MPa) 23 25 34 28 59 18 172
Poisson’s ratio μ 0.2 0.26 0.21 0.28 0.22 0.32 0.27
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Figure 6: Computational geometric model.
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Figure 7: Finite element meshing.

Figure 8: Mesh deformation.
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Figure 9: Vertical displacement nephogram.
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Table 2: Division of monitoring stages.

Monitoring stage Construction conditions Monitoring date Settlement curve
1 Excavating to − 3m, constructing anchor at − 2m 6.29–7.22 Figure 10(a)
2 Excavating to − 5.5m, constructing anchor at − 4.5m 7.23–8.15 Figure 10(b)
3 Excavating to − 8.5m, constructing anchor at − 7.5m 8.16–9.18 Figure 10(c)
4 Excavating to − 11m, followed by constructing foundation 9.19–11.10 Figure 10(d)
5 Constructing building floor 11.11–12.08 Figure 10(e)
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Figure 10: Continued.
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settlement point occurred at the depth of the foundation pit,
which was approximately 1∼1.5 times the pit edge.

6. Comparative Analysis

+e surface settlement outside of the pit was obtained by
extracting the results obtained with the PLAXIS 2D software
and substituting the parameters in Table 1 into the corre-
sponding formulas presented in this paper. Additionally, the
monitoring settlement data on December 8 were extracted
from Figure 10(e). Figure 11 presents the comparison of
settlement results obtained from these three methods.

By comparing the calculation and monitoring results, it
was found that the surface settlement of the pit simulated in
PLAXIS exhibited a normal distribution curve pattern, al-
though a skewed distribution curve pattern was initially
assumed. As can be seen from Figure 11, the measured
surface settlement curve is generally consistent with the
skewed distribution curve. +us, it is feasible to describe the
settlement of deep excavations using a skewed distribution
curve. +e maximum settlements obtained by the proposed
method, PLAXIS, and measurements were 20.35mm,
16.60mm, and 22.10mm, respectively. +e difference be-
tween the proposed method and the maximum settlement
calculated by PLAXIS was approximately 8% and 25%, re-
spectively. +e maximum settlement points obtained by the
three methods were 10m, 14.8m, and 11m from the pit’s
edge, and the settlement values at 1m from the pit’s edge
were 0.01mm, 2.10mm, and 6.00mm, respectively. Addi-
tionally, the range of surface subsidence calculated using the
proposed method was approximately 0∼32m, while the
range of surface subsidence in the PLAXIS simulation was
approximately 0∼34m. Both results are essentially equal to
approximately 3 h (h is the excavation depth of the foun-
dation pit), which is consistent with the influence range of
surface subsidence in a soft soil area of 2∼4h. +is dem-
onstrates that many factors affect the range of surface

subsidence and that the change in the range of surface
subsidence cannot be ignored in complex soil areas with
poor soil properties.

In summary, the settlement value calculated using the
proposed method was larger than the value obtained by the
simulation. +e maximum settlement point moved toward
the pit’s edge, and the calculated result is closer to the
measured value; thus, it can better reflect the change of the
actual surface settlement. +e surface subsidence curve in
this study does not consider the effect of overload that exists
in most actual projects. +erefore, the overload of the
foundation pit surface settlement in the complex environ-
ment outside of the pit must be further investigated.

7. Conclusion

+is study considered the soil damage during a deep ex-
cavation from the viewpoint of damage mechanics. A deep
soil excavation model considering soil damage was estab-
lished according to existing knowledge, and the surface
settlement curve was assumed. A calculation process for
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solving the surface settlement of a deep excavation was
derived and applied to an actual engineering project. +e
following conclusions were drawn from this study:

(1) During the deep excavation process, the soil damage
affects the distribution of surface settlement to a
certain extent. With the development of soil damage,
the mechanical properties of soil gradually decrease,
which leads to increased settlement and changes in
the direction of the foundation pit.

(2) +e surface settlement distribution curve calculated
using this method was more consistent with the
measured value, compared with the normal distri-
bution curve. +is shows that it is reasonable and
feasible to use a skewed distribution curve to de-
scribe the surface settlement outside of a deep
excavation.

(3) Soil damage is an important factor causing surface
settlement. +us, it is necessary to consider soil
damage when calculating the surface settlement of a
deep excavation. +e method proposed in this paper
can be used as a reference when calculating the
ground settlement for a deep excavation in areas with
similar soil.
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