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Based on a subway station excavation construction project in the soft soil area in Nanjing, an informationized monitoring scheme
was conducted during the construction of excavation, and the theories of displacement prediction were introduced into the
scheme for the evaluation of the horizontal displacement of the retaining structure and the settlement of the surroundings around
the excavation. Based on these theories and the monitoring data, a numerical simulation based on the commercial FEM numerical
analysis software, Midas GTS NX, was conducted to simulate the whole construction process. To handle the large displacement of
the retaining structure observed during the construction, the actual soil layers’ status discovered by excavating, which can reﬂect
the physical characteristics of the soil, the construction condition, and the variation trend of the monitoring data, was used in the
back analysis of the factors that induced the large deformation of the retaining structure, and the analysis result was fed back to the
countermeasurement organization and design such as erecting temporary steel strut. The eﬀectiveness of these measurements in
the aspect of the reduction of the deformation rate was veriﬁed, which can provide reference to the design and construction of a
similar project in soft soil area.

1. Introduction
In recent years, to make full use of underground spaces, the
scale of excavations was designed to be deeper and deeper
and larger and larger, there are many diﬃculties and risks in
the construction of these excavations, and the demand for
the deformation control is more and more strict; thus, it is
important to informationize the monitoring scheme of these
excavations and predict the deformation of the retaining
structure and the surrounding soil in these excavations. To
make the informationization of the monitoring scheme
come true, the present theories of ground settlement and
numerical simulation should be used to predict the deformation of the retaining structure and surroundings around
excavations, and the construction scheme should be modiﬁed based on the feedback from the real-time monitoring;
in other words, the informationization of the excavation
scheme requires the combination of present theories, numerical analysis, and real-time feedback from the

construction ﬁeld [1–8]. And many studies have been
conducted on the application and applicability of numerical
analysis software on actual project [9–12] and the studies of
the mechanical responses of rock and soil under diﬀerent
work conditions [13–15].
Many studies on ground settlement and the deformation
of retaining structure have been carried out by previous
scholars. Peck proposed an empirical formula to estimate the
ground settlement by analyzing a great amount of excavation
construction projects in Chicago, Oslo, and many other
areas and summarized the horizontal displacement of the
retaining structure and ground settlement data in diﬀerent
geological conditions and diﬀerent retaining structures. In
this formula, the soils were divided into three types
according to their hardness; the softer the soil is, the larger
the settlement and the area inﬂuenced will be [16]. Based on
the monitoring data from seven excavation construction
projects, O’Rourke analyzed the ratio relationship of the
horizontal displacement of the retaining structure to the
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vertical displacement of the surface ground and the inﬂuences of diﬀerent measurements in the whole construction
process such as dewatering measurement which was conducted before the excavation construction, the erection of
steel strut which was conducted during the construction,
and the construction of the overground structure after the
excavation construction on the deformation of the soil [17].
By analyzing the monitoring data in thirty-ﬁve open cut
excavation projects in the ﬂoodplain soft soil area in
Nanjing, Wan et al. found that the maximum horizontal
displacement of the retaining structure was 0.05%–0.69% of
the excavating depth, which is far over the control value of
the adopted code [18]. Zhang and Li and Chen et al. studied
the retaining structure failure accident of the Xianghu
Station which is a metro station on Hangzhou metro line 1
and found that there were several human errors made by
designers, constructors, and the third party monitoring
company of the project that caused the appearance of the
tragedy: the retaining structure that was not designed to
embed in the hard plastic soil layer was one of the reasons
that induced the stability failure of the retaining structure;
the soil was over excavated and the soil at the bottom of the
excavation was not eﬀectively strengthened according to the
designers’ requirements, which caused soil disturbance at
the bottom of the excavation and ﬁnally induced serious
ground collapse; the third party monitoring company did
not issue a warning to the constructors and the designers,
while the maximum settlement had reached 316 mm and did
not conduct a real-time evaluation of the stability of the
excavation [19, 20].
Based on the previous studies, in this paper, the regularity of the variation of deformation of the retaining
structure and the ground settlement of surroundings around
excavation in the ﬂoodplain soft soil area in Nanjing was
analyzed, a strength reduction numerical model of the excavation was established to evaluate the deformation and
displacement, and both the numerical analysis result and the
monitoring data were used to verify the applicability of the
present theories of the ground settlement and deformation.
These works can not only provide eﬀective feedback to the
designers and constructors of the excavation in time but also
provide important reference to the design, construction, and
study of similar projects.

2. Theories of the Deformation of Excavations
2.1. Peck’s Empirical Theory. Based on a great amount of
monitoring data from diﬀerent excavation construction
projects, Peck proposed empirical formulas of the ground
settlement of surrounding around excavations [16]; in Peck’s
theory, according to the diﬀerence of the retaining structure
and the geological conditions, the ground settlement of the
surroundings was summed up to three types, which were
corresponded to the settlement range of area I, area II, and
area III given in Figure 1. The three settlement ranges can
present three conditions, respectively: ﬁrstly, the soil was
sand or stiﬀ clay; secondly, the hardness of the soil was soft to
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very soft; thirdly, a thick soft clay layer was under the excavating surface, while the stability coeﬃcient Nb is larger
than the critical stability coeﬃcient for the upheaval of the
bottom soil of the excavations, Ncb. Peck’s empirical formula
was widely used before when the retaining structure was
simple and the requirement of the deformation control was
not too strict; however, as the retaining system is being more
and more complex and the requirement of surrounding
environment protection is being more and more strict,
Peck’s empirical formula is no longer suitable for those large
excavation construction projects.
To make Peck’s empirical formula suitable for more
kinds of retaining structure and more geological conditions,
many scholars had modiﬁed the formula; among them, the
formula modiﬁed with the coeﬃcient K can be used in the
real project and have been widely used; the modiﬁed formula
is as follows:
θ � 10 × K × μ × H(mm).

(1)

In this formula, θ represents the ground settlement; K
represents the modiﬁed coeﬃcient, for diaphragm wall; K is
equal to 0.3, for soldier pile wall; K is equal to 0.7, for steel
sheet pile wall; K is equal to 1.0,; μ represents the ratio of the
ground settlement to the excavating depth; H represents the
excavating depth.
2.2. Modiﬁed Stratum Compensation Theory. To analyze the
deformation of the retaining structure and the surroundings
around excavation, Yang et al. [21] and Yin [22] modiﬁed
the stratum compensation theory based on the experience of
a great amount of excavation construction; they supposed
that the deformation of the retaining structure and the
surroundings around excavation consisted of triangular
region and concave region as shown in Figure 2. In Figure 2,
δ0 represents the maximum horizontal deformation of the
top of the retaining wall, He represents the excavation’s
depth, and Ha represents the distance between the ﬁxed
point and the bottom of the excavation. Suppose that the
ﬁxed point is the intersection of the extended line of the line
connecting the maximum displacement point of the
retaining wall and the bottom of the retaining wall after the
occurrence of the displacement of the retaining wall and the
extended line of the retaining wall before the occurrence of
the displacement of the retaining wall. The distance between
the intersection and the bottom of the retaining wall represents the inﬂuence depth of the soil, and the distance
between the intersection and the top of the retaining wall
represents the depth of the ﬁxed point.
2.2.1. Calculation of the Triangular Region. Figure 3 illustrates the calculation method of the triangular displacement
ﬁeld of the retaining wall and surroundings around excavation. Equation (2) shows the relationship between depth
and horizontal displacement in triangular displacement
region of the retaining structure.

Settlement/
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Figure 1: Peck’s empirical curves.
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Figure 2: Illustration of the displacement ﬁeld of the excavation.
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Figure 3: Illustration of the calculation method of the triangular displacement region.

δw1 � fw1 (z) � δ0 · 1 −

z
.
Htotal

(2)

In the same way, the vertical displacement δv and
horizontal displacement δh of the surroundings around
excavation can be calculated with
������
2
2
⎝1 − x + z ⎞
⎠.
δh1 (x, z) � δv1 (x, z) � δ0 · ⎛
Htotal

(3)

The vertical displacement of the point of the surface
ground outside the excavation can be calculated with

δh1 (x, z)|z�0 � δv1 (x, z)|z�0 � δ0 · 1 −

x
.
Htotal

(4)

2.2.2. Calculation of the Concave Region. In the stratum
compensation theory proposed by Peck, it was supposed that
the total volume of the soil behind the retaining structure
would not change, so that the envelope area of the displacement curve of the surroundings around the excavation
is equal to the envelope area of the displacement curve of the
retaining structure; their relationship is illustrated in
Figure 4.
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Figure 4: Illustration of the calculation method of the concave region.

Supposing that the equation of the displacement curve of
the concave region was δw2 � fw2(x,z), Yang et al. introduced the modiﬁed coeﬃcient of volumetric shrinkage α
into the equation to modify the stratum compensation
theory, and the circular arc sliding method was changed to
elliptical arc sliding method. The vertical displacement and
horizontal displacement can be calculated, respectively, by
���������
z
δh2 (x, z) � fw2  (αx)2 + z2  · ���������,
(5)
(αx)2 + z2
���������
x
δv2 (x, z) � fw2  (αx)2 + z2  · ���������.
(αx)2 + z2

αmax � 0.32ϕ + 0.41n + 1.3.

1
· f (αx),
α w2

(9)

and with these equations, the total displacement of the
surface of the surroundings around excavation can be calculated with
δv � δv (x, z)|z�0 � δ0 · 1 −

x
1
 + · fw2 (αx),
Htotal
α

(10)

δh � δh (x, z)|z�0 � δ0 · 1 −

x
.
Htotal

(11)

(6)

The modiﬁed coeﬃcient of volumetric shrinkage α can
be calculated with
α 0 − αmin x
α � αmax − max
,
(1 + η)H0

δv2 � δv2 (x, z)|z�0 �

(7)
(8)

In these equations, αmin ranges from 1.1 to 1.2, η represents the eﬀective coeﬃcient of the depth of the soil at the
bottom of the retaining structure which is the ratio of the
inﬂuence depth of the soil under the bottom of the retaining
wall to the depth of the retaining wall, x represents the
horizontal distance between the point been calculated and
the retaining wall, z represents the depth of the point been
calculated, φ represents the internal friction angle of the soil
behind the retaining structure, n represents the eﬀective
coeﬃcient of the depth of the application point, and the
value of n is supposed to be 0.7 in most conditions.
According to equations (5) and (6), the concave displacement of the retaining structure would not induce
horizontal displacement of the surroundings around excavation, so that the vertical displacement of the surface of the
surroundings around excavation (z � 0) can be calculated
with

3. A Case Study of Informationized
Monitoring Scheme
3.1. Engineering Proﬁle. The project studied in this paper was
the phase I project of deep excavation of a subway station in
Nanjing; this excavation is located in the ﬂoodplain area of
Yangtze River which is mainly composed of soft soil area.
The subway station is an underground double-deck station
with island platform, and the total length of the excavation of
the phase I project is 140 m. The width of the typical section
of the excavation is 20.1 m, the width of the partition wall on
the excavation side is 20.1 m, the width and length of the
shield shaft on another side are 24.5 m and 14 m, respectively, the ratio of the length to the width of the typical
section is 6.3 : 1, the depth of the excavation ranges from
15.5 m to 16.2 m, the excavation was constructed from south
to north and from top to bottom, and the erection of the
strut would be conducted with the excavating process. There
are a lot of building and municipal pipelines in the surroundings around the excavation.
3.2. Geological Condition. In the aspect of topography, the
subway station is located on a col landform area between two
terraces; in this area, the elevation ranges from 12.23 m to
16.30 m, the terrain is slightly ﬂuctuating, and the elevation
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of this area is decreasing from north to south. Figure 5 illustrates the soil layer been traversed by the subway station.
The bottom of the subway station mainly lied on the clayey
silt layer ②-3c2-3, silty clay layer ②-3b2-3, and silty clay
layer ③-1b1-2, the soil layer at the bottom of the subway
station ﬂuctuates, and the physical parameters of these soils
are very diﬀerent, which means that the foundation of the
subway station is an uneven foundation. As shown in
Figure 5 and Table 1, the physical parameters of the miscellaneous ﬁll soil and those soft soil are poor, and some of
these soft soils contain a lot of humus, some of these soft soils
were of soft plastic state, others were of ﬂow plastic state, and
all of these soft soils have high compressibility and poor
strength and are easy to be disturbed which would induce
uneven settlement and the failure of the retaining wall. Due
to the poor geological condition, the construction in these
soil layers was diﬃcult.
3.3. Informationized Monitoring Scheme. As the construction period of the excavation of subway station is long and
the strength of the soil around the excavation is poor while
there are many buildings, main road and underground
structures need to be protected during the construction of
the excavation; to handle these adverse factors and make
sure of the safety of the construction of the excavation and
surroundings around the excavation, the monitoring scheme
should be informationized to fulﬁll these requirements.
The process of the informationized monitoring scheme is
shown in Figure 6. In this scheme, the trend of the deformation of the excavation would be analyzed based on the
real-time monitoring data from the construction ﬁeld, then
these analysis results would be used in the back analysis
based on numerical analysis method, and the back analysis
result would be used to optimize the construction method.
There are several monitoring objects in the construction
monitoring stage, such as the horizontal displacement of the
retaining structure, the settlement of the surroundings
around the excavation, the vertical and horizontal displacement of the top of the retaining pile, the variation of the
water level, and the variation of the axial force of the
reinforced concrete strut and steel strut.
In this paper, to explain the process of the informationized monitoring, the inclination measurement of the
retaining pile and the settlement measurement of the surface
ground were used in the following analysis.
3.3.1. Analysis of the Horizontal Displacement of the
Retaining Piles. In the phase I project of the subway station,
the form of the horizontal displacement of both the retaining
pile and the soil is like a bow, which means that the displacement of the top and the bottom is small, while the
displacement at the middle is large, and this form of displacement is basically in agreement with the theory of
combined displacement proposed by Clough and Tsui [23].
To study the variation of displacement of the retaining pile
during the whole process of the excavation construction, the
monitoring data in diﬀerent construction stage of the
monitoring points ZQT32 and ZQT08 which have the
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largest accumulated displacement among all the monitoring
points were used in the following analysis. Figure 7 shows
the displacement curves of both monitoring points.
As shown in Figure 7, the retaining pile was constantly
deforming toward the inside of the excavation along with the
increasing of the pressure diﬀerence between the outside and
inside of the excavation which mainly consists of the soil
pressure diﬀerence caused by excavating and the dewatering
inside the excavation. And the horizontal displacement of
the retaining piles was increased with the excavating depth.
According to the displacement curves of ZQT08 and
ZQT32, when the excavating depth came to 6 m, the
maximum horizontal displacement toward the inside of the
excavation of both monitoring points occurred near the
excavating surface, and the maximum horizontal displacement at this stage was close to 40 mm, the control value of
the adopted code. When the excavating depth came to 10 m,
the horizontal displacement of both piles increased by
10 mm–15 mm. When the excavating depth came to 13 m,
because the fourth steel strut (from top to bottom) was not
erected in time, the maximum horizontal displacement of
the piles increased to 160 mm which was far over the control
value mentioned above. When the excavating came to the
bottom line of the excavation, although the footwall had
been poured and constructed on time, the horizontal displacement of the two monitoring points still increased by
20 mm–30 mm, and the depth of the maximum horizontal
displacement point tended to be stable. The construction of
the main structure of the subway station began immediately
after the excavating stage ﬁnished; during the ﬁnished excavating stage to the ﬁnished construction of the main
structure of the subway station, due to the redistribution of
the stress of the retaining piles induced by the removing of
the steel strut, small displacement of the retaining piles was
monitored. Although ZQT08 and ZQT32 were on the same
monitoring and their displacement was very close not only
to the displacement curve but also to the value of the displacement, there were some diﬀerences between them. The
displacement toward the inside of the excavation of the
bottom of ZQT08 was over 80 mm and larger than that of the
ZQT32, which was a typical “kicking displacement,” while
the displacement toward the inside of the excavation of the
bottom of ZQT32 was small and tended to be stable since the
excavation depth came to 6 m. As the two retaining piles
were on the same section along the length direction of the
excavation, which means that the construction schedules of
them were almost the same so that it could be deducted that
the soil distribution and the soil strength of both sides of the
excavation were diﬀerent, and the soil strength of the bottom
of the retaining pile ZQT32 was too poor to completely
restrict the displacement of the bottom of the retaining pile.
The horizontal displacement of both of the two monitoring points was very large, and the ﬁnal maximum horizontal displacement of both was increased to 430% of the
control value of the adopted code, especially when the excavating depth came to 13 m and the horizontal displacement came to 160 mm, which was very unusual. By
analyzing the geological conditions and the construction
process of this section, the reason for the unusual
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Figure 5: Geological proﬁle of the excavation.
Table 1: Physical parameters of the soil.
Soil layer
number
①-1
②-1b2-3
②-1c3
②-2b3-4
②-3c2-3
②-3b2-3
③-1b1-2
③-2b2
③-3b1-2
③-3d2
③-4b1-2
③-4e1-2
K1g-2
K1g-3n
K1g-3s
K1g-3s’
K1g-3s-1

c (kN/m3 ) E (MPa) c (kPa) φ(○) K (10e− 5 m/s)

Soil type
Miscellaneous ﬁll
Silty clay
Clayey silt
Silty clay
Clay silt
Silty clay
Silty clay
Silty clay
Silty clay
Silty sand with silt
Silty clay
Gravel-bearing silty clay
Strongly weathered sandstone and mudstone
Moderately weathered sandy mudstone
Moderately weathered argillaceous sandstone
Moderately weathered argillaceous sandstone (broken)
Moderately weathered argillaceous sandstone with soft
interlayer

17.5
18.7
19.2
17.5
19.0
19.4
19.4
19.0
19.5
20.1
19.3
19.5
22.0
25.0
24.5
24.5

4.8
5.94
8.55
3.85
8.13
6.27
7.59
6.84
8.69
7.09
7.76
—
—
—
—
—

18.5
22.0
12.0
11.0
13.0
21.0
35.0
32.0
52.0
18.0
32.0
28.0
41.0
260.0
400.0
200.0

22.6
16.6
20.0
12.1
20.0
21.0
20.1
19.6
22.1
16.8
17.8
30.0
30.0
35.0
38.0
35.0

0.5
0.3
0.003
0.035
0.003
0.4
3
0.4
2
2
—
—
—
—
—
—

23.0

—

150.0

32.0

—

c � bulk density, E � elasticity modulus, c � cohesive force, φ � internal friction angle, and K � hydraulic conductivity.

Optimize construction
methods

Construction design

Revise the model
Adjust the parameters

Construction

Back analysis

Construction
monitoring

Figure 6: Illustration of the process of informationized monitoring scheme.

displacement was as follows: on the one hand, the soil layer
6 m–13 m below the bottom of the excavation mainly
consisted of muddy silty clay and the strength of this soil was
poor, which means that soft clay creep would probably occur
in this soil layer when the soil has been disturbed by the
construction of the excavation, and this reason can also be
deducted from the deformation lag of the retaining

structure; on the other hand, overbreak was found in the
construction of this section and both depth and area of the
overbreak were large, while the steel struts were not erected
on time, the excavation has been exposed too long, and all
these factors ﬁnally induced the unusual large displacement.
The relationship between the depth of the maximum
horizontal displacement point and the excavating depth is
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Figure 7: Horizontal displacement curves under diﬀerent construction stages. (a) ZQT08. (b) ZQT32.

shown in Figure 8. The depth of the maximum horizontal
displacement points was range from H − 5 to H + 2.5 (H
means excavating depth) which can meet the requirement of
the adopted code of Nanjing that the depth should range
from H − 8.8 to H + 4.5. The depth of the maximum horizontal displacement point was increased with the increase of
the excavating depth. After the ﬁnish of the end of the
excavating stage, the depth of maximum horizontal displacement points of all monitoring points ranged from 10 m
to 13 m, and all these points were between the third steel
strut layer and the fourth steel layer.
3.3.2. Analysis of the Vertical Displacement of the Surface
Ground. The surface ground settlement curves of excavation
construction can be summed up to triangular curve and
groove curve [24–29]. The triangular curve always occurs in
those excavations that have been excavated without the
erection of strut, while the groove curve always occurs in
those excavations that have been excavated with the erection
of the strut system. Figure 9 shows 8 sets of monitoring data
from 8 monitoring sections, respectively. It was shown that
the settlement of both ends of those sections was small, while
the settlement of the middle of those sections was large,
which was exactly the characteristic of the groove curve. The
impact zones in the surroundings around excavation of the
excavation construction are also shown in Figure 9. The area
that has been covered by the settlement curve of this

excavation is wider than those that have been covered by
Hsieh’s curve, Ou’s curve [30], and settlement prediction
curve of Shanghai area [31]. Soft soil is also widely distributed in Shanghai area; although the characteristics of soft
soil in Nanjing and Shanghai are very close, there are some
diﬀerences between the physical parameters of the soft soil in
the two areas. Compared to the soft soil distributed in
Shanghai area, the soft soil in Nanjing area has a little larger
liquid and plastic limit water content and void ratio and a
little smaller compressive coeﬃcient and inner friction
angle. According to the monitoring level of the excavation
which can be determined by the adopted code, the width of
the monitoring area of this excavation ranges from
2H to 2.5H (H represents the excavating depth), while the
width of the impact zone been observed was far over 2H,
which means that the inﬂuence of the excavation construction on the surroundings around excavation was
underestimated in the design of the excavation.
The maximum surface ground settlement was increasing
with the increase of the horizontal displacement of the
retaining structure; the ratio of the maximum surface
ground settlement δvm to maximum horizontal displacement δhm ranges from 0.2 to 1.6, which is in agreement with
this ratio in Nanjing area summed up by Xu et al. which
ranges from 0.09 to 0.35 [32]. Meanwhile, the ratio ranges
from 0.2 to 1.6 under every excavating stage, and it can be
supposed that the relationship between the maximum
surface ground settlement and maximum displacement of
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Figure 8: Relationship between the depth of maximum horizontal displacement point and excavating depth.
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Figure 9: Settlement curves.

retaining piles was stable. So that the displacement in the
later construction stage can be predicted by the relationship
concluded in the early construction stage. And in this excavation, the settlement curves of the surroundings around
the excavation were similar to the displacement curves of the
retaining structure, which can verify the applicability of the
modiﬁed stratum compensation method mentioned previously; thus, it was reasonable to apply the stratum compensation theory to deduct the surface ground settlement
curve from the horizontal displacement curve of the
retaining structure. When the unusual displacement is
recorded in the monitoring data, the validity of the

monitoring data can be veriﬁed by the comparison of the
horizontal displacement of the retaining structure and the
surface ground settlement, while the displacement of the
retaining structure in the following construction can be
predicted by numerical simulation and the formula of the
surface ground settlement can be deducted through the
curve ﬁtting of the horizontal displacement curve of the
retaining structure.
There were 117 surface ground settlement monitoring
points set in the monitoring scheme, 95 eﬀective monitoring
points remained after screening out of those monitoring
points with unusual monitoring data or have been destroyed
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during the construction process. Figure 10 illustrates the
probability distribution of the ﬁnal vertical displacement of
the 95 monitoring points. The number of monitoring points
of settlement in the range of 10–20 mm accounts for 21.05%
of the total monitoring points, which is the section with the
highest proportion; 22.11% of the 95 monitoring points have
a maximum settlement over 100 mm, including 4 monitoring points with the maximum settlement over 180 mm;
the largest ﬁnal settlement of them came to 255.1 mm.
In the early stage of the excavation construction, as the
excavating depth was small, the displacement of the monitoring points was still kept at a small level. Upheaval even is
observed in some monitoring points due to the great support
force from the reinforced concrete strut. With the progress
of the construction and the increase of excavation depth, the
settlement was also increasing, but the increase rate of the
settlement was smooth in this stage and gradually
approaching the control value. Then, when the construction
came to the depth between the second steel strut and the
third steel strut, the increase rate of the settlement increased
and the maximum settlement occurred on the monitoring
points 12 m away from the edge of the excavation; the accumulated settlement of part of these points reached
200 mm. With the end of the excavating stage and the
construction of the footwall, the variation of surface ground
settlement tends to be smooth.
3.4. Numerical Simulation of the Whole Construction Process.
To alleviate the large displacement of the retaining structure,
a numerical simulation was conducted based on the geotechnical exploration report and the blueprint of the excavation through the commercial geotechnical numerical
analysis software Midas GTS NX. The analysis result would
be used to compare with the control value of the adopted
code and the monitoring data from the construction ﬁeld to
verify the appropriateness of the design and analyze the
characteristic of the displacement occuring in the construction of this excavation.
The inﬂuence of dewatering and spatial eﬀect was also
taken into consideration of the simulation; Modiﬁed MohrCoulomb (MMC) constitutive model was applied to the soil
material of the three-dimensional numerical model which
needed 11 physical parameters of the soil; among the 11
parameters, the secant stiﬀness in triaxial test represented by
E50ref, the tangential stiﬀness primary oedometer test loading
represented by Eoedref, and the Elastic Modulus at unloading
represented by Eurref are the key parameters and have a great
inﬂuence on the calculation result. The determination of the
three parameters depends on the empirical formula; E50ref
ranges from 0.9 times of Es1-2 to 1 time of Es1-2 which was
usually provided by geotechnical exploration report, for the
sandy soil, E50ref is equal to Eoedref, Eurref ranges from 3 times
to 5 times of E50ref, when it comes to clayey soil, E50ref ranges
from 3 times to 5 times of Eoedref, and Eurref range from 4
times to 6 times of E50ref. As shown in Figure 11, the width of
the end shaft of the excavation is 24.5 m, the width of the
typical section is 20.1 m, the total length of the excavation is
140 m, the excavating depth of the end shaft is 15.5 m, and
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the excavating depth of the typical section is 15.5 m. To
analyze the inﬂuence of excavation construction on surroundings around the excavation, the area from the edge of
the excavation to 3 times of excavating depth away from the
edge was also included in the model. The numerical model is
260 m in length, 141 m in width, and 50 m in depth.
To simulate the construction stage by stage and make the
simulation as close to the actual construction as possible,
displacement restriction and hydraulic boundary condition
were applied to the model according to the actual construction condition, soil excavating was simulated by the
deactivation of the numerical mesh group concerned, the
construction of the strut system was simulated by the activation of the numerical mesh group of the strut structure
concerned, the dewatering process was simulated by the
activation of the phreatic level under the excavating face, and
the variation of the stress, strain, displacement, and deformation of the soil and the structure under this phreatic
level would also be simulated before the simulation of the
next excavating stage; the whole construction process was
simulated in this method stage by stage.
According to the result of numerical simulation, the
displacement of the retaining structure was large at the
middle and small at both ends which had reﬂected the spatial
eﬀect. The maximum horizontal displacement of the
retaining structure occurred at the middle of the excavation
in the length direction, and the value of it was 27.8 mm,
which is under 40 mm, the control value mentioned previously. The maximum settlement also occurred in the
middle of the long side of the excavation, and the settlement
curve from the edge of the excavation to the edge of the
numerical model was very close to the groove curve mentioned in Section 3.3.2. The maximum settlement was
39.2 mm which was very close to 40 mm, the control value.
The horizontal displacement of the retaining structure of
the excavation was an important indicator of the evaluation
of the safety of the excavation, and the surface ground
settlement was an important indicator of the evaluation of
the safety of the surroundings around the excavation. The
analysis result shows that the design of the excavation can
meet the requirement of the adopted code; the form of the
displacement curve in the numerical simulation was also
similar to that of the monitoring data; however, the value of
the monitoring data was far over that of the analysis result,
which means that, to gain the simulation result close to the
reality, the parameters of the numerical model should be
modiﬁed by back analysis based on the monitoring data.
3.5. Back Analysis. Previous studies showed that the main
reasons for the unusual large displacement were the deterioration of the strength of the soil during the excavation
construction, the stiﬀness reduction of the retaining
structure, and the local overbreak in the construction
process; the back analysis focusing on these reasons was
conducted based on monitoring data.
According to the construction condition and the surrounding condition, it was found that the ﬁlling coeﬃcient
of the retaining piles was high during the construction
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Figure 10: Probability distribution of the surface ground settlement.
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Figure 11: Numerical model of the excavation.

period, many retaining piles intruded into the soil over the
design boundary, and the elimination of these portions of
the retaining piles and the erection of the strut took too
much time, which induced the reduction of the strength
provided by the retaining piles. Based on the experience
from similar projects, the strength of the retaining piles was
decreased to 70%–90% of the design strength.
During the excavation construction, heavy precipitation
occurred in Nanjing area in July 2020 to handle the
waterlogging of the excavation; constructors were pumping
out the water from the excavation during the heavy precipitation period. The retaining piles were exposed in the
following construction in early August, the exposure shows
that the piles did not lock each other very well, and a small
volume of mud and water even can traverse some intervals
between the piles. It is shown that, during the long time of
water pumping, some ﬁne soils were also dragged out by
water, which induced the large margin reduction of the soil

strength. It was supposed that the soil strength was decreased to 20%–40%.
Simulating with diﬀerent strength parameters that have
been deteriorated again and again, it was found that the
analysis result was close to the monitoring data when the
strength of the retaining pile decreased to 75% of the design
strength and the strength parameters of the soils decreased
to 30% of the parameters before. And some modiﬁcations of
the simulation were conducted based on the construction
conditions: the preaxial force of the steel strut was increased
by 250 kN; the overbreak of the fourth construction section
and ﬁfth construction section was set to 2 m. The comparison between the ﬁnal simulation result and monitoring
data of ZQT08 in diﬀerent construction stage is shown in
Figure 12(a). It was shown that the displacement curve of
numerical simulation and monitoring data were very close.
The analysis result from the same strength parameters deteriorated the numerical model of ZQT01, which was in the
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Figure 12: Horizontal displacement of ZQT08 under diﬀerent conditions. (a) ZQT08. (b) ZQT01.

end shaft section, shown in Figure 12(b), and it was also very
close to the monitoring data. To some extent, the two
comparisons between the numerical analysis result and the
monitoring data had veriﬁed the applicability of the
informationized monitoring scheme in this paper which
evaluated the stability of the excavation dynamically based
on numerical analysis and monitoring data.
To verify whether the displacement of the bottom of the
ZQT08 can meet the requirement of the adopted code under
the work condition based on the blueprint and the geotechnical exploration report, a numerical simulation was
conducted and the displacement of the bottom of the
retaining pile in the simulation result is shown in Figure 13.
Although the displacement of the bottom of the retaining
pile was smaller than the control value in the adopted code,
the displacement of the bottom of the retaining pile was
relatively large. In the monitoring data, the displacement was
60% of the maximum displacement of the retaining pile, the
simulation result showed that the displacement was 51% of
the maximum displacement, and displacement of the bottom of the retaining pile can also be found in Figure 12,
which means that such displacement in simulation was in
accordance with the actual situation and the analysis result
would be considerably unsafe when the dewatering measurement was taken into consideration.

3.6. Feedback to the Construction Organization Design.
Based on the numerical back analysis, it was veriﬁed that the
reasons for the unusual large displacement of the excavation
are the deterioration of the physical-mechanical parameters
of the soil and the retaining structure and local overbreak in
the construction process. The analysis result was fed back to
the designers and constructors and referenced for the
modiﬁcation of the construction scheme. Some of the
modiﬁcations were as follows.
3.6.1. Temporary Steel Strut Erection. The excavating work
was stopped when the constructor received the warning
notiﬁcation, and the emergency strength measurements for
the excavation were conducted. Steel strut was erected near
the depth of the maximum horizontal displacement point
which was between the third steel strut and fourth steel strut;
thus, the vertical distance between the steel strut was decreased to 1.5 m from 3 m. Consider that relatively large
displacement has been observed in the following construction section while the thickness of the muddy silty clay
with poor physical-mechanical parameters was thicker so
that the vertical distance between the third steel strut and
fourth steel strut of the following construction stage was
also modiﬁed to 1.5 m from 3 m. The prestressing of steel
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Figure 13: Horizontal displacement of the ZQT08 in the simulation under the work condition based on the blueprint and geotechnical
exploration report.

strut should also be made sure of during the erection of the
steel strut.
3.6.2. Overbreak Prohibition. To ensure the safety of the
following construction, the adopted code should be strictly
obeyed in the following construction, the excavating work
should be conducted with small-sized excavator or long
reach excavator after the erection of the strut and strictly
obey the construction scheme, and overbreak should not
occur in the following construction.
3.6.3. Optimization of the Division of the Construction
Section. The optimization of the division of the construction
section was aimed at shortening the construction time of the
footwall of every construction section which can shorten the
exposure time of the bottom of the excavation and reduce
the horizontal displacement of the retaining structure. The
construction section was divided according to the position of
the construction joint in the blueprint, and the length of the
fourth and ﬁfth construction sections was 25.3 m and 26 m
which were relatively longer. In the optimization scheme, the
two construction sections were divided into three construction sections.
Eighty percent of the excavating work had been completed when the unusual large displacement of the retaining
structure was observed in the monitoring data, but no

evidence could be found in the monitoring data, which can
deduct the appearance of the unusual large displacement,
taking the excavating schedule and the characteristic of the
soft soil into consideration. It was supposed that the reason
for the sudden appearance of the unusual large displacement
was the rheological properties of the soft soil which means
that progressive deformation of the soil would appear once
the soil has been disturbed or the stress status of the soil has
been changed. In other words, the displacement of the
retaining structure was induced by the deformation and
displacement of the soil, while the progressive deformation
of the soil was induced by the excavating construction which
would disturb the soil and change the stress status of the soil;
thus, the displacement of the retaining structure was lag
behind the excavating construction. To solve this problem,
the steel strut should be erected in time and the emergency
measurements should be strictly conducted in the time
window.
After the modiﬁcations above were conducted, the increase rate of the displacement of the retaining structure ﬁnally decreased to 1 mm/d and did not increase over the
control value anymore in the following construction stages.
As shown in Figure 14, the numerical analysis result based on
the physical parameters deteriorated numerical model
showed that the strength measurements can restrict the
displacement of the retaining structure eﬀectively, as the
displacement of the retaining structure in the simulation
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Figure 14: Illustration of the displacement in the direction of axis Y in the section of ZQT08. (a) Work condition with conducting strength
measurements. (b) Work condition without conducting strength measurements.

under the work condition with the conducting of strength
measurements was smaller than the one under the work
condition without the conducting of strength measurements.
The maximum horizontal displacement of ZQT08 under the
work condition with the conducting of strength measurements was 190.4 mm, and the value would increase to
221.9 mm under the work condition without the conducting
of strength measurements. In other words, according to the
numerical analysis result, with the conducting of the strength
measurements, the displacement of the retaining structure
would be decreased by 16.5%. And the monitoring result of
the following construction showed that the maximum horizontal displacement of ZQT08 was 198.1 mm, and the displacement curve in the monitoring data was very close to that
of the analysis result, which reﬂected the applicability of the
numerical model. If the large displacement of the retaining
structure was not predicted by the analysis and the retaining
structure strengthen measurements were not conducted, local
failure of the retaining structure would have occurred. The
comparison of the monitoring data of the retaining structure
in the following construction and the numerical analysis

result had shown the importance and necessity of the application of the informationized monitoring scheme in the
construction process.

4. Conclusion
(1) The informationized monitoring scheme of the excavation construction is one of the critical measurements to guarantee the safety of the excavation
construction which can provide early warning for the
risks occurring in the construction process in time
and provide key information for the elimination of
the risks. So that the informationized monitoring
scheme should be used in the prediction of the
displacement of the excavation and the surroundings
around the excavation and the veriﬁcation and
modiﬁcation of the design of the excavation. To those
excavations that have made unusual displacement or
other risks, it is suggested that the monitoring data of
them should be used in the back analysis of the
strength parameters concerned, and veriﬁcation of
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the applicability of the design and the construction
scheme based on the comparison among the back
analysis, monitoring data, original design, and
geotechnical exploration report should be
conducted.
(2) Peck’s empirical formula and the modiﬁed stratum
compensation method were deducted from the
analysis of a great amount of excavation construction
project, and the applicability of both of the two
methods had been veriﬁed by many other projects;
however, the two methods are not completely suitable for all excavation construction project, and both
of the methods need to be modiﬁed; to take the
unique geotechnical conditions of the excavation
into consideration and calculation, mutual geotechnical numerical analysis software would be a
better choice, and the analysis result would be closer
to the monitoring data compared to the result of the
two methods.
(3) This paper presents a case study of a deep subway
station excavation construction project in soft soil
area in Nanjing. The horizontal displacement and
surface ground settlement in this project were far
over the control value of the adopted code, the
horizontal displacement of the retaining pile ranged
from 0.35% to 1.5% of the excavating depth, the
maximum surface ground settlement point was
about 12 m away from the edge of the excavation,
which is close to the depth of the maximum horizontal displacement points of the retaining structure,
and the form of the settlement curve is in agreement
with the settling trough in Peck’s theory.
(4) The total displacement induced by factors of construction cannot be seen as the summation of the
displacement induced by each single factor, as there
is a strong relationship between these factors, for
example, because the concrete intruded into the soils
out of the design boundary during the construction
of the retaining piles, this concrete would inﬂuence
the following construction and should be eliminated,
while the elimination of this concrete would reduce
the strength of the piles and take a lot of time, which
would postpone the erection of the strut and
lengthen the exposure time of the excavation. Thus, it
is necessary to improve the quality of the excavation
construction in soft soil area, and the critical point in
the construction process should be strictly
controlled.
(5) The local unusual large displacement of retaining
structure would be induced by the deterioration of
the strength of the soil during the excavation construction, the stiﬀness reduction of the retaining
structure, and the local overbreak in the construction
process, which would also have an adverse inﬂuence
on the stability of the excavation. According to the

feedback from the construction ﬁeld and monitoring
data, to a great extent, the back numerical analysis
had predicted the displacement of the excavation
very well, which had veriﬁed the applicability of the
informationized monitoring scheme that evaluated
the stability of the excavation dynamically based on
numerical back analysis and monitoring data. Back
analysis can not only reassess the safety of the excavation but also predict the variation of the displacement of the excavation in the following
construction, which can be the reference to the
scheme of the displacement restriction.
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