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In the process of urban rail transit construction, underground excavation method is often used in subway station construction.
Based on a large number of measured data of Qingdao Metro Line 3, this paper analyzes and studies the ground subsidence law of
long-span shallow buried excavation station. The research results show that vertical surface settlement will be caused by the
excavation of both sides of the guide hole, but the settlement is relatively small, basically within —10 mm. Large surface settlement
will occur during the middle or middle guide hole excavation, with a large settlement up to —30 mm. Through data fitting, it is
found that the regression analysis using cubic polynomial of one degree can get better fitting effect. The horizontal surface
variation rules of underground excavation stations are affected by the tunnel depth, geological conditions, management level of
monitoring units, monitoring layout and monitoring accuracy, and so on. The differences in horizontal surface deformation and
settlement between stations are large. Wannianquan Road Station basically conforms to the deformation law of ground settlement
trough in Peck, and Junfeng Road Station directly above belongs to the whole subsidence type. This study has accumulated a large
number of surface settlement monitoring data, which can provide a certain reference for the subsequent design of similar lines.

1. Introduction

In order to solve the increasingly prominent contradictions
and promote the sustainable and healthy development of
cities, the development of urban underground space has
become the preferred direction of urban construction [1, 2],
among which the construction of urban rail transit has
become the main choice [3]. However, most urban rail
transit projects are located underground, and the excavation
of tunnels has replaced the dense space filled with stratum
material with approximately circular cavities. In the con-
struction process, the surrounding strata will inevitably be
disturbed, which will destroy the original equilibrium state

and cause the subsidence of the strata and the surface [4-6].
If the settlement deformation is uniform, it will have little
impact on roads, pipelines, and surrounding buildings.
However, settlement deformation caused by tunnel exca-
vation is often uneven, and when the uneven settlement goes
beyond a certain range, a series of problems will occur [7-9].

At present, scholars at home and abroad have conducted
a large number of studies on the surface settlement defor-
mation caused by tunnel excavation and formed several
more mature methods, including empirical formula method,
numerical simulation method, stochastic medium theory,
and statistical analysis method. Ibrahim and Ocak [10]
measured the surface settlement of parallel tunnels using
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Earth pressure balance machines (EPBM) shields in clay and
sand and obtained the interaction of the double tunnel
surface and the relationship between the shield parameters
and the surface settlement. Yan et al. [11] elaborated on the
distribution law of rockburst in Jinping secondary tunnel,
studied the mechanism of rockburst prevention measures,
and compared two different pressure relief blasting designs.
Ou et al. [12] studied the surface settlement characteristics
caused by a single tunnel and a double tunnel based on two
sections and obtained the surface settlement caused by a
single tunnel in a normal distribution. Zhang et al. [13]
analyzed the field measurement data and concluded that the
arch cover construction process is more suitable for large-
span tunnel excavation in the “soft on the top and hard on
the bottom” stratum. If construction control measures are in
place, the total surface settlement can be effectively reduced,
and it is recommended that the left and right pilot tunnels
should be kept at 2.5 times the tunnel diameter. Meng et al.
[14] used the Peck method and random medium theory to
compare and analyze the ground settlement characteristics
caused by the construction of large-span shallow tunnels
based on field measured data.

The above studies are mostly based on numerical sim-
ulation methods. The current research on the surface set-
tlement and deformation of large-span tunnels is relatively
limited, and the conclusions drawn by the research are also
quite different. The conclusions drawn by methods such as
numerical simulation and random medium theory do not
reflect the actual surface settlement changes well. Therefore,
it is very important to use statistical analysis methods based
on a large number of measured monitoring data to analyze
the surface settlement and deformation laws of large-span
underground tunnels. This can provide reference and
guidance for the study of surface subsidence.

2. Project Overview

2.1. Design Overview. Line 3 is the first rail transit line under
construction in Qingdao, with a total length of about 25
kilometers, 22 stations, and 1 depot. The line basically passes
through the main urban area. Under the influence of road
traffic and the surrounding environment, 7 stations are
constructed by shallow buried excavation. This paper selects
2 of them for targeted research. The underground station is
mainly located below the main road of the city. Due to the
large road traffic flow and many surrounding structures, the
tunnel construction requirements are strict. The engineering
route of Qingdao Metro Line 3 is shown in Figure 1.

2.2. Engineering Geological Survey. According to the engi-
neering geological exploration data of underground stations
of Subway Line 3 (as shown in Table 1), the overlying soil of
the stations is mainly artificially filled soil layer, clay layer,
and weathered rock layer, while the main penetrating rock
layer of the stations is mainly strong, medium, and breezed
granite, granite porphyry, and partially lamprophyre.
According to the engineering properties of various kinds of
soil and soil, the geological conditions of each underground
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F1GURrE 1: Qingdao Metro Line 3 project line.

excavation station have typical characteristics of “soft on the
top and hard on the bottom,” which are specifically man-
ifested as soft soil above the arch, large water seepage, large
disturbance of blasting and excavation, and easy instability
when there is no support. The main body of the station has
good geological conditions, and its rock mass is generally ITI-
IV grade, which needs blasting excavation and can be sta-
bilized for a long time after excavation. Related pictures of
drilling rock samples at Junfeng Road and Wannianquan
Road Stations are shown in Figure 2.

The two stations studied in this paper, Wannianquan
Road Station and Junfeng Road Station, have deep average
burial depth and relatively good geological conditions. The
arch is basically rock stratum, and the surrounding rock has
strong self-stability after excavation, while the surface set-
tlement above the tunnel is not obvious. In addition, due to
the influence of geological structure, fault zones are devel-
oped in some stations. For example, Wannianquan Road
Station is affected by Licun fault zone, which is mainly
composed of cataclastic rocks and filled with lamprophyre
and granite porphyry veins.

2.3. Overview of Hydrogeology. The groundwater in this area
can be divided into quaternary pore water, weathered fissure
water, and structural fissure water according to the different
occurrence medium and burial conditions. Quaternary pore
water mainly occurs in sand layer and is greatly affected by
atmospheric precipitation. The weathered fissure water
mainly occurs in the weathered rock and is distributed in the
relatively low-lying terrain in a layer-like manner. It is
replenished by atmospheric precipitation and overlying pore
water. The tectonic fissure water mainly occurs in the tec-
tonic belt on both sides of the fault zone and in the later
intrusive dike. It is mainly replenished by atmospheric
precipitation and weathered fissure water, and the local
water volume is relatively large. According to the com-
prehensive evaluation of the construction process and
geological exploration data, the overall hydrogeological
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TaBLE 1: Underground excavation station main Earth and rock excavation classification and tunnel surrounding rock classification.

Saturated
Soil (rock) . Main engineering Stable condition after ]?redge Surrounding un.1ax1al
layer Geotechnical name . . classification of rock ultimate
geological features excavation A .
number Earth and stone  classification compressive
strength (MPa)
The low compactness of
pl‘aln and mlxe.d ﬁllgd In the case of water,
soil has poor uniformity S
. . the excavation is prone
of soil quality and
e to collapse and
, 1 Artificial fill uneven water ) I VI —
o deformation, and the
permeability, and the surface subsidence is
local sandy components sually large
have higher water usually farge.
permeability.
It has good self-
stability under the
Basically in plastic or condition of no water,
Silty clay; completely hard plastic state, but it is easy to
- weathered generally poor collapse when there is I VI —
lamprophyre permeability, good self-  water, and it can
stability. collapse to the ground
when it is shallow
buried.
Generally in the hard
plastic state, water
permeability is better;
Sandy cohesive soil,  the highly weathered
highly weathered rock has the The surrounding rock
» top> granite, mesozone, characteristics of water- is prone to collapse
middles highly weathered disintegrating, which is and deformation and 111 A% —
2 4  granite porphyry, and  greatly disturbed by = needs timely support
sandy soil-like blasting construction in case of water.
cataclastic rock and has a short self-
stabilizing time under
the condition of no
support.
The rock material is soft The surrounding rock
Subzone of highly and req in color. The is easy to c.:ollapse and
weathered granite; weathering fissures are  deformation. When
bottom> . g developed seriously.  the support is not in v v —
4 massive cataclastic . . .
rock The water is poor, but place or there is a big
the water permeable is  collapse, the vault
good. often falls.
Light red, local
structural joints and s
Good self-stability and
weathered fissures are small collapse ma
Moderately weathered  well developed and pse may
. . occur when there is no
granite; moderately ~ contain groundwater. .
s 2 . . support, which \Y% III 15-20
weathered granite ~ With the development . .
requires higher control
porphyry degree of fissures, there -
. . . of blasting
is a great difference in .
construction.
water abundance and
permeability.
Strong self-stability
can be exposed for a
Breezy granite, breezy Light red, hard rock, a blolr;.s‘lj’. tlm? thli
lamprophyre, breezy few joints, and fissures probabiity of coflapse
> b ! i > is low, but the roof VI 11 40-61
2» ¢  granite porphyry, and are not rich in

granite porphyry

groundwater.

with poor
combination between
rock strata is prone to

collapse.
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FIGURE 2: Rock drilling sampling diagram. (a) Wannianquan Road Station (b) Junfeng Road Station.

conditions in each station site are good, but there is still
water seepage in the tunnel face and the initial branch
surface after excavation. If the treatment is not timely or not
in place, it is not conducive to the control of the upper
stratum settlement.

2.4. Main Construction Methods of Long-Span Underground
Tunnels. With the increasing of the excavation section size,
the construction difficulty increases gradually, and the
available construction methods become more limited. At
present, the main excavation methods of long-span un-
derground tunnels in China include full-section method,
step method, double-wall pit guide method, CRD method,
and arch cover method [15]. The specific contents of several
construction methods are shown in Table 2. The selection of
large-span underground tunnel construction method in this
metro fully draws on the mature experience of other regions,
and according to the specific characteristics of each station,
each construction method is combined to give full play to the
advantages of each method (as shown in Table 3).

3. Monitoring and Data Analysis

In accordance with the technical Specification for Urban Rail
Transit Engineering Monitoring (GB50911-2013) [16],
construction monitoring should be carried out throughout
the construction process of urban rail transit engineering.
During subway construction, the construction unit selects
the monitoring unit of the construction party to monitor the
main body of the tunnel and the surrounding environment
according to the design requirements, and the construction
unit selects the third-party monitoring unit as a supplement
to the monitoring of the construction party through bidding.
Surface settlement is an important monitoring item in
tunnel construction. The study of surface settlement mon-
itoring data can provide some references for the related
research of long-span underground tunnel.

3.1. Monitoring Method. Most surface settlement monitor-
ing methods adopt precision leveling measurement [17]. By
selecting a fixed point and measuring its height H based on

the standard reference point, the elevation difference be-
tween it and the foundation is calculated, and then the actual
monitoring height is calculated and compared with the last
measured elevation; difference AH is the site of the sedi-
mentation value change, namely,

AH,(1,2) = AH,, — AH,,. (1)

3.2. Monitoring Distribution Points. Surface settlement is a
necessary project in tunnel excavation and can directly
reflect the change of soil above the tunnel. Because it is
difficult to implement the method of direct drilling and
coring on the road surface for the distribution of points and
it is often subject to artificial damage, the distribution point
of the surface settlement this time is mainly to directly drive
the spike into the road surface as the monitoring point. The
places where the local conditions are satisfied and the places
with higher risks shall be cored according to the specification
requirements. The monitoring points are shown in Figure 3.

The measuring points of tunnel surface settlement are
arranged before the tunnel face reaches the monitoring
section with a diameter of 3-5 times. The longitudinal
spacing of surface settlement in the underground excavation
stations is basically 10-20 m, with a row of local encryption
points of 5m. The distribution of monitoring points is
shown in Figure 4. The transverse distance is 2-5 m, and the
middle line is encrypted. In principle, the monitoring range
on both sides of the middle line should not be less than H,+B
(Hy is the buried depth of the tunnel, and B is the width of
the tunnel). When the ground conditions are limited, it can
be appropriately reduced. However, when there are con-
trolled structures on the surface, the measuring range should
be widened appropriately. However, often affected by the
ground environment, the distribution points are mainly
concentrated directly above the main body, and the two sides
extend slightly outward.

3.3. Monitoring Data Analysis Methods. The analysis
methods of monitoring data generally include statistical
analysis method, finite element method, boundary element



Advances in Civil Engineering

TaBLE 2: Comparison of construction methods of shallow buried excavation.

Number Construction method Conditions of use Str;_itum Constr_u ction Construction
subsidence period cost
1 Full-section method Good stratum, span < 8 m General Shortest Low
Step method Poor stratum, span < 12m General Short Low
3 Double-wall pit guide Poor stratum, generally used in stations =~ Comparatively Comparatively Hich
method with a large-span large long &
4 CRD method Poor stratum, large-span Comparatively Comparatively High
large long
5 CD method Poor stratum, span < 14m Comf)aratlvely Comparatively General
arge long

method, and reverse analysis method [18, 19]. This paper
mainly uses regression analysis in the statistical analysis
method to analyze the law of surface subsidence. In this
paper, the regression analysis of surface subsidence data is
carried out using nonlinear regression analysis.

If the relationship between two variables is not linear,
then the relationship between them is called nonlinear, that
is, to nonlinear regression analysis. However, the basic
method to deal with nonlinear regression problems is still to
transform variables into linear regression first and then to
deal with them by linear regression method. The commonly
used methods of nonlinear regression analysis in monitoring
data processing include unary multiple equations, expo-
nential function, logarithmic function, and hyperbolic
function.

4. Surface Settlement Law
4.1. Law of Longitudinal Surface Settlement

4.1.1.  Whole-Process  Surface  Settlement  Analysis.
According to the on-site construction process, monitoring
distribution points and data change curves of each moni-
toring point, 2-3 monitoring sections are selected from each
station, 2-6 representative measuring points of each section
are selected to draw the whole-process change curve, and a
total of 48 surface settlement change curves are accumulated.
Figures 5 and 6 show the surface subsidence change curve of
Wannianquan Road Station.

According to Figures 5 and 6, the surface settlement
change process can be divided into four stages: the first stage
from the beginning to the mid-May 2012, and the phase
change monitoring data of subsidence have some ups and
downs, but the trend of fluctuations is not big, and the
cumulative settlement is small, basic within 3-5 mm, and the
corresponding construction stage is the excavation of both
sides of the pilot tunnel. The second stage is from mid-May
to mid-June 2012. In this stage, the excavation of the middle
guide hole in the arch and the grouting reinforcement in the
arch after excavation are analyzed. The third stage is from
mid-June 2012 to mid-December 2012, and the corre-
sponding construction stage is the middle and lower part
excavation. This stage reflects the large fluctuation of data,
but the accumulative settlement change does not show much
change. In the fourth stage, from mid-December 2012 to the
end, the main structure and entrance and exit of the station
were mainly performed. However, it can be seen from the

change curve that there was relatively obvious subsidence in
June 2013, which was analyzed as the second lining con-
struction of the arch and the temporary support removal.
The settlement variation of Wannianquan Road Station at
each change stage is counted as shown in Table 4.

Figures 7 and 8 show the surface settlement change curve
of Junfeng Road Station.

According to the change curves in Figures 7 and 8, the
change process of surface settlement can be divided into
four change stages. In the first stage, from the beginning to
the late-February 2012, the change of monitoring data in
this stage is stable on the whole. Some points have a certain
subsidence trend, but the accumulated settlement is small,
basically within —6 mm. Corresponding construction stages
are the upper three guide holes excavation. In the second
stage, from late-February 2012 to late-March 2012, there is
an obvious trend of subsidence in this stage, and the ac-
cumulated settlement reaches 0-15 mm. The corresponding
construction stage is the central excavation. In the third
stage, from early April 2012 to mid-July 2012, the first half
of this stage is divided into Earth excavation at the front of
the monitoring section, and the second half is divided into
Earth excavation at the lower part of the corresponding
part of the monitoring section. The accumulated settlement
is basically around —14 mm. The fourth stage is from the
mid-July 2012 to the end, when the main structure is
mainly constructed. In this stage, there is a small uplift, but
the overall change is not large, within 5 mm. The settlement
variation of Junfeng Road Station at each change stage is
counted, as shown in Table 5.

Based on the analysis of the variation curves of the whole
process of surface settlement of the above stations, although
some monitoring data are carried out in advance, the overall
variation rules of surface settlement in the process of station
excavation are roughly consistent and have certain com-
monness. The excavation of both sides of the guide hole will
cause surface settlement, but the general settlement is rel-
atively small, basically within —10 mm. Large surface set-
tlement will occur during the middle or middle guide hole
excavation. According to the difference of geological con-
ditions, the large settlement can reach over —15mm. The
accumulated surface settlement caused by the first two stages
of construction can usually account for more than 70% of the
total settlement. During the excavation of the lower soil and
the construction of the station structure, the change of
surface settlement is not obvious, and some points will still
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TABLE 3: Main construction methods of underground excavation station of Subway Line 3.
Number Site name Arch main surrounding Construction methods
rock grade
! Wannianquan Road v v Open excavation method, CRD method, CD method, double-wall guide
Station pit method, and step method
) Junfeng Road Station v v Open excavation method, CRD method, CD method, double-wall guide

pit method, and step method

()

FIGURE 3: Surface settlement monitoring points. (a) Spike. (b) Monitoring stations.

The measuring points are spaced from 2 to 5m apart and arranged
in groups of 10m each along the middle line of the tunnel.
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20-30m / {

F1GURE 4: Design monitoring cross section.

have a certain subsidence trend due to the influence of
geological conditions.

4.1.2.  Surface Settlement Curve Fitting Analysis.
According to the experience of the former construction on
the subway, surrounding environment accident happens
mainly in the upper body. Local collapse, pipeline leakage,
excessive surface subsidence, and other accidents often
occur in the excavation process of the upper part of the
station yard of the pilot tunnel, so it is necessary to
strengthen the construction control of the upper roadway.
According to the construction experience of subway un-
derground excavation station, tunnel collapse and sur-
rounding environmental accidents mainly occurred in the
excavation process of the guiding hole in the upper part of

the main body. Local collapse, pipeline leakage, excessive
ground settlement, and other accidents that occurred in the
construction of underground subway stations also occurred
in the excavation of the upper guide hole of the main body of
the station. Therefore, it is necessary to strengthen the
construction control of the upper guide hole. An in-depth
analysis of surface settlement variation curves during upper
or middle Earth excavation was performed, and curve fitting
was performed using OriginPro software.

Based on the monitoring values of the Wannianquan
Road Station (Table 6), the results of the fitting using
OriginPro software are shown in Figure 9.

Its fitting formula can be obtained as y= 1.87+0.15x

4.5x107°x*+4.39x107°x*  1.41x*. The correlation coeffi-
cient is 0.81, which has an acceptable correlation and the
fitting effect is close to the actual change curve.
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TaBLE 4: Settlement changes of the surface subsidence monitoring point of Wannianquan Road Station in different stages.

Stages of change Cumulative settlement value (mm)

Cumulative change (mm)

Proportion of total settlement (%)

First stage =5

Second stage -5 -10
Third stage -5 -6
Fourth stage -5 -10

0 5 25
0 5 20
0 0 20
0 8 35

Based on the monitoring values of the Junfeng Road
Station (Table 7), the results of the fitting using OriginPro
software are shown in Figure 10.

The fitting formula is obtained as y= 0.29 + 0.002x
59x107%* 1.51x107°x’. 'The correlation coefficient
reached 0.97, showing a high correlation, and the fitting
effect was close to the actual change curve.

By fitting the surface settlement deformation curve in
the earthwork excavation process of each station, it is
found that the fitting effect is better with the correlation

coefficient basically above 0.95. Compared with other
functions, the cubic polynomial is relatively simple and
fast in calculation. However, it can also be seen that the
formula coeflicients obtained after fitting the surface
settlement change curves of each station are quite dif-
ferent, which indicates that the surface settlement change
curve in the excavation process of long-span underground
tunnel is actually greatly influenced by various factors and
can only be analyzed and judged from the overall change
law.
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FIGURE 7: Settlement change curve of the construction company DC24 at Junfeng Road Station.
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FIGURE 8: Settlement change curve of the construction company DC32 at Junfeng Road Station.

TaBLE 5: Settlement changes of the surface subsidence monitoring point of Junfeng Road Station in different stages.

Stages of change Cumulative settlement value (mm)

Cumulative change (mm)

Proportion of total settlement (%)

First stage 0 -6
Second stage 0 -15
Third stage 0 -15
Fourth stage -10

0 -6 40
0 10 40
3 12 10

5 10

4.2. Law of Lateral Surface Settlement. The law of lateral
surface settlement deformation after underground excava-
tion of subway station is analyzed, and the settlement change
of Wannianquan Road Station is shown in Table 8.
According to Table 8, the lateral displacement variation
curve of the section can be drawn (Figure 11).

On the whole, there are few monitoring points in
Wannianquan Road Station. Each monitoring section only

has one measuring point above the three guiding holes on
the left, middle, and right, and there are few effective
monitoring data. It can be seen from Figure 11 that the
surface settlement above the station is basically larger on the
center line and smaller on both sides. The cumulative set-
tlement of measuring point 1 in monitoring section C is
obviously larger than that of other measuring points, which
is caused by long-term rolling of ground vehicles at this
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TABLE 6: Monitoring values at excavation stage of a measuring point of Wannianquan Road Station.
Time  Cumulative Time Cumulative Time Cumulative Time Cumulative Time Cumulative Time Cumulative
(d) value (mm) (d)  value (mm) (d)  value (mm) (d)  value (mm) (d)  value (mm) (d)  value (mm)
1 —-0.65 31 -0.36 61 -0.87 91 -1.74 121 -1.35 151 -1.25
4 -1.28 34 -0.43 64 -1.44 94 -1.93 124 —-0.59 154 -2.71
7 —-0.83 37 -0.08 67 -1.38 97 -1.71 127 -0.82 157 -2.42
10 —1.47 40 -0.38 70 -0.90 100 -0.84 130 -0.66 160 -3.84
13 —-0.68 43 -0.06 73 —0.88 103 -0.27 133 -0.68 163 -5.07
16 -0.77 46 -0.24 76 -1.32 106 -0.29 136 -1.03
19 -0.43 49 -0.04 79 -1.38 109 -0.85 139 -0.99
22 -0.19 52 -0.03 82 -1.59 112 —-0.66 142 -1.77
25 —0.18 55 -0.16 85 —-1.61 115 -0.93 145 -2.01
28 -0.34 58 -0.47 88 -1.91 118 -0.65 148 -2.06
1~
0r e
= N” > o
£ 1L . NG
oo
g 2t
% Model Polynomial
3 Adj. R-square 0.55
g 3r
= Value Standard error °
é -4 B Intercept -0.27885 0.21267 ‘.
=1 B B1 -0.03033 0.01106
O L]
_5 - B B2 5.61072E - 4 1.54592E - 4 °
()
B B3 -3.0259E-6  6.12271E-7
-6 1 1 1 1 1 1 1 1 1 J
-20 0 20 40 60 80 100 120 140 160 180
Time (d)
FIGURE 9: Data change curve fitting diagram.
TABLE 7: Monitoring values of a measuring point in Junfeng Road Station during excavation.
Time  Cumulative Time Cumulative Time Cumulative Time Cumulative Time Cumulative Time Cumulative
(d) value (mm) (d)  value (mm) (d)  value (mm) (d)  value (mm) (d)  value (mm) (d)  value (mm)
1 -0.13 41 -1.57 81 -2.33 121 -7.49 161 -7.89 201 -11.10
5 0.13 45 -1.00 85 -2.43 125 -7.56 165 -8.72 205 -11.54
9 -0.10 49 —1.51 89 -2.27 129 -7.60 169 -9.27 209 -12.44
13 -0.27 53 -1.97 93 -2.63 133 -7.57 173 -10.21 213 -13.19
17 —0.50 57 -1.94 97 -3.95 137 —7.41 177 -11.03
21 -1.07 61 -1.95 101 —4.33 141 -7.55 181 -10.19
25 -1.07 65 -2.04 105 -5.93 145 -7.53 185 -10.31
29 -0.93 69 -1.74 109 -6.19 149 —7.55 189 -10.57
33 —-1.00 73 -2.12 113 -7.17 153 —7.42 193 -10.64
37 -1.27 77 -2.25 117 -7.37 157 -7.77 197 -10.90

point. This is similar to the settlement of Zhanshan Road
Station monitored at the same time, which is large on both
sides and small in the middle.

The settlement changes of Junfeng Road Station are
shown in Table 9. The lateral displacement variation curve of
the monitored section is shown in Figure 12.

According to the lateral displacement variation curve of
Junfeng Road Station (Figure 12), the monitoring data of all
monitoring sections in this station are basically consistent,
the lateral displacement trough is not obvious, and the

immediate upper part of the station is basically the overall
settlement, but the cumulative settlement value is generally
small, less than 10.00 mm, which is consistent with the thick
depth of the tunnel and good geological conditions.

Based on the analysis of the changes of the surface lateral
displacement in the above stations, it can be seen that the
overall variation of the surface lateral displacement defor-
mation in the long-span underground excavation stations is
quite different due to the influences of tunnel depth, geo-
logical conditions, management level of monitoring units,
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Figure 10: Data change curve fitting diagram.
TaBLE 8: Change of lateral displacement of a monitoring section in Wannianquan Road Station.
Test group A B C
-1.33 -2.34 -23.26
Accumulated settlement value after excavation (mm) -1.12 —-5.39 -17.51
2.21 0.88 -1.86

1
Monitoring points

Cumulative settlement value (mm)

—o— A
—eo— B
—o— C

FIGURE 11: Variation curve of lateral displacement of monitored sections at Wannianquan Road Station.

monitoring layout and monitoring accuracy, and so on.
However, it can also be simply seen that the lateral surface
settlement of Wannianquan Road Station basically conforms
to the surface settlement trough of Peck. The surface set-
tlement of Junfeng Road Station is an overall settlement, and
there is no obvious difference in the corresponding area
directly above the station. Therefore, the impact on the
pipelines and roads above the station can be considered to be
small, and only the final settlement needs to be controlled.

4.3. Analysis of Surface Settlement Control Standards. In
recent years, the control standard of surface subsidence
caused by urban subway tunnel excavation has been a hot
research topic. The surface settlement caused by tunnel

excavation is affected by geological conditions, tunnel burial
depth, construction method, support parameters, and other
factors, so it is difficult to accurately describe the changing
process and final deformation value of the surface settlement.
However, through a large number of engineering practices
and scientific studies [20-22], the surface settlement defor-
mation caused by tunnel excavation can be followed regularly.
Through statistical analysis of a large number of measured
data, a more reasonable standard value of surface settlement
control can be found to guide other line tunnel excavations.

Data selection should first ensure the consistency of data
and basically conform to the actual construction process on-
site. According to the previous construction experience, the
total settlement amount between the end of excavation and
the end of construction is generally small, and the impact on
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TABLE 9: Variation of lateral displacement of a monitored section in Junfeng Road Station.
Test group DC07 DC08 DC09 DC11 DC13 DC18 DC20 DC22 DC30
-9.34 — -944 -958 -944 -978 -9.56 -9.18 —
-9.18 — -840 -9.28 -952 -9.70 -9.78 -9.00 -9.46
-950 -872 -928 -9.02 -774 -924 886 -9.68 -9.28
. -826 -9.66 -9.08 -888 -9.68 -9.72 -876 -9.20 -9.28
Accumulated settlement value after excavation (mm) 2934 —922 —902 -868 964 818 -952 —736 —940
-870 -9.00 -852 -894 -944 -866 -838 -8.60 -8.98
-946 -9.08 -918 -9.28 -932 -924 -944 -872 -9.62
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FIGURE 12: Variation curve of lateral displacement of monitored sections at Junfeng Road Station.
TaBLE 10: Statistics of surface settlement data.
Scope 0 10mm -10 0mm -20 -10mm =30 -20mm
Number 2 68 1 1
Frequency 0.03 0.94 0.01 0.01
Cumulative frequency 0.03 0.97 0.99 1.00
the structure itself and the surrounding environment is 30
much smaller than that during the excavation stage. 70
Therefore, this study on the cumulative settlement control 60
index mainly focuses on the surface cumulative settlement 50
control value after the excavation. é 20
According to the principle of basic consistency of 2 30
tunnel burial depth, geological conditions, and sur- 20
rounding environment, this group selected a total of 72 0
effective surface settlement measurement points of Wan-
nianquan Road Station and Junfeng Road Station. Statis- 0~10 ~10~0 _20~-10 -30~-20

tical analysis was carried out on 72 effective measuring
points, among which the maximum settlement value was
—23.26 mm, the minimum settlement value was 2.21 mm,
and the mean value was —8.66 mm. The specific values are
listed in Table 10, and the frequency distribution is drawn
as shown in Figures 13 and 14.

As can be seen from Table 9 and Figures 13 and 14, the final
value of surface settlement is mainly below —10.00 mm, ac-
counting for 97%. According to the actual monitoring data, the
final surface settlement value of Wannianquan Road Station
and Junfeng Road Station is basically between —8 and —10 mm,
accounting for 85% of the total. There are only two cases of

Distribution range of final surface settlement value (mm)

FIGURe 13: Histogram of final value distribution of surface
settlement.

points over —10.00 mm, which belong to small probability
events, so it should be analyzed specifically for this measuring
point. So, when the station arch above conditions of sur-
rounding rock is good, above the earth surface accumulated
settlement is small, according to the specification and design
documents control standard 30.00 mm can satisfy the actual
needs.
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FiGUure 14: Histogram of frequency distribution of final surface
settlement values.

5. Conclusion

(1) According to the change curve of the whole process
of the ground surface settlement of each station, the
general change law of the ground surface settlement
in the excavation process of the station is roughly
consistent. Surface settlement will be caused when
both sides of the tunnel are excavated, but the general
settlement is relatively small. Large surface settle-
ment will occur during the middle or middle guide
hole excavation. The change of surface settlement
caused by excavation of soil and construction of
station structure is not significant.

(2) Through curve fitting, it is found that the effect of
using unary cubic polynomial is better, and the
correlation coefficient is basically above 0.95. How-
ever, it can also be seen that the formula coefficients
obtained by fitting the surface settlement change
curves of each station are quite different, which in-
dicates that the surface settlement change curve in the
excavation process of long-span underground tunnel
is actually greatly affected by various factors.

(3) The variation of station surface lateral displacement
is influenced by the tunnel depth, geological con-
ditions, management level of monitoring unit,
monitoring layout and monitoring accuracy, and so
on, and the overall difference of surface lateral
displacement deformation is large. The Wannian-
quan Road Station basically conforms to Peck sur-
face settlement trough. The surface subsidence of
Junfeng Road Station belongs to the overall settle-
ment, and there is no obvious difference in the
corresponding area directly above the station, so
only the final settlement needs to be controlled.

(4) Based on statistical method, the arch of the sur-
rounding rock conditions is good, the total depth
under the condition no more than 10 m, above the
earth surface cumulative settlement is small, large-
span underground tunnel surface settlement control
standard 30.00 mm is completely reliable
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