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Abstract: The construction of urban subway tunnel inevitably produces disturbance to surrounding rock and causes ground surface 

settlement. Dynamic prediction of ground surface settlement caused by tunnel excavation is an important method to ensure the safety 

of above-ground buildings and tunnel construction. In view of the difficulty of accurate dynamic prediction of ground surface 

settlement during tunnel construction, based on the definition of longitudinal excavation coefficient  , a dynamic prediction model of 

lateral ground surface settlement is established. The model can accurately describe the variation of the settlement of the same 

monitoring location with the advancement of the tunnel face, and then realize the dynamic prediction of the ground surface settlement 

at the construction site. The results show that under certain constraints, this model can be degenerated into Peck model and stochastic 

medium theory prediction model. The accuracy and applicability of the dynamic prediction model are verified by on-site construction. 

The tunnel can be divided into three affected segments longitudinally (i.e., intense influence, moderate influence, and mild influence) 

based on the obtained  , which well reflected the influence degree of the excavated tunnel face on the same monitoring section at 

different positions. Through the analysis of the influence of the buildings and isolation piles on the ground surface settlement curve, it 

can be found that the building and its adjacent ground surface present the characteristics of cooperative deformation and joint bearing. 

Moreover, installing geological drill isolation piles on the side of the tunnel can reduce the ground surface settlement of that side up 

to 71.9%. The research results have a certain guiding and reference significance for the on-site construction of the Central Yunnan 

Water Diversion Project and similar projects. 

Keywords: settlement prediction model; dynamic prediction; longitudinal excavation coefficient; stochastic medium theory; affected 

segmentation; on-site monitoring 
 

1  Introduction 

The construction of urban subway tunnel inevitably 
causes the deformation of the ground. The excavation 
of tunnel will produce disturbance to surrounding rock, 
which can cause surface settlement and deformation 
when transmitted to the surface. This in turn affects the 
normal use and structural safety of surface buildings, 
pavement structures and underground pipelines. Therefore, 
accurate prediction of surface settlement caused by 
tunnel excavation is very important to ensure the safety 
of surface buildings and tunnel construction. 

Nowadays, many studies have been carried out on 
the deformation of the ground surface caused by tunnel 
excavation, and many important conclusions have been 
revealed. In general, the existing established models of 
surface settlement are all empirical formulas obtained 
by software fitting on the basis of a large number of 
actual monitoring data and considering the external 

factors affecting ground surface settlement[1−3]. At 
present, the most widely used methods for calculating 
ground surface settlement are as follows: Peck empirical 
formula[4] and stochastic medium theory method[5−7]. 
At the same time, many researchers have improved the 
two calculation methods in many aspects. Lu et al.[8] 
improved the Peck calculation model and obtained a 
new method to calculate the surface settlement caused 
by double-track subway tunnel excavation. Wu et al. [9], 
on the basis of analyzing the measured data of the 
surface settlement of shield tunnel in China, reversely 
deduced the value range of ground volume loss of 
shield tunnel with different diameters by using Peck 
formula. Zhu et al.[10] and O’Reilly et al.[11] analyzed 
the variation of some parameters such as the maximum 
surface settlement Smax, the width of settlement tank i, 
and ground volume loss V1. Based on the stochastic 
medium theory, Wang et al.[12] and Wei et al.[13] derived 
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some two-dimensional tunnel surface settlement prediction 
models for different environments. Han et al.[14] and 
Liu et al.[15] compared and analyzed the application 
conditions, theoretical connections and calculation 
results of Peck empirical formula method and 
stochastic medium theory method. They found that the 
surface settlement curve obtained by stochastic medium 
theory method has the same form as that by Peck 
empirical formula method. Through these exiting studies, 
it was found that most studies on the improvement of 
the Peck calculation model only considered the final 
ground surface deformation and did not pay attention 
to the dynamic variation of surface settlement in the 
same position with the advance of the tunnel face. In 
addition, many works of literature have pointed out 
that the settlement distribution curve obtained by 
stochastic medium theory method is similar to that 
obtained by Peck empirical formula method, so it is 
worth investigating whether the two calculation theories 
can be expressed in the same expression form. 

At present, a lot of research have been done on the 
influence area division of the lateral ground surface 
settlement curve of tunnels[16−18]. However, there are 
few studies on the different settlements of ground 
monitoring points caused by excavation according to 
different positions of tunnels. The division of the 
affected segmentation of the tunnel longitudinally can 
be used to determine the position of the most unfavorable 
tunnel excavation sections of the monitoring points, 
which can provide a basis for timely adjustment of the 
excavation scheme and other reinforcement measures. 
Therefore, based on the Peck model, this paper 
introduces the longitudinal excavation coefficient  , 
which can reflect the dynamic changes of the ground 
surface. Furthermore, the dynamic prediction model of 
ground surface settlement during tunnel excavation is 
established, and the constraint conditions are given to 
realize the degeneration of the dynamic model to the Peck 
calculation model and the stochastic medium theory 
model. On the basis of dynamic prediction model, the 
concept of the affected segmentation of longitudinal 
excavation is proposed, and the affected segmentation 
is divided according to the influence degree of tunnel 
excavation in different sections on the same monitoring 
cross section. Finally, the accuracy and applicability of 
the dynamic settlement prediction model are verified 
by on-site monitoring data and numerical calculation 
results. Meanwhile, the buildings and isolation piles 
affecting the ground surface settlement are also 
investigated. The research results have certain guiding 
and reference significance for the on-site construction 
of water diversion projects in Central Yunnan and 
similar projects. 

2  Dynamic surface settlement prediction 
model and division of excavation affected 
segmentation considering longitudinal  
excavation coefficient  

2.1 Peck empirical formula 
Based on the analysis of a large number of 

monitoring data of surface settlement caused by tunnel 
excavation, Peck[4] believed that the transverse ground 
surface deformation during tunnel excavation was 
approximately Gaussian distribution, as shown in Fig. 1. 
W is the half of the total width of the surface 
settlement tank; Smax is the maximum settlement value 
corresponding to the surface settlement tank;   is 
the affected angle related to ground conditions; R is 
tunnel radius; and h is the depth from ground surface 
to tunnel center. 

 

 
Fig. 1  Settlement tank distribution curve determined by 

Peck formula 
 

Peck empirical formula of ground surface settlement 
caused by tunnel excavation is as follows: 

2
1

2
( ) exp

22π

AV x
S x

ii

 
  

 
                    （1） 

where x is the distance from the middle line of the 
tunnel; S(x) is the surface settlement at the position x 
away from the tunnel axis; A is the cross-section area 
of the tunnel. The previous research [9] has studied the 
value of ground volume loss V1 of tunnels with different 
diameters and concluded that the ground volume loss 
of tunnels with small and medium diameters was 
generally between 0% and 2.0%, and that of tunnels 
with large diameters was generally between 0% and 
0.5%. For tunnels with small and medium diameters, 
the ground volume loss of tunnels decreases with the 
improvement of ground conditions. 

In Eq. (1), i can be expressed as follows[11]: 

i Kh                                    （2） 

where K is the parameter of the settlement tank width. 
For non-cohesive soil, the width parameter K is 
between 0.2 and 0.3. For stiff clay, the K value is 
between 0.4 and 0.5. For soft silty clay, it can be as 



i

R 

Smax 

W=2.5i 

 =(WR)/h 

h
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high as 0.7. 
2.2 Derivation of three-dimensional dynamic  
settlement prediction model for tunnel excavation 

Equation (1) can only predict the final transverse 
settlement curve of the ground surface after tunnel 
excavation without considering the construction process. 
In actual engineering, however, the surface settlement 
curve of the same monitored position is constantly 
changing during the advance of the tunnel face. The 
three-dimensional map of the ground surface settlement 
caused by tunnel excavation is shown in Fig.2, where 
D is the tunnel diameter. 
 

 
Fig. 2  Three-dimensional map of the ground surface 

settlement caused by tunnel excavation 
 

In order to reflect the dynamic variation of the 
transverse settlement curve of the same ground surface 
monitoring section with the advance of the tunnel face, 
the longitudinal excavation coefficient, , which rep- 
resents the influence of longitudinal excavation length 
on the settlement curve, was introduced based on Peck 
formula. It can be obtained:  

2
1

2
( ) exp

22π

AV x
S x

ii


 
  

 
                   （3） 

According to the stochastic medium theory, the rock 
and soil mass excavated can be regarded as numerous 
micro-cells of excavation, as shown in Fig.3. Then, the 
surface settlement deformation caused by tunnel excavation 
is the superposition of the influence of each excavation 
micro-cell on the surface. 
 

 
Fig. 3  Schematic diagram of micro-cell excavation 

The surface settlement curve caused by tunnel 
excavation obtained by stochastic medium theory has 
the same distribution form as that obtained by Peck 
model[14−15]. The settlement along y direction caused 
by the excavation of micro-cells  on the ground surface, 
Q , was expressed in the form of Peck model, namely: 

2

2
exp

22π

V y
Q

jj




 
  

 
                     （4） 

where y is the distance between the longitudinal 
monitoring position of the tunnel and the excavation 
micro-cell; V  is the ground volume loss being averaged 
to each micro-cell during tunnel excavation and unloading, 
and its value is related to some factors such as the 
ground conditions, tunnel excavation method, support 
and reinforcement method; and j is the width factor of 
tunnel longitudinal influence curve, and it can be 
expressed as 

j i Kh                                （5） 

where   is the scale coefficient of tunnel longitudinal 
width, which represents the relationship between the 
width of the transverse settlement tank i and the width 
factor of tunnel longitudinal j. 

By integrating the surface settlement of excavation 
micro-cell in Eq. (4) within any excavation section (y1, 
y2) in the longitudinal direction of the tunnel, the 
longitudinal surface settlement G(y1, y2) caused by 
excavation in this section can be obtained: 

 
2

1 2 1

2π

, 0 0
d d d

y R

y y y
G Q r r y                      （6） 

where y1 is the distance between the tunnel face before 
tunnel excavation and the monitoring position; y2 is 
the distance between the face at the end of 
longitudinal excavation and the monitoring position; r 
is the radius of tunnels; and   is the rotation angle.  

Substituting Eq. (4) into Eq. (6), we can get 

 
2

1 2 1

2
2π

, 2 0 0
exp d d d

22π

y R

y y y

V y
G y r r

jj
 

 
  

 
       （7） 

When the tunnel is in the ultimate excavation 
condition (fully connected), the upper and lower limits 
of the longitudinal integral (y1, y2) are (∞，+∞), and 
the corresponding surface settlement GT is 

2
2π

T 20 0

2π

0 0

exp d d d
22π

d d

R

R

V y
G r r y

jj

V r r













 
   

 
  

 
     （8） 

The ratio of the settlement value of any longitudinal 
excavation interval (y1，y2) to the ultimate settlement 
value under the ultimate excavation condition is defined 
as the longitudinal excavation coefficient  which can 
be expressed as 

o x 

y 

z 
d 

dr
dy

Smax 

h 

+x 
+y 

D 

Tunneling direction 

Scope of ground  
surface settlement 
tank 

Cross section direction
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Combining Eq. (8) and Eq. (9), we have 

2

1

2

2

1
exp d

22π

y

y

y
y

jj


 
  
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                 （10） 

By substituting Eq.(10) into Eq.(3), the dynamic 
settlement prediction model of the surface cross section 
of tunnel excavation is 

2

1

2 2
1

2 2

1
( ) exp exp d

2 22π 2π

y

y

AV x y
S x y

i ji j

   
      

   
   

                                       （11） 
where the physical significance of AV1 is the convergence 
area (that is, the reduction of tunnel sectional area) 
after tunnel excavation. 
2.3 Degeneration of dynamic prediction model to 
Peck model and 3D stochastic medium theory model 

When the tunnel is in the ultimate excavation 
condition (fully connected), the upper and lower limits 
of the longitudinal integral (y1, y2) in Eq. (10) should 
be (∞，+∞). At this time, the calculation result of 
longitudinal excavation coefficient   is 1, and the 
dynamic prediction model in Eq. (11) degenerates into 
the classical Peck prediction model (Eq. (1)).  

In Eq.(11), assuming that a micro tunnel is 
represented by a micro element d d d    (completely 
collapsed), the convergence area in the plane of tunnel 
section should be d d  , as shown in Fig. 4. Taking 
the projection of the tunnel center on the ground as the 
coordinate origin,   and   in the figure are the 
coordinate positions of the micro-unit in the x and z 
directions relative to the coordinate origin.   is the 
tunnel section before the convergence;  is the tunnel 
section after convergence, and AV1 in Eq.(11) is 
replaced by the difference between the two areas. dy 
refers to the length of the excavation microcell in the y 
direction. If dy is represented by as d , which also 
represents the length of the excavation microcell in the 
y direction, it can be obtained 

2
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2

2

2

2

1 1
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22π 2π
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2

d
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x
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ii j
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
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It is assumed that the following conditions are true, 
that is  

2π
tan

z
i


                             （13） 

where z  is the direction of tunnel depth;   is the 
main influence angle depending on ground conditions. 

 
Fig. 4  Schematic diagram of excavation of any  

cross section of the tunnel 

 
Under the condition of Eq. (13), Eq. (12) can be 

transformed into the following Eq. (14): 
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2 2

2

2 2

2 2

tan π tan
( ) exp d

tan π tan
exp

d

d
y

y

x
S x

z z

y

z z

 
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  
 




 
   

 
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 
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At this point, the form of Eq. (14) obtained is the 
same as the form of the prediction model of tunnel 
longitudinal settlement obtained by stochastic medium 
theory in literature[19]. However, the difference lies in 
that in the longitudinal direction, the dynamic prediction 
model in this work has one more correction coefficient 
  than the calculation model in literature [19], which 
makes the model proposed in this paper closer to the 
on-site construction conditions. The main reason is 
that the disturbance to the face of the tunnel during the 
longitudinal excavation is different from that of the 
transverse surrounding rock. For example, a series of 
factors such as extrusion (shield construction) and 
excavation vibration make the longitudinal settlement 
and transverse settlement not exactly the same. 
2.4 Inversion of dynamic settlement prediction  
model for tunnel excavation 

According to Eq. (10), the longitudinal excavation 
coefficient   is related to the distance y1 between the 
tunnel face before excavation and the monitoring position, 
the distance y2 between the tunnel face after excavation 
and the monitoring position, and the width factor j of 
the longitudinal influence curve. The width factor j of 
the longitudinal influence curve can be calculated by 
Eq.(5). In order to obtain the value of the scale 
coefficient   of longitudinal width, this paper established 
numerical models of non-cohesive soil, stiff cohesive 
soil and soft cohesive soil, respectively, and adopted 
the three-step excavation method. The model size is 
shown in Fig.5. The settlement distribution curves of 
surface cross section were calculated when the 
longitudinal distance between the starting position of 

x( )

z()

 



d 
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h
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the tunnel face and the surface settlement monitoring 
section is 100, 15, 10, 5 and 0 m, respectively. When 
the distance between the starting position of the face 
and the surface settlement monitoring section is 100 m, 
the calculated longitudinal excavation coefficient   is 
close to 1. Therefore, this condition can be considered 
as the maximum settlement condition of the monitored 
section (full excavation). 
 

 
Fig. 5  Inversion calculation model 

 

Based on the inversion of the distribution curve 
obtained by numerical simulation, the scale coefficient 
of longitudinal width   is set as follows: 3.0 for silty 
clay, 0.9 for non-cohesive soil, and 0.9−3.0 for other 
soil. The better the ground conditions are, the smaller 
the ratio is.  

Physical and mechanical parameters of each material 
are listed in Table 1.  
 
Table 1  Physical and mechanical parameters of each  
material 

Type 
Density 

/(kg·m−3) 

Elastic 
modulus 

/MPa 

Poisson's 
ratio 

Cohesion 
/kPa 

Internal 
friction angle

/(°) 

Clay 1 860 11 0.35 34 10 
Tunnel 
lining 2 602 3.0×104 0.20 － － 

 
The obtained transverse surface settlement curves 

at the same monitoring position under different excavation 
conditions are shown in Fig.6(a). In the cases of the 
width coefficient of settlement tank K=0.5, and the 
ground volume loss V1=1.7%, the scale coefficient of 
longitudinal width obtained by inversion is equal to 
1.2. The transverse surface settlement curves obtained 
by the dynamic settlement prediction model is shown 
in Fig. 6(b). 

Figure 6 illustrates that the dynamic settlement 
curve determined by prediction model is in good 
agreement with that determined by numerical simulation, 
which indicates that the tunnel excavation dynamic 
prediction model has good applicability and accuracy, 
and also proves that the variation of the settlement 
curve obtained by the dynamic prediction model is 
more consistent with the actual situation. However, 
when the distance from the middle line of the tunnel is 
greater than 2.5i, the settlement value at the ground 

surface from the curve determined by the prediction 
model is close to 0, which has a certain error as 
compared with the numerical simulation results. This is 
mainly because the surface settlement curve from the 
prediction model is fitted according to the condition of 
Gaussian distribution, and the value of the Gaussian 
distribution function is approximately 0 when x >2.5i [20], 
which leads to the error between the calculated results 
and the actual monitoring data. 

 

 
(b) Surface settlement curves calculated by numerical method 

 
(b) Surface settlement curves calculated by dynamic prediction model 

Fig. 6  Surface settlement curves at different distances 
between the starting point of tunnel excavation and the 

monitored cross section 
 

2.5 Affected segmentation of tunnel longitudinal  
excavation 

In order to meet the demand for monitoring range 
and provide basis for on-site monitoring, the concept 
of the affected segmentation of tunnel longitudinal 
excavation was proposed based on longitudinal excavation 
coefficient. According to the different settlement increment 
of the same surface monitoring section caused by 
excavation at different positions of the tunnel face of 
the excavation, the affected segmentation could be 
divided into three affected segmentations: the intensely 
affected segmentation of excavation, the moderately 
affected segmentation of excavation and the mildly 
affected segmentation of excavation. According to   
Eq. (10), the lateral monitoring section was taken as 
the center. In the longitudinal direction of the tunnel, 
  is about 0.68 when the distance between the 
excavation tunnel face and the monitoring section is 
within 1.0 j. When the distance between the excavation 
tunnel face and the monitoring section is within 2.5 j, 
  is about 0.99 [20]. This is used as the basis of tunnel 
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longitudinal affected segmentation, and the final 
affected segmentation is divided as shown in Table 2. 

 
Table 2  Division of longitudinal affected section of tunnel 
Affected segmentation 

of tunnel Range 

Intensely affected 
segmentation 

Tunnel longitudinal distance from monitoring 
section within the range of j 

Moderately affected 
segmentation 

Tunnel longitudinal distance from monitoring 
section in the range of j−2.5j 

Mildly affected 
segmentation 

Tunnel longitudinal distance from monitoring 
section beyond 2.5j 

 

As can be seen from Table 2, the division scope of 
the longitudinal excavation affected segmentation mainly 
depends on the width factor j of the longitudinal influence 
curve of the tunnel. According to Eq. (5), j is not only 
related to the buried depth h of the tunnel, but also 
related to surrounding rock conditions. The width 
coefficient of settlement tank K and the scale coefficient 
of longitudinal width  differ under various surrounding 
rock conditions. The better the surrounding rock condition 
(the larger the internal friction angle ), the smaller 
the K value and  value. The lengths of the strongly 
affected segmentation and the moderately affected 
segmentation of tunnel excavation are therefore smaller. 

3  Engineering application and validation 

3.1 Project overview 
Quaternary strata are distributed in the exit section 

of the Longquan tunnel in the water diversion of 
central Yunnan province. The strata from the surface 
down are artificial fill, red clay, gravel, and underlying 
limestone. The maximum buried depth of the simulated 
tunnel is 18.3 m, while the minimum buried depth is 
only 7.0 m. This tunnel passes through the soil layers, 
the soil-rock contact zone, and the rock layer in turn, 
as shown in Fig.7(a). As most parts of the tunnel 
studied are located near the soil-rock contact zone, the 
stability of the surrounding rock is very poor. 
3.2 Monitoring programme 

The length of the tunnel in the first excavation 
stage is 65 m. Four monitoring sections (monitoring 
section Ⅰ−Ⅰ, monitoring section Ⅱ−Ⅱ, monitoring 
section Ⅲ−Ⅲ and monitoring section Ⅳ−Ⅳ) and 
one monitoring point during construction (monitoring 
point V) were set up on site. The monitoring section 
Ⅳ−Ⅳ is located near the office building of Kunming 
Gas Company on the left (Fig. 7(b)), and the spacing 
between the other three monitoring sections is 10 m. 
The monitoring section Ⅰ−Ⅰ is 10 m away from the 
launch shaft. As shown in Fig.8, the monitoring point 
V during construction is located at the intersection of 
monitoring section Ⅱ−Ⅱand tunnel axis. 

 
(a) Stratigraphic profile 

 
(b) Schematic diagram of the relative position of the tunnel  

passing by the building 

① Rock stratum ② Soil layers ③ Upper soft and lower hard layer  
④ Artificial fill ⑤Clay ⑥Gravelly soil ⑦Limestone ⑧ Launch shaft 
⑨ Family community of Kunming Heavy Machine Tool Factory 
⑩ Longquan tunnel exit section 

Fig. 7  Construction site 
 

 
Fig. 8  Layout of monitoring points 

 

3.3 Model mesh generation and material 
parameters setting 
3.3.1 Model size and meshing 

In order to eliminate the boundary effect of model, 
the width of the model is 100 m on the left and right 
sides of the tunnel axis, about 12 times the tunnel 
diameter (8.48 m). The longitudinal length of the tunnel 
is 300 m, and the starting point and end point of the 
tunnel are 50 m from the front and rear boundary of 
the strata boundary. In the direction of height, 100 m 
down from the bottom of the tunnel was taken, about 
11 times the height of the tunnel (9.02 m), and the soil 
above the tunnel was taken as the actual buried depth 
of the tunnel. Since the damage caused by tunnel 
excavation is not considered, the buildings is equivalent 
to an elastic model with a certain mass. The numerical 
model constructed is presented in Fig. 9. 

Three-step reserved core soil excavation method 
was adapted at construction site, and the left and right 
circulation footages were 1 m. Since the numerical 
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simulation in this study only focused on the surface 
settlement, the excavation method was simplified as 
follows. The face of the three-step shape advanced in 
parallel, and the advance length of each step was 1 m. 
For the convenience of later analysis and comparison, 
the excavation of the interval tunnel is divided into 
three stages for analysis. The excavation in the first 
stage consisted of 65 excavation steps with a total of 
65 m, and the second and third excavation stages were 
45 m and 90 m. 
 

 
① Office building of Kunming Gas Company 
② Gas leasing company 
③ Building 18, Kunming Heavy Machine Tool Factory 
④ Building 14, Kunming Heavy Machine Tool Factory 
⑤ Building 13, Kunming Heavy Machine Tool Factory 

Fig. 9  Numerical calculation model 
 

3.3.2 Setting model material parameters 
In this study, the modified More-Coulomb constitutive 

model was selected. The primary support and secondary 
lining structure were established by using plate elements. 
The elastic modulus was determined according to the 
equivalent method[21], and the building weight was 
determined according to the Load code for the design 
of building structures (GB5009-2012)[22]. Physical and 
mechanical parameters of other materials were determined 
according to the monitoring reports, as shown in Table 3.  
 
Table 3  Physical and mechanical parameters of each  
structural material 

Type 
Density 

/(kg·m−3) 
Elastic modulus 

/MPa Poisson's ratio

Primary support 2 602 2.72×104 0.20 

Secondary lining 2 390 3.0×104 0.20 

Building  500 2.33×104 0.30 

Isolation pile  2 250 3.0×103 0.25 

 
Physical and mechanical parameters of the soil 

layer determined according to geological survey data 
are listed in Table 4. 
 
Table 4  Physical and mechanical parameters of soil layer 

Type 
Density 

/(kg·m−3) 

Elastic 
modulus 
 /MPa 

Poisson's 
ratio 

Cohesion 
/kPa 

Internal 
friction 
angle 
/(°) 

Clay 1 860  11 0.35 34 10 
Gravelly 

soil 1 910  15 0.32 30 16 

Limestone 2 610 180 0.24 851 45 

3.4 Surface settlement curve during tunnel excavation 
In order to verify the applicability of the method of 

affected segmentation of tunnel longitudinal excavation 
and the accuracy of numerical simulation results, the 
variation of the settlement value at monitoring position 
Ⅴ with tunneling was drawn, as shown in Fig. 10. 

 

 
① Moderately affected segmentation ② Intensely affected segmentation  

③ Mildly affected segmentation 
Fig. 10  Variation of ground surface settlement with the 

advancement of the tunnel face 
 

The surface settlement firstly increased and then 
decreased in the process of tunneling. When the tunnel 
was excavated from 20 m in front of the monitoring 
point Ⅴ, the ground surface began to subside. With the 
increase of tunneling length, the rate of the settlement 
at the monitoring point continued to increase, and this 
rate reached the maximum when the tunnel face passed 
through the monitoring point. Passing through the 
monitoring section，tunnel face arrived at about 13 m, 
the settlement began to slow. The surface settlement 
tended to be stable when the tunnel face passed 
through the tunnel monitoring point for about 28 m. 
The curve of settlement over time is divided into three 
affected segmentations according to surface settlement 
rate, i.e. intensely affected segmentation, moderately 
affected segmentation, and mildly affected segmentation, 
which is consistent with the method of affected 
segmentation of tunnel longitudinal excavation described 
above. For the test segmentation, the numerical simulation 
result of the final settlement is slightly larger than the 
monitoring result of 1.9 mm. It can be demonstrated 
that the numerical simulation calculation result is 
basically consistent with the field monitoring result, 
thus proving the accuracy of the material parameters 
of the numerical model and its applicability to the 
subsequent tunnel excavation prediction. 
3.5 Analysis of surface settlement curve  

In order to verify the reliability of the dynamic 
settlement prediction model proposed in this paper, the 
settlement curves of monitoring section Ⅰ-Ⅰ−Ⅲ-Ⅲ 
during the first excavation stage were taken for 
comparison and analysis, as shown in Fig. 11. The 
monitoring section as was set as the starting position 
and the tunneling direction as the positive direction, 
the distances of the initial position and the end 
position of the tunnel face during the first excavation 
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stage with respect to the monitoring section Ⅰ-Ⅰare 
−10 m and 55 m, respectively. Therefore, the calculation 
interval of the corresponding dynamic settlement prediction 
model is (−10, 55). Similarly, the calculation intervals 
of the dynamic prediction model corresponding to the 
monitoring section Ⅱ-Ⅱand monitoring section Ⅲ-
Ⅲ are (−20, 45) and (−30, 35), respectively. As the 
tunnel is located near the soil-rock contact zone, the 
stratum condition is very poor. Therefore, the width 
scale coefficient of the dynamic prediction model   
is set as the maximum value of 3, the parameter of the 
settlement tank width K as 0.6, the ground volume loss 
V1 as 0.9%, and the average buried depth as 13 m. 

 

 
(a) Transverse ground surface settlement of Section Ⅰ-Ⅰ 

 
(b) Transverse ground surface settlement of Section Ⅱ-Ⅱ 

 
(c) Transverse ground surface settlement of Section Ⅲ-Ⅲ 

Fig. 11  Transverse surface settlement curves of different 
monitoring sections 

 

The results obtained from the three-dimensional 
dynamic prediction model for excavation settlement 
were compared with the measured settlement data on 
site and numerical calculation settlement results. It can 
be found from Fig.11 that the settlement curves obtained 
from the three methods were relatively consistent, 
which shows that the proposed settlement dynamic 
prediction model is reasonable, and it can be used to 

predict the dynamic surface settlement of the face of 
tunnel longitudinal excavation and monitoring face at 
different relative positions. The numerical simulation 
results presented that the surface settlement on the 
right side was larger than that on the left symmetric 
position when the distance from the tunnel centerline 
was more than 2 times the tunnel diameter. This was 
mainly because the excavated tunnel had a certain 
curvature, and during tunnel excavation, there was a 
phenomenon of disturbance concentration on the 
surrounding rock inside the curvature, which caused 
the cumulative disturbance to the surrounding rock on 
the right side of the tunnel to be greater than that on 
the left side. The specific principle is shown in Fig.12. 
When the position in the settlement curve obtained by 
the dynamic prediction model was more than 2.5i 
from the centerline of the tunnel, the predicted value 
of surface settlement was close to 0, which has a 
certain error with the results of numerical simulation 
and field monitoring. This is mainly due to the fact 
that   was only about 0.01 when the tunnel face was 
excavated beyond the range of 2.5j from the monitoring 
section. 

 

 
Fig. 12  Schematic diagram of surrounding rock disturbance 

on the inner side of tunnel excavation curvature 

 
Compared with the results obtained by the Peck 

model, the settlement curve obtained by the dynamic 
prediction model shows a better consistency with the 
actual surface settlement curve. And the model can 
effectively reflect the variation of surface settlement 
caused by the change of monitoring section with the 
change of tunnel excavation position, thus achieving 
the purpose of dynamic prediction of surface settlement. 

4  Influence of buildings and isolation piles  
reinforcement on the surface settlement curve 

The dynamic settlement prediction model reflects 
the evolution of surface settlement in the process of 
tunnel construction. In addition, the factors affecting 
the shape of surface settlement curve include buildings 
and isolation piles. Relying on the actual engineering 
project, based on the settlement dynamic prediction 
model, this study further analyzes the influence of the 
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buildings on one side of the tunnel and the application 
of isolation pile support on the surface settlement curve. 
4.1 Characteristics of transverse surface settlement 
curve near buildings 

When the tunnel passes through the building at 
close range, the transverse settlement curve at this 
location is bound to be affected by buildings. Buildings 
in an actual engineering site were used for analysis to 
explore the influence of buildings on the lateral surface 
settlement curve. The building is 9.43 m away from 
the edge of the tunnel. Figure 13 shows the comparison 
of surface settlement curves of monitoring section Ⅳ-
Ⅳ caused by tunnel lateral excavation under three 
different working conditions, i.e. without no buildings, 
with buildings and 50% reduction of elastic modulus of 
building. 

 

 
 (a) Transverse surface settlement curve in the first excavation stage 

 
(b) Transverse surface settlement curve in the second excavation stage 

Fig. 13  Comparison of surface settlement of section Ⅳ-Ⅳ 
under different building conditions 

 

It can be observed from Fig.13 that compared with 
the working condition without buildings, the reduction 
of surface settlement of monitoring section Ⅳ-Ⅳ is 
44% and 63%, respectively in the first excavation 
stage and the two working conditions with buildings 
and 50% reduction of elastic modulus of buildings, 
meanwhile the increase of surface settlement on the 
side of buildings away from the tunnel is 59% and 
34%, respectively. Similarly, in the second excavation 
stage, under these two working conditions, the reduction 
of surface settlement of monitoring section Ⅳ-Ⅳ is 
49% and 58%, respectively, while the increase of 
surface settlement on the side of buildings away from 
the tunnel is 78% and 59%, respectively. The existence 
of buildings makes the surface curve gentle, which is 

mainly due to the local increase of the surface stiffness 
at the building, resulting in the coordinated deformation 
of the building and its adjacent surface to bear the load 
together. 

In addition, the influence of building material 
parameters on surface settlement was weakened when 
the tunnel was excavated at a longer distance from 
monitoring section Ⅳ-Ⅳ. The influence of buildings 
on the surface settlement curve was mainly on the side 
near the building, and that on the other side of the 
tunnel and the position directly above the excavated 
tunnel was very weak. 
4.2 Characteristics of lateral surface settlement  
curve after isolation pile reinforcement 

Two rows of isolation piles in the form of quincunx 
arrangement were applied between the office building 
of Kunming Gas Company and the tunnel for simulation 
analysis. There are 65 isolation piles in total, with a 
diameter of 200 mm and a length of 3 m into the rock. 
The layout of isolation piles is shown in Fig.14.  

 

 
Fig. 14  Layout of isolation pile 

 

The surface settlement curves of monitoring section 
Ⅳ-Ⅳ under the condition of isolation pile in the first 
excavation stage and the subsequent excavation stage 
were selected in order to analyze the influence of 
isolation pile reinforcement on the surface settlement 
curve, as shown in Fig.15. 

The results shown in Fig.15 are consistent with the 
findings in the existing literature[23]. The maximum 
surface settlement of the tunnel with a small turning 
radius is no longer located directly above the arch 
crown but tends to the right side of the tunnel center 
line (i.e., inside the curvature) within the radius of one 
time of the tunnel diameter. By comparing the two 
working conditions with and without isolation piles, it 
can be found that for the monitored section Ⅳ-Ⅳ in 
the second excavation stage and the third excavation 
stage under the working condition of applying isolation 
piles, the maximum settlement was reduced by 14.78 mm 
and 15.36 mm, with the reduction ratio of 71.9% and 
71.1%, respectively. Hence, it is concluded that the 
installation of isolation piles has an obvious isolation 
effect on the surface settlement of the arch crown of 
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monitored section Ⅳ-Ⅳ. The excavation in the first 
stage led to the largest settlement of the monitored 
section, and the influence of the subsequent excavation 
on the surface settlement gradually weakened with the 
increase of the distance from the monitored section. 
 

 
(a) Second excavation stage 

 
(b) Third excavation stage 

Fig. 15  Comparison of surface settlement of section Ⅳ-Ⅳ 
under different isolation pile conditions 

 

5  Conclusions 

(1) A set of dynamic prediction model of surface 
settlement suitable for tunnel excavation was proposed. 
Based on the Peck empirical formula, the model 
introduced the longitudinal excavation coefficient to 
characterize the variation of the surface settlement 
curve at the same position affected by the change of 
the position of the tunnel face, and the model can 
accurately achieve the purpose of real-time prediction 
of dynamic tunnel excavation. 

(2) By imposing some specific constraint conditions, 
the settlement dynamic prediction model can degenerate 
to the Peck model and the stochastic medium theory 
model. 

(3) The concept of longitudinal excavation 
affected segmentation was introduced in the longitudinal 
direction of the tunnel to characterize the influence 
degree of the longitudinal excavation section of the 
tunnel on a transverse surface settlement. Based on the 
longitudinal excavation coefficient, the tunnel is lon- 
gitudinally divided into intensely affected segmentation, 
moderately affected segmentation and mildly affected 
segmentation, which can provide the basis for in-situ 
excavation and monitoring work. 

(4) The influence of buildings on the transverse 
surface settlement curve is as follows: the existence of 

buildings flattens the surface settlement curve, and the 
buildings and the surrounding strata show cooperative 
deformation and common bearing characteristics. The 
surface settlement curve is mainly affected by the 
buildings close to the side of the tunnel, and the curve 
on the other side and the surface settlement directly 
above the tunnel center line are slightly affected. 

(5) Due to the control effect of isolation piles on 
the ground deformation, in the transverse surface 
settlement curve, the settlement values of the side 
imposed by the isolation pile decreased. The existence 
of isolation piles reduced the surface settlement at the 
position of isolation piles by 71.9% and 71.1% in the 
second excavation stage and the third excavation stage, 
respectively. 
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