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Abstract: In recent years, construction works near the operating metro tunnel in granite residual soil have been gradually increasing, 

and the impact of these construction works on the safety of shield tunnel should not be ignored. Finite element method is an effective 

method to evaluate the influence of adjacent construction on shield tunnel, but its reliability highly depends on the reasonable 

selection of soil constitutive model and parameters. In this paper, the current situation of parameter selection of hardening soil model 

for granite residual soil is firstly reviewed. Then a back-analysis method for determining the parameters of granite residual soil based 

on the self-boring pressuremeter test (SBPMT) is proposed. Finally, the obtained back-analysis parameters are applied to the 

engineering case of foundation pit excavated overpass existing shield tunnel for method verification, and more reasonable values of 

parameters of hardening soil model for granite residual soil are determined. The results show that the strength parameters of 

hardening soil model for granite residual soil can be determined by laboratory tests, and the stiffness parameters of E50
ref, Eoed

ref and 

Eur
ref are the key parameters for the back-analysis. The ratio of E50

ref: Eoed
ref: Eur

ref from 1:1:3 to 1:1:5 is suitable for engineering practice, 

and the value of E50
ref ranges from 36 MPa to 43 MPa according to different ratios. 

Keywords: granite residual soil; self-boring pressuremeter test; hardening soil model; parameter back-analysis; foundation 

excavation; shield tunnel 

 
1  Introduction 

The engineering projects near operating metro lines 
in prosperous urban area are growing annually in 
recent years, and their impacts on metro tunnel should 
not be ignored. The adjacent constructions alter the 
stress and displacement fields of the surrounding soil, 
resulting in structural deformation of the shield tunnel[1−2]. 
Excessive deformation may result in a variety of diseases, 
including segment cracking, joint opening, segment 
dislocation, water leakage, and track irregularity, which 
seriously threaten the operational security of the metro 
tunnel[3−4]. Many metro lines in Shenzhen pass through 
the granite residual soil layer, which is formed by 
weathered granite that has not been transported. Granite 
residual soil has the engineering properties of both 
cohesive and coarse-grained soils[5]. Due to its unique 
forming environment, complex material compositions, 
and structural properties[6], the shield tunnel in the 
residual soil layer is more susceptible to surrounding 
construction disturbances. 

The finite element method is frequently used to 
evaluate the effect of adjacent construction on the 
shield tunnel[7−10]. The stress−strain relationship in 

granite residual soil is typically characterized by the 
hardening soil model (HS model, hereunder) and the 
hardening soil model with small strain stiffness (HSS 
model). The parameters of the constitutive models are 
mainly determined by laboratory tests of undisturbed 
samples[11−16]. However, engineering practice demonstrates 
that laboratory parameters may generate noticeable 
inaccuracies. To solve this problem, the self-boring 
pressuremeter test (SBPMT) has become an effective 
in-situ method for determining soil parameters because 
of its characteristics of small disturbance and large test 
depth[17−18]. In conjunction with cavity expansion 
theory and the finite element method, it is frequently 
used to back-analyze the parameters of different soil 
constitutive models, including Duncan-Chang model[19] 
and Cam-Clay model[20]. However, no investigation 
has been conducted into the back-analysis of HS 
model parameters for granite residual soil based on the 
SBPMT results. 

A back-analysis method for determining parameters 
of HS model for residual soil is proposed in this paper 
based on well-documented SBPM test data, which is 
validated by the engineering case of foundation pit 
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construction overpass the existing metro tunnel in 
Shenzhen. Reasonable ranges of HS model parameters 
for residual soil are determined, which can provide 
reference for the safety impact assessment of subway 
security zone in granite residual soil layer. 

2  Current situation of parameter selection 
of the HS model for granite residual soil 
2.1 Applicability of the HS model for granite  
residual soil 

Aiming at deformation control in the numerical 
analysis of urban subway security zone, the soil 
constitutive model needs to accurately reflect the 
mechanical behaviors that have direct effects on soil 
deformation. The basic mechanical parameters of granite 
residual soil are listed in Table 1, along with the 
application of several constitutive models. HS and 
HSS models incorporate the key aspects of M-C model, 
MCC model, and Duncan-Chang model, and enhance 
the capacity to explain nonlinear soil deformation, 
giving them broader engineering applicability.  

 
Table 1  Mechanical properties of granite residual soil and  
applicability of constitutive models 

Mechanical properties M-C MCC Duncan-Chang HS HSS

Compressive hardening √ √ √ √ √ 

Isobaric yield × √ × √ √ 

Dilatancy √ √ × √ √ 

Stress path correlation √ √ × √ √ 
Loading and unloading 

stiffness difference × × × √ √ 

Small strain characteristics × × × × √ 

Structural characteristics × × × × × 

Unsaturated characteristics × × × × × 

 
2.2 Parameter characteristics of the HS model 
obtained from laboratory tests 

Table 2 summarizes HS model parameters for 
granite residual soil in the southeast coastal region of 
China as determined in laboratory tests[11−15], where 
  denotes the soil dilatancy angle; m denotes the 
power exponent reflecting the change of stiffness with 
stress; nc

0K  denotes the lateral pressure coefficient of 
soil mass; and fR  denotes the failure ratio. The main 
characteristics are as follows: 

(1) The strength parameters vary greatly. 
In the “Design code for building foundation” 

(DBJ15-31-2016)[21], the weathered granite with a 
standard penetration number N<40 is classified as the 
granite residual soil. According to Hong Kong design 
requirements and the study by Pun et al.[22], the 
cohesion c  of granite residual soil with N<40 ranges 
from 0 to 6 kPa, and the internal friction angle   
ranges from 32° to 43°. The strength parameters show 
two different modes, including “small cohesion, large 

friction angle” mode and “large cohesion, small friction 
angle” mode. 
 
Table 2  Parameters of HS model for granite residual soil in  
laboratory tests 

Area
c

/kPa



/(°)


/(°)

ref
50E  

/MPa 

ref
oedE  

/MPa 

ref
urE  

/MPa 
m  nc

0K fR

Shenzhen 25.7 26.7 0.0 6.5 3.1 23.6 0.78 0.55 0.70

Shenzhen 8 32 0.0 7.5 7.5 25.5 0.72 0.47 0.89

Zhaoqing 22.0 28.0 7.5 11.2 4.1 33.6 0.41 0.53 0.91

Xiamen 25.1 15.1 0.0 9.3 5.7 32.9 0.80 0.70 0.97

Xiamen 30 23.4 0.0 12.0 12.0 30.0 0.80 0.60 0.95

 
(2) The stiffness parameters are relatively small. 
The value of ref

50E  for granite residual soil measured 
by the laboratory test ranges from 6 to 12 MPa, ref

oedE  
is about 0.5 to 1 time ref

50E , and ref
urE  is about 3 to 4 

times ref
50E . Due to the disturbance caused by the 

sampling, sample preparation, and saturation procedures, 
the stiffness parameters obtained by laboratory tests 
are relatively small, and soil deformation is substantially 
overestimated when employed in engineering calculations. 
2.3 Parameters of the HS model used in  
engineering calculation 

There are two ways used in engineering calculation 
to solve this problem. The first way is to obtain stiffness 
parameters for the HS model that are consistent with 
engineering experience through the back-analysis of a 
large number of engineering projects, and establish an 
empirical relationship with field test indicators (such 
as SPT blow count N). The second way is to directly 
calculate it using the HSS model[23], which takes 
small-strain stiffness characteristics into account. For 
the soft soil in Shanghai and Jinan, systematic research 
results have been obtained in term of HSS model[24−27]. 
With regard to granite residual soil, the same parameters 
as HS model are determined by laboratory test, and the 
small-strain stiffness parameters are obtained by field 
shear wave velocity test and indoor bending element 
test. Starting from the triaxial consolidation drainage 
curve and engineering examples, the characteristics of 
the above two parameter determination methods are 
discussed below: 
2.3.1 Difference in CD triaxial test 

Taking the parameters of reference [11] as an 
example (see group 2 of Table 2, the small strain 
parameters ref

0G =60.3 MPa, 0.7 =3×10−4), the CD 
triaxial test curve under the standard confining pressure 
of 100 kPa is calculated in the PLAXIS geotechnical 
test module. The calculated results are illustrated in 
Fig. 1. Curve (a) is the loading curve of HS model. 
Curves (b) and (c) correspond to the above two methods. 
The HSS model and HS model are adopted, respectively, 
and intersect at 50% failure load. 
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The HSS model takes the shear strain as the hardening 
parameter and modifies the hardening function by adding 
a correction coefficient ih . Only in the small strain 
stage, ih >1, the shear strain under the same eccentric 
stress is smaller than that of the HS model; when the 
tangent shear modulus tG  decays to urG , ih =1, the 
HSS model is completely consistent with HS model. 
The critical shear strain c  at t urG G  is  

0.7 0
c

ur

1
G

G





 

   
 

                        （1） 

where 0G  is the initial shear modulus,  =0.385; 

0.7  is the shear strain value when the secant shear 
modulus decays to 72.2% 0G ; and ur ur ur/ 2(1 )G E v   
is the lower limit of shear stiffness attenuation.  

According to Eq. (1), c =0.11%. Compared with 
curve (a), the tangent stiffness of curve (b) under the 
same deviatoric stress increases significantly only within 
the influence range of small strain. The strain difference 
between curves (a) and (b) is mainly caused by the 
small strain section, which remains basically unchanged 
after c >0.11%; the tangent stiffness of curve (c) 
increases as a whole, and the strain difference between 
curves (a) and (c) increases gradually with the increase 
of deviator stress. 
 

 

Fig. 1  Comparison of stress−strain relationship in drained 
triaxial test (Parameters from [11]) 

 
2.3.2 Engineering calculation 

The details of engineering cases are listed in 
sections 3.1 and 3.2. Based on the parameters in section 
2.3.1, ref

50E , ref
oedE  and ref

urE  increase to 45 MPa, 45 MPa 
and 135 MPa, respectively. The maximum heave 
amount of the tunnel is 31.5 mm and the maximum 
horizontal displacement of the retaining structure is 
36.1 mm. For the HSS model, the parameters of the 
HS model are kept the same, and the small strain 
stiffness parameters are set as 0G =130 MPa, 0.7 = 
3×10−4. The maximum heave amount of the tunnel is 
29.4 mm, and the maximum horizontal displacement 

of the retaining structure is 43.8 mm.  
Figure 2 shows the nephogram of soil shear strain 

distribution under two parameter determination methods. 
The large value of shear strain calculated by the HS 
model is concentrated between 1% and 2%, only local 
strain near the retaining structure at the bottom of the 
foundation pit reaches 5%, and the overall distribution 
of soil shear strain is continuous. The distribution of 
shear strain calculated by the HSS model is more 
concentrated, and the larger value is concentrated 
between 3% and 5%. This is because the difference 
between the small strain stiffness 0G  and urG  is too 
large when the laboratory ref

urE  is used in the HSS 
model, resulting in the rapid attenuation of soil stiffness 
and local deformation.  

 

 
(a) HS model 

 
(b) HSS model 

Fig. 2  Comparison of the shear strain nephogram between 
HS and HSS models (unit: 10−3) 

 
2.4 Limitations of the current parameter  
determination methods 

(1) Modifying the stiffness parameter ref
50E  of the 

HS model and establishing the empirical relationship 
with SPT blow count N requires a large number of 
engineering cases with detailed monitoring data, which 
is not applicable at the moment.  

(2) When the HSS model is used for calculation, 
large errors appear in the obtained parameters, since 
the granite residual soil has strong structure, which 
greatly disturbs the undisturbed soil in the process of 
sampling, sample preparation and saturation in the 
laboratory test. Additionally, the parameters of small 
strain stiffness are also affected by a variety of factors, 
including the test method, stress path, saturation 
condition, and disturbance. The fluctuation range of 

0G  and 0.7  is large[6, 26−34]. As shown in Fig. 3, the 
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parameter 0.7  varies greatly. 
Therefore, certain limitation exists to directly 

determine the stiffness parameter such as ref
50E , ref

oedE , 
and ref

urE  by laboratory test, and there is no sufficient 
condition to establish the empirical relationship 
between ref

50E and SPT blow count N. In order to solve 
the above problems, a back-analysis method of HS 
model parameters for granite residual soil based on 
SBPMTs is proposed.  

 

 
Fig. 3  Normalized curves of shear modulus for  

granite residual soil 
 

3  Back-analysis of the parameters of the HS 
model for residual soil based on SBPMT 

3.1 SBPMT 
The data is from the SBPMT (hole 4) in Shenzhen 

Bay by institute of rock and soil mechanics, Chinese 
academy of sciences. Fig. 4 depicts P-u curves of 
granite residual soil at different depths of 17−20 m, 
which corresponds to the typical buried depth of metro 
tunnels. It can be seen that the shape of the P-u curve 
of residual soil at each depth is similar, and the overall 
stiffness of the curve is greater with the increase of 
depth. Figure 5 shows the incremental curve Δu-P of 
radial displacement under different depths and loads at 
all levels. When the load P<600 kPa, the displacement 
increment increases linearly with the increase of the 
load. When the load P>600 kPa, the displacement 
growth rate accelerates significantly, and the smaller 
the burial depth, the faster the displacement growth 
rate. 
3.2 Back-analysis method 

According to the SBPMT, an axisymmetric finite 
element model was established with PLAXIS 2D module, 
as shown in Fig. 6. The modeling range is 10 m× 30 m, 
the radius of the drilling hole a0 is 41.5 mm, and the 
length of the loading device is 1.2 m. The minimum 
distance between the model boundary and the drilling 
position is 240 a0. The central section is subjected to 

uniform expansion pressure. To minimize the influence 
of the boundary on the calculation results, static earth 
pressure is employed above and below the loading 
area instead of setting displacement limitations. The 
top boundary is free, the bottom boundary is completely 
fixed, and the left and right boundary are fixed in 
normal directions. The natural unit weight of granite 
residual soil unsat =18 kN/m3, the saturated unit weight 

sat =19 kN/m3, and the permeability coefficient k=  
0.5 m/d. 
 

 
Fig. 4  P-u curves of SBPMTs (Borehole: P4) 

 

 
Fig. 5  Curves of incremental displacement under different 

loads (Borehole: P4) 

 

 
Fig. 6  Finite element model of the SBPMT 

 

In order to verify the rationality of the finite element 

10−6 10−5 10−4 10−3 10−2 10−1
0.0

0.2

0.4

0.6

0.8

1.0

G
 /G

0 

Shear strain  

 Borehole disturbance[6]

 Laboratory test[26]

 SBPM test[27]

Wet and dry cycling [30]

0.722

0 1 2 3 4 5
0

100

200

300

400

500

600

700

800

900

1 000

P
re

ss
ur

e 
P

 /k
P

a 

Axial displacement u /mm 

 P4T3-17 m 
 P4T4-18 m 
 P4T5-19 m 
 P4T6-20 m 

200 400 600 800 1 000
0.000

0.005

0.010

0.015

0.020

0.025

0.030
 P4T3-17 m
 P4T4-18 m
 P4T5-19 m
 P4T6-20 m


u/


P
 /(

m
m
·

kP
a−

1 )
 

Pressure P /kPa 

Load P 

0.5 m 1.2 m 

10 m 

30
 m

 

x

y

B
ur

ie
d 

de
pt

h 
d 

=
17
−

20
 m

 

4

Rock and Soil Mechanics, Vol. 43 [2022], Iss. 4, Art. 8

https://rocksoilmech.researchcommons.org/journal/vol43/iss4/8
DOI: 10.16285/j.rsm.2021.6062



ZHU Min et al./ Rock and Soil Mechanics, 2022, 43(4): 10611072                    1065   

model, the M-C model was used in the finite element 
analysis (parameters: cohersion c =10.7 kPa,  =32°, 
dilatancy angle  =5°, effective elastic modulus E = 
50 MPa), and the simulated result was compared with 
the theoretical solution from Yu et al.[34], as shown in 
Fig. 7, the numerical solution (infinite length) is basically 
consistent with the theoretical solution. The numerical 
solution with a length of 0.5 m (about 6 times the 
diameter of the hole) shows a rigid loading effect, 
which is consistent with the conclusion drawn by 
Ajalloeian et al.[36]. 
 

 
Fig. 7  Comparison of calculated P-u curves using M-C 

model and the theoretical solution 
 

In order to obtain the actual HS model parameters 
of granite residual soil, the drainage conditions, parameter 
sensitivity, and evaluation indexes are discussed as 
follows: 
3.2.1 Drained analysis is adopted and the calculated 
results are compared with the measured P-u curve at 
250−600 kPa. 

The loading rate of the SBPMT is fast, which is   
4 kPa/s, while the permeability of granite residual soil 
is 0.5 m/d, which is between sand and clay, so the 
drainage condition was first determined. Analysis under 
complete drainage, solid-fluid coupling and undrained 
conditions were conducted with parameters c =10.7 kPa, 
 =32°,  =5°, fR =0.92, ref

50E =45 MPa, ref
oedE =   

45 MPa, ref
urE =135 MPa, m=0.83, as shown in Fig. 8. 

Due to the strong permeability of residual soil, The 
results of solid-fluid coupling analysis is consistent 
with the drained analysis in spite of fast loading rate. 
The displacement development rate of undrained 
analysis is significantly faster than the measured curve. 
Therefore, drainage analysis can be used in the 
numerical simulation of SBPMT. 

Figure 9 shows the comparison of the displacement 
increment curves obtained by the measured and 
numerical methods. When P<600 kPa, the results of 
the drained and fluid-solid coupling analysis are close 
to the measured curve. When P>600 kPa, the growth 
rate of the measured curve displacement is greatly 

accelerated. The shear strain at 600 kPa is between 3% 
and 4%, exceeding the influence range of small strain 
stiffness. The reasons for the change of displacement 
growth rate may be the structural failure of residual 
soil, the local permeability change caused by soil 
compression, and the boundary condition change caused 
by the failure of borehole structure. Considering the 
strict deformation control and small overall soil strain 
during the foundation pit construction in the subway 
security zone, it is appropriate to select the 250−600 kPa 
section of the measured P-u curve for the back-analysis. 
 

 
Fig. 8  P-u curves of the SBPMT under different  

drainage conditions 

 

 

Fig. 9  Curves of incremental displacement of the SBPM 
test under different drainage conditions 

 
3.2.2 The strength parameters are determined according 
to the laboratory test results, and the stiffness parameters 
are back-analyzed by the finite element model 
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the sensitivity analysis is conducted firstly to determine 
the key parameters for the back-analysis. Taken the 
parameters in Section 3.2.1 as an example, the sensitivity 
of strength and stiffness parameters are analyzed. The 
given parameters are changed by −20%, −10%, −5%, 
5%, 10%, and 20%, respectively, and the other parameters 
remain unchanged, the change rate of radial displacement 
u is calculated in the case that P=600 kPa. Figs. 10(a) 
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and 10(b) are the calculated sensitivity results of 
strength and stiffness parameters, respectively. On the 
whole, the stiffness parameters have a greater impact 
on the calculated results. Except for the effective 
internal friction angle  , the other parameters are 
linearly related to the radial displacement u. Among 
the linear correlation parameters, only m is positively 
correlated with radial displacement, while the other 
parameters are negatively correlated with radial dis- 
placement. The stiffness parameters rank in an descending 
order of ref

oedE , ref
urE , ref

50E , m according to their influence 
on radial displacement.  

According to the laboratory test results of undisturbed 
and remolded samples of granite residual soil carried 
out by Yu[13] and Pang[34], the strength parameters do 
not show much difference, indicating that the strength 
parameters of undisturbed and remolded samples are 
close and less affected by structural failure in the 
remolding process. Therefore, the strength parameters 
of in-situ undisturbed soil are determined by the laboratory 
triaxial test. Referring to the relevant literature, the 
experience in Hong Kong, and our triaxial undrained 
test result, the in-situ strength parameters in this paper 
are: c =10.7 kPa,  =32°,  =5°. In addition, fR  
is set at 0.92. 
 

 
(a) Strength parameter 

 
(b) Stiffness parameter 

Fig. 10  The sensitivity of soil parameters to the 
displacement of SBPMT 

 

For the stiffness parameters, they are arranged 
according to the parameter sensitivity. The back-analysis 

is mainly for the three parameters ref
50E , ref

oedE , and 
ref
urE , m=0.83. A total of 6 groups of commonly used 

ratios ( ref
50E : ref

oedE : ref
urE ), are set. The optimal values of 

ref
50E , ref

oedE , and ref
urE  for different ratios under the 

condition of m=0.83 were first determined, and then 
the m value was adjusted to verify its influence on the 
back-analysis results.  
3.2.3 Euclidean distance is used as the evaluation index. 

The sum of the Euclidean distance between the 
measured displacement and the simulated displacement 
at the 250−600 kPa is used as the evaluation index:  

600

m s
250

P P
P

d u u


                           （2） 

where d is the evaluation index based on the cumulative 
Euclidean distance; mPu  is the measured radial dis- 
placement at pressure P; sPu  is the calculated radial 
displacement at pressure P. The smaller d value, the 
closer the calculated P-u curve to the measured one. 
3.3 Results of the back-analysis 

Firstly, the optimal values of ref
50E , ref

oedE , ref
urE  have 

been studied under the condition of m=0.83. Fig. 11 
shows the results of ref

50E , ref
oedE , and ref

urE  parameters 
under different proportions of granite residual soil at a 
depth of 18 m (m=0.83). In the case that ref

oedE = 
0.5 ref

50E , the optimal ref
50E  value is generally greater. 

As ref
50E : ref

urE  changes from 1:3 to 1:5, the optimal 
ref
50E  value gradually decreases.  

Table 3 shows the optimal ref
50E  and corresponding 

cumulative Euclidean distance inversed from the measured 
curves of four groups of SBPMT at different depths 
from P4T3(17 m) to P4T6(20 m). As the test depth 
increases, the optimal stiffness parameters show a 
decreasing trend. Except for the discreteness of granite 
residual soil, the reason may be that the four tests were 
conducted in the same hole, from shallow to deep, and 
the previous tests caused a certain disturbance to the 
soil, which made the displacement growth rate of the 
later test curve change faster. 
 

 

Fig. 11  Optimal ref
50E  under different proportions of the 

stiffness parameters (depth:18 m) 
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Table 3  Summary of optimal ref

50E  under different proportions of the stiffness parameters 

ref

50E : ref

oedE : ref

urE  

Parameter values for different depths (m) 

17 18 19 20 average 
ref

50E /MPa d /mm ref

50E /MPa d /mm ref

50E /MPa d /mm ref

50E /MPa d /mm ref

50E /MPa d /mm

1:1:3 56 0.13 45 0.57 37 0.74 31 0.96 42.3 0.60 
1:1:4 51 0.15 41 0.61 32 0.82 27 0.98 37.8 0.64 
1:1:5 46 0.18 37 0.64 34 0.41 28 0.56 36.3 0.45 

1:0.5:3 80 0.17 64 0.64 57 0.41 48 0.56 62.3 0.45 
1:0.5:4 72 0.22 57 0.68 51 0.45 42 0.59 55.5 0.49 
1:0.5:5 67 0.25 52 0.73 47 0.50 38 0.64 51.0 0.53 

 

Taking the optimal parameter ref
50E =42.3 MPa under 

the condition of ref
50E : ref

oedE : ref
urE =1:1:3 as an example, 

the influence of m are investigated. The cumulative 
Euclidean distance of 17−20 m when m is 0.4, 0.6, 0.8 
and 1.0 is 0.92 mm, 0.92 mm, 0.92 mm and 0.93 mm, 
respectively, indicating that m has a relatively small 
effect. 

4  Engineering verification 

To validate the engineering applicability of the HS 
model parameters in the granite residual soil based on 
back-analysis of SBPMT, an engineering case of 
foundation pit excavation overpass the metro tunnel in 
Shenzhen was selected for verification.  
4.1 Project overview 

The total length of the foundation pit in Shenzhen 
is 369.3 m. As shown in Fig. 12, the width of the 
standard section is 32.0 m, and the depth of the 
foundation pit is about 13.77 m. The main retaining 
structure consists of the 800 mm thick underground 
diaphragm wall (depth of 21 m), one concrete support 
(6 m interval), and one steel support (3 m interval). 
The longitudinal slope rate of the underlying shield 
tunnel is 1%, and it passes through the structural floor 
in a parallel way. 
 

 

Fig. 12  Typical profile of the foundation pit (unit: mm) 
 

The geological profile of the foundation hole is 
shown in Fig. 13. From top to bottom, the soil strata 
consist primarily of fill, gravelly clay, and weathered 
granite with varying weathering degrees. Groundwater 
is made up of pore water and fissure water. The 

covering depth of the shield tunnel is 17.2−21.7 m and 
3.8−7.5 m after excavation. The physical and mechanical 
indexes of each soil layer are shown in Table 4.  

 

 

Fig. 13  Longitudinal geological profile 

 
Table 4  Physical and mechanical indexes of the soil layers 

Soil layer 
Water content 

w /% 

Natural unit 
weight 

 /(kN·m−3) 

Permeability 
coefficient 
k /(m·d−1)

SPT

N 

Fill 24.2 19.1 0.3 14.0

Gravel clay 27.8 18.0 0.5 25.3
Completely 

weathered granite 25.3 18.3 0.8 53.8

Highly weathered
granite 22.8 18.7 2.0 − 

 
4.2 Finite element model 

Since the foundation pit and the tunnel are collinear 
for a long distance, and the conventional section 
excavation method is adopted, combined with the field 
operations, axis 19 in Fig. 13 is selected to establish 
the 2D finite element model, as shown in Fig. 14. The 
left and right boundaries are 50 m away from the 
diaphragm walls of the foundation pit to reduce the 
boundary effect, which is over three times the excavation 
depth. Considering that the strata below the highly 
weathered granite retain the original rock characteristics, 
which has good physical and mechanical properties 
and has little impact on the deformation of foundation 
pit and tunnel, the highly weathered granite is set at the 
bottom of the model. The geometric size is 132 m×40 m, 
which is divided into 6 769 elements and 55 354 nodes. 
The horizontal displacement is constrained at the left 
and right boundaries, and the bottom boundary is fixed. 
The top and side boundaries allow free drainage, and 
the bottom is impervious. The water level line is 3 m 
below the surface. The depth of the diaphragm wall is 
21 m, the excavation depth is 13.77 m, the tunnel 
burial depth is 19 m, and the top surface of the tunnel 
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is 5.23 m away from the base slab. 
 

 
Fig. 14  Finite element model 

 

The soil layers from top to bottom are the plain fill, 
gravelly clay, completely weathered granite, and highly 
weathered granite, with thicknesses of 5, 22, 8, and 5 m, 
respectively. The gravelly clay and completely weathered 
granite are unified as granite residual soil. The con- 
stitutive model adopts HS model, whose parameters 
are determined according to the back-analysis results 
in Section 2, where c =10.7 kPa,  =32°,  =5°, 

fR =0.92, nc
0K =0.47, urv =0.2, refp =100 kPa, and m= 

0.83. The other stiffness parameters, 6 groups in total, 
are summarized in Table 5.  

The M-C model is used for plain fill and highly 
weathered granite, with the parameters for plain fill 
E =28 MPa, v =0.3, c =0 kPa,  =30° and highly 
weathered granite E =250 MPa, v =0.2, c =35 kPa, 
 =39°.  

The structural parameters are shown in Table 6. 
The tunnel has an effective stiffness ratio of 0.7 and an 
interface coefficient of interR =0.65. The conditions 
corresponding to each analysis step of the numerical 
model are shown in Table 7. The water level in the pit 
is reduced to the excavation depth, and drainage 
analysis using steady-state seepage is adopted.  

 

Table 5  Stiffness parameters of granite residual soil 

Serial number ref

50E /MPa ref

oedE /MPa ref

urE /MPa 

1 42.3 42.3 126.9 

2 37.8 37.8 151.2 

3 36.3 36.3 181.5 

4 62.3 31.2 186.9 

5 55.5 27.8 222.0 

6 51.0 25.5 255.0 

Note: The parameters of gravelly clay and fully weathered rock are not 

distinguished in this paper. 

 

Table 6  Structural parameters 

Structure type Size 
Element 

type E /GPa v interR

Diaphragm Wall Thickness 800 mm Plate 30 0.2 1

Base slab Thickness 1 000 mm Plate 30 0.2 1

Concrete strut 800 mm×1 000 mm Anchor 30 0.2 - 

Steel strut 
Diameter 609 mm,
thickness 16 mm Anchor 210 0.3 - 

Tunnel lining 
Diameter 6 m, 

thickness 0.35 m Plate 24.2 0.2 0.65

Table 7  Construction procedures  

Analysis step Construction work 

1 Balance earth pressure 

2 Excavate Tunnel 

3 Excavate the first layer 1.8m 

4 Cast concrete strut 

5 Excavate the second layer 4.2 m 

6 Install steel strut 

7 Excavate the third layer 7.7 m 

8 Construct base slab 

 
4.3 Analysis of the calculation results 

Figure 15 shows the comparison between the measured 
and calculated values of left and right tunnels during 
the whole construction process with ref

50E : ref
oedE : ref

urE = 
1:1:3. Taking the left tunnel as an example, after the 
excavation of the first and second layers (total depth 
of 6 m), the heave of the tunnel crown is 8.5 mm. 
After the excavation of the third layer (total depth of 
13.7 m), the crown heave reaches 28.6 mm. The 
excavation of the third layer has a significant effect on 
the tunnel heave. When the third layer of the axis 
16−22 was completely excavated, the calculated value 
approached the measured value, indicating that the 
plain strain assumption is suitable, and the 2D model 
can simplify the calculation without significant error. 
 

 
(a) Left tunnel 

 
(b) Right tunnel 

Fig. 15  The heave of shield tunnel crown during the whole 
construction process 
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The time point was selected when the soil excavation 
of the third layer of axis 16−22 was completed in the 
actual working condition (at this time, the measured 
tunnel heave reached the maximum). A comparative 
analysis was carried out under different stiffness parameter 
ratios. The lateral displacement of the right diaphragm 
wall is shown in Fig. 16. The shapes of the measured 
curve and the simulated curve are similar. When 

ref
50E : ref

oedE =1:1, the maximum lateral displacement of 
the diaphragm wall is 34 mm. When ref

50E : ref
oedE = 

1:0.5, the maximum lateral displacement is 25 mm, 
and the measured value is 23.8 mm. When ref

50E : ref
oedE  

is fixed, the maximum lateral displacement has no 
obvious change. Since the 2D model does not consider 
the influence of soil excavation and structure construction 
sequence, the calculated deformation of the diaphragm 
wall is larger and the position of the maximum value 
is lower.  

 

 
Fig. 16  Horizontal displacement of the diaphragm wall 

 
The comparison between the calculated and measured 

values of the shield tunnel heave in polar coordinates 
is shown in Fig.17, where the circumferential coordinate 
represents the angle, and the radial coordinate represents 
the tunnel heave amount. Similar to the lateral dis- 
placement of the diaphragm wall, the heave amount of 
the tunnel at ref

50E : ref
oedE =1:1 is larger than that at 

ref
50E : ref

oedE =1:0.5, and it is in good agreement with the 
measured value. When ref

50E : ref
oedE  is fixed, with the 

increase of ref
50E : ref

urE , the overall change of the 
tunnel heave is small. But the difference of the heave 
at the symmetrical position along the vertical axis 
(90°−270° axis) decreases, indicating that the inclination 

of the tunnel decreases slightly in the heave process. 
The right tunnel heave is slightly larger than that of 
the left tunnel, because it is closer to the center of the 
foundation pit, and is affected by the unloading effect 
more obviously. 

Except for the location of the bottom of foundation 
pit near the diaphragm wall, the larger values of the 
soil shear strain near the foundation pit and tunnel 
under each group of parameters are between 0.3% and 
1.5%, which is in line with the shear strain range back 
analyzed by SBPMT. In summary, the ratio of the HS 
stiffness parameters for granite residual soil can be set 
as ref

50E : ref
oedE : ref

urE =1:1:3−1:1:5, which is more 
suitable for engineering practice. The ref

50E value ranges 
from 36 to 43 MPa according to different ratios. 
 

 
(a) Left tunnel 

 
(b) Right tunnel 

Fig. 17  Maximum heave of the shield tunnel section 
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models, the hardened soil (HS) model, the modified 
Cam-Clay (MCC) model, and the Mohr-Coulomb 
(M-C) model were selected for finite element calculation. 
The parameters of each model are as follows: 

(1) HS model: c =10.7 kPa,  =32°,  =5°, fR = 

0.92, nc
0K =0.47, urv =0.2, refp =100 kPa, m=0.83, 

ref
50E : ref

oedE : ref
urE =1:1:3, ref

50E =42.3 MPa; 

(2) MCC model: M=1.279, 0e =1.02,  =0.025, 

 =0.005, v =0.2; 

(3) M-C model: c =10.7kPa,  =32°,  =5°, 

E =48 MPa, v =0.2. 

Figure 18 indicates the P-u curves calculated by 

using the three constitutive models in the finite element 

model of the SBPMT (depth of 20 m). The three 

curves are relatively close.  

 

 

Fig. 18  P-u curves of SPBM tests under different 
constitutive models and parameters 

 

Table 8 lists the calculated results obtained by 

using the three constitutive models in the engineering 

example. For tunnel heave, the predicted values of HS 

model and MCC model are close to the measured 

values, while the predicted values of the M-C model 

are too large, mainly because the M-C model cannot 

consider the difference between soil loading and 

unloading stiffness. For the maximum lateral displacement 

of the retaining structure, the predicted values of the 

three models are almost the same. For the maximum 

ground settlement, the overall prediction effect of HS 

model is good, and the prediction value of MCC 

model is too large. This is because the shear dilatancy 

of soil cannot be considered under the normal con- 

solidation state of MCC model, while the contents of 

coarse and fine particles of granite residual soil are 

large, showing the properties of some sandy soil and 

strong shear dilatancy. Generally, the calculation results 

of the HS model are in good agreement with the 

measured data.  

Table 8  Calculated results of engineering case using 
different constitutive models 

Constitutive 
model 

Maximum heave 
(left tunnel) /mm

Maximum lateral 
displacement of 

retaining structure /mm 

Maximum 
ground 

settlement /mm

HS model 28.4 34.0 26.4 

MCC model 28.2 30.0 52.9 

MC model 53.5 29.7 14.4 

Measured 28.6 23.8 21.6 

 
4.5 Limitations of the back-analysis method 

The stiffness parameters of HS model are back- 
analyzed by SBPMT, and are used for the safety impact 
assessment of subway security zone. Its limitations are 
as follows: 

(1) The influence of strength parameters is not 
considered. 

(2) The stress path of the SBPMT is lateral loading, 
while the stress path of foundation excavation is 
mainly unloading. The influence of the different stress 
paths on the soil mechanical properties is not fully 
considered.  

(3) The influence of structure property, small strain 
characteristics, and unsaturated characteristics of granite 
residual soil are not taken into account. 

5  Conclusions 

A back-analysis method for determining the parameters 
of the hardening soil model for granite residual soil is 
developed based on the SBPMT, which is validated 
according to the engineering case of foundation pit 
overpass the existing metro tunnel in Shenzhen. The 
main conclusions are as follows:  

(1) The stiffness parameters of the hardening soil 
model for granite residual soil obtained by the laboratory 
triaxial test are small, which means they cannot be 
directly used in engineering calculations. When using 
the hardening soil model with small strain stiffness, 
the small strain stiffness parameters are difficult to 
obtain accurately and have large impacts on the 
calculation results. 

(2) According to the measured curve of SBPMT, 
when the finite element method is used to back 
analyze the parameters of HS model of residual soil, 
the influence of the stiffness parameter on the 
back-analysis results is generally greater than that of 
the strength parameters. The strength parameters can 
be determined by triaxial test. The stiffness parameters 
are ref

oedE , ref
urE , ref

50E  and m in descending order of 
their influence on the P-u curve of the SBPMT. The 
optimal ref

50E  at ref
50E : ref

oedE =1:1 is generally less than 
that at ref

50E : ref
oedE =1:0.5. When ref

50E : ref
urE  varies 

from 1:3 to 1:5, the optimal ref
50E  decreases gradually. 
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(3) According to the SBPMT and the back-analysis 
results of engineering case, the HS model of granite 
residual soil in Shenzhen can be taken as c=10.7 kPa, 
 =32°,  =5°, fR =0.92, m=0.83, ref

50E : ref
oedE : ref

urE  
is 1:1:3−1:1:5, and the value of ref

50E  ranges from 36 
to 43 MPa.  

(4) In the future, the strength parameters, small 
strain characteristics, and the structure characteristics 
of granite residual soil, as well as the effect of the 
in-situ test stress path on the back-analysis results 
should be further investigated, and an empirical 
relationship between the constitutive model parameters 
of granite residual soil and the commonly used in-situ 
test indexes (SPT blow count N, etc.) should be 
established to facilitate the popularization and application 
of engineering projects. 
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