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Abstract. Taking a subway shield tunnel in a certain section of Zhengzhou Metro Line 5 as an example, the field tests of shield
cutting cement-soil monopile composite foundation were carried out. The load and internal force of the tunnel lining under the
action of composite foundation were tested on-site and the distribution characteristics and variation laws of earth pressure
around the tunnel under the load holding state of the composite foundation were analyzed. Five different load combinations (i.e.,
overburden load theory + go, Terzaghi’s theory + go, Bierbaumer’s theory + ¢, Xie’s theory + ¢o, and the proposed method (the
combination of compound weight method and Terzaghi’s theory) + ¢o) were used to calculate the internal force of the tunnel
structure and the obtained results were compared with the measured internal force results. The action mode of earth pressure on
the tunnel lining structure was evaluated. Research results show that the earth pressure obtained by the calculation method
proposed in this paper was more consistent with the measured value and the deviation between the two was within 5%. The
distribution of the calculated internal force of the tunnel structure was more in line with the distribution law of field test data and
the deviation between the calculated and measured values was small. This effectively verified the rationality and applicability of
the proposed calculation method. Research results provided references for the design and evaluation of shield tunnels under the

action of composite foundations.
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1. Introduction

In geotechnical and civil engineering, safety estimation
is crucial during various tunnel construction processes to
avoid ground movements and ensure stability of tunnel face
(Ngamkhanong et al. 2022, Keawsawasvong and Ukritchon
2022, Fraldi and Guarracino 2009). Shield method has been
widely used in the construction of urban subways around
the world. However, with the rapid development of cities,
increasing cases of tunnel lines are approaching
underground structures such as pile foundations, which
impose additional loads on the tunnel lining structures and
bring new scientific problems to tunnel structure design. It
is an important part of tunnel design to be able to accurately
evaluate the load action mode of tunnel structure. In tunnel
design codes around the world, the calculation methods of
vertical earth pressure load on the tunnel structure usually
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include: (a) @ Overburden load method (Tkaano, 2000); @
Terzaghi’s method (Terzaghi 1936); (@ Bierbaumer’s

method (Bierbaumer 1913); and @ Xie’s method (Xie,
1964). However, there are many influencing factors in the
determination of earth pressure value, which are not only
related to stratum properties and tunnel lining structure
form, but also affected by existing pile foundation, tunnel
diameter, tunnel depth, grouting pressure and construction
conditions (Li et al. 2015, Xiao et al. 2019). Field
measurement data can comprehensively and effectively
reflect the influence of various factors on earth pressure
around the tunnel. Therefore, around the world researchers
have collected and analyzed a large number of on-site
tunnel earth pressure data (Kaya et al. 2022). Lai et al.
(2022) investigated the stability of rectangular tunnels used
in railway constructions based on finite element limit
analysis (FELA) together with machine learning method.
Shiau et al. (2022) established a stability model for
elliptical tunnels by using Hoek—Brown failure design
approach and FELA. Fathipour et al. (2020, 2021a, b)
developed an FE model to anticipate the stability of
retaining walls subjected to unsaturated conditions based on
FELA and second-order cone programming (SOCP)
method. Payan et al. (2022) explored the effects of non-
associated flow rule on the geological stability of tunnels

ISSN: 2005-307X (Print), 2092-6219 (Online)


mailto:mashiju2010@126.com
mailto:babak.safaei@emu.edu.tr

18 Chi Zhang, Shi-ju Ma, Yuan-cheng Guo, Ming-yu Li and Babak Safaei

A AR AR IR AR
I—©

"")"“)"'“)'"'l"")"")"",l""')_ "') =1/ ;"“) '\ "1 - '\ "1 - ') I "'z_'" 1

INO ||____n No. II___JI No. n ___n No. u __JI No u l_: u N0 ll___JlNO || __JINO | _— || No-: _ |'| l\_la-n':

(1642 i No. i 644u | No. 646, iNo. ™ 1648 N0 650 sl 6_5_2|l No. i 654|| TNo. T 656|| N0} Q5_8u T Noi 66_0: i

| u_6.4.3 -" 645 v -:LQ474| 1:.@4_9_::- 1' LNO. i i -':_653_11 u.6.5_5_n .|_6.57_H' 1:_659_::- -:I'

- '.Ir—--u = - ||----:||65 ‘|I|--—-'|I| o o o ey

L=, (NN SRV VIO VIV WV WEERVERY 1) VAV ) WV 3 WO OO VORIV VTRV . EVEVER VRO 1 EOEIOR 1 SHNEROERY(VEOEROE | VRO \ VIO

Direction of shield tunneling — s—ge-
Note: @ Test pile @ Composite foundation cushion @ Bearing platt @ Displacement meter ®Jack ® Secondary beam

@ Steel pier ® Buttress @ Main beam @ Counterweight @ Test segment ring @ Shield machine @ Reinforced area

Fig. 1 Schematic diagram of shield cutting cement-soil single pile composite
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Fig. 2 Geological section of the test ring and measuring point layout

using FELA and soil constitutive model. Also, Fathipour et
al. (2022) studied the stability behaviors of active and
passive lateral earth pressures based on unified effective
stress approach incorporating SOCP under partially
saturated porous conditions. Shiau and Keawsawasvong
(2022) performed stability assessments of various two and
three dimensional tunnel shapes subjected to different
conditions based on Tresca approach and associate flow rule
model.

To study the earth pressure acting on the shield tunnel,
researchers have achieved fruitful results based on the
analysis of field measured data. Mashimo (2003) evaluated
the load effect of shield tunnels in gravel strata by means of
field measurements. Koyama (2003) reviewed the
development status of shield tunnels in Japan and studied

the long-term earth pressure distribution law of tunnel
lining structures. Atkinson (2013) analyzed the stress of
segment structure by arranging earth pressure gauges on
multiple strata sections. Using 3D numerical modeling
analysis, Mukhtiar et al. (2022) found that the construction
of shield tunnel adjacent to pile-raft foundation led to
obvious differential settlement and flexural deformation of
the building and the load distribution of pile body changed
considerably. Leung (2011) introduced the influence law of
earth pressure distribution on tunnel lining structure under
the action of local contact loss between the tunnel lining
and surrounding strata. Liu (2022) studied the distribution
and evolution of supporting pressure and earth pressure
during shield tunneling in a circular gravel layer and
verified the reliability of test results through three-
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Table 1 Physical and mechanical parameters of soil in various layers

No. Layer Soil gravity Cohesion Internal friction angle Compressive modulus Thickness

(kN/md) (kPa) (°) (MPa) (m)

O Qmi 18.0 20.0 20.0 5.0 2.7

@aa  Clayeysilt 18.9 20.0 221 9.2 2.6
@32 Clayeysilt 19.4 19.9 212 85 2.9
@33 Silty clay 19.6 29.5 16.4 5.7 1.0
@2  Clayeysilt 19.9 19.0 20.4 75 1.5
@n Silty clay 19.4 31.2 15.6 6.1 3.0
@51 Clayey silt 20.2 19.3 20.7 8.7 2.5
@s2a Fine sand 194 15 32.0 20.0 5.9
@s2 Fine sand 195 15 34.0 20.0 5.8

Table 2 Construction parameters of test ring excavation

Soil bin pressure  Total thrust Driving speed Cutter-disk speed  Cutter torque Grr::st&rr]g Grout amount
(MPa) (kN) (mm/min) (rpm) (kN-m) p(MPa) (md)
0.065~0.085 21800~22300 8~18 1.08 3900~4550 3.6~5.2 7

dimensional numerical calculations. Li (2021) analyzed the
evolution process and earth pressure law around the high-
filled cut-and-cover tunnels with time so as to ensure the
long-term stress safety of tunnel structures (Magbool and
Tayeh 2021).

The above studies mostly aimed at shield tunnels in
natural strata and there were few studies on the action mode
of earth pressure of shield tunnels under the action of
existing composite foundations (Zhao et al 2022).
Therefore, there is an urgent need for research on the effect
of earth pressure around shield tunnels under the action of
composite foundations. In this paper, by studying the
distribution characteristics and earth pressure laws of shield
tunnels under the action of composite foundations, five
earth pressure calculation methods were used to obtain the
internal force values of shield segments and compare them
with measured internal force values to evaluate earth
pressure under the action of composite foundations.
Research results provided an important basis for subsequent
tunnel designs under similar working conditions.

2. Engineering background and field test scheme
2.1 Engineering background

This paper is based on the background of the shield
cutting group pile composite foundation crossing masonry
structure project in a certain section of Zhengzhou Metro
Line 5. In order to study the distribution and variation law
of earth pressure around the tunnel under the working state
(load-bearing state) of the composite foundation, a
temporary parking lot 30 m away from the masonry
structure house was selected to carry out the field tests of
shield cutting cement-soil single pile composite foundation
excavation (Ma, 2020) (Fig. 1). The tunnel lining segment
had outer diameter of was 6.2 m, inner diameter of 5.5 m,
thickness of 0.35 m, and width of 1.5m. It was prefabricated

with C50 concrete and had an impermeability grade of P12.
Each ring segment was composed of 1 capping block K + 2
adjacent blocks B + 3 standard blocks A. The segment was
a double-sided universal wedge ring with a wedge shape of
40 mm. The assembly method was staggered seam
assembly and the joints of segments were connected by
curved bolts, including 16 M30 circumferential and 12 M30
longitudinal seam connecting bolts.

The thickness of the overlying soil on test ring (the ring
No. 651 on the left line) was 12.53 m and groundwater level
was lowered to -3.0 m below the tunnel arch bottom. The
ratio of tunnel vault buried depth to lining structure outer
diameter at monitoring section was about 2.05, which was a
deep buried tunnel without hydraulic pressure. The stratum
that the shield passed through was mainly silty clay layer,
clay silt layer and fine sand layer. The geological profile of
the test ring and positional relationship between the tunnel
and composite foundation are shown in Fig. 2(a). The
physical and mechanical parameters of the soil in each layer
are given in Table 1 and the construction parameters of
shield tunneling at test ring are summarized in Table 2.

2.2 Field test scheme

To study the change law of earth pressure and internal
force of tunnel segment under the action of the existing
composite foundation, in-situ tests were carried out on the
imposed load and actual internal force of lining structure
during the whole process of tunnel construction. During the
test, in order to ensure the survival rate of the earth pressure
cell, the installation of earth pressure cell was performed
based on the method of burying the embedded parts. After
the lining structure was poured, formed and maintained,
embedded parts were found by chiseling and earth pressure
box was bonded in the embedded parts with structural
adhesive. One earth pressure cell and one reinforcing bar
gauge were arranged on each segment of the test ring and 6
earth pressure cells and 6 reinforcing bar gauges were
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Fig. 4 Schematic diagram of the installation of steel rebar meter and earth pressure cell

embedded in the whole ring. The installation process of the 3. Field measurement and analysis of earth pressure
original test piece is shown in Figs. 3(a)-4(e). Fig. 2(b) and

Table 3 show the specific buried location and number of test Fig. 5 shows the time-history curve of the radial earth
originals. Fig. 4 illustrates the schematic diagram of the pressure of the tunnel under the action of composite
installation of rebar gauge and earth pressure cell.

foundation. According to the change of construction conditions
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Table 3 Buried position of test original
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Lining segment Earth pressure cell numbering

Steel rebar meter numbering Layout location

Adjacent block B2 B2-1 B2-2 0°
Standard block A3 A3-1 A3-2 67.75°
Standard blockA2 A2-1 A2-2 135.25°
Adjacent block Al Al-1 Al-2 202.75°
Adjacent block B1 B1-1 B1-2 270.5°
Cap block K K1-1 K1-2 315.25°
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Fig. 5 Time-history curve of tunnel radial earth pressure with time

with time, the change of radial earth pressure outside the test
ring (the value measured by the earth pressure cell was the sum
of the overburden earth pressure of the tunnel, the additional
stress of the composite foundation and the influence of
grouting pressure) could be divided into 4 stages for analysis
as: lining structure detaching from the tail of the shield
tunneling machine, synchronous grouting stage, secondary
grouting stage and later stabilization stage.

It was seen from Fig. 5 that when lining structure was
separated from shield tail, radial earth pressure on the outside
of the lining structure increased to a certain extent due to the
effect of the overlying earth pressure on the tunnel and the
additional stress of composite foundation. Then, synchronous
grouting stage was initiated. At this stage, lining structure was
affected by the combined effect of the overlying earth pressure
of the tunnel, additional stress of the composite foundation and
grouting pressure, and radial earth pressure outside the tunnel
was further increased. From Fig. 5(b), it was seen that the earth
pressure monitoring points near the grouting hole were more

obviously affected by grouting pressure. This showed that the
radial earth pressure of the tunnel was rapidly increased during
synchronous grouting and as the synchronous grouting slurry
gradually began to condense, the radial earth pressure of the
tunnel was decreased to some extent. During the secondary
grouting stage, the radial earth pressure of each monitoring
point outside the tunnel reached its peak value and its change
showed a similar change rule to the radial earth pressure of the
tunnel in synchronous grouting stage. As time passed, until the
residual pile composite foundation above the tunnel reached a
new state of stress balance and the overlying soil of the tunnel
was gradually consolidated and reshaped to form a "pressure
arch", radial earth pressure on the outside of the lining structure
entered the following stage. In stable stage, the earth pressure
value of each monitoring point tended to be stable.

Fig. 6 is the radar chart showing the changes in the radial
earth pressure of the tunnel with the construction state under
the action of the composite foundation. It was seen from Fig. 6
that after the lining structure of the test ring was separated from
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Fig. 6 Radar map of tunnel radial earth pressure varying
with construction conditions

the shield tail, the overall radial earth pressure distribution of
the tunnel was not uniform. After the test ring was separated
from the shield tail, synchronous grouting was carried out to
fill the building gap between the lining structure and stratum.
At this time, the minimum radial earth pressure was 128 kPa at
measuring point B2-1; that is, the adjacent lining segment B2.
The maximum radial earth pressure was 410 kPa at A2-1
measuring point; that is, the standard lining segment A2. In
order to reduce the influence of shield cutting pile effect on the
settlement of composite foundation, synchronous grouting
slurry on the outer side of the test ring lining structure was
coagulated for 1 day and then the secondary grouting was
carried out. The synchronous grouting slurry on the outside of
the test ring lining structure was set for 1 day and then the
secondary grouting was carried out. At this time, the radial
earth pressure of each measuring point of the tunnel reached its
maximum value and lining structure was greatly affected by
grouting pressure. The radial earth pressure of the lining
structure presented the order of arch waist > arch bottom >
vault top. The maximum radial earth pressure was 600 kPa at
the measuring point B1-1; that is, the standard lining segment
B1. The minimum radial earth pressure was obtained to be
400kPa at B2-1 measuring point, which was adjacent to block
B2. When the secondary grouting slurry was solidified for
15~40 days, radial earth pressure on the outside of the lining
structure tended to be stable. Compared with the secondary
grouting stage, the radial earth pressure on the outside of each
measuring point of the tunnel was dropped by about 1/2 and its
distribution shape was "horseshoe-shaped", which was
relatively uniform. After stabilization, the order of the overall
radial earth pressure of the tunnel was arch bottom > arch waist
> arch top. At this time, the maximum radial earth pressure was
262 kPa at the measuring point A2-1; that is, the standard
lining segment A1.

4. Evaluation of earth pressure: Theoretical

calculation methods

In this paper, the load transfer effect of pile was not
considered, the displacement effect of pile on soil was

-

W P

q2
fEFTTPEEfErrereeeaes o
[EXIXTEEEYTITREYTELYY Y O
v Water table

Fig. 7 Uniform method for calculation model

considered, and composite foundation reinforcement area was
regarded as a composite soil mass. Composite weight method
(Peng 2022) was used to recalculate the weight of composite
soil and then, it was combined with Terzaghi theory to
calculate earth pressure around the tunnel. In order to further
study the magnitude and distribution law of earth pressure
around shield tunnel under the action of composite foundation,
the earth pressure around the tunnel was calculated by the
method proposed in this paper, overburden load theory,
Terzaghi’s theory, Bill’s theory and Xie’s theory and the
obtained results were compared with field measured values.
The commonly used homogeneous ring method was used to
calculate the internal force of the tunnel structure and its results
were compared with field measured values.

4.1 Computational model

Homogeneous ring method, also known as uniform method
(Guan 2012), was proposed in Japan around 1960 which was
also one of the calculation methods widely used in tunnel
design around the world. Based on the field test conditions in
the present study, the calculation model could be simplified as
shown in Fig. 7. In order to evaluate the load on the tunnel
lining structure under the action of the composite foundation in
load calculation, vertical earth pressure at the top of the tunnel
was calculated by the following five combinations:

Overburden load method + go, @ Terzaghi’s method + go, @
Bierbaumer’s method + go, @ Xie’s method + ¢o, and & the

method developed in this research + go.
The calculation formula of overburden load method was

o, =>rh+q, (1)

where o, is vertical earth pressure at the top of the tunnel, kPa;
y; is the weight of each layer of soil at the top of the tunnel and
the floating weight below the groundwater level, kN/m?; 4; is
the thickness of each layer of soil at the top of the tunnel, m;
and gy is ground additional overload, kPa.



Calculation and field measurement of earth pressure in shield tunnels under the action of composite foundation 23

Y%

IR TR %hl//ﬁ\ )

P2t

V2 h,

Vi h;

B,

"i;r/2+q)/2

Fig. 9 Terzaghi’s computational model

O

*

y
t/ | H
s

e e

wldgl wfa-gl2 ‘ h
j , L v

| —
2b
Fig. 10 Bierbaumer’s computational model

The calculation equation of Terzaghi’s method was stated
as

c
B.(r-5)
— ! (l_efKotan(p«H/Bl)+qoe—K0tan(p»H/Bl 2)

K, tang

o,

where B; is 1/2 of the width of soil loose area,

B =R, Cot(M) , m; y is the average weight of the
soil at the top of the tunnel, kN/m?3; K is lateral earth pressure
coefficient; ¢ is the cohesion of soil, kPa; ¢ is the internal
friction angle of soil, °; H is the thickness of the soil layer at
the top of the tunnel, m; Ry is the outer diameter of the tunnel,
m; and e is natural logarithm.

The calculation equation of Bierbaumer’s method was
stated as

H (o
o, =yH [1—2—bK1—%(1—2K2)}+q0 (3)

where 2T P T_9
K,=tangtan*(=-=-) ° K, =tangtan(—-=) >
| pran”(—-2) ° K, ptan(; —2)
b=b +h, tan(%_%), the meaning of each parameter in

the formula is the same as those in Eq. (2).
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The calculation equation of Xie’s method was expressed as

H?2 H2
O’V=7H+q0|:7—+2q0

20, m} Kotand— (4)

where 6 is surrounding rock friction angle, ° and its value
range was obtained as follows: when the surrounding rock
grade was I, II, III, & was 0.9¢; when the surrounding rock
grade was IV, 6 was 0.9 (0.7~0.9) ¢; when the surrounding
rock grade was V, 6 was 0.9 (0.5~0.7) ¢; and when the
surrounding rock grade was VI, § was 0.9 (0.3~0.5) ¢; the
meanings of the remaining parameters are the same as those in
Eq. (3).

The calculation equation developed in this work paper
method was

¢
B1(7!_7) ' ’ ’

o = ’ b 1-e K, tang H/b)+qoe K, tanp-H/b (5)
K, tan g’

where y' is the average weight of soil at the top of the tunnel,

kN/m3. The meanings of the remaining parameters are the
same as those in Eq. (2).
Horizontal earth pressure was calculated as

Gh = j’O-v (6)

Calculation formula of radial earth pressure outside the

tunnel was stated as
o, =0,/ +0o,’ (7)

The calculation parameters required for the above five
tunnel earth pressure calculation models are summarized in
Table 4.
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Table 4 Model calculation parameters

Centroid . Lateral earth Crgss- Section Segment For'matlon
radius Segment  Segment width ressure sectional moment of Elastic resistance
R thickness h t cgefficient area inertia Modulus E factor
(mC) (m) (m) 1 A I (Gpa) ¢ k
(m?) (m%) (MN/m?3)
2.925 0.35 1.5 0.5 0.525 0.005359 345 6.0
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Fig. 13 Comparison of tunnel earth pressure calculation

results under the influence of composite foundation

4.2 Calculation results and analysis

4.2.1 Earth pressure calculation results

Fig. 13 shows the comparison between the measured and
theoretically calculated values of tunnel earth pressure after
stabilization under the action of the composite foundation. It
was seen from Fig. 13 that the calculated value of tunnel earth
pressure after the stabilization of the earth pressure under the
influence of the compound foundation shows that the
theoretically calculated value of the Overburden load > Xie
Jiaxiao's theoretical calculated value > Bierbaumer's theoretical
calculated value > Terzaghi's theoretical calculated value > The

algorithm calculated in this paper = the measured value. The

theory of overburden load considers the self-weight of the soil
overlying the tunnel and the overloading of the composite
foundation, and the calculated value of the soil pressure was
about twice the measured value. Bierbaumer and Xie Jiaxiao
theories took into account the dead weight of the overlying
soil, the shearing action of soil and the overload of composite
foundation, and the calculated value of earth pressure was
about 1.5~1.7 times the measured value. Terzaghi theory took
into account the self-weight of overlying soil, the shearing
effect of soil, the arching effect of soil and the overload of
composite foundation. The calculated value of earth pressure
was about 1.15 times the measured value. The calculation
method developed in this paper also took into account the self-
weight of overlying soil, the shearing effect of soil, the arching
effect of soil and the influence of composite foundation. The
error between the calculated and measured values of earth
pressure was within 5%. Therefore, the earth pressure value of
the tunnel under the action of the composite foundation
obtained by the earth pressure algorithm developed in this
paper was closer to the measured value.

Fig. 14 Axial force of tunnel lining structure

=== Measured
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Terzaghi’s +q,
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—<|= This paper
. 80°

Fig. 15 Bending moment of tunnel lining structure

4.2.2 Internal force calculation results of lining
structure

Figs. 14 and 15 show the comparison diagrams of the
internal force results of the tunnel structure under the action of
the composite foundation. It was seen from Figs. 14 and 15
that the distribution law of axial force and bending moment of
tunnel structure calculated by the method developed in this
paper was relatively consistent with the measured value. The
calculated value showed that the theoretical calculating value
of overburden load > Xie Jiaxiao’s theoretical calculating value
> Bierbaumer’s theoretical calculating value > Terzaghi’s
theoretical calculating value > the calculated value obtained

from the algorithm in the present paper = the measured value.

It was seen from Fig. 14 that the axial force values of the
tunnel were all positive values and the tunnel structure was in a
state of compression. Axial force at the 90° position of the right
arch waist and the 270° position of the left arch waist reached
the maximum value and its value was the smallest at the 0°
position of the vault and the 180° position of the arch bottom.

It was seen from Fig. 15 that the inner sides of the left and
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Fig. 16 Variation of the ratio of measured and theoretical
values of earth pressure with shield construction

right arch waists of the tunnel were under tension and the outer
sides were under compression and at the top and bottom of the
tunnel, inner sides were under compression and the outer sides
were under tension. According to the distribution law of the
measured value of bending moment, it was seen that the
calculation result obtained by the method proposed in this
paper was in good agreement with the measured value of the
bending moment of the tunnel structure. Therefore, the
distribution law of the internal force of the tunnel structure
obtained by the calculation method developed in this paper
was more realistic and the deviation between the calculated
and measured values was small, which verified the
applicability and accuracy of the method proposed in this

paper.
4.3 Calculation results and analysis

Fig. 16 shows the variation curve of the ratio of the
measured value to the theoretical value of tunnel earth pressure
with shield tunneling conditions under the action of the
composite foundation. The measured value of the tunnel earth
pressure also changed with shield tunneling conditions and the
measured value of the tunnel earth pressure showed the law of
dynamic nonlinear transformation. Earth pressure was
obviously affected by construction disturbance effects such as
synchronous grouting, secondary grouting, and grout
condensation. In this paper, the dynamic stress process of the
entire lining structure was divided into five stages according to
the different working conditions of shield tunneling which
included: separation from shield tail (synchronous grouting)
stage, synchronous grouting slurry coagulation stage,
secondary grouting stage, secondary grouting slurry
condensation stage, and earth pressure stabilization stage.

The following is an analysis and evaluation of the
calculation method of tunnel earth pressure under the influence
of composite foundation in these five stages. The measured
value of the tunnel earth pressure was close to the calculated
value of the loose earth pressure of Terzaghi in separation from
shield tail (synchronous grouting) and synchronous grouting
slurry condensation stages and the measured value was
108%~115% of the calculated value of the loose earth pressure
of Terzaghi. In secondary grouting and secondary grouting

slurry setting stages, the measured value of the tunnel earth
pressure was closer to the calculated value of overburden load
and the measured value was 105%~115% of the calculated
value of the overburden load. In stable stage, the measured
value of the tunnel earth pressure was approximately equal to
the calculated value of the earth pressure in this paper and the
error between the two was within 5%.

Affected by the construction process of simultaneous
grouting and secondary grouting, the measured value of tunnel
earth pressure was much larger than the theoretically calculated
value and the maximum value could reach 2.13 times the
theoretically calculated value in this paper. However, the
calculation method of tunnel earth pressure under the influence
of composite foundation proposed in this paper could not
perfectly consider the influences of various dynamic
construction conditions on tunnel earth pressure and could only
calculate tunnel earth pressure value in the stable stage of earth
pressure more accurately.

Therefore, when the shield tunnel passed through the
existing composite foundation, it was greatly affected by
construction load and the load of the upper building. When
designing segment lining structure, the most unfavorable
working conditions should be considered to configure
reinforcement. According to the calculation method proposed
in this paper, reinforcing the lining segment could ensure the
safety and reliability of the structure, and the corresponding
reinforcing bars were more appropriate.

5. Conclusions

In this paper, the field measurement of the load and
internal force of the tunnel lining under the action of the
composite foundation was carried out and five different
load combinations were used to evaluate the action mode of
earth pressure of lining structures. The following
conclusions were drawn:

e The field monitoring test of radial earth pressure around
the tunnel under the action of the composite foundation was
carried out and the distribution law of radial earth pressure
around the tunnel structure under the action of the
compound foundation was obtained. Earth pressure was
greatly affected by grouting pressure (synchronous grouting
and secondary grouting) in the early stage; after
stabilization, the distribution pattern was "horseshoe-
shaped", which was relatively uniform. The order of the
overall soil pressure was arch bottom > arch waist > arch
top.

e By comparing and analyzing different earth pressure
calculation theories, i.e., overburden load theory, Terzaghi
theory, Bierbaumer theory and Xie Jiaxiao theory, a new
calculation method of earth pressure around the tunnel
under the action of the composite foundation was proposed
in this paper. The calculation method developed in this
paper also considered the self-weight of overlying soil, the
shearing effect of soil, the arching effect of soil and the
influence of composite foundation. The deviation between
the calculated and measured earth pressure values was
within 5%.

e Using the uniform method commonly used in tunnel
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design, the internal forces of tunnel structure were
compared and analyzed. It was found that the internal forces
of the tunnel structure calculated by overburden load theory,
Terzaghi theory, Bierbaumer theory and Xie Jiaxiao theory
were quite different from the measured values. These four
traditional earth pressure calculation methods exaggerated
load action, which significantly overestimated the
calculated earth pressure value, which in turn caused the
calculated value of the internal force of the tunnel structure
to be too large, resulting in an increase in the amount of
reinforcement in tunnel design. However, the earth pressure
calculation method proposed in this paper had a high degree
of agreement between the calculated and measured load and
internal force of the tunnel structure, which could guide the
design and calculation of tunnel lining structures more
reasonably.
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