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Cangnan County, Wenzhou City, China are determined by conducting triaxial and
consolidation tests based on different moisture contents. The main conclusions of the
study are obtained.

(1) Different water-bearing states caused by shallow gas in reservoirs significantly
affect the shear strength of the muddy clay with thin silt interlayers. ¢ of the soil
presents a ladder-type steep reduction as soil moisture content increases, but ¢ has a
weaker correlation with the moisture content.

(2) The overall strength characteristics of the muddy clay with thin silt interlayers
are determined by the combined action of the muddy clay and the thin silt interlayers.
The soil with different moisture contents presents relatively linear elastic properties at
a small strain. The stress-strain curve of the soil alternates between mild strain
hardening and mild strain softening as soil moisture content varies.

(3) As moisture content decreases, Es of the muddy clay with thin silt interlayers
gradually increases, but the coefficient of compressibility decreases. The average
moisture content and the thin silt interlayers slightly influence the overall deformation
characteristics of the soil.
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ABSTRACT: Material properties of horizontal sandstone and mudstone
interbedding rock mass have significant differences in the horizontal and vertical
directions. It is difficult to reveal the characteristic of surrounding rock displacement
induced by tunnel excavation in horizontal interbedding rock mass by numerical
methods based on isotropic constitutive models. Regarded as transversely isotropic
medium, material parameters such as density, elastic modulus, poisson ratio etc. of
interbedding rock mass are deduced. As an example, transversely isotropic
constitutive model is taken into consideration in three dimensional numerical model
of Luan Jiayan tunnel on Guangnan highway. The process of tunnel excavation is
simulated in this model, and ground displacement distribution and variation with
excavation steps are obtained. For the purpose of comparison, field tests of vault
settlement and side wall convergence caused by tunnel construction are carried out. It
is shown that compared with isotropic constitutive model, transversely isotropic
constitutive model can reflect the physical difference in horizontal and vertical
directions for interbedding rock mass of sandstone and mudstone. But transversely
isotropic model is elastic, and plastic zone caused by tunnel excavation can’t be
obtained. So there exist some differences from actual situation when this model is
applied.

INTRODUCTION

In general, we regard sedimentary rock whose stratum bedding-plane is
approximately level as horizontal stratum, and the altitude of the same rock formation
for horizontal stratum is basically the same. In the process of Guangyuan-Nanchong
expressway construction, tunnels are built to pass through mountainous region in the
Sichuan Basin. Stratigraphic dip angle in tunnel site area is low and nearly horizontal;

531

This is a preview. Click here to purchase the full publication.



https://www.civilenghub.com/ASCE/196239488/IACGE-2013-Challenges-and-Recent-Advances-in-Geotechnical-and-Seismic-Research-and-Practices?src=spdf

532 IACGE 2013

rock strata is sandstone and mudstone interbedding rock mass, the differences of rock
properties are significant, and the rock stratum possesses typical transverse isotropic
characteristics. During the excavation of tunnel, the deformation mechanism of
surrounding rock and the mechanical behavior characteristics of lining structure are
rather different from common rock.

Xian Mowen (1995) verified the stability and feasibility of excavation scheme of
four parallel canal tunnel through Limestone and shale interbedding rock mass.
B.L.Chu (2007) took the conditions of homogeneous surrounding rock, 2-layer
surrounding rock and 3-layer surrounding rock into consideration, conducted the
model and numerical experiments of two circular tunnel excavation, analyzed the
mechanical behavior of the cavern after excavation. Based on the construction
monitoring results, Guan Huiping (2008) analyzed the reasons and characteristics of
the surrounding rock deformation for horizontal rock tunnel surrounding rock
deformation, and discussed the classifications of the deformation stages. YanLi (2009)
regarded each rock stratum as the isotropic continuous medium, considered the
influence of rock stratum interface, performed the numerical model and discussed the
stability of middle rock pillar. In addition, the influences of the different net distances
between two tunnels and the various surrounding rock conditions on the stability of
middle rock pillar are studied. Based on Biot’s theory of consolidation, the
time-dependent analytical solutions of stress, displacement and pore pressure induced
by circular tunnel excavation in a transversely isotropic and saturated soil were
obtained by LiuGanbin (2003) in the Laplace transform domain. The anisotropic
elastoplastic model of layered soil was established by ZhuYanzhi (2005) to solve
seismic response analysis of shield tunnel systems in layered soil. Transversely
isotropic characteristics of the segment structure were taken into consideration, and
impacts on the existing tunnel caused by the construction of parallel and undercrossing
shield tunnels was simulated by FangYong (2007).

Due to the numerous structure planes of horizontal sandstone and mudstone
interbedding rock mass (2006,2010) and the typical transversely isotropic
characteristics, it is difficult to reveal the characteristic of surrounding rock
displacement induced by tunnel excavation in horizontal interbedding rock mass by
numerical methods based on isotropic constitutive models. In this paper, by
introducing transversely isotropic theory, surrounding rock displacement induced by
excavation is studied when the tunnel passes through horizontal sandstone and
mudstone interbedding strata.

TRANSVERSELY ISOTROPIC CONSTITUTIVE MODEL
Basic Assumptions

For horizontal soft-hard interbedding rock layer, each individual layer possesses
approximately isotropic characteristics, but from the overall point of view, elastic
modulus are greatly different in the horizontal and vertical directions, which means
that interbedding stratum owns transversely isotropic characteristics. To deduce the
constitutive model of horizontal soft-hard interbedding rock mass, the following
assumptions are necessary.
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(UThe rock layers bond firmly and don't produce sliding displacements, which is in
accordance with the consistent deformation theory ;

(2xach individual layer is isotropic medium.

The equivalent model of nearly horizontal strata includes three equivalent physical
parameters, namely density, elastic modulus and poisson ratio.

Surrounding Rock Density

According to the fact that the total weight and volume of equivalent surrounding
rock are equal to the original interbedding surrounding rock, there is such formula as
follows:
2. p.gh = pgh (M

i=1

The equivalent stratum density is:
p=Somf(En)-Son )

Where, p;and h; are the density and thickness of each stratum, / is the thickness
of equivalent stratum,n is the number of strata, and p is equivalent density.

Elastic Modulus
(1) E,. equivalent elastic modulus in the vertical direction.

Figure 1 shows the derivation for equivalent elastic modulus in the vertical direction.
Where, E; is the elastic modulus of surrounding rock, and E, is the equivalent elastic
modulus.

By the action of a vertical unit load F on interbedding strata and equivalent stratum,
according to the fact that vertical compression displacements of two models produced
by the unit load are equal, there is such formula as follows:

i [F/(EL/)=F/ELID 3)
i=1

The calculation formula for vertical elastic modulus is
E, =0/ (S h/E) @)
i=1

(2) Ej. equivalent elastic modulus in the horizontal direction.

Figure 2 shows the derivation for equivalent elastic modulus in the horizontal
direction. Where, E; is the elastic modulus of surrounding rock, and E, is the
equivalent elastic modulus.
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Fig. 1 Vertical elastic modulus Fig. 2 Horizontal elastic modulus
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By the action of a horizontal unit displacement § on originally interbedding strata
and equivalent stratum, this displacement would result in horizontal pressure, and
according to the fact that the horizontal pressure of two models produced by the unit
displacement are equal, there is such formula as follows:

EhS/L=Y EhS/L %)
i=1

The calculation formula for horizontal elastic modulus is

E, =3 Eh) /h 6)
i=1

Poisson Ratio

In the transversely isotropic medium, the poisson ratio includes two parameters:
and, which respectively represent the poisson ratio in the vertical and horizontal
directions. Poisson ratio of equivalent model can be calculated according to the
horizontal pressure and vertical pressure ratio. In the transversely isotropic elastic
medium, lateral pressure coefficient is defined as:

A=0o o, =EVv,/[E(0-V,)] (7

Figure 3 shows the equivalent model of poisson ratio. Both of the original soil and
equivalent soil are under vertical pressure F, two sides are restricted by the horizontal
constraints, and bottom is restricted by vertical constraints.
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Fig. 3 Equivalent model 1 of poisson ratio

In the boundary conditions, the horizontal total pressure of interbedding strata is:

S (2 )z, the horizontal total pressure of equivalent stratum is: (/I’Fh)/L . In theory,

=

they are equal to each other.

> (4,Fh,)/L = (XFR)/L (8)

i=1

Where is the lateral pressure coefficient, the further result is as follow:

v v =3 f1=)] [ B ©)
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Similarly, horizontal compression displacements of the equivalent stratum model
and all original strata are J, as is shown in figure 4, the left side is restricted by the
horizontal constraints, top and bottom by vertical constraints.
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Fig. 4 Equivalent model 2 of Poisson ratio

Using the same method, we can get the following formula:
h 1-v,
w0 = ERE ) / iy My, (10)
i=1 i

The above two equations are simultaneously solved, the poisson ratio in the
horizontal direction is:

vy,,:$1+[1+B(B—A4 )T"‘S}/(B—A’l) (11)

And the poisson ratio in the vertical direction:
v = 48[+ B(B— A" Y4B -1) (12)
Where’A:(iﬂ‘hJ/R’ B:R/|:z h//i :| (ZEhf][ihr‘/El]/h, l‘ :vi/(l_vi)9i =12,,,n

CONSTRUCTION SIMULATION OF TUNNEL EXCAVATION
Model Establishment

Luan Jiayan tunnel of Guangnan highway is 3265 meters long, which is located in
north-central Sichuan basin. As for the construction conditions the layers are nearly
flat, the attitude of rocks at the tunnel entrance is 280~320° /1~3°,the rock is
mainly composed of thin-middle siltstone and mudstone interbedding rock mass, and
interlayer bonding is poor. With Luan Jiayan tunnel as the research object to
establish numerical model, tunnel’s buried depth is 150m, and the model is 200m
wide, 150m long, and 210m high, every 4m is divided into a unit in longitudinal
direction. Vertical displacement constraints are imposed in the lower boundary, the
level displacement constraints are applied in the left and right boundary and the axis
displacement constraints are applied in the front and behind boundary of the model,
as is shown in Figure 5.
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Fig. 5 Three dimensional numerical model

According to the geological investigation date for the Luan Jiayan tunnel and the
design specification of highway tunnel, there is no groundwater, the property
parameters of stratum and primary support are shown in the following Table 1.

Table. 1 Material parameters of numerical model

name E/MPa Poisson ratio v y/kN-m” C/MPa O] ratio %
Mudstone 1500 0.35 19.7 0.14 25 375
Siltstone 2800 0.32 22.8 04 33 62.5
primary support 23000 0.2 22 -- --

By putting the above data into the front of the formula, properties of the equivalent
formation can be obtained. The physical property parameters are as following:

E=2113MPa; Ey=2312MPa; v,4=0.4095; vphy=0.1764; y=21.64kN/m3
Excavation Simulation

The benching tunneling construction method is applied in the Luan Jiayan highway
tunnel excavation. Compared with the down steps, the up steps are beyond 40 meters.
Simulation of the excavation is shown in Figure 6. During the construction, in order to
prevent the horizontal rock from blocking and collapsing, the initial support
parameters are as follows:

The level of the sprayed concrete: C20

Thickness: 25cm

I-steel model: 118

Interval: 1.0m

The initial support parameters are viewed as an equivalent average shell and then
applied to this model. The equivalent physical parameters are shown in Table 1.

Fig. 6 Simulation of the excavation

Generally, there are 2-blasting cycle every day and there is a drilling and blasting
operation cycle almost every 2 meters in the construction, and the initial support must
be immediately applied after every time of blasting operation. In the numerical
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calculation, it selects 8 meters as an excavation calculation cycle step. Through the
construction process simulation, this paper is intended to study the rule of the
surrounding rock displacement caused by highway tunnel excavation in the horizontal
sandstone and mudstone interbedding rock mass.

Result Analysis
In order to eliminate the influence of the boundary effect, the model longitudinal
intermediate position is selected, Y = 100 m, as monitoring section. The

situation in which the displacement of the vault, sidewall and inverted arch
changed with excavation steps is shown in Figure 7. As can be seen, because the
settlement of the vault resulted from the excavation of the upper bench makes up 70%
of the total settlements and the uplift quantity in the inverted arch takes up 55% of the
total uplift quantities, the excavation of the upper bench would lead to settlement in the
vault and uplift in the inverted arch significantly. Likewise, because the convergence
magnitude of the sidewall resulted from the excavation of the lower bench makes up
70% of the total convergence displacements, the excavation of the lower bench would
lead to the increment of the sidewall convergence. Under the initial support, the finial
displacements of edges of tunnel are as follows:
Vault: -19.11mm; Sidewall: -9.45mm; Inverted arch: 6.82mm

10.00
5.00 /r"'h_;ﬁ
0.00 + - . " 1
i%s 20 25
the excavation of the lgwerbench| | < vaultsettlement

—— convergence

500 O 5
-10.00
-15.00
-20.00
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Fig.7 Displacement variation with tunnel excavation

the excavation of the

UPpEF ——uplift

In the model monitoring section, Y=100m, the vertical displacement contours in the
final state under the initial support are shown in Figure 8, and the Figure 9 is used to
show the horizontal displacement contours.
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On the basis of the Figure 8 and Figure 9, it can concluded that the biggest vertical
displacement in the model longitudinal direction usually occurs in the X=0 plane.
When the tunnel is dug through completely, the strata displacement on the longitudinal
section reaches the maximum, but the displacement in the longitudinal is uniformly
distributed, the uneven displacement is smaller. The strata uneven displacement
appears in the excavation stage, especially near the excavation face. When the upper
stair excavation surface is located in Y = 112 m, the distribution of vertical
displacement in the X=0 plane is shown in Figure 10. As can be seen, the vertical
displacement near the upper stair excavation surface changes greatly and the vertical
displacement at the distance of three times of diameter to the down stair excavation
surface is basically stable.

ANALYSIS OF FIELD TEST RESULTS

It selects cross-section of ZK87+295 mileages which is located in Luan Jiayan
tunnel to launch the field testing of displacement around the hole. The buried depth of
this cross-section is about 150 meters and the benching tunneling construction method
is used to excavate this cross-section. Three measuring points, located in this test
cross-section, are used to measure the changes of vault settlement and horizontal
convergence in tunnel excavation. Three measuring points are shown in Figure 11.

3

" vault settlement ™
/ \

/ A\
upper bench
1d PP ).2

\ convergence
/

. lower bench J/

Fig.11 Displacement measuring point around tunnel

After the slag is carried away, the measuring point would be arranged with the steel
arch being erected. Initial reading could not be acquired until the shotcreting-bolting
support is completed, which does not include the displacement value before
shotcreting-bolting support is finished. The measuring point is welded on the steel
arch so as to ensure that it completely bond on the frame of initial support. Test
frequencies are as follows: early days: once a day and then gradually transit to once
two days or once seven days, finally after the inverted arch is closed, the displacement
became stable, and test frequency changes to once a month.

The situations in which the settlement of the vault and the horizontal convergence
change with excavation steps are shown in Figure 12 and 13. As can be seen, the
settlement of the vault and the horizontal convergence mainly are resulted from the
excavation of the upper bench. With the advance of the excavated surface, the
displacement rate decreases gradually and tends to be stable. The monitoring data
shows that the design of the initial support is reasonable. So the initial support can
ensure the displacement tend to be stable. After the excavation of the lower bench, the
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