10

11

12

13

14

15

Influence of confining pressure-dependent Young’s modulus on the

convergence of underground excavation

Xuezhen Wu!, Yujing Jiang? *, Zhenchang Guan!, Bin Gong?

1College of Civil Engineering, Fuzhou University, Fuzhou 350108, China;

2Graduate School of Engineering, Nagasaki University, Nagasaki 852-8521, Japan.

Corresponding author: Yujing Jiang
Email: jiang@nagasaki-u.ac.jp
Corresponding Address: Bunkyo Machi 1-14, Nagasaki 852-8521, Japan.

Phone: +81-080-3118-5202 Fax: +0532-86057957



16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

Influence of confining pressure-dependent Young’s modulus on the
convergence of underground excavation

ABSTRACT: The actual convergence of an excavation located in fractured rock mass or the
soft rock is largely different with the theoretical result in many cases. Experimental results
showed that the influence of confining pressure on Young's modulus is very significant. This
paper attempted to illustrate the influence of the confining pressure-dependent Young’s
modulus in the ground reaction analyses of mountain tunnel. Firstly, the relationship between
Young's modulus and confining pressure was described as a non-linear function according to
the test results. Based on the plane strain axial symmetry assumption and the incremental
theory of plasticity, equilibrium equations and compatibility equations of rock mass around a
circular tunnel were deduced theoretically. Based on fourth Runge-Kutta method, a
semi-analytical solution was achieved. Considering the effect of confining pressure on
Young's modulus, the stress and deformation of rock mass around tunnel was calculated by
both analytical and numerical methods. The influence of confining pressure-dependent
Young’s modulus in surrounding rock was estimated quantitatively. Finally, Tawara saka
Tunnel in Japan was taken as an example to explain the influence of confining
pressure-dependent Young’s modulus. The results showed that the error with respect to the
monitoring data was largely reduced with the confining pressure-dependent Young’s modulus
model, which indicated the necessity of considering the non-uniform distribution of Young’s
modulus.

Keywords: Young’s modulus; confining pressure; semi-analytical solution; numerical

simulation; underground excavation
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1. Introduction

In engineering practice, the analytical and numerical methods are inevitably required to
estimate the stress and deformation of surrounding rock mass and to help the design of
support system (Li et al., 2008; Huang et al., 2015; Zhang et al., 2015; Feng et al., 2017; Wu
et al., 2018a). However, the actual convergence of an excavation located in fractured rock
mass or soft rock was largely different with the theoretical results in many cases. Accurate
rock parameters and constitutive model are indispensable for the convergence and stability
evaluation by analytical and numerical methods. The confining pressure effect on rock
strength and Young’s modulus should to be considered (Hsieh et al., 2014; Cai et al., 2015).

The influence of confining pressure on rock strength has been studied in depth. Many
constitutive models considering confining pressure effect has been established (Fang and
Harrison, 2001; Alejano et al., 2009). Cui at al. (2015) conducted an elasto-plastic analysis of
a circular opening in rock mass with confining stress-dependent strain-softening behaviour.
Moreover, Zhang at al. (2018) obtained an elastoplastic coupling solution of circular openings
in strain-softening rock mass considering pressure-dependent effect.

The non-uniform distribution of Young’s modulus is considered as another important
factor. However, there are relatively few studies about the confining pressure effect on the
Young’s modulus. Numerous papers were contributed to the determination of Young's
modulus of rocks (Palmstrom et al., 2001; Isik et al., 2008; Kodama et al., 2013; Agan et al.,
2014; Tinoco et al., 2014). Some of them were focused on the relationship of the Young's
modulus and the uniaxial compressive strength (UCS), rock mass rating (RMR) and
geological strength index (GSI) for different type of rocks (Leite et al., 2001; Gokceoglua et
al., 2003; Kayabasi et al., 2003; Karakus et al., 2005; Hoek et al., 2006; Feng et al., 2014).

Some other works were concentrated on the laboratory experiment to verify the
confining pressure effect on the Young's modulus, and some empirical equations were
obtained (You et al., 2003; Arslan et al., 2008; Wang et al., 2009; Cai et al., 2015; Yang et al.,
2016). However, the attempt to describe the exact influence of the confining
pressure-dependent Young’s modulus of rock mass in the ground reaction analyses is quite

few.
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Brown et al. (1989) presented a stress-dependent elastic moduli and obtained the stresses
around the axisymmetric boreholes. It was the earliest literature proposing exponential
function of pressure-dependent young’s modulus. Nawrocki et al. (1995) studied the damaged
zones around openings using radius-dependent Young’s modulus by numerical simulation.
Zhang et al (2012) obtained a closed-form solution for circular openings modeled by the
Unified Strength Theory and radius-dependent Young’s modulus. This contribution was the
first step in obtaining an analytical solution that considers the effect of confining pressure on
the Young’s modulus. While, the modulus was defined as a direct function of radius rather
than the confining pressure, which was not exactly conform to the actual behaviour of
surrounding rock mass. Therefore, more work need to be done to get an analytical solution for
circular openings considering confining pressure-dependent Young’s modulus.

In engineering practice, the distribution of confining pressure is very complex (Jiang et
al., 2001). For a general excavation, the confining pressure (minor principal stress) acting on
the excavation surface is zero. It increases gradually with the increasing distance between the
element and the excavation surface, and will reach a constant value at locations far away from
the excavation (Carranza et al., 1999; Hasanpour et al., 2015). Hence, it is necessary to
consider the stress field change in the rock mass surrounding the excavation to accurately
predict the ground response, especially in deep buried excavations.

Considering the effect of the confining pressure on Young's modulus, the stress and
deformation of rock mass around a circular tunnel were calculated by both analytical and
numerical methods. The influence of the confining pressure-dependent Young’s modulus in

surrounding rock was estimated quantitatively in the ground reaction analyses.

2. Relation of confining pressure and Young’s modulus

Generally, the Young’s modulus of rock mass was often assumed to be uniform in the ground
reaction analyses (Graziani et al., 2005; Hasanpour et al., 2015). However, it was observed
that the Young’s modulus around an excavation was not constant, but rather non-uniform
(Zhang et al., 2012; Cai et al., 2015). The Young’s modulus of rock mass depends on many
factors such as rock quality and confinement. In particular, confinement has a large influence

on the Young’s modulus. Hence, the stress redistribution due to excavation has a profound
4
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influence on the Young’s modulus in underground engineering.

Based on a large amount of laboratory test results, You et al., (2003) pointed out that
high confining pressure influence the Young's modulus of specimen from weathered rock or
weak rock significantly. The relationship between confining stress and Young’s modulus for
rock masses was approximate to be exponent dependence. The increasing of fiction in the
fissures with confining pressure reduces the shear slide, which makes Young's modulus
higher.

To obtain a general function to describe the non-linear Young’s modulus model, Cai et al.
selected four sets experimental data of different rocks (Meglis et al.,1996; He et al., 2006;
Mohammad et al., 2013; Cai et al., 2015), and get the best-fit curves. Fig. 1 presented the
relationship between the confining pressure and the Young’s modulus for the selected test data
and the best-fit curves using the non-linear weighted fitting method. The best-fit equations
that correspond to different rocks were also shown in Fig. 1.

Based on the fitting results, the non-linear model of Young’s modulus and minor
principal stress was shown in Fig. 2. A non-linear function was proposed to describe the
relationship between the Young’s modulus E and confining pressure o3 (Cai et al., 2015):

E = Emax - (Emex— Eo ) ") | (1)
where Emax is the maximum Young’s modulus at the critical confining pressure, Eo is the
Young’s modulus at no confining condition, and a is a model constant. This function can
describe the curves very well for rock masses at non-uniform confinement condition. The
physical meaning of the properties in Eq. (1) is clear. Emax can be considered as the Young’s
modulus of rock mass at in-situ stress state; Eo can be viewed as the minimum Young’s
modulus at the excavation surface, and a controls the non-linearity of the curve and it varies
for different rock masses. The influence of model constant a will be discussed later.

As the confining pressure could influence the Young’s modulus dramatically, it was
necessary to estimate the influence of the non-linear Young’s modulus model on the
deformation and failure characteristics of rock mass near excavation boundaries. Because of
the lacking of well controlled in-situ experiments, field data was rarely available to determine
the influence of the non-linear Young’s modulus. Fortunately, the development of

semi-analytical and numerical methods based on the computer makes it possible to estimate
5
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the influence of the confining pressure-dependent Young’s modulus in surrounding rock

quantitatively in the ground reaction analyses.

3. Ground reaction analyses of a circular tunnel with confining pressure-dependent

Young’s modulus model

The confining pressure-dependent Young’s modulus model was applied in the ground reaction

analyses of a circular tunnel to reveal its influence on the tunnel convergence.

3.1. Problem description

The excavation of long deep tunnels with circular cross section under hydrostatic in-situ stress
condition could be considered as an axial symmetry plane strain problem, while neglecting
the influence of gravity, and restricting the out-of-plane principal stress as intermediate stress
(Li et al., 2013; Mohamad et al., 2013). The geomechanics sign convention was employed,
and the radial displacement towards tunnel axis was taken as positive consequently. The stress
and displacement redistributions (or namely ground responses) after excavation were

evaluated with different Young’s modulus models.

3.2. Equilibrium equations for rock mass

Consider an infinitesimal volume in the radial direction as shown in Fig. 3. The rock mass is
subjected to a radial stress or, a tangential stress ot. The static equilibrium condition of the

infinitesimal rock mass volume can be formulated as:

o.rdal, +20,drL, sin0|7a)=(0'r +do, )(r +dr)dal, . (2)
where, r is the radius of the infinitesimal volume, d is the loop angle, dr is the size in the
radial direction, Lz is the size in the axial direction of the tunnel. It is clear that the confining

pressure is the radial stress for a circular symmetric tunnel. Noticing that s1n(7)

approximately equals - since dw is an infinitesimal, the equilibrium equation can be

deduced as:
do, _o,-o0,
dr r
When applying Eq. (3) to the elastic region, where the stress state of rock mass should
6
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verify the hydrostatic in-situ stress condition that the sum of or and ot equals 2Po, where Po is
the in-situ stress. The equilibrium equation for elastic region can be formulated as:
do, 2R -20,
dr ro

4

When applying it to the plastic region, where the stress state of rock mass should verify
the Mohr—Coulomb failure criterion, the equilibrium equation for the plastic region can be

formulated as:

do, (K,-1)o, +0,

dr r

)

Where, Kp is the passive coefficient and remains unchanged within the complete plastic
region. Kp equals to (1+sin ¢)/(1-sin ¢), where ¢ is friction angle of rock. oc is the
compression strength, which changes gradually from oc! to oc?, according to the evolution of

the major principal plastic strain &iP.

I 2\a P
Iop _(6:=0:)8 GZ )& (0<g” <ae’)
o, = Qe : (6)
o (£° > €y
where «is a softening parameter controlling the gradual transition of rock from a peak failure

criterion to a residual one (Jiang et al., 2001; Alonsol et al., 2003; Guan et al., 2007).

3.3. Displacement compatibility equations for rock mass

Due to the plane strain axial symmetry assumption, the strain-displacement relationships for

the rock mass can be simplified significantly as:
%: £, %: & . (7)
In the elastic region, according to Hook’s law, the tangential strain of the rock mass can
be evaluated from its stress state, as formulated in Eq. (8), where E and v are the Young’s

modulus and the Poisson ratio of the rock mass. Here, Eis a variable which is always

changing with the confining pressure as shown in Eq. (1).

gt :(ﬁ_vﬁ_vﬂ)_(&_vi_vzpov
E E E E E E

) - (8)

Notice that only the strain caused by tunnel excavation is concerned, which means the
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initial strain due to in-situ stresses should be removed. Then, associating these two equations
and considering the hydrostatic in-situ stress condition, the displacement compatibility

equation for the elastic region can be formulated as Eq. (9).
u=re, :M(Hv)r . 9)

E

For the plastic region, the incremental theory of plasticity (Graziani et al., 2005) is
adopted, and the loading path refers to a monotonic decrease of the fictitious inner pressure,
corresponding to the advancing of the tunnel face. Consequently, the rates of all mechanical
variables can be evaluated by their first-order derivatives with respect to Pi. The total strain
rate consists of both elastic part and plastic part, as shown in Eq. (10). The elastic part is
controlled by Hooke’s law and the plastic part by the potential flow rule, as formulated by Egs.
(11) and (12), respectively. The relationship between the strain rate and the displacement

velocity is simplified by virtue of axial symmetry and formulated by Eq. (13).

L A LIS (10)
grezlz_—GVdr—%ag, sgezlz_—evdg—%dr, (11)
£°= %:,1, &, = %:—JKW, (12)

¢ :%, ¢, :%. (13)

Here, g is the plastic potential. The rates of all mechanical variables (denoted by a dot mark)
are referred as their first-order derivatives with respect to Pi. Then associating these four
equations, eliminating the multiplier 4, the displacement compatibility equation for the plastic
region can be expressed as:

ou u (I_V_VKW)O-. _(VKV/_KW"'V)O-.

_+K —_ = .
o Vr 2G ' 2G ¢

(14)

3.4. Semi-analytical solution

As the Young’s modulus E'is a variable which is always changing with the confining pressure,
it is impossible to get the rigid analytical solution. The displacement compatibility equation

and the equilibrium equation could only be solved by semi-analytical methods. The

8
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fourth-order Runge-Kutta method (Basheer et al., 2000; Wu et al., 2018b.) was employed, and
a two dimensional finite difference algorithm (i.e. along the unloading path and along the
radial direction) was programed. All the variables describing the state of the surrounding rock
mass have two indices: the first indicates a certain stage in the unloading path and the second
indicates a certain position in the radial direction. Supposing that at former stage (say the
(k-1) stage where Pi=PikD), all the mechanical states of the rock mass were known, the
objective was to evaluate all the mechanical states at current stage (i.e. the k™ stage where
Pi=Pi®¥) according to their known counterparts at the former stage, which included the
following three steps: stress evaluation, displacement evaluation and parameters update. The
parameters that need to be updated include the transitional strength and the Young’s modulus
of rock mass. After one iteration finished, these known mechanical states at the current stage
could be used to evaluate the mechanical states at next stage, following the same three steps,

and the iteration was repeated until the final stage.

3.4.1. Sress evaluation of rock mass

The equilibrium equations (4) and (5) were solved by the fourth-order Runge-Kutta method.
The radial stress at the tunnel wall oi(k, Ra) was known and equals to P, which served as
the boundary condition of the equilibrium equations. When the radial stress increased up to
the critical inner pressure Pi®, record the position as the radius of the elasto-plastic interface
Re, then go on evaluating the stress state of elastic region. The softening radius was obtained
according to the major principal plastic strain &P. The detailed method can be found in
existing literature (Guan et al. 2007). According to the research of Carranza-Torres et al.,
(1999), Pi® was a constant that only depends on the properties of rock mass itself and
independent of the position of the elasto-plastic interface. The critical inner pressure can be
calculated by the following formula.

=g, =20 (15)
K, +1

The radial and tangential stresses at the current stage could be determined after the stress

evaluation process.
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3.4.2. Displacement evaluation of rock mass
For the elastic region, the radial displacement of the rock mass could be evaluated directly by
the radial stress of rock mass at the current stage, according to Egs. (1) and (9). For the plastic

region, the radial and tangential stress rates &, (k,r) and &,(k,r) should be first evaluated by

their first-order difference with respect to Pi, as shown in Eq. (16).

ok,r)—ok-1,r)
dP

G(k,r)= (r<R). (16)

Similarly, the deformation rate at the elasto-plastic interface u(k,R,), which served as

the boundary condition of the compatibility equation, could also be obtained by its first-order
difference with respect to Pi. Then the fourth-order Runge-Kutta method was utilized again to
evaluate the deformation rate at each sequential calculation point (inward radial direction)
according to the compatibility equations (14). Finally, the displacement at the current stage
could be obtained by accumulating the displacement increment at the current stage to its
counterpart at the former stage.
uk,ry=uk-Lr)y+uk,r)dP (r<R). (17)
The displacement and the stresses at the former stage, as well as the stresses at the
current stage, were required during this step. Then the displacement at the current stage could

be determined after the displacement evaluation process.

3.4.3. Rock mass parameters update

After the stress evaluation, the confining pressure (minimum principal stress) at the current
stage was obtained. Then, the Young’s modulus of rock mass at different locations at the
current stage could be computed via Eq. (1).

After the displacement evaluation, the major principle plastic strain & at the current
stage, which served as the softening parameter herein, could be evaluated by Eq. (18). Then

the transitional strength at the current stage could be computed via Eq. (6).

ef’(k,m=et<k,r)—ete<k,r>=“(‘:’”—“(‘;em (r<R). (18)

The radial stress, tangential stresses and the displacement at the current stage were
required in this step, and the Young’s modulus and transitional strength of rock mass at the
current stage can be determined. After these three steps, all the mechanical states at the

10
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current stage were known, which could be used to evaluate their counterparts at next stage.

4. Application and verification of the confining pressure-dependent Young’s

modulus model

The proposed method was programmed in Visual Basic development environment, and will
be verified by numerical simulations in this section. In addition to Visual Basic, the available
programming methods include C language, C++, Matlab, and many others. An illustrative
case study was conducted to demonstrate the influence of confining pressure-dependent

Young’s modulus in conventional tunnelling.

4.1. An illustrative case study

Suppose that a circular tunnel with a design radius of 5.0 m was excavated under a hydrostatic
in-situ stress of 40 MPa. The Young’s modulus was assumed to transform from 20GPa (Eo) to
80GPa (Emax) with the increasing of confining pressure. The model constant a equaled to 0.05.
The other properties of the rock mass employed were listed in Table 1.

The ground responses after excavation in the semi-analytical solution (including the
distribution of stress, displacement, and Young’s modulus) were shown in Fig. 4, Fig. 5, and
Fig. 6 (represented by solid lines, Analytical Ex). To highlight the influence of confining
pressure-dependent Young’s modulus, the ground responses with the constant Young’s
modulus model (Analytical Ex and Analytical Eso) were also calculated and depicted in
these figures.

The semi-analytical results show that the stress distributions in the surrounding rock

mass were almost the same for different models. The only difference lied in the softening
region (0 < ef <eef). It is reasonable as the rock strength ot in this region is influenced by

the major principal plastic strain &P as shown in Eq. 6. The displacement of rock mass is
significantly affected by the confining pressure-dependent Young’s modulus as shown in Fig.
5. The displacement with the new model falls between the two constant Young’s modulus
models, and more close to the 80GPa condition. Taking the maximum tunnel convergence as

the estimation index, the error between the results of Ex and Eso is 49.26%, and the error

11
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between the results of Ex and E20 1s 102.96%.

The Young’s modulus distributions along the radial direction in the surrounding rock
mass was shown in Fig. 6. The result shows that the Young’s modulus increases nonlinearly
with the increasing of radial distance. It is reasonable as the confining pressure (or) increases
with the increasing of radial distance and the Young’s modulus is influenced by the confining
pressure. The result also indicated that the new model is well expressed in the calculations.
The influence rules of various parameters on the deformation and failure of rock mass will be

revealed in the following parameters analysis.

4.2. Verification by numerical smulations

The validity of analytical method was verified by numerical simulations (codes: FLAC?P). The
strain-softening constitutive laws in FLAC3P are characterized by six parameters: bulk
modulus K, shear modulus G, friction angle ¢, cohesion C, dilation angle ¥, and softening
parameter 7). It is obvious that the former five parameters can be evaluated directly from the

parameters employed in the analytical method, via following relations:

E

K = , 19-1
3(1-2v) (15-1)
G=—Ft (19-2)
2(1+v)
Kp:1+s%n¢) (19-3)
l—sing
o.=2c /K, . (19-4)
K :M_ (19-5)
Y 1-siny

Where, K, is the dilation factor, and equals to K,/ and K,? for softening region and
residual region, respectively.

However, the softening parameter in FLAC?P is defined as shown in Eq. 20-1:
1 oef + o€l
577 a — = 1 :
FI \/5

Therefore, the shift point of the softening parameter in FLAC?P can be obtained from the
12

V(88 =88, ) +(e,") +(8e," — 8e,")” with 8¢l = .20-1)
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parameters used in the analytical method by:

. = %W/sz +K, +1. (20-2)

The confining pressure-dependent Young’s modulus model used in the semi-analytical
method cannot be directly simulate by the default model in FLAC?P. Fortunately, it provides a
user-defined programming language FISH, which can adjust the Young’s modulus according
to the stress state of every element after every step. Then the modified Young’s modulus is
used in the next cycling of FLAC?P,

Because of the symmetry conditions, only one-fourth of the tunnel was modeled. The
thickness of the numerical model is 1 m. The lower boundary was fixed in the y-direction.
The left boundary was fixed in the X-direction. A vertical stress of 40 MPa was applied at the
top boundary. A horizontal stress of 40 MPa was applied at the right boundary. The
gravitational stress-gradient was not considered in this analysis.

The results from the numerical simulations were also depicted in Figs. 4-6, as denoted by
triangle, cross and circle marks for three different cases respectively. As shown in these
figures, the ground responses computed by the analytical method and by the numerical
simulation fit each other exactly for the most part, indicating that the semi-analytical solutions
for the new model in the circular tunnel was valid. In addition, the Young’s modulus contour

around the tunnel in numerical result is shown in Fig. 6b.

5. Parameters analysis

Parameters analysis was conducted to study the influence of different parameters in the
confining pressure-dependent Young’s modulus model. The studied parameters included the
maximum Young’s modulus (Emax), the minimum Young’s modulus (Eo), and the model
constant a. The semi-analytical method was adopted in this part as the calculation can be
finished in a few seconds. While, a lot of time is needed in numerical method to get the
similar results. The maximum tunnel convergence was selected as the estimation index in this
study. Taking the illustrative case above as a standard one and varying a single parameter, the
relative significance of different parameters on the deformation characteristics of rock mass

will be illustrated.
13
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5.1. Influence of the maximum Young’'s Modulus

The maximum Young’s modulus (Emax) was selected to study its influence on the tunnel
convergence. As the minimum Young’s modulus (Eo) is 20GPa in the standard case, the Emax
is set from 20GPa to 100GPa in the following studies. Meanwhile, the other parameters are all
the same with the standard case.

The evolution of the maximum displacement with the increasing of maximum Young’s
modulus was shown in Fig. 7. To highlight the difference, the results of constant Young’s
modulus model (Eo and Emax) were also calculated and depicted in this figure. The results
show that the maximum displacement in the new model decreases gradually with the
increasing of Emax. Similar behaviour was found in the case of constant Young’s modulus
model when the Young’s modulus equals to Emax. In the case of constant Young’s modulus
model when the Young’s modulus equals to Eo, the maximum displacement doesn’t change.
When the Emax is very small, the difference between Emax and Eo is very small, which certainly

resulting in small difference for different models.

5.2. Influence of the minimum Young’'s Modulus

The influence of the minimum Young’s modulus Eo was studied in this part. As the maximum
Young’s modulus Emax is 80GPa in the standard case, Eo was set from 10GPa to 80GPa in the
following examples. The other parameters were also the same with the standard case. The
evolution of the maximum displacement with the increasing of Eo were shown in Fig. 8.

The results show that the maximum displacement decreases sharply with the increasing
of Eo in the case of constant Young’s modulus Eo. The displacement with the new model
always falls between the two constant Young’s modulus models. When the value of Eo is close
to Emax, the difference between the three cases is also small. The result illustrates that the
difference between Emax and Eo is a key parameter that influence the error between the

confining pressure-dependent Young’s modulus model and uniform Young’s modulus model.

5.3. Influence of the model constant

The influence of model constant (a) was studied in this part. It was set from 0.001 to 1 in the

following examples. The other parameters were also same with the standard case. The
14
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evolution of the maximum displacement with the increasing of model constant are shown in
Fig. 9. The results of two constant Young’s modulus models were also depicted in this figure.
The results show that the maximum displacement from the new model decreases
gradually with the increasing of model constant. There is a clearly trend that the maximum
displacement from the confining pressure-dependent Young’s modulus model gradually
approaching the Emax case from the Eo case with the increasing of model constant. This
behaviour can be explained by the distribution of Young’s modulus with different value of
model constant as shown in Fig. 10. The results above show that the confining
pressure-dependent Young’s modulus of rock mass influences the tunnel convergence

dramatically, which shouldn’t be ignored.

6. Predicting the deformation of surrounding rock mass in tunnel construction

6.1. Geological and excavation conditions of Tawara saka tunnel

The excavation of Tawara saka Tunnel on Kyushu Shinkansen in Nagasaki was taken as an
example to explain the influence of confining pressure-dependent Young’s modulus. The
tunnel convergence at the position of 16.074km from Takeo Onsen was discussed in detail. Its
buried depth is 234.9 m. There are two types of rocks around the tunnel as shown in Fig. 11.
The geological investigations and the laboratory experimental results show that the strength of
the rock around the tunnel is very low, and both of them are classified as DII, which belongs
to the classification of the soft rock.

The dimensions of cross section and the monitoring positions for tunnel convergence,
mainly including the convergence at the crown (Uc) and at Im above the springline (Us and
Us), were schematically illustrated in Fig. 12. The standard supporting pattern in Japan was
adopted. The upper stage was excavated first, and then the first lining and the rock bolts were
installed immediately. After that, the displacement meters were installed and started to
monitor the tunnel convergence. Then, the lower stage was excavated and supported similarly.
The second lining was cast in place a few days later. The internal pressure of the support
structure on the rock mass is determined to be 0.817MPa according to the monitoring data of

pressure cell.
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6.2. Numerical simulation to predict the tunnel convergence

A numerical model (codes: FLAC?P) including five groups was established as shown in Fig.
11b, including three groups in the tunnel to be excavated and two groups to stand for the
different rocks. Both of the rocks are assumed as Mohr-Coulomb materials. The properties of
both rocks are listed in Table 2. The parameters were identified by laboratory tests. The
confining pressure-dependent Young’s modulus model here is also characterized by adjust the
Young’s modulus according to the stress state of every element.

In the numerical simulation, the groups 1 and 2 were set to be null after the initial state,
and then an internal pressure of 70% in situ stress was applied on the tunnel surface to
simulate the support effect of the rock mass ahead of the tunnel face and the support structure.
After the balance of the calculation model, the displacement were initialed to correspond to
the in situ monitoring data. Then, the group 3 was set to be null, and an internal pressure was
applied on the tunnel surface. Finally, the internal pressure was reduced gradually to simulate
the advance of tunnel face. According to the monitoring data of pressure cell, the internal
pressure was identified to be 0.817MPa to replace the effect of support.

The results from the numerical simulations by two methods were shown in Fig. 13 and
Fig. 14 respectively. The maximum displacement from different numerical methods were
compared with the monitoring data in Fig. 15. All the displacements shown in Fig. 15 was ten
times magnified with respect to the original data to demonstrate the difference more clearly.
The quantitative data was shown in Table 3. The maximum displacements of the tunnel for
three monitoring points were also shown in Table 3. The errors of maximum tunnel
displacement with different methods compared with the monitoring data was analyzed in
Table 4.

Both the numerical results show that the tunnel convergence is unsymmetrical, which is
consistent with the monitoring data. The displacement at the left side is much larger than the
right side. This is reasonable as the rock strength and Young’s modulus of the left part is much
smaller than the right side.

The tunnel convergence computed from the confining pressure-dependent Young’s

modulus model is smaller than that from the uniform Young’s modulus model, and more close
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to the field test data. The error analysis shows that the error with respect to the monitoring
data is largely reduced with the confining pressure-dependent Young’s modulus model in
most part. The data at 1m above the springline fits much better than the monitoring position of
tunnel crown. May be the relative sliding between the two types of rock mass happened in
situ, which result in a large displacement in the X direction. While, this behaviour is not
occurred as the bond between the two types of rock mass is too strong in the laboratory test.
As the other properties of rock mass, such as the residual strength and dilation angle, are
also influenced by the confining pressure, which are not considered in these simulations may
be the reason of the slight errors. Nevertheless, the simulation results indicate that it is
necessary to consider the confining pressure-dependent of Young’s modulus in rock mass

around the tunnel.

7. Conclusions

According to test data and research achievement available in literature, the relationship
between Young's modulus and confining pressure was described as a non-linear function. In
an underground excavation, the confining pressure acting on an element is a function of
distance between the element and the excavation boundary. Since the Young’s modulus is
depended on the confining pressure, it is necessary to consider the stress field change in the
rock mass surrounding the excavation to accurately predict the ground response, especially in
deep buried excavations.

Based on the plane strain axial symmetry assumption and the incremental theory of
plasticity, equilibrium equations and compatibility equations of rock mass around a circular
tunnel were deduced theoretically. Based on fourth Runge-Kutta method, a semi-analytical
solution was achieved through programming. In the calculation, the Young's modulus of rock
mass was real-time updated according to the local confining pressure.

Considering the effect of the confining pressure on the Young's modulus, the stress and
deformation of rock mass was calculated in the ground reaction analyses by both analytical
and numerical methods. The influence of the confining pressure-dependent Young’s modulus
in surrounding rock was estimated quantitatively. Taking the maximum tunnel convergence as

the estimation index, the error between the results of confining pressure-dependent Young’s
17
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modulus model and two uniform Young’s modulus models were 49.26% and 102.96%.

Parameters analysis were conducted to study the influence of the maximum Young’s
modulus (Emax), the minimum Young’s modulus (Eo), and the model constant a in the
confining pressure-dependent Young’s modulus model. The result illustrated that the
difference between Emax and Eo is a key parameter that influence the error between the
confining pressure-dependent Young’s modulus model and uniform Young’s modulus model.
There is a clearly trend that the maximum displacement from the confining
pressure-dependent Young’s modulus model gradually approaching the Emax case from the Eo
case with the increasing of model constant.

Finally, the Tawara saka Tunnel on Kyushu Shinkansen was taken as an example to
explain the influence of the confining pressure-dependent Young’s modulus. A numerical
model with two different types of rock mass was established to simulate the tunnel behaviour
after excavation. Both of the numerical results showed that the tunnel convergence was
unsymmetrical, which was consistent with the monitoring data. The error analysis showed
that the error with respect to the monitoring data was largely reduced with the confining
pressure-dependent Young’s modulus model. The simulation results indicated that it is
necessary to consider the non-uniform distribution of Young’s modulus in rock mass around

the tunnel.
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584  FIGURE CAPTION

585  Figure 1. The Young’s modulus versus confining pressure of the experimental data and best-fit
586 curves (a) Waterford amphibolites, (b) Waterford gneiss, (¢) Cadotte Sandstone, and
587 (d) Sarvak limestone

588  Figure 2. The relationship of Young’s modulus and confining pressure (minimum principal
589 stress).

590  Figure 3. Static equilibrium condition for the surrounding rock mass.

591  Figure 4. The stress distributions in the surrounding rock mass.

592 Figure 5. The displacement distributions in the surrounding rock mass.

593 Figure 6. The Young’s modulus distributions in the surrounding rock mass (a) analytical

594 results, (b) numerical results.

595  Figure 7. The evolution of the maximum displacement with the increasing of Emax.

596  Figure 8. The evolution of the maximum displacement with the increasing of EO.

597  Figure 9. The evolution of the maximum displacement and the error with the increasing of
598 model constant.

599  Figure 10. The distribution of Young’s modulus with different value of model constant.

600  Figure 11. Tawara saka Tunnel at 16.074km (a) The exposed tunnel face, (b) Numerical

601 model.

602  Figure 12. The cross section dimensions and the convergence monitoring positions.

603  Figure 13. Displacement of the rock mass around the tunnel by uniform Young’s modulus

604 model.

605  Figure 14. Displacement of the rock mass around the tunnel by non-uniform Young’s modulus
606 model.

607  Figure 15. Comparing of different numerical results with the monitoring data.

608
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Fig. 1 The Young’s modulus versus confining pressure of the experimental data and best-fit
curves (a) Waterford amphibolites, (b) Waterford gneiss, (c) Cadotte Sandstone, and (d)

Sarvak limestone
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