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1. INTRODUCTION

In recent years, a problem that ground expansion
by swelling clay minerals destroys the roadbed of a
mountainous tunnel has occurred in various regions
in Japan. The heave of tunnel invert caused by
swellable minerals will seriously affect the normal
operation and endanger the structural safety of the
tunnel, and therefore, it is very important to make ap-
propriate predictions of the mechanical behavior of
the tunnel for the support system design and mainte-
nance.

The expansion comes with the process of water-
absorption between layers of these clay minerals. In
addition, it is reported that the hygroscopic expan-
sion, which is based on a thermo-chemical phenome-
non, degrades the stiffness of the ground as the swell-
ing clay minerals interact with surrounding intact
rock?. The complicated mechanical behavior of the
ground involving swelling clay minerals comes from
a kind of phenomena based on multi-physics, due to
the hygroscopic expansion. Although it should be to
simulate the complicated behavior theoretically in
terms of multi-scale/multi-physics analysis which
considered the thermo-mechanics with chemical re-
actions, no applicable model has yet to be developed
in practice.

From a viewpoint of engineering practice, the pur-
pose of this study is to construct a numerical analysis
method to estimate the stress state and deformation
of a tunnel during the process of excavation and hy-
groscopic expansion. And it is acknowledged that the
accuracy and robustness of the finite element method
(FEM) program can be improved by the implicit in-
tegration algorithm, especially when complex elasto-
plastic constitutive models are used®. Therefore, the
present study formulates the return mapping algo-
rithm for the swell model based on MCC maodel,

which is a constitutive model that can perform the
softening and hardening behavior of ground mate-
rial®.

2. PROCESS OF ANALYSIS

In this study, the three-stage analyses will be con-
ducted, which contains initial stress field analysis,
excavation analysis and swelling analysis, to obtain
the stress-strain distribution characteristics of the tun-
nel in the process of expansion by water-absorption
after excavation.

(1) Initial stress field analysis

Although the initial stress field of the mountains is
very complex as it is affected by various factors such
as self-weight, tectonic movement, geothermal field
and so on, it will be computed only taking self-weight
into consideration in this study as an initial pilot
study. And the complex initial stress field can be
achieved by applying different boundary conditions
if other factors are considered such as tectonic move-
ment.

(2) Excavation analysis

The excavation process of tunnel will cause the re-
distribution of the stress filed. The excavation analy-
sis is carried out by applying the equivalent excava-
tion load at the excavation boundary.

(3) Swelling analysis

In this study, the swelling elastoplastic constitutive
model is established by introducing the swelling
strain, which is based on modified Cam-Clay model.
And the formulation is presented in the next section.
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3. FORMULATION OF SWELLING
MODEL

(1) Basic equations
The strain is defined by three part as follows, swell-
ing strain &
e=¢&"+eP+&™ (1)
Where the upper index e and p are meant elastic
and plastic parts of strain respectively. So the elastic
constitutive relation can be written as:
c'=C(e—¢&"-&"" (2)
¢' is the effective stress tensor, C is the elastic

modules tensor. The yield function is the same as
the Modified Cam-Clay model, given by

In [NIZLWJ +1In (ijl —a (3
M p',
Where

p‘:%tr(c') and q:\/gndev(c‘)ll (4)

f(6',a)=MD

D= AR and a=¢& =trg (%)
(1+e,)

p' is the mean effective stress, q is the equivalent
stress, M is the critical state parameter, D is the dila-
tancy coefficient, ;] is the compression index, ¥ is
the swelling index, e, is the initial void ratio corre-
sponding to preconsolidation stress p'c; « 1S a hard-
ening parameter defined by plastic volumetric strain
g?. By applying associated flow rule, the plastic
strain rate is expressed as

A (6)

Where ¢of / 0o is the gradlent of yield function f ,
which describe the directions of plastic strain incre-
ment. And plastic strain rate £ can be decomposed
into a spherical and dewatorlc parts as follows.

of
= }/a (7)

= yﬁ and &°
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(2) Return Mapping algorithm
The backward Euler method is used to update the
internal state variables and stress implicitly at local
iterative algorithm. The backward Euler approxima-
tion is used for both the elastic properties and hard-
ening rule, but the hard parameter « has explicit re-
lation with plastic strain as equation (5), so the resid-
ual of backward Euler equations can be written as fol-
lows:
Rf

nl n+1

of .
n+ (8)
oo’

R?1/+1 f(G n+1? n+1) (9)

+ s +AYq

is considered as non-mechanical strain.

Taking ¢, o, Ay as the main variable, and ¢' as

the Dependent variable, the linearization of the above
equations are

(k)

f f f
R:Hl R M+l 5 p R %+l 50!+ R n+l §(A}/ _
n+l aaml a( n+1)
(10)
of (k) (k)
RY, +—2L :5g +—1 sg=0 (11)
a E+l an+1

The (k) means the value the coefficient at the k-th
iteration during the analysis step in [tn, tn+1] . Solv-

ing the equation (10) and (11) about the correction of
the main variable Ay and ¢, and the corrections

can be solved as follows:

=
T

il

f
AR

_ fn+1 B " n+1 12
5(Ay) = - (12)
=B - =A 66'
p = f a‘I:n+1
5e” =—E,| Rl + =L 5(Ay) (13)
06
Where
-1
- 0? f.
=A :{_1(4) ~Avasm 96 2 : C} (14)
n+l
= .
o :L_ Sce, J (15)

Using equation (5), the correction of hard parame-
ter can be obtained:
:0gh . (16)

oa=1,:
And then we can update state variables as follows:

k+1
Ayl = Ayl + 6y
gD = Pl 4 5gP (17)
(k+1) _
an+l - n+l+5a

(3) Consistent tangent moduli

The consistent tangent operator can increase the
rate of convergence significantly relative to the con-
tinuum tangent operator, and it can make the solution
converged quadratically in full Newton-Raphson it-
eration when a non-linear constitutive model ana-
lyzed in FEM?®. Differentiating equations (6), (2), (3)
results in:

2
del | = 88fn+|1 d(Ay,..)+Ay,., 66 fn2+1 do, ., (18)
do 'n - Cd( LI E+1 :lfl) Cd( LI n+l) (19)
df (Gn+l’an+l) = afn+1 dG n+1 afn+l dan+l (20)
n+1 a0(n+1
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Solving the equations above to get the relation be-
tween de' and de, , , Which is the algorithm con-

sistent tangent moduli.

p— afn+1 -
d , - '=‘n+1 aﬁl =‘n+1nn+1 d
O = =na~ . :6fn+1 v = aan €ni1
(2) 86' n+l n+l ao_.
(21)
Where
_ ) 2t T
'=‘n+1 = |:Cn}rl + Ayn+1 aG 21:| (22)
8fn+ 62 fn+
Mo :\‘ 86'1 —-A n+l ?ﬁlI(Z)J (23)
4. EXAMPLE OF ANALYSIS

The simulation of a tunnel constructed in swelling
rockmass is carried out using the analysis method
presented in section 2 and 3. The parameters used for
analysis are shown in Table 1.

Table 1 Parameters used in presented model.

E P > s
M
(GPa) (MPa) AR08
3 100 10 025 005 03 10

(1) Initial stress analysis

The model of Fig.1 shows the boundary conditions
and cross-section of the tunnel for initial stress anal-
ysis. g, is set as 88kN / m? and the initial mean ef-

fective stress is shown in Fig.2 .
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Fig.1 Model for initial stress analysis
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Fig.2 Initial stress state

(2) Swelling analysis

The model for swelling analysis is shown in Fig.3.
The yellow domain is set as the swelling part with the
total swelling strain ¢ =10% which is divided into

500 steps in FEM analysis.
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Fig.3 Model for swelling analysis

Swelling simulation is conducted from the stress
state computed in initial stress analysis. The displace-
ment and equivalent stress distribution are shown in
Fig.4 and Fig.5. The max displacement is about
0.974m in the end of swelling process. The p'-q
stress path of the check point shown in Fig.5 is
shown in Fig.6. The stress path illustrates the swell-
ing pressure increases when swelling process occurs
in the elastic stage and it decreases in the plastic stage
because of the plastic volume expansion over the crit-
ical state line.
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Fig.6 Stress path of swelling process

Fig.4 Displacement distribution
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! 87895 5. CONCLUTION AND DISCUSSION
78134 An elasto-plastic swell model based on MCC is
6372 proposed in this study. And the formulation of return
S5615 mapping algorithm is effective verified by some nu-
18849 merical examples. The proposal model made it pos-
39087 sible to evaluate displacement and stress state of the

tunnel roadbed. Of course, it is still insufficient to
evaluate the mechanical behavior of the tunnels con-
structed in swelling rockmass accurately. We will

29325

19563

9801

2965 modify the model for it is more applicable to the real
Fig.5 Equivalent stress distribution problems.
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