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ABSTRACT: The soft clayey soil around fully impermeable segmented tunnels can swell if groundwater
table gradually rises in several years. It is analogous to the consolidation of cohesive soil under the influence
of gradual groundwater drawdown. Under the gradual rising of groundwater, effective stress in saturated
cohesive soils decreases by an increase in porewater pressure and volumetric strain of soil elements increase.
Also, the degree of saturation of soils increases and suction forces disappear in unsaturated soils. The new
saturated soils may continue to swell until the end of the secondary swelling stage. Because of these events,
the loads on the tunnel lining may increase or decrease at different locations, Under the effect of these loads,
lining deformation may reach a new equilibrium status. In this paper, a coupled soil-water finite element ana-
lysis is employed to study the long-term behaviour of ground and tunnel due fo the changes in groundwater
level by using an old tunnelling case in Japan. The field measurements are used to support the results of ana-
lyses. One-ring model is used to model the lining behavior and interface planes are used between linings and
surrounding soils to allow relative movement of soil and lining. The relationship between suction, degree of
saturation and permeability ratio are used to model swelling behaviour of unsaturated soils. A series of back
analyses were performed to fit the analytical results of ground surface settlement with field measurements by
changing the anisotropic permeability of clay and equivalent stiffness of concrete lining. The time-dependent
behaviour of diameter changes in one specific tunnel lining and ground surface displacement around the
tunnel are investigated numerically.

condition. It is because effective stress of soils
increases with a gradual decrease in pore water pres-

1 INTRODUCTION

The ground water fluctuation in cohesive soil can
cause heave and settlement in the long-term. Accord-
ing to the report of observation on ground surface
settlement in Tokyo, the groundwater level in Tokyo
fell due to the irrational usage of water by domestic
water, industry and higher buildings from the 1920s
to the 1960s (TMGBC 2017). The groundwater
levels in several of the major cities in the UK and
elsewhere in Europe also fell tens of meters by
developing the industry from the early 1800s to the
1940s (Wilkinson 1985). The groundwater levels fall
as demand increases over and above natural aquifer
recharge. The underground structures including tun-
nels can also be influenced by water table level fluc-
tuations. By lowering the groundwater table in
a cohesive soil, consolidation might happen and ini-
tially saturated soil may experience the unsaturated
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sure. Increase in the amount of effective stress can
reduce the void ratio of soil elements and may lead
to an increase in loads of the underground structures.
To protect the underground water resource and limit
the significant settlement of ground surface, the
usage of groundwater has been controlled strictly. AS |
a result, there has been a gradual and steady rise in
groundwater levels and cohesive soils start to swell
up. The swelling behaviour of soils is analogous 0
the consolidation of cohesive soil under the influ-
ences of gradual groundwater drawdown. Under the |
gradual rising of groundwater, effective stress in sat-
urated cohesive soils decreases by an increase 1
porewater pressure and volumetric strain of soil
elements increase. Also, the degree of saturation 0
unsaturated soils increases and suction forces dis®
appear in unsaturated soils. The new saturated soils
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continue to swell until the end of the secondary
ing stage. During this stage, the structures on or
; ound surface may heave which leads to
un unfavorable structural problem. Therefore, the
f iy of the long-term behaviour of ground and
st zfures due to groundwater level fluctuations is
S ortant. In this paper, an aged segmented tunnel in
imp is used for the purpose of this study. Both

Iﬂggz d and tunnel behaviour in the long-term have

n studied- - :
In this study, the effect of permeability anisot-

on consolidation and swelling behaviour of
cohesive soils around the tunnel is investigated.
Table 1 shows some recommended values of per-
meability ratio »; (ratio of horizontal to vertical
ermeability) done by different researchers _using
Jaboratory and in-situ tests. For instance, Mitchell
(1956) found that the ratio ry is from 1.0 to 4.0,
with an average value of about 2.0 and Chandler
ot al. (1990) recommended r; approximately equal
9.0 for London clay by using self-boring permea-
meter test. The structural stiffness of segmented
Jinings is smaller at the location of joints, If the
effect of joints is not taken into account, uniform
gquivalent stiffness is used in the lining along the
wnnel. The effect of uniform equivalent stiffness
of lining is also studied on overall ground and
tunnel responses.

geries of coupled soil-water analyses are per-
formed to study the long-term behaviour of

ound and tunnel due to the changes in ground-
water level by using the data of an old tunnel in

Table I. Recommended permeability ratio ry. for different
goil types.

Soils type 7y ratio Reference
London clay 2.0 Mitchell
(1956)
Illite and Boston blue clay 0.9to4.0 Olsen (1962)
Merine clay 1.1to 2.5 Leroueil
etal. (1990)
London clay 2.0 Chandler
et al. (1990)
Soft clay deposits marine 1 Mesri et al.
origin - (1994)
Lacustrine varved clay <3.0
Remolded pure clay, synthetic 1.1t03.0  Clennell
P’!W clay, and natural clay et al. (1999)
Singapore marine clay 2.0t03.0 Chuetal
(2002)
Soft Bangkok tlay (at low 1.0to 1.3 Seah &
Preconsolidation pressure) Koslanant
Soft Bangkok clay (athigher 2.8 (2003)
Stress)
Many homogeneous clays 1.2t02.5 O’Kelly
: (2005)
Iléf:edimented Boston Blue 12t01.9 Adamsetal
oy (2013)
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Japan. The field measurements are used to sup-
port the results of analyses. One-ring model is
used to model the plane-strain condition of the
lining. The interface planes between linings and
surrounding soils are used to allow relative
movement of soil and lining. The relationship
between suction, degree of saturation and perme-
ability ratio are used to model swelling behav-
iour of unsaturated soils. Also, several back
analyses were done to fit the numerical results
of ground surface settlement with measurement
values in the field by changing the anisotropic
permeability of clay and uniform equivalent
stiffness of lining. The time-dependent behaviour
of changes in tunnel diameter and ground sur-
face displacement around the tunnel is investi-
gated numerically.

2 A CASE OF AN AGED SEGMENTED
TUNNEL

A case of an aged segmented tunnel built in soft clay
in Japan is considered here. The tunnel was con-
structed for electrical transmission in 1983 and since
then it experiences significant changes in groundwater
level by time, Figure 1 shows the general plan of the
site. An observation well for groundwater level meas-
uring and an observation point for measurement of
the ground surface settlement are located approxi-
mately with a projected distance of 650 m from the
tunnel. Therefore, the behaviour of groundwater and
ground surface settlement are assumed to be identical
at the section of 650 m from the tunnel. The tunnel
under study has 191 rings along the tunnel with
a total length of 171.9 m.

2.1  Structural details of the tunnel

Figure 2 shows the structural details of the lining,
There are 6 pieces of reinforced concrete segments in
one ring which has a width of 0.9 m, a thickness of
0.25 m, and an inner diameter of 3.5 m, respectively.
The segments are connected by segment joints, and
the rings are connected by ring joints. The joints are
interconnected by steel bolts and sealing rubber.

=== Tunnel (ring 1 to 191)

--+ Continuation of tunnel

== River

P Observation well for
groundwater level

(& Observation point for

ground surface seitlement

Figure 1. The general plan of the site.
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Figure 2. Structural details of the tunnel lining.

2.2 Long-term behaviour of the ground

According to TMGBC (2017), the groundwater
level dropped significantly in 1961, 1964 and
1971 due to irrational usage by domestic water,
industry, and building. This led to a significant
settlement of ground surface (see Figure 3). In
order to restore groundwater level and limit the
ground surface settlement, the usage of ground-
water was limited from 1972 which results in
a gradual rising of groundwater. Figure 3 shows
the recorded groundwater level at an observation
well (shown in Figure 1). The field measurement
is shown in a blue curve from 1890 to 2016 and
the predicted groundwater is shown in the red
curve from 1980 to 2040. There is an attempt to
predict groundwater behavior from 2016 to
2040, basing on the measured data from 1980 to
2016. The equation is also shown in Figure 3.
Here, the data of changes in groundwater from
both field measurements and the prediction are
used as shown in the black cross marked curve,
Figure 3 also shows measured ground surface
displacement recorded from an observation point as
shown in Figure 1. It can be seen that the ground sur-
face settles significantly from 1935 to 1975 which is
corresponding to the dropping in groundwater level

and then it swells from 1975. The maximum value
of settlement and swelling of the ground surface is
approximately 3.52 m and 0.09 m, respectively.

2.3 Long-term behaviour of the tunnel

The changes in diameter of tunnel lining are meas-
ured in 2010 by Laser and Station methods. Figure 4
shows the changes in the diameter of the tunnel
lining in horizontal and vertical directions. The verti-
cal diameter decreases by a mean value of
20.68 mm, and the horizontal diameter increases by
a mean value of 17.08 mm approximately.

3 PERFORMED ANALYSES

3.1 Numerical model

A series of three-dimensional coupled soil-water
analyses are performed. Figure 5 shows the mesh
with a width of 650 m due to the projected dis-
tance from the tunnel to observation well and
a height of 80 m and one-ring thickness equal to
0.9 m. There are 9,838 nodes and 4,767 elements
in the model created by software of Midas GTS
NX. Two soft cohesive soil layers (Yc and Ye-
lower) are beneath the sandy soil layer (Ys) on
the ground surface. The tunnel is embedded in Yc¢ |
layer which has a very low N-value. This so-

called one-ring model demonstrates plain-strain

condition of soil and tunnel only at ring No. 99.

Because the tunnel is connected to two vertical

underground structures at ring No. 1 and 191. At

these two connection parts, the deformation of lin-

ings is limited, however, between them, the linings

can deform freely. The interface elements are also

used between linings and surrounding soils to allow |
relative movement of two different materials.
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Figure 3. Changes in groundwater level at observation well by time.
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Figure 5. Numerical mesh.

Table 2. Soil properties used in the model.

Table 2 shows properties of soils used in the
model. The geotechnical tests or used equations
to obtain the soil properties are also demon-
strated, The elastic model is used for sand and
Modified Cam-clay is used for clay soils. The
tunnel has been built in very soft clayey soils
with low SPT values approximately equal to 1.0.
The time-dependent permeability in clay is intro-
duced by C; parameters with the recommended
value of 0.5¢, for most soft clay (Terzaghi et al.
1996).

Regarding the boundary conditions, the whole
model is constrained in normal direction to the
four vertical side surfaces. The bottom of model is
fixed and the top surface of model is set to be
free. The changes in groundwater level shown in
Figure 3 are assumed and applied at the section of
observation well, which is 650 m away from the
center of the tunnel and at the left side boundary
of the numerical model shown in Figure 5.

There are several analysis stages shown in
“Table 3. First one is for the initial stress condi-
tion and in this stage all the elements and grav-
ity loads are applied. Second one is for the
initial seepage condition and the changes in
groundwater level shown in Figure 3 are
applied. Others are the main calculation stages
where the analysis are carried out from 1890 to
2040. During October 1979 to May 1983, the
tunnel was built in the cohesive soils.

Sand Clay Test method or
Parameters Symbol Unit (Ys) Clay (Yc) (Yc-lower) used equation
Analysis model Elastic  Modified  Modified
Cam-clay Cam-clay
Depth m 0~8.3 8.3~20 20~60
Unit weight y kN/m* 183 16.3 16.3 Physical test
N value N — 4 1 5
Young’s modulus E kKN/m?> 11,200 2,800 14,000 E=2800N
Effective Poisson’s ratio v’ — 0.33 0.35 0.35 Consolidation test for Yc,
common values for other layers
Permeability coefficient k, mfsec  1.7x10%° 13x10°  13x10°  In-situ permeability test by
boreholes
Void ratio eq — 1.105 1.353 1.353 e= (1GsVsad/VsarPw)
Coefficient of earth . Ky - 0.5 0.54 0.54 Consolidation test for Yc,
pressure common values for other layers
Cohesion = - kN/m®* 0 — —
Frictional angle 7] deg 25 — —
Gradient of isofropic Y3 — — 0.284 0.284 Consolidation test
normal consolidation line (= 0.434Cc)
Gradient of isotropic swell- x — —_ 0.094 0.094 Consolidation test
ing line (= 0.434Cs)
Slope of critical state line M — — 1.175 1.175 M= 6sing '/(3-sinp’)
Dilatancy coefficient D — -— 0.069 0.069 D = JA/(M+M ey)
A= 1kl = 1-Cs/Cc
Permeability changing ratio Cj — — 0.6765 0.6765 Cr.= ey/2

Notes: yyq is the saturated unit weight of soil, G; is the specific gravity, C, is the compression index, C; is the swelling index,
p’ is the effective-stress friction angle, A is the gradient of isotropic normal consolidation lines (= 0.434C,), « is the gradient

of isotropic swelling lines (= 0.434C;).

593



Table 3.  Analysis stages in the model.

Stage Year
Initial-stress 1890
Initial-seepage 1890

Consolidation 1890 to 1964
Swelling 1965 to 1979-09
Tunnel consfruction 1979-10 to 1983-05
Swelling 1983-06 to 2040

3.2 Unsaturated behaviour of soil

The degree of saturation of soil changes by the fluc-
tuation of groundwater level. In unsaturated soil, the
soil-water characteristic curves (SWCC) is used
which is a relationship between' the water energy
state and the mass of water (Fredlund 2002a, Fre-
dlund 2006). Japan Institute of Construction Engin-
eering (JISE) proposed SWCC curves for sand and
clay by performing laboratory tests. Based on JISE,
the relationship between suction () and degree of
saturation (S) is given by curve shown in Figure 6
and relationship between the degree of saturation (S)
and permeability ratio (K,) of soil is given by curve
shown in Figure 7. These two curves are employed
in numerical analyses to demonstrate unsaturated
behaviour of soil.
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Figure 6. Changes of suction and permeability ratio by the
degree of saturation changes in the sand.

60 - 1.0
50 + ] -
T 0.8
<40 1 1 .8
= T 068
£ 30 - K, w 1 z
2 - T 04 E
T 1 a
+ 4 E
10 -+ j' 0.2 o

0 li....lnnullun.i.---{----L»r-—Al.. : : -L-;“_;_._' 0.0

0.0 01 02 03 04 05 06 07 08 09 10

Degree of saturation (.5)

Figure 7. Changes of suction and permeability ratio by the
degree of saturation changes in clay.

4 EFFECT OF PERMEABILITY ANISOTROPY
AND EQUIVALENT LINING STIFFNESS

4.1 Permeability anisotropy

In the real ground, soils have anisotropic permeabil-
ity. The permeability ratio ry is recommended to be in
a range of 2 to 10 (Look 2014). Using the recom-
mended range for 4, back analyses are performed to
fit measured ground surface displacement with
numerical values. The numerical ground surface
settlement is read at a node on the ground surface at
the section of observation point (650 m away from
tunnel),

Figure 8 shows that both measured and calculated
values of ground surface displacement. The ground
surface settles down firstly due to groundwater drop-
ping and then tends to swell due to groundwater
rising, By increasing ratio 7 from 1.0 to 2.0, the
maximum ground surface settlement is also
increased significantly. It is because the void ratio
can be reduced faster by increase horizontal perme-
ability of clay. By increasing the ratio r4 to 2.0, both
settlement and swelling increase significantly and
the swelling starts approximately 22 months earlier.
By the increase in ratio »y, water flows out or into
the soil faster and change in water level influences
the effective stress status of elements quicker. The
results for ratio 4 of 3.0 and 4.0 are almost identical.
Using k;/k, = 2.0, the close fit between measurement
values and calculated results are attainable. So, #;
for clay is set to 2.6 x 10 my/s,

4.2 Equivalent stiffness of lining

The lining stiffness can be reduced by joint deteri-
oration. Here, the lining is modeled by solid elem-
ent without considering ring or segment joints and
therefore, a reduced equivalent lining stiffness is
considered for lining elements. The changes in
reduced equivalent lining stiffness are applied by
changing the concrete elastic modulus. Using dif-
ferent equivalent lining stiffness, numerical results
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Figure 8. The ground surface settlement at observation
point by permeability ratio study.
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f the change in tunnel diameter are fit with meas-
red values. Figures 9 and 10 show diameter
hanges of the tunnel in the vertical and horizontal
lirection by time, respectively. Figure 11 also
hows measured and calculated diameter changes
f tunnel lining at ring No. 99 in 2010. The lining
leformation increases in the horizontal and vertical
lirection by decreasing equivalent stiffness of
ining. In this way, El, = 40% EI is adopted in
wmerical analyses.
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Figure 9. Diameter changes of the tunnel in the vertical
direction.
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Figure 10. Diameter changes of the tunnel in the horizontal
direction,
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Figure 11. Changes in diameter of ring 99 by changes in
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5 CONCLUSION

The long-term behaviour of ground and tunnel due
to the changes in groundwater level was studied
and a series of coupled soil-water analyses were
employed. Effect of permeability anisotropy of
soils and equivalent uniform stiffness of lining on
the soil and tunnel behaviour were studied by using
the data of an aged segmented tunnel built in soft
clay. The conclusions of this study are listed as
follows:

Soil permeability anisotropy is an important par-
ameter to study soil behaviour. The ratio 7y of hori-
zontal to vertical permeability is recommended in
a range of 2.0 to 10.0 by some researchers, and the
proper value of 2.0 can be used for clay in this
study. By increasing the ratio ry to 2.0, both settle-
ment and swelling behaviors of ground soils
increases significantly. The ground starts to swell
approximately 22 months garlier. Because water
flowing into or out of soil voids becomes faster,
which influences the effective stress status of soil
elements quicker.

The equivalent stiffness of tunnel lining plays an
important role to study behaviour of lining, espe-
cially when considering the effects of segment and
ring joints. In this study, 40% of initial design stiff-
ness of linings has a good agreement with the field
measurement. By decreasing 60% in lining stiffness,
the diameter of tunnel lining increases 8.5 mm in
horizontal direction and decreases 14.9 mm in verti-
cal direction,

However, there are also limitations to this study.
For instance, only one specified section of one-ring
has been modeled, the behaviour of tunnel lining is
limited at this section. For further study, investiga-

tions on full tunnel lining are essential. And real

equivalent stiffness of tunnel lining calculated by the
structural method can also be compared with the per-
centages obtained in this study.
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