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Stability of rectangular tunnel in improved soil surrounded by soft clay
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Abstract. The practical usage of underground space and demand for vehicular tunnels necessitate the construction of non-
circular wide rectangular tunnels. However, constructing large tunnels in soft clayey soil conditions with no ground
improvement can lead to excessive ground deformations and collapse. In recent years, in situ ground improvement techniques
such as jet grouting and deep cement mixing are often utilized to perform cement-stabilisation around the tunnel boundary to
prevent large deformations and failure. This paper discusses the stability characteristics and failure behaviour of a wide
rectangular tunnel in cement-treated soft clays. First, the plane strain finite element model is developed and validated with the
results of centrifuge model tests available in the past literature. The critical tunnel support pressures computed from the
numerical study are found to be in good agreement with those of centrifuge model tests. The influence of varying strength and
thickness of improved soil surround, and cover depth are studied on the stability and failure modes of a rectangular tunnel. It is
observed that the failure behaviour of the tunnel in improved soil surround depends on the ratio of the strength of improved soil
surround to the strength of surrounding soil, i.e., gu/qus, rather than just q... For low qu/qusratios, the stability increases with the
cover; however, for the high strength improved soil surrounds with qu >> qus the stability decreases with the cover. The failure
chart, modified stability equation, and stability chart are also proposed as preliminary design guidelines for constructing
rectangular tunnels in the improved soil surrounded by soft clays.
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1. Introduction

Tunnelling in soft soils is a challenging task that may
often lead to the formation of sinkholes and even collapse.
Numerous researchers have studied the undrained stability
of circular tunnels in clayey soils (Mair 1979, Davis et al.
1980, Casarin and Mair 1981, Lee et al. 2006). There are
numerous studies on the stability of circular tunnels in
layered soils (Khezri et al. 2016, Yang and Zhang 2017).

The effective utilization of underground space and non-
circular transportation modes such as vehicles and trains,
necessitates the demand for non-circular tunnel geometry,
for example, square and wide rectangle. In recent years, the
construction of large non-circular tunnels has increased
rapidly worldwide; some examples can be seen in Table 1.

Numerous studies have been done on the stability of
square tunnels in soft clays (Assadi and Sloan 1991, Sloan
and Assadi 1991), and cohesive-frictional soils (Layamin et
al. 2001, Yamamoto et al. 2011). Uktritchon and
Keawsawasvong (2020) studied the stability of square
tunnels in clays with linearly increasing anisotropic shear
strength. Yang and Yang (2010) and Zhang et al. (2020)
studied the stability of rectangular tunnels under surcharge
loading in cohesive-frictional soils. Abbo ef al. (2013) and
Wilson et al. (2017) studied the stability of rectangular
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tunnels in cohesive soils. Yang and Qin (2014) carried out
limit analysis on rectangular openings under seepage forces.
Dutta and Bhattacharya (2019) studied the stability of
rectangular tunnels in cohesionless soils.

All the studies mentioned above are for circular, square,
and rectangular tunnels in soils without any admixture
treatment. However, tunnelling in soft clayey soil
conditions without any ground improvement may lead to
excessive ground deformations and collapse. In the last few
decades, jet grouting (JG) and deep cement mixing (DCM)
ground improvement techniques have been utilized to
perform cement-stabilization around the tunnel boundary;
the function is to prevent the large deformations and failure,
or to control seepage (e.g., Arroyo ef al. 2011, Croce ef al.
2014). Table 2 summarises the details of some of the
tunnelling projects from worldwide, in which cement-
treatment was performed to improve the surrounding soil.

Tyagi et al. (2017) studied the failure behaviour of large
single tunnel of 12 m diameter excavated in cement-treated
soil, using centrifuge and numerical modelling. They named
the region of cement-treatment as the ‘improved soil
surround’. Tyagi et al. (2017) observed three failure modes,
(a) ‘shear’ failure in weak and thin improved soil surrounds,
(b) ‘rupture’ failure in intermediate strength improved soil
surrounds, (c) ‘tension’ failure in higher strength and
thicker improved soil surrounds. A failure chart and
modified stability equation for single circular tunnel was
also proposed by Tyagi et al. (2017). Tyagi et al. (2018,
2020), Pan et al. (2020) further studied the effect of spatial
variability in cement-treated soils on the stability of large
diameter circular tunnels. Recently, Tyagi and Lee (2022)
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studied the effect of nearby tunnel failure on the large
diameter tunnel in soil improved by cement-treatment.
Zulkefli et al. (2017) conducted the centrifuge model tests
at 100g to study the failure behaviour of large rectangular
tunnel of width, B and height, H of 30 m and 8 m,
respectively with improved soil surround in soft kaolin clay.
Four model tests were conducted with unconfined
compressive strength of improved soil surround, g.; of 576,
600, 1352 and 1200 kPa, respectively. The thickness of the
improved soil surround, ¢ was kept as 3 m and 5 m. The
depth of cover, C was kept as approximately 18 m. Zulkefli
et al. (2017) measured the variations of the stress at the roof
of the tunnel and tunnel support pressure at the springline to
compute the critical tunnel support pressure termed 7SP,, at
the initiation of failure. Similar to Tyagi et al.’s (2017)
findings, the value of TSP, decreased with the increase in
strength and thickness of improved soil surround.
Therefore, there are experimental as well as numerical
studies available for circular tunnels in soils improved by
cement-treatment. However, numerical studies and design
guidelines for non-circular geometry are limited.

In this paper, the stability and failure behaviour of wide
rectangular tunnel in improved soil surround is studied
using finite element modelling. The concept of improved
soil surround as temporary support provided for the
excavation of a rectangular opening is shown in Fig. 1. The
function of improved soil surround is to prevent the
collapse during tunnel construction and also reduce
deformations and disturbance to nearby structures caused
due to tunnelling. In a practical scenario, the subsequent
lining can be provided after excavation, e.g., construction of
the Davidson tunnel and Undercrossing tunnel at San
Francisco (Pellegrino and Adams, 1996), KVMRT TUS
tunnel drive, Malaysia, (Raju et al. 2021). However, the
installation of lining shall not be discussed in this paper.

In the present study, the plane strain finite element
model is first developed in a geotechnical finite element
software Plaxis 2D. The numerical model is validated with
the results of centrifuge model tests performed by Zulkefli
et al. (2017). The failure behaviour and stability
characteristics of rectangular tunnel with improved soil
surround are studied for different strength and thickness of
improved soil surround, and cover depths. Based on the
parametric studies, a failure chart is developed for
rectangular tunnels with improved soil surrounds with
different strengths, thicknesses, and cover ratios. Finally, a
modified stability equation, and a stability chart for
rectangular tunnel in improved soil surrounds are proposed
which may serve as preliminary design guidelines for
constructing such tunnels.

2. Numerical model

2.1 Geometry and materials

The plane strain finite element model for rectangular
tunnel with improved soil surround is shown in Fig. 2. The

tunnel geometry and cover depth are kept similar as those of
Zulkefli et al.’s (2017) centrifuge model test set up. The

Soft clay
Strength g,

@ (2)
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admixed so1l
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@ ®)
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surround. el
2 opening
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Fig. 1 Schematics showing concept of improved soil
surround as temporary support for the excavation of a
rectangular opening (a) soft clays without any
treatment, (b) cement-admixed soil columns installed
using ground improvement technique (deep cement
mixing or jet grouting) to provide temporary support
for future excavation and (c) excavation done to create
rectangular tunnel opening

width and height of the improved soil surround are kept as
30 m and 8 m, respectively. Only half of the geometry is
modelled taking advantage of the symmetry. The right-side
boundary is taken as 2 times the tunnel width from the
centreline of the tunnel. Preliminary boundary studies
showed that extending the side boundary to 3B had no
influence on the numerical results. The bottom boundary is
kept at 30 m from the tunnel floor, similar to the Zulkefli et
al. (2017) centrifuge test model.

The cover C is kept as 18 m. The equivalent diameter of
tunnel opening, D., is computed as 17.5 m approx. from the
following relationship

D, - /4(H7T>< B) W
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Table 1 Some examples of non-circular tunnels constructed in recent years across the globe
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S no. Tunnel name/ Location ~ Type of Surrounding Soil Sunz;réi;ﬁ Soil Shape Geometry DS]())t\;ErC C(I:/}l)):r Reference
=0 B=9.7m
1 Shanghai (China) - —300 Sub Rectangular H=7.2m 20 m 2.0 Phametal (2021)
¢ Deg=9.76
Pedestrian Under Pass, Xian Saturated Loess B=3m
2 . ’ - Rectangular H=9m 74 m 1.26 Wang et al. (2018)
(China) D..=9 42
eq 7+ m
Fujiayao Tunnel Zhonghe . ¢=22 kPa B=17m .
3 . Alluvial loess ¢ =28° Horse Shoe H=11m 112 m 8.2 Qiu et al. (2018)
(China) _
De=15.4 m
B=31m
4 Kil Tunnel (Netherland) - - Rectangular H=8.75m -- -~ Gavinet al. (2019)
Deq=18.5m
. . c=3.8kPa B=9.1m
6 Suzhou (China) Silty Sand 6=33.4° Rectangular H=5.5m 9m 1.3 Chenetal (2019)
’ De=8.0 m
UCS vary between _
8  Fréjus road tunnel (France) Lustorous schist 30 MPa and 100 Horse shoe B=11.6m  Over 1000 Fuente et al. (2019)
MPa shaped tunnel m
4 . ‘ c 23(.;ill;[]’ac, lty)l 2.9° Rectangular B=6.9m .
10 Suzhou Tunnel (China)  Silty Clay and Silty Sand ¢=5.2 kPa, =31.1° H=42m 4.1 0.76  Liuetal. (2021)
(Silty Clay) Deg=6.1m
B=6.9 m
11 Kumming Under Pass (China) Silty Clay and Fine Sand - Rectangular H=49m 4.5m 0.77 Wang et al. (2020)
D=6.56 m

*Deq is calculated from Eq. (1)

Table 2 Strength and geometry parameters for tunnelling projects in improved soil surround

Diameter, D

Minimum strength requirement

Project Name Surrounding soil (Excavation limit) C/.D for improved soil, g, Mln_lmum thlcl_mess- Reference
ratio to-diameter ratio, #/D
(m) (kPa)

Dhauby Ghaut MRT . _ Tornaghi and Cippo
(Singapore) Soft marine clay 6.6 300 0.23 (1985)
Robinson road tunnels . Ganeshan and Yng
(Singapore) Soft marine clay 6 ~1.8 & ~3 -- 0.25 (2009)
Milan Subway Mixtures of sands 3.7 lio~15 _ . Contini et al.

(Italy) and gravel, silt ’ ’ (2007)
Davidson Tunnel (San
Francisco Bay) Bay mud-soft NC/ 4.6 . 830 0.26 Pellegrino and

Undercr0s51pg Tunnel slightly OC clays 41 35 830 0.29 Adams (1996)

(San Francisco Bay)

. . Depth of improvement
Klang Valley MRT  Sandy silt, layers of ~6.5 0.9to 1500 is from surface to rock Yee and Tan (2015)
(Malaysia) soft clay ~1.4

level

Thus, the cover ratio CR, defined as the ratio of cover to
equivalent diameter of tunnel opening, may be taken as
approx. 1.0 for the validation model. The thickness ratio 7R
is defined as the ratio of thickness of the improved soil
surround to equivalent diameter.

The side boundaries are constrained in horizontal
direction, while the bottom boundaries are fixed in both
horizontal and vertical directions. The 15-noded plane strain
triangular element are adopted for the analysis and total
7632 elements, 15413 nodes are generated after meshing.

The mesh is kept fine within improved soil surround and
the region surrounding it. The maximum element size for
improved soil surround is adopted as approximately 0.25 m,
while coarser mesh with maximum element size is adopted
near the boundaries (see Fig. 2(b)).

Two materials are present in the model, the untreated
soft clay and the cement-treated soft clay. The untreated
clay is modelled using Modified Cam Clay, and the input

properties are shown in Table 3. Following Tyagi et al.
(2017, 2020), the cement-treated soft clay is modelled as
Mohr-Coulomb material with effective strength and
stiffness parameters (¢’, ¢, E’, v’). The effective cohesion ¢’
and angle of friction ¢  are related to the unconfined
compressive strength ¢,; by

CI: qul /2 _
sin ¢'

As discussed in Tyagi et al. (2017), the reason is that the
coefficient of consolidation for cement-treated clays is as
high as 50 times to that of the natural clays, (Terashi and
Tanaka 1983, Terashi et al. 1980). Tyagi and Lee (2017)
have shown for cement-treated clays, that the dimensionless
time of approximately > 1 is computed for a standard strain-
rate of 1 mm/min, indicating nearly drained situation in
unconfined compression test. Past researchers e.g., Chin

q,/2 |tang’ )
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Fig. 2 Plane strain finite element model (a) showing geometry and materials (b) mesh and boundary conditions

(2006), Xiao (2009), Tyagi et al. (2019) have also observed
water droplets from the cement-treated soil samples during
unconfined compression tests. This is another indication of
drainage during testing.

In addition to Mohr-Coulomb model with effective
properties, the tension-cut off is also modelled with the
tensile strength kept as 13% of g.; (Pan et al. 2016, Xiao
2009, Tyagi et al. 2017) and is graphically shown in Fig. 3.
Non-associated flow rule with zero angle of dilation is used
in the Mohr-Coulomb model for modelling cement-treated
soil, and hence, no volume change is expected during post-
yielding for the cement-treated soil. The properties of the
cement-treated clay are summarized in Table 3.

2.2 Modelling tunnel excavation

As shown in Fig. 4(a), the modelling starts with the
‘Initial” step in which only soft clay bed was modelled. It is

followed by the ‘Replacement’ step in which the zone of
soft soil is removed with the improved soil, Fig. 4(b). Note
that the installation effects of the improved columns have
not been the focus of this research. Any minor deformations
that took place in replacement step were brought to null
value at the start of the next step. As shown in Fig. 4(c), the
replacement step is then followed by the ‘Apply Pressure
step’ in which the soil is replaced with the full support
pressure applied at the crown, along the side, and invert of
the tunnel. To find the critical tunnel support pressure
(TSP,), the support pressure is then reduced at a slow rate of
1% in each subsequent step till analysis is terminated due to
excessive plastic points and soil deformation.

The excavation procedure herein replicates the
centrifuge test procedure in which the excavation was
carried out by releasing the fluid pressure inside the tunnel
(Zulkefli et al. 2017). Similar excavation procedures in soft
clays were also adopted by early researchers, e.g., Mair
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Table 3 Properties of natural and cement-treated clay

Material Geotechnical Properties Values References
Isotropic Swelling Index, « 0.054
Isotropic Compression Index, 4 0.23
Natl%ral Clay Critical state friction coefficient, M 09 . .
(Modified Cam ) ) 5 Li (2014) *, Tyagi et al. (2017)
Clay) Unit welgl.lt (k.N/m ). 16
Over consolidation ratio 1
Strength, gus (kPa) 0.280v’
Effective Modulus, £’ (kPa) 160 qui Tan et al. (2002), Tyagi et al. (2017)
Effective cohesion, ¢’ (kPa) 0.23 qui Tyagi et al. (2017)
Ceme“lt'“eated Unit weight (kN/m?) 16 Tyagi et al. (2017)
(Mohrccagulomb Angle of friction, ¢’ (degrees) 41 Broms (2004), Xiao (2009)
Undrained A) Poisson’s ratio, v’ 0.2 Kitazume and Terashi (2013)
Tensile strength, o; (kPa) 0.13 qui Pan ef al. (2016), Xiao (2009),

Tyagi et al. (2017)

*After Y.P. Li, personal communication (2014)
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Fig. 3 Mohr-Coulomb model with effective strength properties and tension cut-off to model cement-treated clay

(1979), Casarin and Mair (1981). In tunnelling operations
through soft clays, the unlined heading is supported by the
pressurized slurry. This temporary support is required to
prevent failure and undesirable deformations. Hence, the
aforementioned procedure allows for determining the
magnitude of the temporary support pressure required for a
stable improved soil surround. Moreover, the objective of
this study is not to model a specific construction procedure,
but to model an idealised tunnel excavation that would be
assumed by the designer.

3. Validation of numerical model with Zulkefli et al.
(2017) centrifuge result

3.1 Failure modes and critical tunnel support
pressure

Zulkefli et al. (2017) conducted four model tests with g,

of 576 kPa, 600 kPa, 1352 kPa, and 1200 kPa, respectively,
and thickness of 3 m and Sm.

The details of the corresponding numerical models that
are developed in the present study are summarized in Table
4.

Tyagi et al. (2017) and Zulkefli et al. (2017) both
defined the 7SP. as the magnitude of tunnel support
pressure at which the failure initiates in the improved soil
surround. Tyagi et al. (2017) observed low magnitude of
displacements for improved soil surround in centrifuge
tests, and hence stresses were monitored at the crown and
springline to measure 7SP. in the physical model tests.
Tyagi et al. (2017) also performed numerical modelling and
stress states, instead of displacement, were used to define
the failure criteria. Zulkefli et al. (2017) also monitored
stress at the crown to obtain the TSP, for the rectangular
improved soil surround in centrifuge model tests.

Following Tyagi et al.’s (2017) study, the 7SP. in the
present numerical study is defined when one of the
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Fig. 4 Steps for modelling excavation (a) Initial Step (b) Replacing soft soil with improved soil (¢) Removal of
improved soil elements and applying tunnel support pressure inside tunnel periphery

following failure modes occurs:

e  Shear failure — when yielding occurs across the
thickness of improved soil surround,

e  Tension failure - when tension points occur (to at least
1 m thickness) in the improved soil surround,

e  Rupture failure — when shearing and tension co-occur.

The stress states for the N73_ 576 along with the values
of tunnel support pressures as observed numerically, are
shown from Figs. 5(a)-5(d). As the tunnel support pressure
is reduced, the plastic points start to develop at the inner
corner and tunnel roof, while tension points start to develop
at the outer corner of improved soil surround, Fig. 5(a). As
the excavation progressed, the yielding increases from the
inner corner to the outer corner of the improved soil
surround, indicating the primary failure mode as ‘shear
failure’, Fig. 5(b). The shear failure is usually accompanied
by roof collapse and large deformations. Zulkefli et al.
(2017) also observed multiple cracks along with roof
collapse with large deformations for the corresponding
centrifuge test, (for picture, refer Zulkefli et al. 2017).

For NT5 600, the yielding starts from the inner corner
of the tunnel similar to lower thickness improved soil
surround N73 576, as shown in Fig. 6(a). However, for 5 m
thick tunnel, the tension failure is observed at the centreline
near the periphery of the improved soil surround, Fig. 6(b).
Therefore, for NT5 600 the primary failure mode is defined
as the ‘tension failure’. As shown in Fig. 6 (c), as the tunnel
support pressure reduced, the tension and shear occur
simultaneously at the corner of the tunnel, leading to
rupture failure at that location. Zulkefli et al. (2017) also

Table 4 Details of numerical models for validation

Strength of  Thickness of

improved soil improved soil

SNo.  Model ID /Dy C/Dyy

surround, ¢,;  surround, ¢
(kPa) (m)
1 NT3 576 576 3 0.17 1.0
2 NT5_600 600 5 0.29 1.0
3 NT3 1352 1352 3 0.17 1.0
4 NT5 1208 1208 5 0.29 1.0

observed tension and rupture cracks at the centre of roof
and at the corners of the improved soil surround (for
pictures, refer Zulkefli ef al. 2017).

As shown in Figs. 7(a)-7(d), for NT3 1352, as the
tunnel support pressure is reduced, the tension points appear
at the inner and outer roof as well as the corners of
improved soil surround, indicating tension failure at those
locations. This is also in agreement with the observations of
Zulkefli et al. (2017). Similarly, tensile failure mode is
observed as the dominant failure mode for NT5 1208,
which had stronger and thicker improved soil surround.

Table 5 summarises the values of critical tunnel support
pressure for the four test models. It can be observed that the
values of TSP, obtained numerically are in good agreement
with the Zulkefli et al. (2017) centrifuge test results.

3.2 Crown deformation and critical tunnel support
pressure

As an alternate approach, the TSP. are also obtained
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(b)
Fig. 5 Failure modes for N73_576 at tunnel support pressure (a) 327.4 kPa, (b) 323.8 kPa, (c) 320.3 kPa and (d) 316.8 kPa

(a)

Tension points Yield points

(a) (b)

(d)

(© (d)

Fig. 6 Failure modes for NT5 600 thickness at tunnel support pressure (a) 313.3 kPa, (b) 309.8kPa, (c) 306.2 kPa and

(d) 302.7 kPa

(a) (b)

(d)
Fig. 7 Failure modes for NT73 1352 at tunnel support pressure (a) 320.3 kPa, (b) 316.8 kPa, (c) 313.3 kPa and (d) 309.8
kPa

(©)

Table 5 Results of numerical model and comparison with centrifuge tests results

TSP from T. S‘Pc fron? Differen?e from Prifnary TSP, from numerical Differen(_:e from
S No. Model ID Zulkefli et al. numerical .(Fa.llure Zulkefli et al. Failure (displacement criteria) Zulkefli et al.

(2017) mode criteria) (2017) mode (2017)
(kPa) (kPa) (%) (kPa) (%)

1 NT3 576 337 323.8 39 Shear 324.5 3.7

2 NT5_600 323 309.8 4 Tension 307.2 4.89

3 NT3 1352 328 316.8 34 Tension 308.5 5.9

4 NT5 1208 321 309.8 34 Tension 285.5 11

from the crown deformation by taking the tangents for the
elastic and plastic portion of the displacement plots, Figs. 8
and 9. High crown deformations are observed for lower
thickness and strength improved soil surround N73_576, in

which shear failure was dominant failure mode. Less crown
deformations are observed for thicker improved soil
surrounds, i.e., NT5_ 600 and NT5 1208. As shown in Table
5, except for NT3_576 which is weak and thin tunnel, the
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Fig. 8 Tunnel crown deformation plotted against tunnel
support pressure for NT3_576 and NT5_600
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Fig. 9 Tunnel crown deformation plotted against tunnel
support pressure for NT3 1352 and NT5 1208

TSP. obtained from the failure modes criteria are mostly
higher than the 7SP. obtained from the displacement
criteria. This further strengthens the hypothesis that the
stress states are better indication of the incipient failure than
the displacements for such improved soil surrounds.

3.3 Effect of rounded corners

The geometry adopted by the Zulkefli ef al. (2017) and
the numerical model discussed in previous section have

Improved soil surround
with rounded corners

4ﬂ Surrounding soil
» /

Fig. 10 Rectangle geometry with rounded corners

HSmI

'

0.5B=15m

rectangular tunnel with sharp corners that has the limitation
of stress-concentration at the corners. The maximum
compressive stresses are always concentrated near the
corners that increase the probability of failure at the corners
(Zhoa et al. 2021). Caudle and Clark (1955) also mentioned
that to reduce the stress concentration in rectangular
openings, the opening should be provided with rounded
corners. For actual tunnels, the rectangular openings with
sharp corners are less preferred, instead the rounded corners
such as shown in Fig. 1(c) are more common

Thus, the four test models are again compared with
rounded corner geometry (see Fig. 10). All other parameters
and properties are kept same as in the validation model.

Table 6 compares the TSP, values obtained for the two
numerical models, i.e., one with sharp corners and the other
with rounded corners. It can be observed that except for the
NT3 576, the results for the other three test models are
same. This may be due to the fact that the N73 576 is
characterized by a thin and weak tunnel of less thickness
and lower strength and thus, the effect of sharp corners is
more profound in the weaker improved soil surrounds.
Since, the rectangular tunnel with rounded corner geometry
is more common in the practical scenario, the same
numerical model is adopted for all the parametric studies in
this paper.

4. Parametric studies
4.1 Details of parameters

In this study, the values of strength, and thickness of the
rectangular improved soil surround and the cover are
varied. As Table 7 shows, the strengths are varied from 200
kPa to 4000 kPa, thickness ratios are varied from 0.06 to
0.29 and cover ratios are varied from 1.0 to 2.7. The
adopted range is in agreement with the design values for
actual ground improvement projects presented in Table 2.
Recently, Tyagi and Tamta (2023) reported mean strengths
for cement-treated clays in the range of 2.1 to 10.6 MPa for
DCM and JG sites. In the present study, the strengths are
further categorised as low strength i.e., 200 < ¢,; < 600 kPa,
intermediate strength i.e., 600 < g,; < 2000 kPa, and high
strength i.e., 2000 < g,; < 4000 kPa. Based on thickness
ratios, the tunnels are also classified as thin, thick, and
having intermediate thickness, i.e., 0.06 <TR < 0.11 as thin,
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Table 6 Comparison of results of numerical model with rectangular geometry having sharp corners and rounded
corners with centrifuge test results

TSP. from TSP from numerical
. . . . o/ 1
TSP, from Zulkefli numerical .(Fa.llure leferencq (Falh}re mode % dlfferenc.e
et al. (2017) mode crlterlg) from Zulkefli et criteria) . from Zulkefli et
S.No. Name ID : Rectangle with al. (2017) Rectangle with al. (2017)
sharp corners rounded corners

(kPa) (kPa) (%) (kPa) (%)
1 NT3_576 337 323.8 3.9 316.8 5.9
2 NT5_600 323 309.8 4 309.8 4
3 NT3 1352 328 316.8 34 316.8 3.4
4 NT5_ 1208 321 309.8 34 309.8 3.4

(a) ) ©
Fig. 11 Failure modes for improved soil surround with 7R = 0.17, CR =1.0 (a) Shear Failure, ¢,; = 200 kPa, NTSP.
93%, (b) Rupture Failure, g,; = 600 kPa, NTSP. = 90% and (c) Tension Failure, ¢,; = 2500 kPa, NTSP, = 86%

(b) (c)
Fig. 12 Failure modes for improved soil surround with ¢,; = 600 kPa, CR =1.0; (a) Shear Failure, TR = 0.06, NTSP,
94%, (b) Rupture Failure, TR = 0.17, NTSP. = 90% and (c) Tension Failure, TR = 0.29, NTSP. = 88%

Table 7 Values adopted for parametric study of 1.0. The normalised tunnel support pressure (NTSP,.) is
P defined as the ratio of the critical tunnel support pressure to

arameter Values S
300. 200600800 1000. 1200 150020003500 ‘Fhe ful.l tunnel support pressure computed at the springline,

qui (kPa) 000, 4000 ’ ’ ’ just prior to the start of excavation.
’ Fig. 11 shows the observed failure modes for different
¢ (m) 1,2,3.4,5 strengths with the same 7R and CR. It is observed that for
TR (t/Deg) 0.06,0.11,0.17, 0.23, 0.29 the low strength, shear failure is primary failure mode; for
C (m) 18,31, 46.5 intermediate strength, rupture failure is the primary failure
CR (C/Dey) 10.18.2.7 mode, while for higher strength, tension failure is dominant.
¢ It Rl The observations are in good agreement with Tyagi et al.
(2017) observations for large diameter circular tunnel in
i . ) clays improved by cement-treatment.

0.11 <7TR < 0.23 as intermediate thickness, and 7R > 0.23 as Fig. 12 shows the observed failure modes for different
thick improved soil surround TR of improved soil surround with the same g,; and CR. It is
] observed that for intermediate strength, thin improved soil
4.2 Effect of strength and thickness surround, the shear failure is primary failure mode; for
intermediate thickness, rupture failure is the primary failure
The parametric study is conducted by varying the mode, while for thick improved soil surround, tension

strength and thickness of improved soil surround for a CR failure is dominant.
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Fig. 13 Plot of Normalised Tunnel support pressure (NTSP.) vs strength of improved soil surround marked circle
represents the transition cases from shear to tension failure mode
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Fig. 14 Failure modes observed for improved soil surround, ¢,;= 400 kPa, TR=0.17; (a) CR =1.0, qu/q.s = 5.4, NTSPc=
91%, (b) CR = 1.8, qui/qus = 3.4, NTSPc=88% and (¢) CR = 2.7, qui/qus = 2.4, NTSPc= 85%.

(a) (b)

©

Fig. 15 Failure modes of tunnel at g,;= 1000 kPa, TR=0.17 (a) CR=1.0, q.i/qus = 13.5, NTSPc= 92%, (b) CR=1.8, qu/qus
= 8.5, NTSPc=85% and (c) CR =2.7, qu/qus = 5.9, NTSPc= 82%.

As shown in Fig. 13, the critical tunnel support pressure
decreases with the increase in the strength as well as
thickness of improved soil surround. There are few
exceptions to this trend which occurred at the transitional
failure modes. Nevertheless, the general finding suggests
that the stability of rectangular tunnel in cement treated
improved soil surround increases with the increase in both
thickness and strength of improved soil surround.

4.3 Effect of cover

The failure modes were observed to be different for the
low, intermediate, and high strength improved soil
surrounds, therefore, the effect of cover is studied for each
failure mode separately.

First, the effect of cover is studied for the low strength
improved soil surround with g, = 400 kPa. As shown in
Figs. 14(a)-14(c), the improved soil surround showed shear
failure for all three cover ratios i.e., CR =1.0, 1.8 and 2.7
with the reduction in values of NTSP. from 91%, 88% to
85%, respectively. This indicates that the stability increases
with the cover depth for the tunnels with weaker improved
soil surround. This trend is same as demonstrated by the
tunnels in soft soils without any improvement, (e.g., Casarin
and Mair 1981, Kimura and Mair 1981). The reason is
attributed to the smaller magnitude of the difference
between the stresses acting at the crown and invert of the
tunnel for deeper tunnels as compared to the original in situ
overburden stresses.
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(a)
Fig. 16 Failure modes of tunnel at g,;= 4000 kPa, TR= 0.17 (a) CR=1.0, qui/qus = 54.1, NTSPc= 80%, (b) CR=1.8, qu/qus
= 34.0, NTSPc= 84% and (¢) CR=2.7, qui/qus = 23.6, NTSPc= 85%
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Fig. 17 Normalised critical tunnel support pressures plotted against strength of improved soil surround for different cover

ratios (a) Shear cases and (b) Tension cases

Similar behaviour is portrayed by the improved soil
surround with intermediate strength ¢,; = 1000 kPa, in
which the values of NTSP, decreased with the increase in
cover depth. As shown in Figs. 15 (a)-15(c), as the cover
depth increases, the dominant failure mode also transitions
from tension failure to shear failure. The results indicate
that the failure behaviour is related to the ratio of the
strength of improved soil surround to the strength of
surrounding soil i.e., qui/qus, rather than just gy

The effect of cover depth is also studied for the stronger
improved soil surround with g,; = 4000 kPa. Figs. 16(a)-
16(c) show the contrasting behaviour, in which the values
of NTSP. increased with the increase in cover depth,
indicating decrease in stability. This may be attributed to the
fact that for strong tunnels, the strength of the surrounding
soil is very small as compared to the strength of the
improved soil surround, i.e., g.s << q.; Hence, the original
stress state of in situ soil does not play a significant role in
stability and the surrounding soil acts more like an
overburden pressure for the improved soil surround. In this
case, as the cover depths increases, the overburden pressure
increases on the improved soil surround and hence the
stability decreases.

In order to qualify the above discussion, the NTSP,. for
shear and tension failure cases are plotted separately in
Figs. 17(a) and 17(b). Fig. 17(a) shows lower NTSP. for
higher cover ratios, indicating an increase in the stability for

shear cases. On the other hand, Fig. 17(b) shows a little
higher NTSP. for lower cover ratios, indicating a slight
decrease in stability. This also suggests that the effect of
cover on the magnitude of N7SP,. is less significant for
stronger improved soil surrounds.

4.4 Failure chart

The aforementioned discussion indicated that the failure
behaviour is more related to the ratio g,; /g.s, rather than just
the q.. Keeping in view of the obtained results, failure
charts are plotted between the strength ratio and thickness
ratio for different cover ratios in Figs. 18(a)-18(c). The
figures show that for the rectangular improved soil
surrounds, for q.; /qus < 10, shear failure is the dominant
failure mode, while for q.; /qus > 10 and 7R > 0.1, the
tension failure is the dominant failure mode. The rupture
failure cases are few and mostly occur for the transition
cases between shear and tension failure mode. In Tyagi et
al. (2017) failure chart for circular improved soil surrounds,
the shear failure was dominant for strength ratio qu; /qus >
10 and 0.05<7TR <0.15, while the tension cases were more
common for q.; /qus > 10 and TR>0.15.

4.5 Stability ratio and chart

Broms and Bennemark (1976) defined the stability ratio
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Fig. 18(a) Failure chart for rectangular tunnels with improved soil surround for CR =1.0, (b) Failure chart for rectangular
tunnels with improved soil surround for CR =1.8 and (c) Failure chart for rectangular tunnels with improved soil
surround for CR =2.7
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Fig. 19 Proposed stability chart for the rectangular tunnel in improved soil surround.

for untreated clays as the ratio of difference between total
overburden stress and the tunnel support pressure at the
tunnel springline, to the undrained shear strength. For the
circular tunnel in improved soil surrounded by clays, Tyagi
et al. (2017) defined the stability ratio as

(€ + D/z) + 0, —or 3
B (amqus) + (ﬁqui t/D)

where y, is the unit-weight of the natural clay, C is the
cover, D is the diameter of tunnel opening, o, is the
surcharge acting on the ground surface (taken as zero for all
cases in this study), oris the tunnel support pressure acting
the tunnel springline, ¢ is the thickness of improved soil
surround, ¢,s and ¢, are the unconfined compressive
strengths of the natural clay and treated clay, respectively;
om 1s a factor accounting for the difference in the strength
mobilization rate of natural clays and treated clays adopted
as 0.4, and S is a factor accounting for different types of
failure modes, adopted as 0.13.

For a rectangular tunnel, the Eq. (3) may be modified as

ys(C+H/2)+05—aT

N =
(amQus)"’(BQuit/Deq)

“

where H is the height of the rectangular tunnel and D, is
the equivalent diameter of the rectangular tunnel.

Fig. 19 shows the stability chart for critical stability
ratio N., computed at the critical tunnel support pressure
using Eq. (4), for various thickness ratios and cover ratios

5. Conclusions

In this paper, the stability characteristics and failure
modes of a wide rectangular opening in improved soil
surround were discussed. The influence of strength, and
thickness of improved soil surround, and cover depths were
studied. For low and intermediate strength tunnels in which
‘shear and rupture’ were dominant failure mode, the

stability was found to increase with the cover. On the other
hand, for high strength improved soil surround with
‘tension’ as the dominant failure mode, the stability was
found to decrease with the cover. The reason for such
contrasting behaviour is that for strong tunnels, the strength
of the natural clay is marginal as compared to the strength
of the improved soil surround. Hence, the surrounding soil
acts more like an overburden pressure for the high strength
improved soil surround and does not play critical role in
stability. In such cases, as the cover depths increases, the
overburden pressure increases on the improved soil
surround resulting in lower stability. It was also observed
that the effect of cover on the magnitude of NTSP, is less
significant for high strength improved soil surrounds.
Results showed that the failure behaviour of tunnel in
improved soil surround is dependent on the ¢,/q.s rather
than just ¢,. The failure chart showed that for the
rectangular improved soil surrounds, for q.; /qus < 10, shear
failure is the dominant failure mode, while for q.; /qus > 10
and #/D.,> 0.1, the tension failure is the dominant failure
mode. Few rupture failure cases occur as the transition
cases between shear and tension failure mode. The
proposed failure chart, modified stability equation, and
stability chart can serve as preliminary design guidelines for
constructing the rectangular tunnel in clays improved by
cement-treatment.
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