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ABSTRACT: Tunnelling in soft soils is difficult and constructing large vehicular tunnels in such soils 
is even more challenging. Ground improvement is often used to strengthen the soil surrounding the tun-
nel opening, however, failure mechanisms and stability of large vehicular tunnels in improved soils are 
still unknown. This paper presents centrifuge modelling of a rectangular tunnel of vehicular dimensions 
in cement-treated soils. The strength and thickness of improved soil zone surrounding the tunnel were 
varied to study the possible failure modes. From post-test examination, bending or flexural leading to 
roof collapse was found to be a dominant failure mode. The stability increased with strength or thickness 
of improved soil zone surrounding the tunnel, however the failure mechanism did not vary much for dif-
ferent tests. Based on the failure mechanism, an analytical method was proposed for finding the critical 
tunnel support pressure at the springline of a tunnel.

(2005), etc. However, the literature on the collapse 
behaviour and stability characterization of tunnels 
surrounded with improved soils is also scant.

Recently Zulkefli et  al. (2015) studied the 
stability of large diameter tunnels in cement- 
admixed soils by conducting physical model tests 
at 1  g. Tyagi et  al. (2017) conducted centrifuge 
and numerical modelling of single large diameter 
tunnel surrounded with cement-treated soils. For 
such tunnels, three failure modes were found to 
be dominant, namely- ‘shear failure accompanied 
with roof collapse’ for weak and thin tunnels, ‘mul-
tiple cracks or rupture’ for tunnels of intermedi-
ate strength and thickness, and ‘tension failure’ for 
tunnels with higher strength and thickness.

This paper presents the centrifuge model devel-
opment for studying the stability and failure mech-
anism of large rectangular tunnels.  Figure 1 shows 

1 INTRODUCTION

The tunnel stability is typically quantified using a 
stability number. The stability ratio was first pro-
posed by Broms & Bennermark (1967). Since then 
many researchers have conducted 1 g and centri-
fuge model tests to study the stability of small 
diameter tunnels, e.g. Mair (1979), Kimura & 
Mair (1981), Casarin and Mair (1981), Chambon 
& Corte (1994), Lee et al. (2006), Caporaletti et al. 
(2009), Idinger et al. (2011), Yeo et al. (2011).

The analytical studies on the stability of circu-
lar tunnels have also been conducted by various 
researchers, e.g. Davis et al. (1980), Sloan & Assadi 
(1993), Osman et al. (2006), etc.

Assadi & Sloan (1991), Lyamin et  al. (2001), 
Wilson et al. (2013) studied the stability of a plane 
strain square tunnel using finite element analysis. 
Abbo et al. (2013) studied the stability of rectan-
gular tunnels using finite element analysis and pro-
posed the possible failure mechanisms and stability 
charts. The studies suggest that the failure in such 
tunnels may involve some combination of roof 
and wall collapse. The literature on stability or fail-
ure mechanism of large rectangular tunnels, typi-
cally of vehicular tunnel dimensions, is still scarce. 
Such large tunnels are difficult to construct in soft 
soils and hence ground improvement is required 
for increasing the strength of surrounding soil.

Field observations on tunnels in improved soils 
have been reported by many researchers, such as 
Dempsey & Moller (1970), Canetta et  al. (1996), 
Pellegrino & Adams (1996), Coulter & Martin 

Figure 1. Schematics showing geometry and parameters 
for rectangular tunnel surrounded with improved soil zone.
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typical schematics of  the rectangular tunnel sur-
rounded with improved soils. The tests were con-
ducted for different strength and thickness of 
the improved soil zone surrounding the tunnel. 
The critical tunnel support pressures and failure 
mechanisms were observed from the centrifuge 
tests. The critical tunnel support pressures were 
also computed from the proposed analytical 
solution.

2 CENTRIFUGE TEST DETAILS

2.1 Model preparation and test procedure

The model preparation and test procedure is simi-
lar as described in Tyagi & Lee (2015), Tyagi et al. 
(2017) and hence only briefly summarized in this 
paper.

The surrounding soil was modelled by using kao-
lin clay and the improved soil zone was formed by 
admixing remoulded Singapore Marine Clay with 
Ordinary Portland Cement (OPC). The properties 
of kaolin clay are shown in Table 1. The marine 
clay used for the preparation of improved soil zone 
was obtained from Marina Bay in  Singapore and 
has a liquid limit and plasticity index of approxi-
mately 63% and 29%, respectively.

The kaolin slurry was prepared by mixing pow-
dered kaolin clay with water in a vacuum mixer 
for about 2–3  hours. The kaolin slurry was then 
poured into the greased model container (dimen-
sions shown in Figure 2), fitted with extension to 
allow for the greater slurry depth. The kaolin bed 
was then allowed to consolidate at 1 g by increasing 
the surcharge pressure from zero to about 55 kPa 
in a period of 2–3 weeks.

The improved soil zone surrounding the tun-
nel was fabricated by mixing marine clay, ordi-
nary portland cement and de-ionised water in a 
mechanical mixer in a prescribed ratio to obtain 
the required strength.

For casting rectangular improved soil zone, 
the rectangular collapsible polyformaldehyde 
split moulds were designed so that improved soil 

zone could be demoulded after curing, with mini-
mum disturbance, Figure  3. In addition to the 
tunnel mould, unconfined compressive strength 
test (UCT) samples were prepared of same 
soil:cement:water ratio and curing period to obtain 
the strength, qu of  corresponding tunnel mould.

After the consolidation of kaolin clay, the back-
plate of the strong box was removed for the improved 
soil zone placement. An opening of the size of tun-
nel mould was cut with the help of cutter as shown 
in Figures 4 a-c.

Once the tunnel opening was cut, miniature 
total stress transducers were placed at the top of 
the opening to monitor pressure at the crown of 
improved soil zone, Figure  2. The improved soil 
zone was then placed carefully inside the cut-hole.

The inflight excavation was simulated by drain-
ing out heavy potassium iodide solution from a 

Table 1. Properties of kaolin clay (after Li, 2014; Tyagi 
et al. 2017).

Parameters Values Parameters Values

Plastic Limit  
(%)

38 φcs’ (
o) 23

Liquid Limit  
(%)

82 Critical state friction 
coefficient, M

 0.9

Swelling index, κ  0.054 Density (kN/m3) 16

Compression 
index, λ

 0.23 Permeability, k (m/s) 1 × 10–08

Figure 2. Schematics of the centrifuge model setup.

Figure 3. Collapsible split rectangular mould.
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at the back plate with the outlet connected to the 
standpipe which was used to control the tunnel 
pressure.

The clay bed in the strong box was then re-con-
solidated at 100 g in the centrifuge and the exca-
vation was simulated by releasing the potassium 
iodide solution from the standpipe and rubber 
bag.

2.2 Test details

Four centrifuge tests were performed with different 
thickness and strength of the improved soil zone 
surrounding the tunnel. The values of Height, H 
and width, B were kept as 8 cm and 30 cm respec-
tively, which is equivalent to 8 m and 30 m in pro-
totype, respectively. The thickness, t and strength, 
qu of  the improved soil were kept as variables. 
The strength of the improved soil zone surround-
ing the tunnel could be varied by changing the 
soil:cement:water ratio or changing the curing 
period. The thickness was varied by changing the 
geometry of the polyformaldehyde mould. The test 
details are shown in Table 2. The undrained shear 
strength of the surrounding soil was obtained 
from miniature vane tests as 21–23 kPa near tun-
nel springline, Figure 6.

Figure 4. (a)-(b) Cutter with the handle (c) Cutter bot-
tom, (dimensions in cm).

Figure 5. Rectangular rubber bag.

Figure 6. Shear strength profiles obtained from mini-
ature vane tests done at 1-g.

latex rubber bag placed within the tunnel cavity to 
reduce tunnel support pressure using a standpipe 
and solenoid valve arrangement. This approach is 
similar to that used by Yeo (2011), Tyagi & Lee 
(2015), Tyagi et  al. (2017). The rubber bag was 
of  rectangular shape and similar size as tunnel 
opening, Figures 5a-b. The rubber bag was fixed 

Table 2. Centrifuge test details.

Test name

Cover ratio C/De Thickness ratio t/De qu* (Improved) Critical tunnel support pressure

C/√(HxB) t/√(HxB) (kPa) (kPa)

RECT_T3_600 1.2 0.2  576 337

RECT_T5_600 1.2 0.3  600 323

RECT_T3_1350 1.2 0.2 1352 328

RECT_T5_1200 1.2 0.3 1208 321

*Obtained from UCT; De is the equivalent diameter.
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3 CENTRIFUGE TEST RESULTS

3.1 Critical tunnel support pressure

Figures 7a-d show the contact stress or earth pres-
sure between the improved soil zone and the sur-
rounding soil at the crown for all the four tests. 
The reduction in tunnel support pressure started 
at instance t1. At instance t2, total stress between 
the tunnel roof and soil started to decrease before 
recovering at instance t3. The initial stress drop 
might be due to the initiation of crack at instance 
t2. The stress at the crown increased at instance t3, 
which might correspond to the roof collapse.

The post-test examination was conducted after 
removal of the front window of container; it was 

found that the roof of the improved soil layer had 
collapsed, while the other three sides remained 
intact, Figure  8. Therefore, it can be postulated 
that at instance t2, cracking in the roof of the 
improved soil layer might have caused the roof 
to move downwards and away from the overlying 
soil resulting in a drop in earth pressure. While, 
at instance t3, the deformation of the roof might 
have stopped. This led to the overlying soil to re-
establish contact pressure with the roof and hence 
increase in total stress was observed.

The critical tunnel support pressure may be 
defined as the tunnel support pressure at which the 
incipient failure of tunnel took place (Tyagi et  al. 
2017), which in this case was tunnel support pres-
sure at instance t2, Figures 7a-b. The critical tunnel 
support pressure for all tests is presented in Table 2. 
It can be seen that as the thickness and strength 
increase, the critical tunnel support pressure decrease 
or vice versa, in other words, stability increases with 
increase in strength and thickness of improved soil 
zone surrounding the tunnel. This trend is similar as 
observed for circular tunnels (Tyagi et al. 2017).

3.2 Failure modes

As explained in previous section, the test RECT_
T3_600 showed roof collapse as the dominant fail-
ure mode. The development of the cracks for the test 
RECT_T5_600 is shown in Figures 9a-c. The location 
of the cracks indicates that the roof of the improved 
soil layer failed by bending or flexure mechanism. 
The cracks occurred mostly along the region of the 
roof near the walls. These areas also correspond to 
the locations of the large bending moments, which 
are similar to largest bending stresses being found 
around supports for the fixed end beam.

The failure modes observed for other tests 
are shown in Figures  10a-b. Since roof collapse 
occurred in all the four tests, the failure mechanism 
did not seem to vary with increasing thickness or 

Figure 7. Stress at the roof against tunnel support pres-
sure at springline (a) RECT_T3_600 (b) RECT_T5_600 
(c) RECT_T3_1350 (d) RECT_T5_1200.

Figure 8. Roof collapse as observed after the comple-
tion of test RECT_T3_600.
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strength of the improved soil zone surrounding the 
rectangular tunnel.

4 COMPARISON WITH ANALYTICAL 
SOLUTION

4.1 Proposed analytical solution

It was observed from the centrifuge tests, that the 
dominant failure mode for rectangular tunnels is 
the flexural failure of roof. The failure mode is 
similar to the fixed end beam subjected to uni-
formly distributed load. Therefore, the roof of the 
improved soil zone could be assumed as a fixed 
end supported beam with dimensions as shown in 
Figure 11. The neutral axis was assumed to be at 
the centreline of beam.

The stresses caused by flexural bending, σb can 
be expressed as per Euler Beam theory,

σ b

My

I
=  (1)

where M is the bending moment, y is the distance 
between the extreme fibres of the beam and the 
neutral axis, and I is the area moment of inertia.

Thus for fixed end supported beam,

M
wB

=
2

12
 (2)

where w is the uniformly distributed load on the 
beam.

y
t

=
2

 (3)

I
bt

=
3

12
 (4)

The uniformly distributed load, w is defined as,

w C t t i= − + −γ γ σ1 2( )  (5)

where γ1 and γ2 are the unit weights of the sur-
rounding soil and improved soil, respectively, C 
is the cover depth, t is the thickness of the beam 
and σi is the tunnel pressure applied on the roof of 
improved soil zone.

From Equations 1–5, for improved soil zone with 
unit length, b as 1, the bending stress is given as

σ
γ γ σ

b
iC t t B

t
=

− + −[ ( ) ]1 2
2

22
 (6)

It can be further postulated from centrifuge tests, 
that the cracking observed in centrifuge tests occurred 
as a result of tensile stresses caused due to bending.

Therefore, the critical tunnel support pressure, 
σic was obtained as,

σ γ γ
σ

ic
tC t t
t

B
= − + −1 2

2

2

2
( )  (7)

The tensile strength, σt can be defined as 0.13 
times the strength, qu of  the improved soil zone 
(Pan et al. 2016, Tyagi et al. 2017). According to 
Xiao (2009), the unit weight of cement-treated 
soil can vary from 13.14  kN/m3 to 16.19  kN/m3. 
Hence the unit weight of the improved soil zone, γ2 
was assumed to be equal to γ1, as 16 kN/m3. This 
assumption reduces the Equation 7 to following,

σ γ
σ

ic
tC
t

B
= −1

2

2

2
 (8)

Figure  9. Bending failure in progress for test RECT_
T5_600, as observed in-flight.

Figure 10. Roof failure observed after the completion 
of tests (a) RECT_T3_1350 (b) RECT_T5_1200.

Figure  11. Schematics of the Roof ‘Beam’ with front 
and cross-sectional view.
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Equation  8  indicates that as the thickness 
of the improved soil zone surrounding the tun-
nel increases, the critical tunnel support pressure 
decreases. On the other hand, as the t approaches 
to zero, the critical tunnel support pressure is larg-
est. This is in agreement with centrifuge test results 
which indicate that the stability increases with 
increasing the thickness.

4.2 Computed critical tunnel support pressure

The computed critical tunnel support pressures for 
the four cases corresponding to centrifuge tests are 
shown in Table 3. It can be seen that the critical 
tunnel support pressures obtained from the ana-
lytical solution are quite close to those observed 
from centrifuge tests. The percentage difference is 
less than 10%.

5 DISCUSSION

The critical tunnel support pressure decrease with 
the increase in strength or thickness of the improved 
soil zone surrounding the rectangular tunnel. 
However, the difference in values is not high and 
as noticed from the centrifuge experiments failure 
modes were also same for all four tests. This is in 
contrast to the circular tunnels in improved soils in 
which there was a transition from shear to tension 
failure mode, when the thickness and strength were 
increased (Tyagi et al. 2017). The results show that 
the rectangular tunnel might not be a stable geom-
etry. Therefore, such tunnels should be constructed 
in shorter slab segments with intermediate sup-
porting columns made of improved material. This 
will help to keep the unsupported span of the roof 
as minimum as possible. After installation of some 
permanent support, the intermediate soil columns 
could be removed.

Another possible solution is to modify the roof 
slab to a more stable geometry such as arch-shaped 
roof as shown in Figure  12, which is often used 
in practice. However, failure mechanisms of such 

geometries have not been studied in detail and 
hence more research is required to be done in this 
area.

Additionally, the fibre reinforcement can also 
be introduced to the soil-cement mix to increase 
the strength and serviceability of the improved soil 
zone. More research is required to study the effect 
of length, fibre type and fibre content on the sta-
bility of tunnel and how does that modify the fail-
ure mode of the tunnel surrounded by improved 
soil zone.

6 CONCLUSION

A series of  centrifuge model tests was conducted 
to study the failure modes of  large rectangu-
lar tunnels surrounded with improved soil zone. 
The strength and thickness of  the improved soil 
zone were varied to observe different collapse 
mechanisms. It was found that as the thickness 
and strength increase, the critical tunnel support 
pressure decrease or vice versa. For all the four 
centrifuge tests, roof collapse was observed at 
the end of  excavation. Bending or flexure failure 
mechanism was found to be a dominant failure 
mode. The failure mechanism did not vary with 
increasing thickness or strength of  the improved 
soil zone surrounding the rectangular tunnels. The 
critical tunnel support pressures obtained from 
analytical solution were found to be in agreement 
with the centrifuge test results.

It was observed from the centrifuge model tests 
and analytical solution, that the rectangular tunnel 
might not be a stable system. Therefore, more sta-
ble geometry such as circular tunnels or arch roof 
tunnels could be adopted. In addition, other rein-
forcement materials such as fibres can be admixed 
with the cement-treated soil to achieve greater 
strength and serviceability. However, the stability 
of tunnels of such geometries, in improved soils 
have not been studied in detail till now and this 
paper strengthens the notion that more research is 
needed to be done in this area.

Figure  12. Modified roof geometry for stable tunnel 
system surrounding with improved soil zone.

Table 3. Comparison between observed and computed 
critical tunnel support pressure.

Test name

Critical tunnel  
support pressure

Percentage 
difference 
(%)

Experiment 
(kPa)

Analytical 
(kPa)

RECT_T3_600 337 350.5 4.0%

RECT_T5_600 323 347.7 7.6%

RECT_T3_1350 328 348.5 6.2%

RECT_T5_1200 321 343.3 6.9%
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