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ABSTRACT: Ground improvement techniques using cement-treatment are often applied to reduce ground movement and tunnel 
convergence during excavation as well as long-term settlement during operation. There are various factors such as tunnel geometry, 
material properties, time of excavation which may affect the failure modes and stability of the tunnels in improved soil surround. In 
this paper, the influence of permeability of improved soil surround and time of excavation of tunnel has been studied. The coefficient 
of permeability and time of excavation were found to have significant influence on the stability and failure modes of tunnel in 
improved soil surround. The effect of these factors could be taken into account in the form of dimensionless time, T. In general, the 
stability of tunnel in improved soil surround was found to decrease with the lower time of excavation and dimensionless time, T. 

RÉSUMÉ: Les techniques d’amélioration de sol utilisant le traitement au ciment sont souvent mises en pratique pendant le 
creusement d’un tunnel afin de réduire le mouvement du sol et la convergence de tunnel, et aussi le tassement à long terme pendant 
le service. Il y a plusieurs facteurs, tel que la géométrie du tunnel, la propriété des matériaux, la duration d’excavation qui peuvent 
influencer les modes de défaillances et la stabilité des tunnels construits dans des parois de sols traités. Cet article présente une étude 
sur l’influence de la perméabilité des parois de sols traités et la duration de creusement du tunnel. Les résultats démontrent que le 
coefficient de perméabilité et la duration de creusement ont une influence importante sur la stabilité et les modes de défaillances des 
tunnels construits dans des parois de sols traités. Ces facteurs peuvent être pris en considération à travers le temps non-dimensionnel 
T. Une réduction de la stabilité du tunnel est observée en réduisant le temps de creusement et le temps non-dimensionnel T.
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1 INTRODUCTION 

The stability of tunnels has been studied by various researchers 
in the past, for e.g. Broms and Bennermark (1967), Mair (1979), 
Davis et al. (1980), Casarin and Mair (1981), Lee et al. (2006), 
Sloan and Assadi (1993), Wu et al. (1998), Osman et al. (2006), 
Yamamoto et al. (2011). However most of these studies involve 
tunnels of small diameters, 6-8m in diameter, without ground 
improvement.  

In near future, large vehicular tunnels may be required at 
greater depths and ground improvement may become necessary 
to achieve stability in soft soils. However, there is not enough 
literature available on the failure modes or stability of large 
tunnels in improved soils and the factors affecting the same.  

Zulkefli et al. (2015) studied the stability of large diameter 
tunnels in cement-treated soil surrounds by performing 1g 
physical modelling. Tyagi et al. (2017) studied the failure modes 
of single large circular tunnels in improved soil surrounds by 
conducting centrifuge tests and numerical modelling. Three 
failure modes were identified namely: shear failure in weak and 
thin tunnels, multiple cracks or rupture in medium strength 
tunnels and tension failure for higher strength and thicker tunnels. 
Tyagi et al. (2017) also proposed a failure map and modified 
stability ratio equation for tunnels in improved soil surround.  

In improved soil surround, the permeability of improved soil 
and time of excavation may play a major role in defining the 
failure mechanism of a tunnel. However, the literature on factors 
affecting the stability of tunnels in improved soil surround is 
almost nil. In this paper, the numerical model developed by Tyagi 
et al. (2017) has been adopted for studying the effects of 
permeability and excavation time on the failure modes of tunnel 
in improved soil surround. The failure modes observed from 
three centrifuge tests and respective numerical models have been 
discussed in brief, as a reference study. The influence of 
permeability and excavation time was taken together in the form 
of dimensionless time, T. The failure modes and stability ratio 
were compared for different time of excavations and 
dimensionless times. It was found that dimensionless time plays 
a significant role in defining the tensile region and hence the 
failure mode of a tunnel in improved soil surround.  
 

 
2  FAILURE MODES OF TUNNEL IN IMPROVED SOILS  

2.1 Observations from centrifuge tests (performed at 100g) 

The detailed explanation of the set-up and modelling procedure 
are given in Tyagi et al. (2017) and hence would not be discussed 
here. In this paper, three centrifuge tests with different strengths 
of improved soil surround are discussed in brief. Table 1 
summarizes the parameters and failure modes for each test. For 
all tests, the prototype diameter (D) of opening was kept as 12m 
and thickness-to-diameter (t/D) ratio as 0.25. For tunnel with 
improved soil surround of strength 500kPa, multiple cracks with 
roof collapse were observed, Figure 1a-b; while for tunnel of 
strength 1000kPa, tension cracks were observed near shoulders, 
Figure 1c. On the other hand, no cracks were observed for tunnel 
with improved soil surround of strength 1700kPa, Figure 1d.  
 

  
(a)                               (b) 

  
        (c)                                  (d) 
Figure 1 (a)-(b) Multiple cracks or rupture with roof collapse, test 
CIRC_N25_500, (c) Tension cracks near shoulders, test 
CIRC_N25_1000, (Modified from Tyagi et al. 2017); (d) No cracks, test 
CIRC_N25_1700 

Table 1. Centrifuge test details  
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Test Name 

Cove
r ratio 

Strength, 
qu 

(improved) 

Excavation 

Time 

Failure 
mode 

C/D (kPa) 
Prototype 
(days) 

CIRC_N25_500* 1.33 488 35 Rupture 

CIRC_N25_1000

* 1.33 984 
14 Tension 

cracks 

CIRC_N25_1700 1.25 

1600-1800 

-- No 
failure 

CIRC_N25_1700 

(repeat) 1.25 
28 No 

failure 

*Data obtained from Tyagi et al. (2017) 

2.2 Finite element model  

A typical plane strain finite element model adopted for study is 
shown in Figure 2a. The diameter of the tunnel opening was kept 
as 12m and thickness-to-diameter ratios were kept as variable. 
The cover-to-diameter ratio was kept as 1.33. The model 
geometry, boundary conditions and excavation modelling 
procedure were kept same as Tyagi et al. (2017). The surrounding 
soil was modelled by Cam clay and the improved soil surround 
was modelled by Mohr coulomb. The material properties for 
surrounding soil and improved soil surround used for calibration 
of numerical model using centrifuge test data have been 
discussed in Tyagi et al. (2017) and hence will not be repeated in 
this paper. The analysis was conducted by fully-coupled 
consolidation using effective stress parameters. The excavation 
was done by applying tunnel pressure linearly along the inner 
tunnel wall and then reducing the tunnel pressure uniformly.  

Shearing was defined when the improved soil surround was 
yielded throughout the thickness of material while the tension 
failure was identified when the circumferential minor principle 
effective stress exceeded the tensile strength, i.e. 0.13 times the 
strength, qu (Pan et al. 2016, Tyagi et al. 2017).  

 

 
Figure 2 (a) Plane strain FE model (Step2-Applying tunnel pressure); (b)-
(c) qu=500kPa, t/D=0.25, C/D=1.33, Shearing and tensile stresses 
exceeding the tensile strength (-65kPa), at 50% tunnel support pressure; 
(d)-(e) qu=1700kPa, t/D=0.25, C/D=1.25, small yielding and negligible 
tension at 0% tunnel support pressure 

According to Tyagi et al. (2017), the failure modes obtained 
from numerical modelling were found to be in good agreement 

with centrifuge test results. For example, improved soil surround 
of strength qu=500kPa, t/D=0.25, showed both shearing and 
tension near crown and shoulders which is similar to test 
CIRC_N25_500, Figures 2a-b. On the other hand, small yielding 
and negligible tension were observed for strength qu =1700kPa, 
t/D=0.25 which means no failure, Figures 2d-e. This is similar to 
tests CIRC_N25_1700 and CIRC_N25_1700_rep.  

For the calibration model, the permeability of the improved 
soil surround was kept as k=1x10-09m/s and time of excavation 
was kept similar as the prototype time of centrifuge model tests 
(Table 1). In order to study the effect of permeability and time of 
excavation on the failure modes, parametric studies were 
conducted, which will be discussed in next sections. 
 
3  PERMEABILITY AND EXCAVATION TIME 

3.1 Effect of Permeability 

Kamruzzaman (2003) found that the permeability of cement 
treated soils may mostly vary in the order of 10-09m/s with 20%-
50% cement content, permeability being higher for higher 
cement content. Similarly, Chin (2006) proposed that the 
permeability coefficient of cement treated soils with cement 
content 20%, may vary in the order of 10-09 to 10-10 m/s.  

In this study, the permeability coefficient of the improved soil 
surround was varied from 1x 10-08m/s to 1x10-12m/s for strength, 
qu=1700kPa, t/D =0.25 and C/D=1.33. The time of excavation 
was kept as 3.5 days.  

The minor principle effective stress was obtained near 
shoulder region and was plotted against tunnel support pressure, 
Figure 3. It was found that the minor principle effective stress 
was similar for k=1x10-08 to 1x10-09m/s, however reduces below 
the tensile limit for decreasing permeability. This is because 
lower permeability leads to lower rate of dissipation of excess 
pore pressure during excavation, which leads to higher negative 
stresses and hence more chances of tensile failure in improved 
soils.  
   

 
Figure 3 Minor effective principle stress near shoulder plotted against 
tunnel support pressure (%) for different permeability, qu =1700kPa, 
t/D=0.25  

3 .2  Dimensionless time- influence on failure mode 

The dimensionless time, T for the improved soil surround may 
be defined as, 

2tm
k

T
wv


                                      (1) 

where k is the coefficient of permeability of improved soil, θ is 
the time taken to excavate the tunnel, γw is the unit weight of 
water and t is the thickness of the improved soil surround of 
tunnel, in this case being 0.25D, which is also assumed to be the 
shortest drainage path; mv is the coefficient of volume 
compressibility defined as reciprocal of constrained modulus and 
thus a function of effective Young’s modulus and Poisson’s ratio 
of improved soil.    
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Two models with strength 1000kPa and 1700kPa with 
thickness-to-diameter ratio as 0.25 were considered for study. 
The minor principal effective stress (MPES) near shoulder in the 
improved soil surround of the tunnel was obtained for 
dimensionless time, T. Following cases were compared, 
Case1: varying coefficient of permeability, k from 1x10-11m/s to 
1x10-08m/s at excavation time, θ = 3.5days; 
Case2: varying excavation time, θ from 0.035days to 35days, at 
coefficient of permeability, k = 1x10-09 m/s.  

Figure 4a-b show that the MPES near shoulder is similar with 
negligible difference for the same dimensionless time with 
varying permeability and time of excavation series. There is 
difference in MPES at T=0.06 in Figure 4b, because of high out-
of-balance force exceeding 100% (as failure occurred earlier for 
lower T). Therefore, it can be said that the behaviour of improved 
soil surround around tunnel depends on dimensionless time 
which could alone take the account of varying permeability as 
well as time of excavation. In other words, if the different 
combinations of permeability or time of excavation give the same 
dimensionless time, the stresses in improved soil surround for a 
tunnel remain similar.   

Figure 4a-b show that as the dimensionless time, T increases, 
the MPES increases upto T~1 and then attains almost a constant 
value. This suggests that T>1 might refer to drained situation.  

This was further investigated by comparing the area of tensile 
region of improved soil surround for different dimensionless 
time. Figure 5a-d show that area under tensile limit was found to 
be almost negligible for T=1 and T=10, while more for T=0.1 
and greatest for T=0.01. The results were found to be almost 
similar for T>1, hence it corresponds to drained situation. On the 
other hand, the risk of tension failure increases as the 
dimensionless time decreases less than 1, due to excess pore 
pressure built up leading to high tensile stresses (Figure 6a-b).   

For centrifuge tests, MPES could not be measured, however 
based on the occurrence of tension cracks, one can plot the data 
point and compare with numerical results. For example, in Figure 
4a, the data points are plotted for strength 1700kPa and t/D =0.25, 
since no cracks were observed for centrifuge test, the data point 
should be above tensile limit and dimensionless time should be 
greater than 0.1. For a given prototype time of centrifuge test 
CIRC_N25_1700_rep, the permeability range of 1x10-08 to 1x10-

09 m/s was found to be in agreement with the centrifuge test result, 
Figure 5b. Similarly, for test CIRC_N25_1000, only diagonal 
tension cracks were observed, hence the data point should lie 
below tensile limit and between T~1-10.  

For the given prototype time, the permeability range of 1x10-

08 to 1x10-09 m/s was found to be in good agreement. The lower 
permeability will lead to even more conservative results.  

  

 
                          (a) 

 
                           (b) 
Figure 4 Minor principal effective stress near shoulder plotted against 
dimensionless time, T for varying permeability, k of improved soil 
surround and time of excavation, θ for (a) qu =1700kPa, t/D=0.25 at 0% 
tunnel support pressure, (b) qu =1000kPa, t/D=0.25, at 25% tunnel 
support pressure  

 
(a)          (b)             (c)           (d) 

Figure 5 Tensile region (darker colour) shown for varying permeability 
and dimensionless time (a) k=1x10-8m/s, T=10 (b) k=1x10-9m/s, T=1 (c) 
k=1x10-10m/s, T=0.1 (d) k=1x10-11m/s, T=0.01, for qu=1700kPa, 
t/D=0.25, at 0% tunnel support pressure 

    

(a)          (b)             (c)           (d) 
 

Figure 6 Excess pore water pressure (darker colour), shown for varying 
permeability and dimensionless time (a) k=1x10-8m/s, T=10 (b) k=1x10-

9m/s, T=1 (c) k=1x10-10m/s, T=0.1 (d) k=1x10-11m/s, T=0.01, for 
qu=1700kPa, t/D=0.25, at 0% tunnel support pressure 

3 .3  Stability Ratio- influence of excavation time 

Tyagi et al. (2017) proposed a stability ratio equation for tunnels 
in improved soil surrounds as following,   
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where γ is the density of surrounding soil and improved soil 
surround, C is the cover depth, D is the diameter of opening, σ  
is the surcharge, σ  is the tunnel support pressure, q  and q 	 are the strength of the surrounding soil and improved soil 
surround, respectively; t is the thickness of the improved soil 
surround, α is the strength mobilization factor for surrounding 
soil and β is the factor to account for different failure modes. 

To study the effect of excavation time, θ was varied as 
0.35days, 3.5days, 35days and 350days, representing very short 
stand-up time (T=0.01 to 0.5), short time of excavation (T=0.1 to 
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 5), longtime of excavation (T=1 to 50) and very long time of 
excavation (T=10 to 500), respectively. The stability ratios of 
improved soil surround with strength, qui=1000kPa, C/D=1.33 
were compared for different thickness-to-diameter ratios varying 
from 0.04 to 0.5.  

The stability ratios were plotted against the thickness-to-
diameter ratios in Figure 7. For thickness ratios greater than 0.33, 
the stability increases with the increasing time of excavation or 
dimensionless time. For thickness ratios between 0.1 and 0.25, 
the results for θ=3.5, 35, 350days overlap, it should be noted that 
the dimensionless times for these cases were greater than or close 
to 1. For thickness-to-diameter ratio less than 0.1, the stability 
ratios for θ=0.35, 3.5, 35 days overlap, the dimensionless times 
for all these cases being greater or close to 1. Therefore, if the 
dimensionless time is kept as greater than 1, decreasing or 
increasing the time of excavation may not affect the stability of 
the tunnel. However, if the dimensionless time is less than 1, 
decreasing time of excavation will lead to increase in tensile 
stresses and hence, risk of tension failure will increase.  

Hence in this case, the shorter time of excavation is more 
critical. For tunnelling in soft ground (without improved soil 
surround), the consolidation settlements increase with time (Shin 
et al. 2002; Mair, 2008). This in fact can be observed from the 
Figure 7, in which the thinnest tunnel with t/D=0.04, is less stable 
for higher time of excavation. This is almost equivalent to no 
improvement case. 

Since the improved soil surround cannot be fully permeable 
and there is possibility of tension cracks, especially in thicker 
tunnels as observed from centrifuge tests, the shorter time will 
lead to more excess pore pressures and hence higher tensile 
stresses. The tension cracks in improved soil surround might 
result in higher immediate settlements. These immediate 
settlements due to the failure of improved soil surround might be 
higher than the consolidation settlements arising due to long 
excavation time. On the other hand, if the improved soil surround 
is stable, it is obvious that the consolidation settlements will be 
higher for longer excavation time.  

 
Figure 7 Stability ratio for different time of excavation (σs=zero, β=1) 

4  CONCLUSION 

The permeability of improved soil surround and time of 
excavation of tunnel have significant influence on the failure 
modes and stability of tunnels in improved soil surrounds. It was 
found that the behaviour of improved soil surround around tunnel 
depends on dimensionless time which could alone take the 
account of varying permeability as well as time of excavation. 
For dimensionless time less than 1, reducing time of excavation 
led to the increase in tensile region and higher risk of tension 
failure in improved soil surround. Therefore, the stability 

decreases with lower dimensionless time or shorter time of 
excavation for tunnels constructed in improved soil surround. 
From the design point of view, it seems conservative and 
probably sufficient to use the short-term values.  
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