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ABSTRACT: Tunnels located below ground water table in liquefiable soils can experience
increase in lateral pressure, reduction in lateral passive resistance, sinking or flotation in lique-
fied soil, lateral displacements, permanent settlements, and tension and compression failure.
In India, Delhi region being quite sensitive to earthquake, an attempt has been made here to
investigate the possible response of Delhi Metro tunnels to liquefaction. Three dimensional
finite element analyses were carried out, using Plaxis 3D software, for all the three compo-
nents of 1999 Chamoli earthquake (M=6.5) of lower Himalaya. The study suggests that sig-
nificant displacements in the soil-tunnel system can occur due to transverse component of
earthquake. Liquefaction can occur when seismic waves travel in a direction parallel or nearly
parallel to the alignment of tunnels, provided the ground water table exists above the tunnel
crown. Influence of seismic directions, water table depth, boundary representation, and peak
ground acceleration has also been investigated.

1 INTRODUCTION

The importance of underground transportation networks as mass rapid transit systems
makes their vulnerability to earthquakes a very sensitive issue. A large earthquake can cause
severe economic losses, especially in view of the time required to restore the functionality of
the network and hence it is essential to reduce the associated risk and the effects of damage.
Various engineered structures suffered significant damage during liquefaction during many
earthquakes namely, 1964 Alaska USA; 1964 Niigata Japan; 1989 Loma Prieta USA; 1995
Kobe Japan; and 2001 Bhuj India; etc. Liquefaction can damage shallow underground tun-
nels if they are constructed in strata like saturated sands. Tunnels located below ground
water table in liquefiable soils can experience: i) increase in lateral pressure, ii) reduction in
lateral passive resistance, iii) sinking or flotation in liquefied soil, iv) lateral displacements,
v) permanent settlements, and vi) tension and compression failure after the dissipation of
pore water pressure and consequent consolidation of soil (Hashash et al., 2011). Liu et al.
(2005) studied the response of large underground structures in liquefiable soils due to hori-
zontal and vertical components of earthquake. Safety of an underground structure against
liquefaction damage was found to improve with increase in overburden depth. Azadi et al.
(2010) studied the behavior of shallow tunnels in liquefiable grounds in have shown a high
uplift in the tunnel and the surrounding ground. Forces in tunnels were also found to
increase significantly due to earthquake. Salehzadeh et al. (2014) performed analysis of twin
tunnels in liquefiable soils by using FLAC 2D software. Results indicated that different
earthquake loading conditions influence the pore water pressure distribution and subse-
quently alter the stresses in RC liners. Increasing the loading frequency caused the forces in
tunnel lining and the pore water pressure to reduce. Although as the loading amplitude
decreases, stresses in liners and excess pore water pressures tend to reduce. Unutmaz (2014)
performed 3-D liquefaction assessment of soils surrounding circular tunnels using finite dif-
ference method and concluded that liquefaction potential was dependent on the overburden

5539



depth of tunnel and not on its diameter and thickness. Deeper tunnels were found to be less
vulnerable to liquefaction than shallow tunnels. Bao et al. (2017) carried out finite difference
analysis of a large metro subway tunnel in liquefiable ground. The acceleration response at
different depths was found to attenuate significantly due to soil liquefaction. The increase in
amplitude of vertical acceleration led to increase in liquefaction area, ground surface
deformation and uplift of the tunnel structure, but had a marginal influence on internal
forces in the tunnel structure.

2 PROBLEM STATEMENT

Various underground tunnels of Delhi Metro Rail Corporation (DMRC) in New Delhi, India
are shallow tunnels. These tunnels have been excavated through alluvium deposits, generally
known as Delhi silt and are susceptible to damage during any major earthquake. In view of
this, an attempt has been made in this paper to carry out three dimensional liquefaction ana-
lysis of a DMRC underground tunnel using Plaxis 3D software. The geometrical properties of
tunnel section are presented in Table 1.

2.1 Numerical modelling

The ground water table in Delhi was observed to be at a depth of 17 m below the ground
surface. In order to study liquefaction response of metro underground tunnels, three dimen-
sional finite element analyses have been carried out using Plaxis 3D software. The extent of
model, after carrying out sensitivity analysis, has been taken as 200mx50mx60m in X, Y and
Z directions respectively. 10-noded tetrahedral elements with an average size of 6.899 m (< λ,
the wave length of the incoming wave) were considered for modelling of soil domain. Segmen-
tal RC liners of tunnel were simulated using 6-noded triangular plate bending elements. For
RC liners, elastic behavior was considered.
Constitutive modelling of Delhi silt has been carried out by using UBC3D-PLM model,

which was originally developed by Tsegaye (2010). Ground water table in Delhi was observed
to be at a depth of 17m below the ground surface. For this study, values of elastic moduli of
alluvium estimated on basis of SPT values have been adopted from Yadav (2005) and are pre-
sented in Table 2. Two different material models are therefore considered for modelling the
soil. Above the water table, hardening soil (HS) model was considered whereas UBC3D-PLM
model was used to model the saturated soil below the water table. This model is an extension
of the two dimensional UBC-SAND model developed at University of British Colombia.
Some important state variables used in UBC3D-PLM model are tabulated below in Table 3
along with their appropriate values. Damping ratio of Delhi silt has been taken as 15% and
the analysis has been carried out in an undrained condition. Parametric studies have also been

Table 1. Geometrical details of Delhi metro tunnel (Yadav, 2005) considered for analysis

Properties Values

Diameter of tunnel, D 6.0 m

Overburden depth, H 10.6 m

Depth of water table 17.0 m

Length of tunnel, L 50 m

Support system Reinforced Concrete (RC) liners

Thickness of RC liners 0.28 m

Elastic modulus of RC liners, Ec 3.16 x 107 kPa

Poisson’s ratio of RC liners 0.15

Damping ratio 2.0 %
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carried out by considering parameters like seismic directions, depth of water table, peak
ground acceleration (PGA), and the boundary conditions.
Pore pressure ratio, PPR can define the current status of development of pore water pres-

sure during the calculation procedure and it is given by Eq. (1).

PPR ¼
P
=
i � P

=
c

P
=
i

ð1Þ

where P/
i is the initial effective mean stress and P/

c is the current effective mean stress.
Maximum pore pressure ratio (PPRm) can reveal if the soil liquefies even once during the test.
The state variable, ru gives similar information as PPR but instead of the effective mean
stress, the vertical effective stress is used (Tsegaye, 2010) as shown in Eq. (2).

ru ¼
σ
=
vertical;i � σ

=
vertical;c

σ
=
vertical;i

ð2Þ

The values of parameters defined in UBC3D-PLM model have been presented in Tables 4
and 5. Some parameters are kept constant for all the layers of soil and values of these param-
eters are stated in Table 4, whereas modulus numbers and corrected SPT values vary with
depth and are stated in Table 5. Properties of hardening soil material model have been calcu-
lated and presented in Tables 3 and 6.

2.2 Earthquake loading

The phenomenon of liquefaction occurring around the soil-tunnel system was studied for all
the three components (horizontal, vertical and longitudinal) of a 6.5 magnitude 1999 Chamoli
earthquake of the lower Himalaya. Response spectra compatible modified time histories
of this earthquake (Figure 1 corresponding to horizontal (T) component, i.e. in transverse

Table 3. Properties of soil for hardening soil (HS) model

Properties Symbol Values

Cohesion c/ 0

Friction angle φ
/ 35°

Dilation angle ψ
/ 5°

Poisson’s ratio for unloading ν 0.2

Reference pressure Pref 100

K0 value for normal consolidation K0
nr 0.426

Failure ratio Rf 0.7

Power for stress level dependency of stiffness m 1

Table 2. Properties of soil surrounding the tunnel (Yadav, 2005)

Depth E (MPa) SPT, Nm
* Strength parameters

0−10 7.54 5

10−20 18.94 27 Cohesion, c/ = 0

20−30 30.34 49 Friction angle, φ/ = 35°

30−40 35.86 59

40−50 53.14 92

50−60 64.54 113

* measured value of SPT, N
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X-direction; Vertical (V), i.e. Z-direction and Longitudinal (L), i.e. in Y- direction or the axial
direction of tunnel respectively) were generated for Delhi site and then applied at the base of
model in respective directions. These components were applied separately (one by one) and
not simultaneously.

2.3 Boundary conditions

For static response, nodes along XZ-plane of model (Figure 2) were restrained in Y direction
and were free to move in X and Z directions whereas nodes along YZ-plane of model
(Figure 2) were restrained in X direction and were free to move in Y and Z directions. The
bottom boundary was restrained in all the three directions and nodes on top surface of soil
were kept free in all directions. For dynamic analysis, viscous absorbent boundary, proposed
earlier by Lysmer and Kuhlmeyer (1969) was used to represent the displacement condition
along both vertical planes (XZ and YZ planes) of the model.

Table 5. Modulus number and SPT values of soil for UBC3D-PLM model

Depth Nm

Corrected SPT
value, (N1)60

Elastic shear
modulus, KG

e
Elastic bulk
modulus, KB

e
Plastic shear
modulus, KG

P

0−10 5 6 788.2 438.2 185.1

10−20 27 16 1092.6 607.5 939.1

20−30 49 24 1250.5 695.3 2260.9

30−40 59 27 1300.57 723.1 2944.3

40−50 92 37 1444.4 803.1 6032.3

50−60 113 42 1506.7 837.7 8073.55

Table 6. Moduli values (MPa) for hardening soil (HS) model

Depth

Initial
modulus,
Ei

Tangent
modulus, E50

(=0.65 Ei)

Secant stiffness
in SDT test,
E50

ref (=E50)

Tangent stiffness for
primary oedometer loading
Eur

ref (= 3 E50
ref)

Unloading/reloading
stiffness Eoed

ref

(=E50
ref / 1.25)

0−10 7.54 4.9 4.9 14.7 3.92

10−20 18.94 12.31 12.31 36.93 9.85

20−30 30.34 19.72 19.72 59.16 15.78

30−40 35.86 23.31 23.31 69.93 18.65

40−50 53.14 34.54 34.54 103.62 27.63

50−60 64.54 41.95 41.95 125.85 33.56

Table 4. Properties of soil for UBC3D-PLM model

Parameters Values

Peak friction angle, φp (in deg.) 35 deg.

Constant volume friction angle, φcv 29.11 deg.

Elastic shear modulus index, me 0.5

Elastic bulk modulus index, ne 0.5

Plastic shear modulus index, np 0.5

Failure ratio, Rf 0.7

Atmospheric pressure, PA (kPa) 100 kPa

Tension cut-off, σt (kPa) 0

Densification factor, fachard 0.45

Post liquefaction factor, facpost 0.2
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Some properties of soil are kept constant with depth and are presented in Table 3 whereas
the stiffness varies with depth of soil and values of soil moduli with depth are stated in
Table 6.

3 DISCUSSION OF RESULTS

The response obtained after dynamic analysis of metro underground tunnels, when subjected
to T component (X-direction) of earthquake, is presented here for discussion:

3.1 Displacements

Figure 2 shows the contours of total displacement in soil – tunnel system. Maximum displace-
ment in soil medium is of order of 449.2 mm. The maximum total displacement in the tunnel
(residual) at the end of T component of earthquake was found to be 55.37 mm, as shown in
Figure 2. Values of static and dynamic displacements in soil mass and RC liners of tunnel
have been presented in Table 7. It can be seen that transverse (T) component of earthquake
causes significant increase in horizontal (X-direction) and vertical (Z-direction) displacements

Figure 1. Response spectra compatible time history for horizontal (T) component of 1999 Chamoli

earthquake of lower Himalaya

Figure 2. Total displacement in soil-tunnel system at end of T component of 1999 Chamoli earthquake

Table 7. Static and dynamic displacements is soil-tunnel system (T component of earthquake)

U

Soil medium RC liners

Static displacement Dynamic displacement Static displacement Dynamic displacement

Ux (mm) 3.42 183.8 3.584 10.90

Uy (mm) 1.153 74.6 0.028 1.98

Uz (mm) 5.405 335.4 5.131 54.9
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in soil medium as well as in RC liners. However, Dynamic displacement in longitudinal direc-
tion i.e. in Y-direction is much smaller in soil mass and is negligible in RC liners.

3.2 Liquefaction susceptibility

Liquefaction susceptibility in soil surrounding the tunnel can be checked in terms of pore pres-
sure ratio (PPR) and the state variable (ru). It may be noted that water table exists at 17.0m
below the ground surface. Distribution of maximum pore pressure ratio during the earthquake
is presented in Figure 3. Maximum value of pore pressure ratio (PPRm) occurs at various
points below the tunnel invert and has been found to be 0.4. Overall maximum value of pore
pressure ratio is 0.55 which has been found to occur at points just below the water table (as
red color shown in Figure 3). Pore pressure ratio (PPR) after the earthquake was found to be
of the order of 0.4 in layer 3 i.e. between depths of 17m to 20m. It was found to be less than
1.0 for both during the earthquake and after the earthquake conditions. Therefore it can be
concluded that soil medium surrounding the tunnel is safe against liquefaction.
Similarly, susceptibility of liquefaction can be checked in terms of state variable, ru whose

maxima value is of the order of about 0.65 during the earthquake and it is 0.60 at the end of
earthquake. Therefore this parameter also suggests that soil surrounding the tunnel is safe
against the liquefaction

3.3 Parametric study

3.3.1 Effect of seismic directions on liquefaction
Values of liquefaction parameters were obtained for all three components of earthquake and are
presented in Table 8, from which it can be noticed that- i) liquefaction parameters are less than
unity when seismic waves propagate either in horizontal, X- direction or in vertical, Z- direction,
and ii) values of both pore pressure ratio (PPR) and the state parameter (ru) are greater than
unity when L component (Y-direction) of earthquake was applied along the length of tunnel.
Therefore liquefaction can occur due to the L component of 1999 Chamoli earthquake when
seismic waves propagate in the direction parallel to the alignment of tunnel. It can as well be
seen from Figure 4 that liquefaction occurs in layer 3 i.e. at depth between 17 m to 20.0 m.

3.3.2 Effect of depth of water table
Seismic analysis has also been carried out for horizontal, T component (X-direction) of 1999
Chamoli earthquake by considering different depths of ground water table. Values of

Figure 3. Maximum pore pressure ratio in soil during the earthquake

Table 8. Effect of seismic directions on liquefaction

Parameters T comp. of EQ in X-direction V comp. of EQ in Z-direction L comp. of EQ in Y-direction

PPRm 0.55 0.65 1.244

PPR 0.40 0.42 1.228

rum 0.65 0.67 1.34

ru 0.60 0.48 1.34
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liquefaction parameters obtained for different depths of water table ranging between 0.0m to
50m are presented in Table 9.
Initially when actual depth of water table was 17m, the soil medium surrounding the tunnel

was found to be safe against liquefaction. When depth of water table rises to a level just above
the crown of tunnel (h =10m), soil medium surrounding the tunnel was not found to liquefy. It
can also be observed that liquefaction occurs in soil mass when water table rises to the ground
surface. In that case both pore pressure ratio and state variable (ru) assume values greater than
unity. Therefore, it can be concluded that in present condition (i.e. when water table depth,
h=17m), Delhi metro tunnels are safe against liquefaction in the event when seismic waves
propagate in the direction of T component of 1999 Chamoli earthquake. However, liquefaction
can occur in the event when water table would rise above up to the ground surface.

3.3.3 Influence of PGA
In this section, the influence of peak ground acceleration (PGA) on liquefaction has been dis-
cussed. For this, depth of water table was retained at 17 m below the ground surface. T compo-
nent of Chamoli earthquake (PGA = 2.71 m/sec2) was taken for analysis. The PGA of this
earthquake was scaled up to 1.5 m/sec2, 3.6 m/sec2, 4.0 m/sec2 and 5.0 m/sec2. Values of liquefac-
tion parameters thus obtained are presented in Table 10. It has been found that both pore pres-
sure ratio and state variable (ru) increase with increase in PGA. But Delhi site was found to be
safe against liquefaction during this earthquake even when PGA was scaled to 4.0 m/sec2. Soil
mass enters the liquefied state only when PGA is scaled beyond and up to 5.0 m/sec2.

3.3.4 Influence of boundary conditions
Three different boundaries, namely the elementary boundary, absorbent boundary, and the
free-field boundary, were considered for analysis. Water table was assumed at 17.0 m depth
below the ground surface. It can be concluded from Table 11 that as far as horizontal, T com-
ponent of 1999 Chamoli earthquake is considered, liquefaction occurs for elementary bound-
ary condition whereas soil medium surrounding the tunnel is safe against liquefaction for
absorbent and free-field boundary conditions.

Figure 4. Pore pressure ratio during L component of 1999 Chamoli earthquake

Table 9. Effect of position of water table on liquefaction

Water table depth, h (m)

Parameters h = 0 m (G.S.)
h = 10m (above
the crown)

h = 17m (below
the invert) h = 30m h = 40m h = 50m

PPRm 1.235 0.815 0.55 0.451 0.451 0.45

PPR 1.232 0.845 0.40 0.225 0.125 0.125

rum 1.199 0.852 0.65 0.40 0.36 0.25

ru 1.199 0.852 0.60 0.32 0.24 0.18
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4 CONCLUDING REMARKS

After analyzing the site of Delhi metro tunnels, following conclusions have been drawn:

i. Soil medium surrounding the tunnel is safe against liquefaction for T (horizontal) and V (ver-
tical) components of earthquake but liquefaction can occur in case of a seismic event when
seismic waves travel in a direction parallel or nearly parallel to the alignment of tunnels.

ii. In the present condition when water table depth is at 17 m below the ground surface, Delhi
metro tunnels are safe against the liquefaction as far as horizontal, T component of Cha-
moli earthquake is concerned but may become unsafe in situations when water table rises
up to ground surface.

iii. Delhi metro tunnels are also safe against liquefaction for this earthquake even when PGA
of horizontal, T component of earthquake is scaled up to 4.0 m/sec2. However, it was
found that soil enters into liquefied state when PGA is scaled up to 5.0 m/sec2.

iv. Liquefaction occurs when elementary boundary condition is considered whereas tunnels
are safe against liquefaction for absorbent boundary and free-field boundary conditions.
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Table 10. Effect of PGA on liquefaction

Parameters
PGA = 1.5
m/sec2
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PGA = 3.6
m/sec2

PGA = 4.0
m/sec2

PGA = 5.0
m/sec2
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Table 11. Effect of boundary conditions on liquefaction

Parameters Elementary boundary Absorbent boundary Free-Field boundary
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ru 0.996 0.60 0.808
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