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Due to fast urbanization, there is a shortage of above-ground surfaces. Thus to
reduce this shortage of above-ground surface, underground tunnels are constructed
beneath the structure for transportation purposes. As a result, it is critical to understand
how earthquakes affect underground tunnels, so that people's lives can be saved and
service levels can be maintained. Underground constructions cannot be considered
entirely immune to the impacts of ground shaking, as evidenced by the Kobe
earthquake (1995), the Chi-Chi earthquake (1999), and the Niigata earthquake (2004),
when some underground structures were severely damaged. A typical section at
Chandani Chowk of DMRC (Delhi Metro Rail Corporation) tunnels, New Delhi, India,
has been analyzed by using the finite element method. Response of the soil tunnel
system for the Uttarkashi earthquake (1991) has been found out in the form of
maximum forces induced in the RC liner of the tunnel, displacement, induced
acceleration and stresses. The results have been compared with the available closed-
form solutions. Parametric studies by considering different parameters such as effect
of contraction (volume loss), influence of boundary conditions and damping, effect of
interface condition between soil and tunnel, effect of displacement time history and
effect of a nearby building have also been conducted. Forces in RC liners and stress
concentration obtained in the present study are well-matched to those obtained by
available closed formed solutions. The vertical stress concentration and volume loss
depend upon the soil medium'’s constitutive behavior. The section under consideration
was safe against the 1991 Uttarkashi earthquake. It can also be observed that, due to
the presence of the building, the axial force and bending moment increased in tunnel’s
liner, and the value of all three forces reduced as the position of the building was away
from the tunnel. Shear force and bending moment were maximum for full slip
condition between soil and tunnel lining however the effect of the interface condition
on the displacement was negligible after a certain value of the interface condition.

1. Introduction

Fast population growth in urban areas has
resulted in a significant need for ground space. As
above-ground surface in urban areas is limited,
sub-surface structures such as tunnels are
becoming more efficient for fulfilling these
requirements. Large underground gas and
petroleum storage facilities near major geological
discontinuities, the water conductor systems of
hydropower projects, roadways and railroad
tunnels in hilly terrain, and other underground
structures are common in transportation and utility
networks. In 1863, the first underground railway
system was established in London, and more than
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30,0000 people decided to travel on its first day of
operation, which was termed "the great engineering
triumph of the day." As of January 2021,
approximately 204 metro systems serve about 205
cities in 61 countries. The development and
operation of these systems may restrict services
and cause surface and subsurface damage.
Historically, underground constructions subjected
to seismic loads suffered a lower rate of damage
than above-ground ones [1]. As a result, it was
anticipated that underground structures such as
tunnels would be immune to seismic activity.
Nonetheless, if a tunnel near an earthquake fault
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encounters a significant tremor, there is a
considerable likelihood that the tunnel will be
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performance over the previous few years due to the
earthquake.

damaged. Table 1 displays the tunnel's
Table 1. Damages to tunnels by earthquakes over the past years [2].
Year Location Magnitude Tunnel's performance
1906 San Erancisco 83 ;I')\(lgé)n'étijcgedlz r:\haag;ecross the San Andreas fault have suffered severe and
1923 Kanto (Japan) 7.9 More than 100 tunnels were affected
1927 Kita-Tango 7.3 Very slight damage occurs
1930 Kita-lzu 7.3 Severe damage shown by tunnels
1948 Fukui (Japan) 7.1 Severe damage within 8 km of the earthquake
1952 Tokachi-Oki 8.2 Slight damage to 10 railway tunnels
1952 Kern (USA) 7.7 Severe damage to 4 railway tunnels
1961 Kita-Mino 7 Cracking occurs in tunnels
1964 Niigata 75 20 railway tunnels affected
1970 Tonghai 7.7 Severe damage to road tunnels
1971 Los Angeles 6.6 Several damages to mountain tunnels
1978 Miyagiken 7.4 Slight damage to 6 railway tunnels
1982 Urakawa-Oki 7.1 Slight damage to 6 railway tunnels
1984 Naganoke 6.8 Cracking damage to one hydraulic power
1987 Chibaken 6.7 Damage to the wall of one railway tunnel
1995 ‘ Hyogoken 7.2 Damage to over 20 tunnels
1999 ChieChi (Taiwan) 76 :Izilgvr\]/fg; ?ﬁ;/g;ely damaged, 11 were moderately damaged, and 23 were
2004 Niigataken 6.8 About 50 tunnels were damaged
2007 Niigataken Chuetu-Oki 6.8 Damage to about 21 tunnels
2008 Wenchuan 8.0 gangggger(;)und transportation and other infrastructures were severely
2015 Gorkha, Nepal 7.8 More than 150 damages were found along the melamchi tunnel
2016 Kumamoto 7.3 Severe damage to mountain tunnel

2. Literature Review

In comparison to structures built on the ground's
surface, those constructed underground are
assumed to be less vulnerable to the influence of
earthquakes. However, earthquakes can cause
severe damage to some subsurface structures.
Hence, underground constructions cannot be
regarded as fully safe. The Daikai subway station
was the first underground structure to collapse
directly from earthquake forces instead of ground
instability. Earthquake effects on underground
structures can be grouped into two categories: (1)
ground shaking and (2) ground failures such as
liquefaction, fault displacement, and slope
instability. Liquefaction, slope instability, and fault
displacement are all examples of ground failure
caused by seismic shaking. Ground failure is

732

especially common in shallow tunnels and near
tunnel portals. When ground failure is present,
special design considerations are required. Because
of the interaction of seismic waves with surficial
soft deposits and the generation of surface waves,
deformation can be quite complex. Underground
structures can therefore be assumed to deform in
three ways during seismic shaking: (1) axial, (2)
curvature, and (3) ovaling (for circular tunnels) or
racking (for rectangular tunnels) when seismic
waves propagate parallel or obliquely to a
horizontal or nearly horizontal linear tunnel, axial
and curvature deformations predominate [1]. For
these deformations, tunnel lining  design
considerations are primarily in the longitudinal
direction along the tunnel axis. Figure 1 depicts
idealized representations of axial and curvature
deformations.
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Positive curvature

Negative curvature

b) Curvature deformation

Figure 1. Axial and curvature deformation [3].
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perpendicular or nearly perpendicular to the tunnel
axis, the cross-sectional shape of the tunnel lining
is distorted, resulting in ovaling or racking
deformations. Transverse design considerations

-

must be considered when dealing with this type of
deformation. Figures 2 and 3 show the ovaling and
racking distortions in circular and rectangular
tunnels, respectively.
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Figure 2. Ovaling deformation [3].
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Figure 3. Curvature

Several methods for evaluating the seismic
response of underground structures and tunnels are
available in the literature [4-8]. Several
experimental research studies have been recently
carried out to understand better these structures'
seismic behaviour [9-11]. Xu et al. [12] have
performed an experimental study (shaking table
test) for the dynamic response of tunnels under
seismic vibrations. In the experimental research,
some researchers modelled the tunnel using an
either slurry of gypsum and water [12], reinforced
concrete [13, 14] micro-concrete, reinforced with
steel mesh or polypropylene fibres [15] or organic
glass [16]. From the technical perspective of civil
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Shear wave front

deformation [3].

engineering, Chen et al. [17] studied the based-on
failure mode, damage mechanism, seismic design
method, prevention measures and post-earthquake
repair of tunnels. Tsinidis et al. [18] discuss the
seismic response of circular tunnels in dry sand and
investigates the efficiency of current seismic
analysis methods at extreme lining flexibilities.
Initially, a dynamic centrifuge test on a flexible
circular model tunnel embedded in dry sand is
analyzed by means of rigorous, complete dynamic
analysis of the coupled soil-tunnel system,
applying various nonlinear soil and soil-tunnel
interface models.
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Currently available methods of shaking design
typically assume free field conditions, excluding
above-ground structures in the tunnel's adjacent
area. On the other hand, tunnels in urban areas are
frequently built beneath or very near tall buildings.
During an earthquake, the vibration of these above-
ground structures might cause complicated
interaction phenomena with the tunnel, which often
passes just a few meters below their foundation.
The seismic wave propagation field is expected to
be affected by these interactions. These changes
allow them to influence the dynamic reaction of the
tunnel, as well as alter the structure's dynamic
response due to its proximity to the surface and
foundations. Both factors may modify the dynamic
response. When it comes to the dynamic interaction
phenomena between above-ground and embedded
structures, most researchers focus on the effect that
an underground structure, typically a circular
tunnel or a cavity, has on the response of the above-
ground structures. Sharma et al. [19] expanded on
the earlier authors' collection, reaching 192 cases
involving 85 earthquakes. To link the seismic
susceptibility of a tunnel to some significant
elements, 6 criteria were looked at: the tunnel
cover, the subsoil type [20], the peak ground
acceleration [21-24], the size of the earthquake [2],
the distance from the epicentre, and the type of
support system. The reported damage decreases as
the depth of the overburden increases. The
magnitude and epicentral distance of the affecting
earthquake may influence damage. Rowe [25]
investigated the effects of earthquake waves, hard
rock, faults, and liquefaction on tunnels. When a
tunnel crosses an active fault, it may sustain serious
damage due to differential displacements
incompatible with the structure's strength. The
level of damage was discovered to be a function of
fault displacement, lining, and rock condition;
tunnels in soft soil or soft rock layers were more
vulnerable to damage. Experimental results from
sand tunnel centrifuge models subjected to seismic
loading were examined by Lanzono et al. [26], who
then compared their findings to predictions from
finite element dynamic analysis and other
simplified approaches. When cyclic shear strains
are properly evaluated, analytical formulations
provide a good estimate of the bending moment in
the lining and a reasonable lower bound for
transient changes in hoop forces. The two-
dimensional seismic behaviour of a circular tunnel
was studied by Pakbaza et al. [27] using the finite
difference method, and they found that the impact
of an earthquake on tunnel-ground interaction is
dependent on several parameters such as the peak
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acceleration, the intensity, and duration of the
earthquake. Rapid response and repair of
underground tunnels after earthquake disasters are
essential requirements for urban infrastructures to
achieve resilience. Hence, research on the seismic
resilience of underground tunnels is very important
topic for research [28-33].

There are also closed-formed solutions for
seismic analysis in the literature, as presented by
Wang [8], Penzien and Wu [34], Penzien [5], and
Hashash et al. [1, 35]. Due to racking deformation,
Penzien and Wu [34] found analytical solutions for
thrust (axial Force), shear Force, and bending
moment in the tunnel lining. Penzien [5] later
included a supplemental analytical approach for
evaluating racking deformation in rectangular and
circular tunnels. Hashash et al. [1,35] observed that
the computed forces and displacements are equal
for the full-slip assumption. However, Penzien's
approach resulted in a substantially lower
calculation of maximum thrusts than Wang's
solution for the no-slip assumption. Under seismic
loading, Wang [8] is credited with being the first to
present a closed-form solution for internal forces in
the tunnel lining structure in the no-slip and full-
slip states. Wang, on the other hand, did not
propose a solution for calculating bending
moments under no-slip conditions, instead
recommending that no-slip situations be solved
using full-slip condition solutions.

3. Problem Definition

As part of India's massive infrastructure
expansion, metro underground construction as a
mass rapid transport system has begun in numerous
metropolitan areas. According to a 2021 report, a
total of 2.63 billion people travel annually in metro
systems across India's 13 major cities, making
India one of the busiest urban rapid transit hubs in
the world regarding ridership. India has the fifth-
longest operating metro system in the world, with
a total length of 751.50 kilometers [36].

The capital of India was relocated from Kolkata
to Delhi in 1911. This resulted in massive urban
sprawl, increasing the city's population by
magnitude. When a traffic and travel
characteristics study was conducted in 1969, the
first concept of an urban rapid transit system was
developed [37]. The bus systems that provided
public transportation in the city exacerbated traffic
congestion, quickly becoming a growing concern.
So, after planning, a proposal was made in 1984
that revealed plans for three underground corridors
and the expansion of the existing suburban rail
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system. The first line was operational on December
24, 2002, after construction began on October 1,
1998. With 348.12 kilometers of track, the Delhi
Metro became India's longest and busiest metro
system.

Most underground metro tunnels in Delhi's
capital city are shallowly buried. Since shallow
tunnels are more prone to damage during an
earthquake, it is necessary to ascertain their seismic
response to earthquake loading. Figure 4 shows the

ROUTE MAP -
PHASE-1 & Il

INDIA

T s
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typical portion of DMRC (Delhi Metro Rail
Corporation) tunnels constructed at Chandani
Chowk that has been taken for analysis in this
study. It serves the very busy commercial area of
Chandni Chowk in Old Delhi, India. The entire
problem was simulated in PLAXIS 2D, and a
dynamic analysis utilizing finite element modelling
was undertaken to comprehend the seismic
behavior of the underground tunnel by considering
the Uttarkashi earthquake in 1991.

Projected Section
of Delhi Metro

Figure 4. Studied area and alignment plan for phase-1 and phase Il of the Delhi Metro project [38].

4. Numerical Model Development

A two-dimensional plane strain dynamic finite
element analysis with a rectangular domain (128 x
78 m) was used to evaluate the forces in tunnel
lining. Plaxis 2D software was used for analyzing
the problem. 15-noded triangular elements were
used for discretizing the soil mass. The constitutive

k|

TIB,OJ

behaviors of the subsoil are assumed to be linear
elastic. The RC liners were modeled using 32 plate
bending elements and assumed to be elastic and
impervious. All geometric properties have been
adopted from [38, 39] for the present study. Figure
5 shows the geometry of the physical model of the
site.

Crown Point (0,25.5)

Springing Point (-3.2, 32)

Invert(0.35.2)

wgs

A

128m

¥

Figure 5. Geometry of physical model (Chandani Chowk).
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The DMRC tunnel in Chandani Chowk has a
diameter of 6.4 m and an overburden depth of 28.8
m. Reinforced Concrete (RC) liners with a
thickness of 0.28 m have been used as a permanent
support system. Modulus of Elasticity (Ec) and
Poisson's were 3.16 x 10" kPa and 0.15 for RC
liners, respectively. Alluvium deposits, also called
"Delhi silt," were found digging tunnels for the
DMRC. The value of Delhi Silt's elastic modulus
changes with depth, as shown in Equation (1).

E=122+0.83()

where z is the depth of the soil layer.

Delhi silt's in-situ unit weight and saturated unit
weight were 18.33 kN/m® and 21.35 kN/m®,
respectively. During the digging of the tunnel, no
water table was found. Cohesion, c, of Delhi silt
has been taken as 0. The friction angle was 35°, and
the dilatational angle was found to be 5°. No slip
has been assumed between the soil around the
tunnel and the RC liners that hold it up. The value
of damping in the soil and RC liners was taken as
5% and 2%, respectively. Plaxis makes use of
Rayleigh damping in the seismic analysis.
Rayleigh damping has been calculated by using
Equation 2.

C=oM + K

(1)

@)

where,

M = Mass matrix

K = Stiffness matrix

a and B = Rayleigh damping coefficients

a and B are determined by using Equation 3.

()= o (1)

B ™ oy +w, U 1
where & is the damping ratio, and wp,, w, are

natural frequencies of soil mass in rad/sec

corresponding to mode shapes, m and n,
respectively.

)
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4.1. Seismic loading

Delhi and its surroundings have experienced
earthquakes since ancient times. Mahabharata's
great epic mentions earthquakes (Circa 3000 BC)
during the war at Kurukshetra [40]. There have
been seismic events in Delhi in the past; Table 2
shows the list of some recent earthquakes in Delhi.

Table 2. Recent Earthquakes in Delhi [41].

Date Magnitude
06/06/1992 2.8
16/02//1993 2.6
27/03/ 1993 3.6
06/08/1993 2.5

3/12/1993 3.5
28/07/1994 2.8
15/10/1994 2.8
16/11/1994 2.9
18/03/2004 2.7
05/04/2004 1.9
21/04/2004 15
06/06/2004 2.0
25/11/2007 4.1
07/09/2011 4.2
05/03/2012 49
24/04/2018 3.5
20/12/2019 6.3
13/04/2020 2.7

Since no significant earthquake occurred in
Delhi, this study will focus on the lower Himalayan
earthquake of 1991 in Uttarkashi. On the Richter
scale, the earthquake had a magnitude of 6.8. The
horizontal component's time history of this
earthquake was used in this study and is shown in
Figure 6 after applying the baseline correction
factor. This earthquake's peak ground acceleration
(PGA) was 3.04 m/sec? (0.309 g). The model's base
was subjected to an earthquake. Newmark's (1986)
time integration method was employed in this
investigation.
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Figure 6. Horizontal acceleration (Ay) — time history of Uttarkashi (1991) earthquake.

4.2. Boundary conditions

It is necessary to pick suitable dynamic boundary
conditions to replicate real conditions and generate
meaningful findings accurately. Nodes on the finite
element mesh's vertical boundaries were restricted
in the X direction but free to move in the Y
direction for static conditions. Nodes on the mesh's
bottom boundary were restricted in both X and Y
directions. In the dynamic condition, non-
reflecting (absorbing) boundaries were used along
the vertical boundaries.

Non-reflecting (absorbent) boundaries, also
called viscous boundaries, were utilized to
represent displacement along both vertical
boundaries to prevent seismic waves from being
reflected into the model after reception at these
boundaries, as recommended by Lysmer and
Kuhlmeyer [42].

Every node along the viscous boundary has a
dashpot for each degree of freedom. Equations (4)
and (5) describe the normal and shear forces
absorbed by a damper in the X-direction.

Fp = a. A W @

Q)

where p is the density of the material, and the
compressional and shear wave velocities are V,, and
Vs, respectively, and u;, and w; represent the
particle velocities normal and tangential to the
boundary. 'A' stands for the node's associated area,
and a and b are taken as unity for full absorption.
Experimental and numerical research has shown
that the boundary does not completely absorb shear
waves. Hence the parameter b should be set at 0.25

Fe =b.A. pVsu,
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based on previous experience. In this investigation,
'a’ and 'b' were taken to be 1 and .25, respectively.

5. Results and Discussion

The tunnel's response to the 1991 Uttarkashi
earthquake in the lower Himalayas has been
studied by conducting a seismic analysis. Figure 5
depicts the geometry of the physical model that
incorporates the soil layers and the tunnel that has
been treated as already built. It displays the X-Y
coordinate system used as a reference and various
monitoring points, such as the crown, invert, and
springs.

5.1. Soil-tunnel's response to seismic load

The Delhi Metro tunnel was analyzed using 5%
soil mass damping and 2% RC liners damping for
the horizontal component of the Uttarkashi
earthquake. For discussion, here are the findings of
the linear elastic analysis.

Ovaling deformation of circular tunnels

When waves travel perpendicular to the tunnel
axis, ovaling deformation occurs. For the vast
majority, previous studies have found this
deformation caused by vertically propagating shear
waves however in present study acceleration vs.
time histories was used for determining stresses,
displacement and forces. Figures 7 and 8 show the
deformed mesh of the model before the earthquake
and after the earthquake, respectively. It also shows
the maximum displacement before the earthquake
(0.02660m) and after the earthquake (0.1260 m).
Therefore, maximum displacement has increased
significantly due to earthquake.
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Deformed mesh |u| (at true scale)
Maximum value = 0.02660 m (Element 0 at Node 18010)

Figure 7. Deformed mesh before the earthquake (extreme total displacement = 0.02660 m).

I—'x

Deformed mesh |u| (scaled up 50.0 times) (Time 39.86 s)
Maximum value = 0.1260 m (Element 0 at Node 1)

Figure 8. Deformed mesh at the end of 1991 Uttarkashi earthquake.

Dynamic forces in RC liners of tunnels

The induced axial Force, shear Force, and
bending moment in RC liners are tabulated in Table
3. During shaking, the axial Force is virtually
constant along the periphery of the tunnel as shown
in Figure 9-a, with a maximum value of 2136
kN/m, and the residual axial force is determined to
be 2071 kN/m at the end of shaking, as shown in
Figure 9-b. Shear Force ranges considerably along
the periphery of RC liners, with the maximum
shear Force occurring halfway between the crown
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and the springing point and having a magnitude of
181.9 kN/m during shaking, as shown in Figure 9-
c. The residual shear Force was determined to be
128.8 kN/m at the end of shaking, as shown in
figure 9-d. When it comes to the bending moment,
it has been discovered that it changes significantly
along the liner's periphery. During an earthquake,
the maximum bending moment in liners occurs at
the tunnel's spring point, with a value of 290.4 kN-
m/m length of the liner, as shown in Figure 9-e,
whereas the residual value of the bending moment
is 200.6 KN-m/m, as shown in Figure 9-f.
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o

Envelope of Axial forces N (scaled up 5.00*10 3 times) (Time 39.86 5)
Maximum value = 0.000 kN/m (Element 8 at Node 18134)
Minimum value = -2136 kN/m

a). Maximum axial force during EQ.

Envelope of Shear forces Q (scaled up 0.0200 times) (Time 39.86 s)
Maximum value = 181.9 kiN/m (Element 3 at Node 17320)
Mnimum value = -179.0 kN/m

¢. Maximum Shear Force during EQ.

Envelope of Bending moments M (scaled up 0.0200 times) (Time 39.86 5)
Maximum value = 277.0 kN m/m (Element 1 at Node 17336)
Mnimum value = -290.4 kKN m/m

e. Maximum Bending Moment during EQ.
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Axial forces N (scaled up 5.00%10-3 times)
Maximum value = -1568 ki/m (Element 1 at Node 13106)
Minimum value = -2070 ki/m (Element 2 at Node 17318)

b. Residual Axial Force. during EQ.

Shear forces Q (scaled up 0.0500 times)
Maximum value = 128.8 kiN/m (Blement 8 at Node 18134)
Mnimum value = -128.8 kiN/m (Blement 1 at Node 17334)

d. Residual Shear Force after EQ.

Bending moments M (scaled up 0.0200 times)
Maximum value = 200.6 kN m/m (Element 1 at Node 18106)

Minimum value = -206.4 kN m/m

f. Residual Bending Moment after EQ.

Figure 9. Axial force, shear force, and bending moment in RC lining.

Table 3. Extreme forces in RC liner due to the horizontal component of the Uttarkashi earthquake.

Dynamic forces in RC liner Static During shaking After shaking
T(kN/m) 2070 2136 2071
M(kN-m/m) 206.4 2904 206.5
V(kN/m) 128.8 181.9 128.9

It can be seenin Table 3 that the axial force varies
just slightly throughout the earthquake compared to
the static situation but shear Force and bending
moment, on the other hand, have increased by
around 1.4 times their static value during the
earthquake and subsequently decrease to the same
level (approximately) as the static state at the end
of the earthquake. The combined axial Force and
bending moment stress in RC liners are 21.54 MPa,
lower than the permissible stress in M40 concrete
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(23 MPa as per [43]). Forces in RC liners increase
dramatically during the earthquake, yet stresses in
RC liners do not exceed their acceptable range,
according to the analysis. Even though this
conclusion cannot be applied to all earthquakes,
these tunnels may react very differently to a
stronger earthquake in the Delhi area with a
different peak ground acceleration or frequency
content. Depending on how the earthquake moves,
these tunnels could be damaged. Also, keep in
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mind that this is only a linear study. If the soil
mass's non-linearity was considered, the actual
stresses and deformations might differ. The
analysis has also been done by changing the input
wave into the FEM model for 5%, 10%, and 15%
damping ratios. Figure 10 shows the combined
stresses inthe liner of the tunnel at 0.3g (amax during
the Uttarkashi earthquake), 0.36 g (1.2*amax), 0.39
g (1.3%*ama), 0.45 g (1.5* amw), and 0.51 ¢
(1.7*amax). The result shows that the combined

N
0

N
~

N
W
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stresses in the RC liner (M40 concrete) of the
tunnel cross the permissible limit at .36 g (5%
damping), 0.45 g (10% damping), and 0.51 g (15%
damping). It can also be concluded from Figure 10
that for the damping ratio of soil 5 %, 10%, and
15%, this section of tunnel was found to be safe
against the earthquake having acceleration up to
0.3 g, 0.39 g, and 0.45 g, respectively. Therefore,
this tunnel section can resist the earthquake of
acceleration 0.5 g if soil damping is 15%.

Line of permissible
limit of M40 RC

Combined Stresses in Tunnel,s liner (MPa)

w

0.3g 036g 0.39g

5% Damping
10 Damping
15% Damping

45g

=3

Slg

5

Applied Acceleration(m/s?)

Figure 10. Combined stresses in RC liner at different damping ratios.

5.2. Comparison of numerical solution to

analytical solution

The seismic response of the Delhi metro
underground tunnel due to seismic loading
(Uttarkashi Earthquake,1999) has been calculated
using the closed-form solutions in this study. For
full slip condition between soil and tunnel, Wang
[8] has published explicit equations for diametric
strain, axial Force, and bending moment in RC
liners of the tunnel. In contrast, Penzien and Wu
[34] and Penzien [5] have presented equivalent
solutions for both full and no-slip conditions
(Appendix B).

Table 4 shows the value of the maximum Force
induced in the RC liner during the seismic loading

(Uttarkashi earthquake, 1991). The comparison of
these values has been made with the available
closed-form solution. From Table 4, it can be seen
that forces in RC liners obtained in the present
study are well-matched to those obtained by
Penzien and Wu (1998) and Penzien (2000). There
are no significant differences between the results
obtained by Wang [8], Penzien and Wu [34], and
Penzien [5] in terms of axial thrust or bending
moment for full slip; Wang's approach
overestimates the axial thrust for no-slip condition
and PLAXIS yields nearly identical results for the
bending moment and shear Force developed in RC
liners.

Table 4. Maximum dynamic forces in RC liners.

Penzein and Wu

Dynamics forces in RC liner Wang Penzien Present study uis_lng PLAXIS, no
FullSlip No-Slip FullSlip NoSlip sip
T(kN/m) 28.81 89.07 28.81 54.08 66
M(KN-m/m) 92.19 - 92.20 86.53 84
V(KN/m) - - 57.62 54.08 53.1

740
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5.3. Parametric study

At this point, an attempt has been made to carry
out some parametric analysis, mainly focusing on
the influence of damping of soil mass, the influence
of volume contraction, and the effect of a nearby
building on the forces mobilized in RC liner of the
tunnel and the kind of boundary simulation that
was employed.

5.3.1. Effect of contraction (volume loss)

The ratio of final vertical stress (stress after the
tunnel's construction) to the initial stress (stress
before the tunnel's construction) at any point
surrounding the tunnel is known as vertical stress
concentration. Figure 11 shows the vertical stress

Vol. 0%
Vol. 1%
Vol. 3%
3
25
2
S
b 15
) ~——
1
0.5
0
1 15 2 25
r/a
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concentration along the horizontal axis of the
tunnel. It can be observed that the vertical stress
concentration has the maximum value at r/fa = 1,
then it starts to decrease up to r/a = 4, and after that,
it becomes constant. From Figure 8, it can be
concluded that wvertical stress concentration
increases with an increase in volume loss,
especially near the periphery of the tunnel. The
results have been compared with Terzaghi and
Richart's [44] (Appendix-A) solutions, as shown in
Figure 11. It can also be concluded from Figure 11
that the PLAXIS model has the same value of
vertical stress concentration as Terzaghi and
Richart [44] for volume contraction of 2%.
Therefore, a volume loss of 2% for this site should
be taken for the elastic analysis.

Vol. 0.50%
Vol. 2%
Terzaghi and Richart (1952)

4.5

Figure 11. Vertical stress concentration along the horizontal axis of the tunnel. (where 'a’ and ‘r’ are the radius
of the tunnel and radial distance along the tunnel’s axis, respectively).

Table 5 represents the maximum horizontal
displacement (Ux) and vertical displacement (Uy)
in the soil and the tunnel for different values of
volume contraction. Table 5 shows that the
maximum displacement in soil remains constant,
whereas settlements in the tunnel increase slightly
with an increase in the value of volume contraction.

Figure 12 shows the variation of vertical stress
concentration along the tunnel's horizontal axis for
the soil elastoplastic behavior. From Figure 12, it
can be concluded that the soil nearby the
surrounding tunnel entered the plastic zone, and the
value of the vertical stress concentration ratio
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dropped down less than unity. The value of this
factor ratio has increased to the maximum value up
to a certain distance from the tunnel, and this
distance is known as elastoplastic radius. Beyond
the elastoplastic radius, the stress concentration
value decreased up to a certain distance and
became constant at a distance far away from the
tunnel. It can also be observed from Figure 12 that
for the volume contraction of 3%, the stress
concentration factor ratio follows the trend with
Bray’s closed-form solutions [45]. Therefore, for
this site, a volume loss of 3% should be taken for
the elastoplastic analysis.
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Table 5. Maximum displacement in soil-tunnel system elastic behavior of soil.

Sail Tunnel
0,
VL) G, (mm) Uy (mm) Uy (mm) Uy (mm)
0 19.31 66.39 18.99 67.59
05 19.31 66.39 19.37 67.95
1.0 19.31 66.39 19.75 68.32
2.0 19.31 66.39 20.5 69.04
3.0 19.31 66.39 21.34 69.77
1.4
0,
13 Vol. 1%
12 N Vol. 1.5%
1.1 \
L \\ T Vol. 2%
)
- 09 Vol. 3%
©
0.8
Bray's
0.7 Solution(1987)
0.6
1 2 3 4 5 6 7 8 9
rla

Figure 12. Vertical stress concentration along the horizontal axis for the elastoplastic behavior of the soil.

The values of maximum displacements in the soil shows that the maximum displacements in soil and
and the tunnel for different values of volume tunnel have increased significantly with an increase
contraction have been tabulated in Table 6. Table 6 in volume loss.

Table 6. Maximum displacement in the soil-tunnel system for elastoplastic behavior of soil.

Sail Tunnel
0,
VL) g mm) Uy (mm) U (mm) Uy (mm)
1.0 8.6 56.97 17.21 56.06
15 13.11 60.46 20.16 60.27
2.0 21.66 63.67 25.01 64.43
3.0 38.53 70.79 38.52 72.08
Table 7 represents the value of the RC liner’s moment, a slight change occurs. It can be
force with and without applying the contraction to concluded that the maximum effect of using
the tunnel’s face. There is a sudden increment in contraction is more on axial force compared to the
the value of axial Force by applying the other RC liner’s forces.

contraction, but in the shear force and bending

Table 7. Maximum dynamic forces in RC liner due to contraction
Present study using PLAXIS, noslip

Dynamic forces in RC liner

without contraction With contraction
T(KN/m) 66 640
M(KN-m/m) 84 81.6
V(KN/m) 53.1 52.1
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5.3.2. Influence of boundary conditions and
damping

Changes in the soil's damping value and using
elementary boundaries with 0% damping were also
used to analyze the soil tunnel system. In this study,
three different values of the damping ratio were
used for the parametric study: 0%, 5%, and 10%.
Table 8 shows that the value of axial Force, shear
Force, and bending moment decreases as the value
of the soil’s damping decreases. Still, the change in
axial Force was marginally affected by the
damping compared to the shear Force and bending
moment, as the previous researcher also found. The
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maximum influence of damping on the axial Force
was recorded during the 0%-5% damping range.

The soil-tunnel system without absorbent
boundaries with 0% damping was also analyzed to
determine the influence of boundaries on the value
of the RC liner’s forces. From Table 8, there is an
increment in the value of the RC liner’s forces by
using the system without absorbent boundaries. It
occurs due to the reflection of waves from the
boundaries of the model and again hitting on the
RC liner but with a very low velocity. It can also be
concluded that when any FEM model was analyzed
without boundaries, then the domain of the model
should be large so that the reflection of the wave
cannot occur.

Table 8. Maximum dynamic forces in RC liner due to type of boundaries with different values of damping ratio.

Maximum forces

During an earthquake with absorbent

During the earthquake, without

in RC liner Static boundaries absorbing boundaries
0% damping 5% damping 10% damping 0% damping
T(kN/m) 2070 2136 2085 2080 2158
M(KN-m/m) 206.4 290.4 221.6 213.3 314.7
V(kN/m) 128.8 181.9 139.8 133.9 190.2

5.3.3. Effect of interface condition between soil
and tunnel

Finite element modelling of soil and structure
interactions  encounters  the  problem  of
displacement discontinuity across the boundaries
of two different materials, which could be solved
by placing interface elements along the boundaries
[46]. To model soil-structure interactions and
capture the transfer of normal and shear stresses
through these discontinuities, interface elements
between dissimilar component materials are
typically used in numerical study of soil-structure
interaction. Without an interface the structure and
the soil are tied together: no relative displacement
(slipping/gapping) is possible between structure
and soil. Numerical software programs (Plaxis-2D)
have interface models to simulate soil-structure
interactions [47, 48] using zero-thickness interface
elements [49, 50]. These programs give similar
numerical outcomes of normal and shear stresses at
the interfaces between the soil and structures [51].
Using "zero-thickness" interface elements between
soil and structural components, finite element
method software tools (Plaxis-2D) can model soil-
structure interactions. These components apply a
strength/rigidity reduction factor to the soil close to
the interface. These interfaces have properties of
friction angle (@), cohesion (C;), dilatancy angle
(¥i) and shear modulus (Gj). The values of
interface properties in PLAXIS can be set directly
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by using a strength/stiffness reduction factor (O<R;
<1.0), where 0 represents smooth interface (i.e. no
shear strength is developed), and 1 represents rigid
interface (i.e., no relative displacement between the
dissimilar layers. This factor is applied to the
properties of the adjacent soil as follows:

Ci = Ri * Csoil (6)

(Z)i = tan_l(Ri tanq)soil) (7)
0 R <1

vi {llusoil Ri=1 “

G; = Riz * Ggoil (9)

where,

Csoi1 = Soil cohesion
Dsoi = Soil friction angle
Gsoi = Soil shear modulus
Ysoi1 = Soil dilatancy

Displacement in soil medium and tunnel liner

Figure 13 shows the horizontal and vertical
displacement in soil medium and in the tunnel liner
due to the seismic loading. It can be concluded that
the displacement was maximum when the interface
condition value was near to 0 (Full-slip condition)
and it decreases as the value of R; increases up to
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the value of Rjwas 0.4. After that the displacement
was found almost constant it means the effect of
interface condition after 0.4 was negligible.

Effect of interface on the structural forces in
tunnel liner

Figure 14 shows the structural force (axial force,
shear force and bending moment) in tunnel liner
during the seismic loading. From Figure 14, It can
be stated that on increasing the value of interface
factor R;, the axial force induced in the tunnel liner
increases slightly, while shear force and bending
moment were found to decrease on increasing the
value of R;.

0.08
0.07
0.06
0.05
0.04
0.03

Displacement (m)

0.02

0.01 \‘-—0—0—0—0—0—0—0—0

0 0.2 0.4
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5.3.4. Effect of displacement time history

In this section, displacement time history was
applied at the base of model in place of acceleration
time history then the comparison of response of
soil-tunnel system subjected to displacement time
history and acceleration time history has been
done. Figures 5 and 6 show the induced
acceleration at the ground surface for both time
histories with building and without building,
respectively, where (A.)a. and (Ay). are induced
acceleration at the ground surface in horizontal and
vertical direction, respectively, for acceleration
time history, and (Ax)s and (Ay)s are induced
acceleration at the ground surface in horizontal and
vertical direction respectively for the displacement
time history.

—0—Ux
Uy
Uxt
Uyt

0.8 1 1.2

Variation in R;

Figure 13. Displacement in soil medium and tunnel liner with different interface condition (where Uy and U, are
the displacement in soil medium in horizontal and vertical direction, respectively; U, and Uy are displacement
in tunnel lining in horizontal and vertical direction, respectively).
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Figure 14. Maximum Structural Force induced in tunnel liner.
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Figure 15. Displacement in soil medium and tunnel liner with different input time history.
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Figure 16. Displacement in soil medium and tunnel liner with different input time history.

Figures 15 and 16 show that there is no change in
induced acceleration at the ground surface in the
horizontal direction and same finding was found in
the vertical direction in both cases. Therefore, it
can be concluded that the effect of input time
history on the indued acceleration at the ground
surface was same for both cases.
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5.4. Effect of a nearby building on induced
forces in RC liner

Due to the construction of a building near the
underground tunnel, the induced forces in the
tunnel liner might differ from the previous case.
The response of a building may also be different
due to seismic loading in the presence or absence
of the underground tunnel. Figure 17 shows the
physical model of the site with the building.
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Figure 17. Physical model of the site with building.

The effect of building on the induced forces in
RC liner of the tunnel, the analysis had also been
done by considering building with underground
tunnels. Table 9 shows all the values of induced
forces in the RC liner. It can be concluded that due
to the presence of a building, the value of axial
force and bending moment increases significantly.
Table 9 shows that in the static condition, the axial
force and bending moment increased as the
building was considered in the analysis. The

residual forces in the RC liner of the tunnel after
the shaking were also compared in Table 9. It was
found that the axial force and bending moment
increase when the building is present but slightly
decrease in shear Force. It can be observed from
Figures 18, 19, 20 that the axial force is constant
along the periphery of the tunnel, and the shear
stress was maximum between the spring and invert
point of the liner and the bending moment was
maximum at the spring point of the tunnel.

Table 9. Extreme forces develop in the RC liner of the tunnel.

Forces in RC liner Static condition During shaking After shaking

T T+B T T+B T T+B

Axial Force (kN/m) 2070 2268 2136 2277 2071 2268
Bending Moment (kN-m/m) 206.4 1995 2904 206.3 206.5 199.9
Shear Force (KN/m) 128.8 3146 1819 321.8 128.9 3146

where,

T = Only tunnel considered
T + B = Tunnel and building are both considered

5.5. Tunnel’s influence on building structural
displacement

In this analysis, taking four working situations
into consideration project status, project status one
(P-1), two(P-2), three (P-3), and four (P-4),
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respectively, are the horizontal distance between
the tunnel center and the axis of the surface
building is 0, 10, 20, and 30 meters. The input
seismic wave was the same (Uttarkashi
earthquake,1991), inputting horizontally from the
base of the FEM model.

The calculation results of each floor peak
displacement of the building under five project
statuses as shown in Figure 21. Figures 22 (a-d)
shows the deformed mesh of the FEM model at
each position.
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Envelope of Axial forces N (scaled up 5.00*10 3 times) (Time 39.86 s) Envelope of Shear forces Q (scaled up 0.0200 times) (Time 39.86 5)
Maximum value = 0.000 kN/m (Element 119 at Node 15969) Maximum value = 206.3 kN/m (Blement 113 at Node 12180)
Minimum value = 2277 kN/m Minimum value = -205.8 kN/m

Figure 18. Maximum axial Force during shaking (T+B) Figure 19. Maximum shear force during shaking (T+B)
C“\ /"‘“\
—_— \__//

Envelope of Bending moments M (scaled up 0.0200 times) (Time 39.86 s)
Maximum value = 320.5 kN m/m (Element 59 at Node 16065)

Minimum value = -321.8 kN m/m

Figure 20. Maximum bending moment during shaking (T+B).
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Figure 21. Diagram indicates the different positions of the building from the tunnel.
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a). Deformed mesh when the building at position P-1

Deformed mesh |u] (scaled up 200 times) (Time 39.86 5)
Maximum value = 0.01795 m (Element 0 at Node 3162)

XK

=

Deformed mesh |u| (scaled up 100 times) (Time 39.86 s)
Maximum value = 0,03886 m (Element 0 at Node 4738)

c). Deformed mesh when the building at position P-3
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Deformed mesh |u| (scaled up 100 times) (Time 39.86 s)
Maximum value = 0.03990 m (Element 0 at Node 7624)

b). Deformed mesh when the building at position P-2
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Deformed mesh |u| (scaled up 200 times) (Time 39.86 s)
Maximum value = 0.01795 m (Element 0 at Node 3867)

d). Deformed mesh when the building at position P-4

Figure 22. Deformed mesh at the building

Table 10. Extreme displacement in the horizontal and vertical direction in soil.

Building’s position P-1 P-2 P-3 P-4
Story Udm)  Ufm)  Ufm)  Ufm)  Ufm)  Ufm)  Ug(m) Uy (m)
0 0.00959 0.781 0.00529 0.744  0.00948  0.638 0.00640 0.585
1 0.00783 0.782 0.00522 0.744  0.00649  0.639 0.00594  0.586
2 0.00539 0.783 0.00377 0.745 0.00456  0.639 0.00354  0.586
3 0.00559 0.783 0.00318 0.746 0.00450  0.640 0.00267 0.586
4 0.00622 0.784 0.00280 0.746 0.00257  0.640 0.00280 0.587
5 0.006104 0.784  0.005036 0.746  0.007137  0.640 0.00567 0.587

In Table 10, the displacement of the individual
storey of the building is tabulated at each position
of the building concerning with tunnel’s surface by
applying the horizontal component of the
Uttarkashi earthquake, 1991. It can be observed
from the table that the displacement was maximum
(in the x-direction) on the ground floor, and it
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decreased on the upper floors, but on the last floor,
it increased.

Table 11 shows the value of the RC liner’s forces
when the position of the building concerns the
tunnel’s periphery. Table 11 shows that as the
building is included, the value of axial force and
bending moment increase, while the value of shear
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force decreases. It can also be concluded that when
the position of the building was away from the

Journal of Mining & Environment, Vol. 14, No. 3, 2023

tunnel, the value of all three RC liners' forces have
decreased significantly.

Table 11. Extreme forces develop in the RC Liner of the tunnel due to different positions of the building.

Building’s position Forces P-0 (no building) P-1 P-2 P-3 P-4
Axial force (kN/m) 2136 2269 2258 2169 2138
Shear force (kN/m) 290.4 2032 1925 156.8  140.7
Bending moment (KN-m/m) 181.9 3175 303.0 2533 2285

6. Conclusions

From this study, the following outcomes were
obtained:

1. Forces in RC liners obtained in the present study
are well-matched to those obtained by Penzien
and Wu (1998) and Penzien (2000). Stress
concentration in the case of elastic and
elastoplastic analyses was also matched with the
solution given by Terzaghi and Richart, and Bray
(1967), respectively.

2. The vertical stress concentration and volume loss
depend upon the soil medium's constitutive
behavior. The applied value of volume
contraction will be more significant in the case of
elastoplastic behavior of the soil in comparison
to elastic behavior.

3. Theaxial force, shear force, and bending moment
increase in case of no absorbent boundary
condition in the numerical model because the
seismic waves return after to coincide with the
non-absorbent boundary, so the domain of the
numerical model should be large so that no wave
can hit the tunnel lining again. If the soil medium
is dampened enough, tunnel-induced forces will
remain within limits, and the domain of the FEM
model can be minimized.

4. The section under consideration was safe against
the 1991 Uttarkashi earthquake. However, this
statement was only valid for the Uttarkashi
earthquake, and soil behaviour was also
considered elastic.

5. It can be observed that, due to the presence of the
building, the axial force and bending moment
increased in tunnel’s liner, and the value of all
three forces reduced as the position of the
building was away from the tunnel.

6. Shear force and bending moment were maximum
for full slip condition between soil and tunnel
lining however the effect of the interface
condition on the displacement was negligible
after a certain value of the interface condition.
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Appendix A: Volume contraction/volume loss For the applied stresses (as in situ) far away from
(Vo) the origin in the x and z direction, o, and o,
Numerous solutions for the distribution of stresses Respectively, the expressions for radial, tangential,
in elastic media have been reported. Still, the and shear at the element “A” are expressed as:

solutions mentioned below include only those
important and relevant to evaluating stresses and
displacements around underground openings.

I

o,

Figure 19. A circular hole in an infinite plate.

1 a?\ 1 3a* 4a?
oy = §(0x+02) 1—r—2 +§(O'x—0'z) 1+T_4_T_2 cos26 (10)
1 a?\ 1 3a*
Og = E(O'x + O'Z) 1+ r_2 — E (O'x - O'Z) 1+ T‘_4 cos26 (11)
1 3a* 2a%\ |
Trg — —E(O'x - O'Z) 1- T‘_4 + r_2 sin20 (12)
Where horizontal and vertical stresses are transformed
o, = radial stress from radial and tangential stresses at the crown and
4 tial st the springing levels with the help of the following
gy = tangential stress equations:
T,g = shear stress vgto, . g-c '
o, = horizontal pressure On = =5t =5 0520 + Tresin20 (13)
o, = ge_ostatistical_overburden_pressure _og+o, op—o, 20
a = radius of the circular opening O = "% T 5 ¢S (14)
r = radial distance from the center of the — TrpSin26
opening
09 — Or .
6 = central angle with the x-axis Tyn = — sin26 + 1,9c0526 (15)
Vertical stress concentration at a particular point
Terzaghi and Richart [26] used Krish’s solutions was calculated by using Equation No. 14 in this
(Equations (10) to (12)) to study the stress study.

distribution around circular openings. The
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Appendix B: Ovaling deformation of circular
tunnels

The response of a tunnel lining is a function of the
compressibility and flexibility ratios of the
structure and the in-situ overburden pressure and
at-rest coefficient of earth pressure of the soil. The
stiffness of a tunnel relative to the surrounding
ground is quantified by the compressibility and
flexibility ratios (C and F), which are measures of
the extensional stiffness and the flexural stiffness

(resistance to Ovaling), respectively, of the
medium relative to the lining [52]:
)
= En(L—v{)r (16)
E;it(1 +v,)(A - 2v,)
E 1— 2\..3
F — m( Ul )r (17)

"~ BEI(L+vy)

where E,,, is the modulus of elasticity of the
medium, | is the moment of inertia of tunnel
lining (per unit width), r is the radius of the
circular tunnel, and t is the thickness of the tunnel
lining.

Assuming full-slip condition, the maximum axial
force and bending moment can be expressed as
(Wang, 1993):

Ad 1
7 = iéKlFVmax (18)
1 E,
Thax = * EKl T v TVmax (19)
Where
12(1 —
( 'm) 1)

1T 2F+5—6u,

Penzien and Wu [16] developed similar analytical
solutions for axial force, shear force, and bending
moment in the tunnel lining due to racking
deformations. Assuming full slip condition,
solutions for axial force, moment, and shear force
in circular tunnel linings caused by soil-structure
interaction during a seismic event are expressed as:

+Ad = *R"Adfree—fiela (22)

n
lining
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_ 12E1Adﬁning 23)
max d3(1 _ vl2)
6E AL iy d
Mpax = — T_lvlz)g =5 * Tmax (24)
24E|IAd]in
Vmax = - d3l(1_lvlz) =2+ Tmax (25)

The lining-soi; racking ratio under normal loading
only is defined as:

4(1 - m)
R"=# —— 26
12E,I(5 — 6v
d3G,, (1 — v
In the case of the no-slip condition, the
formulation is presented as follows:
+Adjining = *RAdfree—fiela (28)
24E,Ad},;
Tmax = - 3 : lmlzng (29)
6E|INd]ing  d
Mpax = — W = Py * Tnax (30)
24E 1A} in
Vnax = = 013[(1——11/[2)9 = 2* Trax (31)
where,
41 —v,,)
R=# ——— 32
@+ D (32)
24E,1(3 — 4v
— l ( m) (33)

3G, (1 —v})

Combined stress o from axial force and bending
moment

T MY
0= —+—

=Tt (34)
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