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1 Introduction

In urban areas, underground mass rapid transit systems are becoming popular to
fulfill the transportation demand of the public. The construction activities of these
transportation systems generate heavy vibrations that propagate through the soils
to the ground and create disturbance to nearby buildings and residents. In recent
years, ground-borne vibration and their mitigation is receiving much attention from
researchers and practitioners.Majority of researchwork has been conducted on train-
induced vibrations, very few studies are available related to excavation or tunneling
induced ground vibration. Several researchers used semi-analytical approaches to
model ground vibrations induced by underground railway (He et al., 2018; Hussein
et al., 2014; Kuo et al., 2011; Yuan et al., 2016, 2017). These are the simplified
methods that may not be suitable in engineering practice because of their limitation
in simulating geometries. Many researchers have used numerical methods to predict
vibration generation and transmission (Amado-Mendes et al., 2015; Galvín et al.,
2010; Lopes et al., 2014; Yaseri et al., 2018). However, most of the studies neglected
the effect of mechanical process during tunneling. Present and future ground-borne
vibration levels are highly depending on the construction method of tunnels. Muller
et al. (2008) developed three-dimensional numerical model on a coupling of analyt-
ical method and finite element method for both circular and rectangular tunnels.
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Yaseri et al. (2014) used coupled finite element and boundary element methods
to predict underground train-induced ground-borne vibration. The scaled boundary
finite-element method (SBFEM) was used to model outer media around the tunnel.
Patil et al. (2015, 2017, 2018) and Choudhury et al. (2019) investigated the factors
affecting the behavior of tunnel under seismically induced vibrations using finite
element method. Nandi and Choudhury (2018, 2019, 2021) investigated the effect
of earthquake-induced vibration on the behavior of embedded cantilever retaining
walls, reinforced soil wall and passive earth pressure. Few researchers used phys-
ical modeling approach to study ground-borne vibration problems (Thusyanthan &
Madabhushi, 2003; Trochides, 1991; Tsuno et al., 2005). Yang et al. (2013a, b)
used centrifuge modeling to study the effects of soil non-homogeneity on propa-
gation of ground-borne vibration. The results show that it is important to consider
the soil non-homogeneity of soil in determination of soil dynamic response. Many
field measurement studies have also been conducted to investigate the vibration
phenomena (Auersch, 2005;Galvín&Domínguez, 2007; Paolucci&Spinelli, 2006).

An attempt has been made through this study to provide an insight into theory and
practice of controlling ground-borne vibration in sub-structural systems. The open
and infill trench methods of vibration mitigation and their efficiency are discussed
first. Then the response of multilayer railway track system under cyclic loading
is briefly explained. Additionally, a generalized empirical model is explained, this
model determines uses basic soil properties to determine the blast-induced vibration
parameters. Finally, an emphasis has been given on evaluating the effect of exca-
vation of underground metro station and other related construction activities such
as tunneling, blasting, piling, on adjacent structures. Tunneling-induced vibration
impact assessment of heritage structure has been explained through a case study.

2 Mitigation of Ground-Borne Vibration

Bose et al. (2018) investigated the use of trenches as a wave barrier in mitigating
ground vibration. A numerical model was developed using PLAXIS to study the
factors affecting the vibration isolation efficiency of open and infill trenches. Open
trench is characterized by three variables: depth (d), width (w) and screening distance
(l). These parameters were optimized through parametric study under harmonic
loading to achieve maximum screening efficiency. Results of parametric study are
plotted in terms of variation of efficiency (amplitude reduction ratio) with change
in trench’s geometrical parameters. From Fig. 1, it can be observed that normalized
depth is a key parameter that controls the efficiency of the isolation system. Efficiency
increases with increase in depth. In all the cases of parametric study, the minimum
efficiency noted was 55%, whereas maximum was more than 80%. Barrier location
and width of trench appear to be the insensitive parameters. Only in case of shallow
trenches, the width has played the significant role in blocking wave energy.

At high wavelength, construction and stability of open vertical cuts become diffi-
cult. In such cases, infill trenches are more suitable compared to open trenches. In
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Fig. 1 Variation of average
amplitude reduction ratio
with depth of an open trench
(republished with permission
from ASCE, from Bose et al.
(2018)

open trench, efficiency is governed by the wave reflection, whereas in infill trenches
the combination of reflected and transmitted waves plays the major role. Perfor-
mance of high-density and low-density materials with varying shear wave velocity
is compared through finite element analysis.

Figure 2 shows the variation in the average amplitude ratio with change in shear
wave velocity ratio of infill material and in situ material. It can be seen that low-
density materials performed well as the wave barriers compared to high-density
materials. Moreover, the response of materials depended on the relative shear wave
velocity of fill material and in situ soil. Infill trenches showed better efficiency when
the shear wave velocity of fill material was less than that of in situ soil. It can
be said that the low-density materials possess sufficient energy dissipation capacity.
Efficiency of systemdecreasedwith an increase in shearwave velocity of fillmaterial.
High-density fill materials also performed effectively in mitigating ground vibration.
The materials having sufficient stiffness are capable of resisting incoming wave.

Fig. 2 Variation in average
amplitude reduction ratio
with the shear-wave velocity
ratio of fill material and
in situ soil (republished with
permission from ASCE,
from Bose et al. (2018))
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3 Response of Railway Track System Under Cyclic Loading

Ballast and subgrade are the most important components of the railway track system,
which distribute the large cyclic wheel loads from the wheel to the underlying soil
strata. Typical representation of railway track system is shown in Fig. 3. Choudhury
et al. (2008) and Bharti et al. (2006) presented analytical model of a multilayered
track using 2 degrees of freedom (2DOF) mass-spring dashpot system, as shown in
Fig. 4.

Dynamic behavior of both ballast and subgrade layers was investigated using time
zone and frequency domain analyses. The subgrade is considered as an elastic half-
space, and the ballast is assumed to be an elastic layer, this makes the 2DOF approach

Fig. 3 Typical ballast and subgrade layer below railway track (republished with permission from
ASCE, from Choudhury et al. (2008))

Fig. 4 2-DOF MSD
mathematical model
(republished with permission
from ASCE, from
Choudhury et al. (2008))
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more realistic compared to normal SDOF model. The differential equations of the
system have been derived by considering the dynamic equilibrium and D’Alembert’s
principle. The system of equations obtained is as follows:

[
m1 0
0 m2

]{
ẍ1
ẍ2

}
+

[
c1 + c2 −c2
−c2 c2

]{
ẋ1
ẋ2

}
+

[
k1 + k2 −k2
−k2 k2

]{
x1
x2

}
=

{
f1(t)
f2(t)

}

(1)

The above system of equations can be solved by using Newmark’s method. The solu-
tions give the displacement and acceleration response for both the granular and the
subgrade layer. The spring stiffness “k1” and “k2” in the model have been calculated
by following equation:

k = 0.8(1 − μ)G

(1 − 2μ)h
(2)

where,

μ = Poisson’s ratio.

G = shear modulus, and.

h = depth of the particular layer.
The equivalent damping coefficients of the dashpots “c1” and “c2” have been

calculated by,

c =
√

2

1 − μ
Gρ (3)

where,

ρ = mass density of the layer.

Fundamental circular natural frequency of the ballast and the subgrade has been
calculated by,

ω = πvs

2h
(4)

where,

vs = shear wave velocity for the medium.
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4 Determination of Blast-Induced Vibration Parameters

Kumar et al. (2017) developed empirical relations through randomnumber generation
technique. These relations are useful in determining strength parameters of rock, such
as Young’s modulus, Poisson’s ratio, cohesion and angle of friction based on uniaxial
compressive strength. Kumar et al. (2016) proposed amethodology for the estimation
of engineering properties of soils from field SPT using random number generation.
Kumar et al. (2015, 2019) investigated the effects of blast on underground soil media
with the help of a finite difference program, FLAC3D.

Kumar et al. (2012a, b, 2014a, b, 2016) proposed model for blast vibration
prediction in terms of PPV for a soil site and can be written as,

v = kD−b (5)

D = SD = R/Q1/3 (6)

where,

D = scaled distance (SD) (m/kg1/3).

v = peak particle velocity (PPV) in mm/s.

k and b = site constants.

R = distance from the blast point

Q = charge per delay.
Various combinations of three soil properties, namely, Young’s modulus, degree

of saturation and unit weight were fitted into linear equations. It was observed that
ratio of Young’s modulus and unit weight closely fit the linear equation. Based on
the collected experimental data, the following generalized empirical relation (with
r2 = 0.907) is proposed to evaluate PPV for soil sites.

v =
(
E

γ

)0.229

D−(1.6985−0.175S) (7)

where,

E = Young’s modulus of soil.

v = peak particle velocity (PPV) in mm/s.

D = scaled distance (SD) (m/kg1/3).

S = degree of saturation.

γ = unit weight of soil.
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The performance of proposed model has been investigated by comparing experi-
mental and predicted PPV. The predicted PPV found to be in good agreement with
experimentally obtained PPV. For blast-related design, this empirical model can be
used in practical applications.

5 Impact Assessment Study of Heritage Structures

The alignment of the proposed metro construction for Phase IV in Delhi, India is
passing by few heritage sites (see Fig. 5). The list of the heritage site affecting
the metro alignment is listed in Table 1. The metro rail project involves large-scale
construction works and other activities at site. There are many construction activ-
ities like foundation piling, drilling and blasting, driving, compaction, chiseling,
excavation, tunneling (using Tunnel Boring Machine) and such others, which may
induce ground vibration and transmission. Hence, a careful assessment of soil–struc-
ture interaction and ground-borne vibration transmission to the existing heritage
monuments is required. The present study evaluates the effect of ground-borne
vibrations on the structures located in the close vicinity of the proposed metro rail
alignment. In order to evaluate the adequacy of the proposed metro alignment, the
impact assessment of construction activities such as excavation, piling, tunneling and
drilling/blasting activities has been carried out on these heritage structures.

Fig. 5 Layout of the proposed metro line alignment and location of Heritage monuments
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Table 1 List of heritage structures in the close vicinity of the proposed metro alignment

Sr. no Name of heritage monument Built-in
(year)

Distance from the proposed
metro alignment (in m)

1 Adham Khan’s Tomb/Bhool
Bhulaiya

1562 123

2 Gandhak ki Baoli 1211–1236 41

3 Rajon ki Baoili 1506 78

4 Tomb of Balban 1287 455

5 Jamali Kamali Tomb and
Mosque

1528–1529 149

6 Azam Khan’s Tomb Seventeenth century 108

7 Qutub Minar 1220 300

5.1 Geotechnical Conditions at Site

The deposits in the proposed site location belong to the “Indo Gangetic Alluvium”.
Deposits of the Indo-Gangetic Basin are composed of gravels, sands, silts and clays
with remains of animal and plants. The geophysical investigation is carried out due to
restrictions for drilling of the subsoil in the areas around the heritage site. The layered
profile and respective output of seismic refraction test results (in form of compres-
sional wave velocity) are presented in Table 2. In the present analysis, the location
of the tunnel section is considered to be at 15 m depth from the ground surface. The
investigation results indicate that tunnel is passing through highly weathered rock
layer pertaining shear wave velocity (vs), 400 to 600 m/s.

Table 2 Interpreted stratum based on seismic refraction test

Location Layer Depth (m) Interpreted
vp (m/s)

Interpreted strata

From To

Azam Khan Tomb 1 0 5–12 600–1000 Overburden soil

2 5–12 30 1500–2500 Rock

ASI Park 1 0 7–8 400–1000 Overburden Soil

2 7–8 30 1500–3000 Rock

1 0 8–9 600–1000 Overburden soil

2 8–9 37 1300–2700 Rock

1 0 4–8 400–1000 Overburden soil

2 4–8 25 1300–3500 Rock
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5.2 Effect of Ground-Borne Vibration Due to Construction
Activity on Heritage Structures

Various sources generate different kinds of ground-borne vibrations that transmit
through the soil in different ways, like, transient vibrations, steady-state vibrations
and pseudo-steady state vibrations. Vibration can be defined by four parameters:
frequency, displacement, velocity, acceleration. Among these variables, the vibration
velocity of a particle is directly related to stress generated in the structures, and it is
usually measured to evaluate the influence of the vibration on structures. Therefore,
the magnitude of vibration is measured in terms of peak particle velocity (PPV). This
maximum velocity value, referred to as PPV, is a commonly accepted descriptor for
ground vibration amplitude. Given a certain level of vibration, the structural response
of a structure to an excitation also depends on its dynamic behavior and in particular
of its natural period of frequency. Therefore, predominant frequency is one of the
important variables in evaluating the effects of vibration on a structure. The factors
that influence the damage to structure subjected to ground-borne vibration are as
follows:

• Duration of vibration.
• State of stress to which the structure is subjected.
• Properties of structure, like, foundation type, soil-structure interaction, the quality

of materials, the method of construction, and its current state.
• Energy per blow/cycle.
• Distance between source and receiver.

Vibration effects on historic buildings are similar to those for ordinary buildings
and structures, although some added complications and uncertaintiesmay be encoun-
tered because historic buildings are generally older and may not be structurally as
sound as the modern buildings.

5.3 Estimation of Vibration Level Due to Piling Activities

Hiller and Crabb (2000) derived empirical formulae relating resultant PPV with
a number of other parameters for vibratory compaction, percussive and vibratory
piling, dynamic compaction, the vibration of stone columns and tunnel boring oper-
ations from fieldmeasurements. These predictions for a variety of scaling factors and
parameter ranges are available in BS 5228–2:2009 (British Standard, 2014). Using
these formulae, a prediction of resultant peak particle velocities (PPV) can be made
conservatively. It suggests that vibration level is practically 0.5 to 1 mm/s for all the
cases for the distance more than 30 m.

In the present study, bored piling operation using modern rotary rig is considered
and vibration (in the form of PPV) from various distances to the metro rail complex
can be calculated from Eq. (8).
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Vres = Kp

[√
W

r1.3

]
(8)

where,

W = nominal torque (applied energy in KJ).

Kp = coefficient depends upon soil type (for pile drilling at refusal Kp = 5 and for
Pile through dense granular soil Kp = 3 is considered in the present study).

r = slope distance from the pile toe or tunnel crown, in meters (m).
Though it is recommended to use the slope distance from the point of application

of impact/energy to point of interest where resulting vibration Vres (in terms of PPV
m/s) is to be obtained, in the present study, absolute horizontal plan distance from the
metro rail corridor to the Adham Khan tomb is used conservatively. The calculated
vibration level is presented in Figs. 6 and 7. Figure 6 represents the situation where
piling is carried out at the refusal end, and Fig. 7 represents the situation where piling
is carried out through dense gravely/sandy layer. For the drilling through softer layer,
the obtained vibration is even lower than these situations due to wave absorption in
the softer soils.

Cenek et al. (2012) used correlation (see Eq. (9)) to estimate the magnitude of
ground vibrations at any distance from source of construction vibration. This allows
estimation of critical separation distances required to ensure that the guideline vibra-
tion levels for human comfort and building damage given in BS 5228–2:2009 (British
Standard, 2014) and DIN 4150–3:1999 (German Standard, 1999) are not exceeded.

V2 = V1

[
R1

R2

]
e−α(R2−R1) (9)

Fig. 6 Calculated vibration
at various distances due the
percussive piling at various
frequencies of impact blow
(for piles drilled at refusal)
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Fig. 7 Calculated vibration
at various distances due the
percussive piling at various
frequencies of impact blow
(for piles drilled through
dense granular/ sandy
stratum or weathered rock)

where,

V1 = the measured peak particle velocity (mm/s) at distance R1 (m).

V2 = the peak particle velocity (mm/s) at distance R2 (m) from source.

α = soil coefficient for the dominant frequency = 2πDf/vs.

D = soil damping presently assumed 0.2 on conservative side.

f = frequency of the applied vibration (considered as 10, 20 and 30 Hz).

vs = shear wave velocity of the soil layers (average along the depth of pile)= 600m/s
conservatively in the weathered rock.

Considering R1 = 1 m and assuming the vibration at the source will be approxi-
mately equal to that of a distance of 1 m and considered to be 10 mm/s as given in
BS 5228–2:2009 (British Standard, 2014). Eq. (9) is reduced to Eq. (10),

V2 = 10

[
1

R2

]
e−α(R2−1) (10)

Considering the frequency of applied vibration as 10, 20 and 30 Hz, respectively,
due to rotary piling operation, the calculated peak particle velocity (mm/s) at various
distances from 2 to 150 m is presented in Fig. 8.

Based on the threshold vibration PPV recommended by various standards, it is
considered that for heritage structure like Adham Khan Tomb, maximum allowed
PPV is 2 mm/s. Estimated PPVs are based on above widely followed equations indi-
cate that, in no case, the magnitude of estimated PPVs is close to above 0.1 mm/s.
The obtained PPVs from the aforementioned analytical formulations are not trans-
mitted beyond 100 m in all the cases analyzed. In fact, all the estimation suggests
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Fig. 8 Calculated vibration
at various distances due
bored piling (applied
vibration PPV 10 mm/s;
applied at three different
frequencies 10, 20 and
30 Hz, respectively), (vs =
800 represents weathered
rock site, vs = 500
represents medium dense
soil and vs = 200 represents
loose soil profile

that no vibration will be transferred beyond 40 m of the proposedMetro rail corridor.
Hence, there is no anticipated vibration at the Adham Khan tomb due to any type of
the rotary piling activity at any depth.

In order to investigate the influence of the geotechnical conditions, the variation
in the geotechnical profile is considered in the form of variation in the average
shear wave velocity of the stratum. Three variations in the shear wave velocity are
considered,

• vs = 800 m/s represents weathered rock site.
• vs = 500 m/s represents medium dense soil.
• vs = 200 m/s represents loose soil profile.

From the estimated vibration transmission (PPVs), it is observed that for loose
soil profile, the estimated PPVs are lower compared to rock sites. This indicates that
considering vs = 800 represents the conservative scenario, where estimated PPVs
are higher, and it can be considered to be representative to bored piling activities for
the construction of present metro rail complex. Practically, this is in agreement with
the geotechnical profile where sound rock is present at shallow depth, that is, 6 m
below natural ground level. Table 3 shows the comparison of estimated vibrations at
various distances from the vibration source.

5.4 Estimation of Vibration Due to Tunneling

The estimation of ground-borne vibration due to tunneling is carried out using recom-
mendations of BS 5228–2:2009 (British Standard, 2014). The estimated values are
presented in Fig. 9. The estimated PPVs at specified sites are as shown in Table 4.
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Table 3 Calculated vibration transmission at various distances from vibration source

Distance (m) Estimated vibration (PPV) at various distances for vs = 800 m/s

10 Hz 20 Hz 30 Hz

10 0.868 0.754 0.654

20 0.371 0.275 0.204

30 0.211 0.134 0.085

40 0.135 0.073 0.040

50 0.093 0.043 0.020

100 0.021 0.004 0.001

120 0.013 0.002 0.000

Fig. 9 Obtained ground-borne vibration at various distances due to tunneling

Table 4 Obtained PPVs (peak particle velocity) of vibration originating from tunneling

Sr. no Name of heritage monument Distance
(m)

PPV
(mm/s)

Existing traffic
vibration
exposure (mm/s)

Total
PPV
(mm/s)

1 Adham Khan’s Tomb/Bhool
Bhulaiya

123 0.345 1.230 1.575

2 Gandhak ki Baoli 41 1.441 0.735 2.176

3 Rajon ki Baoili 78 0.625 0.151 0.776

4 Tomb of Balban 155 0.256 0.477 0.733

5 Jamali Kamali Tomb and Mosque 149 0.269 0.357 0.626

6 Azam Khan’s Tomb 108 0.409 0.157 0.566

7 Qutub Minar 300 0.108 0.486 0.594
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Fig. 10 Charge per delay as
a function of range R for
safety against damage during
underground blasting (Indian
Standard, 1973 Adapted
from IS 6922)

Table 5 Safe distance for blasting as per IS 6922 (Indian Standard, 1973)

Sr. No Name of heritage monument Distance (m) Blast charge per delay (kg)

1 Adham Khan’s Tomb/Bhool Bhulaiya 123 44

2 Gandhak ki Baoli 41 7.5

3 Rajon ki Baoili 78 19

4 Tomb of Balban 155 59

5 Jamali Kamali Tomb and Mosque 149 58

6 Azam Khan’s Tomb 108 38

7 Qutub Minar 300 100

5.5 Vibration Due to Blasting

IS 6922 (Indian Standard, 1973) specifies the safe distance for blast vibrations. For
charge weight up to 100 kg per delay, the safe distance of the structures from the
blast point may be obtained from Fig. 10. Safe distances for the various heritage sites
have been determined from Fig. 10 and are presented in Table 5.

5.6 Numerical Analysis

A part/section of the proposed Delhi metro line (Phase IV) passing throughMehrauli
has been analyzed using numerical simulations to investigate the effect of excavation
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of subway station and tunnel driving operations on heritage structures in surrounding
area. The construction of proposed metro station (named Mehrauli Metro Station)
requires open excavation up to a depth of 15 m from natural ground level. However,
such open excavation may induce surface settlement close to the excavation area
around the periphery of the proposed metro station. In order to predict possible
surface settlement extent and their magnitude, a 3D finite element (FE) analysis was
performed using PLAXIS3D v.2017.1.0 (PLAXIS, 2017), a finite element geotech-
nical computer program. The proposed station is connected to twin tunnels of diam-
eter 6.35m in both up and down direction. In numerical analysis, tunneling geometry
can be simplified into two-dimensional framework considering the infinite length of
tunnel in third direction. In order to optimize the computational effort in numer-
ical simulation, twin tunnel excavation is modeled using PLAXIS2D v.2017.1.0
(PLAXIS, 2017). In addition, response of the tunnel-soil system has been examined
under seismic loading. A developed 2D FE model was further extended to perform a
nonlinear dynamic analysis by applying the acceleration-time history of 1989 Loma
Prieta earthquake. As per the soil investigation report, subsoil stratum was divided
into three different layers namely sandy silt (0 to 3 m depth), dense sand (3 to 9 m)
and quartzite (9 to 40 m), which are modeled using conventional Mohr–Coulomb
(MC) constitutive model. The geotechnical properties of each layer adopted in the
analysis are given in Table 6. The top soil layer is modeled under drained condition,
whereas second and third soil layers are modeled as undrained considering the pres-
ence of water table at the 3 m depth from ground level. The proposed station is to
be constructed as a cut-and-cover tunnel (of dimensions 270 m in length × 27 m in
width × 15 m in depth), using top-down excavation method. Excavation depth of
15 m is divided into five-stage process considering layer of 3 m each at a time. The
effect of excavation and tunnel driving on surrounding heritage structures has been
observed, and the outcomes are reported here.

3D FE analysis of estimation of excavation induced settlements

The soil model of dimensions 950m× 600m× 40m has been adopted in the present
numerical analysis by discretizing it into 10-noded tetrahedral elements. The hori-
zontal extent of model dimensions was chosen based on the sensitivity analysis to
eliminate boundary effects and covering the locations of nearby heritage structures.
Standard fixities are assigned wherein the sides are restricted to move laterally, and
the base is restrained in all directions. At the bottom of excavation, 300 mm thick
PCC layer was laid. All vertical walls of excavation block were secured against
lateral deformation by installing diaphragm wall of thickness 800 mm. M40 grade
concrete (assuming 70% strength) is used to construct diaphragm wall up to depth
of 20 m (15 m excavated portion + 5 m embedded at bottom). Main beams (waling)
are provided in the longitudinal direction in the periphery of excavation block at an
interval of 5 m. Internal struts were installed in the shorter direction at a center to
center distance of 10m. Figure 11 illustrates the three-dimensional view of themodel
with dimensions. Figure 12 highlights the excavation portion along with diaphragm
wall, waling and struts. The excavation-induced surface subsidence was recorded at
different locations, and an attempt has been made to predict the zone of influence



60 D. Choudhury et al.

Ta
bl
e
6

G
eo
te
ch
ni
ca
lm

at
er
ia
lp

ro
pe
rt
ie
s

L
ay
er

T
hi
ck
ne
ss

(m
)

U
un

sa
t
(k
N
/m

3
)

E
(k
N
/m

2
)

µ
c"
(k
N
/m

2
)

F
"(
º)

1—
Sa
nd
y
si
lt

3
17

12
3

0.
3

20
22

2—
D
en
se

sa
nd

6
19

41
0.
25

10
34

3—
Q
ua
rt
zi
te

31
20

30
0

0.
2

55
24



Controlled Ground-Borne Vibrations … 61

Fig. 11 Three-dimensional view of numerical model used in PLAXIS3D

Fig. 12 3D view of excavation portion showing diaphragm walls, waling and struts

around the proposed underground station. Figure 13 demonstrates the surface settle-
ment resulting from the excavation of the proposed station. Displacement contours
clearly show that most of the heritage structures are not affected by deep excavation.
Only Rajon ki Baoli (indicating displacement of 2.867 mm) may be slightly influ-
enced due to excavation-induced settlements. Controlled excavation operation and
proper monitoring can avoid damages to Rajon ki Baoli. The maximum displace-
ment of 13.97 mm was observed in the excavation area, which gets minimized as
distance from the excavated pit increases. Figure 14 shows the sectional view of the
model cutting across the proposed station and two of the heritage structures, namely,
Rajon ki Baoli and Qutub Minar. Displacement contours clearly show that Qutub
Minar is located far away from the influence zone of excavation region. However,
Rajon ki Baoli may slightly experience the differential settlement that is well within
allowable limit. Figure 15 shows the development of plastic zone around excavation
pit. However, there are no plastic points/yielding observed in the proximity of any of
the heritage structures. The output results in form of displacement are summarized
in Table 7.
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Fig. 13 Final stage displacement contours for the deep excavation for proposed Mehrauli Metro
Station

Fig. 14 Section to illustrate the displacement extent around the monuments

2D FE analysis of tunneling operations

The construction of a shield tunnel has been modeled using finite element computer
program, PLAXIS2D v2017.1.0. In tunneling process, soil is generally over exca-
vated, which means the cross-sectional area of the final tunnel lining is always less
than the excavated soil area. Althoughmeasures are taken to fill up this gap, the stress
redistributions and deformations in the soil resulting from the tunnel construction
process cannot be prevented. To avoid damage to existing buildings and foundations
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Fig. 15 Accumulation of plastic points around excavation of the proposed Mehrauli Metro Station

Table 7 Obtained phase-wise and total displacements (in mm) for the deep excavation

Monument Phase displacement (in mm) during each excavation
stage of 3 m

Total displacement
(mm)

1st(3 m) 2nd(6 m) 3rd(9 m) 4th(12 m) 5th(15 m)

Rajon ki Baoili 0.2186 0.5456 0.4760 0.7210 0.7770 2.7382

Gandhak ki
Baoli

0.0108 0.0435 0.0379 0.0506 0.0484 0.1912

Adham Khan’s
Tomb/Bhool
Bhulaiya

0.0068 0.0149 0.0143 0.0206 0.0211 0.0778

Qutub Minar 0.0000 0.0000 0.0000 0.0000 0.0479 0.0479

Jamali Kamali
Tomb and
Mosque

0.0042 0.0083 0.0081 0.0122 0.0124 0.0453

Azam Khan’s
Tomb

0.0000 0.0000 0.0000 0.0000 0.0062 0.0062

resting on the soil above tunnel, it is necessary to predict these stresses and defor-
mations and to take proper measures. A soil model of dimensions 280 m × 40 m
has been adopted in the present plane–strain numerical analysis. The twin tunnel
of diameter 6.35 m with center-to-center distance of 16 m is located at an average
depth of 15 m. The soil profile and geotechnical properties of material are already
explained in above section while explaining 3D FE analysis (refer to Table 6). Also,
the constitutive material modeling principles of 3D numerical analysis are appli-
cable in 2D FE analysis as well. Tunnel lining (of M45 grade concrete) of thickness
275 mm is modeled using plate element. For more realistic model, simulation of the
construction of the tunnel has been defined in a stage-wise process like excavation,
contraction, grouting and final lining.



64 D. Choudhury et al.

Figure 16 illustrates the developed 2Dmodel in PLAXIS 2D v2017.1.0. Figure 17
shows the sectional geometry and mesh discretization of the 2D FE tunneling model.
Twin tunnel has been constructed one after another assuming there is some lag
duration in excavating two tunnels in the field. Figure 18 shows the displacement
contours resulting from the construction of left tunnel of the twin tunnel. It can be
seen fromFig. 19 that as a result of construction of second (right) tunnel there is some

Fig. 16 Two-dimensional view of numerical model used in PLAXIS2D

Fig. 17 Sectional geometry and mesh discretization for the 2D FE tunneling model

Fig. 18 Displacement contours resulting from the construction of left tunnel of the twin tunnel
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Fig. 19 Displacement contours resulting from the construction of twin tunnel

Fig. 20 Tunnel induced surface subsidence due to construction of twin tunnel

settlement of the soil surface. From Fig. 20, the maximum settlement of the tunnel
crown is observed to be 6.52 mm and extent of the settlement is limited within the
10 m from the outer periphery of the tunnel. Hence, the tunnel excavation operation
or volume contraction due to tunneling will have no significant effect on any of
the monument site. Gandhak ki Baoli is the nearest site from the tunnel centerline
(i.e. 41 m; refer Fig. 5), and it is observed that settlement due to tunneling is not
affecting the closest monument site. The plot of effective stresses (Fig. 21) shows
that arching occurs around the tunnel. This arching reduces the stresses acting on the
tunnel lining, which in turn lowers the axial force in the final tunnel lining.

5.7 Seismic Analysis of Twin Tunnel

A non-linear dissipative behavior of soil subjected to cyclic loading has been simu-
lated through a plane-strain numerical analysis using PLAXIS2D v2017.1.0. The
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Fig. 21 Effective principal stresses after the construction of the twin tunnel

small size of the numerical model represents the infinite continuous soil medium in
reality. An appropriate geometry of themodel and boundary conditions were adopted
to represent the far-field medium. Already developed 2D FE model of static anal-
ysis was further extended to perform non-linear dynamic analysis. Geometric details
and geotechnical material properties of the soil as explained in the above section
were used in the present seismic analysis. Under earthquake loading conditions, the
behavior of the soil is primarily governed by its dynamic properties. Therefore, the
shear wave velocity (vs) was treated as the primary input parameter. The stiffness
parameters are calculated from dynamic properties of the soil. During an earthquake,
the soil is subjected to cyclic loading and unloading, which generates a hysteresis
loop with the dissipation of energy and consequent damping. The Mohr–Coulomb
model cannot simulate hysteretic damping in the numerical analysis. To compen-
sate for the modeling limitation in simulating hysteretic damping, the total amount
of damping was introduced through the frequency-dependent Rayleigh formulation
in terms of viscous damping. The viscous boundary conditions were assigned to
vertical boundaries that can absorb the incident waves, and seismic ground motion
was assigned to the base of the model. The scaled ground motion data of the Loma
Prieta earthquake of 1989 were used as dynamic input motion (see Fig. 22).

Figure 23 shows the location of points where displacements were recorded under
the seismic loading. Figure 24 explains the distribution of displacement at various
points with respect to dynamic time.

Fig. 22 Acceleration time history of input ground motion (1989 Loma Prieta earthquake)
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Fig. 23 2D model of seismic analysis with details of observation points

Fig. 24 Plot of displacement versus dynamic time

6 Conclusions

An attempt has been made to provide an insight into theory and practice of evalua-
tion of ground-borne vibration and its control in sub-structural systems. A trenching
method of mitigating ground vibration problem discussed and the factors affecting
behavior of open and infill trenches have been studied. Optimum values of geomet-
rical and material properties of trenches were determined through parametric study.
From results of numerical analysis, it can be concluded that normalized depth is
a decisive factor in case of open trenches, whereas width is important in shallow
trenches. Performance of the low-density material as an infill material is found out
to be exceptionally well but their effectiveness is highly depending on the relative
shear-wave velocity between the in situ soil and the infill material. Overall, it is found
that the trenches are easy and cost effective solution for controlling ground-borne
vibrations. A generalized empirical model has been discussed for estimating blast-
induced vibration parameters using extensive experimental data of various sites. This
model gives the PPV as a function of scaled distance and three basic soil properties,
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namely, unit weight, Young’s modulus and degree of saturation. It has been observed
that this model predicts reasonably well in case of fully saturated soils irrespective of
soil type. Moreover, it predicts higher values for partially saturated soils, in absence
of field data, this model can be used to predict vibration parameters by using three
basic soil properties.

The behavior of multilayer railway track system subjected to cyclic loading has
been explained with the help of analytical approach. The displacement of different
layers of railway track systems can be computed using simple 2DOF mass-spring-
dashpot system. It can be said that steady-state condition for dense sand achieved
much quicker as compared to clay. Dense uniform sand is identified as a most appro-
priatematerial for subgradeunder cyclic loadingbecause it undergoes least settlement
compared to the other soil types.

The vibration transmission due to piling activities (bored piling through rotary
boring method) is estimated using widely acceptable empirical equations, and esti-
mated levels are compared with threshold limits recommended by various inter-
national standards. Various literatures and standard guidelines were reviewed for
identifying the threshold limit of vibration transmission for typical heritage site. The
estimated levels of vibration are presented in graphical forma, and the estimated
vibration is compared for various distances. It is observed that for heritage struc-
tures, for all the scale distance from 40 to 100 m, the estimated values are lower than
the threshold limit of vibration transmission, that is, 2 mm/s. As per the results of
vibration estimation study carried out considering bored piling, it is observed that
estimated PPVs are practically nil, and vibration transmission is calculated to be
0.1 mm/s (<<2 mm/s threshold limit) beyond 50 m distance from proposed location
of metro rail complex. Hence, the archaeological structures are at safe distance, and
there would be no major vibration impact on these structures due to any type of
construction activities. The estimated vertical vibrations are practically zero at the
referred distance more than 70 m. However, it is recommended to take precautionary
measures during construction for the two sites, namely, Rajon Ki Baoli and Gandhak
ki Baoli.

The peak particle velocities due to tunneling were estimated as per recommen-
dations of BS 5228–2:2009. Except Gandhak Ki Baoli, at all the other sites, the
estimated PPVs are less than 2 mm/s. Since the threshold limiting value of PPV for
heritage structure is considered to be 2 mm/s, the PPV must be restricted within
limit during the actual construction process. For rock excavations, blasting charge
weights are calculated. It is noted that charge weight should not be exceeded than
7.5 kg at two closest sites, namely, Rajon ki Baoli and Gandhak ki Baoli, to avoid
any structural damage due to blasting.

The deep excavation of the proposed Meharauli metro station is modeled numer-
ically using 3D finite element analysis, and influence of the resulting displace-
ments/settlements has been investigated. The estimated maximum settlement is
observed to be 2.73 mm at Rajon ki Baoli, which is approximately 78 m away from
the proposed excavation footprint. For all other monument sites, the estimated total
displacement due to proposed excavation is lower than 1 mm thereby not influencing
the structure of the sites. Surface subsidence due to tunneling has been predicted



Controlled Ground-Borne Vibrations … 69

by 2D numerical analysis. Estimated maximum surface settlement due to tunneling
is 6.52 mm above the tunnel centerline, that is, tunnel crown. This surface settle-
ment extent is limited to approximately 12 m from the tunnel centerline towards
the monument side, which indicates that monuments are free from any tunneling-
induced surface settlement. Additionally, a sample seismic analysis of twin tunnels
has been carried out to check the possible displacement caused by seismic shaking.
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