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Abstract In the present world, the need for under-

ground structures has grown many folds due to the

increasing population, the advancement of public

infrastructure, and the scarcity of land. Underground

structures also provide attractive alternatives for

storage of explosives and other military hardware.

Being at shallow depth, their potential impact on the

environment and surrounding structures can be sig-

nificant. Therefore, it is crucial to understand the

surrounding material behaviour for the safe and

economical design of underground facilities. In the

present work, an attempt is made to simulate the in situ

condition using finite element, which has been vali-

dated by experimental results, to understand the tunnel

deformation behaviour under static loading condition

in soft rocks. 3D non-linear finite element analysis has

been carried out by using Abaqus. Rockmass-tunnel

model considered in this study has dimensions of

30 cm 9 30 cm and 35 cm. The diameter of the

tunnel has been varied from 2.5 cm, 3.5 cm to 5.0 cm.

Similarly, the overburden depth is taken as 2.5 cm,

3.5 cm and 5.0 cm. Both the lined and unlined cases of

the tunnel have been considered. Geo-material has

been prepared in the laboratory having four different

compositions of POP, sand, clay and mica. The

weathering effect of the rockmass is also considered

in the study. Fresh, slightly weathered, medium

weathered, and highly weathered are the four different

weathering stages of basalt rock taken into consider-

ation. The elasto-plastic behaviour is considered for

the natural and synthetic rock, and a Mohr–Coulomb

constitutive model is incorporated. Stress and defor-

mation behaviour is monitored for different rocks and

geo-materials. Longitudinal and transverse profiles of

the tunnel have been plotted to understand the

response of tunnel lining and the surrounding rock-

mass, along and across the point of loading. The paper

concludes that the diameter of the tunnel, overburden

depth of the tunnel, and weathering of rock has a

significant effect on the stability of tunnels under

severe loading conditions.

Keywords Basalt � Geo-material � Tunnel � Static
loading � Finite element analysis

1 Introduction

The urbanisation and application of innovative con-

struction practices all over the world have increased

the vertical expansion of cities. The construction of
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tunnels has become the most desired type of method

for the faster system of transportation services

(Meguid et al. 2008). However, the presence of

complex geological surroundings, technological con-

straints, natural/artificial calamities such as downfall,

the inrush of water, and excessive deformation often

happens in the tunnel construction that degrades the

serviceability and safety of tunnels (Li et al. 2013; Gao

et al. 2018; Wang et al. 2019; Song et al. 2019).

Several studies have been performed by various

researchers and scientists to understand the stability

of tunnels constructed in soil and rock media (Car-

ranza-Torres and Fairhurst 1999; Ouchi et al. 2004).

Most of the tunnels have been constructed through the

geologically blocky and stratified structures having

low in situ stresses (Moussaeia et al. 2019).

The experimental studies have been carried out to

conclude that the span of the unsupported tunnel has a

higher spacing ratio of vertical-horizontal discontinu-

ities (Fuenkajorn and Phueakphum 2010). Besides, the

stability of the unsupported span of the shallow tunnel

is directly proportional to the dip on the unsupported

span and the depth (Fuenkajorn and Phueakphum

2010). Moreover, (Jia and Tang 2008) used the rock

failure process analysis (RFPA) code to study the

effect of bedding-dip on tunnel stability. Furthermore,

open zone, shear zone and failure zone have been

found around the tunnel constructed in orthogonal

discontinuous rockmass (Shen and Barton 1997). The

deformation of underground openings has been eval-

uated for different dimensions of openings (Jiang et al.

2006). The small-scaled model study was carried out

by Moyo and Stacey (2012), to understand the

mechanics of rock bolting in jointed rockmass for

deep mining.

De Buhan et al. (1999) carried out the stability

analysis of the shallow tunnel face when excavated

below a water table. It was concluded that the water

seepage pressure significantly affects the stability of

shallow tunnels. Gioda and Cividini (1996) studied the

tunnelling in rocks containing clay mineral using a

numerical method of analysis. The swelling and

squeezing behaviour was observed in the rock tunnels,

and consequently, linear-nonlinear constitutive mod-

els were found suitable for carrying out the finite

element analysis for creep. Manouchehrian and Cai

(2017) studied the effect of static and dynamic loading

due to high-stress fields present inside the tunnel. They

concluded that the presence of geological structures in

the proximity of tunnels influences the rock bursting.

However, they did not consider the relationship

between the static loading variation and deformation

for the tunnel in the rock. The existing patterns of

joint-sets have a considerable influence on the stability

of the tunnel, but the presence of tectonic stresses

dominates the failure effect in the tunnel (Jia and Tang

2008).

The damage inside the tunnel is caused as a result of

the load from the superstructure, overburden weight,

in situ stresses and other factors. The deformation

measures the magnitude of damage in the tunnel and

proves to be an essential parameter in tunnel health

monitoring. The elastic and plastic failure of weak

rock was studied by Sakurai (1983) for the loading and

unloading cases. It was concluded that deformation is

unrecoverable for the plastic failure of rock for an

unloading condition. The circular shape of the tunnels

is preferred in case of weak/soft ground due to the

ability of circular shape to readjust to subsequent load

changes and inherently has higher strength (Mishra

et al. 2018). The basic engineering properties, such as

uniaxial compressive strength, water softening,

Young’s modulus, bulk modulus and Poisson’s ratio

have a significant effect on the deformations in the

rock (Mishra et al. 2018). An experimental study was

carried out by Gupta (1997) to classify different rocks

based on the degree of weathering. It was concluded

that the strength parameters are affected by the degree

of weathering and reduces the strength of rock.

Several researchers have carried out the stability

analysis of tunnel under static loading (Athar et al.

2019; Zaid et al. 2019c, 2020a; Naqvi et al. 2020).

Chehade and Shahrour (2008) had studied the effect of

alignment between the twin tunnel. They concluded

that the maximum settlement is observed for vertically

aligned tunnels, and minimum settlement is observed

for the horizontally aligned tunnel. Zangerl et al.

(2008) analysed the consolidation settlement beha-

viour on the ground above deep tunnels in fractured

crystalline rock. It was determined that the pore water

pressure of the crystalline rock had a direct influence

on the consolidation settlement above the tunnel.

Moreover, the significant amount of settlement was

observed that affected the serviceability of the tunnel.

Several researchers have studied the behaviour of rock

tunnels and other underground structures using dif-

ferent approaches for better understanding of under-

ground spaces constructed in rocks (Gahoi et al. 2017;
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Naqvi et al. 2017; Fakhimi et al. 2018; Ali Khan et al.

2019; Zaid et al. 2019a, b, 2020b; Zaid and Sadique

2020a, b, c, d; Zaid and Rehan Sadique 2021). The

finite element method (FEM) (Sterpi and Cividini

2004; Kasper and Meschke 2004) or finite difference

method (FDM) (Senent and Jimenez 2015; Zhao et al.

2015) have been widely used to study the stress

distribution and deformation in the rock tunnel.

In the present paper, the authors have carried out a

three-dimensional non-linear analysis of tunnel exca-

vated through rock and geo-material. The finite

element technique has been used for the different

analyses under the static loading condition. The

deformation patterns and stresses in different cases

have been discussed in detail for the effect of diameter

of the tunnel, overburden depth, degree of weathering

and magnitude of the load. Moreover, the deformation

patterns have been plotted along the length of the

tunnel for the evaluation of longitudinal deformation.

Afterwards, an analytical relation has been derived for

the deformation profile of different rocks and geo-

materials considered in the present study.

2 Numerical Analysis

2.1 Finite Element Model

The 3D finite element geometry has been modelled by

using Abaqus, which is based on a continuum

mechanics approach of analysis. The finite element

model of the rock and geo-material surrounding the

tunnel has 0.30 m (width) 9 0.30 m (height) 9 0.35

m (length) of geometrical dimensions (Mishra et al.

2016, 2018). The diameter of the tunnel is varied as

0.025 m, 0.035 m and 0.05 m and an overburden

depth of 0.025 m, 0.035 m, and 0.05 m has been

considered for each diameter tunnel. Both lined and

unlined tunnels have been considered for each diam-

eter and overburden depth of the different rocks and

geo-materials. The diameter and height of a loading

patch are 0.05 m and 0.05 m respectively, and it has

been placed at the middle length of the tunnel on the

top surface. The geometry of the model and its

meshing for different cases are shown in Figs. 1 and 2.

The scaling of the model is useful in relating the

behaviour of the small-scale model with the prototype

model. For the simplified representation, the values of

Young’s modulus, Poisson’s ratio and density in the

small-scaled model are assumed to be same as of

prototype models. Further, the external loads have

been represented through homogeneous points, to

satisfy the requirement of the geometrically similar

scaling. The dimensions of the geometry of the rock

and geomaterial tunnel model, lining thickness and

mesh size have been reduced by 100 times of

prototype model.

The site of railway tunnel project at, T-48 Quazi-

gund tunnel in Katra, Jammu has been considered as a

prototype, from where the properties of surrounding

rockmass and tunnel lining are chosen for fixing the

model specifications (Mishra et al. 2020). To represent

in situ weak and weathered rocks at shallow depths,

the ratio of elastic modulus of lining material to the

elastic modulus of surrounding rock (Elining/Erock/ge-

omaterial) has been kept constant for model studies.

The rockmass present at the T-48 Quazigund tunnel

consists of the Carbonaceous Phyllite and Quartzitic

Phyllite. The elastic modulus (Erock) of carbonaceous

Phyllite has been reported as 33.00 GPa (Mishra et al.

2020). As far as the lining is concerned, shotcreting

was done using M-30 grade concrete. The elastic

modulus of the lining material is reported to be 27.39

GPa. It was found that the elastic modulus ratio

calculated from field data was 0.83 (Mishra et al.

2020). The approximate value of the elastic modulus

of lining used in physical modelling is determined

using the following equation:

Elining

Erock=geomaterial

� �
Scaledmodel

¼ Elining

Erock=geomaterial

� �
Prototypemodel

ð1Þ

Further, the selection of lining material and thick-

ness of lining used for physical modelling has been

decided based on the proper scaling of the structural

interaction of real field conditions. Finally, PVC

hollow tube was selected as a lining material for

scaled studies. The lining thickness of tunnel was fixed

by comparing the ratio of lining thickness with tunnel

diameter of real field condition and physical mod-

elling. The ratio of lining thickness and tunnel

diameter of T-48 railway tunnel project gives a

constant value, which has been equated with the ratio

of lining thickness and tunnel diameter of the physical

model. Since the diameter of the model is already

assumed and fixed, hereafter, the thickness of the
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Fig. 1 Different parts of

numerical model

a Geometry of the tunnel

model of present study,

b Assembly of the finite

element model, c Tunnel
meshed model, d Tunnel

lining meshed model,

e Meshing of loading patch,

cross-section of model for

f 0.025 m, g 0.035 m, and

h 0.050 m of overburden

depth
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Fig. 1 continued
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tunnel lining has been computed. Tables 1 and 2

represents the description related to the scaling of the

model adopted in the present paper for rock and

geomaterial models of the tunnel.

2.2 Constitutive Material Model

2.2.1 Material Model for Different Geo-Materials

and Rocks

The rocks and geo-materials are governed by the

Mohr–Coulomb plasticity model that allows the

material to harden or soften isotropically (Abaqus

2014; Systemes 2014). The yield criterion of Mohr–

Coulomb plasticity model is represented as

s ¼ cþ r tan/ ð2Þ

where s is shear strength, c is cohesion, r is normal

stress, and / is an internal friction angle of the rock.

For the general state of stress, the Mohr–Coulomb

model has three stress invariants which are given as

F ¼ Rmcq� p tan/� c ¼ 0 ð3Þ

where,

Rmc H;/ð Þ ¼ 1ffiffiffi
3

p
cos/

sin Hþ p
3

� �

þ 1

3
cos Hþ p

3

� �
tan/ ð4Þ

cos 3Hð Þ ¼ r

q

� �3

ð5Þ

p ¼ � 1

3
trace rð Þ ð6Þ

q ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3

2
S : Sð Þ

r
ð7Þ

r ¼ 9 S � S : Sð Þð Þ
1
3 ð8Þ

S ¼ rþ pI ð9Þ

where H represents a deviatoric polar angle, p is the

equivalent pressure stress, q is the Mises equivalent

stress, r is the third invariant of deviatoric stress, S is

the deviatoric stress.

Further, the flow potential, G for Mohr–Coulomb

yield surface is represented as

G ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ecj0 tanw
� �2þ Rmwqð Þ2

q
� p tanw ð10Þ

where,

Rmw H; eð Þ

¼ 4 1� e2ð Þ cos2 Hþ 2e� 1ð Þ2

2 1� e2ð Þ cosHþ 2e� 1ð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4 1� e2ð Þ cos2H þ 5e2 � 4e

p Rmc
p
3
;/

� �

ð11Þ

and,

Rmc
p
3
;/

� �
¼ 3� sin/

6 cos/
ð12Þ

wherew is the dilation angle measured in the p� Rmwq

plane at high confining pressure, cj0 is the initial

cohesion yield stress, cj0 ¼ cjepI ¼ 0; e is meridional

eccentricity, e is a parameter, referred to as the

deviatoric eccentricity.

The deviatoric eccentricity, , is calculated as

e ¼ 3� sin/
3þ sin/

ð13Þ

In this study, four different rocks and geo-materials

have been considered for the analysis of different

cases. Moreover, a Plaster of Paris (POP) has been

considered in this paper for the evaluation of labora-

tory model. Furthermore, geo-material-1, geo-mate-

rial-2, geo-material-3 and geo-material-4 are the four

different geo-materials that have been considered in

the analyses. These geo-materials were prepared with

different composition ratios of POP, sand and clay,

and the preparation details were discussed by Mishra

et al. (2016), Mishra (2019). The geo-material-1, 2, 3

and 4 have composition of POP (50%); sand (35%);

clay (15%), POP (80%); clay (20%), POP (50%); sand

(30%); clay (20%), and POP (50%); sand (20%); clay

(30%) (by weight) respectively. The properties of the

geomaterials and POP are taken from Mishra (2019).

Table 1 Scaling of the different parameters of the model

Parameter Model value where prototype is 1.0 Unit

Length 1/N m

Velocity 1 m/s

Pressure 1 MPa

Deformation 1 m
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Further details about the geo-material preparation and

testing have been discussed by Mishra et al. (2016).

Moreover, the properties of the rocks correspond-

ing to the different degree of weathering is considered

from Gupta (1997), Mishra et al. (2017), Zaid et al.

(2019a, 2021), which is presented in Table 3. The

basalt rock included in the present work has four

different weathering degrees, mainly fresh, slightly

weathered, medium weathered and highly weathered.

Several researchers studied the effect of weathering on

the stability of structures constructed in basalt rock

(Gahoi et al. 2017; Athar et al. 2019; Zaid et al.

2019a). Further, the elastoplastic properties of differ-

ent stages of weathering of basalt were studied by

Gupta (1997).

2.2.2 Material Model For Loading Patch And Tunnel

Lining

The material of the loading patch and tunnel lining,

based on the previous studies, has been assumed as

elastic (Mishra et al. 2016). The loading patch and

lining of the tunnel has a density of 7800 kg/m3 and

1400 kg/m3 respectively, Young’s modulus of 210

GPa and 2.0 GPa respectively and Poisson’s ratio of

0.33 and 0.35 respectively.

2.3 Boundary Conditions

Figure 1b shows the boundary conditions adopted in

the present study for the numerical model. The base of

the finite element model has been fixed in x, y, and z

directions. The vertical boundaries of the rock model

were restrained, and roller supports were applied. The

loading patch has been placed at the ground surface

above the crown of the tunnel. The load has been

applied on the top surface of the loading patch having

the magnitude equal to the UCS of surrounding

rock/geo-material. Moreover, the load is applied in

the form of uniformly distributed pressure, and its

value has been varied from zero percent of UCS to

hundred percent of UCS. In the present case, the

Table 2 Details related to dimensions of the scaled model adopted in the present study

Rock-tunnel Model Small scale model Prototype

Dimension Surrounding rock mass 30 cm 9 30 cm 9 35 cm 30 m 9 30 m 9 35 m

Tunnel Length 35 cm, Diameter 5 cm Length 35 m, Diameter 5 m

Table 3 Input Properties for Numerical Model (Gupta 1997; Mishra et al. 2017; Zaid et al. 2021; Mishra 2019)

Rock type Density (kg/

m3)

Young’s modulus

(GPa)

Poisson’s

ratio

Cohesion

(MPa)

Friction angle

(�)
UCS

(MPa)

Fresh Basalt 2960 46.510 0.187 26.250 63.38 172.55

Slightly Weathered
Basalt

2790 20.630 0.260 18.500 53.71 93.20

Medium Weathered
Basalt

2560 2.770 0.272 8.080 43.87 17.80

Highly Weathered
Basalt

2120 0.630 0.272 1.640 33.33 3.40

Geo-material-1 1410 4.260 0.160 1.810 42.00 4.48

Geo-material-2 1220 3.675 0.163 0.790 39.12 3.74

Geo-material-3 1094 2.810 0.216 0.627 31.40 1.38

Geo-material-4 1106 2.481 0.277 0.400 22.65 1.21

POP 1170 4.480 0.220 0.880 44.00 6.78

Patch 7800 210.000 0.330 – – –

Lining 1400 2.000 0.350 – – –
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applied load is equal to the UCS of rock/geomaterial

surrounding the tunnel. Afterwards, the applied load is

95% of the UCS value in the second analysis of the

same finite element model. The load, in later cases, is

varied by reducing the value of UCS (pressure) at an

interval of 5%. The analysis has been carried out

similarly for all the different cases. Therefore, first

analysis for a rock/geo-material has been carried out

for 100% of UCS (pressure) till the load is 0% of UCS,

i.e., the case of ‘‘NO LOAD APPLIED’’. The hard

contact option has been applied in the interaction

property module of Abaqus. The penalty contact has

been assigned between the tunnel lining and internal

surface of the rock/geo-material.

2.4 Meshing of Model Parts

The mesh convergence study has been carried out to

estimate the size of an element for different parts of the

finite element model. The parts of the model presented

in Figs. 1 and 2 shows the meshing of the parametric

study models. The mesh convergence study has been

carried out to obtain an optimum mesh size. The

deformation caused by the application of load through

the loading patch has been observed at the crown of the

tunnel. The element size of mesh for rock has been

considered as 0.030, 0.020, 0.010, 0.009, 0.006, 0.003,

0.001, 0.0015, 0.0010, and 0.0005, the deformation

observed for the varying element sizes as 0.0547 m,

0.0566 m, 0.0583 m, 0.0612 m, 0.0654 m, 0.0685 m,

(i) (ii) (iii)
(a)

(i) (ii) (iii)
(b) 

(i) (ii)   (iii) 
(c) 

OD = 0.025
D = 0.025

OD = 0.035
D = 0.025

OD = 0.050
D = 0.025

OD = 0.025
D = 0.035

OD = 0.035
D = 0.035

OD = 0.050
D = 0.035

OD = 
0.025

OD = 0.035
D = 0.050

OD = 0.050
D = 0.050

Fig. 2 Meshed models of different cases of tunnel having overburden depths (OD) of (i) 0.025 m, (ii) 0.035 m, and (iii) 0.050 m and

diameter (D) of tunnel are a 0.025 m, b 0.035 m and c 0.050 m
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0.0725 m, 0.0731 m, 0.0743 m, 0.07432 m, and

0.074322 m respectively. A minimal change in the

value of deformation has been observed after the

element size of 0.0015 m, therefore, the element size

for the rock/geo-material, lining and loading patch has

been considered as 0.0015 m, 0.0010 m, and

0.0010 m respectively. The present finite element

model has been meshed by using C3D8R linear

hexahedron element type. The C3D8R element type

can be defined as an 8-noded linear brick element

having reduced integration with hourglass control.

3 Validation of the Numerical Model

The finite element model of the tunnel under the static

loading condition has been validated with the exper-

imental results as reported by Mishra et al.

(2016, 2017). The present validation has incorporated

all the boundary conditions and loading conditions as

given in previously published literature. The valida-

tion model has the dimensions as 0.30 m 9 0.30 m 9

0.35 m. It has a diameter of 0.05 m and overburden

depth of 0.05 m. The Mohr–Coulomb elastoplastic

constitutive model has been considered in the valida-

tion of numerical analysis with experimental results.

The material model has a density = 1410 kg/m3,

unconfined compressive strength = 4.48 MPa,

Young’s modulus = 3.153GPa and Poisson’s ratio =

0.16. The material in which the tunnel model was

made has cohesion and friction angle value as

0.79 MPa and 39�. The load has been applied through
the loading patch, which is placed at the top surface of

the tunnel model. The validation results have been

presented in Table 4. Mishra et al. (2016) and Mishra

(2019) have discussed further detailed demonstration

about the sample preparation, material strength deter-

mination and method of testing. Figure 3 shows the

experimental test result when the sample was tested at

the laboratory models.

4 Results and Discussion

The finite element analysis of shallow tunnels has been

carried out in the present study using Abaqus. The

tunnel was subjected to the static loading through the

loading patch in the form of pressure, and the value of

Table 4 Validation of experimental and numerical method

Parameter Experimental (Mishra et al. 2017; Mishra 2019) Present study

Type of Rock Geomaterial POP Geomaterial POP

Crack length along the tunnel axis (in mm) 97.00 85.00 95.00 0.81

Crack length transverse to the tunnel axis (in mm) 41.00 34.00 37.00 31.00

Crown Deformation (in mm) 0.37 0.30 0.34 0.28

Fig. 3 Deformed shape of the geo-material model a top view and b internal view
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pressure has been varied as a percentage of UCS. The

0% reduction in pressure magnitude stands for a

condition when pressure has magnitude equal to UCS

value of rock/geo-material surrounding the tunnel.

The overburden depth and diameter of the tunnel has

been considered as 0.025 m, 0.035 m and 0.050 m for

both the cases. The present study has been carried out

to understand the relation between the static load

applied, overburden depth, a diameter of the tunnel

and the degree of weathering of the shallow depth

tunnel.

Table 5 shows the deformations obtained by vary-

ing the magnitude of the load on different rocks and

geo-materials considering the degree of weathering in

case of lined tunnels. The load has been varied by

reducing the value of UCS (pressure) by an interval of

5%, initially at 0% reduction (pressure = UCS) to

100% reduction (pressure = 0 kPa) for the different

rocks and geo-materials having different geometrical

configurations. A 5% reduction in magnitude of

pressure (equal to 0.95UCS) has been applied, and

the analysis has been carried out till 100% reduction in

the pressure (pressure = 0 kPa). The deformation

corresponding to the reduction in the percentage of

UCS for different rocks considered in the present

study is shown in Table 5 for the case of 0.05 m

diameter and 0.025 m overburden depth. Table 5

illustrates that the deformation increases with the

increase in the degree of rock weathering, which was

also depicted by the geo-materials prepared in the

laboratory for simulating the weathering. As the

strength of geo-material reduces from geo-material-1

to geo-material-2, the deformation increased by 45%

and similarly, the deformation increased by 87%when

the grade of geo-material changes from geo-material-2

to geo-material-3 and geo-material-3 to geo-material-

4, when pressure was at 0% reduction in UCS. From

Table 5, it can be concluded that the magnitude of

deformation increases from 6% to 50% of the former

rock/geo-material for the reduction in percentage of

UCS, for the same material.

Furthermore, Table 6 and 7 have been plotted for

an overburden depth of 0.035 m and 0.050 m respec-

tively having 0.05 m of tunnel diameter with lining.

Themagnitude of pressure has been varied is similar to

the previous cases in terms of percentage of UCS value

of rock/geo-material in which tunnel has been con-

structed. In this case, it has been observed that the

deformation increases with a decrease in the T
a
b
le
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magnitude of UCS (pressure). However, it ranges

between 6% to 50% increase in comparison to

deformation in the former case. Therefore, it has been

observed that the magnitude of deformation and UCS

are linearly proportional to each other, irrespective of

the overburden depth, tunnel diameter and degree of

weathering. However, the degree of weathering

increases the amount of damage in the tunnel, and

therefore, the tunnel stability reduces with an increase

in the degree of weathering. Hence, the stability of the

tunnel is inversely proportional to the degree of

weathering.

Tables 8, 9, and 10 are presented to show the

variation of deformation in unlined tunnels having

0.025 m, 0.035 m and 0.05 m overburden depth

respectively in the case of 0.050 m of tunnel diameter

for different weathering stages of basalt rock and geo-

materials. It has been observed from Tables 8, 9, and

10, that the lined and unlined tunnel cases have similar

behaviour when the pressure is varied for the different

cases of overburden depth and diameter of the tunnel.

However, the maximum change in the deformation has

been observed in the case of the unlined tunnel, i.e.,

90%, when the pressure changes from 90% of UCS to

95%. Moreover, the stability of lined and unlined

tunnels increased with an increase in the overburden

depth and decrease in the diameter of the tunnel as

reported from Tables 8, 9, and 10. Also, the deforma-

tion increases with decrease in the overburden depth of

tunnel or vice versa. Therefore, Tables 8, 9, and 10

conclude that the deformation is inversely propor-

tional to the overburden depth and directly propor-

tional to the magnitude of the pressure.

Figure 4 shows the deformation profiles of the lined

tunnel constructed in the fresh, slightly weathered,

medium weathered and highly weathered basalt rocks

and geo-material-(1, 2, 3 & 4) having overburden

depth of 0.025 m, 0.035 m and 0.050 m. It has been

observed that the magnitude of deformation increases

with the degree of weathering and therefore, has a

directly proportional relationship with the degree of

weathering. The tunnels constructed in fresh rock/geo-

material (no weathering) have higher safety and

serviceability due to lesser magnitude of deforma-

tions. However, a higher magnitude of damage has

been observed in the tunnels constructed in the highly

weathered stage. Therefore highly weathered rock and

geo-material have lesser serviceability. Figure 4a–c

have been plotted for an overburden depth of 0.025 m, T
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0.035 m and 0.05 m respectively, when the tunnel has

a diameter of 0.05 m and pressure has value equal to

the 100% of UCS. In the case of weathering of basalt,

fresh basalt has been found as the safer rock while the

highly weathered basalt has maximum damage that

has caused higher deformations in the tunnel.

Moreover, geo-material-1 experienced lesser defor-

mations, and the geo-material-4 has a higher value of
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Fig. 4 Deformation profile

for the comparing of

deformation in different

rocks having 0.05 m tunnel

diameter when magnitude of

load equals the value of

UCS, a 0.025 m

overburden, b 0.035 m

overburden, and c 0.05 m

overburden for lined tunnel

123

2594 Geotech Geol Eng (2021) 39:2581–2607



deformation, which made the geo-material-4 as the

most vulnerable case of geo-materials. Furthermore, it

has been observed that the deformations in the tunnel

reduced with an increase of overburden depth and

reduction in the pressure on the loading patch.

Therefore, the tunnels having higher overburden depth

have lesser damage due to the applied load as

compared to the tunnels having lesser overburden

depth due to lithostatic condition. Also, it has been

observed in Fig. 4a–c that deformations are concen-

trated in the vicinity of loading patch, and higher

settlement has been observed for lower strength rock

and geo-materials that surrounds the tunnel. The

maximum magnitude of deformation is observed for

the 0.025 m of overburden depth, and 0.050 m of

overburden depth is the safer case for each diameter

and weathering stage of rock and geo-material.

The geo-materials have been used to simulate the

different stages of weathering at a laboratory level.

Moreover, it has also proved an essential tool for

understanding the relationship between the behaviour

of different weathering stages of rock/geo-material for

varying static loading conditions. Figure 5 shows the

deformation profiles of different weathering stages of

rock and four different geo-materials considered in the

present study have been plotted for 0.025 m, 0.035 m

and 0.050 m of overburden depth in case of unlined

tunnels. It has been observed that the deformation is

directly proportional to the degree of weathering and

physical strength of rocks and geo-materials. In case of

fresh weathering stage, the deformation has a lesser

magnitude. Therefore, tunnels constructed in freshly

weathered rock/geo-material has higher serviceability.

Moreover, the highly weathered basalt and geo-

material-4 have higher deformations due to its lower

strength in comparison to fresh, slight and medium

weathering stages. Therefore, the highly weathered

basalt and geo-material-4 have lower safety and

serviceability. The deformation varies linearly with

the degree of weathering. However, the deformation

increases exponentially in case of the highly weath-

ered stage. Moreover, the depth of settlement at the

ground is directly related to the degree of weathering,

but it is inversely proportional to the overburden

depth. Therefore, the maximum deformation occurred

in the mid-section of the tunnel in the proximity of the

loading area as observed in Fig. 5.

Figure 6 shows the longitudinal deformation profile

of the tunnel to understand the effect of varying

diameter and variation of an overburden depth on the

stability. The POP has been considered in the present

case to compare the deformation profile for varying

diameter and overburden depth of the lined and

unlined tunnels. Since the POP is the readily available

material that can be used in the laboratory to prepare

the small-scaled models for testing, therefore, it has

been considered in the present case. Figure 6a has

been plotted for the lined tunnel constructed in

different diameters and overburden depths of the

tunnels. It was observed that the deformation in the

tunnel increases with the increase in the diameter but

decreases with an increase in an overburden depth of

the tunnel. Therefore, an optimal combination of

diameter and the overburden depth results in the

construction of a safer and stable tunnel. Similarly,

Fig. 6b has been plotted for unlined tunnels, which

shows similar trends for various cases of diameters

and overburden depths of the unlined tunnel. It has

been observed that tunnel having 0.050 m of overbur-

den depth is the most stable case for lined and unlined

tunnels. Also, the change in diameter of the tunnel has

a lesser effect in the case of 0.050 m of overburden

depth. Moreover, the deformations are concentrated in

the middle of the tunnel, i.e., 12 m of length, which

varies with the weathering and magnitude of a load

from loading patch. Therefore, the magnitude and area

of loading have a significant effect on the extent of

deformations in the lined and unlined tunnel.

Figure 7 shows the deformation profile of the lined

tunnel having 0.025 m diameter and 0.025 m over-

burden depth. It has been observed that the deforma-

tion magnitude increase with the increase in the

magnitude of pressure, which corresponds to the less

percentage reduction of the UCS values. Moreover,

the decrease in the magnitude of deformation has a

uniform pattern along the length of the tunnel.

Therefore, the linear variation has been observed

between the percentage reduction in the magnitude of

pressure and the deformations in the tunnel from

Fig. 7. The maximum deformation is observed for 0%

reduction in the magnitude of pressure, i.e., the value

of UCS of rock/geomaterial surrounding the tunnel.

Figure 8 shows the deformation profile along the

transverse axis for lined tunnel having 0.035 m of

diameter and 0.035 m of overburden depth for four

different deformation zones. The zones considered in

the present study are Zone 1, Zone 2, Zone 3 and Zone

4 for the cases of fresh, slightly weathered, medium

123

Geotech Geol Eng (2021) 39:2581–2607 2595



weathered and highly weathered stages of basalt rock

and geo-material-1, 2, 3, and 4. The different zones

have been considered for four different locations along

the length of the tunnel. Zone 1 corresponds to the

center of the tunnel whereas Zone 2, Zone 3, and Zone

4 have been considered at a distance of 0.03 m,

0.06 m, and 0.09 m respectively, from the center of

the tunnel. Moreover, these zones represent the ‘‘Zone

of Influence’’ for different rocks and geo-materials

considered in the static loading study. It has been

observed that the value of deformation decreases from

Zone 1 to Zone 4, since the Zone 1 has been plotted at

the centre of a tunnel. In Zone 1, the lesser area has

been subjected to deformation, and small length

experiences higher damage, however, in other cases

of deformation zones, more considerable area
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Fig. 5 Deformation profile

for the comparing of

deformation in different

rocks having 0.05 m tunnel

diameter when load has

magnitude equal to UCS,

a 0.025 m overburden,

b 0.035 m overburden, and

c 0.05 m overburden for

unlined tunnel
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experiences damage. Furthermore, the increasing

depth of settlement has been observed with an increase

in the degree of weathering in the present case.

Figure 9 shows the contour of Mises stress for

different cases of lined and unlined tunnels con-

structed in the various rocks and geomaterials having

0.035 m of diameter and 0.035 m of overburden

depth. This figure has been plotted for the comparison

of Mises stresses at different stages of weathered

basalt, four geo-materials and POP resulted due to the

pressure (pressure = UCS) applied from the loading

patch. It has been observed from Fig. 9, that the

magnitude of Mises stresses increases with an increase

in the degree of weathering. Moreover, it has been

observed that the stress increases by 48.5%, and 54%

when the degree of weathering increases from fresh to

slightly weathered, and slightly weathered to medium

weathered basalt, respectively. Furthermore, the max-

imum change in the value of mises stress of 79.6% has

been observed as the degree of weathering increases

from medium to highly weathered basalt. The Mises

stresses in case of geo-material 1, 2, 3 and 4 has a

magnitude of 1.95 MPa, 10.39 MPa, 70.46 MPa and

80.47 MPa respectively. Also, the geo-material 4 has

41.27 times higher magnitude of Mises stress than

geo-material 1, and the POP has the value of mises

stress equal to 4.90 MPa.
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Fig. 6 Deformation profile

for comparison of different

overburden depth and

diameter of tunnel having

POP surrounding for a Lined
tunnel, and b Unlined tunnel
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Figures 10 and 11 shows the contours of mises

stresses for the unlined tunnels in case of different

weathering stages of basalt and geo-materials. The

value of the Mises stress increases slightly in the

present case. However, the unlined and lined tunnels

have shown similar patterns of contours. The maxi-

mum magnitude of Mises stress has been found as

0.678 MPa, 1.41 MPa, 2.58 MPa, and 3.24 MPa for

the fresh, slightly, medium and highly weathered

stages of basalt respectively and 2.30 MPa,

12.01 MPa, 70.21 MPa, and 80.61 MPa in case of

geo-material 1, 2, 3 and 4 respectively. The magnitude

of Mises stress increases by 2-times, 1.83-times and

1.26-times when the weathering stage increases from

fresh to slightly weathered, slightly weathered to

medium weathered, medium weathered to highly

weathered basalt. The different geomaterials consid-

ered in this study have also shown a similar pattern of

escalation in the magnitude of Mises stress with the

degree of weathering. Moreover, it has been observed

that Mises stresses remain significant up-to-the invert

of the tunnel. Therefore, the Mises stress has a higher

magnitude around the area of influence of loading

patch and its magnitude also reduces with increase in

the distance away from the center of the tunnel. Also,

it has been observed based on the values of Mises

stresses that the overall stability of the tunnel is

significantly influenced due to weathering.

5 Analytical Study

In this section, an analytical equation has been

proposed for the assessment of the deformation

profiles of different rocks and geo-materials. The

proposed equation has been derived through the curve

fitting method available in the MATLAB program-

ming tool (Martinez and Martinez 2007). The curve

fitting method has been used to develop an equation

for the data obtained from the analyses of different

cases of rocks and geo-materials when overburden

depth and diameter of the tunnel is 0.050 m and

0.050 m in dimensions. Moreover, the curve fitting

method is readily available as already developed

application in MATLAB programming tool. The data

for the x-axis and y-axis was introduced in the

application, where the horizontal axis represents the

length of the tunnel and vertical axis represents the

magnitude of deformation. The error reduced after

several iterations, and Eq. (14) was obtained for

plotting the deformation profile along the length of

the tunnel. Moreover, dimensional analysis has been
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Fig. 7 Deformation profile

for 0.025 m diameter lined
tunnel having 0.025 m

overburden depth for

different loading conditions

having magnitude equal to

the percentage reduction of

UCS value

cFig. 8 Deformation profile of lined tunnel having 3.5 cm

diameter and 3.5 cm overburden for different deformations

zones along transverse direction of the tunnel for a Fresh Basalt,
b Slightly Weathered Basalt, c Medium Weathered Basalt,

d Highly Weathered Basalt, e POP, f Geo-material-1, g Geo-

material-2, h Geo-material-3 and i Geo-material-4
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carried out, and a constant was introduced, ‘‘a’’ as

shown in Eq. (15). The deformation profile for the

tunnel can be obtained by using-

Fig. 9 continued

bFig. 9 Mises stress contours for different lined rock tunnels

having 0.035 m diameter and 0.035 m of overburden depth,

a Fresh Basalt, b Slightly Weathered Basalt, c Medium

Weathered Basalt, d Highly Weathered Basalt, e Plaster of

Paris, f Geo-material-1, g Geo-material-2, h Geo-material-3,

and i Geo-material-4
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Deformation at the center of tunnel �10�2
� �

¼ a� exp � x� 17:4

7:42

� �2
" #( )

ð14Þ

where x = the half-length of the tunnel (in m 9 10-2),

a = constant, which is given as

Fig. 10 Mises stress contour for different unlined rock tunnels having 0.035 m diameter and 0.035 m of overburden depth, a Fresh

Basalt, b Slightly Weathered Basalt, c Medium Weathered Basalt, d Highly Weathered Basalt

cFig. 11 Mises stress contour for different unlined rock tunnels

having 0.035 m diameter and 0.035 m of overburden depth,

a Plaster of Paris, b Geo-material-1, c Geo-material-2, d Geo-

material-3, and e Geo-material-4
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a ¼ �18:93 UCSð Þ þ 0:0221ð Þ
UCSð Þ2� 1:222UCSð Þ þ 1:599

� � ð15Þ

where UCS = Unconfined Compressive Strength of

material surrounding the tunnel (in MPa)

Now, the deformation was calculated from the

above Eqs. (14), (15) and substituted in Table 11 to

give the final deformation profile in the present case.

Moreover, the deformation profile of different rocks

and geo-materials has been compared for the numer-

ical and analytical case, which shows that the results

from the analytical and numerical methods are in close

vicinity. Therefore, the analytical method proposed in

the present paper has been validated and can be used in

a further investigation for static loading condition of

tunnels.

The validity of the proposed Eqs. (14), (15) and

Table 11 depends upon the type of loading, which

must be similar to that considered in the present study.

Therefore, the equation is applicable only for tunnels

subjected to a static load. Also, the overburden depth

to diameter ratio should be equal to unity as in the

present case Overburdendepth
Diameteroftunnel ¼ 0:050

0:050 and the value of UCS

should be higher than 1 MPa. In addition, the length of

the tunnel section should be greater than 7-times the

diameter of the tunnel.

An example:- Considering the case of ‘‘fresh

basalt’’ having a C/D ratio as 1 (where, overburden

depth = 0.050 m and diameter of tunnel = 0.050 m).

From Table 3, fresh basalt has the UCS value of

172.55 MPa, and the plot has been obtained by using

Eqs. (14), (15) and Tables 8, 9, 10, as shown in

Fig. 12a. Similarly, the deformation profile has been

plotted for other cases of rocks and geo-materials in

Fig. 12.

6 Conclusion

The present 3D finite element analysis has been

carried out on urban tunnels having shallow depth

using finite element software Abaqus. The following

points can be concluded from the present study:

1. As the overburden depth increases from 0.025 m

to 0.05 m the deformation in the tunnel and

surrounding rockmass reduces. Since, increase in

an overburden depth tends to lithostatic condition

(kh/kv = 1), and thus, the stability of the tunnel

increases with the increasing overburden depth.

2. It is observed that tunnel with a larger diameter is

more prone to failure. Tunnel having a diameter of

0.025 m is safer than 0.05 m diameter tunnels.

Tunnels with large diameter experiences sudden

stress releases even at minimal loads and are

highly unstable while tunnels with a smaller

diameter almost act as a homogeneous medium

with least chances of tunnel failure.

3. The weathering of the rock has a significant effect

on the stability of the tunnel. With the increase in

the weathering effect, shear strength parameters

drop-down readily. It is observed that the value of

unconfined compressive strength (UCS) and elas-

tic modulus (E) decreases with the higher grade of

weathered rocks, which finally leads to the

instability of tunnels for same litho-static pressure.

4. It can be concluded that density, young’s modulus,

friction angle and cohesion of the rock are

inversely proportional to the deformation in the

rock tunnel and the Poisson’s ratio of the rock is

directly proportional to the deformations in the

tunnel lining.

5. For comparison of engineering properties of geo-

materials, the similar deformation has been

observed for a percentage reduction in UCS by

bFig. 12 Comparison of analytical and numerical results for

different cases, a Fresh Basalt, b Slightly Weathered Basalt,

c Medium Weathered Basalt, d Highly Weathered Basalt,

e Geo-material-1, f Geo-material-2, g Geo-material-3 and

h Geo-material-4

Table 11 Data points for plotting the Deformation profile of different rocks

Location of Point (m 9 10-2) 0.00 11.67 14.58 17.50 20.42 23.33 35.00

Deformation 0.11y 0.40y 0.74y y 0.74y 0.40y 0.11y
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50% in geo-material-1 and 85% in geo-material-4;

similarly, 45% in Geo-material-2 and 60% in Geo-

material-4. Similar is the case with percentage

reduction by 60% in Geo-material-3 and 65% in

Geo-material-4.

6. Also, the tunnel shows equal deformation for

different rock masses, and the same deformation is

obtained for a reduction pressure corresponding to

the UCS value of 10% in fresh basalt, 40% in

slightly weathered basalt, 55% in medium weath-

ered basalt, and 70% in highly weathered basalt

for 0.05 m diameter tunnel of 0.025 m overburden

depth. For other cases also, geo-materials and

basalt rocks were found to be related in term of

percentage of UCS by the corresponding value of

deformation.

It is quite cumbersome to find the maximum load

that a tunnel can resist; however, the UCS value of

geomaterials and rocks are predetermined. Therefore,

the UCS value of different rocks and geo-materials are

taken from the literature; hence, the loading has been

varied in terms of UCS percentage. Moreover, the

variation of load in terms of UCS provides an

exhaustive parametric study for better understanding

of the relation between load, deformations in the

tunnel, different stages of weathering of rock, geoma-

terials surrounding the tunnel.
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