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Surface settlement assessment during urban tunnelling, especially in the presence
of saturated bodies, is crucial for the safety of nearby structures and utilities. This
study uses a finite element-based Rocscience (RS2) tool to obtain the surface
settlement trough for the two cases, viz. tunnel hits a water pocket (saturated
body) and grouted water pocket. In the case of tunnel hits a water pocket, the
maximum surface settlement was found to be 31.6 mm, while for the grouted
water pocket, it was 16.4 mm, which is nearly 50% less than the latter case.
Furthermore, the support capacity curve findings showed that the support lining
is unstable when the tunnel hits a water pocket; however, in the grouted water
pocket case, the liner’s safety exceeds the design factor of safety. In addition, the

combined maximum surface settlement obtained by the numerical method (RS2)
is validated with the O’Reilly and New method, based on Peck’s classical empirical
theory. It is found to be closer to it by 6%, indicating good agreement. The findings
are also compared with a few analytical studies, including Limanov’s, Sagaseta’s
and the Gonzales-Sagaseta method. Limanov’s and Sagaseta’s, methods showed
comparable results to the present study; however, the Gonzales-Sagaseta method
underestimated the results. Finally, the applicability of the RS2 method is verified
by conducting the parametric study on tunnel geometry (depth and diameter), and
the results compared to analytical methods. The application of predicted surface
settlement guides the tunnel engineer from the future consequences regarding the
destructive effects of adjacent structures and facilities, particularly in the presence
of water bodies.

Urban tunnelling

© 2025 MIM Research Group. All rights reserved.

1. Introduction

Tunnel projects are inherently dangerous due to the variability and unpredictability of geological
conditions [1]. Tunnel construction, particularly in hilly areas, is mainly associated with complex
geology and uncertainties [2]. The uncertainties in geology and hydrogeology make tunnelling very
challenging. Groundwater and saturated zones are the main origins of tunnel-building issues that
allow water to enter into the tunnel. Because the pressure at the excavation boundary is typically
atmospheric, the tunnel function as a groundwater drain [3]. The effects of it create various
problems, such as unfavourable working conditions, damage to construction equipment’s,
increases in the construction period, and, most notably, property losses and casualties [4,5].
Therefore, the likelihood and potential extent of water bodies, as well as the intensity of flow during
tunnel construction, must be predicted in advance [6]. However, this problem may occur because
of a lack of accurate information regarding the location of saturated zones/water bodies, due to
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inadequate geotechnical investigations and squeezing ground conditions [4]. Therefore, prior to
the construction, assessment or prediction of saturated zones/water bodies is crucial for the design
and stability of tunnels [7].

Groundwater control is the prerequisite for the effective completion of tunnels [8]. Due to the
saturated type of geology, India has experienced the worst disaster in the history of tunnelling. The
accidental case studies, such as Bihar Chass-Nala colliery disaster, Kolkata East-West metro
bowbazar accident, an artesian blowout in the Tunnel Boring Machine (TBM) driven in Dul Hasti
J&K, groundwater ingress in head race tunnel of Tapovan: Vishnugad Hydroelectric Project in
higher Himalayas etc. The unwanted entry of groundwater flows in the excavation area results in
groundwater drawdown. This could result in ground settlement in addition to the settlement
caused by the excavation effect [9,10,11,12] as well as some other environmental impacts [13]. The
result of groundwater drawdown caused more than 1m ground subsidence during the construction
of the Romeriksporten tunnel in Norway. Another case study reported by Yoo et al. [14] in which
typical excavation under an active airport in water-bearing permeable ground resulted in
significant ground surface settlements of nearly 200 mm excess on the apron area due to
insufficient groundwater control. Despite the fact that the pre-grouting was carried out along the
tunnel’s periphery, this occurred.

The case studies discussed above highlight the significance of groundwater and settlement control
during tunnelling operations in ground-water drawdown conditions [10,15]. Whereas a limited
number of studies [16,17,18,19], have been conducted to characterize the ground surface
settlement produced by tunnelling in water-bearing ground/saturated zones. Yoo [10] carried out
a thorough investigation into the interaction of tunnelling and groundwater during tunnelling in a
saturated stratum. Shen et al. [20] also did a detailed investigation on the long-term settlements
behaviour of metro tunnel and found that it is caused by adjacent construction and groundwater
penetration. Some of the studies [21,22,23,24] are not related to tunnelling but focuses on the
lasting ground sinking instigated by dewatering in the Shanghai area. All of these scenarios
demonstrate the importance of evaluation of groundwater study for proper treatment and
ensuring long-term tunnel stability [7,25,26].

In fact, various methods have been used to evaluate the ground water into the tunnel. The most
common are analytical, empirical, semiempirical, and numerical. Because of their simplicity,
numerous analytical studies are used to compute the quantity of underground water seepage into
the tunnel [5]. These studies are based on the assumption of homogeneous and isotropic rock
permeability [26]. Numerical methods are complex and time-consuming in nature; despite these
limitations, numerical methods have been used as a primary tool in most of the available studies
because they provide more accurate results than the analytical method [5,10]. The numerical
techniques can be used to simulate the heterogeneous and anisotropic conditions, as well as the
interaction between groundwater and underground excavations [26]. Furthermore, the
advancement in computer computational performance has resulted in the significant use of
numerical techniques in tunnel engineering [13, 27]. Many numerical methods employ the finite
element approach [28,29], while few studies are based on the boundary element methods, where
only elements at boundaries are considered [30,31].

It is observed that numerous studies have been carried out by numerical method in tunnel
engineering; this may be to obtain the tunnel- induced settlements, tunnel support stability, TBM
performance, geological conditions, tunnel convergence, etc. [32]. However, the quantum of
research that has been conducted to characterize the ground surface settlement trough produced
by twin tunnelling, especially for water-bearing ground/saturated zones, is limited. Further
numerical studies are required for predicting the ground surface settlement, especially for the
saturated zone/ground. Also, the majority of the research has been conducted outside India; to
investigate the impact of TBM tunnelling on Indian ground conditions, more studies/investigations
are required.

The primary goal of the present study is to apply the Rocscience (RS2) tool to predict the surface
settlement trough in case of twin tunnelling for two cases: when the tunnel (TBM) hits the A)
hypothetical saturated zone/water pocket positioned near the 2nd tunnel crown and B) after
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grouting the saturated zone (grouted water pocket). The RS2 results are validated using the
empirical approach suggested by O’Reilly and New [33] and also compared to a few other analytical
approaches. Finally, the applicability of the RS2 method is verified by conducting the parametric
study on tunnel geometry (depth and diameter), and the results are compared with analytical
methods.

2. Methodology

This study explains the investigation of surface settlement caused by urban tunnelling in the
presence of a saturated body (water pocket). Fig.1 represents the detailed framework and overall
approach used in the study. A thorough review of literature was carried out prior to decide the
objectives of the work. Regional geology and its properties are hypothetically assumed. Twin
tunnel geometry and its support system was assumed to be a composite lining consisting of a
circular segmental lining as a primary support and a cement grouting layer as a secondary support
by the middle and tail shield of TBM. The properties of segmental lining and steel are also assumed.

Background studies for importance of surface
settlement and the various methods for its

!

Geological formation and material
properties of ground and segmental liner

o

Numerical modelling by Rocscience (R52) for surface
settlement with presence water pocket and grouted water
pocket

1

Validation of combined surface settlement with
O’Reilly and New (1982) method

-

Results and
./ discussion 2
Validation and comparison 5u_f‘ﬂ‘ir—‘e Sfttlement for
of Rocscience results with water pocket and
few analytical studies, grouted WETCI'I pocket,
Parametric study \ / support capacity curve

Conclusion and future work

Fig. 1. Framework of the study

The surface settlement analysis was carried out in three steps. a) Numerical analysis was carried
out using the FEM-based Rocscience tool (RS2) for the cases of tunnel hits to the water pocket and
grouted water pocket. b) The numerical method result (combined surface settlement trough) of the
grouted water pocket was validated with the empirical approach proposed by O’Reilly and New
method [33], ¢) the numerical method result was further compared with a few analytical
approaches including, Limanov’s, Sagaseta’s, and the Gonzales-Sagaseta method. Limanov’s and
Sagaseta’s methods. Finally, conclusions were drawn with the comparison of numerical method
with empirical and analytical methods.
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3. Geology and Material Properties

Geology is one of the basic and most important aspects on which the whole tunnel support system
is decided. In this study, a 2D finite element model was performed on hypothetical 5.8m diameter
circular twin tunnel positioned 20m below the ground surface. The geological formation consists
of eight soil layers up to 40 m depth with an average unit weight of 17kN/m3. The borehole of the
geological formation, its thickness, and the location of the tunnel are shown in Fig. 2. The
borehole log data is closely related to the East-West Metro and the heritage structures in Kolkata,
India.

Depth from Ground Level
0.0m
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....................... Fill Material - - - -~ -~
20m - - - = - -
. Clayey Silt 7 -
40m - - - -
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Fig. 2. Borehole of geological formations

The borehole data consists of the fill material as a topmost layer with a 0-2 m thickness below the
ground surface. The second layer is clayey silt from 2 to 4 m thick, followed by organic silty clay up
to 9 m thick. The clay-silt with calcareous nodules, sandy-silt with clay, and silty clay with rusty
spots (loamy sandy deposits of various origins) are located at 9 m, 12m, and up to 14 m depths,
respectively. In the present study, twin tunnels are considered (closely related to the East-West
Metro Kolkata, India), which are located at 20 m depth below the ground level and positioned
between the sixth and seventh soil layers. These layers consist of silty clay with rusty spots and
silty clay with brown yellow-spots (loess), and extend up to a depth of 28 meters. The bottommost
layer below 28 meters is silty sand. Table 1 shows the soil layer configuration and its elastic as well
as engineering properties.
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Table 1. Elastic and engineering properties of soil configuration

Soil cl:fsoslilfic Unit Wt. Cohesion F:\lrfglzn I\S/{[(())lé?ﬂgui Poisson Permeabilit Poros
3 3 ) . .
ation (kN/m3) (kN/m3) (degree) (MPa) s ratio y (m/s) ity
Fill material - 18.5 0 26 10 0.2 5X10- 0.5
Clayey silt CL 18 0 28 15 0.3 1X10-7 0.5
Silty clay
Wlth. OL 17 0 28 25 0.3 1X10-7 0.5
organic
materials
Clay-silt
with trace
of OH/OL 19 5 28 40 0.3 1X10-7 0.5
calcareous
modules
Sandy-silt
with SM/SC 18,5 4 30 55 0.3 5X107 0.5
occasional
clay
Silty clay
with rusty SM 19.5 5 32 63 0.3 1X10-7 0.5
spots
Silty clay
with brown ML/CL 19.5 5 32 65 0.3 1X10-7 0.5
spots
Silty sand SM 19.5 0 34 100 0.3 1X10-7 0.5
Table 2. Properties of concrete and steel
Parameters Value
Type of Concrete M50
Compressive strength (MPa) 50
Material Safety Factor 1.5
Characteristic Tensile Strength (MPa) 4.69
Design Tensile Strength (MPa) 4.15
Modulus of Elasticity shorty term or (Elastic Modulus) (MPa) 35,355
Poisson’s Ratio 0.15
Unit Weight of Reinforced Concrete (MPa) 25
Steel Grade Fe500
Characteristic Steel Strength (MPa) 500
Material Safety Factor 1.15
Design Steel Strength (MPa) 435
Ultimate Steel Strength (MPa) 545
Modulus of Elasticity (MPa) 200,000

To prepare the Rocscience (RS2) model, the tunnels are assumed to be supported by a composite
lining consisting of a circular segmental lining as a primary support and a cement grouting layer as
a secondary support by the middle and tail shield of TBM. The composite circular tunnel lining is
made up of a 275 mm thick universal segmental ring and a 150 mm thick TBM grout. A segmental
ring has an internal diameter of 5800 mm and an external diameter of 6350 mm. The space between
the tunnel excavated diameter and the outer diameter of the segmental ring is filled with
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Cementous grout and the sodium silicate mixture for the circular secondary lining from TBM’s tail
shield. Table 2 shows the properties of segmental lining and steel.

4. Numerical Modelling Using Rocscience (RS2)

In this study, numerical analysis was performed using a 2D finite element program, Rocscience
(RS2). RS2 can be used to analyze and design tunnels and the support system. In the present work,
the RS2 is used to predict the surface settlement trough for two cases: when the TBM hits A) the
hypothetical saturated zone/water pocket positioned near the 2nd tunnel crown, and B) the grouted
water pocket (after grouting the saturated zone). Fig. 3 depicts the tunnel FEM model in the
presence of a water pocket/saturated zone, and Fig. 4 represents the model of twin tunnel after
grouting the water pocket/saturated zone, called a grouted water pocket.

The models consist of twin tunnels with internal segment ring diameters of 5.8 m and a distance of
15m c¢/c. The overburden of buried tunnel is 20 m and subjected to a surface load of 40 kN/m2. The
two extreme-sided boundaries are considered at eight times the diameter of the tunnel from the
tunnel centerline. The top surface is a free boundary condition, whereas the bottom surface is fixed
to allow for vertical movement whereas the right and left edges of the external boundary are fixed
in the X direction. The soil layers are discretized using triangular elements with three nodes and a
gradation factor of 0.1. To determine the optimal mesh size, a sensitivity analysis was conducted
on the mesh, which ensured accurate results while maintaining computational efficiency. A graded
mesh was applied across all models, with finer mesh elements near the tunnel opening (regions of
high-stress gradients) and became coarser towards the model boundaries.

In the present study, the soil layers behavior is assumed to be elasto-plastic material, and the Mohr-
Coulomb (MC) model shows perfectly linear elastic-plastic behavior. It is well known that the
Mohr-Coulomb failure criterion is not able to accurately reproduce the soil movements induced by
excavation because it represents Young's modulus of soil in the in-situ stress state [34].
Nevertheless, most of the finite element-based numerical studies are still performed using simple
constitutive models such as Mohr-Coulomb (MC). Because of the simplicity of formulation, it has
more applications than other models, as well as MC model requires a limited number of input
parameters determined by simple tests [35], and the calculation times tend to be lower than those
of advanced soil models [36,37,38,39].

0.04 MN/m2
Free boundary J [ﬁ‘*

AT AT \d s h g | B

AR

AN AN N N g
Sodrder e sengar m et 4,}\3{5&

%

Nesavsshssar asa g as a]

N

i

ALK

e
et

Restrain in
X direction

Water pocket

Fixed in X and Y direction

Fig. 3. FEM model in presence of water pocket (case A)
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Restrain
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direction
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Fig.4. FEM Model in presence of grouted water pocket (case B)

The water table is considered to be 23 m below the ground surface. In the present study, the soil
layers are assumed to be in undrained condition, and the short-term settlement analysis was
carried out, which is mainly contributed to by construction methods. [40,41]. Settlement due to
consolidation was neglected. The RS2 model considers the undrained strength and stiffness
parameters, whereas the undrained Young’s modulus was back- calculated based on effective shear
modulus. Hence, no pore water pressure will be generated.

4.1. Modelling and Construction Sequence

The first model, case A (Fig. 3), considers a hypothetical unknown water pocket of 6 m long and 2
m thick located at the upper right corner of the 2nd tunnel. The average depth of water pocket is 14
m below the ground level. The water inside the pocket was modelled as an elastic material with a
unit weight of 9.81 kN/m3, a Poisson’s ratio of 0.499, and Young’'s modulus of 1.1 GPa.

Table 3. Various construction stages and their features

Construction sequence Features

Initial condition, initial ground

stress The effective stress ratio in and out of plane is considered 1.0

The induced load factor of 0.95 from inside the tunnel, indicates 5%

Excavation of 1st tunnel .
stress relaxation by TBM

combination of the primary lining (Segments) and secondary lining

: i st
Composite lining of 1st tunnel (grout)

The induced load factor of 0.95 from inside the tunnel, indicates 5%

E ion of 2nd tunnel :
Xcavation o tunne stress relaxation by TBM

A water pocket of 6 m long and 2 m thick is located at the right top of

2nd tunnel, which is filled with water and loose soil. As the 274 tunnel

hits a water pocket at the tunnel crown, water will start entering the

tunnel, causing a huge volume loss in the water pocket. This volume

loss creates an empty cavity with no support, which eventually links
to a huge settlement at the ground surface

Tunnel hit to water pocket

combination of the primary lining (Segments) and secondary lining

e nd
Composite lining of 2nd tunnel (grout)
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In the second model, case B (Fig. 4), the tunnelling was carried out after grouting the water pocket
using a grouting technique having a unit weight of 24 kN/m3 and a friction angle of 31 degrees. The
composite tunnel lining consists of 275mm thick segmental lining and 150 mm thick grout, which
is assumed to be an elastic material with minimal seepage loss during tunnel construction. TBM
grout loss during secondary lining around the tunnels is not considered. The surface settlement for
both cases was determined for the following construction sequences/stages, which are presented
in Table 3.

In most of the previous studies, the stress relaxation factor has been determined based on no
scientific reason and merely as a hypothetical choice [42]. In contrast, the relaxation factor depends
on various factors such as tunnel geometry, initial stress, soil properties, depth of the tunnel, and
the length of the unsupported section at the tunnel heading. Near the working face, it is almost zero,
and behind the tunnel face, it varies from 0 to 1 [42,43]. Smaller values of the relaxation factor
represent smaller deformations and larger forces in the lining. In the present study, the composite
lining is used behind the tunnel face, which simulates the smaller deformation and greater forces
in the lining; hence the smaller stress relaxation factor is considered, i.e. 5%, and the induced load
factor is 0.95.

5. Results and Discussion

The RS2 was used to analyze the tunnel surface settlement in the presence of a water pocket. For
tunnel hits to the water pocket (case A) and grouted water pocket (case B), the total surface
settlement and its variation along the lateral distance are obtained. The results of the grouted water
pocket (case B) were validated using the empirical method suggested by O’'Reilly and New [33] and
compared with a few analytical approaches.

5.1. Surface Settlement in the Presence of Water Pocket

During the various construction stages, the maximum surface settlement and its variation along the
horizontal distance are computed. Fig.5 shows the results of surface settlement/displacement
observed for one of the construction stages namely tunnel hits to the water pocket.

Total
Displacement
min (stage): 0.0000 m
0.00
0.0032
0.0064
0.009¢
0.012
0.0160
0.0192
0.0224
0.0256¢
0.0282
0.0320 .
max (stage): 0.0313 m [}

Fig. 5. Settlement at ground surface after TBM hits a water pocket

Table 4 shows the magnitude of maximum surface settlement at various construction stages for
both cases. In the case of tunnel hits to a water pocket, it was found that the surface settlement of
30.3 mm occurred during the excavation stage of 2nd tunnel and that of 31.6 mm when the tunnel
hits the water pocket. The maximum surface settlement was increased by 5% as compared to the
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2nd tunnel excavation stage. This may be because entry of water in to the excavation area increases
the effective stress and consequently increases the surface settlement.

Table 4. Maximum surface settlement for various construction stages for both the cases

Excavation stages Surface settlement (mm)
Tunnel hits a water pocket Tunnel hits a grouted
water pocket

Initial (in situ) condition 0.00 0.00
Excavation of 1st tunnel 29.1 18.8
Composite lining of 1st tunnel 25.2 14.7
Excavation of 2nd tunnel 30.3 18.6
Tunnel hit to water pocket 31.6 16.4
Composite lining of 2nd tunnel 29.2 14.02

While, in the case of a grouted water pocket, the maximum surface settlement was 16.4 mm, which
is nearly 50% less than the presence of water. This may be because of the pre-grouting effect of the
water pocket, which controls the drawdown above the tunnel and reduces the effective stress,
results in a decrease in the settlement. In both cases, the application of lining to the 2nd tunnel
decreased the surface settlement; this may be because of the reduction of water flow quantity in
the excavation area due to the placement of composite lining. The effect of composite lining
provides superior watertightness and load bearing capacity [44]; hence the provision of composite
lining applies a sufficient face pressure to push the flow towards the ground surface and reduce the
water flow quantity in the excavation area.

Figs. 6 and 7 show the variation of total surface settlement (displacement) with lateral distance in
cases A and B, respectively. In both cases, the surface settlement variation with horizontal distance
follows a similar pattern, i.e., as the distance increases, the settlement increases as well, reaching a
maximum at the crown of 2nd tunnel and further decreasing for the increment of horizontal
distance. Fig. 6 shows the wider and deeper settlement trough, whereas Fig.7 shows a narrower
and shallower settlement trough. This clearly shows that grouting a water pocket has a positive
effect on settlement trough that are considerably narrower and shallower, with a maximum
settlement of nearly 50% less than the presence of water. In the presence of a water pocket, the
maximum surface settlement is observed to be 31.6 mm, which is a red trigger as it exceeds the
prescribed limits (20mm) laid by EURO, the Chinese code, and British practices [45-46], causing
the surface structures to be unsafe.

0,035
TOTAL DISPLACEMENT
0,03
E: 0,025
-
=
@ 0,02
E
@
%]
3 0,015 11
o
2 7
2 01
m
i)
2
0,005 —— Query1# 1.IN-SITU CONDITION
—&— Query 1# 2. EXCAVATION OF 1ST TUNNEL
0
0 10 20 30 40 50 60 70 80 90 100

Distance (m)

Fig. 6. Ground surface settlement variation with horizontal distance for different construction
stages (case A- tunnel hits a water pocket)
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Fig. 7. Ground surface settlement variation with horizontal distance for different construction
stages (case B- tunnel hits a grouted water pocket)

5.2. Support Capacity Curve

Tunnel support capacity curves are self-generated by the Rocscience program. These are the
capacity envelopes of shear force, axial force, and bending moment, which provide the factor of
safety of lining (concrete liner and steel sets). Figs. 8 and 9 depict the support capacity curves for
cases A and B respectively.

Rebar(Europe): #10 {diameter=10mm) Concrete: 0.275m

Thrust M - MM

THIust M - MN

Fig. 8. Support capacity curve for case A - presence of water pocket

In the present study, the tunnels are assumed to be supported by a composite lining consisting of a
circular segmental lining as a primary support and a cement grouting layer as a secondary support
by the middle and tail shield of TBM. Figs. 8 and 9 show the relationship between thrust and
moment, as well as thrust and shear force, which represent the liner stress and strength envelopes
for both cases, respectively. This allows for the stresses induced in segmental liners and is easily
envisioned in terms of strength envelopes and safety factors. The Carranza-Torres and Diederichs
method is used to plot the three safety envelope factors, 1, 1.2, and 1.4, which ensure the tunnel
support stability.
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Rebar(Europe: #10 (diameter=10mm| Concrele; 0.275m

1‘#7

Fig. 9. Support capacity curve for case B - grouted water pocket

When the tunnel hits a water pocket, in a few stages the point nodes fall outside the envelope (Fig.8)
indicating that their factor of safety is smaller than the envelope value. These findings suggest that
the support lining is unstable during the stage when the tunnel hits the water pocket (saturated
body), which may affect the instability of tunnel supports and the crown. For case B, Fig.9 shows
that the point nodes are lying within the envelope (inside the envelope) of a factor of support safety
of 1, 1.2, and 1.4 at all stages, indicating that their factor of safety is more than the envelope value.
It is found that the liner’s safety exceeds the design factor of safety. This demonstrated that after
the water pocket is grouted, the tunnel segmental lining support will be safe.

5.3 Validation Using O’Reilly and New method

In this study, the empirical equation proposed by O’Reilly and New [33] is used to validate the
results obtained by the numerical method RS2 for the case of grouted water pocket. O'Reilly and
New method is based upon the first classical empirical method developed by Peck (1969) [47],
which is a well-known as Gaussian distribution method. Various empirical methods, such as
Attewell et al. (1986),[16], Hansmire and Cording (1972) [48], O’Reilly and New (1982) [33], Wang
et al. (2016) [49] are based upon the hypothesis presented by Peck [47] but the O’Reilly and New
method is widely used as a regression method and is especially used to predict the transverse
surface settlement trough produced by the twin tunnels. The equation proposed by O’Reilly and
New method is illustrated below;

S=S e(;‘l;J + e[(xé'id)ZJ (1)

- max

where, S - Theoretical settlement curve; d - Lateral c/c distance between the two tunnels; x: - Lateral
distance from the first bored tunnel center-line; Smax - Maximum settlement (short-term) at the tunnel
centerline (m). Smax is calculated by using the following equation (2)

V, xD?
Smax = 0.313x — l (2)

Where; VL - Volume loss; D - Excavated diameter of TBM Tunnel; i - Inflection point (m). For mostly
cohesive soil the inflection point (i)is calculated by following;
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i = KxZ, (3)
Zo - Depth of tunnel (m); K - Coefficient, for soft clay it varies between 0.6 to 0.7

Using the O’Reilly and New [33] equation, the surface settlement is calculated for various lateral
distances, and the transverse surface settlement trough for the 1st and 2nd tunnels is presented in
Fig.10. The parameters (soil properties, tunnel geometry) that have been used during numerical
modelling are used as the input data for the calculation of surface settlement. The addition of two
overlapping curves, as presented in Fig.10, defines the total/combined settlement for twin tunnels
by superpositions.Fig.11 shows the variation of combined settlement with lateral distance. The
maximum combined surface settlement is found to be 13.2 mm, and the observed settlement
trough is almost similar to the normal distribution (Gaussian distribution curve) demonstrated by
Peck [47].
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Fig. 10. Surface settlement trough for 1st and 2nd tunnel using O’Reilly and New method
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Fig. 11. Combined surface settlement trough for 1st and 2nd tunnel using O’Reilly and New
method

Fig. 12 compares the combined surface settlement trough computed using numerical modelling
(RS2) and the empirical equation proposed by O’Reilly and New [33]. The observed settlement
trough of both techniques shows a similar pattern (Gaussian distribution curve) as observed in the
analytical method proposed by Peck [47]. In the case of O’Reilly and New method, the maximum
combined surface settlement is found to be 13.2 mm, whereas in the numerical method (RS2) it is
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to be 14.02 mm, which is closer to the empirical method and depicts a good agreement between
the results. The O’Reilly and New method underestimate the surface settlement of error by 6%.
This is because the empirical method ignores the effect of creep of ground and time-dependent
consolidation [41]. But the small error of 6% is tolerable and can be minimized by considering the
effect of ground creep and time dependent-consolidation, as well as by enhancing the modelling
approach.

Lateral distar&e (m)

oy
o
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~—@— (O’Reilly & New (1982) method

16 —@— Present study (Rocscience)

Fig. 12. Combined surface settlement trough for 1st and 2nd tunnel using numerical method
(RS2) and O’Reilly and New approach

5.4 Surface Settlement Comparison with Analytical Studies

Several analytical methods have been used to predict tunnel induced surface settlement. Based on
Peck’s [47] hypothesis that the settlement trough is a Gaussian distribution curve, the following
three analytical methods are considered:

e Limanov’s method [50]

e Sagaseta’s method [51]

e Gonzales-Sagaseta method [52]
Table 5 shows the analytical equations and the calculated parameters required for each method,
along with the results of the maximum surface settlement.

Table 5. Analytical equations and parameters required for each method with the results of the
maximum surface settlement

Sr.No.  Method Equation Parameters
Limanov's Smax = (1 — pu?) 2 [&] Tunnel  radius P Smax
1 method A depth (r0) ks (kPa) (mm)
p =g, xiths (h)(m)  (m)
2 20 2.9 0.65 321  11.95
) Sagaseta’s S _VLxD? (h) (m) (Xl[,;,) Smax (mm)
method max = i
20 0.6 11.2
Gonzales wly) =2 1 € a p uo - smax
) To (mm) (mm)
g S €n(3) 20—t
fetio 1+y2 0.005 14 5265 0026 25 562
P2 yz]

Where; Ks- lateral earth pressure; P- radial load (kPa); E- radial shrinkage strain €= ?; u0-
0

uniform radial displacement; y-distance from the centerline; a-volume of compressibility, p -
relative ellipticity
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Fig. 13. Comparison of settlement trough obtained by various analytical methods with the
present study (grouted water pocket)

The surface settlement trough observed using the numerical method (RS2) for the case of a grouted
water pocket is compared with the abovementioned analytical methods. Fig.13 shows the
comparison of the settlement trough obtained using various analytical methods and the profile
obtained by the present study (RS2).

The settlement trough observed using various analytical methods and the numerical approach used
in the present study exhibits a similar pattern with minor variation in the maximum surface
settlement magnitude. This variation seen in the above analytical studies may be because of the
assumptions and simplifications used when formulating the equations. The Gonzales-Sagaseta
method underestimates the maximum surface settlement, which is almost 60% less than the
present study result. While the surface settlements obtained using Limanov’s and Sagasta’s
methods are 11.95mm and 11.2mm, respectively, which is close to the present study (14.2 mm).
Limanov’s and Sagasta’s methods show a small error of 15% and 21%, respectively, which is
tolerable and can be minimized by enhancing the modelling approach.

5.5 Parametric Study

Tunnel surface settlement can be influenced by various parameters such as soil layer parameters
(cohesion, frictional angle of resistance, unit weight, Young modulus, Poisson’s ratio), tunnel
geometry (diameter and depth of tunnel), depth of water table, porewater pressure, support
system, stress relaxation factor, etc. Chia Yu Huat et al. [53] concluded that the major parameters
affecting the surface settlements are tunnel geometry, soil properties, tunnelling operation
parameters, and tunnel center to center distance in the case of twin tunnels.

Many imperial and analytical methods focused on tunnel geometry and soil properties; very few
methods considered the tunnelling operation parameters. In the present study, the effect of tunnel
geometry (grouted tunnel), such as tunnel diameter and depth, on maximum surface settlement
was evaluated and compared with the other methods while the other parameters were maintained
constant.

5.5.1 Effect of Tunnel Diameter on Surface Settlement

To illustrate the effect of tunnel diameter on surface settlement, some calculations on different
tunnel diameters, such as 5.0, 5.8, 7.0, 8.0, and 10.0m, are considered. The object of selecting the
specific range of parameters was to compare how these parameters affected the maximum surface
settlement. The RS2 analysis for maximum surface settlement was carried out for the above-
specified range of tunnel diameters with a constant 20m overburden height, and the results were
compared with the few analytical approaches tabulated in Table 6.

2790



Ingle et al. / Research on Engineering Structures & Materials 11(6) (2025) 2777-2796

Table 6. Variation of tunnel diameter on maximum surface settlement

Sr.

No. Parameters Maximum surface settlement (mm)
Diameter overburden Present study Limanov’'s Sagaseta’s Gonzales-
oftunnel  height(h) h/D (Rocscience) method method Sagaseta

D (m) (m) (m) method
1 5.0 4.0 13.43 10.64 10.07 5.33
2 5.8 3.45 14.02 11.95 11.2 5.62
3 7.0 20.0 2.85 17.01 16.7 14.1 8.46
4 8.0 2.5 19.7 21.2 17.4 10.7
5 10.0 2.0 24.4 26.33 22.9 17.2

From Fig 14, It is observed that the increase of tunnel diameter (D) significantly increases the
maximum surface settlement; the same trend is also observed in analytical methods. These results
are consistent with the findings [54,55,56]. This may be because a larger tunnel diameter displaces
more volume of soil, consequently extending its influence zone. Within this area, soil undergoes
stress redistribution, and this expanded region of stressed soil results in increased surface
settlement [53].
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Fig. 14. Variation of tunnel diameter on maximum surface settlement and its comparison with
analytical methods

In the present study, an increase of 81% in the maximum settlement has been found when the
tunnel diameter increased from 5m to 10m. A similar effect was also observed in analytical
methods, but the % of the increase in a settlement is more as compared to the present study (RS2).
In Gonzales-Sagaseta method, the maximum settlement increased by 222% when the diameter of
the tunnel increased from 5m to 10m. It indicates that decreasing the h/D ratio leads to an increase
in the maximum surface settlement, but in Limanov’s method, as the h/D ratio reaches lower than
3.45, the difference in settlement increment becomes higher.

5.5.2 Effect of Tunnel Depth on Surface Settlement

Tunnel depth, also called overburden, is another one of the important parameters that influence
surface settlement. Many researchers studied the overburden effect for a 5.0 m increment; hence
in the present study, the surface settlement was calculated for a 5.0 m tunnel depth increment (5.0
m to 25 m) by maintaining the other parameters constant with the reference model. The present
study results are also compared with the analytical methods, which are presented in Table 7 and
Fig. 15. It is observed that an increase in tunnel depth (h) results in a significant decrease in
maximum surface settlement.
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Table 7. Variation of tunnel depth (overburden) on maximum surface settlement

Sr.
No. Parameters Maximum surface settlement (mm)
Overburden Diameter Present Limanov’'s Sagaseta’s Gonzales-
height (h) oftunnel  h/D study method method Sagaseta
(m) D (m) (m) (Rocscience) method
1 5.0 0.86 23.93 21.34 19.67 14.33
2 10 1.72 19.72 17.95 16.06 11.02
3 15 5.8 2.58 17.01 15.03 13.84 7.96
4 20 3.44 14.02 11.95 11.2 5.62
5 25 4.31 12.02 9.97 9.23 3.23

The observed findings are similar to the results obtained by previous studies [55,57,58,59]. Also,
for an increase in the h/D ratio, the maximum surface settlement decreases. In the present study,
the maximum surface settlement was found to decrease by 99% when the depth of the tunnel
increased from 5m to 25 m. The analytical methods also showed a similar pattern of results, but
the % of reduction in surface settlement was higher as compared to the present study. Limanov’s
and Sagaseta methods show almost identical and close results to the present study, while Gonzales-
Sagaseta method shows the maximum settlement decreased by more than 300% when the depth
of the tunnel increased from 5m to 25.0m
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Fig. 15. Variation of tunnel depth on maximum surface settlement and its comparison with
analytical methods

6. Conclusion and Future Scope of Work
6.1 Conclusion

This paper estimates the twin- tunnel induced surface settlement trough using the numerical
method (RS2) for the cases of TBM hits a water pocket (case A) and a grouted water pocket (case
B) during the various tunnelling construction stages. The RS2 results were validated with the
empirical method developed by O’Reilly and New method. Furthermore, the results were also
compared with a few analytical approaches. To ascertain the applicability of RS2 method, a
parametric study is also carried out for variation of tunnel geometry (depth and diameter). The
following are the main conclusions of the present study:

e In the case of tunnel hits a water pocket, the maximum surface settlement was increased by
5% as compared to the 2nd tunnel excavation stage. This may be because entry of water in
the excavation area increases the effective stress and consequently increases the surface
settlement.
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e In the case of grouted water pocket, the maximum surface settlement was found to be 16.4
mm, which is nearly 50% less than case A (the presence of water). This may be because of
the pre-grouting effect of the water pocket, which controls the drawdown above the tunnel
and reduces the effective stress, resulting in a decrease in the settlement.

e The support capacity curve shows that the liner factor of safety for case A is lower than the
envelope value, indicating instability during the stage of the tunnel hitting the water pocket
(saturated body), whereas, for case B, the liner’s safety exceeds the design factor of safety.
This demonstrates that once the water pocket is grouted, the tunnel segmental lining support
will be safe.

e The surface settlement trough observed by RS2 shows a similar pattern (Gaussian
distribution curve) to the O’Reilly and New method, also the maximum settlement values are
found to be very close to the O’'Reilly and New method with a deviation of 6% only.

e The RS2 results are compared with a few analytical approaches; the Gonzales- Sagaseta
method underestimates the maximum surface settlement, while Limanov’s and Sagasta’s
methods show close results with a deviation of 17% and 25%, respectively. This error may
be tolerable and can be minimised by enhancing the modelling approach.

e A parametric study indicated that increasing the tunnel diameter from 5m to 10m resulted
in an 81% increase in maximum surface settlement. A similar trend was observed in
analytical methods, but the % increase in settlement was higher as compared to the present
study (RS2).

e When the tunnel depth was increased from 5m to 25 m, a significant 99% decrease in the
maximum surface settlement was observed. The analytical methods also showed a similar
pattern of results. Limanov’s and Sagaseta methods reveal 114% and 113% decrease in
maximum surface settlement, respectively, which is almost close to the present study.

The proposed numerical method (RS2) has been validated with the empirical method and the
results are also compared with analytical methods. Therefore, the RS2 can be used to calculate the
surface settlement, particularly in the presence of a water/saturated body subject to the correct
modelling approach. The use of predicted surface settlement guides the tunnel engineer about the
future consequences of the destructive effects of adjacent structures and facilities.

6.2 Future Scope of Work

In the present study, the fictitious water pocket is positioned close to the 2nd tunnel crown. The
position of water pocket/saturated bodies can be varied, and the influence on the surface
settlement can be studied. The present study results can be improved by using the more advanced
models, such as Hardening Soil (HS) or Hardening Soil Small (HSs) models. The comparative study
with the advanced model can be further studied. Also, the results can be verified using additional
empirical, semi-empirical, or physical methods/ techniques.
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