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Abstract

Dhaka is one of the densely populated cities in the world, with a population of 22 million. Metro transportation is
essential in this overpopulated city. Despite the growing underground infrastructure in Dhaka, limited research has
been conducted on tunnel settlement analysis. Previous studies have primarily focused on single tunnels,
overlooking the settlement troughs of twin tunnels, although the proposed Dhaka MRT tunnels are twin tunnels.
The absence of detailed studies on twin tunnels in Dhaka creates a critical gap in understanding the potential
impacts of ground settlement under local geological conditions. Therefore, this study aims to address this gap by
analyzing and comparing the settlement troughs of single and twin tunnels. To conduct the study, a stacked twin-
tunnel configuration was selected in a sand-dominated area along the proposed route of MRT Line 5. Three-
dimensional finite element (FE) modeling and analytical solutions were explored to assess single and twin tunnel
responses. Two material models, namely Mohr—Coulomb (MC) and hardening soil (HS), were explored in the FE
analysis to simulate soil behavior. After completing the first tunnel excavation, the maximum settlements observed
in the MC model were approximately half of those estimated by the empirical formula, whereas the predictions
from the HS model closely matched the empirical results. Following the second tunnel excavation, the HS model
and empirical formula continued to show good agreement, whereas the MC model showed a significant deviation.
These findings will play a crucial role in understanding the settlement behavior of the proposed MRT tunnels in
Dhaka.
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1 Introduction

The rapid urbanization and increasing population density in Dhaka have made the development of underground
metro systems crucial to ensure sustainable urban mobility. Among the ongoing mass rapid transit (MRT)
initiatives, the MRT Line-5 (Northern Route) is a key project under development. This line spans approximately
20 km, comprising 13.5 km of underground and 6.5 km of elevated sections, and includes 14 stations among which
9 are underground and 5 are elevated.

The excavation of bored tunnels in soft ground typically results in ground deformation (Mair et al. 1996). In densely
built-up urban settings, such deformations pose risks to nearby structures. As a result, accurately predicting ground
movements and evaluating potential damage are critical components of the planning, design, and execution of
tunnelling projects in urban environments (Mair et al. 1996). The ground displacements above a tunnel are
commonly quantified using the concept of volume loss, also referred to as ground loss. Under plain strain
conditions, volume loss can be categorized into tunnel volume loss (V) and soil volume loss (Vs), (Franza et al.
2018).

Stacked twin tunnel configuration poses higher analytical and construction challenges compared to side-by-side
configuration. Unlike side-by-side tunnels, stacked tunnel arrangements do not conform to the conventional
superposition methods used for predicting ground deformation. Also, single tunnel models fail to represent the true
complexity of such excavations (Chortis, F., & Kavvadas, M. 2021). While previous studies have predominantly
addressed single tunnel configurations (Sakil Ahmed et al., 2023) and overlooked the stacked twin tunnel
scenarios, this research utilizes PLAXIS 3D, an advanced numerical modeling tool, to investigate ground
settlement induced by the construction of stacked twin tunnels. The findings aim to contribute towards developing
practical insights to benefit the design and implementation of future underground metro infrastructure in Dhaka.

2 Soil Profile of the Study Area

The study area represents a sand-dominated zone along the proposed route of MRT Line 5 northern route, situated
in seismic zone 2, Dhaka. Medium dense to dense sandy soil layers are present in this location along with two thin
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clay soil layers and two thin silt soil layers. Sandy soil is crucial for tunnel operations, as it has a higher volume
loss than clay. Settlement during tunneling is affected by the tunnel geometry, geological conditions, and
operational parameters. This study evaluates the settlement effects in shield-driven tunnels using tunnel boring
machines (TBM) and compares single and twin-bored tunnels excavated in the sand-dominated strata. The data
from the borehole labeled as TN 32 was used in the analyses (Figure 1). The shear strength parameters, cohesion
and friction angle, were derived from the SPT values based on BNBC 2020. The stiffness parameters were obtained
from Bowles (2012), and the Hardening Soil model parameters were taken from the PLAXIS 3D manual.
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Figure 1. (a) Top view of the study area with borehole location (TN 32) , (b) Boring log (Prosoil, 2022) of TN
32 with tunnel location.

In the finite element analyses, selecting an appropriate constitutive soil model is crucial for capturing realistic
ground behavior. The Mohr-Coulomb (MC) model is a widely used, simple elasto-plastic soil model that assumes
linear elasticity in the initial phase and perfectly plastic behavior at failure. It requires five key input parameters,
namely young’s modulus (E), Poisson’s ratio (v), cohesion (c), friction angle (¢), and dilation angle (y). While
easy to implement, the MC model does not account for strain-dependent stiffness, making it less accurate for
predicting realistic soil deformations, especially under small strain conditions. On the other hand, the Hardening
Soil (HS) model provides a more advanced representation of soil behavior by incorporating non-linear stress-strain
relationships. It defines stiffness using three different moduli: Ege’, Er¢Y, and , Eje’ , corresponding to triaxial
loading, oedometer loading, and unloading/reloading conditions, respectively. The HS model also considers stress
dependency through a power law formulation, enabling more accurate simulation of settlement and soil response
under varying load conditions.
Table 1. Soil layers and properties used in numerical analysis.

Layer Depth Yunsat w Cu Oy° MC HS
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- (m) (kN/m’) % (kPa) E, v EX¥S E'¢) E)S
(kPa) - (kPa)  (kPa) (kPa)
FILL 32 1815 25 - 33 33x10° 041 58x 10  58x10° 176 x 103
AC4 46 1903 25 7T - 15x10°  0.30 9x 10°  11x10° 27 x 103
AS3 170 1962 20 - 35 69x10°  0.26 34x 100 34x10° 102 x 103
AS4 277 2011 17 - 40 132x10°  0.36 49% 10°  49x 10° 148 x 103
AC5 300 1962 26 123 - 24x10°  0.30 14x 10° 18 10° 44 x 103
AS4 340 2011 17 - 38 132x10°  0.36 44x10°  44x10° 132x 103
AS5 390 2060 13 - 45 264 x10°  0.36 82x 10°  82x 103 248 x 103
AS4 410 2011 17 - 37 132 10°  0.36 39x 100 39x10° 118 x 103
AS5 610 2060 13 - 42 264 x10°  0.36 64x 100 64x10° 192 x 103

*AC=Alluvial Clay, & AS=Alluvial Sand
3 Numerical Modelling

The finite element mesh was generated using 10-node tetrahedral elements with a global coarseness level set to
“medium.” Mesh refinement was applied around the tunnel boundary and excavation zones to enhance accuracy.
The model consisted of approximately 71,006 elements and 114,200 nodes (Figure 2). The symmetric left half of
the stacked twin-tunnel configuration was modeled to simplify the numerical analysis, and avoid redundant
calculations. The model domain extended 35 meters in the transverse direction (x-axis), 80 meters in the
longitudinal direction (y-axis) (along the tunnel route), and 50 meters along the vertical direction (z-axis). These
dimensions were selected to ensure an accurate representation of ground deformation and failure behavior, while
reducing the impact of the boundary conditions. As shown in Figure 3, the centerline depths of the upper and lower
tunnel cross-sections were set at 27 meters and 37 meters below the ground surface, respectively. A TBM with a
diameter of 7.0 meters and a length of 9 meters was modeled using plate elements in the finite element analysis.
Tunnel excavation and subsequent construction of the tunnel lining were simulated using the staged construction
feature in PLAXIS 3D. Before initiating the tunnel advancement phase, a pre-excavation length of 25 meters was
incorporated in the analysis to account for the TBM insertion into the soil. Tunnel advancement was modeled in
five sequential excavation phases, each representing 1.5 meters of excavation length, resulting in a total of 7.5
meters of modeled advancement. As the groundwater table lies below the lower tunnel invert, seepage flow analysis
was not included in this simulation. Face pressures of 135 kPa and 95 kPa were applied to the lower and upper
tunnels, respectively, to simulate the face support pressure during excavation. The surface contraction is modeled
considering 1% volume loss in sand.

Figure 2. Finite element mesh in PLAXIS 3D.
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Figure 3. (a) Dimensions of the 3D model; (b) Soil Profile (Prosoil 2022) used in the model.

4 Empirical Validation

It is widely recognized that ground movements resulting from single tunnel excavation can be approximated using
a Gaussian distribution as shown in equation (1). This approach was initially proposed by Peck (1969) and has
since been validated through numerous field observations and centrifuge model tests, including the work of Fujita
(1989) and New & O’Reilly (1991).

2

S(x) = Spax € 27 ()
where,
S(x) = Settlement at horizontal distance x from the tunnel centerline
Smax = Maximum settlement at the ground surface
i = Horizontal distance to the inflection point

O’Reilly and New (1982) proposed an empirical formula to estimate the inflection point i of the settlement troughs,
given by:

i=KZ @
where,
K = trough width parameters

Z = depth to the tunnel centerline

The approximate values for the trough width parameter X in tunnels vary depending on the soil classifications. For
clay, the value of K is around 0.5, while for sand or gravel, it is approximately 0.25.

Equation (1) can be modified to calculate the maximum settlement S, at the tunnel center as follows:
Smax = 0313 x X2 3)

where,
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V1= Volume loss (The volume loss during tunneling is approximately 1.0 % in sand and 0.5 % in clay) (FHWA-
NHI-10-034).
D = diameter of tunnel

5 Results and Discussion

In this study, the analyses were conducted in a greenfield condition and a sand-dominated area. Figures 4 and 5
illustrate the ground settlement profiles after the excavation of the first and second tunnels, as obtained from the
empirical (Peck), MC, and HS models. After the first tunnel advancement, the observed surface settlements from
the MC, HS, and empirical method were 6.5 mm, 14 mm, and 16 mm, respectively. The HS and the empirical
formulas showed good agreement compared to the MC soil model. The trough width appeared wider in the MC
and HS soil models, but the empirical model followed the gaussian distribution curve.

After the second tunnel excavation, the settlement increased for all methods, with the HS model predicting the
deepest settlement (28 mm), highlighting its sensitivity towards stress-dependent nonlinear soil behavior. In
contrast, the MC model showed 14 mm settlement, which is half of the value obtained by the HS model, while the
empirical method showed 23 mm settlement. Overall, the HS model demonstrated the maximum settlement trend
for stacked tunnel construction. The empirical method and the HS soil model showed fair agreement for maximum
surface settlement. On the other hand, both the HS and MC models showed good agreement for trough patterns.
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Figure 4. Vertical Settlement after 1% tunnel Excavation (lower).
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Figure 5. Vertical Settlement after 2" tunnel Excavation (upper).
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Although the MC model is generally conservative and predicts greater settlements due to its simplified linear
behavior, in this study, the HS model resulted in higher settlement values. This is primarily due to the low stiffness
parameters in the soft alluvial clay (AC5) deposits near the tunnel alignment. When combined with a stress-
dependent stiffness formulation, this soil layer leads to increased deformations under excavation-induced stress
redistribution. These results highlight the significance of advanced constitutive modeling and parameter calibration
in simulating tunnel behavior in soft ground.

6 Conclusion

This study investigated ground settlement induced by single and twin tunnel excavations. Results show a notable
increase in settlement following the second tunnel construction and highlight significant differences between the
Hardening Soil (HS) and Mohr-Coulomb (MC) models in predicting tunnel-induced settlements along Dhaka MRT
Line 5 Northern Route.

This study suggests capturing soil deformation behavior in sand dominated strata using the HS model due to its
stress-dependence and nonlinear nature. Future research attempts should incorporate existing buildings or traffic
loads in numerical analyses to reflect more critical scenarios beyond the simplified assumption of greenfield
condition used in this study.
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