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Abstract
Today, with the increasing pace of urbanization and population growth, the demand for metro tunnels has risen signifi-
cantly. These tunnels are often constructed at shallow depths and in close proximity to urban infrastructure. In such 
scenarios, it becomes crucial to safeguard buildings and other structures from potential damage caused by metro tunnel 
excavation. Therefore, studying ground movements and surface settlements induced by these tunnels is essential to 
ensure the safety of surface structures. In this research, based on the geotechnical conditions of the study area and data 
collected during the excavation of twin metro tunnels using a Tunnel Boring Machine (TBM), an empirical method was 
developed to estimate subsidence, maximum subsidence, and inflection points. Boltzmann and Gaussian functions were 
employed to derive these parameters. Furthermore, a sensitivity analysis was conducted using three-dimensional Plaxis 
software for the cross-section of Si-o-se-pol alongside three other soil types. A numerical relationship for predicting 
maximum subsidence was then proposed using a genetic algorithm. The results revealed strong alignment between the 
empirical and numerical approaches derived in this study. Consequently, these findings enable the accurate prediction 
of ground subsidence for Isfahan Metro Line 2, which is now under excavation.
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1. Introduction

In urban tunnelling projects, assessing the subsidence 
level is a crucial parameter. Researchers have proposed 
various approaches to calculating and estimating subsid-
ence, which can be broadly classified into empirical, 
analytical, and numerical methods.

Empirical methods primarily rely on field data and the 
correlation of various parameters, including geological 
conditions. However, one of their significant limitations 
lies in their specificity, as they are developed for particu-
lar geological settings. Therefore, careful consideration 
is essential when applying them to different conditions.

Among the various empirical methods, the Litwinn-
isym method (1956) is noteworthy (Chakeri et al., 
2013). This method assumes that the constituent compo-
nents of soil layers can be represented as numerous 
spheres of uniform size in three dimensions or as two-

dimensional discs. These elements were incorporated 
into the proposed model. In 1969, Peck, drawing on ex-
tensive data from numerous tunnelling projects, applied 
a Gaussian curve to estimate the subsidence at the sur-
face directly above tunnels. Later, in 1979, Oteo devel-
oped an experimental approach by refining Peck’s meth-
od, incorporating several parameters to account for the 
geomechanical conditions of excavation sites. Similarly, 
Oreili & Neo (1982) introduced two separate methods 
tailored for sticky and granular soils in the United King-
dom based on their observations. In recent years, re-
searchers have offered various methodologies to address 
subsidence. Notable contributions include Attewell et 
al. (1982) on three-dimensional subsidence profiles, 
Herzog (1985) on assessing settlement for single and 
twin tunnels, and Schmidt (1969) and Arioglu’s (1992) 
work on the maximum subsidence associated with single 
tunnels. Additionally, Mair et al. (1993) developed a 
method to estimate subsidence levels and measure in-
flection points. Chakeri et al. (2013) utilized numerical 
modelling and data analysis from three metro tunnels 
located in Mashhad, Tehran, and Istanbul. Their research 
provided insight for predicting maximum subsidence 
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during mechanized tunnelling processes. Analytical meth-
ods derived from solving equations have also been wide-
ly used to address varying geological conditions. One 
such example is Verruijt & Booker’s (1996) method, 
which builds upon Sagasta’s (1987) work to describe 
tunnel deformation through radial contraction and ellip-
tical deformation. The Loganathan & Polos (1998) 
method further refined this approach by introducing cal-
culations for subsidence based on the gap parameter, as 
first referenced by Lee et al. (2001). Gonzales & Sa-
gasta (2001) also contributed to this area by expanding 
on this methodology with additional empirical insight 
into subsidence phenomena.

Numerical modelling has been extensively employed 
in various tunnelling studies to analyze and predict 
ground behaviour and associated impacts. For instance, 
Najjar & Zaman (1993) developed a nonlinear finite-
element analysis method aimed at predicting surface 
subsidence caused by underground construction. Their 
study incorporated complex soil behaviour models that 
accounted for material nonlinearity and time-dependent 
effects, resulting in more accurate and reliable predic-
tions compared to conventional linear methods. These 
advancements provided deeper insight into surface 
movements resulting from subsurface operations. Selby 
(1999) examined the effects of tunnelling-induced 
ground movements on buildings in Workington, UK, 
with a particular emphasis on soil deformation and its 
connection to tunnel design and ground conditions. The 
research highlighted strategies to mitigate surface settle-
ment and minimize structural damage, offering crucial 
recommendations for urban tunnelling practices. Wang 
et al. (2000) focused on developing predictive tools to 
estimate surface settlements in soft ground conditions. 
By comparing empirical, analytical, and numerical ap-
proaches, their study evaluated the accuracy of each 
method in predicting settlement profiles across diverse 
geotechnical scenarios. These models play a significant 
role in improving the precision and reliability of settle-
ment forecasting for better tunnelling project manage-
ment. Das et al. (2017) utilized finite element modelling 
to explore surface subsidence caused by asymmetrically 
aligned parallel highway tunnels. The research investi-
gated the impact of factors such as tunnel spacing, align-
ment, and geological conditions on settlement patterns. 
Their findings offered actionable insight for designing 
safer and more efficient tunnel structures, especially in 
challenging geotechnical environments. Chen et al. 
(2016) conducted a numerical analysis of surface settle-
ments arising from double-O tube shield tunnelling. The 
study assessed how factors such as soil properties, tun-
nel depth, and construction techniques influence settle-
ment behaviour. The results provided valuable guidance 
for mitigating ground deformation and ensuring the 
safety of surrounding infrastructure during construction. 
Finally, Kim (1996), in their doctoral dissertation at the 
University of Oxford, addressed the interactions be-

tween tunnels in clay using model testing and analytical 
methods. The research delved into the effects of tunnel 
spacing, soil properties, and construction sequences on 
ground deformation and stress distribution. These find-
ings offered a deeper understanding of tunnel behaviour 
in cohesive soils, contributing to enhanced design strate-
gies for underground infrastructure.

Chapman et. al (2007) explore ground movements 
resulting from the construction of multiple tunnels in soft 
soils through laboratory model tests. Their research as-
sesses the effects of tunnel geometry, construction se-
quence, and spacing on settlement and soil deformation 
patterns. The study enhances the understanding and fore-
casting of ground behaviour in multi-tunnel projects set 
in soft ground conditions. Similarly, He el al. (2012) fo-
cus on surface settlement caused by twin-parallel shield 
tunnelling in sandy cobble formations. Using field moni-
toring and numerical modelling, they analyze how fac-
tors such as soil properties, tunnel depth, and spacing in-
fluence settlement patterns. Their findings offer practical 
insight for minimizing settlement risks in complex geo-
logical environments during shield tunnelling operations. 
Fang el al. (2015) propose a predictive model for surface 
settlement by integrating shield tunnel driving tests with 
analytical methods. By combining experimental data 
from model tests with theoretical approaches, they pro-
vide a robust framework for understanding the settlement 
process, aiding in more accurate predictions and im-
proved tunnel design across diverse ground conditions.

Fang el al. (2017) investigate surface settlement re-
sulting from Earth Pressure Balance (EPB) shield tun-
nelling in sandy soils. Their research introduces a pre-
dictive model that combines empirical and numerical 
approaches to evaluate the influence of tunnelling pa-
rameters, soil characteristics, and tunnel design on sur-
face deformation. The study’s outcomes seek to refine 
the precision of settlement predictions and promote safer 
tunnelling practices in sandy environments.

Wang et al. (2022) introduced an innovative method 
for calculating stratum settlement resulting from tunnel-
ling activities. This approach incorporates the effects of 
tunnel construction processes and varying ground condi-
tions on settlement behaviour. By enhancing the preci-
sion of settlement predictions, the method offers a more 
dependable tool for tunnel design and risk evaluation 
across diverse geotechnical settings. In a separate study, 
Ahmed et al. (2023) performed a numerical analysis of 
surface movements caused by tunnelling, with a specific 
focus on MRT Line 1 in Dhaka. Through numerical 
modelling, the research examined how tunnelling im-
pacts surface settlement and nearby infrastructure, ac-
counting for factors such as soil conditions and tunnel 
depth. The findings offer crucial insight to help mitigate 
ground movement challenges associated with tunnels in 
urban environments.

Alsirawan et al. (2023) introduce a two-dimensional 
numerical modelling approach to examine structure set-
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tlement caused by tunnelling with a Tunnel Boring Ma-
chine (TBM). Their research includes a parametric anal-
ysis to evaluate the influence of factors like soil charac-
teristics, tunnel depth, and construction parameters on 
settlement behaviour. The study provides practical in-
sight and recommendations to help mitigate settlement 
effects on structures during TBM tunnelling operations.

Khoshzaher et al. (2023) present a methodology to 
predict the performance of Earth Pressure Balance (EPB) 
Tunnel Boring Machines (TBM) by utilizing Firefly Al-
gorithms and Particle Swarm Optimization (PSO). Their 
research introduces an optimized model that integrates 
diverse operational parameters and ground conditions, 
improving the accuracy of TBM performance predic-
tions. The results provide a valuable tool for enhancing 
tunnelling operations and facilitating informed decision-
making in challenging geotechnical settings. Jaberi & 
Zare (2023) examine the influence of various soil param-
eters and behavioural models on settlement predictions 
caused by tunnelling, using the Qom Metro Line A as a 
case study. The investigation evaluates the reliability of 
different soil models in simulating surface settlement un-
der varying ground conditions. The outcomes underscore 
the critical role of selecting suitable soil behaviour mod-
els to achieve precise settlement predictions and effec-
tively manage risks in urban tunnelling ventures. Krish-
na & Maji (2023) focus on tunnelling-induced ground 
settlements with an emphasis on soil variability. In addi-
tion to surface settlement, numerical modelling was uti-
lized for analyzing deformation distributions around tun-
nels (e.g. Unlu & Gercek, 2003; Vlachopoulos & Died-
erichs, 2009; Basarir et al., 2010; Sakcali and Yavuz, 
2019) and for TBM-based tunnelling studies (e.g. Zhao 
et al., 2017; Hasanpour et al., 2014; Sakcali & Yavuz, 
2022). Their proposed model incorporates variations in 
soil properties to deliver more accurate settlement pre-
dictions. The findings highlight the importance of ad-
dressing soil heterogeneity to ensure reliable settlement 
forecasts and safeguard the stability of nearby infrastruc-
ture during tunnelling activities.

Despite numerous studies on surface settlements 
caused by tunnelling, most available methods are limit-

ed by specific geological conditions or fail to compre-
hensively integrate empirical, analytical, and numerical 
approaches. This study aims to bridge that gap by com-
bining empirical formulas, numerical modelling, and 
genetic algorithms to predict ground subsidence caused 
by twin tunnel excavations. The objective of this re-
search is to develop a reliable and accurate prediction 
model for surface settlement in varying soil conditions 
using data from Isfahan Metro Line 2 as a case study. By 
doing so, we seek to enhance the safety and efficiency of 
tunnelling projects in complex urban environments.

This study focuses on measuring the extent of ground 
subsidence caused by the excavation of a metro tunnel 
using a TBM, based on monitoring data. Through data 
analysis, a method has been developed to determine the 
maximum subsidence and the corresponding inflection 
point. A summary of the research activities is presented 
in Table 1.

2. Materials and Methods

2.1. The Suggested Equations

The empirical approach relies on formulas derived 
from past observations combined with certain field 
measurements. Various methods have been proposed, 
grounded in field data, for predicting surface settlement, 
as summarized in Table 2.

2.2. Genetic algorithms (GA)

Genetic algorithms, or GAs, are optimization tools 
inspired by natural selection and evolutionary princi-
ples. They begin by creating an initial set of candidate 
solutions, which are then refined over successive gener-
ations through selection, crossover, and mutation pro-
cesses. This iterative approach continues until an opti-
mal or near-optimal solution is achieved. Thanks to their 
ability to handle complex and nonlinear parameter inter-
actions, GAs are particularly well-suited for tackling 
challenges in geotechnical engineering.

In recent years, significant research has focused on 
the application of genetic algorithms (GAs) in geotech-

Table 1. Summary of Research Methods

Research method
Collecting geomechanical 

information for four soil typesCollecting behavioural data

Numerical analysis of four soil types 
with Plaxis 3D software

Presenting the Subsidence curve with OriginLab software 
with two Boltzmann and Gaussian functions

Presenting the 
Subsidence Curve 

with Excel Software Data analysis of Plaxis 3D software 
with Genetic algorithm

Determining the Subsidence 
rate, maximum Subsidence, 
and inflection point with the 

Boltzmann function

Determining the Subsidence 
rate, maximum Subsidence, 
and inflection point with the 

Gaussian function
Presenting a Numerical relationshipPresenting an Empirical relationship

Proper agreement of the Subsidence rate obtained from the numerical relationship with the empirical relationship
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Table 2. Empirical formulas for estimating surface settlement values

Researcher(s) Empirical solution Explanation
Litwinnisym 
(1956)

      ;    

z0: Depth of tunnel
ka and n: Experimental coefficients
D: Tunnel diameter
Vs: Volume loss of the soil layer 

Peck (1969) Sv: �Subsidence at the transverse 
section of the tunnel

Sv(max): Maximum subsidence
y: Distance to tunnel axis
i: Inflection point

Oteo (1979) E: Young’s modulus
a0: Tunnel radius
z0: Tunnel depth
ϑ: Poisson’s ratio
φ: Internal friction angle
i: Inflection point

Oreili & Neo 
(1982)

 (1)
If 

 (2)
If 

Formula 1: For the sticky grounds
Formula 2: For the grains grounds

Attewell & 
Woodman 
(1982)

S: �Surface vertical subsidence  
at position (x-y)

X: �Position of the supposed surface 
of the longitudinal plane

Y: �Distance of the given point  
from the axis of the tunnel

Vs: �Volume of subsidence  
for the tunnel advance  
per meter, expressed  
as a percentage of Vl

Xi: �Initial position or tunnel cross 
section

Xf: Position of the tunnel advance 
Herzog (1985)

 (single tunnel)

 (twin tunnels)

γn: Soil specific gravity
z0: Depth of the tunnel
σs: Surface surcharge
D: Tunnel diameter
i: Inflection point
a: Distance between two tunnels
E: Young’s modules

Schmidt 
(1969) and 
Arioglu 
(1992)

γn: Soil specific gravity
z0: Depth of the tunnel
σs: Surface surcharge
σT: Face pressure by TBM
CU: Undrained soil adhesion

Chakeri et al. 
(2014)

D: Tunnel diameter
γ: Soil specific gravity
Z0: Depth of the tunnel
σs: Surface surcharge
c: Cohesion
σT: Face pressure by TBM
E: Young’s modulus
ϑ: Poisson’s ratio
φ: Internal friction angle.
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nical engineering. Rooted in the principles of natural se-
lection and genetics, GAs have emerged as a robust sto-
chastic optimization method (Chakeri et al., 2014; Cui 
& Sheng, 2005). This approach has demonstrated its 
effectiveness in addressing complex combinatorial de-
sign challenges within the field (Andrab et al., 2017). In 
particular, employing real-coded GA as an optimization 
tool has proven valuable for determining soil parameters 
in geotechnical studies (Jin et al., 2017). Furthermore, 
integrating GAs with numerical analysis software, such 
as Plaxis, has shown considerable potential in enhancing 
sensitivity analyses for geotechnical problems (Vahdati 
et al., 2014; Benayoun et al., 2020).

The A and B coefficients in the formula (*) used in 
this study were optimized for various soil types through 
genetic algorithms (GA). To implement GA, an initial 
random population of A and B coefficient values was 
generated and evaluated based on their ability to match 
data derived from a sensitivity analysis conducted using 
the three-dimensional Plaxis program. The best-fitting 
solutions from this population were selected via crosso-
ver and mutation processes, reproduced, and combined 
to create new candidate solutions. This iterative proce-

dure was repeated across multiple generations, ultimate-
ly refining the A and B coefficients to optimized values.

The findings demonstrated that applying GA signifi-
cantly enhanced the accuracy of the numerical models 
by improving the A and B coefficients. These optimized 
coefficients provided a more precise fit to the experi-
mental data, making the numerical models more reliable 
for designing and analyzing underground structures. 
This highlights the effectiveness of genetic algorithms as 
a robust optimization method in geotechnical engineer-
ing, adept at addressing complex parameter interdepend-
encies and improving numerical model.

2.3. Case study

The North-South metro line in Isfahan represents the 
primary focus of the Isfahan Metro development, link-
ing the northern Kaveh bus terminal to the southern 
Soufe bus terminal. The project employed the excava-
tion of twin tunnels utilizing Tunnel Boring Machines 
(TBM) with a diameter of 6.9 meters. The structural de-
sign featured a center-to-center distance of 18.12 meters 
between the two tunnels, each with an effective diameter 
of 6.6 meters and lined with 30 cm thick concrete seg-
ments. Excavation began with the western tunnel, and 
geotechnical conditions along the route were assessed 
based on data collected from boreholes drilled in ad-
vance. The geological profile of the area comprises three 
distinct soil layers, with thicknesses of 6.1 meters, 4.5 
meters, and 8.58 meters for the first, second, and third 
layers respectively. The tunnel alignment traversed 
through the second and third layers, as identified in prior 
studies (Rostami, 2017).

2.4. Experimental analysis

The application of the Boltzmann function to model 
particle distribution and the Gaussian function in Geo-
statistics for identifying intricate patterns in engineering 
is highly remarkable. This study focused on determining 

Table 3. Monitoring Data

Subsidence (mm)Distance from TBM (m)Row
0-361
0-242
-1-133
-2-14
-425
-6106
-7207
-8348
-8489
-86210
-88511

Figure 1. Subsidence 
monitoring diagram 
created using Excel 

software
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the displacement of soil particles through monitoring 
while utilizing these functions to analyze their distribu-
tion. Project monitoring involved the installation of 
NAK2 cameras, spaced 50 meters apart along the main 
axis of the tunnel. Additionally, cameras were placed at 
100-meter intervals along the eastern, western, and mid-
western sidewalks during TBM machine drilling opera-
tions. Table 3 provides an example that illustrates a situ-
ation where a camera, positioned 30 meters from the 
tunnel’s front face, recorded subsidence of approximate-
ly 8 mm. Using the data from Table 3, Figure 1 was 
generated with Excel software.

The monitoring data, analyzed using OriginLab soft-
ware, yields the following empirical formulas for the 
subsidence of the twin metro tunnels in Isfahan, derived 
from Boltzmann and Gaussian functions. The Boltz-
mann function graph, based on the data presented in Ta-
ble 3, is illustrated in Figure 2.

An inflection point was formed as a result of the dual 
impact brought about by the derivative of the formula 
mentioned earlier.

	  = ; ;

	 ; ;

	 ; ;

	

	

	

	 ;

	 ; 

So S1 cannot be zero.

	 ;

	 ;

Figure 2. Subsidence profile 
represented using a Boltzmann 
function
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	 ;

	 ; ;

	 ; ;

	 ; ; ; � (1)

Using the Boltzmann function analysis, the inflection 
point, denoted as i = x₀, was identified. Additionally, the 
total of the maximum subsidence and the subsidence 
values was outlined as Equations 2 and 3.

	 � (2)

	 � (3)

where A1 represents the initial volume or area, and A2 
denotes the reduced volume or area.

	  :  :

	 :  :

	  =  :

	  :  :

	  :  :

	  :

	  :  : 

	

	

	

	

Figure 3. Subsidence profile 
represented using a Gaussian 

function
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	  :

	

	 � (4)

The diagram of the Gaussian function, derived from 
the data in Table 3, is illustrated in Figure 3. An inflec-
tion point was generated through the dual effect of the 

derivative of the given formula. From the analysis of the 

Gaussian function, the inflection point  was 

identified, and the total of the maximum subsidence and 
subsidence was defined as Equations 5 and 6.

	 � (5)

	 � (6)

where A represents the initial excavated volume (or 

area), and  denotes the final excavated volume (or 
area).

Figure 4. Tunnel geometry and soil stratification for validating numerical models  
with data collected from the Western Scheldt tunnel project

Table 4. Geomechanical properties of soil layers at the Western Scheldt tunnel project site

Parameter
Soil Layers

Dike K1 Z1 BK1 BK2 GZ2 K2
γunsat (kN/m3) 19 18 18 18 17 17 17
γsat (kN/m3) 20 20 19 21 19.3 20.2 20
φ’ (deg.) 28 22 30 28 28 34 35
ψ (deg.) 0 0 0 0 0 4 0
c’ (kPa) 5 5 6.4 20 20 11.4 40
K0

nc (-) 0.53 0.63 0.50 0.53 0.53 0.40 0.36
E50

ref (kPa) 30000 24000 35000 25000 30000 30000 50000
Eoed

ref (kPa) 30000 24000 35000 25000 30000 30000 50000
Eur

ref (kPa) 90000 60000 80000 60000 100000 90000 180000
νur (-) 0.20 0.20 0.20 0.20 0.20 0.20 0.20
OCR (-) 1.0 1.0 1.0 2.7 2.8 2.5 3.0
G0

ref (kPa) 160000 150000 140000 65000 100000 110000 150000
γ0.7 (-) 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.00015
pref (kPa) 100 100 100 100 100 100 100
m (-) 0.7 0.7 0.5 0.7 0.7 0.5 0.7
Rf (-) 0.90 0.9 0.9 0.9 0.9 0.9 0.9
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2.5. Numerical Modelling

2.5.1. Validation of Numerical Modelling

Numerical modelling for the twin tunnels project be-
neath the Scheldt River in the Netherlands was validated 
using the finite element method through Plaxis 3D soft-
ware. Figure 4 illustrates the tunnel geometry and soil 
stratification, while Table 4 provides the geomechanical 
properties of the soil.

Table 5 presents the material specifications utilized to 
represent the final concrete cover and the TBM cover, 
while Figure 5 displays the tunnel with the TBM posi-
tioned at its ultimate location. In the illustration, the final 
concrete cover of the tunnel is shown via white elements, 
and the cover components of the machine are highlight-
ed using bold blue panels. The applied slurry pressure on 
the soil at both the excavation face and the tail end of the 

machine prior to the completion of the final concrete 
cover is also distinctly visible.

After performing the finite element analysis, the 
ground settlement changes obtained from the analysis 
were compared with the results of the modelling meas-
urements conducted by Zhao et al. (2015). Figure 6 il-
lustrates the ground settlement in the longitudinal and 
transverse directions. As shown in this figure, there is 
relatively good agreement between the modelling results 
in the present study and the measured settlement values, 
as well as the settlement values obtained from numerical 
modelling by previous researchers.

3. Results and Discussion

3.1. Numerical Modelling

Given that the accuracy of the numerical modelling 
using the above model is positively evaluated, the next 
step involves creating the numerical models required for 
the studies in question using the assumptions and model-
ling method outlined above. The modelling was con-
ducted using the hardening soil model (HS-S) with small 
strain for the excavation site of the twin tunnels of the 
Isfahan Metro at the Si-o-se-pol section, along with 
three other soil models. The parameters employed in this 
modelling are shown in Tables 6, 7 and 8.

Figure 5. Geometry of the numerical finite element model of the Western Scheldt tunnel project

Table 5. Specifications of the final concrete tunnel lining 
and TBM machine lining in numerical modelling

Parameter Tunnel lining TBM shield
γ (kN/m3) 24 38
E (kPa) 2.2E7 2.1E8
Thickness D (m) 0.45 0.35
ν (-) 0.2 0.3

Figure 6. Comparison of the results obtained from the land surface settlement in the longitudinal (right figure)  
and transverse (left figure) directions in the numerical model and comparison or measurements made  

in the Western Scheldt tunnel project and the numerical model of Zhao et al. (2015)
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3.1.1. Geometry and meshing of models

Figure 7 shows the geometric dimensions of the 
model parametrically. As seen in this figure, the distance 
from the axis of each tunnel to the lateral boundaries of 
the model is considered to be 5 times the diameter of the 
tunnel. Additionally, the depth of the bedrock, or the 
depth at which the deformations caused by tunnel exca-
vation become negligible, is located at a distance of 3 
times the diameter below the bottom of the tunnel. Con-
sidering that the parameter for the ratio of the distance 
between the tunnels is s/D and the parameter for the ratio 
of the depth of the tunnels is H/D, the dimension of the 
model in the horizontal direction perpendicular to the 
tunnel axis is equal to (10+s/D)*D, and in the vertical 
direction is equal to (4+H/D)*D.

The meshing of the model has been performed in a 
manner that ensures the speed of the model analysis is 
acceptable, while maintaining that the solutions are not 
influenced by the size of the elements. For this purpose, 
finer elements have been applied around the tunnels and 
coarser elements at more distant points. Figure 8 illus-
trates the meshing of a sample of the models. It is worth 
mentioning that, due to the modelling of the tunnel’s 
progression stages, the large number of analysis stages, 

and the extensive dimensions of the numerical model, 
using finer meshing significantly increases the calcula-
tion time to an extent that it poses considerable chal-
lenges in conducting the studies.

Figure 9 illustrates the tunnel progress from the be-
ginning to the completion of excavation. As shown in this 
figure, the right-hand tunnel is excavated first, followed 
by the excavation of the left-hand tunnel once the right-

Table 8. Geomechanical parameters of materials used in the analyses 

Parameter Soil 1 Soil 2 Soil 3 Tunnel lining TBM shield
γ (kN/m3) 19 18 17 24 38
E50

ref (kPa) 70000 35000 15000 2.2E7 2.1E8
m 0.3 0.5 0.7
φ’ (deg.) 36 30 24 - -
ψ (deg.) 6 0 0 - -
c’ (kPa) 2 10 20 - -
G0

ref (kPa) 180000 90000 40000 - -
γ0.7 0.0002 0.0002 0.0002 - -
ν (-) - - - 0.2 0.3
Thickness D (m) - - - 0.25 0.35

Table 6. Behavioural parameters studied in sensitivity analyses on the Si-o-se-pol section 

E50
ref (MPa) φ (deg.) c (kPa) γsat (kN/m3) Tunnels spacing ratio s/D (m) Tunnels depth ratio H/D (m)

15 10 2 16 1.25 1.2
40 30 10 17.5 2.6 2
65 36 20 19 4 3

Table 7. Geometric parameters studied in different 
numerical modelling 

Soil Types Tunnels spacing 
ratio s/D (m)

Tunnels depth 
ratio H/D (m)

Soil 1 1.25 1
Soil 2 1.5 2
Soil 3 2 3

hand tunnel is completed. The tunnel progress modelling 
process was consistent across all models and was similar 
to the one used for validation. Since it is not feasible to 
model only part of the geometry in the case of twin tun-
nels, the entire tunnel cross-section geometry must be 
modelled. To depict the portion of the tunnel being exca-
vated, sections need to be created to visualize the internal 
activity within the model. For this purpose, horizontal 
and vertical sections have been created in the figure be-
low to better illustrate the tunnel excavation process.

The numbering of the excavation stages is structured 
so that the initial stresses in the soil are first modelled 
before the tunnel excavation begins. Subsequently, the 
first tunnel is excavated in 27 stages, with each stage 
progressing in 2-meter increments. The initial location 
of the tunnel is chosen such that, given the 2-meter dis-
tance between the end of the TBM and the last installed 
lining segment, the head of the machine is positioned 18 
meters from the beginning of the model. The section un-
der study for settlement investigation is located 30 me-
ters from the start of the model. A total of 26 excavation 
stages corresponds to 52 meters of tunnel advancement, 
completing the excavation process for each line. There-
fore, at the conclusion of the excavation, the head of the 
TBM will be situated 70 meters from the beginning of 
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Figure 7. Parametric geometry  
of numerical models

Figure 8. Elementing of numerical models

Figure 9. Modelling the progress of twin tunnels in different stages including: stage zero (top left row),  
stage two at the beginning of the first tunnel excavation (top middle row), stage 12 in the middle of the first tunnel  

excavation (top right row), stage 27 after the completion of the first tunnel excavation and  
at the beginning of the second tunnel excavation (bottom left row), stage 37 in the middle of the second tunnel  

excavation (bottom middle row) and stage 54 at the end of the second tunnel excavation (bottom right row)

the model. To mitigate boundary effects, the model’s 
longitudinal dimension in the direction of the tunnels is 
set to 100 meters. A similar process as described above 
is followed for the excavation of the second tunnel. Con-
sequently, the total number of analysis stages amounts to 
54. As illustrated in the figure above, prior to the excava-
tion of the second tunnel, the soil elements within this 
tunnel remain active. As the excavation progresses, the 
soil elements along the tunnel’s longitudinal direction 
are deactivated. The pressure values used for each mod-
el, based on the tunnel’s depth, are selected to prevent 
significant deformations during excavation. In models 
where the tunnel depth is 1.0D, the slurry pressure at the 
excavation face starts at 90 kPa at the upper part and 
increases linearly at a rate of 15 kPa/m. For models 
where the tunnel depth is 2 and 3 times the tunnel diam-

eter, the pressure at the upper part of the cross-section is 
set to 180 and 270 kPa, respectively, while the pressure 
increase with depth remains consistent at 15 kPa/m 
across all models. In the case of slurry.

3.1.2. �Numerical Modelling (Comparison  
of numerical modelling with M-C  
and HS-S models)

Using three-dimensional Plaxis software and consider-
ing the Hardening Soil model with small strain (HS-S) 
and Mohr-Coulomb (M-C) behavioural models, the total 
subsidence was analyzed for the excavation of the twin 
metro tunnel at Si-o-se-pol station in Isfahan. As shown in 
Figures 10 to 12, the use of the M-C behavioural model 
results in unreasonable heave at the ground surface. This 
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Figure 10. Results of ground settlement with M-C and HS-S models along the longitudinal axis of Si-o-se-pol first tunnel.

Figure 11. Results of ground settlement with M-C and HS-S models at the end of Si-o-se-pol first tunnel.

Figure 12. Results of ground settlement with M-C and HS-S models at the end of Si-o-se-pol second tunnel.
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Figure 13. Numerical Analysis of subsidence with Plaxis 3D for Si-o-se-pol station

Figure 14. Results of numerical analysis with Plaxis 3D for Si-o-se-pol station

Figure 15. Results of numerical analysis with Plaxis 3D for soil tip 1
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Figure 17. Results of numerical analysis with Plaxis 3D for soil tip 3

Figure 16. Results of numerical analysis with Plaxis 3D for soil tip 2

is primarily because, in the M-C model, the loading and 
unloading moduli are considered identical, whereas in the 
HS-S behavioural model, these moduli are defined sepa-
rately and depend on the overall stress level. To compare 
the results obtained from the HS-S behavioural model and 
the Mohr-Coulomb (M-C) model, the settlement results 
along the longitudinal axis of Si-o-se-pol’s first tunnel, at 
the end of the excavation of Si-o-se-pol’s first tunnel, and 
at the end of the excavation of Si-o-se-pol’s second tunnel 
were analyzed and compared.

3.1.3 �Numerical Modelling Results by Hardening 
soil model with Small Strain (HS-S)

As shown in Figure 13, the maximum subsidence 
rate determined after the second tunnel was excavated.

In order to provide a numerical relationship, the effec-
tive parameters on the soil subsidence of the twin tunnel 
excavation for the Si-o-se-pol station and three other soil 

types were analyzed using three-dimensional Plaxis 
software (see Figure 14 to Figure 19).

3.1.4 �Numerical Modelling based on Genetic 
algorithms (GA)

The results of the numerical analysis were sensitivity-
analyzed for four types of soil using the genetic algo-
rithm (see Figure 20), and a numerical relationship was 
established.

In the end, numerical Equation 7 was proposed for 
the maximum subsidence by the genetic algorithm. The 
sum of the A and B parameters is shown in Table 9.

	 � (7)

The empirical formula, based on the Boltzmann func-
tion, indicates the subsidence, the maximum subsidence, 
and the inflection point of the following Equation 8.
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F. depth from the tunnel crown

Figure 18. Sensitivity analysis of effective parameters of soil subsidence in Si-o-se-pol station.

A. young’s modulus B. internal friction angle

C. cohesion D. specific gravity

E. distance between two tunnel

	 ; ; � (8)

Prediction of the settlement of twin tunnels using ex-
perimental and numerical formulas is illustrated in Fig-
ure 21.

4. Conclusions
This study examines the earth’s surface subsidence 

caused by tunnel excavation, utilizing the results of the 

survey. Based on the results obtained from the empirical 
formulation, we provide the maximum subsidence and 
inflection point curve. The recording of results using the 
NAK2 camera has been conducted to enhance the accu-
racy of the results per unit time, with two photo indices 
and corresponding information recorded. Additionally, 
by increasing the frequency of monitoring and data re-
cording, highly favourable results have been achieved. A 
strong correlation is observed between the maximum 
subsidence recorded during the earth’s monitoring and 
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F. depth from the tunnel crown (X=3(m))

Figure 19. Sensitivity analysis of effective parameters of soil subsidence in 3 types of soil.

A. young’s modulus B. internal friction angle

C. cohesion D. specific gravity

E. depth from the tunnel crown (X=1.5(m))
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Figure 20. The sum of the subsidence obtained by the genetic algorithm

the maximum subsidence and inflection point obtained 
from both experimental formulas.

Furthermore, the comparison of two behavioural 
models indicates that numerical analysis with the M-C 
behavioural model results in unreasonable uplift at the 
ground surface. This is primarily because, in the M-C 

model, the loading and unloading moduli are assumed to 
be identical, whereas, in the HS-S behavioural model, 
the loading and unloading moduli are defined separately 
and are dependent on the all-around stress level.

In this research, using three-dimensional Plaxis soft-
ware and the HS-S model, the parameters influencing 
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Figure 21. Prediction of settlement of twin tunnels using experimental and numerical formula

soil subsidence were analyzed for sensitivity concerning 
the Si-o-se-pol and three types of soil, employing a ge-
netic algorithm. Consequently, due to the close correla-
tion between the empirical and numerical relationships 
derived in this study, it is feasible to estimate the ground 
subsidence for Isfahan Metro Line 2, which is currently 
under excavation.
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SAŽETAK

Predviđanje slijeganja dvocijevnih tunela korištenjem genetskih algoritama  
– studija slučaja: Isfahan, Iran

Povećanjem urbanizacije i rasta stanovništva značajno se povećala potražnja za tunelima podzemne željeznice. Ti se 
tuneli često grade na malim dubinama i u neposrednoj blizini urbane infrastrukture. U takvim prilikama ključno je za-
štititi zgrade i druge građevine od potencijalne štete uzrokovane iskopavanjem tunela. Stoga je proučavanje pomaka tla 
i površinskih slijeganja u blizini tunela ključno za sigurnost površinskih građevina. Na temelju geotehničkih karakteri-
stika istraživanog područja i podataka prikupljenih tijekom iskopavanja dvocijevnih tunela s strojem za bušenje tunela 
(Tunnel Boring Machine TBM) u ovom istraživanju razvijena je empirijska metoda za procjenu slijeganja, maksimalnog 
slijeganja i točaka infleksije. Za derivaciju tih parametara korištene su Boltzmannove i Gaussove funkcije. Nakon toga 
provedena je analiza osjetljivosti pomoću 3D programa Plaxis za poprečni presjek Si-o-se-pol područja uzduž tri različi-
ta tipa tla. Zatim je predložena numerička veza za procjenjivanje maksimalnog slijeganja tla korištenjem genetskog algo-
ritma. Rezultati su pokazali snažnu usklađenost između empirijskih podataka i numeričkog pristupa primijenjenog u 
ovoj studiji. Zbog svega toga, ova saznanja omogućuju točnije predviđanje slijeganja tla za liniju podzemne željeznice 
Isfahan 2, koja je trenutno u fazi iskapanja.
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