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1. Introduction 
 

In recent years, mechanized shield tunneling is being 

used increasingly for tunnel excavation in urban areas 

owing to reduce buildings damage and excavation time (Lee 

et al. 2001, Ding et al. 2004, Do et al. 2013, Golpasand et 

al. 2018, Yu et al. 2019, Wang et al. 2019, Rezaei et al. 

2019, Xue et al. 2019, Liu et al. 2020, Rashiddel et al. 2020, 

Ramesh et al. 2020, Ramsheh et al. 2021). Due to the high 

cost of prefabricated segmental lining in shielded tunneling 

projects, further studies are necessary to design and  
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understand the segmental tunnel lining behavior accurately. 
As shown in Fig. 1(a), segments of a ring are linked by 
segmental joints (longitudinal joints) and ring by ring joints 
(circumferential joints) (Blom 2002, Koyama 2003, Hefny 
and Chua 2006, Huang et al. 2006, Zaheri et al. 2020). The 
segmental lining is generally designed as a continuous 
lining, while this assumption is a conservative 
simplification of the natural tunnel structure behavior 
because the lining bending moment increases (Wood 1975, 
Lee and Ge 2001). According to Fig. 1(b), the transmission 
of structural forces and stress distribution differs regarding 
the low flexural stiffness of longitudinal joints compared to 
a continuous lining (ITA 2000). As a result, the segmental 
joint's stiffness and geometry strongly influenced the 
deformations and structural forces in the segmental tunnel 
(Wood 1975, JSCE 2016). Therefore, the segmental lining 
behavior is significantly affected by the joints and 
connections stiffness (Do et al. 2013). Recent field 
observations and laboratory research have also revealed that 
leakages can be attributed to the lining joint deformations 
(opening, offset, rotation). This is relevant when the sealing 
performance of the segmental joints is also taken into 
account. The tunnel lining behavior is composed of 
structural and sealant behavior (Gong et al. 2020). 

In recent decades, many researchers have attempted to 

simulate the segment joints and investigate their effects on  
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Abstract.   The effect of segmental joints is one of main importance for the segmental lining design when tunnels are 

excavated by a mechanized process. In this paper, segmental tunnel linings are analyzed by two numerical methods, namely the 

Beam-Spring Method (BSM) and the Solid-Interface Method (SIM). For this purpose, the Tehran Subway Line 6 Tunnel is 

considered to be the reference case. Comprehensive 2D numerical simulations are performed considering the soil's calibrated 

plastic hardening model (PH). Also, an advanced 3D numerical model was used to obtain the stress relaxation value.  

The SIM numerical model is conducted to calculate the average rotational stiffness of the longitudinal joints considering the 

joints bending moment distribution and joints openings. Then, based on the BSM, a sensitivity analysis was performed to 

investigate the influence of the ground rigidity, depth to diameter ratios, slippage between the segment and ground, segment 

thickness, number of segments and pattern of joints. The findings indicate that when the longitudinal joints are flexible, the soil-

segment interaction effect is significant. The joint rotational stiffness effect becomes remarkable with increasing the segment 

thickness, segment number, and tunnel depth. The pattern of longitudinal joints, in addition to the joint stiffness ratio and 

number of segments, also depends on the placement of longitudinal joints of the key segment in the tunnel crown (similar to 

patterns B and B'). 
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the behavior of structures by analytical and numerical 
methods (Lee et al. 2001, Blom 2002, Koyama 2003, Ding 
et al. 2004, Hefny and Chua 2006, Huang et al. 2006, 
Luttikholt 2007, El Naggar and Hinchberger 2008, Arnau 
and Molins 2011, Do et al. 2013, Kavvadas et al. 2017, 
Nematollahi et al. 2018, Rashiddel et al. 2020). In general, 
direct and indirect methods are utilized to consider the 
segmental and ring joints. The tunnel structure is supposed 
as a rigid ring without segment joints in an indirect 
approach. The impact of the joints is then considered 
through a reduction coefficient of the bending rigidity. 
Among the limitations of this method the incapability to 
consider the geometry and configuration of joints could be 
mentioned. In contrast, the joints are considered directly in 
the lining in the direct method. The influence of segmental 
joints through the indirect method was considered by Wood 
(1975). An empirical equation was proposed using the 
effective moment of inertia method to calculate the 
reduction coefficient of the bending rigidity, as in Eq. (1). 
Furthermore, using laboratory tests, the Japanese Society of 
Civil Engineers (JSCE 2016) indirectly considered the 
segmental joint bending rigidity. A reduction factor of the 
bending rigidity (η) between 20% and 40% and a transfer 
coefficient of the bending moment (ζ) between 30% and 
50% are used to take into account the segmental joints 
(Koyama 2003, Guglielmetti et al. 2007, Teachavorasinskun 
and Chub-Uppakarn 2010, Yu et al. 2019). No equations 
were provided to calculate the bending moment 
transmission coefficient (ζ) amount under lining 
configuration and buried condition (Liu et al. 2022). 

𝐼𝑒 = 𝐼𝑗 + (
4

𝑛
)

2

𝐼          (𝐼𝑒 ≤ 𝐼, 𝑛 > 4) 
(1) 

where Ij is the moment of inertia in the joint location, I is 

the tunnel lining moment of inertia, and n is the number of 

joints in the lining. 

Numerical methods were used simultaneously with 

other methods to analyze the segmental tunnel lining 

behavior. In this regard, two general approaches were 

developed. The first approach (ground-spring model) deals 

with the tunnel structure modeling, and the ground loads are 

transferred to the lining through separate springs (Blom 

2002, Klappers et al. 2006, Oreste 2007, Do et al. 2013, 

Chaipanna and Jongpradist 2019). In the second approach  

 

 

(geotechnical model), the tunnel lining's structural behavior 

and the surrounding ground are considered (Do et al. 2013). 

Using the Finite Element Method (FEM), Hefny and Chua  
(2006) simulated a 6 m diameter tunnel segmental lining. 
The number of segments and joint patterns has significantly 
impacted the maximum bending moment. Using the FEM, 
Teachavorasinskun and Chub-Uppakarn (2010) investigated 
the bending moment distribution on a segmental lining. The 
obtained results showed that the rotational stiffness of 
segmental joints ranges from 1 to 3 MN.m/rad/m. Arnau 
and Molins (2011) analyzed a segmental tunnel lining using 
a full-scale in-situ model and FEM software in two and 
three dimensions. Based on their results, the rotational 
stiffness of the segmental joints is estimated between 40 to 
80 MN.m/rad/m. Do et al. (2013) simulated the segmental 
tunnel structure using the FDM (Finite Difference Method). 
The numerical results showed that the number of joints 
greatly impacts the overall bending moment when the 
coefficient of lateral earth pressure is lower or higher than 
unity (K0≠1). In comparison with rotational stiffness, Axial 
and radial stiffness has a negligible impact on the action of 
the segmental tunnel structure. Similarly, Guan et al. (2015) 
simulated the segmental tunnel lining using FDM. They 
found that the effective ratio of bending rigidity increased 
intensely by improving the soil properties.  An advanced 
three-dimensional numerical simulation of the shield-driven 
tunneling method was developed by Kavvadas et al. (2017) 
using FEM. They assumed the rotational stiffness of 
segmental joints equal to 230 MN.m/rad/m. They showed a 
significant increase in the lining rigidity due to staggering 
joints, which were close to the stiffness of a continuous one. 
In the study of Nematollahi et al. (2018), the segmental 
joints were simulated with an oblique angle to the tunnel 
axis and compared with segmental lining results with 
straight joints. It has permitted us to show the importance of 
accurate modeling of the segmental joint geometry. 
Ebrahimi et al. (2020) simulated the opening construction 
influence in the segmental lining using a 3D finite element 
simulation. Their model considered the interaction between 
longitudinal joints using a friction coefficient and solid 
elements. 

Segmental joint behavior was represented using the 
stiffness characteristics of the joint connection using 
rotational, axial, and radial springs (Do et al. 2013, 
Kavvadas et al. 2017, Nematollahi et al. 2018). Researchers 

  

(a) Staggered configuration of joints with other details 
(b) Deformability of segmental lining versus continuous 

lining 

Fig. 1 Segmental tunnel structure 
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used various values for segmental joint rotational stiffness, 
but the accuracy of these values was not evaluated. Multiple 

methods are available to measure segmental joint rotational 

stiffness. Janssen (1983) proposed a simple theoretical 

model to describe the bending moment behavior of 

segmental joints. These joints were modeled by an 

equivalent concrete beam between two adjacent segments. 

However, Janssen's theoretical model cannot account for the 

extra joint rotation in the elastic phase for thin longitudinal 

joints. According to the applied assumptions in this model, 

the longitudinal joints were considered closed in the elastic 

phase of the real condition. This assumption can only be 

used for a thick segmental lining (Luttikholt 2007). Van Der 

Vliet (2006) performed a two-dimensional finite element 

analysis of joints under normal load and bending moment 

for comparison with Janssen's (1983) and Gladwell's (1980) 

analytical methods. He found the theoretical relation of 

Gladwell (1980) in good agreement with the numerical 

method of the finite element. Nevertheless, analytical 

methods for calculating the joint rotational stiffness have 

limitations. 

Due to the limitations of the above methods, this paper 

used a new method, SIM, to calculate and extract the 

rotational stiffness of longitudinal joints. This method 

eliminates the cost of using large-scale tests to determine 

rotational stiffness. In the SIM method, the rotational 

stiffness of each segmental lining longitudinal joint is 

evaluated. The rotational stiffness of the joints is also 

determined under positive and negative bending moments. 

In this paper, the segmented structure of the Tehran 

Subway is studied in two and three dimensions using BSM 

and SIM approaches. A new model is presented in this 

research to analyze the segmented tunnel structure action 

(SIM). The body and longitudinal joints of the segments are 

simulated using components of the solid and interface 

elements, respectively. Accurately, the SIM model 

calculates the rotational stiffness of the segmental joints. 

This parameter is then used to carry out a comprehensive 

parametric analysis in the BSM models. 

 

 

2. BSM and SIM numerical methods 
 

The segmental tunnel lining analysis methods can be 

divided into several categories by Lee et al. (2001), 

Koyama (2003), Huang et al. (2006), and JSCE (2016), 

including a ring with uniform flexural rigidity (no joints), 

Multi-Hinged ring and Beam-Spring model. The simplest 

way to simulate tunnel lining is to use a beam element 

(Luttikholt 2007). In the Beam-Spring method, the 

segmental tunnel lining is assumed as rings with rotational 

and shear springs. Moreover, segments are simulated as 

straight or curved beams while the longitudinal and 

circumferential joints are respectively considered using 

rotational and shear springs. If the rotational stiffness in the 

Beam-Spring model is set equal to zero, it becomes a 

Multiple Hinged joints model. In the case of assuming 

infinity for stiffness, it converts to the no joints method. The 

Beam-Spring model is suitable to investigate the bending 

rigidity reduction and the effect of segmental joints as a 

staggering pattern (Huang et al. 2006, JSCE 2016).  

 

 

Calculation of the rotational stiffness in segmental joints is 

essential in this method and depends on various factors. 

This paper uses the SIM model as a new method to 

calculate the longitudinal joint's rotational stiffness. Fig. 2 

shows a schematic description of the BSM and SIM models 

versus the well-known Beam-Spring method. 
Although solid elements are more precise than beam and 

shell elements, they have a higher calculation time due to 
their geometric complexity (Yanzhi et al. 2014). Despite 
this disadvantage, due to the exact element shape 
generation, the joint rotational stiffness does not have to be 
computed to simulate the segmental joint behavior, which is 
a significant advantage. Obtaining the joint rotational 
stiffness requires full-scale in-situ tests, which are costly 
and time-consuming. Considering a non-linear rotational 
stiffness of segmental joints is another advantage of the 
SIM approach. Regarding the real segmental joints shape in 
the SIM model, joints exposed to a positive bending 
moment will show more stiffness than joints subjected to a 
negative one (Lee et al. 2001, Andreotti et al. 2020). 
According to Lee et al. (2001), the longitudinal joint's 
rotational stiffness with a positive bending moment is 2 or 3 
times greater than the longitudinal joints with a negative 
bending moment. The connection between segment-
segment and soil-segment is considered by setting an 
interface element. This element can simulate a normal and 
shear interaction between two materials in contact. The 
parameters related to the interface elements are chosen 
according to their mode of functioning (Itasca 2016): 

1. An interface harder than the material around, allowing 

a slip and probably opening (interface between 

segment-segment). 

2. An interface soft enough to affect the system's 

performance (interface between soil-segment). 

 

 

3. Case study 
 

A cross-section of the Tehran Subway Line 6 Tunnel 

was selected as a reference case. Line 6 begins from the 

 

(a) SIM and BSM model in this paper 

 

(b) Known model for the Beam-Spring method 

Fig. 2 Schematic view of the longitudinal joints modeling  
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southeast and ends in the northwest of the city, the longest 

and most popular tunnel route in Tehran. In the initial plan, 

27 stations were built over 30 km. As the city expands, a 

growth plan of four additional stations (27+4 stations) for 

10 km (30+10 km) has been considered. According to Fig. 

3, a schematic shape is shown from the transverse section of 

the Line 6 Tunnel. It includes two layers, sandy clay (L1), 

clayey sand, and clayey gravel (L2) (BHSL-612). This 

transverse section was selected as the reference for the 

numerical simulations regarding the soil height, water table, 

soil strength parameters, and the longitudinal geological 

profile. 

 
3.1 Soil model and calibration of soil rigidities 
 

The selection of appropriate constitutive models for 

soils is important for the tunneling process's numerical 

modeling and, consequently, the correct prediction of the 

lining pressures. Considering that a constant stiffness would 

not be an appropriate approximation for a detailed study of 

surface settlements for all shear strain levels (Hejazi et al. 

2008). Shear and volumetric hardening are the constituent 

plastic hardening model for the soil behavior simulation. 

The model is characterized by the hyperbolic stress-

straining relationship in drained axial compression (while 

unloading/reloading is elastic) and stress dependency 

defined by a power law. It also includes shear and 

volumetric hardening regulations and the Mohr-Coulomb 

failure criterion. Also, the soil compressibility is explained 

by three non-linear rigidities concerning the stress levels 

(𝐸50
𝑟𝑒𝑓

− 𝐸𝑜𝑒𝑑
𝑟𝑒𝑓

− 𝐸𝑢𝑟
𝑟𝑒𝑓

). The first numerical modeling step is 

the soil mechanical parameters calibration using the on-site 

monitoring data. At this stage, soil rigidity parameters are 

calibrated using the settlement monitoring data. 

Using surveying equipment, monitoring allowed to 

collect data. Indicator pins were used to track surface 

settlements. These pins were installed above the tunnel 

centerline, parallel to the tunnel path. Fig. 4 displays the 

surface settlements collected for the reference case. 

According to this figure, the surface settlements were 

monitored at five points above the ground. The maximum 

surface settlement derived from the monitoring data equals 

36 mm. As mentioned, rigidity parameters for the soil layers 

( 𝐸50
𝑟𝑒𝑓

− 𝐸𝑜𝑒𝑑
𝑟𝑒𝑓

− 𝐸𝑢𝑟
𝑟𝑒𝑓

) are calibrated using the surface 

settlement monitoring results. Table 1 displays all the soil 

characteristics for the considered cross-section. 

 

 

 

 
Fig. 4 Cumulative surface settlements at the monitored 

section 

 

Table 1 Hardening Soil properties for the ground layers 

(Darya Khak Pey Consulting Engineers 2009) 

Parameters Symbol Values Values Unit 

Soil stratum L  L1(CL) L2(SC-GC) - 

Range h  0-9 9-68 m 

Dry density 
dry

  1710 1700 Kg/m3 

Saturated density sat  2100 2100 Kg/m3 

Young's Modulus E  15 100 MPa 

Secant Young's 

Modulus 50

ref
E  20 133 MPa 

Unloading-

reloading Young's 

Modulus 

ref

ur
E  60 400 MPa 

Oedometric 

Young's Modulus 
ref

oed
E  16 106.5 MPa 

Poisson's ratio   0.4 0.35 - 

Poisson's ratio of 

PH model PH  0.2 0.2 - 

Cohesion C  35 30 kPa 

Friction angle 

 28 30 Degree 

In-situ stress ratio 0K  0.5 0.65 - 

K0-value for normal 

consolidation 0

nc
K  0.53 0.5 - 

A janbu-type 

parameter 
m  0.5 0.5 - 

Failure ratio fR  0.9 0.9 - 

Reference pressure ref
P  100 100 kPa 

 

 

3.2 Mechanical and geometrical parameters of the 
segmental lining 

 

Each concrete ring is formed by two trapezoidal, one 

key, and six rectangular segments. Each prefabricated 

concrete ring's width is equal to 1.5 m with a 0.35 m 

thickness, and the outer diameter is equal to 8.85 m. The 

shape of the entire ring can be found in Fig. 5(a). In Fig. 

5(b), the longitudinal joints are equipped with grooves for 

the guiding rods and the circumferential joint is plain. 

Adjacent rings are connected with dowels (GMBH 

Consulting Engineers 2011). To simulate the segmental 

structure, a linear-elastic model is used. Table 2 displays the 

mechanical and geometrical features of the tunnel structure 

used on Tehran Subway Line 6. The characteristics of the 

shield EPB-TBM (Earth Pressure Balance-Tunnel Boring 

Machine) are shown in Table 3.  
 

Fig. 3 Selected cross-section (reference case) 
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4. Numerical simulation of the segmental lining 

 

4.1 Three-dimensional model (calculate stress 
relaxation) 

 

The tunnel face's three-dimensional effect should be 

considered if the tunnel is analyzed in 2D plain strain 

conditions. The displacement of the tunnel crown starts 

from the unexcavated section and increases as it approaches 

the tunnel face. All of these deformations are related to the 

third dimension parallel to the tunnel's axis. In a two-

dimensional model, it should be considered using a stress 

relaxation parameter. The three-dimensional building 

tunnels process is established in 2D models using a stress 

relaxation coefficient (λd) and the Convergence - 

Confinement method (CV-CF) (Eq. (2)). The pressure 

reduction on the tunnel wall enables the effect of the 

forward tunnel breast to be simulated. 

𝜎 = (1 − 𝜆𝑑)𝜎0 (2) 

where 𝜎 is the pressure at the tunnel crust (kPa), 𝜎0 is the 

in-situ stress in the ground (kPa), and 𝜆𝑑  is the stress 

relaxation coefficient. 

Given that our reference case is in reality excavated and 

supported, we do not look at tunnel lining modeling and 

design as an original design, so it is not possible to use the 

GRC curve to determine the optimal stress relaxation 

coefficient (because the design TBM, shield, tunnel lining, 

and grout injection were already done). Two methods are 

then possible. The first method is to use the settlement 

monitoring results. The second method uses an advanced 

three-dimensional model by considering the conical shield 

and over-excavation. Because monitoring data were used to 

calibrate the soil rigidity in 2D models, it is impossible to 

use monitoring data simultaneously to find the stress 

relaxation coefficient. Therefore, according to the field 

conditions, a three-dimensional model is used.  

According to Fig. 6, the three-dimensional numerical 

model was considered and can model the following 

processes, including grout injection, segmental lining, and 

conical shield, to find the stress relaxation coefficient of the 

two-dimensional model. Nematollahi and Dias (2019)  

 

 

 

 

(a) Assembled segments 

 
(b) Details of the segment 

Fig. 5 Three-dimensional view of the segmental tunnel 

structure 

 

 

method was used to simulate the conical of the TBM shield. 

The shell element was used to model the conical shield and 

also the liner element was used to model the segments and 

the segmental and ring joints were modeled using the link 

element with 6 degrees of freedom. The rotational stiffness 

of the segmental joints was calculated using the SIM 

method presented in the following sections. According to 

the equation of the Dutch Centre Underground Bowen 

(COB), face pressure in the three-dimensional numerical 

model was obtained (Guglielmetti et al. 2007). The amount 

of face pressure is 281.5 kPa with a gradient of 12.7 kPa. 

Fig. 7 shows the vertical and horizontal displacement 

contours in the 3D model of the tunnel. According to Fig. 

7(a), the maximum surface settlement is about 33 mm and it 

differs 3 mm from the surface settlement monitoring results.  

Table 2 Concrete ring characteristics in Tehran Subway Line 6 (GMBH Consulting Engineers 2011) 

Width of the 

lining ring 

Outer 

diameter of 

the ring 

 

Segment 

effective 

thickness 

Segment 

thickness 

 

Uniaxial 

compressive 

strength 

Poisson's ratio 

 

Young's 

Modulus 

Unit weight 

 

l (mm) D (mm) te (mm) t (mm) fc (MPa) ν E (GPa) γ (kN/m3) 

1500 8850 245 350 35 0.2 27.8 25 

Table 3 Shield parameters in Tehran Subway Line 6 (Herrenknecht 2009) 

Cutter head 

(Excavation 

diameter) 

Tail skin 

(diameter) 

Front shield 

(diameter) 

Length of the 

shield 

Shield 

thickness 

 

Poisson's ratio 

 

Young's 

Modulus 

 

Unit weight 

D (mm) D (mm) D (mm) l (mm) t (mm) ν E (GPa) γ (kN/m3) 

9190 9120 9150 9250 100 0.3 210 78.50 
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This low difference indicates the accuracy of advanced 3D 

modeling of mechanized tunnels. Also, the Mohr-Coulomb 

constitutive model (MC) for soil is used in the 3D model . 

The high displacement of the tunnel invert is due to the MC 

model in Fig. 7(a). According to Fig. 7(b), the maximum 

displacement of the tunnel face is about 2.16 cm and it is 

less than one-hundredth of the tunnel radius. Finally, the 

tunnel face is stable. According to this 3D numerical model, 

the stress relaxation coefficient due to the third dimension 

was obtained equal to 0.6 and used in the SIM and BSM 

models. 

 
4.2 Two-dimensional model (SIM model) 
 

The actual thickness and rectangular section of the 

concrete lining can be numerically simulated using solid  

 

 
Fig. 8 SIM model with interfaces, soil meshing, and 

segment meshing 

 

 

elements (Rashiddel et al. 2020).  Thus, this part simulates 

the segmental tunnel structure using solid components, 

whereas interface components establish the connection and 

rotation of the segmental joints. The model shown in Fig. 8 

indicates the segmental structure selected SIM. According 

to this figure, the mesh size of the segment used in the SIM 

is 3.5 cm. The total length of the numerical model is 140 m 

and its height is 68 m. These geometry and mesh sizes were 

selected according to a sensitivity analysis. The lower 

boundary is fixed horizontally and vertically. The lateral 

boundaries are fixed horizontally. According to this figure,  

 

(a) Geometry and meshing 

 
(b) Configuration of joints and segments 

 
(c) Details of 3D numerical model 

Fig. 6 Three-dimensional numerical model  

 

(a) Vertical displacement 

 
(b) Horizontal displacement 

Fig. 7 Displacement contours of 3D model 
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Table 4 Interface properties for the segment-segment 

interaction (SIM model) (Rashiddel et al. 2020) 

Parameter Symbol Value 

Normal stiffness coefficient (Pa/m) KN 8.81012 

Shear stiffness coefficient (Pa/m) KS 8.81012 

Cohesion (Pa) C 0.0 

Dilation angle ( ) ψ 0.0 

Friction angle ( ) φ 35.0 

Tensile bond strength (Pa) T 0.0 

Shear bond strength ratio S 100 

 

Table 5 Interface properties for the soil-segment interaction 

(SIM and BSM models) (Rashiddel et al. 2020) 

Parameter Symbol Value 

Radial rigidity coefficient (Pa/m) Kr 1.72108 

Tangential rigidity coefficient (Pa/m) Kt 5.73107 

Cohesion (Pa) C 20103 

Dilation angle ( ) ψ 0.0 

Friction angle ( ) φ 17.0 

Tensile bond strength (Pa) T 6.7104 

Shear bond strength ratio S 100 

 

 

nine unbonded interfaces are located on the longitudinal 

joint thickness. The slide and separation behavior of 

segmental joints must be modeled on the unbonded 

interface (zero tensile bond strength). Table 4 provides the 

properties for the interface components of the segmental 

joints. The interaction between segments and soil is also 

built with a bonded interface feature in Fig. 8. Table 5 

presents the properties used for soil-segment interface 

components. 

For slipped and separated interfaces, their normal and 

shear stiffness can be calculated using the equivalent 

stiffness of surrounding material, like the interface at the 

contact of the segmental joints. In Table 4, the longitudinal 

joint's normal and shear stiffness are determined using a 

rule of thumb approximately ten times the stiffest adjacent 

zone's equivalent stiffness by Eq. (3) (Itasca 2016). In 

contrast, interfaces between segment and soil must use 

actual values of the normal and shear rigidities (for softer 

interfaces than the surrounding materials). In Table 5, the 

radial spring rigidity (Kr) on the interface soil-segment with 

Eq. (4) was determined using Winkler's hypothesis, which 

matches the closed-form solution of the elastic ground 

circular tunnel. 

Also, in the equation suggested by Plizzari and Tiberti 

(2006), the tangential spring rigidity (Kt) was also 

considered by using Eq. (5) (Molins and Arnau 2011). 

ES (Equivalent Stiffness)= 𝑚𝑎𝑥 [
(𝐾+

4

3
𝐺)

∆𝑧𝑚𝑖𝑛
] (3) 

where K and G are the bulk and shear modulus, 

respectively, and ∆𝑧𝑚𝑖𝑛 is the smallest dimension of the 

neighboring zone in the normal direction. 

𝐾𝑟 =
𝐸𝑠

𝑅(1 + 𝜈)
 (4) 

𝐾𝑡 =
𝐾𝑟

3
 (5) 

where Es is the Young's Modulus of soil (Pa), R is the 

external lining radius (m), and ν is the soil Poisson's ratio. 

 
4.3 Two-dimensional model (BSM model) 
  

In the selected cross-section, the stress relaxation 

coefficient to be considered equal to 0.6 to obtain a 3 cm 

displacement at the excavation crown (for Phase 2). This is 

achievable on the in-situ ground as the TBM has 4 cm of 

overcutting in diameter and 3 cm because of its conical 

shield in diameter. A sensitivity analysis was conducted to 

eschew the impact of boundaries on results. The overall 

length of the BSM is 140 meters, and the height of the 

numerical model is 68 meters, as indicated in Fig. 9. 

The number of elements used for the beam structural 

elements is equal to 408 elements and the largest grout 

mesh size is 7 cm. Drained conditions have been used for 

the BSM and SIM models because of the high soil 

permeability (10-5 m/s). Under these conditions, drained soil 

parameters are used. The soil-segment interface 

components in the BSM and SIM models shall be subject to 

the parameters used in Table 5. 

 

4.4 Tunneling process in 2D models 
 

The numerical stages of shield tunneling are simulated 

based on the field stages: 

• Phase 0 (Initial State): The material properties 

were allocated after geometry and mesh generation. Then 

the initial conditions for boundary conditions and stresses 

were also determined. In the end, the model hits an initial 

balance. 

• Phase 1 (Initial State): When a surface charge of 

20 kPa is applied because of the traffic load at the upper 

border, the model achieves a balance status. 

• Phase 2 (shield installation): The first point is 

the initialization of deformations due to the former balance. 

The tunnel is excavated, the TBM shield is mounted, and 

the model is solved. 

• Phase 3 (stress relaxation): Next, a 0.6 stress 

relaxation coefficient (0.3 ≤ 𝜆𝑑 ≤ 0.7) is used to remove 

the shield. The relaxation coefficient value is obtained from 

3D advanced numerical simulations. The BSM and SIM 

models used the same relaxation value. 

• Phase 4 (segment installation and tail void 

grouting): After installation of the solid grout for a 

thickness of 13.5 cm and the segmental ring, considering 

maximum stress relaxation factor (𝜆𝑑=1), in the excavated 

ground area and on the segmented structure is applied the 

grout injection pressure (normal pressure). 

• Phase 5 (grout hardening): At this point, the 

grout injection pressure was removed, and the consolidated 

grout parameters (1-day grout properties) were taken into 

account. 
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• Phase 6 (grout hardening): The parameters of 

the 28-day grout properties are taken into account at this 

point 

 
4.5 Results in terms of settlements 
 
As shown in Fig. 10, both the BSM and SIM models 

have been studied with settlement monitoring results in Fig. 

4 to calibrate the secant Young's Modulus using measured 

surface settlement curves. Therefore, there is a strong 

agreement between the numerical and monitoring outcomes 

in the maximum settlement. The impact of tunnel face on 

settlement in 2D models should be mentioned by using the 

2D axial symmetry numerical model, according to Ramesh 

et al. (2020) added. According to Fig. 10, the difference in 

the settlement curve in the left-hand area is related to 

surcharges such as buildings with different weights on the 

right tunnel side or the presence of a greenfield area on the 

left tunnel side (Stiros and Kontogianni 2009, Kontogianni 

and Stiros 2020). Due to lack of data, in numerical 

modeling, a uniform constant load is considered at the 

ground surface. 

 
4.6 Rotational stiffness efforts 
 
The Solid-Interface model has a certain  bending 

moment distribution,  Because SIM models the real segment 

thickness and interface. The SIM model gives the fixed 

bending moment in the joint's location. It was then divided 

to the  rotational opening of the joints, Kθ=M/θ (based on 

the bending moment created at the joint's positions and the 

amount of joints opening). The average values of the joint's 

rotational stiffness in the SIM model were obtained with a 

mathematical method to assign the average values of the 

rotational stiffness of the joints in the BSM.  Ultimately, the 

rotational stiffness captured is 118 MN.m/rad/m. This 

amount is similar to Koyama (2003) and Do et al. (2013) 

results. The plastic moment capacity in the longitudinal 

joint of the Beam-Spring model was calculated by Eq. (6) 

(Itasca 2016, Rashiddel et al. 2020). 

𝑀𝑝 = 𝜎𝑦 [
𝑏ℎ2

4
] (6) 

 

 

 

 

where Mp is the plastic moment, b and h are the width and 

effective thickness of the segment, respectively, and σy is 

the yield stress of the segment section. 

In Fig. 11, both the SIM and BSM models are presented 

with bending moment distributions. The small difference 

between the segmental BSM and SIM models on the invert 

of the tunnel (θ=180) is for reason the segment joint's high 

stiffness at a positive bending moment. In the continuous 

structure for the BSM model, the maximum bending 

moment is the same as 27.1 kN.m/m. The values of the 

maximum bending moment in the segmental models of the 

SIM and BSM are 20.1 and 18.1 kN.m/m, respectively. The 

lower bending moment in the Hinged-BSM simulations is 

supposed to be the tunnel structure with hinged joints. As 

shown in Fig. 11, the longitudinal joints of the segmental 

structure can be subjected to positive and negative bending  

 

(a) Geometry and meshing 
(b) Rotational spring's position, segment, and 

fresh grout 

Fig. 9 BSM model 

 
Fig. 10 Surface settlement troughs obtained by the BSM, 

SIM models, and monitoring data 

 

Fig. 11 Distribution of bending moment in tunnel lining 
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moments, therefore, exhibit different behavior. This 

different behavior is due to the loading conditions. The 

BSM model is an equivalent method and considers the same 

stiffness for the longitudinal joint springs. Due to the 

complexity of the segment geometry modeling in the SIM 

model and its expensive calculation time, using it only to 

obtain the longitudinal joint's rotational stiffness is 

recommended. Consequently, the BSM model is used for 

parametric analysis in this study. 

 

 
5. Parametric Analysis by the BSM model 
 

A parametric analysis was conducted to 

comprehensively explore the segmental tunnel lining 

behavior for different conditions. All parametric analysis 

used the reference case data and the following items: 

• The surrounding ground of the tunnel is 

considered homogeneous and completely dry. 

• The stress relaxation of the surrounding tunnel 

ground is not considered to accept the worst situation for 

the tunnel structure's internal forces. 

• The Plastic Hardening constitutive model is used 

for the ground in one layer (L2 (SC-GC)). 

In order to present the relationship between the internal 

structural forces and displacement for different joint 

stiffness, a dimensionless parameter called the joint 

stiffness ratio (λ=Kθl/EI) to describe the relative joint 

stiffness is added over the segment body stiffness (Lee et al. 

2001, Naggar and Hinchberger 2008). The calculation 

length l is usually taken equal to 1 m to represent a typical 

unit length. The parameter EI is the bending rigidity of 

continuous tunnel support. 

 
5.1 Influence of ground Young's Modulus (ES) 
 
A Young's Modulus in the range between 10 to 500 MPa 

is considered for the following parametric analysis. It 

permits an investigation of Young's Modulus values for soft 

soils to soft rocks. For a comprehensive study, joint stiffness 

ratios equal to 0.02, 0.2, and 2 are used. A no-slip mode 

between the structure and the surrounding ground is 

considered. The distribution of the maximum bending 

moment along the tunnel structure versus Young's Modulus 

is illustrated in Fig. 12(a). This figure shows that the lining 

segmentation effect on the bending moment is insignificant 

for Young's Modulus higher than 150 MPa. In other words, 

the tunnel lining segmentation effect on the bending 

moment is more remarkable for soft soils. By increasing the 

segmental joint flexibility, the maximum bending moment 

is significantly reduced. This result is similar to Do et al. 

(2013) and Hefny and Chua (2006). Fig. 12(b) shows the 

maximum normal force in the tunnel lining for various 

Young's Modulus. According to this figure, the segmental 

lining does not affect the normal force in the lining. The 

same behavior is seen by increasing the elastic modulus for 

the continuous and segmental linings considering different 

joint stiffness ratios. 

 
5.2. Influence of the ground-segment interaction 
 

According to in-situ tests, Molins and Arnau (2011) 

found that considering a perfect tangential rigidity (𝐾𝑡 =
𝐾𝑟

3
) 

between the lining and soil in numerical modeling would 

provide the best fitting results with in-situ outputs. The 

decrease in tangential rigidity reduced the maximum axial 

stress, a smoothing distribution, and an increase of the 

stresses induced at the invert lining zone. Because of this, 

the slippage plays a vital role in the ground-segment 

interaction, especially in complex ground conditions. 

According to the previous studies, sliding at the ground-

segment interface is only probable for tunnels constructed 

in very soft soils, in cases where the seismic loading 

intensity is high, and when the grout is at a liquid state. 

Therefore, the ground-segment interaction should be 

investigated for three modes: no-slip, full-slip, and real state 

condition (between no-slip and full-slip modes). The full 

and no-slip modes are modeled on the interaction between 

the segments and the ground around the tunnel as follows 

(Sedarat et al. 2009): 

A) In the direction normal to the segment, ground and 

segment are entirely connected. 

B) Full-slip and no-slip modes are modeled in the 

tangential direction on the tunnel lining. There is a complete 

tangential adhesion between the ground and the tunnel 

lining in the no-slip state. As a result, a glued interface with 

normal and shear rigidity coefficients (equivalent to attach) 

is used at the ground-structure interface (According to Eq. 

(3)). While in a full-slip state, no friction is considered 

between the ground and lining structure, and the tangential 

resistance is zero. A bonded interface element with a certain 

normal rigidity coefficient is used to simulate a complete  

 

(a) Maximum bending moment 

 
(b) Maximum normal force 

Fig. 12 Variation of the maximum internal forces in the 

tunnel lining with the soil Young's Modulus 
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(a) Continuous lining (b)  Segmental lining with λ equal 2 

 
(c) Segmental lining with λ equal 0.02 

Fig. 13 Variation of the maximum bending moment in the tunnel lining for various Young's Modulus and various 

structure-ground conditions 

  
(a) Continuous lining (b) Segmental lining with λ equal 2 

 
(c) Segmental lining with λ equal 0.02 

Fig. 14 Variation of the maximum normal force in the lining for various Young's Modulus and various structure-ground 

conditions 
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full-slip condition (Eq. (3)), and a nominal tangential 

rigidity coefficient equal to 1000 Pa/m is used. Moreover, 

the normal and tangential rigidity coefficients for real slip 

conditions were determined by Winkler's hypothesis (Eqs. 

(4) and (5)). 

Fig. 13(a) displays the maximum bending moment 

distribution induced in the continuous lining for different 

ground Young's Modulus. According to this figure, for 

Young's Modulus above 150 MPa, ground-structure 

interaction conditions do not affect the caused maximum 

bending moment in the lining. In addition, for values lower 

than 150 MPa under real slip conditions, the lowest 

maximum bending moment was observed. The increase of 

the Young's Modulus reduces the overall bending moment 

in the lining. The maximum bending moment caused in the 

segmental structure with a λ equal to 2 versus Young's 

Modulus is shown in Fig. 13(b). According to this figure, 

for Young's Modulus above 150 MPa, different interaction 

conditions do not affect the induced maximum bending 

moment. Also, the lowest maximum bending moment was 

observed for values lower than 150 MPa under real slip 

conditions. The maximum bending moment caused in the 

segmental structure with λ equal to 0.02 versus Young's 

Modulus is shown in Fig. 13(c). According to this figure, 

the different interaction conditions affect the maximum 

bending moment for all Young's Modulus. Using the real 

soil-structure interaction is important and induces a 

noticeable decrease in the maximum bending moment.  

 

 

According to the results presented in Figs. 13, it can be 

seen that in soft soils, the soil-structure interaction has a 

significant effect on the tunnel lining bending moment. 

The normal force distribution caused in the continuous 

and segmental structures (λ equal 0.02 and 2) for different 

Young's Modulus is presented in Figs. 14(a)-14(c). 

Regarding these figures, the normal forces decrease by 

increasing the Young's Modulus for both continuous lining 

and segmental lining (no-slip and full-slip conditions). In 

real-slip conditions for all Young's Modulus values, 

increasing the Young's Modulus has no effect on the 

induced normal forces for the continuous and segmental 

lining. Consequently, from Figs. 13 and 14, it can be 

concluded that the real-slip condition permits an optimum 

design definition. The no-slip and full-slip conditions will 

induce an overestimated design. Finally, the real-slip 

conditions between the lining and surrounding ground are 

necessary for accurate design. 

 
5.3 Influence of the tunnel depth (H) 
 
In general, the depth of metro tunnels from the ground 

surface to the tunnel crown is 1.5 to 6 times the tunnel 

diameter. High depths will cause higher stress levels and 

higher costs. Low depths will lead to the possibility of 

instabilities at the tunnel crown and significant surface 

settlements. Depth to diameter ratios (H/D) of 1.5, 3, 4.5, 

and 6 are used to investigate the tunnel depth effect on  

  
(a) Maximum bending moment (PH constitutive model) (b) Maximum normal force (PH constitutive model) 

 
(c) Maximum bending moment (MC constitutive model) 

Fig. 15 Variation of the maximum structural internal forces versus depth to diameter ratios 
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segmental lining internal forces. For this purpose, the joint 

stiffness ratios are considered in the scope from 0.02 to 2. 

Fig. 15(a) indicates the maximum bending moment of the 

tunnel structure versus the depth to diameter ratios (with the 

PH constitutive model). This figure shows that the lining 

segmentation does not affect the maximum bending 

moment when considering the tunnel overburden. The 

induced maximum normal forces in the tunnel lining versus 

the tunnel overburden are presented in Fig. 15(b). As can be 

seen in this figure, tunnel segmentation does not affect the 

maximum normal force. Increasing the tunnel depth 

 

 

 

increases the maximum normal forces for the segmental and 

continuous structure. 

Fig. 15(c) displays the effects of the lining segmentation 

on the maximum bending moment when increasing the 

tunnel overburden in the Mohr-Coulomb constitutive model 

(MC constitutive model). In the continuous lining, the 

overall bending moment is higher than in the segmented 

lining. In tunnels with stiffer joints, the effect of the lining 

segmentation is lower and induces an increase in bending 

moment with an increase in the tunnel depth. According to 

this figure, a segmental lining with more flexible joints  

  

(a) Maximum bending moment (b) Maximum normal force 

Fig. 16 Variation of maximum structural internal forces versus lining thickness 

 
Fig. 17 Segmental joint patterns with a number of 4 to 10 segments 
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significantly affects the bending moment drop with the 

tunnel depth increase. Fig. 15(c) findings agree well with 

Hefny and Chua (2006) results. The reason for investigating 

the tunnel depth effect on the segmental lining behavior 

with the Mohr-Coulomb constitutive model is related to 

Hefny and Chua (2006) results. In Fig. 15(a), the plastic 

hardening constitutive model is used and it gives different 

results from Hefny and Chua (2006). It shows the necessity 

of using advanced constitutive models to evaluate the 

behavior of segmental tunnel linings more accurately. 

 
5.4 Influence of the segment thickness (t) 
 
The tunnel lining thickness depends on the applied loads 

on the lining (ground and water pressure), dynamic loads 

(storage, transportation, and segment installation), and 

waterproofing requirements (sealing cushion). In general, a 

tunnel lining with a 25 to 60 cm thickness is used (Vigle 

2001). In this research, the segment thickness is studied in 

this range (25 to 60 cm). 

As the tunnel lining thickness increases, the weight of 

the support and the tunnel lining rigidity increase. As a 

result, overall normal forces and the bending moment of the 

segmental tunnel lining also increase. The maximum 

bending moment in the tunnel lining concerning the lining 

thickness is presented in Fig. 16(a). By increasing the lining 

thickness, the maximum bending moment increases. This 

increase is higher for continuous structure. For the 

segmental structure case with flexible joints, the impact of 

increasing its thickness is lower, and the graph tends to have 

a constant value. For a lining thickness of 25 cm, the 

segmentation effect on the bending moment is negligible. 

Consequently, the maximum bending moment in the 

continuous and the segmental lining is similar. This is due 

to the reduced rigidity of the lining as the thickness 

becomes thinner. Fig. 16(b) shows the variation of the 

maximum normal forces in the lining to the segment 

thickness. Increasing the lining thickness from 25 to 60 cm 

gradually increases the maximum normal forces in a similar  

 

 

way for the continuous and segmental lining. The findings 

are well endorsed by Hefny and Chua (2006) on the 

segmental tunnel joints. However, Hefny and Chua (2006) 

used a tunnel lining flexibility ratio (F) instead of the lining 

thickness parameter. 

 

5.5 Influence of the longitudinal joint patterns and the 
number of segments (n) 

 

As shown in Fig. 1, the segmental joints are installed in 

a staggered position. This method increases the segmental 

lining's overall rigidity and is more resistant to sealing and 

the TBM jacking thrusts (German Tunneling Committee 

(DAUB) 2001). During the installation of segmental joints, 

the behavior of joints against the bending moments is 

crucial. The longitudinal joint position and geometry should 

then be considered for an optimal design (JSCE 2016). This 

part investigates the effect of longitudinal joint patterns and 

the number of segments (n). Hefny and Chua (2006), 

Naggar and Hinchberger (2008), Teachavorasinskun and 

Chub-Uppakarn (2010), and Do et al. (2013) have studied 

the number of segments and joint patterns. However, in all 

these studies, the key segment was ignored. In reality, a 

smaller segment called "key segment" is used to complete 

the segmental ring. In this study, four different segmental 

joint patterns with key segments joint near the tunnel crown 

(A, A′) and at the crown (B, B′) were used (see Fig. 17). 

Patterns A' and B' with various segment numbers were 

selected from various projects (Yanzhi et al. 2014, Li et al. 

2015, Zheng et al. 2017, Zhang et al. 2019, Gong et al. 

2020, Wang et al. 2019). Therefore, the key segment size is 

variable. The tunnel's diameter is assumed to be constant 

and equal to 8.85 m. An in-situ stress ratio of 0.65 is applied 

in all models. The angle between the tunnel crown and the 

key segment joints is introduced as a joint reference angle 

(ω) by measuring it from the tunnel crown in the clockwise 

direction. Fig. 18 shows the studied segmental joint patterns 

considering a number of 4 to 10 segments. Fig. 18(a) shows 

that the maximum induced bending moment decreases by 

  

(a) Patterns A and A' (b) Patterns B and B' 

Fig. 18 Variation of the maximum bending moment for different segment numbers and different patterns 
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increasing the segment numbers in A and A' patterns. In 

high rigid joints ( 2 = ), the maximum bending moment is 

less reduced when the number of segments increases. In 

Fig. 18(a), the bending moment curves are drastically 

reduced for a number of five segments. With five segments, 

the segmental joints position in both patterns is in positions 

with high bending moments. As a result, these joint 

positions induce a noticeable decrease in the overall 

bending moment. In contrast, a higher number of segments 

does not always mean lower bending moments, whereas the 

longitudinal joint pattern plays a vital role. Furthermore, the 

effect of the longitudinal joint patterns decreases by 

increasing the segment number. So, for a segmental lining 

with joint patterns B and B', the bending moment diagram is 

similar to the one of patterns A and A' (Fig. 18(b)). When 

considering a number of segments equal to five, the 

maximum bending moment reduction in the B pattern joints 

is lower than for the other patterns. This is because the 

joints are in areas with a lower bending moment (Fig. 

18(b)). With regards to Figs. 18(a) and 18(b), the maximum 

bending moment reduction in various joint patterns is 

related to the longitudinal joint location and the bending 

moment distribution around the tunnel structure. Finally, the 

maximum bending moment is approximately equal by 

reducing the segment numbers (n=4) for all patterns. This 

result is in good agreement with Eq. (1). 

 

 
6. Conclusions 
 

This paper used BSM and SIM approaches to 

investigate the segmental tunnel structure behavior. Using 

the SIM model, the average rotational stiffness of the 

longitudinal joint was calculated to be used in the BSM 

model. The rotational stiffness of longitudinal joints was 

calculated considering the bending moment distribution of 

joints and opening of joints in the SIM model. Then the 

BSM model is used for parametric analysis. The results can 

be resumed as follows: 

• In previous studies, specific patterns were proposed 

without a key segment for longitudinal joint positions. 

However, these joint patterns are not realistic if a key 

segment tunnel is used. Finally, it can be said that the 

longitudinal joint position can be more effective if there are 

longitudinal joints in positions where a lot of structural 

loads are applied. The load distribution on the tunnel 

structure depends on the in-situ stress ratio and the static 

and dynamic loads. In addition to the ratio of joint stiffness 

and number of segments, the pattern of longitudinal joints 

also depends on the longitudinal joint's placement of the 

key segment at the tunnel crown.  If the key segment joints 

are not located exactly at the tunnel crown, the longitudinal 

joint pattern effect in the segmental tunnel lining design is 

lost. 

• The Elastic-Plastic behavior of the tunnel lining segmental 

joints depends on the loading conditions and the appropriate 

constitutive soil model (PH model). A SIM model is 

suggested to achieve joint rotational stiffness values due to 

the real condition of the joints and segments. 

• Increasing the segment number induces a decrease in the 

maximum bending moment. However, the longitudinal joint 

pattern strongly influences the bending moment in a tunnel 

structure with a few segments. As the number of segments 

increases, the effect of the longitudinal joint patterns is 

extremely reduced. 

• In a segmental lining relative to the continuous lining, 

when increasing the tunnel overburden, the bending 

moment does not increase considerably. The joint rotational 

stiffness (Kro) influence is more significant when 

increasing the tunnel depth. 

• There is no significant increase in the tunnel internal 

forces in a segmental structure with a low joint stiffness 

ratio (λ) as the segment thickness increases. The effect of 

joint rotational stiffness on the bending moment becomes 

more significant by increasing the segment's thickness. 

• The interaction conditions affect the normal force on the 

tunnel lining and the bending moment, especially for 

tunneling in soils. However, by reducing the stiffness of 

segmental joints, the impact of soil-structure interaction is 

visible even on hard grounds.  

• The joint stiffness ratio (λ) plays a crucial role in 

designing the segmental lining. The influence of the soil-

segment interaction conditions is more remarkable when the 

joint stiffness ratio is lower. 

• For grounds with Young's Modulus of more than 150 

MPa, the lining segmentation impact is eliminated, and the 

behavior of segmental and continuous linings is similar. 
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