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ABSTRACT 

 

 

This thesis covers the analysis of precast tunnel segments for the Metro tunnels. Maximum 

overburden cases have been considered for analysis in this study. Precast concrete 

segments are permanent structural lining of a circular tunnel ring formed by TBM. They 

resist permanent structural loads from the surrounding soil, rock, and groundwater 

pressure. 

The segments function as a reaction frame for advancing the TBM by pushing its hydraulic 

thrust jacks directly against the front face of the most recently installed segmental ring. 

There are various technical papers and literature available pertaining precast segmental 

lining of tunnels. Some of the most relevant literatures are reviewed during this project 

work. 

The principal objective is to verify one single precast segmental lining ring for circular 

tunnel. The segmental lining is verified for the maximum overburden height and with a 

uniformly distributed surcharge load of 50 kPa applied at the ground level. Tunnel case 

considered for this study is 5.8 m internal diameter circular tunnel and this is to be 

constructed using precast segmental lining. 

The results obtained in this analysis can only be used for the segment lining design. No 

conclusions can be drawn regarding the ground surface settlements. The model indicated 

can be used to obtain normal effective stresses around the tunnel lining to define ground 

loads acting on the segmental lining of tunnel.  

 

The bending moments obtained from FEM analysis are higher than those from Analytical 

calculations using Muir-Wood and Curtis approach, except for the Case-4 (i.e. without 

Surcharge). Shear forces in FEM analysis are generally on higher in all four cases. The 

axial forces in FEM analysis are also higher than those from Analytical calculations, 

except for Case-4 as presented in this thesis. 

It can be concluded that the values obtained from FEM analysis are generally on 

conservative side, however, it is recommended that these values should be verified through 

independent analytical calculations to arrive at maximum governing forces to be used for 

design. The higher one obtained from FEM analysis and Analytical calculations shall be 

used judiciously for the structural design of precast segmental lining to ensure safe and 

optimum design of Metro tunnels. 

Despite the recent advances in structural designs of tunnels, more research is necessary for 

analysis of precast segmental lining for metro tunnels due to its complex behavior.  
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CHAPTER 1 

 INTRODUCTION 

 

1.1 GENERAL 

Metro tunnels are underground structures designed for Mass Rapid Transport Systems 

(MRTS) in urban areas. These tunnels can be constructed by various methods like Tunnel 

Boring Machines (TBM), Cut & Cover or New Austrian Tunneling Method (NATM) 

depending upon ground conditions, land availability, and construction feasibility. TBM 

tunnels are preferred for urban metro projects because they minimize disruption on the 

surface while safely excavating deep underground tunnels, lower dust emissions, protect 

urban air quality and automated precast concrete lining saves significant time. 

The diameter of circular tunnel is decided by considering the internal space requirements, 

selection of TBM and intended use. For metro tunnels the internal diameter is generally 

governed by kinematic envelope (structural gauge) of train. 

Precast concrete segments are permanent structural lining of a circular tunnel ring formed 

by TBM. They resist permanent structural loads from the surrounding soil, rock, and 

groundwater pressure. The segments function as a reaction frame for advancing the TBM 

by pushing its hydraulic thrust jacks directly against the front face of the most recently 

installed segmental ring. 

Selecting the right design, materials and construction method for tunnel determines 

structural efficiency, long term durability, cost and safety during construction. The choice 

of reinforcement type in precast concrete segments plays a vital role in structural capacity, 

crack control, and corrosion resistance. 

Joint configuration of precast segmental is important for the overall performance of the 

tunnel lining during earthquakes. 

Design Engineers mostly use Finite Element Methods (FEM) to model soil-structure 

interaction and design the segmental lining.  FEM models simulate both the surrounding 

ground and segment lining using non-linear fracture mechanics. Continuum analysis 

considers the complex cross-ring plastic behavior, TBM thrust force and localized stresses 

induced by segment splitting phenomenon.  

Empirical solutions given by Muir Wood (1975) & Curtis (1976) provide classical method 

for the analysis. This method considers the tunnel as a continuous elastic ring with reduced 

bending stiffness. 
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This dissertation covers a comparative analysis of precast concrete segments for metro 

tunnel lining using both FEM analysis and the Analytical solution based on Muir-Wood 

& Curtis approach. 

1.2 PRECAST CONCRETE SEGMENTS 

Precast concrete segments are high-accuracy, manufactured in casting yard, pre-

engineered reinforced concrete elements to form a continuous, load-bearing segment rings 

in a tunnel. The segmental lining is used in mechanized tunneling with Tunnel Boring 

Machine (TBM). This tunneling system provides continuous structural lining which 

provides both temporary excavation support as well as permanent tunnel structure. 

 

1.3 SEGMENTAL LINING COMPOSITION 

Tunnel ring is made of segments to allow installation and assembly by a mechanical 

segment erector inside the TBM: 

• Ordinary Segments: Ordinal segments form the major portion of the ring with 

parallel edges. 

• Adjacent Segments: These are placed on either side of the final segment having 

one tapered edge. 

• Key Segment: Key segment or keystone is a small wedge-shaped part installed 

longitudinally or radially to complete and interlock the final ring. 

 

                 
 

Figure 1.1: Typical Segment Rings 
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Figure 1.2: Photograph of Stacking of Precast Segments 

(Courtesy SPC Industries) 

 

1.4 MAIN COMPONENTS AND JOINTS 

The precast segments are interconnected through specialized joints at interfaces: 

• Longitudinal Joints: These are the joints between adjacent segments within the 

ring and carry the bending moments and compressive forces in the segment ring. 

• Circumferential Joints: Circumferential joints are the continuous joints formed 

between two adjacent rings of segmental lining. 

• Gaskets: The elastomeric or hydrophilic rubber gaskets are fixed into grooves 

around each segment perimeter to prevent water ingress and ensure sealing of 

joints. 

• Grout Holes: These holes in precast segments are used to inject pressurized grout 

material to fill the annular gap between outer surface of segmental lining and the 

surrounding soil.  
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1.5  LOADS FOR STRUCTURAL DESIGN 

Precast Segmental lining is designed utilizing technical papers & specialized literature or 

following the procedure as specified ITA Working Group 2 Publications. The segments 

shall carry following two main loads:  

 

1.5.1 Temporary Loads During Construction Stage: 

a) Demoulding, Stacking & Lifting: These forces are induced during stripping during 

de-molding, stacking in the casting yard and lifting during transportation to site. 

b) TBM Thrust Forces: This force is exerted by hydraulic jacks which directly push  the 

precast segments for forward moving of the TBM. 

 

1.5.2 Permanent Loads: 

 

a) Soil & Water Pressure: Soil & water forces are long-term forces during service stage 

of segmental lining, and these forces are primarily generated by soil/rock overburden 

and hydrostatic pressure. 

b) Distortion Restraints: Structural analysis checks are conducted to ensure joint 

rotation to be within permissible range generally limited to around 1% of the radius of 

segment ring. 

  

1.6  DETAILS OF TUNNEL BORING MACHINE 

Tunnel Boring Machine, which are commonly called TBM is a massive engineering 

machine used to excavate tunnels with a circular cross-section. TBMs serve as a safer, 

faster, and more precise alternative to traditional drill-and-blast methods, minimizing 

ground settlement and surface disruption in sensitive or urban areas. 

1.6.1 Key Components of TBM: 

 

1) Cutterhead: It is a massive rotating wheel equipped with heavy-duty disc 

cutters, rollers, and teeth at the front of TBM. It pushes against the rock or soil 

with huge hydraulic pressure and continue boring  the ground to form a tunnel. 

2) Shield & Erector: It is a protective steel cylinder in the middle of TBM that 

prevents the surrounding ground from collapsing while the TBM advances. 
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Inside this shield, a mechanical erector arm lifts and installs precast concrete 

segments to form segmental lining for tunnel. 

 

3) Trailing Gear: Training gear is a long train of support structures at rear 

stretching around 150 m or more. It houses the power supplies, ventilation, 

control systems, and conveyor belts or slurry pipelines needed to transport the 

excavated soil / rock or muck from the tunnel.  

 

 

Figure 1.3 : Schematic Diagram with Components of TBM 

(Courtesy HS2 Ltd.) 

 

 

1.6.2 Advantages of TBM over Traditional Tunneling: 

 

a. Continuous Operations: TBM allows continuous boring, removal of soil, 

and simultaneous installation of precast segments. 

b. Structural Precision: It operates within a margin of error of just a few 

millimeters using laser guidance systems. 

c. Safety: In TBM tunneling, the workers are protected inside the steel shield 

rather than facing open, unlined rock faces. 

d. Environmental Control: TBM significantly reduces vibrations, structural 

damage risk, noise, and dust as compared to other tunneling methods. 

 

 

 

CHAPTER 2 
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 LITERATURE REVIEW 

 

2.0 LITERATURE STUDY AND RESEARCH GAP 

There are various technical papers and literature available pertaining precast segmental 

lining of tunnels. Some of the most relevant literature reviewed during this project study 

are summarized below;  

2.1 “The circular tunnel in elastic ground” by Muir Wood, 1975 

The paper detailed a method for analyzing stresses and bending moments in tunnel 

linings. This work is highly influential in tunnel design, particularly regarding the 

interaction between the tunnel lining and the surrounding ground. The core contribution 

of this paper is a simplified elastic analysis that considers the "elliptical" deformation 

mode of the tunnel lining and relates bending moments to stiffness factors.  

 

Fig. Reference Diagram for initial loading on tunnel prior to deformation 

 

Key aspects of this paper and its impact: 

Focus on Elastic Ground: 

The paper focuses on analyzing tunnels in elastic ground, providing a foundational 

understanding of how linings behave under stress.  

Elliptical Deformation Mode: 

https://www.google.com/search?safe=active&rlz=1C1GCEB_enIN1121IN1138&cs=0&sca_esv=659f7c99a03a1a5c&q=Elliptical+Deformation+Mode&sa=X&ved=2ahUKEwjHr5WHkK-OAxUY1DgGHYivASAQxccNegQIEhAB&mstk=AUtExfDxC2x6bn3I9kHL8mAXuaK1gP0kkF7-KNl1Q0xIJ8wiCtAa96ot9ymjXVgc0kdYS5xk6e5abLYvdd2g4RIBWSPgHMyFT5pS3ypg1fCQPTCuRERoUam6cAXTizYzBx-G8oU&csui=3
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It simplifies the analysis by considering the tunnel lining to deform elliptically, which 

allows for easier calculation of bending moments.  

Stiffness Factors: 

The paper establishes a relationship between bending moments in the lining and stiffness 

factors, which are crucial for understanding the tunnel lining flexibility relative to the 

ground.  

Ground-Lining Interaction: 

A key aspect is the analysis of how the tunnel lining interacts with the surrounding ground, 

considering factors like ground stresses and the presence of joints in the lining.  

Foundation for Further Research: 

The paper also served as a basis for further research into tunnel design, including the 

impact of twin tunnels and other complex scenarios.  

 

 

Fig. Relationship between coefficient λ of ground reaction and mode of deformation ‘m’ 

for different values of Poisson’s ratio ‘ν’ 

 

Influence on Design: 

https://www.google.com/search?safe=active&rlz=1C1GCEB_enIN1121IN1138&cs=0&sca_esv=659f7c99a03a1a5c&q=Stiffness+Factors&sa=X&ved=2ahUKEwjHr5WHkK-OAxUY1DgGHYivASAQxccNegQIDRAB&mstk=AUtExfDxC2x6bn3I9kHL8mAXuaK1gP0kkF7-KNl1Q0xIJ8wiCtAa96ot9ymjXVgc0kdYS5xk6e5abLYvdd2g4RIBWSPgHMyFT5pS3ypg1fCQPTCuRERoUam6cAXTizYzBx-G8oU&csui=3
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The concepts presented in the paper are essential for understanding how to design tunnel 

linings that can withstand the stresses imposed by the surrounding ground and how to 

account for the flexibility of the lining and the ground properties. 

 

Fig. Diagrammatic representation of the benefit of an initial phase of high 

compressibility of a lining in relation to its ultimate condition of loading, p-Δp 

 

2.2 “Discussion on the Circular Tunnel in Elastic Ground” by  D. J. Curtis, 1976 

Curtis (1976) published an important paper elaborating and extending the Muir-Wood's 

approach. Curtis rectified mathematical inconsistencies regarding shear forces at the soil-

lining interface and amplified the equations to properly accommodate tangential pressures 

and structural slip variables. 

In this paper, Curtis provided critical corrections and updates to previous structural design 

models proposed by H.D. Morgan (1961) and Sir Alan Muir Wood (1975) regarding how 

circular tunnel linings interact with surrounding elastic ground. 

 

Equation 16, originally given by Muir Wood for maximum bending moment; 
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This was modified by Curtis as Equation 16A as below; 

 

 

 

The resulting framework, widely known as the Muir Wood & Curtis method, remains one 

of the most frequently used closed-form analytical solutions for calculating bending 

moments, shear forces, axial forces, and deformations in segmental linings of tunnels. 
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2.3 “Tunnel Lining Design-Do the Theories Work?, B. Schmidt, 1984 

The interaction between segmental lining and surrounding soil has been the subject of 

many recent literatures and it is now possible to deal precisely with complex interactions. 

This literature, however, has not much contributed to the thorough understanding of soil-

structure interaction around a tunnel. Although we have continuum mechanics solutions, 

it is still not sure that if they provide an improvement in accuracy with which linings are 

designed. 

 

 

Fig. Pressure at Soil-Lining Boundary, assuming no slip, for continuum mechanics 

approach shown with (K0=0.8) 

 

Figure 2.5: Tunnel Geometry for Analysis 
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Fig. Contribution to radial lining pressures, compared to continuum mechanics 

assumption 

 

Continuum mechanics models using closed solutions are good tools for parametric studies 

and when properly calibrated, can be an aid in detailed design of tunnel lining. Using 

Finite Element Method (FEM) goes one step ahead, allowing soil to be analyzed in layers 

and taking the vertical in-situ stress gradient into consideration.  

However, these methods require the use of data input that is ambiguous to much extent, 

including the equivalent soil modulus and presumed initial load on the tunnel lining.  

 

2.4 “Stresses in Lining of Bored Tunnels” by Joseph Penzien & Ching L. Wu, 1998 

In this paper, an analytical method is given for determining the stresses in segmental 

linings of tunnels induced by kinematic soil-structure interaction. Three scenarios of plane 

strain cases are considered as follows; 

(1) Relaxation of in-situ soil stresses at segmental lining after installation 
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(2) Overburden pressure at the soil surface, and  

(3) Two-dimensional free-field soil response perpendicular to the lining axis as developed 

by an earthquake 

 

Fig. Stresses at inner fibers of concrete lining 

The different solutions obtained for the cases of full slip and no slip at the soil-lining 

structure interface during the occurrence of shear deformations shown that  the full slip 

case has only a small effect on the shear and bending moments in segmental lining, 

however, it reduced the maximum axial force by approximately 50%. Since the axial force 

produced by the dilatational type of deformation is much higher than the maximum axial 

force produced by the shear type deformation, this 50 % reduction has less effect on the 

combined axial force due to both types of deformation. Consistent with this observation, 

slippage has little effect on the maximum combined normal stresses in the segmental 

lining as produced by in-situ stress relaxation and seismic free-field soil response. 

 

2.5 “Segmental Ring Design-New Challenges with High Tunnel Diameters” ITA 

Muir Wood Lecture by Fritz Gruebl, 2012 

The segmental ring usually is calculated as a coupled double ring. In a FEM program, only 

a single ring can be calculated, as coupling of two rings is not possible or very time 

consuming for most of all calculation programs. 
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Fig. Segmental Ring for the Orlovski-Tunnel 

To check extremes, a single ring with articulations and a single rigid ring is calculated, as 

well as rigid ring with a reduced area-wise moment according to Sir Allen Muir Wood’s 

formula. 
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Fig. Geometry of Joints 

The calculated bending moments with this Muir Wood reduction only differ 

approximately 10% from the moments calculated for an articulated ring. 

 

2.6 “Guidelines for Design of Segmental Tunnel Lining” ITA Working Group 

2_Research, 2019 

Precast concrete segmental for tunnels are designed to carry various loads including 

vertical and horizontal forces due to ground pressure, ground water, self-weight, and 

surcharge. 

The effect of these loads on tunnel segments can be analyzed using elastic equations, 

beam-spring models, Finite Element Methods, and Discrete Element Methods. Method 

which is widely used is Muir Wood’s (1975) continuum model with discussion from 

Curtis et. al.(1976).  
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Fig. Forces & definitions for load case of tail void back-grouting (Groeneweg, 2007) 

Other methods for analysis include Duddeck and Erdmann’s (1982) model and an 

empirical method based on tunnel distortion ratios (Sinha 1989; Deere et.al. 1969) which 

was originally developed by Peck (1969). 

The elastic equation is a simple approach for calculating the internal forces in segmental 

lining for circular tunnels. For this method, the segmental lining is modeled using a 

uniform bending rigidity that considers the effect of longitudinal joints between the 

segments. To consider for the reduced flexural rigidity in the lining due to the presence of 

segment joints, the moment of inertia of segmental lining should be reduced in accordance 

with Muir Wood’s (1975). 
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CHAPTER 3 

METHODOLOGY FOR ANALYSIS 

 

In this study, the analysis of segmental lining is done using two approaches, i.e. by 

analytical method and by Finite Element Method (FEM). The results obtained from the 

two methods have been compared for assessment. 

The philosophy given by Muir-Wood & Curtis has been used for analytical calculations. 

The FEM analysis of the tunnel segmental lining has been conducted using the FEM 

software Praxis 2D. 

 

3.1 MUIR-WOOD & CURTIS METHOD 

The Muir Wood & Curtis method is a widely used analytical method for calculating the 

bending moments, shear forces, and axial forces in circular tunnel linings. Initially 

developed by Muir Wood in 1975 and later corrected and expanded by Curtis in 1976, this 

method provides a reliable approach for structural analysis. It is particularly highly 

effective for evaluating interaction between segmental lining and surrounding elastic 

ground around the tunnel. 

 

3.1.1 Key Assumptions 

This method simplifies the complex physical environment into a solvable mathematical 

equation with following assumptions: 

• Plane Strain: The tunnel cross-section is analyzed in two-dimensional plane strain 

conditions. 

• Linear Elastic Continuum: Both the surrounding ground and the tunnel lining  

act as homogeneous and linear elastic materials. 

• Deep Tunnel Condition: The tunnel is assumed to be deep enough so that the 

primary stress state before excavation is uniform across the diameter. 

• Continuum Bonding: Full contact is maintained between the ground and the 

segmental lining. Soil-structure interaction is limited to radial and tangential 

reactions. 
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3.1.2 Approach for Solution 

Segmental linings of tunnel are not continuous rings and consist of multiple precast 

concrete segments joined together. These joints reduce the overall bending stiffness of 

the segment ring. 

To take care of this, Muir Wood introduced an effective bending stiffness (Ie). If a 

tunnel ring has N segments (where N > 4), the actual moment of inertia of the lining 

cross-section (I0) is reduced using the following equation; 

 

                                                    …..Equation 3.1 

Where: 

  Ie : Effective moment of inertia of the segmental ring 

  I0 : Moment of inertia of a completely continuous, jointless ring 

Ij : Residual joint stiffness (often taken as zero for a conservative approach if joints 

transmit no bending moment). 

N : Number of segments forming the ring 

 

3.1.3 Equations for Structural Analysis 

The method calculates structural forces based on the elliptical deformation mode, driven 

by the active vertical stress (σv) and horizontal stress (σh = K0 . σv , where K0 is the 

coefficient of earth pressure at rest). 

 

a) Bending Moment (M) 

The bending moment is induced due to the differences between vertical and horizontal 

ground pressures which cause the ovaling deformation of ring. The maximum bending 

moment occurs at the ring top (crown), bottom (invert), or spring-line (the widest 

horizontal axis). 
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                                   …..Equation 3.2 

Where η is stiffness ratio introduced by Curtis. It measures the relative bending stiffness 

of the segmental lining against the distortion stiffness of the ground. 

                                                              …..Equation 3.3 

where; 

Er , νr : Young's Modulus and Poisson's ratio of the precast concrete ring. 

Eg , νg : Young's Modulus and Poisson's ratio of the surrounding ground 

Ie : Effective moment of inertia adjusted for the segments. 

R0 : Radius of the segmental lining of tunnel 

 

b) Axial Force (N) 

The maximum thrust generally occurs at the spring-line and is mainly driven by the 

average ground pressure. 

                                                                      …..Equation 3.3 

 

3.2 FINITE ELEMENT METHOD 

Finite Element Method (FEM) is vital tool for analyzing precast segmental linings in TBM 

tunnels. It simulates the complex soil-structure interactions, non-linear material behaviors, 

and the staggered, multi-ring structural mechanics of bolted or un-bolted precast segments 

in tunnels. 

 

3.2.1 Approaches for Modelling 

• 2D FEM Model: It is used for long, straight tunnels where the longitudinal 

behavior can be simplified as plane strain. This assumes the tunnel is infinitely 

long and analyzes the section under full overburden and hydrostatic pressure. 
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• 3D FEM Model: 3D model is required for complex geometry, highly variable 

geotechnical profile, tunnel intersections, modeling the specific TBM thrust loads. 

It also captures the staggering effect between adjacent segment rings. 

• Beam-Spring Model: Beam-Spring model is a simplified, cost-effective 1D 

modeling method where the lining is represented by beam elements, and the 

surrounding ground is modeled using radial and tangential springs.  

The joints between segments and rings are modeled using rotational and 

translational springs. 

 

3.2.2 Modeling of Precast Segmental Lining 

• Material Properties: Precast Segments are subjected to high magnitude localized 

stresses, especially during TBM thrusting. FEM models use non-linear constitutive 

models to precisely capture cracking and deformation. 

• Simulation of Joints: Joints are the weakest locations in a precast segmental lining 

and govern the overall stiffness of the segment ring. In 3D FEM, they are typically 

modeled in three following ways: 

a) Contact Surfaces: Interfaces using Coulomb friction and normal stiffness to 

permit gap opening and shear sliding between adjacent segments of tunnel 

lining. 

b) Equivalent Stiffness Reduction Method: It is a simplified 2D/3D method 

where the overall bending stiffness (EI)) of the continuous segmental ring is 

reduced by a predefined coefficient to take care of joint flexibility. 

c) Spring Elements: Discrete zero-thickness spring elements assigned with 

nonlinear moment-rotation (M-θ) and axial force-displacement relationships. 

 

3.2.3 Critical Cases 

FEM analysis evaluates the various cases during construction and service stage: 

• Construction & TBM Thrust: High localized stress concentrations are induced 

by TBM hydraulic jacks which directly push the installed segment rings. 

• Tail Void Grouting: It simulates the hardening and pressure of  grout injected 

behind the TBM as the shield moves ahead. 
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• Long-Term Serviceability Limit State & Ultimate Limit State: Serviceability 

Limit State (SLS) & Ultimate Limit State (ULS) analysis of the lining under 

maximum long-term groundwater pressure, soil settling, settlement and probable 

earthquakes. 

 

The principal objective is to verify one single precast segmental lining ring for circular 

tunnel. The segmental lining is verified for the maximum overburden height and with a 

uniformly distributed surcharge load of 50 kPa applied at the ground level. 

 

3.3 TUNNEL GEOMETRY AND PARAMETERS OF SEGMENTAL LINING 

The tunnel case considered for this study is of 5.8 m internal diameter circular tunnel and 

this to be constructed using precast segmental lining. The parameters used for this tunnel 

are listed on the table below: 

 

Table 3.1: Details of Precast Segmental Lining 

S.No. Description / Parameter Dimension / Detail 

1. Internal Diameter of Tunnel 5800 mm 

2. Thickness of Segments 275 mm 

3. Outer Diameter of Tunnel 6350 mm 

4. Number of Segments in a Ring 5 + 1 Key 

5. Width of Segments 1400 mm 

6. Weight to Segments Normal Segments = 3.0 T each 

Key Segment = 1 T 

7. Total Weight of Complete Ring 16 T 

8. Grade of Concrete M 45 
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Figure 3.1: Arrangement of Segmental Lining 

 

Figure 3.2 : Typical Segment Ring Configuration 

 

Four different cases have been analyzed as part of this study for each condition as follows: 

Case 1: Short Term : Ground Water Table (GWT@HRL*) with uniform surcharge of 50 

kPa 

Case 2: Long Term : Dry Condition with uniform surcharge of 50 kPa 

Case 3: Long term for GWT@GL with uniform surcharge of 50 kPa 

Case 4: Long term for GWT@GL without surcharge 

Maximum Overburden above tunnel Crown = 13.917m 

(Reference date is taken from Agra Metro tunnel stretch between Taj Mahal to Agra Fort, 

Agra, India), 2025-26. 

*HRL : Highest Recorded Level 

CHAPTER 4   
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RESULTS AND DISCUSSION 

 

4.1 ANALYTICAL CALCULATIONS BASED ON MUIR-WOOD AND CURTIS 

 

4.1.1 Case-1: Short Term : GWT@ HRL with Uniform Surcharge of 50 kPa 

 

Table 4.1: Analytical Calculations for Case-1 
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4.1.2 Case-2: Long Term : GWT (Dry Case) with Uniform Surcharge of 50 kPa 

 

Table 4.2: Analytical Calculations for Case-2 
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4.1.3 Case-3: Long Term : GWT (@GL) with Uniform Surcharge of 50 kPa 

 

Table 4.3: Analytical Calculations for Case-3 
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4.1.4 Case-4: Long Term : GWT (@GL) without Surcharge 

 

Table 4.4: Analytical Calculations for Case-4 
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4.2 FEM ANALYSIS USING PLAXIS SOFTWARE 

 

Numerical analysis is used to define the ground load to be applied at tunnel segmental 

lining. Thus, PLAXIS 2D is used modelling staged construction to analyze stress 

distribution. 

 

The coordinate system is set up with the Y-axis coinciding with the vertical axis in the 

model center. The model is 100 meters long and 50 meters high. The model is meshed 

with 15-noded quadratic elements. The ground level is located at +0.00m. The standard 

boundary conditions are applied in the model meaning that no horizontal deformations are 

allowed in the vertical boundaries and no vertical deformations are possible at the bottom 

edge of the model. The most decisive situation is modelling two tubes with the minimum 

distance between each other is chosen. 

 

Hardening soil model is applied as constitutive model. Thus, the geotechnical input 

parameters for both the granular and cohesive soil are used as per APPENDIX I & II.  

 

 

Figure 4.1 : Plaxis Calculation Model 

 

The segmental lining is modelled by means of plate structural elements with elastic 

properties considering a reduced moment of inertia of the complete segment ring due to 

the presence of segment joints leading to increased flexibility of the ring.  
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In this regard, equivalent lining stiffness is used according to Muir Wood (1975) & Curtis 

(1976) as per APPENDIX-IV. 

 

Excavation stages are modelled for different phases in PLAXIS as presented below; 

 

Table 4.5: Stages for PLAXIS Analysis 

 
 

The following results can only be used for the segment lining design. No conclusions can 

be drawn regarding the ground surface settlements from this analysis.  

 

The model indicated above can be used to obtain normal effective stresses around the 

tunnel lining to define ground loads acting on the segmental lining of tunnel.  

 

Detailed calculations and analysis have been presented in the subsequent sections. 
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4.2.1 Case-1: Short Term : GWT@ HRL with Uniform Surcharge of 50 kPa 

PLAXIS analysis and force contours for this case are presented below; 

 

 

Figure 4.2 : Bending Moment from PLAXIS for Case-1 

 

Figure 4.3 : Shear Force from PLAXIS for Case-1 

 

 

Figure 4.4 : Shear Force from PLAXIS for Case-1 
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4.2.2 Case-2: Long Term : GWT (Dry Case) with Uniform Surcharge of 50 kPa 

PLAXIS analysis and force contours for this case are presented below; 

 

 

Figure 4.5 : Bending Moments from PLAXIS for Case-2 

 

Figure 4.6 : Shear Force from PLAXIS for Case-2 
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Figure 4.7 : Axial Force from PLAXIS for Case-2 

 

4.2.3 Case-3: Long Term : GWT (@GL) with Uniform Surcharge of 50 kPa 

 

PLAXIS analysis and force contours for Case-3 case are presented below; 

 

 

 

Figure 4.8 : Bending Moment from PLAXIS for Case-3 
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Figure 4.9 : Shear Force from PLAXIS for Case-3 

 

 

Figure 4.10 : Axial Force from PLAXIS for Case-3 
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4.2.4 Case-4: Long Term : GWT (@GL) without Surcharge 

 

PLAXIS analysis and force contours for Case-4 case are presented below; 

 

 

Figure 4.11 : Bending Moment from PLAXIS for Case-4 

 

 

 

Figure 4.12 : Shear Force from PLAXIS for Case-4 

 

 

Figure 4.13 : Axial Force from PLAXIS for Case-4 
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4.3 SUMMARY OF RESULTS 

Based on the analytical calculation using Muir-Wood & Curtis approach and FEM 

analysis, the results of Bending Moments, Shear Forces and Axial Forces in segmental 

lining are summarized as follows; 

4.3.1 Bending Moments: The values of maximum bending moments are given below in 

Tabular as well as Graphical form. 

 

Table 4.6: Results of Maximum Bending Moment (M) [in kNm/m] 

 

 

CASES 

Analytical Calculations 

(Based on Muir-Wood & Curtis) 

 (Mmax in kNm/m) 

FEM 

Analysis 

(Plaxis) 

No Slip Full Slip 50% Slip  

Case-1 55.30 60.60 57.95 92.70 

Case-2 44.13 56.83 50.48 95.58 

Case-3 25.82 33.24 29.53 68.63 

Case-4 21.97 28.29 25.13 20.69 

 

 

 

Figure 4.14 : Graph showing Bending Moments for both Methods 
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Figure 4.15 : Bending Moments from FEM Analysis 

4.3.2 Shear Force: The values of maximum shear forces are given below in Tabular as 

well as Graphical form. 

 

Table 4.7: Results of Maximum Shear Force (V) [in ken/m] 

 

 

CASES 

Analytical Calculations 

(Based on Muir-Wood & Curtis) 

(Vmax in kN/m) 

FEM 

Analysis 

(Plaxis) 

No Slip Full Slip 50% Slip  

Case-1 22.38 24.50 22.38 66.02 

Case-2 17.86 23.00 17.86 68.81 

Case-3 10.45 13.50 10.45 68.63 

Case-4 8.89 11.40 8.89 19.52 

 

Case-1, 
92.70

Case-2, 
95.58

Case-3, 
68.63

Case-4, 
20.69

Bending Moment (kNm/m)

Case-1 Case-2 Case-3 Case-4
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Figure 4.16 : Graph showing Shear Forces for both Methods 

 

 
 

Figure 4.17 : Shear Forces from FEM Analysis 

 

4.3.3 Axial Force: The values of maximum axial forces are given below in Tabular as 

well as Graphical form. 
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Table 4.8: Results of Maximum Axial Force (N) [in kN/m] 

 

 

CASES 

Analytical Calculations 

(Based on Muir-Wood & Curtis) 

(Nmax in kN/m) 

FEM 

Analysis 

(Plaxis) 

No Slip Full Slip 50% Slip  

Case-1 697.62 621.12 659.37 710.70 

Case-2 693.40 574.53 633.97 685.50 

Case-3 948.30 878.76 913.53 882.20 

Case-4 887.83 828.66 858.24 604.10 

 

 

 

Figure 4.18 : Graph showing Axial Forces for both Methods 
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Figure 4.19 : Axial Forces from FEM Analysis 
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CHAPTER 5  

CONCLUSION AND FUTURE SCOPE 

 

The bending moments obtained from FEM analysis are higher than those from Analytical 

calculations using Muir-Wood and Curtis approach, except for the Case-4 (i.e. without 

Surcharge). 

 

   

 

 

Shear forces in FEM analysis are generally on higher side in all four cases. 

The axial forces in FEM analysis are also higher than those from Analytical calculations, 

except for Case-4. 
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From this study, it can be concluded that the value obtained through FEM analysis are 

generally on conservative side, however, it is recommended that these values should be 

verified through independent analytical calculations to arrive at maximum forces to be 

used for design as worst case scenario. The higher one obtained from FEM analysis and 

Analytical calculations shall be used judiciously for the structural design of Precast 

segmental lining to ensure safe and optimum design of Metro tunnels. 

Despite the recent advances in structural designs of tunnels, more research is necessary 

for analysis of precast segmental lining for metro tunnels due to its highly complex 

behavior. This research will contribute towards more accurate and precise analysis of 

metro tunnels for different loadings and ground conditions in future. 
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APPENDIX-I 

I.1 Geotechnical Parameters 

 

 

 I.2 Hardening Soil Parameters for Tunnel 
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APPENDIX-II 

Materials: Soil and Interfaces - Hardening Soil 

 

 

 

 

APPENDIX-II Continues….. 
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APPENDIX-III 

 

Materials: Plates 
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APPENDIX-IV 

 

Lining Properties Considered in Analysis 
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APPENDIX-V 

 

Relevant Codes 

 

(Reference: ITA Working Group 2-Research, 2019) 
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APPENDIX - VI 

 

Example of Load Factors for various Governing Load Cases (ACI 544.7R, 2016) 

 

 

Load Factors for Design Parameters (Final Service Stage) (AASTHO DCRT-1-2020) 

 

(Reference: ITA Working Group 2-Research, 2019) 
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APPENDIX – VII 

Design Checks and Critical Design Parameters for SLS of Tunnels Segments 
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APPENDIX – VIII 

Serviceability Limit State Design 

Allowable Crack Widths: 

 

 

Allowable Crack Widths for Tunnels Segments (OVBB 2011): 
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APPENDIX – IX 

Segment Ring Geometry & Systems (A) 

 

(Reference: ITA Working Group 2-Research, 2019) 
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APPENDIX – X 

Segment Ring Geometry & Systems (B) 

 

(Reference: ITA Working Group 2-Research, 2019) 

APPENDIX – XI 
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Segment Demolding, Lifting & Storage 

 

 

             

Fig. Segment Stripping (Demolding) from forms & Forces acting on segment 

 

 

   

Fig. Segment Stacking for Storage & Transportation 

 

 

 

APPENDIX – XII 

Segment Storage 



Page 57 of 60 
 

 

Fig. Forces acting on segment during stacking 

 

 

 

APPENDIX – XIII 

Seismic Loading 
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The approach used to examine the effect of seismic actions on tunnel stability is the free-

field shear deformation method, which represents the most conservative condition. This 

method assumes that the deformation of the structure should conform to the deformation of 

the soil in the free field under the design earthquakes. 

 

According IS1893:2002, for underground structures and foundations at depths of 30 m or 

below, the design horizontal acceleration spectrum value shall be taken as half the value 

obtained in previous formula, and for structures and foundations placed between the 

ground level and 30 m depth, the design horizontal acceleration spectrum value shall be 

linearly interpolated between Ah and 0.5 Ah.  

 

 

Fig. Free-field shear distortion of perforated and non-perforated ground of 

circular shape 

 

 

APPENDIX – XIV 

NOTATIONS USED BY MUIR WOOD (1975) 
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APPENDIX – XV 

NOTATIONS USED BY CURTIS (1976) 
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