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ABSTRACT 

The construction process of a bored tunnel is a complex process. During tunnel 

construction, loads were acting on tunnel and to support excavation, tunnel lining were 

installed with application of jack force (Fj). Jack force is exerted as a thrust force to 

ensure advancement of tunnel construction and to enhance tunnel face stability. 

However, the complexity of Fj to the variation of segment's thickness to ensure the 

overall tunnel stability is not fully studied yet. The impact of jacking force on segmental 

tunnel lining and surrounding soil during the tunnel construction also yet to be defined in 

certain. Therefore, effect of tunnel lining thickness applied with a variation of jack forces 

in the tunnel-boring machine (TBM) in different soil formations is investigated here in. 

This research presents a three dimensional (3D) numerical modelling of tunnel soil-jack 

force by using ABAQUS software. From the findings, the ground surface and subsurface 

reaction, and reaction force in segment lining were presented. It is found that, from the 

initial model, longitudinal and transverse surface settlement shows a similar results with 

previous research work thus verified the work. Next, from the simulation, loads case 

applied caused stress on the tunnel face which must be encountered by a certain thrust 

magnitude to advance the tunnel. The face pressure values changed respective to the soil 

formations, which recorded a different maximum values in the range of 360 MPa to 500 

MPa in different soil formations. The jack force calculated from the face pressures of 

three different lining thicknesses (0.135 m, 0.275 m, and 0.375 m). Jack force of each 

lining thickness in different soil formations is ranging from 4000 kN, 2000 kN and 1000 

kN for the lining thickness of 0.135 m, 0.275 m and 0.375 m, respectively. From the 

extended complex model, results show the subsurface soil settlement presents a heaving 

behaviour at the beginning of the excavation and induced a gradually increase of 

settlement once tunnel stabilise its excavation. The subsoil stress of the soil above the 

tunnel crown reaches its plastic behaviour at the end of shield contact to cause the final 

soil displacement. When investigate the effect of jack force to the tunnel lining reaction, a 

tunnel lining thickness of 0.135 m, 0.275 m and 0.375 m show a maximum reaction force 

in range of 20000 kN to 40000 kN, 27400 kN to 22700 kN, and 22400 kN to 27700 kN, 

respectively. This reaction force was varied due to the soil formations and staggered 

tunnel configurations. It is also found that, the lining thickness of 0.275m (t/D = 0.0458) 

shows the most stable uniform distribution of reaction force (RF) and thus presents none 

of critical segments (i.e., safe condition). The segment configuration and angle shows the 

favourable angle of 5 segment rings is when the staggered started at the angle 32.5°. To 

sum up, all factors including the geological condition, face pressure, redistribution of sub 

surface soil stress and jack force variation are crucial in tunnel stability, hence the tunnel 

lining selection should be done accordingly. 
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ABSTRAK 

Proses pembinaan untuk terowong korekan adalah proses yang rumit. Semasa 

pembinaan terowong, beban telah bertindak ke atas terowong dan untuk menyokong 

pengorekan, pelapik terowong telah dipasang dengan penggunaan daya bicu (Fj). Daya bicu 

dikenakan sebagai daya tujahan bagi memastikan kemajuan pengorekan dan untuk 

meningkatkan kestabilan pintu terowong. Walaubagaimanapun, kerumitan Fj terhadap 

variasi ketebalan segmen untuk memastikan kestabilan keseluruhan terowong belum dikaji 

sepenuhnya. Kesan daya bicu kepada segmen pelapik terowong dan tanah sekeliling sewaktu 

pembinaan terowong juga masih belum dapat dijelaskan dengan pasti. Oleh itu, kesan 

ketebalan pelapik terowong dengan variasi daya bicu di dalam mesin pengorekan terowong 

di dalam formasi tanah yang berbeza telah dikaji di sini. Kajian ini membentangkan model 

berangka tiga dimensi (3D) terowong-tanah-daya bicu menggunakan perisian ABAQUS. 

Daripada keputusan, reaksi tanah di permukaan dan subtanah serta reaksi pelapik segmen 

dibentangkan. Didapati, dari model awal, mendapan melintang dan membujur menunjukkan 

keputusan yang sama seperti kajian lepas dan ini mengesahkan model ini. Kemudian, 

daripada simulasi, kes-kes beban yang dikenakan telah menyebabkan tekanan kepada muka 

hadapan terowong yang memerlukan tindakan daripada sejumlah daya tujahan untuk 

meneruskan korekan. Nilai tekanan muka berubah berdasarkan formasi tanah, yang mana 

direkodkan pada nilai maksimum yang berbeza iaitu dalam anggaran 360 MPa kepada 500 

MPa di dalam tanah yang berbeza. Daya bicu telah dikira dari tekanan muka untuk tiga jenis 

ketebalan pelapik (0.135 m, 0.275 m, dan 0.375 m). Daya bicu untuk setiap ketebalan 

pelapik dalam formasi tanah yang berbeza adalah dalam anggaran 4000 kN, 2000 kN dan 

1000 kN untuk masing-masing ketebalan pelapik 0.135 m, 0.275 m dan 0.375 m. Daripada 

model kompleks, keputusan menunjukkan bahawa enapan tanah subpermukaan 

menunjukkan tingkah laku lambung pada permulaan pengorekan dan menghasilkan 

pertambahan mendapan apabila terowong mula mencapai kestabilan dalam pengorekan. 

Tekanan subtanah dalam permukaan di atas kepala terowong mencapai tingkahlaku plastik 

pada pengakhiran pelindung yang menyebabkan pergerakan akhir tanah. Apabila dikaji 

tentang kesan daya bicu kepada reaksi terowong, dengan ketebalan pelapik terowong 0.135 

m, 0.275 m and 0.375 m, daya reaksi maksimum adalah didapati pada anggaran 20000 kN to 

40000 kN, 27400 kN kepada 22700 kN, dan 22400 kN kepada 27700 kN, masing-masing. 

Daya reaksi adalah bervariasi disebabkan oleh formasi tanah dan konfigurasi terowong yang 

berperingkat. Juga didapati, ketebalan pelapik 0.275 m (t/D = 0.0458) menunjukkan keadaan 

paling stabil dengan pengedaran seragam daya reaksi (RF) dan menunjukkan tiada segmen 

yang kritikal (keadaan selamat). Corak konfigurasi segmen dan sudut menunjukkan sudut 

yang paling baik untuk 5 segmen ialah apabila kecondongan peringkat bermula pada sudut 32.5 

º . Sebagai rumusan, kesemua faktor termasuklah keadaan geologi, tekanan muka, pengagihan 

tegasan subtanah, dan variasi daya bicu adalah penting di dalam kestabilan terowong. Oleh 

itu, pemilihan pelapik terowong perlulah dilakukan dengan sewajarnya.  



viii 

TABLE OF CONTENTS 

 TITLE PAGE 

 

DECLARATION iii 

DEDICATION iv 

ACKNOWLEDGEMENT v 

ABSTRACT vi 

ABSTRAK vii 

TABLE OF CONTENTS viii 

LIST OF TABLES xi 

LIST OF FIGURES xii 

LIST OF ABBREVIATIONS xvi 

LIST OF SYMBOLS xvii 

LIST OF APPENDICES xix 

CHAPTER 1 INTRODUCTION 1 

1.1 General Overview 1 

1.2 Problem Statement 2 

1.3 Objectives 2 

1.4 Research Scope 3 

1.5 Limitation 4 

1.6 Thesis Outline 4 

CHAPTER 2 LITERATURE REVIEW 5 

2.1 Introduction 5 

2.2 Analysis Method for Ground Movement Induced by 

Tunnel Construction 5 

2.2.1 Empirical Method 6 

2.2.2 Numerical Methods 11 

2.3 Finite Element Methods (FEM) 14 

2.3.1 Concept of Finite Element Method 14 



ix 

2.3.2 ABAQUS 3D FE Software 16 

2.3.3 Mesh Discretization 17 

2.3.4 Boundary Conditions in Modelling. 17 

2.3.5 Element‘s Types 18 

2.4 Tunnel Lining Design 19 

2.5 Ground Models 20 

2.6 Jack Force, Fj 21 

2.7 Segments Joints in Tunnel Lining 30 

2.8 Summary 37 

CHAPTER 3 RESEARCH METHODOLOGY 41 

3.1 Introduction 41 

3.2 Study Site and Sub-Surface Profile 43 

3.3 Development of Three Dimensional (3D) Model 46 

3.4 Geometry and Material Properties and Geometry of 

Model 48 

3.4.1 Soil Model 48 

3.4.2 Tunnel Model 50 

3.4.3 Grout Model 52 

3.5 Mesh and Boundary Condition 53 

3.6 Interaction Model 56 

3.7 Excavation Sequence Modelling 59 

3.7.1 Analysis Steps of Soil Block 62 

3.7.2 Analysis Steps of Shield Layer 62 

3.7.3 Analysis Steps of Lining and Grout Layer 63 

3.8 Jack Force Modelling 63 

3.8.1 Segment Thickness Calculation 64 

3.8.2 Calculation of Jacking Force 65 

3.9 Verification of the Model 66 

3.10 Complex Modelling 66 

3.11 Summary 67 



x 

CHAPTER 4 RESULTS AND DISCUSSION 69 

4.1 Introduction 69 

4.2 Initial Model Result and Verification 69 

4.3 Surface Settlement for Complex Model Results 71 

4.4 Soil Face Pressure and Jack Force 74 

4.5 Subsurface Settlement and Stress Distribution Results 79 

4.5.1 Subsurface Longitudinal Settlement 79 

4.5.2 Sub Surface Soil Stress Results 85 

4.6 Staggered Segments Reactions Due to Jack Force. 92 

4.6.1 The Impact of Segments‘ Thickness on the 

Lining Behavior 92 

4.6.2 Evaluation of Reaction Force (RF) for Critical 

Rings. 96 

CHAPTER 5 CONCLUSION AND RECOMMENDATION 103 

5.1 Conclusion 103 

5.2 Recommendation for Future Research 105 

 

REFERENCES 107 

LIST OF PUBLICATIONS 187 

 

  



xi 

LIST OF TABLES 

TABLE NO. TITLE PAGE 

Table 2.1 Finite element modelling on tunnel-lining joints 

simulation 36 

Table 2.2 The research gap for the most critical previous studies. 38 

Table 3.1 The soil layers thickness (Jusoh et al. (2017). 49 

Table 3.2 Details of the ground properties for every layer of soil 

model in MRT Singapore (Osborne et al., 2008; Su, 2015). 49 

Table 3.3 Properties of tunnel model (Lambrughi et al., 2012). 52 

Table 3.4 The operational algorithm for different parts in 3D model. 60 

Table 3.5 The parameters and tunnel lining thickness calculation 65 

Table 4.1 Maximumm settlement trough for Transverse surface 

settlement 73 

Table 4.2 Thickness model variation with details parametric for 

extended model. 74 

Table 4.3 The subsurface displacement at 2m, 4m and 6m above the 

crown and the position of inversion points related to 

tunnel path. 80 

Table 4.4 The RF for critical rings of t/D=0.0225 in all formations. 96 

Table 4.5 The RF for critical rings of t/D= 0.0458 in all formations. 97 

Table 4.6 The RF for critical rings of t/D= 0.0625 in all formations. 99 

 

  



xii 

LIST OF FIGURES 

FIGURE NO. TITLE PAGE 

Figure 2.1 Gaussian curve for transverse settlement trough and 

ground loss VL (Peck, 1969). 7 

Figure 2.2 Subsurface settlement above the tunnel centreline (Mair et 

al., 1993) 9 

Figure 2.3 K for the subsurface settlement above tunnel in clay (Mair 

et al., 1993) 10 

Figure 2.4 Settlements with varied type of segments joint model 

(Jusoh et al., 2017) 13 

Figure 2.5  (a) Longitudinal and circumferential segments‘ joints, (b) 

The application of Fj, grouting and earth pressure, (c) 

Radial spring model(Chaipanna and Jongpradist, 2017) 14 

Figure 2.6 Major elements used for stress analysis (ABAQUS, 2014). 18 

Figure 2.7 Comparison of Numerical with Analytical and Empirical 

Results: (a) Surface Settlements when the Soil Elastic 

Modulus is 490 MPa; (b) Surface Settlements when the 

Soil Elastic Modulus is 980 MPa (Cho, 2016) 24 

Figure 2.8 Bursting tensile force and corresponding parameters in ACI 

213 (2014) 27 

Figure 2.9 Determination of bursting tensile stress diagram (Iyengar, 

1962). 29 

Figure 2.10 TBM jacks pushing on circumferential joints (Bakhshi and 

Nasri, 2016) 30 

Figure 2.11 Segmental lining nomenclature (Toan, 2006) 31 

Figure 2.12 3D models developed with Ansys FE software (Blom et 

al., 1999) 33 

Figure 2.13 The effect of tunnel segment configuration and the 

corresponding behaviour against the forces (Hudoba 

1997). 34 

Figure 2.14 Six lining models have been examined to consider the 

effects of the joint pattern and the joints effect (Do et al., 

2014 b). 35 

Figure 3.1 Flow chart of the research methodology 42 



xiii 

Figure 3.2 The Circle Line alignment overlay with geological 

formation.  http://www.gov.sg 43 

Figure 3.3 Construction of the Circle Line, Stage 3C852. 

http://www.stecs.com.sg3.3 44 

Figure 3.4 A geological profile along the Circle Line (Osborne et al., 

2008). 45 

Figure 3.5 Workflow of detail modelling. 47 

Figure 3.6 The dimensions of soil block. 49 

Figure 3.7 (a) A ring consists of 5 segments and (b) the distribution 

of staggered segments‘ joints alongside the lining rings 51 

Figure 3.8 Nonlinear behaviour of grout modulus over time of 

hardening (Lambrughi et al., 2012). 53 

Figure 3.9 (a) Meshing of soil block, and (b) boundary condition. 54 

Figure 3.10 (a) Meshing of lining elements and (b) Rings boundary 

condition 55 

Figure 3.11 (a) Meshing of shield elements and (b)boundary condition 55 

Figure 3.12 The four-element of the 3D model after the contact is set 

among all the elements. 58 

Figure 3.13 Interaction model of segments and hinge of tunnel lining 58 

Figure 3.14 Process of overall tunnel excavation in modelling 62 

Figure 3.15 Schematic diagram of a uniform applied Fj and the 

circumferential joints. 65 

Figure 4.1 Verification result between the 3D model of all soil 

layers with measured surface settlement observed from 

settlement marker of G2407, G2408 and G2419 and 

BOTDR measured in the circumferential ring of R540 and 

R530. 70 

Figure 4.2 The surface settlement measured by nodal path technique, 

(a) shows the selected area from model to obtain the 

longitudinal results and (b) shows the lateral selected area 

that obtain the lateral surface settlement trough. 71 

Figure 4.3 The formations longitudinal settlement compared to field 

data of case study. 72 

Figure 4.4 Transverse surface settlement 73 

Figure 4.5 The face pressure and the Fj values developed for each 

lining thickness in F1-Fill. 75 



xiv 

Figure 4.6 The face pressure and the Fj values developed for each 

lining thickness in F2-Estuarine. 76 

Figure 4.7 The face pressure and the Fj values developed for each 

lining thickness in F3-Clay. 76 

Figure 4.8 The face pressure and the Fj values developed for each 

lining thickness in F4-Sand. 77 

Figure 4.9 The face pressure and the Fj values developed for each 

lining thickness inF5-Granite. 77 

Figure 4.10 The face pressure and the Fj values developed for each 

lining thickness in F6-Granite. 78 

Figure 4.11 The face pressure and the Fj values developed for each 

lining thickness in F7-Granite. 78 

Figure 4.12 The final stress distribution around the tunnel. 79 

Figure 4.13 Surface and subsurface settlement of F1-fill soil above the 

tunnel axis. 81 

Figure 4.14 Surface and subsurface settlement of F2- Estuarine soil 

above the tunnel. 82 

Figure 4.15 Surface and subsurface settlement of F3-Clay soil above 

the tunnel axis. 82 

Figure 4.16 Surface and subsurface settlement of F4-Sand soil above 

the tunnel axis. 83 

Figure 4.17 Surface and subsurface settlement of F5-Granite soil 

above the tunnel axis. 83 

Figure 4.18 Surface and subsurface settlement of F6-Granite soil 

above the tunnel axis. 84 

Figure 4.19 Surface and subsurface settlement of F7-Granite soil 

above the tunnel axis. 84 

Figure 4.20 Average stress (MPa) value on the cutter head of each 

step-in various soil formations. 86 

Figure 4.21 The sub surface soil stress above the tunnel and the face 

pressure in F1-fill. 87 

Figure 4.22 The sub surface soil stress above the tunnel and the face 

pressure in F2-Estuarine. 87 

Figure 4.23 The sub surface soil stress above the tunnel and the face 

pressure in F3-clay. 88 

Figure 4.24 The sub surface soil stress above the tunnel and the face 

pressure in F4-Sand. 88 



xv 

Figure 4.25 The sub surface soil stress above the tunnel and the face 

pressure in F5-Granite. 89 

Figure 4.26 The sub surface soil stress above the tunnel and the face 

pressure in F6-Granite. 89 

Figure 4.27 The sub surface soil stress above the tunnel and the face 

pressure in F7-Granite. 90 

Figure 4.28 The average of reaction force (RF) of each ring, 0.135 m 

thickness, in various soil formation. 94 

Figure 4.29 The average of reaction force of each ring,0.275m 

thickness, in each soil formation. 95 

Figure 4.30 The average of reaction force of each ring,0.375m 

thickness, in each soil formation. 95 

Figure 4.31 The critical rings for t/D=0.0225 (a) R3 for F1, F2, F3 and 

F5 (fill, estuarine, sand and granite), (b) R4 for F7- 

Granite, (c) R6 for F4- Sand, (d) R11 for F6- Granite. 97 

Figure 4.32 The critical rings for t/D=0.0225 98 

Figure 4.33 The critical ring for t/D= 0.0625 100 

 

  



xvi 

LIST OF ABBREVIATIONS 

FEM - Finite Element Method  

3D - Three Dimension 

EPB - Earth Pressure Balance  

ULS - Ultimate Limit State SLS 

SLS - Serviceability Limit State  

TBM - Tunnel Boring Machine 

UTM - Universiti Teknologi Malaysia  

LRFD - Load and Resistance Factor Design  

RF - Reaction Force 

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   

  



xvii 

LIST OF SYMBOLS 

Tv(x) - Settlement at distance (x) from the tunnel axis 

Tvmax - Maximum settlement above the axis of the tunnel 

i - Horizontal distance between the central tunnel axis 

and the Inflection point of the curve 

Vs - Volume of ground settlement per unit length through 

VL - Volume Ground loss 

D - Tunnel diameter 

t - Tunnel thickness 

R - Radius 

𝑥 - Lateral distance tunnel from excavation 

𝑧0 - Depth of tunnel 

𝑆" - Vertical displacement induced by tunnel 

K - Earth coefficient 

j - Maximum thrust force for jack pair 

Fj - Jack force 

TMAX - Maximum total thrust of TBM 

Nj - Jack pairs 

fR - Friction resistance 

TBurst: - Bursting force of bursting force from face of section 

as shown in Figure 

dburs - Centroid distance of bursting force from face of 

section figure 

Ppu: - The jacking force applied on each jack pad 

hanc: - The length of contact zone between jack shoes and the 

segment face 

h - The depth of cross section. 

eanc - The eccentricity of jack pads with respect to the 

centroid of cross section 

jc - Compressive stress 

al - Transverse length of contact zone between jack shoes 



xviii 

and segment face 

  
  - Allowable compressive stresses 

KRo - Rotational stiffness 

KA - Axial stiffness 

KRa - Radial stiffness 

Fl - Flexibility ratio 

E - Young‘s modulus of the ground 

V - Poisson‘s ratio of the ground 

EL - Young‘s modulus of the lining 

VL - Poisson‘s ratio of the lining 

Il - Effective moment of inertia of the lining 

Il - The moment of inertia of the lining without joint 

N - Number of segments 

Ij - Second moment area at the joint 

KE - The element stiffness matrix 

∆DE - The increments of nodal displacement connected to an 

element 

∆FE - The increments of nodal forces connected to an 

element  

KG - The global stiffness matrix 

∆DG - The increments of nodal displacement connected to a 

global 

∆FG - The increments of nodal forces connected to a global  

θ - Angle of friction 

c - Cohesion 

% u - Safety factor of buckling 

% w - Average wet soil weight 

Ec - Concrete Young‘s Modulus 

   

   

   

  



xix 

LIST OF APPENDICES 

APPENDIX TITLE PAGE 

Appendix A Face stress for different soil formation 117 

Appendix B Jack force (Fj) calculated for different segments‘ thickness 124 

Appendix C Behaviour of tunnel ring during excavation due to jack 

force (Fj) application 127 

Appendix D Reaction force (RF) of different thickness in different 

formation 138 

 

 

 

 



 

1 

CHAPTER 1  

 

 

INTRODUCTION 

1.1 General Overview 

The classical excavation method such as the New Austrian Tunneling Method 

(NATM) has limitations for tunneling in urbanized areas; therefore, a Tunnel Boring 

Machine (TBM) is widely used especially in urban areas due to the advantage of 

limiting disturbances to the surrounding soil. In TBM method, tunnel lining is 

accumulated inside the shield of the boring machine and it consists of jointed rings and 

each ring consists of elements (segments). These segments are designed dimensions 

and shapes for specific purposes to ensure the resistance of tunnel lining to all possible 

loads during and after the tunnel construction. Besides that, the segment is important 

to hold over the longitudinal continuity with keeping the tunnel alignment as it is 

designed and constructing the lining with a fast rate and high level of safety (Maidl, 

2013). 

While the tunnel is advancing, the cutter head thrust on the segments to 

encounter the tunnel face pressure to cause thrust effect on the whole tunnel lining. 

longitudinal thrust effect is the main parameter to identify the jacks number, position, 

segments size and the loading effect from the excavation cutter head. The magnitude 

of the longitudinal thrust can be calculated by estimating the tunnel face pressure, 

calculating the earth and water pressure and friction, and/or adhesion between the 

ground and Tunnel Boring Machine (TBM) via soil mechanics principles. Besides, the 

thickness of the segments face should be considered to avoid the damaging of face 

edges and to avoid the joints position and thrust ram position being in the same position 

(Telford, 2004). 
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Another important factor concerned during the tunnel design is the effects of 

segmental joints on tunnel lining behaviour. The effect of the joints has been studied 

by many researchers through different methodologies (Do et al., 2014 a; Vervuurt, 

2007; Jusoh, 2017). 

1.2 Problem Statement 

Most of the previous researchers had modelled only the structure behaviour of 

tunnel lining without considering the effect of the surrounding soil, the effect of a 

certain pattern of joints on the segments‘ structure behaviour, and the effect of jack 

force and soil loads on the thickness of the segments at all. Although many studies 

have been conducted on ground movements and lining forces, while a relatively small 

body of research exists regarding the relationship between the jacking force (Fj) and 

the stresses in the lining. 

As far as three dimensional (3D) numerical model is developed, some 

researchers have focused on studying the effect of the segments‘ joints on the tunnel 

lining behaviour, but not as a parameter in a full 3D model with the different soil loads 

and Fj. There is still not yet a full model, in a single face soil environment in which 

the presence of the varied value of jacking force during the tunnel advance is modelled, 

that allows ground displacement, structural lining forces, the pattern of the joints and 

thickness of segments to be considered. 

1.3 Objectives 

This research aims to fulfil the gap of the tunnel response due to the jacking 

force effect which is not yet fully explored. The results will show the reaction of 

each segment toward the force exerted by jacking the lining. This will lead to 

determining the highest suitable ring thickness that can resist the jacking force based 

on surrounding soil and exerted external load. Therfore, measure the settlement 
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pattern alongside the tunnel axis and the lateral settlement that represent the volume 

loss produced by constructing the tunnel. The specific objectives of this study are to: 

(a) Investigate the surface and subsurface settlement induced by the 

advancement of the tunnel via 3D model 

(b) Measure the soil stress and face pressure to evaluate the jacking force 

required to advance linings with different thickness. 

(c) Determine the effect of jack forces to the staggered segments reaction 

with different tunnel lining thickness 

1.4 Research Scope 

The scope of the research is to generate a series of numerical model for 

segments tunnel lining with and without the effect of Fj, in different geological 

conditions. The geological setting assign based on the subsurface data of Mass Rapid 

Transit (MRT) tunnel lining project, in Singapore. The geological formation data 

separated to assign seven different formations, and the tunnel model simulated in each 

formation independently to unify the surrounding behaviour to focus on the tunnel 

behaviour findings. Besides, the scope of the research is to study the most suitable 

segments thickness based on the Fj that resulted from a single geological formation. 

Therefore, a study shall be conducted on the relationship between the jacking 

force and the lining force of the tunnel lining considering the soil displacement; joints 

pattern will be the same for all models. The research outputs will be the tunnel rings 

behaviour that induced during the advance of the tunnel and the relation between the 

jacking force and settlement induced, the pressure acting on the tunnel face, the 

thickness of segments and the pattern of joints arrangements. 
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1.5 Limitation 

The models discussed in this research does not simulate the full construction 

stages because of the computer limitation. In which for the full construction stages to 

be incorporated in the Finite Element (FE), it requires the fine element mesh generation 

to simulate elastoplastic behaviour of ground surrounding excavation face and 

linings supporting Fj directly. Secondly, the number of step-by-step analyses will 

increase as the construction stage is determine specifically. Also, some parameters in 

this research, which is the behaviour of grout material under load cases effect, creep 

and shrinkage phenomena for the lining is not been considered in this research. These 

limitations will not influence the main aim from this stage, where to measure the 

settlement pattern alongside the tunnel axis and the lateral settlement that represent 

the volume loss produced by constructing the tunnel. 

1.6 Thesis Outline 

This thesis consists of: 

(a) Chapter (1): The general overview about TBM and the factors related to the 

search with the problem that will be discussed in this research, the objectives 

of this research and the scope of the research methodology. 

(b) Chapter (2): Background, which discusses the previous study of the segmental 

design and the effect of the different kinds of joints on the tunnel lining 

resistibility for different kinds of loads, soil-tunnel interaction and the relation 

between the settlement and the segmental tunnel lining. 

(c) Chapter (3): Details of research method which include the model flow chart 

that will lead to developing the 3D FEM model and the details of a case study 

that used in this research. 

(d) Chapter (4): the analysing, verification and discussion of numerical analysis of 

three-dimensional (3D) finite element model. 

(e) Chapter (5): The findings from the research that concluded and some 

recommendation for the future study proposed. 
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