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Chapter 1:  Introduction 

1.1 General background 

1.2 Introduction to SCL tunnels  

e.g.

e.g.

in situ



1.3 History and development of SCL tunnels 

1.3.1 The early days of sprayed concrete 

1.3.2 SCL tunnelling in the UK 



 



1.3.3 Development of SCL in the UK 

in 

situ

et al. 

et al



 

1.3.4 Development of composite SCL 

i.e.



1.4 Challenges and uncertainties in CSL design 
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1.6 Structure of thesis 
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Chapter 2:  Literature Review 

2.1 Introduction 

2.2 Sprayed concrete lining – the development 

2.2.1 SCL as a temporary structure 

et al. et al. 

2.2.2 Sprayed concrete technology for the temporary SCL 
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2.2.3 Design method limitations for the temporary SCL 

et al
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et al. 

 
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2.2.4 Other issues with the temporary SCL 

2.2.5 SCL as a permanent structure 
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i.e.

 
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et al
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in situ

et al

e.g

2.2.6 Design requirements for the permanent SCL 



et al



 

 

2.2.7 Design methods for the permanent SCL 



e.g

i.e.

i.e.
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et al. 

et al. 
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2.2.8 Numerical modelling for SCL tunnel design 

 

 



2.3 Sprayed waterproofing membrane 

2.3.1 Performance criteria for sprayed waterproofing membrane 

et al. 
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 
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2.3.2 Tests at BASF laboratory 

i.e



 

2.3.3 Tests at the Graz University of Technology  

Group 1: pure shotcrete beam

Group 2: composite beam with vertically sandwiched membrane layer

Group 3: composite beam with horizontally sandwiched membrane layer



 

 



c

ϕ

2.3.4 Tests at the University of Innsbruck 

 

Experiments

Membrane materialBonding system Sprayed concrete

Tensile strength Tensile strengthCompressive strength

Modulus of elasticity

Adhesive  tensile strength
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2.3.5 Discussion of MasterSeal 345 membrane test programme 



2.4 Numerical modelling of a composite structure 
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2.5 Summary 

 

 

 

 

 

 

 

 





Chapter 3:  Research Methodology and 

Testing Plan 

i.e

3.1 Research methodology 

 

Literature Review & Critical 
interface parameters identified

Laboratory tests on element samples 
to obtain interface parameters

Calibration of a numerical composite 
beam model to verify the interface 
parameters and a modelling approach

Evaluate the impact of variance in 
interface parameters and lining 
thickness on the performance of a CSL 
tunnel under practical loadings

Stage 1

Stage 2

Stage 3

Stage 4

Chapter 2 & 3

Chapter 4

Chapter 5

Chapter 6



3.2 Sample preparations 

3.2.1 Sample Panel Spraying 

 



3.2.2 Primary lining surface finish 

i.e.



 

 

 

 

3.2.3 Sprayed concrete mix 

a b 

a b c 



3.2.4 Testing sample dimensions 



3.2.5 Sample designation 



  

 

3.3 Testing programme for element samples 

3.3.1 Testing programme for short-term tests 

i.e

a b 

c 



 

et al

Laboratory tests for short-term interface properties

Compression test Direct tension test Direct shear test

Compressive strength 
for sprayed concrete

Compressive modulus 
for sprayed concrete

Compressive strength 
for interface

Compressive stiffness 
for interface

Tensile strength for 
sprayed concrete

Tensile modulus for 
sprayed concrete

Tensile strength for 
interface

Tensile stiffness for 
interface

Shear strength for 
interface

Shear stiffness for 
interface

Short-term interface parameters derived 
from the tests for numerical modelling



i.e.

3.3.2 Testing programme for long-term tests 



 

3.4 Testing methods 

Laboratory tests for long-term interface properties

Compression test Direct tension test Direct shear test

Compressive stiffness 
for interface

Tensile stiffness 
for interface

Shear stiffness for 
interface

Long-term interface parameters derived 
from the tests for numerical modelling



3.4.1 Uniaxial Compression Test 

 

Upper part of machine: 

two sets of grips to clamp 

steel rods attached to 

samples for direct tension 

test

Lower part of machine: 

two steel plates to apply 

force to samples for 

uniaxial compression test



 



3.4.2 Direct Tension Test 



 

3.4.3 Direct Shear Test 



 



 

3.5 Post-processing and presentation of results 
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Chapter 4:  Interpretation and Discussion of 

Element Test Results 

4.1 Introduction 

4.2 Short-term compression tests on pure sprayed 

concrete cylinder samples 

4.2.1 Test results for pure sprayed concrete samples 
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4.2.2 Evaluation of test results 

in situ

in situ

in situ

in situ

in situ



4.3 Short-term compression on composite cylinder 

samples  

4.3.1 Testing overview 

4.3.2 Compressive interface stress-deformation relationships 
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4.3.3 Peak compressive stress 

 

 

 

 

4.3.4 First and cyclic loading compressive stiffnesses 
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4.3.5 Compressive strain at peak compressive stress 
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4.3.6 Observed failure modes in compression tests 

 

a b 



4.4 Short-term tension tests on pure sprayed concrete 

cylinder samples 

4.4.1 Test results for pure sprayed concrete samples 

4.4.2 Evaluation of test results  
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4.5 Short-term tension tests on composite cylinder 

samples  

4.5.1 Testing overview 

4.5.2 Tensile interface stress-deformation relationships 
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4.5.3 Peak tensile stress 



4.5.4 First and cyclic loading tensile stiffnesses 
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4.5.5 Tensile strain at peak tensile stress 

 

4.5.6 Observed failure modes in tension tests 
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4.6 Short-term shear tests under 500kPa normal pressure 

4.6.1 Testing overview 

4.6.2 Shear interface stress-deformation relationships 
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4.6.3 Peak shear stress 
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4.6.4 First and cyclic loading shear stiffnesses 
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4.6.5 Shear displacement at peak shear stress 

 

4.6.6 Observed failure modes in shear tests 
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i.e.

 

4.7 Comparison of the Type 2 interface test results under 

different normal pressures 

c d 

a b 



4.7.1 Peak shear stress 



⁰

 

4.7.2 First and cyclic loading shear stiffnesses 
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4.8 Long-term test results 

4.8.1 Correction for temperature effects 

i.e

°
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4.8.2 Long-term compression relaxation test results 

 

4.8.3 Long-term tension relaxation test results 
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4.8.4 Long-term direct shear test results 

y = 0.7608x-0.036
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4.9 Summary 

 

i.e

 

y = -0.025ln(x) + 0.861
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Chapter 5:  Calibration of Composite Beam 

Numerical Models  

5.1 Background and calibration plan 

5.1.1 Four-point bending tests 



i.e

 

5.1.2 Theories and assumptions for pure concrete beams 

 

 

 

w(x) x q(x)
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5.1.3 Theories and assumptions for composite beams 

 

 

 

Rc

 𝑅𝑐 =  
𝛿𝑛𝑜𝑛−𝛿𝑐𝑜𝑚𝑝

𝛿𝑛𝑜𝑛−𝛿𝑓𝑢𝑙𝑙
𝛿𝑐𝑜𝑚𝑝 𝛿𝑛𝑜𝑛

𝛿𝑓𝑢𝑙𝑙

 

 𝑅𝑐 =
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 𝑅𝑐 =
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5.1.4 Calibration plan  
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Top component 
beam

Bottom 
component beam

Membrane
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5.1.5 Laboratory test setup  

e.g.



       

            

5.1.6 Modelling strategy  

e.g.

Top 1/2

Bottom 1/2

a 
b 

c d 



E G ʋ

5.1.7 Selection of numerical analysis package 



5.1.8 Numerical model for four-point bending tests  



 

5.2 First round calibration 

5.2.1 Validation of pure shotcrete beam model 
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5.2.2 Composite beam samples 
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5.2.3 Flexural response 
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5.2.4 Horizontal strains 

i.e. 



 

    

 

  

5.2.5 Crack development  

0

5

10

15

20

25

0 20 40 60 80 100 120

To
ta

l l
o

ad
 (k

N
)

Horizontal strain (10-6)
Beam 1-11 top 1/2 Beam 1-11 bottom 1/2
Beam 2-11 top 1/2 Beam 2-11 bottom 1/2
Beam 3-11 top 1/2 Beam 3-11 bottom 1/2
Beam 4-11 top 1/2 Beam 4-11 bottom 1/2



 

 

 

 

 

et al

 

5.2.6 Beam end displacements 
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5.2.7 Calculation of composite action ratios 

i.e.

Rc

   

 

 

5.2.8 FLAC analysis of composite beams  
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5.3 Second round calibration 

5.3.1 Calibration with pure shotcrete beam 
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5.3.2 Correction for test setup compliance 
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5.3.3 Calibration using additional composite beams 
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5.3.4 Reanalysis of first round composite beams 

  

 

 

 

  



 

 

  

 

5.3.5 Examination of interface stiffnesses  



 

 

 

   

 

 

5.4 Sensitivity study of CSL beams 
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5.5 The impact of different position of sprayed 

waterproofing membrane 
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5.6 Composite beam thickness optimisation 

i.e
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5.7 Summary 

 
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Chapter 6:  Numerical Analysis of a Composite 

SCL Tunnel 

6.1 Background 

6.1.1 Load sharing between the primary and secondary linings  

et al. 

e.g.

e.g.



6.1.2 Capacity evaluation for CSL tunnel lining 

et al.

i.e.
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6.1.3 Bending moment/axial force ratio 

i.e.

e.g
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6.1.4 Criteria of an efficient and robust CSL tunnel design 

i.e.



6.2 Numerical Modelling Plan 

 

 

 

 

 

 

 



6.3 Modelling strategy for CSL tunnel 

6.3.1 Long-term plane strain condition  

et al. 

6.3.2 Model geometry and boundary conditions 
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6.3.3 Ground model 

et al. et al. 
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6.3.4 SCL tunnel geometry and sprayed concrete models 
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6.3.5 Modelling SCL Tunnel Construction in Soft Ground 
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6.3.6 Interface parameters 



6.4 Base case results 

6.4.1 Short-term lining forces 

 

6.4.2 Load sharing for the consolidation loads 
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6.4.3 Lining capacity and BM/AF ratio 
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6.4.4 Behaviour of the interface 
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6.4.5 Degree of composite action 
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6.5 Influence of normal interface stiffness Kn 

6.5.1 Axial force 
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6.5.2 Bending moment 

-100

0

100

200

300

400

500

600

-100

100

300

500

700

900

1,100

1,300

Se
co

n
d

ar
y 

lin
in

g 
ax

ia
l f

o
rc

e
 (

kN
)

P
ri

m
ar

y 
lin

in
g 

ax
ia

l f
o

rc
e

 (
kN

)

Position around tunnel lining

PRIM_Kn=0.04GPa/m PRIM_Kn=0.4GPa/m PRIM_Kn=4.0GPa/m
PRIM_Kn=40GPa/m PRIM_Kn=400GPa/m SEC_Kn_0.04GPa/m
SEC_Kn=0.4GPa/m SEC_Kn=4GPa/m SEC_Kn=40GPa/m
SEC_Kn=400GPa/m

Crown               Shoulder               Axis                    Knee                 Invert



 

6.5.3 Evaluation of lining capacity  

6.5.4 Interface stresses 
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6.6 Influence of shear interface stiffness Ks 

6.6.1 Axial f rce 

6.6.2 Bending moment 
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6.6.3 Evaluation of lining capacity  

6.6.4 Interface stress 

 

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

B
M

/A
F 

ra
ti

o

Position around tunnel lining

SEC_Ks=0.02GPa/m SEC_Ks=0.2GPa/m SEC_Ks=2.0GPa/m

SEC_Ks=20GPa/m SEC_Ks=200GPa/m

Crown                   Shoulder                      Axis                               Knee                 Invert



6.7 Simultaneous influence of Kn and Ks 

6.7.1 Axial force 

6.7.2 Bending moment 

6.7.3 Evaluation of lining capacity  

6.7.4 Interface stress 



6.8 Influence of lining thickness 

6.8.1 Evaluation of lining capacity (P/S≤1) 
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6.8.2 Evaluation of lining capacity (P/S≥1) 
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6.8.3 Interface stress (P/S≤1) 
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6.8.4 Interface stress (P/S≥1) 

i.e.

6.9 Influence of nearby construction 

6.9.1 Investigation and modelling strategy 
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6.9.2 Interface stress – beneath construction 
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6.9.3 Interface stress – right hand side construction 
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6.10 Summary 
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Appendix B Calculation for adjusted shear 

interface stiffness 
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Appendix C Test results for samples under 
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Appendix D Plots for simultaneous influence of 

Kn and Ks parametric study 
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Appendix E Plots for lining thickness 

parametric study 
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Appendix F Plots for nearby construction 

parametric study 
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