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ABSTRACT 

Underground tunnels are considered to be a vital infrastructure component in most cities 

around the world. Careful planning is always necessary to ensure minimum impact on 

nearby surface and subsurface structures. This thesis describes the experimental and 

numerical investigations carried out at McGill University to examine the effect of 

existing pile foundation on the stresses developing in a newly constructed tunnel 

supported by a flexible lining system. A small scale testing facility was designed and 

built to simulate the process of tunnel excavation and lining installation in the close 

vicinity of pre-installed piles. Lining stresses were measured for different separation 

distances between the tunnel and the existing piles. Significant decrease in 

circumferential stresses was observed when the lining was installed at a distance that 

ranges between one to three times the tunnel diameter from the piles. Two-dimensional 

finite element analyses were also conducted to investigate the different aspects of the 

pile-soil-lining interaction including lining deformation, axial forces and bending 

moments. The measured lining stresses agreed with those obtained using finite element 

analysis. The results presented in this study provided an insight into understanding an 

important aspect of this soil-structure interaction problem. 
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RÉSUMÉ 

Les tunnels souterrains jouent un rôle vital au niveau de l'infrastructure urbaine moderne 

dans le monde. Une planification minutieuse est nécessaire afin de garantir un impact 

minimal sur les structures souterraines se situant à proximité. Cette étude présente les 

recherches expérimentales et numériques qui se sont effectuées a l'Université McGill 

pour étudier l'influence de la présence de pieux sur les contraintes qui se développent au 

niveau d'un tunnel nouvellement construit et d'un système de doublure flexible. Un 

modèle réduit a été construit afin de simuler la construction de tunnels et l'installation de 

doublures a proximité de pieux existants. Les contraintes se développant au niveau de la 

doublure ont été mesures à différentes distances de séparation entre le tunnel et les pieux . 

Une baisse importante des contraintes sur la doublure a été observée quand le tunnel était 

situé à une distance des pieux de un à trois fois le diamètre du tunnel. Des analyses 2D 

par éléments finis ont été également effectuées pour étudier les différents aspects de 

l'interaction pieu-soil-doublure, comme par exemple la déformation de la doublure, les 

forces normales et les moments de flexion. Les contraintes mesurées dans les doublures 

ont été validées par l'analyse par éléments finis. Les résultats présentés dans cette étude 

ont permis de mieux comprendre l'important problème de l'interaction sol-structure. 
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1. INTRODUCTION 

Tunnels have become an attractive option for sewer, transportation, and other 

infrastructure, especially in urban areas. Compared to the open trenched methods, they 

cause less traffic disruption and damage to roads and other surface utilities. 

The construction of tunnels, within the broader field of geotechnical engineering, is not 

an exact science. However, the accumulated experience over the years and abundance of 

research allowed for more tunnels to be built in different challenging geological 

conditions. In modem cities, the excavation of tunnels near existing surface and 

subsurface structures is inevitable and requires more knowledge of the interaction 

between the newly built tunnel and the existing structures. 

1.1 The need for more physical modeling 

Several studies have been conducted (e.g. Attewell et al., 1986, Chen et al., 1999, Lee 

and Ng, 2005, Kitiyodom et al., 2005) to investigate the effect of tunnel excavation on 

the surrounding shallow and deep foundations. However, few attempts have been made to 

examine the inverse problem of the effect of existing deep foundation on the lining 

stresses during tunnel construction. 

1.2 Objectives and scope 

The objective of this thesis is to investigate the effect of an existing pile foundation 

system on circumferential stresses developed in a flexible lining during the construction 

of a tunnel in the close vicinity of the piles (Figure 1.1 ). 

1 



Soft Clay 

,'' 

Newly Constructed 
Tunnel 
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'' 

'•, 

Existing Pile Group 

Figure 1.1 -Representation of Pile-Tunnel Interaction 

The thesis consists of seven chapters: 

Chapter 2 consists of a literature review that summanzes vanous methods used to 

calculate stresses in the tunnel lining, a background of the physical modeling techniques, 

and an examination of the previous research related to pile-tunnel interaction. 

Chapter 3 explains the madel construction and provides the properties of different 

materials used to build the madel. 

Chapter 4 describes the experimental procedures, followed by Chapter 5 which presents 

the experimental and numerical results, and Chapter 6 that presents a discussion of these 

results and their practical implications. 

Conclusions and recommendations are presented in Chapter 7 of the thesis. 

2 



~·. 

.r-'. 

2. LITERA TURE REVIEW 

This chapter provides a background review of different ernpirical, serni-ernpirical and 

analytical solutions used to calculate ground rnovernents from tunnelling in soft ground 

and the stresses developing in the tunnel lining. In addition, a review of the different 

physical rnodeling techniques used to sirnulate the process of tunnel excavation and 

lining installation will be presented. Finally, a brief review of relevant research related to 

the interaction between tunnels and nearby pile foundation systems will be surnrnarized. 

2.1 Soil movements and lining stresses induced by tunnelling 

The construction of tunnels in soft ground is associated with a change in the state of 

stress in the ground and with corresponding strains and displacernents. Sorne degree of 

settlernent of the overlying ground surface accornpanies ground loss around the tunnel 

excavation and onto the lining. If such settlernent, or subsidence, is excessive, it may 

cause damage to structures, roads and services located above and next to the tunnel. 

The designer is obliged to judge the extent of surface rnovernent or lost ground that 

would be considered tolerable, and to specify or to grant his approval to construction 

procedures that will rneet the requirernents. These obligations cannot be fulfilled unless 

reliable predictions of the inevitable settlernent associated with every construction 

procedure are made. Proper consideration has to be paid to the type of soil, groundwater 

conditions, geornetry and depth of tunnel, and to any deviations from the best techniques 

and workrnanship for a given construction procedure. 

3 



Peck (1969) provided methods to determine surface seUlement and lining stresses 

induced by tunnelling based on field measurements and empirical data. Analytical 

solutions for similar problems were also provided by a number of studies (Zurabov and 

Bugaeva, 1962, Muir Wood, 1975, Curtis et al., 1976, Chou and Bobet, 2002, etc.) 

In his state-of-the-art report, Peck (1969) emphasized that strains and deformations are 

not necessarily undesirable consequences of tunnelling. They constitute part of the 

mechanism whereby the strength of the soil surrounding the tunnel can be mobilized to 

improve the stability of the tunnel face during excavation and to reduce the structural 

demands on the lining. 

He also reviewed the basic concepts of lining design by examining the case of a tunnel 

placed in soil with no disturbances or excavation of the soil within. This initial state of 

stress is shown in Figure 2.1 a, where the vertical pressure at the crown is Pz which is 

equivalent to y (unit weight of soil) times z ( depth of cover), and horizontal pressure at 

the springline equivalent to Ko (at rest earth pressure coefficient) times Pz· If the soil is 

suddenly removed from inside the flexible but incompressible lining, a new state of 

equilibrium must be attained as the soil pressures are redistributed and the lining deforms 

to an elliptical shape as shown in Figure 2.1 b. 

Had the shape of the lining initially been of a horizontal over vertical diameter ratio of 

Ko, it would've been in equilibrium after excavation and no deformation are required to 

achieve the distribution of pressure compatible with the absence of bending stresses in 

the lining (Figure 2.1-c ). 
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a 

Original Stress 
Distribution at 
Location of 
Linîng 

b 

Distorted 
Shape of 
Linîng 

Stress Distribution 
After Excavation 
and Deflection 
of Uning 

c 

Elliptîcal Tunnel Uning, 
Equilibrium Without 
Deflection 

Figure 2.1 - Pressures Against and Deflections of Hypothetical Linings (Peck, 1969) 

If instead of a flexible lining there was a rigid and infinitely strong circular lining, the 

initial pressure would 've been the same but after excavation no deformation would occur 

and therefore preventing any redistribution of sail pressures. In this case, the lining would 

be subjected to bending moments. These idealized scenarios can greatly assist in 

visualizing the behaviour and requirements of real tunnellinings. 

Peck (1969) also found that in all tunnels, irrespective of the rigidity of the lining, and 

even in soft clays and silts, the change in diameter have rarely exceeded 0.5%. The 

findings demonstrated that distortions of more than a few tenths of a percent of the 

diameter of a lining are effectively prevented by the strength mobilized in the 

surrounding ground. It was also shawn that the rate of distortion in such soils decreases 

with time. 

5 



Analytical solutions for the normal forces and bending moments in a tunnel lining have 

also been developed by severa! researchers considering the relative flexibility of the soil-

lining system. A typical distribution ofthrust forces and moments is shown in Figure 2.2. 

Figure 2.2 - Thrust (Left) and Bending Moment (Right) Distributions in a Typical 
Lining. 

A solution for bending moments in the lining is developed by Zurabov and Bugaeva 

(1962) as follows: 

(2.1) 

Where, 

Pv = vertical pressure at the crown 

r0 = radius to the extrados of the lining 

Il= Poisson's ratio of the ground 

Ec = Young's modulus ofthe soil 

E = Young's modulus of the lining 
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I = second moment of area of lining per unit length of tunnel. 

Muir Wood (1975) proposed a solution to determine the maximum bending moments in 

linings based on the assumption that the circular lining deforms into an elliptical mode in 

elastic ground ignoring the shear stresses between the lining extrados and the ground: 

(2.2) 

Where MMAX is the maximum bending moment at the crown, Ko is the at rest earth 

pressure coefficient and all other factors are similar to those defined previously. 

Curtis et al. (1976) developed another solution to calculate bending moments in tunnel 

lining, and it is as follows: 

(2.3) 

Bobet (2001) proposed a solution for shallow tunnels in dry and saturated ground; lining 

compressibility and flexibility ratios (C and F respective! y) were first introduced: 

C = Er0 (1-v;) 

EsAs(1-v 2) 

F= Er;o-v;) 
EJs(l-v2) 

The solution for shallow tunnels in saturated ground becomes: 

7 

(2.4) 



w 
[2E-- yh(1 + K)(1 + v)](C + F) 

T = _!__-----'ro'-----------ro 
2 (C+F)(l+v)+(l-v 2 )CF (2.5) 

3 1 1 2 • 
-- yh(1- K)ro cos 2(} + r(l- K)ro sm 3(} 

2 (1- v )F + 6 (1- v )F + 24 

M = -~ 1 
yh(l- K)r} cos 2(} + 

1 
r(1- K)r; sin 3(} 

2 (1 -v )F + 6 (1- v )F + 24 
(2.6) 

Where, 

T = thrust in the lining 

M = bending moment in the lining 

e = oo at springline and 90° at crown 

w = volume loss 

v= Poisson's ratio of the soil 

y = unit weight of soil 

h = depth of co ver to centre of tunnel 

K = at rest earth pressure coefficient 

ro = radius of tunnel 

E = Young's modulus ofthe soil 

Vs= Poisson's ratio of the lining 

Es= Young's modulus ofthe lining 

As = cross-sectional area of the lining 

Is = second moment of area of the lining per unit length of tunnel. 

The problem geometry and definitions of different parameters are shown in Figure 2.3. 
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h 

surface 

Crown 
ground (E~ v. y. k) (0=90°) 

Sprin.gl in.e 
(0=0°) 

Figure 2.3- Shallow Tunnel Problem (Bobet, 2001) 

The different theoretical methods presented so far pro vide an approximate estimate of the 

ground movement as well as forces and moments in the lining. Empirical and semi-

empirical methods are still used to provide preliminary estimates for tunnelling problems 

assuming an idealized soil condition. Analytical methods, on the other hand, are 

particularly useful for the analysis of tunnel lining in elastic ground under Greenfield 

conditions (i.e. no structures present in the area of influence of the tunnel). For soft soils 

and non-homogeneous ground conditions, the above methods do not provide accurate 

results and the use of physical or numerical methods is necessary. 
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2.2 Physical modeling of tunnels in soft ground 

Full-scale modeling or the analysis of onsite conditions during tunnel construction can 

yield useful information. However, onsite investigation is limited by instrument 

placement restrictions (e.g. depth restrictions), and safety concems that prevent access to 

tunnels near collapse. Full-scale experiments are very expensive, difficult to run, and are 

hard to repeat (Chambon and Corte, 1994). Therefore, ground response to tunnelling is 

often studied using reduced scale physical models. 

The construction of a tunnel is a complex three-dimensional process that involves many 

different events, therefore, exact physical or numerical modelling of the tunnelling 

process is quite difficult and simplifications are usually necessary (Sharma et al., 2001). 

Laboratory model tests conducted under gravity, or in a centrifuge seern more suitable for 

this purpose. In fact they can single out the most relevant factors influencing the overall 

behaviour of the tunnel and provide valuable data for refining the chosen numerical 

model. 

2.2.1 Gravity vs. centrifuge modeling 

Gravity scale models (GSM) are investigated under normal lg condition. They provide 

the flexibility of carrying out the test under controlled environrnent, whereas in centrifuge 

testing the actual self-weight of the ground and the corresponding in-situ stresses are 

accounted for. 

GSM are much more economical compared to centrifuge, full scale, or onsite 

investigations. However, for a successful GSM testing, correlations between the model 

10 



and the prototype are necessary; at a minimum, they have to follow the same physical 

laws (Atkinson and Potts, 1977). The usefulness of GSM is limited by the fact that in-situ 

stresses are not fully established. Despite this limitation GSM have long been 

successfully used in soft ground tunnelling research. 

(a) fixed Package 

t • • ,. ... 
• • . ' • • • • • • 1 • ......... 

Stationary 

(b) Swînging Package 

lg 

Resultant 
Acceleration 

Resultant 
Acceleration 

Figure 2.4 - Centrifugai Acceleration (Atkinson, Potts and Schofield, 1977) 

On the other hand, with centrifuge models (CM) testing, the in-situ stress state can be 

accurately simulated as compared to a lg test. In a centrifuge the model is rotated with an 

angular velocity, ro (rad/s), at a radius R (see Figure 2.4-a). This causes the model to 

experience an acceleration of a = ng = ro 
2
R, where g is the acceleration due to the earth' s 

gravity (g = 9.81 m/s
2

) and n is the scaling factor. This means that centrifuge model 

experiences n times the gravity, with the value of n depending on the speed of rotation. 

This effectively, as far as the values of in-situ stresses are concemed, makes the model n 

times larger (Atkinson, Potts and Schofield, 1977). 
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2.2.2 Tunnel modeling techniques 

Several modeling techniques have been developed to investigate different aspects of 

ground response to tunnelling. A summary of sorne ofthese techniques is given below. 

Trap door models 

Trap door tests have been used to study the mechanics of 2D and 3D ground movements 

near the face of an advancing tunnel in different soils (Murayama et al., 1968, 1971, 

Adachi et al., 1995, 1997, 2003, Xu et al., 1995, Sakai, 1996, Nakai et al., 2000). When a 

trap door that supports a granular material is lowered the earth pressure acting on the trap 

door decreases and the earth pressure acting around the trap door increases. Trap door 

models are considered to be an approximate method to simulate tunnel excavation 

process by controlling the ground volume loss induced by the process of lowering the 

trap door (see Figure 2.5). It facilitates the evaluation of the surface seUlement and the 

corresponding earth pressure on and around the trap door resulting from soil movement. 

D 

Passive mode 

ttttttt 
J?M$41 __ ....,_...,. !,. B .,!.------
+++++++ 

Active mode 

Figure 2.5 - Typical Trap Door Problem (Meguid et al., 2007) 
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Bury and caver method 

Bury and Cover is a simple method for simulating the pressure acting around tunnels. 

Soil Placement 

Figure 2.6 - Bury and Cover Model 

A tube (representing the lining) is buried in a container and soil (usually granular 

material) is added over the lining (see Figure 2.6). This method does not simulate the 

process of tunnel excavation and is therefore very limited in its application (Chambon 

and Corte, 1994, Nomoto et al., 1999). 

Pressurized air mode! 

Pressurized air in a rubber bag of negligible strength has been widely used in tunnel 

modeling (see Figure 2.7). A tube is pushed through the soil or buried during soil 

placement to create a tunnel; a rubber bag is then inserted into the simulated tunnel and 

pressurized. The tube is usually removed from the soil (unlined tunnels), or left in place 

(lined tunnels). In the initial stress conditions, the air pressure is equal to the overburden 

pressure. The air pressure is then lowered incrementally to simulate stress reduction 
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experienced by the sail during tunnel excavation until complete failure is achieved (Mair, 

1982). 

Figure 2.7- Pressurized Air Model 

Heavy liquid drainage 

Another approach similar to using air is using Heavy Liquid Drainage. It consists of 

filling the tunnel with a heavy liquid such as zinc chloride and then slowly draining it 

(Sharma et al., 2001). This approach requires that bath ends of the tunnel be plugged. It 

does not account for the directional reduction of stresses experienced during tunnel 

advancement. 

Fluid pressure 

The stability of tunnel face in cohesionless soils has been investigated by Chambon and 

Corte (1994). Fluid Pressure models usually consist of a rigid metallic tube with one end 

covered with a thin latex membrane as shawn in Figure 2.8. A hydrostatic pressure is, 

then, used to simulate the pressure induced by a slurry shield. 
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Figure 2.8 - Fluid Pressure Model (Chambon and Corte, 1994) 

Polystyrene foam and organic solvent 

In this method, a stifftube ofpolystyrene foam is buried in the soil (Sharma et al., 2001). 

In the initial state (pre-dissolution) the foam simulates the soil to be excavated and is 

subjected to in-situ stresses that would be applied to the surrounding soil before tunnel 

excavation. Once exposed to an organic solvent the foam dissolves quickly. The 

reduction of stresses applied to the surrounding soil as the foam dissolves models the 

stress reductions experienced during tunnel excavation. 

Soi! augering method 

This method involves the use of a small soil auger to excavate an opening in reconstituted 

or natural clay material (Chapman et al., 2006). Soil is typically consolidated in a tank 

under a specified pressure. An auger is then used to bore through the soil material in 
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order to simulate the excavation process. Lining segments can be installed as the auger 

excavates to further model the tunnel construction process (see Figure 2.9). 

Shield 

Auger 

\ 

Figure 2.9 - Auger Excavation Model 

Miniature tunnel boring machine 

This method was developed by Nomoto et al. (1999) (Figure 2.10). This machine was 

designed to simulate the actual process of shield tunnelling as closely as possible. The 

machine is made up of the following three main components: 

The Shield: is made up of three tubes, a 100 mm diameter stainless steel tube ho uses a 

spiral conveyer with a cutting head to excavate and carry out intake soils, a middle tube 

of diameter 96 mm and 98 mm that serves as the tunnellining (a series of load cells are 

inlaid on this middle tube), and a 100 mm diameter stainless steel pipe for simulating the 

tail void formation (this tube is removed after the complete advancement of the tunnel.) 
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The driving component: is made up of two motors, one for the forward advancement of 

the shield part and for removing the tail void tube, the other for driving the excavation 

cutter. 

The strong box: is a 240 x 700 x 700 mm of stainless steel that houses the model and 

displacement measurement system. 

The miniature tunnel boring machine took four years to be designed and developed, 

which is a time and financial investment that very few others, if anyone, could repeat. In 

addition, the machine is limited to tests using only one specifie tunnel diameter, 100 mm, 

and can only be tested up to 25g, meaning that this method can only be used to model 

prototype tunnels with a maximum diameter of2.5m. 

Laser Units Driving Motor 

Shleld Machine 
Displacement Section 

Timing BeJt Speed Reducer 

-"7""'1 

Outlet 

Cross Section 

Cutting Motor 

Spline 
Support:ing 
Frame 

(Unit; mm) 

Figure 2.10- Miniature TBM (Nomoto et al., 1999) 
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The physical modeling techniques reviewed in this section were studied for feasibility 

and similarity to real tunnelling to help choose an adequate procedure for the experiments 

to be conducted in this study. The "Bury and Cover", "Pressurized Air" and "Foam-

Sol vent" methods require that a shield is installed before soil placement. "Fluid Pressure" 

and "Heavy Liquid Drainage" are best suited to investigate the tunnel stability. 

"Augering" and "Miniature TBM" methods closely simulate tunnel excavation and the 

model developed in this study will fall in between. A comparison of different model 

tunnelling techniques adapted from Meguid (2007) is shown in Table 2.1. 

Table 2.1- Comparison of Varions Model Tunnelling Techniques (Adapted from 
Meguid et al., 2007) 

Method Advantages and Application Disadvantages 

Trap Doors -Used to evaluate surface settlement -Does not simulate the actual 

and pressure on the trap door tunneling process 

simulating tunneling induced -Only approximate estimations 

movement and lining stresses of surface settlements and lining 

-2D and 3D ground movements can stresses 

be evaluated under 1 g and centrifuge 

conditions 

Rigid Tube- -Used to study face stability of -Do es not pro vide information 

Flexible Face shallow tunnels on the surface settlement behind 

-Tests can be conducted under lg and the tunnel face 

centrifuge conditions 

Pressurized -2D and 3D tests that can be -Used mostly for unlined 

Air conducted under both 1 g and tunnels 

centrifuge conditions -Does not simulate the tunnel 

-Used to study tunnel stability and face advance 

ground movements around tunnels 

18 



Foamand -Can be conducted in a centrifuge -Results were less satisfactory 

Sol vent Simulates the tunnel advance process when the excavation was 

simulated under water 

Soil -Simulates the tunnel advance -Used mostly for cohesive soils 

Au gering pro cess -Insertion of a shield is usually 

Easy to operate required 

-lg only, not easily mechanized 

for a centrifuge 

Miniature -Conducted in a centrifuge -Expensive 

TBM -Simulates the complete tunneling -Limited gravitational 

pro cess acceleration (up to 25g) 

Adjustable -Simulates the 2D tunnel excavation -Manually controlled 

Tunnel pro cess -Limited to 2D models under 1 g 

Diameter -Simple to operate condition 

2.3 Tunnel-pile interaction 

A major concem during tunnelling is potential damage that might occur to surrounding 

buildings and structures. The subsidence caused by the ground lost during excavation 

provokes redistribution of stresses in the soil and usually negatively affects the nearby 

structures, such as foundations, piles, and other buried structures. This is attributed to the 

fact that the tunnel construction was understandably not taken into account in the design 

ofthese existing structures. 

Several studies investigated the effect of tunnel construction on nearby deep foundation 

(Breth and Chambosse, 1974, Morton and King, 1979, Attewell et al., 1986, Rankin, 

1988, Vermeer and Bonnier, 1991, Burland, 1995, Mroueh and Shahrour, 1999, 2002, 

Coutts and Wang, 2000, and Cheng et al., 2006), however the reverse of the problem (the 
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effect of pile foundation on the stresses developing in the tunnel lining) has not received 

enough research attention. Selected studies investigating this interaction are summarized 

belo w. 

2.3.1 Pile response to tunnelling 

Chen et al. (1999) studied the lateral and axial pile response induced by tunnelling using 

a two-stage approach. They first analyzed the ground movements ftee from structures 

caused by tunneling using the analytical approach of Loganathan and Poulos (1998). 

They then proceeded to impose these soil movements on the pile in a boundary element 

analysis to compute the bending moment, lateral deflection, compressive and tensile axial 

force in the pile. The factors shown to influence this response ranged from tunnel 

geometry, ground loss ratio, soil strength and stiffness, pile diameter and ratio of pile 

length to tunnel cover depth. Figure 2.11 illustrates the problem definition (h = 20 rn, R = 

3 rn, Lp = 25 rn, d = 0.50 rn, and ground loss =fR2 = 1% and 5%). 

,~ 
x Pile 

Soil i 

h movements ~~ 
Thnnel ! 

1 

z d~l--
~·. 

Figure 2.11 - Problem Defmition (Chen et al., 1999) 
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Figure 2.12 illustrates the pile response at different separating distances from the tunnel 

centerline for two different values of ground loss. Bending moments in the pile increased 

as the separating distance became smaller. The pile response to a 5% ground loss as 

opposed to a 1% ground loss produced a faster rate of increase in bending moments. 

300~-------------------------, 

250 

-200 
E 
~ 150 -,Ill> 

::E 100 

~~-·:-. - ~ tR2 =: 0.09m2 

l ER2 = 0.4Sm2 

50 

o~~~~~~~~~~~~~4 

0 10 20 30 40 50 
Distance, x (rn) 

Figure 2.12 - Bending Moments in the Pile at a Distance x from Tunnel Centerline 
for 1% and 5% Ground Loss (Chen et al., 1999) 
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Another study by Lee and Ng (2005) numerically investigated a loaded pile's response to 

a nearby advancing open face tunnel using a finite element model. The Problem 

definition is shown in Figure 2.13. 

15m 

6m 

-

Vertical 
centarline 

London clay 
z 
1 

18m Pila 1 

1 Linlng M~- x 

-·-·-·-·-· ·-·~·-·-·-·---~:·-·-·-·-·-· 
2~J CJ 

Sm 

Figure 2.13- Problem Definition (Lee and Ng, 2005) 

A zone of influence (one tunnel diameter behind the pile and one ahead) was defined, in 

which an excess pile settlement was found to develop, which corresponded to an increase 

in loading in the pile. 

Other responses were also measured, such as the variation in bending moments in the pile 

about the x axis and the y axis as the tunnel face advanced (see Figure 2.14). Bending 

moments in both directions increased when the tunnel advanced from a distance of 3 

diameters behind the pile to a distance of 3 to 5 diameters past the location of the pile. As 

expected, the moments about the y axis increased more dramatically as compared to the 

moments about the x direction especially in the zone of influence. 
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Figure 2.14- Tunnelling Induced Bending Moments along a Pile at Varions Stages 
of Excavation: a) About x~Axis and b) About y~Axis (Lee and Ng, 2005) 
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Kitiyodom et al. (2005) investigated the response of a single pile as well as piled raft to 

tunnelling. Analytical methods such as Loganathan and Poulos (1998) were used to 

model the pile-raft-soil interaction. 

H L 

Figure 2.15 - Problem Defmition (Kitiyodom et al., 2005) 

Figure 2.15 illustrates the problem definition (H = 20 rn, R = 3 rn, L = 25 rn, and d = 0.50 

rn). This model was first validated using analytical solutions and then investigated using 

finite difference analysis. Results indicated that single piles experienced an increase in 

lateral deflection, bending moment, vertical movement and axial force when the pile is 

doser to the tunnel advance. For piled raft foundation the closest piles in the group 

experienced greater movement as compared to the farthest with respect to the tunnel 

advance. 

Figure 2.16 shows the different pile responses. These were measured for vanous 

distances to tunnel centerline which ranged from 4.50 rn to 13.00 m. An increase in the 

pile response such as maximum axial force or vertical settlement was noted. The increase 
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in lateral pile deflection or bending moment almost doubled when comparing the pile at 

6.75 rn away from the tunnel centerline versus the pile at 4.50 rn away. 
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Figure 2.16- Computed Responses of Single Piles Located at Different Distances, x, 
from the Tunnel Centerline: a) Lateral Deflection, b) Bending Moment, c) Vertical 

Movement, and d) Axial Force (Kitiyodom et al., 2005) 
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2.3.2 Effects of existing surface structures on tunnelling 

Potts and Addenbrooke (1997) investigated the effect of existing surface structures on 

subsidence induced by tunnel construction using finite element analysis (see Figure 2.17): 

B 

• -... -- .................. --- ..... -:- .......... -- .... -"--"-.---.-.-.- .·. !--. 

0 ... ... 

0 
1 

1 e 

1 -

. ' • 

z 

: .......... 

Figure 2.17- Problem Geometry (Potts and Addenbrooke, 1997) 

The problem's geometry was as follows: a tunnel diameter of 4.146 rn (D), the depth 

from the surface to tunnel axis varied between 20 rn and 34 rn (Z). The surface structure 

was represented by a bearn of width B and eccentricity e, axial stiffness (EA) and 

bending stiffuess (El) were the main variables considered in the parametric study. The 

soil properties were: a clay with saturated bulk unit weight of 20 kN/m3 and a hydrostatic 
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pore water pressure profile with a water table at 2 rn below ground surface. Since only 

short-term response was investigated, the soil was assumed to behave undrained. 

The results of the analysis were presented in terms of p* and a*, respectively 

representing the relative bending and axial stiffnesses as follows: 

*- El 
p- E H 4 

s 

a*= EA 
ESH 

(2.7) 

(2.8) 

Es is a representative soil modulus, and H is equal to B/2. These parameters were 

similarly used in other studies (Fraser and W ardle, 197 6 and Potts and Bond, 1994 for p*, 

Boscardin and Cording, 1989 for a*). The tunnel excavation was modeled by 

incrementally removing elements from within the tunnel boundary. A typical value of 

1.5% ground loss was used in the analysis. The result obtained from the finite element 

analysis showed that the presence of a structure 60 rn wide with zero eccentricity affected 

the Greenfield settlement trough (seUlement profile with no surface structure) 

proportionally to any of the relative axial or bending stiffnesses. 

Figure 2.18 illustrates how increasing the relative axial stiffness (Figure 2.18-a) decreases 

the maximum settlement in the Greenfield curve but widens it at the same time. A similar 

effect was achieved wh en increasing the relative bending stiffness (Figure 2.18-b ). The 

effect of the structure however, is only restricted to a limited extent beyond its edge. 
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Figure 2.18- Surface Settlement Trough (Potts and Addenbrooke, 1997) 
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~·. Lee and Y oo (2006) investigated a somewhat different type of pile-soil-tunnel 

interaction. A two-dimensional physical scale model (910 mm x 720 mm x 75 mm) was 

used to quantify the tunnel centerline movements during excavation in the vicinity of pre

installed rectangular piles (75 mm x 25 mm) installed in aluminium rod mixture that 

represented an idealized 2D granular material. 

Tunnel excavation was modeled usmg a cylindrical shaped apparatus that could be 

reduced in diameter by tuming two knobs located at each side of the cylinder (see Figure 

2.19). 

Figure 2.19- Model Tunnel Deviee (Lee and Yoo, 2006) 

Measurements of movements were performed using a photogrammetrie technique that 

involves taking several high resolution digital images. The results obtained indicated that 

horizontal and vertical shifting tunnel movements occurred during excavation and were 

generally higher in magnitude when pre-installed piles were located doser to the tunnel 

centerline. This is illustrated in Figure 2.20: horizontal and vertical shifting movements 

of the model tunnel were measured when a staged reduction in diameter is applied; the 
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four different curves represent different locations of the pile from the tunnel centerline 

(AO at 1 diameter away from tunnel centerline, BO at 1.5 diameters, CO at 2 diameters 

and DO at 3 diameters). 
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Figure 2.20 - Centerline Movements of the Model Tunnel during the Development 
of Volume Loss (Lee and Y oo, 2006) 

The above studies indicate that the presence of pre-installed structures in soils has an 

influence on nearby tunnels. This influence can be in the form of changes in settlement 

troughs as suggested by Potts and Addenbrooke (1997) or movements of the tunnel itself 

as suggested by Lee and Y oo (2006) or strains/stresses in the tunnellining as set to be 

demonstrated within the scope of this study. 
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This chapter provided a review of the literature relevant to the experiments that were 

conducted in the present thesis. 

The first portion of the chapter listed a number of different important empirical, semi

empirical and analytical methods that are used to determine stresses and strains in linings 

due to tunnelling excavation. These methods were meant as a guide for a preliminary 

estimation of lining behaviour. 

The second part of the chapter consisted of a comparison between different methods used 

be researchers for the physical modelling of tunnels including the pros and cons of each 

model. As a result of this examina ti on and in the scope of this research, a physical model 

based on the "Augering" method was designed and constructed. 

The last part of the chapter focused on the literature pertaining to soil-structure 

interaction and more specifically to the tunnel-soil-pile interaction. A sample of the large 

number of studies that investigated piles response to tunnelling was reviewed. The other 

side of the problem, tunnel's behaviour in the presence of piles, was subject to a smaller 

number of studies. The present thesis aimed at shedding more light on the latter side of 

the problem and the physical model was adjusted accordingly. 
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3. EXPERIMENT SETUP 

This chapter provides a description of the steps taken to develop the experimental setup 

used in the laboratory investigation and shows how the physical model evolved to the 

final design that has been used in this study. The last section of this chapter focuses on 

the composition and geotechnical properties of the soil used throughout the experiments. 

3.1 Model Construction 

The construction of the physical model was based on a "build/validate/refine" process. 

The following section describes the different components used in building the model. 

3.1.1 Strong steel box 

The design dimensions of the box were chosen such that it facilitates two-dimensional 

simulation of the tunnel construction. The box is approximately 1 foot (0.30 rn) thick x 

4.5 feet (1.35 rn) wide x 4 feet (1.20 rn) high (see Appendix A). The box was made of 4 

steel sides and 1 detachable Plexiglas face. The steel sides were attached together via 

steel angles and bolts, and then welded. 

The Plexiglas face was also attached to the rest of the box with bolts but a thin rubber 

layer separated them to ensure the tightness of the connections during the repeated 

remo val and installation of the Plexiglas. The full structure was stiffened from both si des 

with three 4-inch (0.1 0 rn) Hollow Steel Sections (HSS) that were attached together with 

threaded rods (See Figure 3.1). A 6-inch (0.15 rn) diameter hole was drilled in the 

Plexiglas face and the opposite si de steel plate to represent the location of the tunnel. 
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Figure 3.1 - Steel Box Structure 

3.1.2 Circular Plexiglas flanges 

Two circular Plexiglas flanges were constructed to serve multiple purposes: (1) to prevent 

leakage as the soil is poured into the tank, (2) to provide a track for the thin metal rods 

shield system. Each flange is composed of a ring component and a plug component (See 

Figure 3 .2). The ring has an inn er diameter of 5 inch es (0.13 rn), and an outer diameter of 

8 inches (0.20 rn). The plug has an inner diameter of 5 inches (0.13 rn) to fit perfectly in 

the ring and an outer diameter of 8 inches (0.20 rn). Details are provided in Appendix A. 

The rings and plugs outer diameters are larger than the ho les on the si des of the steel box 

to provide a mean to attach them. This was achieved by drilling the flanges with eight ~ 

inch (0.006 rn) holes that allowed them to be fixed to the box's steel face via welded ~ 

inch (0.006 rn) threaded rods, and to the box's Plexiglas face via resin glued threaded 

rods (See Figure 3.3). 
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Figure 3.2 - Circular Plexiglas Flanges 

Figure 3.3- 'l.l inch Threaded Rods around Plexiglas' Face Hole 
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To prevent leakage from any orifices that may have existed between the flanges and any 

ofthe faces, circular rubber gaskets were custom fitted in these specifie locations. Similar 

to the rubber seals between the edges of the Plexiglas face and the steel si des of the box. 

It is important to note that the ring components of the flanges were drilled with 3 arc-

shaped holes of approximately 2.9 inches (0.07 rn) in radius (See Appendix A). These 

were used in preliminary testing using the thin metal rods shield system described in 

section 3 .2 .1. In a latter stage, the plug components of the flanges were drilled with a ~ 

inch (0.013 rn) hole in the centre to accommodate the threaded rod of the shield used in 

the final excavation technique. The flanges were completely removed after soil placement 

and before the tunnel excavation, to allow the insertion of the 6 inch (0.15 rn) diameter 

shield pipe. 

3.1.3 Wooden feed hopper 

The approximate volume of soil material needed in a single test was 15 cubic feet (0.45 

m3
) and the capacity of a single mixing batch was approximately 3 cubic feet (0.09 m3

). It 

entails a total number of 5 batches per experiment. Due to the large volume of material 

per experiment, a hopper was constructed in an inverted pyramidal shape, with an 

approximate volume equal to that of one mixing batch, i.e.: 3 cubic feet (0.09 m3
). It was 

supported by a steel frame to allow for the use of a forklift (See Figure 3.4). 

The unloading of the hopper was achieved by rotating a semi-cylindrical door operated 

by an aluminium bar. It was supplemented with rubber and foam gaskets and lined with a 

plastic bag that was replaced on a batch-to-batch basis. 
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Figure 3.4 - Wooden Feed Hopper 

3.1.4 Tunnel excavation procedure 

Steel 
Frame 

The tunnelling was simulated using a system composed of a hydraulic jack, a 6 inch (0.15 

rn) diameter steel cylinder and a connecting threaded rod of~ inch (0.013 rn) diameter 

and 3 feet (0.9 rn) long. A long steel !-bearn was set up behind the model's box to act as a 

track and fix the location of the hydraulic jack during testing (See Figure 3.5). 

Figure 3.5 -Tunnel Excavation Mechanism (Front View and Back View) 
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As mentioned previously, the shield cylinder was connected to the hydraulic jack via a 

long threaded rod that was attached to the jack from one side and to the cylinder from the 

other side via 4 spokes welded with a nut. 

A hydraulic pump was connected to the jack with two hoses to facilitate the shield 

advance. The approximate time to fully extend or retract the jack was about 3 minutes. 

The shield was pulled into the model in two stages: first, the insertion of the shield 

cylinder into the soil; and second, pulling the shield out of the soil in the same direction 

through the other si de of the box. 

3.1.5 Tunnellining (monitoring pipe) 

One of the most delicate components of the model, the lining consisted of an aluminium 

pipe that was equipped with strain gauges to measure positive and negative strains 

induced by soil movements. The pipe assembly was done by rolling a 1 foot (0.30 rn) 

wide by 1.3 feet (0.40 rn) long aluminium sheet of 1/lOOth of an inch (0.00025 rn) 

thickness around a 5 inch (0.013 rn) diameter pipe, then closing it with a series of 1/8th 

inch (0.003 rn) nuts and bolts (See Figure 3.6 Left). 

The selection of aluminium as the pipe material was based on laboratory testing of 

different materials. Aluminium provided the necessary flexibility and elasticity to 

maximize strain detection. A calculation of compressibility and flexibility factors for the 

chosen lining according to Bobet (2001) (see Equation 2.4) gave values of 0.00889 and 

6894 respective! y which translates into minimal compressibility and high flexibility. 
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The installation of strain gauges required several steps. After marking the locations and 

cleaning the surface with fine sandpaper and a proper cleaning agent, the strain gauges 

were attached with super-strength glue, their wirings properly isolated and then soldered 

to electrical wires which were fitted to pin connectors (See Figure 3.6 Right). 

Figure 3.6- Monitoring Pipe (Assembled and Open) 

The final lining was 5 inch (0.13 rn) in diameter and was instrumented with 8 strain 

gauges oriented perpendicular to the lining's centerline. The pipe diameter was selected 

to allow for a physical gap of about 0.025 rn between the shield and the lining. 

3.1.6 Model piles 

Model piles were selected to simulate the case of deep piles extended in soft clay and 

supported in a strong soil or bedrock layer below the tunnel level. The model piles 

consisted of thirty 1-inch (0.025 rn) diameter steel rebars distributed symmetrically in 

three rows offive piles on both sides of the tunnel (See Figure 3.7 Left and Appendix B). 

Although the model piles were not loaded as would be the case in an actual setting, they 

were nonetheless fixed in the x-y direction at the top and bottom of the box using a metal 
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grid and a perforated wooden plate, respectively. Fixing the pile groups at the top and 

bottom of the box was also necessary to prevent their movement during testing. 

Pile compressibility and flexibility factors were calculated using the relationships of 

Poulos and Davis (1974) (see Equations 3.1). Respective values of 40 and 0.0016 

correspond to incompressible pile of medium flexibility. 

(3.1) 

Where, 

Ep = Young's modulus of pile 

Es = Young' s modulus of soil 

Lp = length of pile 

Ap = cross-sectional area of pile 

Ip = second moment of area of pile 

Figure 3.7- Model Piles 
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The wooden plate was eut to the inner dimensions of the box and thirty 1-inch (0.025 rn) 

diameter holes were drilled and spaced according to a grid pattern. The metal grid was 

constructed from Y2 inch (0.013 rn) square section steel bars eut to the dimensions of the 

interior of the box and welded together. Similar bars were spread across the grid and 

welded to it. A square 2in-by-2in (0.05 rn by 0.05 rn) hollow steel section was used to 

create thirty Y2 inch (0.013 rn) thick rebar holders to prevent pile movement at the top of 

the box (See Figure 3.7 Right). The piles were removable from their full grid setup to be 

re-arranged in a multitude of grid patterns (see Appendix B). 

3.2 Tunnel excavation 

Severa! trial techniques have been used to simulate the process of tunnel excavation and 

lining installation in soft clay. Temporary supporting the excavated opening during 

excavation with minimum induced disturbance was one of the challenging tasks. A 

summary ofthese trial methods is given below. 

3.2.1 Unsupported excavation system 

In this method, the soil excavation was performed with no temporary support, relying on 

the soil stiffness to support the excavated opening as the lining is installed. 

This procedure was only possible for stiff clay material which requires a long-term 

consolidation process to reach the desired strength. The strength needed for a stable 

unsupported excavation as suggested by Peck (1969) is achieved if yz/eu :::;s. For the 

given geometry (depth to cover (z) of approximately 1 rn and soil unit weight (y) of 18 

kN!m\ the shear strength (Cu) should be around 4 kPa. 
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For such a large soil volume, reaching the desired shear strength required severa! weeks 

of consolidation time which was considered unpractical within the scope of this study. 

3.2.2 Thin rods shield system 

Thin steel rods (30 cm in length, 2 mm in diameter) were installed and supported at a 

small distance outside the tunnel perimeter (see Figure 3.8 below). Tunnelling simulation 

was achieved by augering inside the cylindrical shaped soil created within the area 

surrounded by the metal rods. The flexible metal lining was then installed inside the 

excavation. The rods were allowed to move towards the installed lining. 

Side View Front View 

1.20m 

_: ]~.14m 
0.70m 

Figure 3.8 - Thin Rods Shield System 

The advantage of using thin metal rods as a shield was that shearing of soils due to 

installation was minimal because the rods were left in place to collapse with the sail. A 

preliminary test was carried out to check the practicality of the method (see Figure 3.9). 

During installation, the rod alignment was found to be challenging. Severa! trials were 

performed by moving the rods back and forth inside the soil which lead to soil 
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disturbance around the tunnel perimeter. This problem rendered the use of metal rods 

unpractical and hard to repeat under the same testing conditions. 

Figure 3.9 - Preliminary Sand Test with Metal Rods 

3.2.3 Fully shielded excavation 

This procedure consisted of pulling a shield (stiff steel cylinder) progressively through 

the soil. The soil inside the shield was then removed incrementally and a monitoring 

cylinder (lining) placed inside the newly created void just before the shield was removed 

completely from the steel box to allow the soil to move towards the centre of the tunnel 

(see Figure 3.10). 

As mentioned earlier, the shield cylinder was connected to a hydraulic jack via a long 

threaded rod that was attached to the jack from one side and attached to the cylinder from 

the other side via 4 spokes welded with a nut. To improve the repeatability of the test the 
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shield and the jack were placed on a steel track consists of a large !-bearn section to guide 

the shield during testing and insure a consistent path for different tests . 

,. 
· .. ·. -:···. 

. , .. ... .. 

· ...... ·.· 
. · .. . Steel Box 
." Soil .' · ···.····/ . · ... · .. ·. ·. ... . . · ........... . 

. ·. · .. 
. ··.: 
. ·.· . · .. ·. . . 

• • • ~ • t • . ··· .... 
. ·.· 

···. . .. JL . . . · .. 

Hydraulic Jack 

Steel Track 

Figure 3.10- Fully Shielded Excavation 

1 

A prelirninary test on wet sand was carried out to validate the repeatability of the rnethod. 

The shield installation worked consistently and the shield cylinder followed the 

predetermined track. The shield has shown to be rigid as cornpared to the supported soil 

and no deflection was observed as a result of the applied soil pressure. 

The test was repeated with a clay rnix to validate the procedure for cohesive soils. The 

test was also successful and the rneasured lining stresses based on the strain gauge 

readings were consistent with the theoretical results reported in the literature. Details of 

these results will be discussed in Chapter 5. 
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To facilitate the companson between the control test and the case where a deep 

foundation already exists in soil prior to tunnelling, two pile groups were installed 

symmetrically on each side of the tunnel location prior to soil placement as shown in 

Figure 3 .11. 

~. ~ ~ ~ ..,......., ~ ~ ~ ~ r----"'"":" 

' 
li· . ~ 

v· ··, 
-:, . 

' . 

Piles 
d 0.025 

: 
= rn >", 

., 
"• _, 

. 1.10 rn .. 
·' Tunnel 

/ d= 0.15 rn ' .. 

~-· : 
.. •, . .. ·'·, 

0 . . . 
. '~ . . .. 

•, : '·. / . " · ... 

1.35 rn 

Figure 3.11 - Pile Groups Installed around the Tunnel 
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3.3 Soil preparation and characterization 

Consolidating a large clay volume from slurry is a time consuming process due to the fact 

that clays usually have low hydraulic conductivity and the drainage path is relatively long 

particularly near the sample centre. Previous researchers (Stimpson, 1970, Dykeman and 

Valsangkar, 1996) used cement-sand-clay mixes to simulate stiff clay and weak rock 

material. These methods allowed for control of the soil strength and minimized the need 

for consolidation. In this study, a clay powder (bentonite) was mixed with a percentage of 

sand and a small amount of cement to simulate the clay material. 

Table 3.1 - Trial Mixes and Observations 

Water Sand Cement Final Time between 
# 0/o 0/o 

Clay% 
% Observations 

Mixing and 
/-' Observation 

1 20% 70% !4% 6% Very Solid (Smooth Surface) 
2 16% 74% !6% 4% Very Solid (More Brittle) 
3 17% 73% B6% 4% Not Workable Hard & Brittle 3h00 
4 40% 36% B20% 4% Stiff & Cohesive 3h30 
5 25% 61% B 10% 4% Stiff & Granular 3h30 
6 36% 50% B 10% 4% Soft & Cohesive 2h00 
7 36% 50% KlO% 4% Too Liquid (Discarded) 
8 40% 36% K20% 4% Too Liquid (Discarded) 
9 16% 74% K6% 4% Slushy Granular 2h30 
10 14% 74% K8% 4% Less Slushy Granular & Dry 2h30 
11 37% 51% B 11% 1% Discarded 
6 36% 50% B 10% 4% Stiff & Workable 3h00 

6* 37% 49% B 10% 4% Minor Difference 3h00 
Used throughout the 

* 1 (Illite), B (Bentonite), and K (Kaoline) 

Several mixes with different cement/clay/sand content were tried to obtain sufficient 

~' strength and prevent soil from flowing into the excavated opening. A complete list of the 
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mix proportions and observations made on soil consistency is summarized in Table 3.1. 

The selected mix was based on trial mix 12 (4% type-10 cement, 10% bentonite clay, 

44% fine sand, and 42% water) because it provided enough workability to allow soil 

placement and reasonable shear strength few hours after placement. 

3.3.1 Clay mix properties 

Laboratory testing was conducted to determine the properties of the soil components 

(clay powder and sand) as well as the properties of the clay mix. Table 3.2 lists the 

various measured soil properties. 

Table 3.2 - Soil Properties 

SOIL PROPERTIES 

Gs (Specifie Gravity of Sand Mineral) 

D10 (Effective Size of Sand Particle) 

Cu (Uniformity Coefficient of Sand) 

LL (Bentonite Clay Liquid Limit) 

PL (Bentonite Clay Plastic Limit) 

Wc (Water Content of Clay Mix) 

Cu (Undrained Shear Strength) 

Ysat (Saturated Unit Weight) 

2.66 

0.28 

1.25 

84% 

60% 

40% 

3-4 kPa 

18 kN/m3 

Shear vane tests were conducted to measure the undrained shear strength of the soil right 

after the tunnel excavation. A hand-held shear vane with a blade diameter of 19 mm was 

used. Figure 3.12 shows a dia gram of the various vane test locations. Figure 3.13 shows 

the grain size distribution curve for the sand used in the soil mix. It was found that the 

sand is uniformly graded (Uniformity coefficient Cu = 1.4) with an effective size (D10) of 

0.25mm. 
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4. TESTING PROCEDURE AND DATA ACQUISITION 

The present chapter describes the testing procedure used to conduct the experimental 

work throughout this study. It is divided into two sections: first, soil preparation, 

tunnelling and lining installation; and second, the monitoring phase and data acquisition. 

4.1 Testing procedure 

To minimize boundary friction between the soil and the steel sides as well as the 

Plexiglas face, the inner faces of testing box were painted with silicon grease. The 

different constituents of the mix (cement, clay, sand, and water) were divided into five 

equal parts to be mixed in the concrete mixer one batch at a time for an average mixing 

time of about 15 minutes (See Figure 4.1 Left). 

Figure 4.1 - Left: Single Batch Mixing- Right: Unloading Clay with Hopper 
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The clay mix was first poured into the feed hopper situated beneath the mixer. The 

hopper was then li:fted and moved above the box with the help of a forkli:ft. Finally, the 

door at the bottom of the hopper was released to pour the mix in the box. The procedure 

was repeated for each bat ch of the test un til the target volume was achieved. 

For the tests where tunnel-soil-pile interaction was examined, upper and lower fixities 

were installed first. The fixities consisted of a metal grid at the top resting on both side 

faces of the test box and a slotted wooden plate at the bottom of the box. The steel model 

piles were then installed in the corresponding slots. The setup is shown in Figure 4.2 

below. Other pile grid setups are provided in Appendix B. 

Figure 4.2 - Pile Installation 

After the clay-cement mix had been left for an hour approximately to reach the desired 

strength, the shield was connected to a hydraulic jack located behind the back face of the 

box using a threaded rod. The excavation process started with the removal of the front 

Plexiglas flange to allow for the jacking of the shield (See Figure 4.3). The process of 
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r\ pushing the shield towards the soil was done in five increments to allow for the removal 

of the clay from inside the shield. Just before the cylinder was complete! y inserted in the 

soil, the second tl ange was loosened and removed as the tip of the cylinder took its place. 

Figure 4.3 - Insertion and Extraction of Shield 

After the inside of the shield had been complete! y cleaned of soil, the lining was placed 

into the shield and connected to the data acquisition system to acquire lining strains. This 

phase was completed with the pulling of the shield complete! y out of the box allowing 

the soil to move radially into the gap between the excavated soil and the lining (see 

Figure 4.4). 

Figure 4.4 -Pre- and Post-Extraction of the Shield 
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4.2 Data acquisition 

The lining was instrumented using 8 strain gauges installed inside the pipe. Four strain 

gauges were installed at the springlines, and four were installed at the crown. The strain 

gauges were connected to the data acquisition system (StrainBook 616, IOtech Inc., 

2005) via 9 pin D-shell connectors. The data acquisition system was connected to a 

computer via USB connection and made use of WaveBook acquisition software (IOtech 

Inc., 2005). The data acquisition channels were configured to a ~ bridge circuit. A 

complete setup is shown in Figure 4.5. 

Figure 4.5 - Complete Data Acquisition Setup 
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5. EXPERIMENTAL AND NUMERICAL RESULTS 

This chapter presents the experimental results obtained using the testing procedures 

described in Chapter 4. In addition, the results of the finite element analyses conducted to 

calculate the lining response are also discussed. 

5.1 Experimental results 

Figure 5.1 shows the typical deformed shape of the lining along with the location of the 

strain gauges. The solid line represents the initial geometry of the lining; the deformed 

shape is represented by the dotted line. Figure 5.2 shows a typical reading of two strain 

gauges: one is located at the tunnel crown, and the second at the springlines. 

Undeformed Lining ------. 

CrownGauge 

\ 

~ 
' 

Springline Gauge 

-.... - - - -

Typical Deformed 
Shape 

,/ 

Figure 5.1 - Typical Lining and Strain Gauges Locations 
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As the lining deforms, strain gauges installed at the crown (on the inn er si de) elongates. 

On the other hand, springline strain gauges (on the inn er si de) con tracts. These actions 

are identified by the positive values of strain at the crown and negative values at the 

springline. 
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Figure 5.2 - Typical Strain Gauge Readings 

Figure 5.3 illustrates the locations of the strain gauges installed inside the lining. When 

the lining is advanced in the excavated tunnel opening, the first section instrumented by 

gauges Cl, SI, and S3 goes in first. As the shield is extracted, the soil closes on the last 

section instrumented by gauge C22 triggering the first strain gauge reading. After a test is 

completed and strain gauge readings are recorded as shown in Figure 5.4, the results are 

analyzed considering the following: 
/"·. 

53 



1) The initial readings (0 to 30 sec approximately) correspond to the recorded strains 

before the shield is completely removed. These consist most! y of noise. 

2) Gauges started to record strains at four different times ( corresponding to the four 

sections/lines of gauges) as the gap is progressively closing in the direction of the tunnel 

advance (see Figure 5.3). In most instances, the initial value of the gauges at the moment 

of gap cio sure is different than zero because of the prior manual handling of the lining. 

Figure 5.3 - Layout of Strain Gauge Locations on Lining 

Adjusting the readings was conducted by identifying the time stamps that correspond to 

the start of the strain increase due to gap cio sure and offsetting these points to zero along 

the y-axis. A sample ofthe adjusted plots is shown in Figure 5.5. 
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A total of five experiments were carried out including control tests and tests involving 

pile foundations. Results of four tests were successful and are reported in this section. 

5.1.1 Control test 

Figure 5.6 presents the results obtained for the control test (i.e. no piles). In this case, the 

crown readings ranged between 57 and 181 microstrains for an average value of 109 

microstrains. On the other hand, the springline readings ranged between -87 and -171 

microstrains for an average value of -133 microstrains. 

5.1.2 Piles located at 3D away from the tunnel centerline 

Figure 5.7 presents the next case where piles exist in the close vicinity of the tunnel. A 

pile group (2 by 3) pre-installed on each side of the tunnel at a distance of approximately 

3 tunnel diameters away from the tunnel centerline (actual distance= 3.16D). Recorded 

crown readings ranged between 37 and 76 microstrains for an average value of 52 

microstrains. Strain values at the springline ranged between -124 and -247 microstrains 

with an average of -171 microstrains. 

In this case, strains at the crown decreased considerably (by about 50% as compared to 

the control test) while strains at the springlines attained a higher value than the control 

test. This is thought to be attributed to the fact that, during testing, uneven lateral 

movement of soil occurred, which led to higher strain gauge readings on one side 

compared to the other. 
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5.1.3 Piles located at 2.5D away from the tunnel centerline 

Figure 5.8 presents the case where the pile groups (3 by 3) were located at a distance of 

2.5D away from the tunnel centerline on both sides of the lining. Crown readings fell 

between 18 and 38 microstrains for an average of 29 microstrains and springline values 

between -22 and -52 microstrains for an average of -33 microstrains. In this case, strains 

at the crown essentially decreased (by about 50% as well) as compared to the previous 

case. Strains at the springline were significantly lower than both the previous case and the 

control test (by about 75% as compared to the control test). 

5.1.4 Piles located at 1D away from the tunnel centerline 

Finally, Figure 5.9 presents the case where the piles are installed the closest to the tunnel: 

A larger pile group (5 by 3) was located at a distance of approximately lD away from the 

tunnel centerline (actual distance= 1.16D) on both sides of the lining. No significant 

strain values were recorded for this case as minimum soil movements around the lining 

were observed during the test. 

In summary, experimental results indicated a decreasing trend in circumferential 

strains/stresses around the lining. This trend is clearly visible for crown readings where 

values of strains decreased by 50% from the control test to the case involving piles at 3D 

separation distance (3D Case) and by a further 50% from the 3D case to the 2.5D case. 

No significant strain results were measured for the ID case which confirms the 

decreasing trend. 
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Springline readings also confirm this trend in spite of values collected for the 3D case. 

When comparing the 2.5D case with the control test, we notice a decrease of 75% which 

is consistent with the trend observed at the crown. Similarly, no significant results were 

measured for the lD case and also agree with the decreasing strain trend. 
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Figure 5.6- Strain Gauge Readings for the Control Test 
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Figure 5.7- Strain Gauge Readings for the 3D Case 
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Figure 5.8 - Strain Gauge Readings for the 2.5D Case 
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5.2 Numerical results 

2D Finite Element analysis was conducted using Plaxis software package (Plaxis B.V., 

2004) to calculate the lining deformation and circumferential stresses resulting from the 

tunnel excavation. Plaxis is a Finite Element program used mostly for geotechnical 

applications. 

15 noded 
triangular element 

0.68m 

1 

Figure 5.10- Finite Element Mesh: Control Test 

1.10 rn 

Three cases were considered in the numerical analyses. The first case was the Greenfield 

condition named Control Test. The others are two cases with pre-installed piles located at 

61 



~·. 

different distances from the tunnel centerline. A problem geometry and soil conditions 

identical to the actual experiment was used for ali cases. 

5.2.1 Numerical details 

A plain strain finite element model was used to represent the soil and the tunnel lining. 

The lining was modeled using bearn elements, whereas the soil was modeled using 15-

noded triangular elements with a total of 2956 elements. A typical fini te element mesh is 

shown in Figure 5.10. The model was restrained in the horizontal direction at the 

symmetry axis (smooth rigid) and was restrained in both the vertical and horizontal 

directions at the lower boundary (rough rigid). Fully drained condition was assumed in 

order to replicate the condition of the ex periment where a geotextile grid was used under 

the soil to allow drainage through pre-drilled holes. The interaction between the lining 

and the soil was modeled using 5-noded interface elements. A strength factor Rïnt is used 

by Plaxis to define the strength parameters of the interface relative to tho se of the original 

material. Throughout this investigation, a standard value for interaction with clay of 0.67 

was assigned to the strength factor Rïnt· 

5.2.2 Constitutive model 

For the saturated clay material, the Hardening-Soil model (Schanz, 1998, Schanz et al., 

1999) as implemented in the Finite-Element code Plaxis (Brinkgreve and Vermeer, 1998) 

iss used. A detailed description of this model is given in the pro gram manual. Emphasis 

will be placed here on the meaning of the input parameters rather than describing the 

mathematical formulation of the model. 
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Figure 5.11 shows a typical curve of a drained triaxial test with constant lateral pressure, 

a'3• Under primary loading the behaviour is distinctly nonlinear and is assumed to be 

hyperbolic up to a failure stress. Here compressive stresses and strains are considered 

positive. While the maximum stress is determined by the Mohr-Coulomb failure 

criterion, the hyperbolic part of the curve is defined by using a single secant modulus as 

additional input parameter, E50, as shown in Figure 5.11. It determines the magnitude of 

both the elastic and the plastic strains. 

Asymptote = qa 

-----.------.-1-------------· 
\ 1 ur , 

V
Eso, E 

Eî )4 
1
1 

' h-J. 
1 / 1 

/ 
l / 

_j 
/ 

/ 
l 

Axial strain s1 

Figure 5.11 - Hyperbolic Stress-Strain Relationship in Primary Loading for a 
Standard Drained Triaxial Test (Adapted from Plaxis User Manual, 2004) 

In contrast, Eur is an elasticity modulus. In conjunction with a Poisson's ratio Dur, the 

elasticity modulus Eur determines the soil behaviour under unloading and reloading; the 

indice "ur" stands for ''unloading/reloading". Both the secant virgin loading modulus E50 

and the unloading modulus Eur are stress-leve! dependent defined by: 
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E - rej( ecot cp- 0"'3 Jm 
so - Eso . 

ecot cp+ p'ej 
(5.1) 

E = Erej( ecot cp- cr\ Jm 
ur ur t rej eco cp+ p 

(5.2) 

E50rer and Eu/er are input parameters for a particular reference pressure prer. The exponent 

rn can be measured both in oedometer tests and in triaxial tests and ranges between 0.4 

and 1.0. A value of 0.5 is typical for sands whereas ela ys tend to have an rn value of 1.0. 

The virgin oedometer stiffness, Eoed, for one-dimensional compression obeys a stress 

dependency according to Equation 5.3 where Eoeier is a tangent stiffness at a vertical 

stress of -o' 1 = prer. 

E = Erej( ecot cp- cr'I Jm 
oed oed t rej eco cp+p 

(5.3) 

In the special case of rn = 1.0 one obtains a linear stress dependency as usual for a clay. 

In addition to E50rer and Eu/er, the oedometer modulus Eoedrer is also an input parameter. 

Together with the parameters rn, Dun c' ,<p' and the dilatancy angle, \ji, there is a total of 

eight material parameters. Often, no triaxial test results are available for determining Dur, 

E50rer and Eu/er, in which case one has to rely on oedometer resu1ts and general empirica1 

data, such as Uur, = 0.1 to 0.2. For sands and stiff clays, one can mostly use Esorer = Eu/er. 

The elasticity modulus Eu/er can be determined directly from a triaxial test or indirectly 

with the help of oedometer results. If the unloading modulus from the oedometer test is 
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termed Eoedur, aeeording to isotropie linear elasticity the following relationship holds 

(Vermeer et al., 2002): 

E = (1- 2 ) 1 +vu, Eu' 
ur vur 1 oed 

-Vur 

(5.4) 

Renee the proper estimates of Eur ean be ealeulated from Eoedur. 

The stiffness properties of the saturated clay in this study are assumed based on the range 

of values proposed by Kempfert and Gebreselassie (2006) for a' 3/pref of about 0.10 as 

shown in Figure 5.12. This value simulates the low overburden pressure expeeted in the 

small seale tests eondueted in this study. The assigned soil properties are listed in Table 

5.1. 
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Figure 5.12- The Variation of the Modulus ofElasticity with Confming Pressure 
under CID Test Condition (Kempfert and Gebreselassie, 2006) 
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Table 5.1- Soil Properties in the Numerical Model 

SOIL PROPERTIES 

E re 
50 800 kN/m 

Eoed 
ref 800 kN/m2 

E ref ur 2400 kN/m2 

Uur 0.20 

pref 100 kN/m2 

<p 20° 

rn 1.0 

Yd 16 kN/m3 

Ysat 18 kN/m3 

Ko 0.658 

cref 0.05 kN/m2 

The lining was modeled usmg bearn elements with section properties (EA, El) 

comparable to the actuallining. The lining properties are listed in Table 5.2. 

Table 5.2 - Tunnel/Lining Properties 

TUNNEL AND LINING PROPERTIES 

H (Depth ofCover) 

Ra (Radius of Lining) 

Es (Young's Modulus ofLining) 

Vs (Poisson's Ratio ofLining) 

t (Thickness of Lining) 

As (Cross Sectional Area ofLining) 

ls (Second Moment of Area) 

EsAs 

Esls 

66 

0.89m 

0.064m 

65 GPa 

0.3 

2.5E-04 rn 

2.5E-04m2 

1.3E-12 m4/m 

1.63E+04 kN 

8.45E-05 kN.m2/m 



5.2.3 Two-dimensional approximation of the pile group 

Soil-pile interaction is a truly three-dimensional problem. However a simplified two-

dimensional approach was used in this study, it assumes full bonding between soil and 

piles. Each 3 piles were replaced by an equivalent pile-soil section of similar stiffness 

(see Figure 5.13). The properties of the section were obtained by adding the stiffness 

value of the soil (El) to the stiffness value of the piles (Eplp) (See Equation 5.5). 

Therefore, an equivalent value of Young's Modulus (Eeq) and Second Moment of Area 

(Ieq) are obtained and incorporated in the numerical model definition. 

Model: Top View 

1 

0 0 0 0 0 
1 0 0 1 

0 0 0 0 0 + 0 0 

0 0 0 0 0 1 0 0 
1 

Properties of the equivalent section: 
Eeqleq = 11.5 kN.m2/m 
EeqAeq = 2.3E+05 kN/m 

.. ·· 
1' 

0 0 t:J '. 
0 0 t::1 

'' 0 0 ~ 
'' 
·· .. 

0.025m ~ 
' ' 

Equivalent 
Pile-Soil 
Section 

(5.5) 

0.025m ~ 
' ' 

Figure 5.13 -Equivalent Two-Dimensional Pile-Soil Section 

The pile and pile-soil section properties are listed in Tables 5.3: 
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PILE PROPERTIES 

Lp (Length of Pile) 

Dp (Diameter of Pile) 

Table 5.3 -Pile Properties 

Ep (Young's Modulus ofPile) 

Ap (Cross Sectional Area of Pile) 

lp (Second Moment of Area) 

EpAp 

Eplp 

W eq (Width of Pile-Soil Section) 

Teq (Thickness ofPile-Soil Section) 

5.2.4 Numerical analyses 

lm 

0.025 rn 

200 GPa 

5.3E-04 m2 

1.92E-08 m4 

10.6E+04 kN 

3.84 kN.m2/m 

0.30m 

0.025 rn 

The numerical simulation was initiated by subjecting the soil to initial stresses using the 

Ko-procedure which involves the specification of the at rest earth pressure coefficient Ko 

(equal to 1-sin<p). Figure 5.14 shows the finite element mesh used in the case where piles 

were located at 2.5D from the tunnel centerline. It is worth mentioning that no significant 

strains were measured in the case where the piles are located 1 D away from the tunnel 

centerline and therefore was excluded from the numerical analysis. 

This was followed by the tunnel excavation and lining installation which are simulated 

using the staged construction procedure. This involves the activation of the lining 

elements and deactivating the soil cluster inside the tunnel as well as setting it to dry 

condition to remove water pressures. 
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Finally, a contraction is applied to the lining to complete the process. A contraction 

corresponding to a volume loss of about 27% was specified to simulate the actual gap 

induced between the shield and the lining. 

0.68m 

1.10 rn 

0.38m 

Figure 5.14- Finite Element Mesh: Piles Located 2.5D Away from Tunnel 
Centerline 

. The deformed shape of the 1ining for the control test, calculated using the fini te element 

analysis, is shown in Figure 5.15. The maximum realized displacement at the crown was 

found to be 0.018 m. 
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0.018 rn 

Deformed Shape 
of the Lining 

Initial Tunnel Shape 

Figure 5.15 - Deformed Shape of the Lining: Control Test 

Figure 5.16 shows the distribution of bending moment ratio (M/ y satHRo 2) in the lining for 

the control test as weiL The calculated moment is normalized with respect to the soil unit 

weight Ysat (in kN!m\ the depth of cover to the centerline of the tunnel H (rn), and the 

squared radius oflining R0
2 (m2

). 

The maximum bending moment ratio (-17.4E-04) was found to occur at an angle of about 

20° from the springline. 
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Figure 5.16- Normalized Bending Moments Distribution: Control Test 

The distribution of axial force ratio (NI YsatHRo) in the lining for the control test is 

presented in Figure 5.17 normalized with respect to the unit weight of soil (kN!m\ the 

depth of cover to the centerline of the tunnel (rn), and the radius of the lining (rn). The 

maximum axial force was calculated at the invert with a relatively uniform distribution 

along the lining and ranges between 0.786 and 0.930. 

71 



0.786 

0.836 

scale 

0.50 1.00 

NI YsatHRo 

Figure 5.17- Normalized Axial Force Distribution: Control Test 

For the case where the pile-soil section was 3D (3 tunnel diameters) away from the tunnel 

centerline, bending moment values dropped for both the crown (9,29E-04) and the 

springline ( -12.07E-04). For the case where the section was 2.5D away from the tunnel 

centerline, bending moment values dropped further at both the crown (7.74E-04) and the 

springline (-10.84E-04). The decrease in bending moments was found to be about 17% 

from the control test to the 3D case and an additional15% from the 3D case to the 2.5D 

case. Axial forces followed a decreasing trend as well when comparing the cases with 

pre-installed piles to the control test. 
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6. DATA ANAL YSIS AND DISCUSSION 

The measured strains were used to calculate the maximum stress values at the same 

locations along the lining. This was achieved by assuming an elastic response for the 

lining (a = E.E). The stresses were simply calculated by multiplying the measured 

maximum strains by the elastic modulus of the lining (65 GPa). The results as well as the 

average and standard deviation values for both strains and stresses are presented in Table 

6.1. 

Table 6.1 - Experimental Strain and Stress Values at Crown and Springline 

Distance From f Measured Strains u Calculated Stresses 

Tunnel Centerline Maximum Average Std. Dev. Maximum Average 

(meters) (microstrain) (kPa per metre lining) 

Crown 

Control Test 181 109 ±58 11733 7101 

3D 76 52 ±18 4940 3396 

2.5D 38 29 ±8 2470 1853 

1D 0 0 0 0 0 

Springline 

Control Test -171 -133 ±38 -11115 -8645 

3D -247 -171 ±53 -16055 -11115 

2.5D -52 -33 ±13 -3396 -2161 

lD 0 0 0 0 0 

Bending moment values can be calculated from the obtained stress values using Equation 

6.1 below. These values are in tum normalized using M/ 'YsatHR?. 

M= u.I 
0.5.t 
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Where M =moment in kN .rn 

o = stress in kN/m2 

I = second moment of area of lining in rn 4 

t = lining thickness in rn 

A comparison between the measured and calculated bending moment ratios for the 

control test is presented in Figure 6.1. 

Lining 

scale 

1 
OOE-00 

Ml Y •• tHR: lOE-04 

20E-04 

• A vg. Experimental 

o Experimental 

133 Numerical 

Figure 6.1 -Bending Moment Ratios at the Crown and the Springline (Control Test) 

Reasonable agreement was found between the experimental and numerical results for the 

control test. 

The complete normalized values of bending moments are summarized in Table 6.2. 

These include the maximum bending moments at the crown and springline as weil as the 
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average values for the four experiments. The third and fifth sets contain the calculated 

numerical bending moment and axial force values for the control test and the cases 

involving piles. The fourth set contains the calculated analytical bending moments values 

for the control test using Bobet (2001). 

Table 6.2 - Experimental and Numerical Bending Moment Ratios at the Crown and 
Springline 

Distance Bending Moment Axial Force 
from 

Tunnel Axis 
Ratio Ratio 

Experimental Numerical Analytical Numerical 
(meters) Maximum Average Bobet (2001) 

Crown 

Control Test 18.84E-04 11.43E-04 11.61E-04 1.70E-04 0.786 
3D 7.96E-04 5.46E-04 9.29E-04 - 0.747 

2.5D 3.97E-04 2.98E-04 7.74E-04 - 0.177 

1D O.OOE+OO O.OOE+OO - - -

Springline 

Control Test -17.89E-04 -13.92E-04 -13.93E-04 -1.86E-04 0.836 

3D -25.85E-04 -17.90E-04 -12.07E-04 - 0.786 

2.5D -5.46E-04 -3.48E-04 -10.84E-04 - 0.216 

1D O.OOE+OO O.OOE+OO - - -

Similar results are presented in Figure 6.2 for the different cases. The measured bending 

moment diagrams at the crown and the springline are plotted along with the predicted 

values using finite element analysis. The following observations can be made based on 

the above experimental and numerical results: Despite the relatively high measured 

strains at the springline for the case where the piles are located 3D away from the tunnel, 

the overall measured strains significantly dropped by about 50% as piles are introduced 

in the close vicinity of the tunnel (3D). As the separating distance gets smaller (2.5D), the 

strains further drop by an additional 50% (75% as compared to the control test). The 

75 



experimental and numerical are also grouped in Figure 6.3 and Figure 6.4 for the crown 

and the springline respectively. 

Control Test 

Lining 

1 

3D Case 

sc ale 

! 
OOE-00 

Ml Y~a.HR: lOE-04 

20E-04 

2.5D Case 

ID Case 

• Avg. Experimental 

o Experimental 

83 Numerical 

Figure 6.2 - Bending Moment Ratios at the Crown and the Springline 
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Figure 6.4 - Bending Moments Ratios and Trend at the Springline 
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Trendlines are added to demonstrate the decreasing levels of lining stresses as the piles 

are located closer to the tunnel centerline. The discrepancies between the measured and 

calculated strains for the cases where piles exist near the tunnel can be explained by the 

simplifications made to facilitate the 2-dimensional simulation of the piles. The 

decreasing trends could be explained by the restraining actions imposed by the piles on 

the soil movement during the gap closure process. 

Another way of examining the interaction between the tunnel and the existing piles is by 

qualitatively comparing the change in bending moments ratios in the lining obtained in 

this study and the change in bending moments in piles located at different distance from 

the tunnel centerline which were observed in previous studies (Chen et al., 1999 and 

Kitiyodom et al., 2005). An increasing trend in bending moments in the piles was 

reported when they were located closer to the tunnel centerline (see Figure 6.5). It can be 

seen that decreasing moments in the lining is associated with an increase in moments in 

the surrounding piles. This is attributed to the redistribution of stresses/strains from the 

tunnellining to the piles as the piles are located closer to the tunnel centerline. 

78 



~ 14.00E-04 

,-., • Average Experimental 
'"g 12.00E-04 
N ...... ca 
S 10.00E-04 
0 

b 
00 8.00E-04 5 
s 
0 

:;E 6.00E-04 
bJ} 
~ ...... 

'"0 
4.00E-04 5 

o:l 

2.00E-04 

OOOO.OOE+OO 

f--
D Numerical ; 

1 IQj / 1 

1 

1 

IQj 

/ 1 

1 /" 
/ 

~ 
1D 2.5D 3D oo 

Distance away from Tunnel Centerline (meters) 

160 

x Pile Bending Moments (Chen et al., 1999) 
140 + Pile Bending Moments (Kitiyodom et al., 2005) 

20 

0 

1D 2.5D 3D oo 

Distance away from Tunnel Centerline (meters) 

Figure 6.5- Trend Comparison: Bending Moments in Lining (Top Chart) vs. Piles 
(Bottom Chart) 

79 



7. SUMMARY AND CONCLUSIONS 

7.1 Summary 

A testing facility has been designed and built to investigate the effect of existing pile 

foundation on the stresses developing in a flexible lining due to tunnel construction in 

soft cohesive soils. The soil consisted of a mix of Bentonite clay powder, cement, sand 

and water. Pile groups were symmetrically installed around the tunnel at separation 

distances of 3D, 2.5D and ID (diameters away from tunnel centerline). A total number of 

four tests were conducted (including a control test without piles). Strains were measured 

at the crown and springlines of the lining and were found to decrease by 50% to 75% 

when piles were located at distances of 3 then 2.5 diameters as compared to the control 

test. A series of 2-dimensional finite element analyses were also conducted to confirm the 

experimental results. The experimental results obtained from the control test were used to 

validate the numerical mode and results are generally in good agreement. A decrease in 

lining strains was also observed in the numerical analyses when piles are introduced in 

the close vicinity of the tunnel (14% to 20% for the 3D case and 23% to 34% for the 2.5D 

case). 

7.2 Conclusions 

For the investigated range of separating distance between the model piles and tunnel 

centerline, interaction increased as the tunnel is excavated at a smaller distance from the 

existing piles. Although the lining response was the prime interest in this study, the piles 
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in the close vicinity of the tunnel usually experience an increased stress level due to the 

stress redistribution around the excavated tunnel. 

Despite the limitations associated with 1 g experimental models, they have been proven to 

be a useful tool in validating numerical models. 

7.3 Recommendations for future research 

Based on the expenence developed throughout this investigation, the following 

recommendations should be considered for future research: 

• To conduct centrifuge testing to allow larger tunnels to be investigated. 

• To conduct experimental investigations to study the effect of existing pile 

foundation on the lining stresses in the longitudinal direction. 

• To conduct a full three-dimensional finite element analyses to better simulate the 

3D nature of the pile behaviour. 
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APPENDICES 

A- AutoCad Drawing of Steel Box Structure and Flange Components 
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Dimensions are in inches. X represents the thickness of the respective si de of the box where the 

flange is applied on: ?il inch (0.006 rn) for the steel face, V2 inch (0.013 rn) for the plexiglas face. 
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B - Pile Grid Dimensions (Top View) 
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