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1 INTRODUCTION

This session on Tunnelling contains 22 papers from 15 coun-
tries. The papers are on a wide variety of subjects, ranging from 
bored tunnel construction in very soft clay to considerations of 
excavating in weak rock by blasting, and from ground freezing 
to the extraction of geothermal energy from tunnels. Two of the 
papers are on pipelines. The majority of the papers, however, 
concern tunnelling in soft or unstable ground. For the purpose 
of this Report the papers have been divided into the following 
subject groups: 

Excavation and construction processes 7 papers 
Tunnel stability       3 papers 
Ground movements and their effects 6 papers 
Tunnel lining behaviour     3 papers 
Extraction of geothermal energy  1 paper 
Pipelines        2 papers 

2 EXCAVATION AND CONSTRUCTION PROCESSES 

There are a wide variety of construction processes used in mod-
ern tunnelling, and the papers to this session cover an interest-
ing range. These address differences in the tunnel construction 
method itself, such as tunnel boring machines, open face tunnel 
excavation with the use of sprayed concrete, and cut-and-cover 
techniques. They also address many forms of ground treatment 
processes, such as jet grouting, forepoling, soil nailing, ground 
freezing, dewatering and the use of compressed air.  

Akchiche, Bahar, Boudar and Cambou describe an inter-
esting case history of construction of a 10m diameter tunnel for 
the Algiers Metro. The tunnel was constructed at a shallow 
depth in a marl overlain by a saturated silty sand, and in some 
areas the thickness of marl cover above the crown of the tunnel 
was less than 1m. Jet grouting was employed to form an um-
brella arch in order to ensure stability of the tunnel and to con-
trol ground settlements so that overlying buildings were not ad-
versely affected.  Figure 1 shows a cross-section of the tunnel. 
The sequence of construction was as follows: (a) excavation and 
lining of the two small galleries (b) installation of the jet grout-
ing (c) excavation of the top heading (d) excavation of the bot-
tom heading (e) installation of the temporary lining of steel 
arches and sprayed concrete (150 mm thick).  

Figure 2 shows an example of the development of surface 
settlement with time. It can be seen that the settlements are 
small when the face is beneath the settlement monitoring sta-
tion, indicating that the jet grouting was effective in controlling 
movements. The authors refer to two-dimensional finite element 
calculations which predicted a maximum surface settlement of 
around 90 mm in the absence of jet grouting, compared with a 
prediction of around 60 mm with jet grouting.  

Figure 1. Excavation stages for Algiers Metro (Akchiche et al) 

Figure 2. Development of surface settlement during construction of the 
Algiers Metro (Akchiche et al) 

Duann, Peng, Chiao and Ando describe construction of 
15m diameter tunnels in hilly areas for the Taiwan High Speed 
Rail project. The tunnels are in weak sedimentary rocks and 
conglomerate, with only limited cover above the crown. The 
tunnels were constructed with a primary sprayed concrete lining 
and a secondary cast in-situ concrete lining. An especially criti-
cal area was where the tunnel passes beneath a busy traffic 
freeway with a cover of only 9m. In this case the tunnel was 
subdivided into two side-wall galleries and central pillar. Drain-
age drilling ahead from the top heading was employed, together 
with pipe roof steel pipes, forepoling, face bolts and radial rock 
bolts – a whole range of additional support measures which im-
proved stability and controlled ground movements.   The au-
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thors draw attention to the field observations which revealed 
that ground movements and convergence of the tunnel lining 
were significantly affected by the assymetrical loading due to 
inclined topography and unfavourable bedding conditions in the 
rock strata combined with poor rock strengths.  

Saarelainen and Viitala describe a case history in which 
ground freezing was employed during construction of an ap-
proximately 10m diameter tunnel at a depth of 20m in soft or-
ganic silt. The frozen soil was excavated by blasting, then a 200 
mm thick sprayed concrete lining was used for temporary sup-
port for up to 3 months, followed by construction of a final in-
situ concrete lining (500 mm thick). The freezing was designed 
to ensure that the thickness of frozen ground around the tunnel 
perimeter was 5m. The temperature of the ground was main-
tained below -20ºC. The authors describe thermal analysis un-
dertaken for the design of the installation of the freezing tubes 
and of the temporary lining. The strength of the frozen clay was 
found to be roughly the same for specimens frozen in the labo-
ratory as for in-situ specimens obtained from the frozen ground 
during tunnel excavation. It would be interesting to know more 
details of the strength tests, and how the specimens were frozen 
in the laboratory.  

Quick and Meissner describe an unusual case history of the 
use of compressed air to construct a cut-and-cover tunnel in dif-
ficult soil and groundwater conditions near to a village. Initial 
phases of the construction in open cut with temporary slopes re-
sulted in slope stability problems, and large settlements due to 
groundwater lowering. The construction sequence was modified 
as a ‘top down’ technique, in which piled walls and a reinforced 
concrete tunnel roof were first constructed, and then excavation 
carried out under compressed air. Additional groundwater low-
ering was undertaken to limit the maximum air pressure to 1 
bar. The surface settlements associated with the additional 
groundwater lowering reached a maximum of 20 mm.  

Figure 3. Predicted air flow from a tunnel supported by sprayed con-
crete and constructed in sand below the water table under compressed 
air (Chinkulkijniwat et al) 

The use of compressed air to control water inflow during 
bored tunnelling is the subject of the paper by Chinkulkijniwat, 
Semprich and Steger. The authors describe a physical model 
test to simulate air flow through unsaturated silty sand. Air 
pressure was injected into the bottom of an initially saturated 
column of sand, and the unsaturated behaviour was observed as 
the air flowed upwards through the soil. Numerical analysis was 
also undertaken by introducing an extended Darcy’s law for un-
saturated flow into the governing equation for transient flow. 
Good agreement was obtained between numerical simulations 
and the measurements from the physical model testing. A 3D 
numerical simulation was then undertaken of a 6m diameter 
tunnel being constructed under compressed air, using sprayed 
concrete as the lining support. The results are illustrated in Fig-
ure 3. The total air flow comprises two components: (a) through 
the tunnel face (b) through the sprayed concrete (shotcrete) lin-
ing. The authors point out that the numerical simulation results 
in Figure 3 are based on the assumption that the air flow 
through the soil is of a homogeneous nature, and more research 
is needed to account for the influence of any development of 
non-homogeneous macro-pores in the soil.
 Compressed air is sometimes used for sinking caissons. A 
problematic aspect of caisson sinking is the irregular tilting that 
can occur during the sinking process, the subject of the paper by 
Lenzi, Semprich and Halsegger. They investigated a guided 
caisson technique by means of a large-scale laboratory model 
test, illustrated in Figure 4. The authors also describe two-
dimensional numerical simulations of the penetration of the cut-
ting edge of the caisson during the sinking process, using dis-
crete elements to simulate granular materials. They conclude 
from the model tests and the numerical simulations that the 
shape of the cutting edge is not particularly important.  

Figure 4. Laboratory model of guided caisson technique (Lenzi et al)  

Bezuijen and Talmon address the behaviour of TBM’s dur-
ing construction, particularly in relation to pressure distributions 
ahead of and at the face, and  around the segments due to grout-
ing. In the case of a slurry shield excess pore pressures can de-
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velop at the tunnel face, and in some circumstances these can 
decrease the stability of the tunnel face. The authors also show 
how pressure gradients at the face of an earth pressure balance 
(EPB) machine are determined by the yield strength of the 
muck in the pressure chamber. Grout pressures and the pressure 
gradients play a very important role in the history of the loading 
experienced by the tunnel lining. Figure 5 shows the measured 
grout pressures and TBM speed as a function of time for a 9.5m 
diameter tunnel constructed in sand.  It can be clearly seen that 
when the TBM halts (during erection of a new lining segment) 
the grout pressures drop, but they increase again when the TBM 
advances. It can also be seen that commencement of consolida-
tion and hardening of the grout leads to an overall reduction in 
measured pressure, and when it has hardened the pressure be-
comes constant.  The measurements and interpretation of the 
grout behaviour reported by the authors is an important devel-
opment in improving understanding of TBM performance in 
soft soils.  

Figure 5. Measured grout pressures and TBM speed (Bezuijen and Tal-
mon) 

3. TUNNEL STABILITY 

Otani, Takano and Nagatani describe an interesting investiga-
tion of three-dimensional tunnel face failure mechanisms, using 
X-ray computed tomography (CT) scanning techniques. The 
experimental procedure is depicted in Figure 6. Face failure was 
induced in a model, in dry dense sand; the soil was then X-
rayed and CT images obtained, which were subsequently proc-
essed to evaluate the geometry of the failure zone (indicated by 
dilating soil). The authors investigated the influence of the 
depth of the tunnel on the observed failure mechanisms.  

Oteo, Arnaiz and Melis address the problem of tunnel con-
struction where there are sands without fines directly above the 
crown of the tunnel, overlain by clays or sands with significant 
fines content. This can lead to overexcavation and cavities 
forming in the sand, with consequent sinkholes appearing, as 
depicted in Figure 7. Similar problems are reported by Shirlaw 
et al (2003). In their paper to this conference, Oteo et al studied 
case histories of sinkhole problems encountered during con-
struction of the Madrid Metro using EPB machines. It was con-
cluded that careful attention needs to be paid to the quantities of 
spoil being excavated. The authors recommend that the numbers 
of wagons of spoil be monitored; if these are significantly 
greater than the theoretical number needed, overexcavation has  

Figure 6. Experimental procedure for investigating tunnel face failure 
mechanisms using X-ray CT technique (Otani et al) 

Figure 7. Instability and sinkholes for EPB tunnels (Oteo et al) 
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probably occurred and cavities are likely to be present. The au-
thors recognize that this approach is inevitably very approxi-
mate. They found that instability occurs when the length of the 
cavity (L) is of the order of 1.5D, where D is the tunnel diame-
ter. Theoretical analyses including 3D finite element simula-
tions are presented which generally support this. The influence 
of the thickness of clay above the tunnel crown (H) was also in-
vestigated and useful guidelines, based on field experiences, are 
proposed by the authors. 

Pavon and Cacace describe a geotechnical site characterisa-
tion for a 2.6m tunnel constructed in weak rock in Asuncion, 
Paraguay. Two types of ground were encountered: soil and rock 
in the form of interbedded sands and sandstones, and highly 
fractured basalt.  The tunnel was excavated by blasting.   Tunnel 
stability, and ground movements arising from vibrations due to 
blasting, were of potential concern. Stability was assessed using 
rock mass classification, which was undertaken according to the 
RMR and Q systems. It was found that there was a generally 
good correlation between the two classification systems, al-
though less good in areas where the ground quality was poorer.  

4. GROUND MOVEMENTS AND THEIR EFFECTS 

Bonnet-Eymard, Emeriault, Kastner, de Lamballerie and 
Robert present comprehensive measurements during construc-
tion of a 7.7m diameter tunnel by EPB for the Toulouse metro. 
The ground, known as the ‘Toulouse molasses’, comprised hard 
sandy clay with pockets and lenses of very dense sand. Meas-
urement devices included inclinometers, multi-point borehole 
extensometers, precision levelling and vibrating wire strain 
gauges in the concrete lining segments. TBM parameters such 
as face pressure and grout injection pressures were also re-
corded. The measured vertical movements were extremely small 
(generally around 1.5 mm) and were smaller than than the hori-
zontal movements, which were up to about 6mm as shown in 
Figure 8. The authors attribute the difference between the  

Figure 8. Horizontal ground movements for an EPB tunnel in Toulouse 
(Bonnet-Eymard et al) 

maximum measured horizontal movements and vertical move-
ments (differing by a factor of 4) partly to the relatively high 
value of K0 , which they estimate to be around 1.2, but they also 
note that grouting may have influenced the vertical movements. 

Balasubramaniam, Tang, Vaidya, Tong and Cheng de-
scribe a microtunnelling project in Singapore, in which a 3.75m 
diameter EPB machine was used to construct a tunnel in very 
soft marine clay for an effluent outfall pipeline. The immediate 
volume loss reported by the authors was 3.3%, and this in-
creased to 4.1% in the long term. However, the K value (de-
scribing the width of the settlement trough) was only 0.3 in the 
short term, which is much lower than usually encountered in 
soft clay, and this apparently reduced further in the long term. 
This is contrary to the usual experience where the long term set-
tlement trough arising from consolidation is significantly wider 
than in the short term (Mair and Taylor, 1997).  

Figure 9. Zone of influence around tunnel in which there is potential for 
large pile settlements based on centrifuge tests (Jacobsz et al) 

Figure 10. Reduction of normalized pile base loads with increasing tun-
nel volume loss (Jacobsz et al) 

Jacobsz, Standing and Mair describe the main findings of a 
centrifuge modelling study of the influence of the effects of 
tunnelling near driven piles in dense sand. Both single piles and 
pile groups are considered. Based on tests on single piles, the 
authors present a zone of influence around and above a tunnel, 
in which there is potential for large pile settlements, as shown in 
Figure 9. For moderately small volume loss (less than 1.5%) the 
zone of influence can be further sub-divided: piles with their 
bases within zones A and C settled by an amount very similar to 
that of the surface. Piles in zone B experienced larger settle-
ments than at the surface, while piles with bases outside the 
zone of influence (ie zone D) always settled less than at the sur-
face. If a pile is founded within the zone of influence, signifi-
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cant base load reduction could occur if the volume loss exceeds 
a certain value. As the base load reduces, more shaft friction has 
to be mobilized to ensure equilibrium (this is accompanied by a 
small amount of differential settlement between the pile and the 
surrounding ground); once the maximum shaft capacity has 
been fully mobilized rapid pile settlement follows.  

The reduction in pile base load with increasing volume loss 
for various piles founded at different locations is shown in Fig-
ure 10. The authors point out that the piles in their centrifuge 
study possessed significant reserve (unmobilized) shaft capac-
ity. Should piles be substantially end-bearing (for example in 
cases where the pile shaft is in soft clay), more rapid settlement 
could occur even with moderate values of volume loss. 

Kaalberg, Teunissen, van Tol and Bosch present interest-
ing research carried out in the Netherlands on the effects of tun-
nelling on piled foundations. A comprehensive field trial was 
undertaken during construction of the Second Heinenoord tun-
nel. Loaded and instrumented wooden and concrete piles were 
installed above a pair of 8.3m diameter tunnels to be con-
structed and their response closely monitored. The piles were 
installed in clay columns to reduce their shaft friction capacity. 
The  volume losses for the passage of the two tunnels in the 
field trials were reported by the authors as 1-2% and 0.75% re-
spectively. The authors concluded the following in relation to 
the zones of influence shown in Figure 11: piles founded in 
zone A experienced settlements equal to or slightly larger than 
those at the ground surface at the same location as the piles; 
piles founded in zone B experienced settlements about equal to 
those at the ground surface; and piles founded in zone C settled 
significantly less than the ground surface. This is reaonably 
consistent with the conclusions of Jacobsz, Standing and Mair 
depicted in Figure 9, based on centrifuge testing. The authors 
also concluded that 0.5 D (where D is the tunnel diameter) 
would be a safe distance between pile toe level and the tunnel. 
This may be only applicable for suitably low volume losses. 
The authors also postulate that any stress relief due to tunnelling 
was almost negligible, but this may have been the case only be-
cause of the relatively low volume losses experienced in the 
trial.  

Figure 11. Zones of influence around tunnel for end-bearing piles based 
on field trials (Kaalberg et al)  

Nakai, Shahin, Hinokio, Sada and Sung describe physical 
models to investigate the influence of loads from existing build-
ings, both on shallow footing and piled foundations, on ground 
movements and earth pressures associated with tunnelling. 
Two-dimensional trap-door model tests were undertaken; the 
ground was modelled by means of aluminium rods. Tunnel con-
struction was simulated by lowering of a trap door. The piles 
were modelled by a polyurethane plate of comparable stiffness 
(allowing for scaling) to a row of 1m diameter concrete piles at 
5.5m spacing. Numerical analysis was also undertaken using an 
elasto-plastic constitutive model. The authors conclude that the 
building load has an important influence on the ground move-

ments and on the earth pressures. The observed marked influ-
ence of building load may be because the weight of the ground 
in the physical models was low compared to the building loads.  

Kikumoto, Kishida, Tamura and Adachi present another 
important example of interaction: that of one tunnel constructed 
adjacent to another and the additional earth pressure induced on 
the first tunnel by the construction of the second tunnel. They 
too use a physical model to investigate this, also employing 
aluminium rods to model the ground. A pair of trap-doors simu-
lated construction of the first tunnel followed by the second one. 
Experiments were undertaken to investigate the influence of the 
clear spacing between the two tunnels, for different depths of 
overburden, and for different sequences of construction. The au-
thors conclude that when the overburden is less than one tunnel 
diameter (D), if the clear spacing between the tunnels exceeds 
0.5D the effect of construction of the second tunnel has little ef-
fect on the earth pressures induced on the first tunnel; however, 
if the overburden exceeds 2D, even a clear spacing of 1.5D is 
insufficient to avoid interaction effects.  

5. LINING BEHAVIOUR 

Alonso, Gens, Berdugo and Romero present an interesting case 
of swelling ground behaviour influencing a tunnel lining in a  
highly adverse manner. A horseshoe-shaped railway tunnel, of 
approximately 14m diameter, was constructed in sulphate-
bearing argillaceous rocks (claystones). Construction comprised  
drill and blast excavation, sprayed concrete and rock bolts, and 
a 300 mm flat slab invert. Soon after the tunnel was built, large 
expansive phenomena were observed from the behaviour of the 
flat slab invert. Heave, associated distortions and damage were 
observed, with the magnitude of heave reaching 600 mm at a 
rate of nearly 2 mm/day. As a result the invert in the remaining 
length of tunnel was changed from a flat slab to an arch, and 
this reduced the measured heave to a maximum of 27mm, with 
a rate of heave of only 0.1mm/day. As well as presenting data of 
the measured heave, the authors describe an experimental pro-
gramme of laboratory testing on the rock samples. They con-
cluded that the chemo-mechanical degradation of the ground 
beneath the flat slab invert in the presence of sulphate-rich 
groundwater is the key mechanism that controls the develop-
ment of the observed expansive phenomenon in the tunnel. The 
authors also discuss the nature of the expansive phenomenon in 
some detail.  

Fotieva, Sammal, Deev and Bulychev describe an analyti-
cal method of designing shallow tunnel linings for seismic ef-
fects of earthquakes.  The method is based on new analytical so-
lutions of plane quasi-static problems of elasticity theory, in 
which the ground is subjected to compression and shear waves 
and the stresses in a tunnel lining of any shape calculated. The 
authors claim that the analytical results have been compared 
with numerical results obtained from dynamic finite element 
analysis, and good agreement was found. A key part of the 
analysis involves input of parameters A and K1, where A is a 
coefficient corresponding to earthquake intensity and K1 is a co-
efficient taking admissible damage into account. It is clear that 
the calculated stresses induced in the tunnel lining are directly 
proportional to these parameters, and therefore considerable 
care is needed in their selection.  

Yoo and Kim present results of a 3D non-linear fully-
coupled finite element analysis of tunnel construction in weath-
ered granite, typical of ground conditions frequently encoun-
tered in South Korea. The tunnel is assumed to be excavated us-
ing the drill and blast technique and supported with a sprayed 
concrete lining. Any rock bolts used are ignored in the analysis. 
The effective stress parameters assumed for the weathered gran-
ite were c' = 100 kPa, �' = 40º and K0= 0.5;  the authors do not 
indicate how these parameters were derived, or how sensitive 
the analyses are to these assumed values. With regard to the 
post-construction long-term groundwater flow regime, a draw-
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down condition with no recharge was assumed – the authors 
rightly recognize that this is a somewhat extreme case, because 
in reality there would be recharge. The analyses compare the ef-
fects of different relative permeabilities of tunnel lining and 
ground on the forces induced in the lining. The authors con-
clude that the maximum lining force varies by more than 200% 
depending on the relative lining permeability.  

6. EXTRACTION OF THERMAL ENERGY FROM 
 TUNNELS 

Markiewicz, Adam, Hofinger and Unterberger present an in-
teresting paper on the innovative use of tunnel linings, dia-
phragm walls and bored piles as absorber elements for extract-
ing geothermal energy. Their paper describes the extension of 
the Vienna metro, in which four new stations are to be heated 
and cooled by geothermal energy. An example of one of the sta-
tions is shown in Figure 12. The paper presents details of the 
way in which plastic tubes (heat absorbers) have been incorpo-
rated in diaphragm walls and bored piles; brine is circulated 
through the tubes. In one station, the bored tunnels are also used 
as absorber elements. An interesting new development is the in-
corporation of absorber pipes into a geotextile, which is then at-
tached to the primary (sprayed concrete) lining. The authors 
raise the interesting possibility of tunnel owners selling geo-
thermal energy to other parties.  

Figure 12. Cross-section through metro station equipped for geothermal 
energy use (Markiewicz et al) 

7. PIPELINES 

Although not strictly belonging to a session on Tunnelling, 
there are two papers on pipelines. Tohda and Hachiya describe 
a series of centrifuge model tests designed to investigate the re-
sponse of buried pipelines subjected to differential ground set-
tlement. Damage to buried pipelines due to differential ground 
settlement has been recorded in many instances, and the authors 
highlight the fact that there is still no clear understanding of this 
important 3D interaction problem. The centrifuge tests were on 
flexible and rigid pipes in three types of sandy soils, subjected 
to ground settlements caused by a moving trapdoor. A design 
method is proposed, involving the theory of a beam on an elas-
tic foundation, for which “p-y” relationships (as for lateral load-
ing of piles) were derived from further centrifuge tests in which 
rigid model pipes were pulled up or down relative to the soil.  

Yimsiri presents a paper devoted to the analysis of some up-
lift tests on pipes in sand undertaken by Trautmann and 
O’Rourke (1983). Distinct element method (DEM) analysis was 
chosen by the author because it was felt that it may give more 
accurate results due to its discontinuous nature, which may 
more closely simulate sand behaviour.  Comparisons with ear-
lier finite element analyses are made, and the author concludes 
that the results are consistent except for the case of dense sand 

and deep pipe embedment. The author also concludes that the 
advantage of DEM over FE analysis is its ability to represent 
movement of the soil particles close to the pipe, and it is also 
better suited to the modelling of large displacements. 

8. DISCUSSION TOPICS 

The papers in this session cover a wide variety of subjects relat-
ing to the subject of Tunnelling. It is always of prime impor-
tance that tunnel stability is ensured during construction, and 
three of the papers specifically address this topic (see section 3 
of this Report). Special factors influencing tunnel stability con-
tinue to be of key importance.  

 There are many excavation and construction processes used 
in tunnelling and 7 of the papers in this session address a wide 
range of ground treatment processes (see section 2 of this Re-
port). It is often the case that the practice of ground treatment 
processes is ahead of the fundamental understanding of how 
they work –  in many instances it is not known with much accu-
racy how effective the ground treatment will be (unless the 
same process has been applied previously in very similar 
ground conditions). It is highly desirable for there to be rational 
methods of quantifying the influence of ground treatment on 
tunnel stability and ground movements.   

Increasing congestion in urban areas (in terms of buildings 
and existing tunnels) is leading to tunnel construction encroach-
ing more frequently on the piled  foundations of adjacent struc-
tures. In the design of many urban tunnelling projects it is be-
coming increasingly important to evaluate the potential effects 
of tunnel construction on heavily loaded piled foundations. In 
this session 3 papers focus on this important issue (see section 4 
of this Report). Surface settlements and the response of shallow 
foundations can now be predicted reasonably well in many 
cases (providing that the tunnel volume loss can be assessed 
with confidence). Are we yet in a position to predict piled foun-
dation response to tunnelling with confidence, particularly when 
the tunnel is close beneath the pile toe?  

In summary, the following are the proposed Discussion Top-
ics for this session: 

1. Special factors influencing tunnel stability 
2. Influence of ground treatment on tunnel stability and 

ground movements 
3. Effects of tunnelling on piles  
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the Vienna metro, in which four new stations are to be heated 
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tions is shown in Figure 12. The paper presents details of the 
way in which plastic tubes (heat absorbers) have been incorpo-
rated in diaphragm walls and bored piles; brine is circulated 
through the tubes. In one station, the bored tunnels are also used 
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corporation of absorber pipes into a geotextile, which is then at-
tached to the primary (sprayed concrete) lining. The authors 
raise the interesting possibility of tunnel owners selling geo-
thermal energy to other parties.  

Figure 12. Cross-section through metro station equipped for geothermal 
energy use (Markiewicz et al) 

7. PIPELINES 

Although not strictly belonging to a session on Tunnelling, 
there are two papers on pipelines. Tohda and Hachiya describe 
a series of centrifuge model tests designed to investigate the re-
sponse of buried pipelines subjected to differential ground set-
tlement. Damage to buried pipelines due to differential ground 
settlement has been recorded in many instances, and the authors 
highlight the fact that there is still no clear understanding of this 
important 3D interaction problem. The centrifuge tests were on 
flexible and rigid pipes in three types of sandy soils, subjected 
to ground settlements caused by a moving trapdoor. A design 
method is proposed, involving the theory of a beam on an elas-
tic foundation, for which “p-y” relationships (as for lateral load-
ing of piles) were derived from further centrifuge tests in which 
rigid model pipes were pulled up or down relative to the soil.  

Yimsiri presents a paper devoted to the analysis of some up-
lift tests on pipes in sand undertaken by Trautmann and 
O’Rourke (1983). Distinct element method (DEM) analysis was 
chosen by the author because it was felt that it may give more 
accurate results due to its discontinuous nature, which may 
more closely simulate sand behaviour.  Comparisons with ear-
lier finite element analyses are made, and the author concludes 
that the results are consistent except for the case of dense sand 

and deep pipe embedment. The author also concludes that the 
advantage of DEM over FE analysis is its ability to represent 
movement of the soil particles close to the pipe, and it is also 
better suited to the modelling of large displacements. 

8. DISCUSSION TOPICS 

The papers in this session cover a wide variety of subjects relat-
ing to the subject of Tunnelling. It is always of prime impor-
tance that tunnel stability is ensured during construction, and 
three of the papers specifically address this topic (see section 3 
of this Report). Special factors influencing tunnel stability con-
tinue to be of key importance.  

 There are many excavation and construction processes used 
in tunnelling and 7 of the papers in this session address a wide 
range of ground treatment processes (see section 2 of this Re-
port). It is often the case that the practice of ground treatment 
processes is ahead of the fundamental understanding of how 
they work –  in many instances it is not known with much accu-
racy how effective the ground treatment will be (unless the 
same process has been applied previously in very similar 
ground conditions). It is highly desirable for there to be rational 
methods of quantifying the influence of ground treatment on 
tunnel stability and ground movements.   

Increasing congestion in urban areas (in terms of buildings 
and existing tunnels) is leading to tunnel construction encroach-
ing more frequently on the piled  foundations of adjacent struc-
tures. In the design of many urban tunnelling projects it is be-
coming increasingly important to evaluate the potential effects 
of tunnel construction on heavily loaded piled foundations. In 
this session 3 papers focus on this important issue (see section 4 
of this Report). Surface settlements and the response of shallow 
foundations can now be predicted reasonably well in many 
cases (providing that the tunnel volume loss can be assessed 
with confidence). Are we yet in a position to predict piled foun-
dation response to tunnelling with confidence, particularly when 
the tunnel is close beneath the pile toe?  

In summary, the following are the proposed Discussion Top-
ics for this session: 

1. Special factors influencing tunnel stability 
2. Influence of ground treatment on tunnel stability and 

ground movements 
3. Effects of tunnelling on piles  
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