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ABSTRACT
This paper examines centrifuge results of tunnel excavation adjacent to vertical reinforcement in small-scale sand beds. The tunnel
walls were represented by pressurised rubber liner. Results of 6 tests conducted at 50g using large diameter centrifuge at IITBombay
are reported. Depth of the tunnel and spacing between the tunnel axis and reinforcement are the variables investigated. To simulate
tunnel excavation, hydraulic pressure on walls of the rubber liner was decreased in steps whilst the centrifuge was in-flight. The
magnitude and extent of settlement trough with increase in ground loss was captured using potentiometers and pore pressure
transducers placed in vicinity of the tunnel axis. From the limited test observations, vertical rods of not more than 14-times the
particle size is shown to affect the width of settlement trough.
RÉSUMÉ
Ce papier examine des résultats de la centrifugeuse d'excavation de tunnel adjacent à renforcement vertical dans les lits du sable peu
importants. Les murs de tunnel ont été représentés par paquebot du caoutchouc pressurisé. Résultats de 6 épreuves menés à 50g
utilisant grande centrifugeuse du diamètre à IITBombay sont rapportés. Profondeur du tunnel et espacer entre l'axe de tunnel et le
renforcement est les variables enquêtées sur. Pour simuler l'excavation de tunnel, la pression hydraulique sur murs du paquebot du
caoutchouc a été diminuée dans whilst des pas la centrifugeuse était dans-vol. La magnitude et ampleur de dépression du règlement
avec augmentation dans perte moulue ont été capturées utiliser potentiomètres et transducteurs de la pression du pore placé dans
voisinage de l'axe de tunnel. Des observations de l'épreuve limitées, tringles verticales de pas plus de 14 fois que la dimension de la
particule est montrée pour affecter la largeur de dépression du règlement.
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INTRODUCTION

Preventing excessive ground movement due to tunnel
excavation is an important engineering design problem. Many
reinforcement techniques, such as, jet grouting, steel pipe
umbrella and face bolting are widely used to reduce the inward
soil movement during the tunnelling. The use of more than one
of the above techniques is not uncommon for a particular site.
Although much of the research has been directed towards the
understanding of the mechanism and prediction of soil
movement using the above methods (e.g. Haruyama et al. 2001,
Jacobsz et al. 2005), many of these methods are applicable only
to tunnelling in deep soil deposits. Surface settlement and
consequently the effect on structures relatively close to the
tunnel becomes significant if tunnelling is done in shallow
ground. Under these circumstances, vertical reinforcement
from the ground surface down to the tunnel level can be useful.
This pre-tunnelling vertical support system is known to reduce
the volume of the settlement trough at the surface and also
increase the face stability.
Kamata and Mashimo (2003) conducted centrifuge model
studies using 80mm diameter tunnel at 25-and 30g in dry
Toyoura sand. This corresponds to 2- and 2.4m diameter tunnel
at prototype scale. Vertical reinforcement using 1mm diameter
phosphor bronze bolts coated with sand were embedded from
the surface up to the tunnel face. In all the tests, the
reinforcements installed up to the tunnel invert were shown to
significantly increase the face stability during the tunnel
excavation. Bilotta et al. (2006) investigated the effect of
reinforcement installed along the length of the tunnel. A 50mm

diameter model tunnel (8m in prototype scale at 160g) was
installed in about 160mm thick kaolin clay bed. Aluminium
piles of 1.6mm diameter and 120mm long were used as
reinforcement which corresponds to 256mm and 19.2m,
respectively, at prototype scale. Excavation of the tunnel was
simulated by reducing the air pressure inside the tunnel cavity.
The results showed that pile spacing of about 3 times the
reinforcement diameter significantly reduced the settlement
trough at the surface. The width of the trough also altered at
these pile spacing.
The purpose of this paper is to examine the influence of
vertical reinforcement on the settlement trough due to tunnelling
in sands using centrifuge tests conducted at the Indian Institute
of Technology Bombay (IITB) Geotechnical Centrifuge. All
dimensions in the figures are in mm unless and otherwise stated.
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EXPERIMENTAL SETUP

A series of nine centrifuge model tests were conducted at 50g
environment to investigate the effect of piles on ground
deformation upon tunnel collapse in sand beds. The soil cover
and relative density of the sand were the variables in the tests.
The model tunnel was about 40mm in diameter which
correspond to 2m in prototype scale. The purpose for choosing
this diameter was to not model any specific tunnel but to
observe the effect of tunnel depth on the extent of ground
deformation. Model sand beds were prepared in centrifuge
strongbox of internal dimensions 720mm x 450mm x 410mm
which had its front wall made of transparent perspex sheet.
This large sized box was taken primarily because of its
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availability in the laboratory. Inside walls of the strongbox were
first smeared with water-resistant grease and then coated with
thin polyethylene sheets to reduce friction between the soil and
the sidewalls.
Dry beach sand was then pluviated at a constant flow rate
from 400- to 600mm height using a hopper. Physical properties
of the sand are shown in Table 1. A regular path was followed
during pluviation. In each soil model, the pouring height was
maintained to achieve relative density between 0.5 and 0.8.
Pluviation was intermittently interrupted to inspect the density
of the sand bed. In this procedure, the density of each layer was
directly measured using a 15mm high cup of known volume
placed on top of the preceding layer and away from the tunnel
location. Sand was then rained and stopped only to weight the
cup when it was full. The flow was tuned at the end of each
step.
Table 1. Properties of sand
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Tunnelling was simulated using pressurised rubber tube
which was hand-placed after laying the bottom 2 to 3 layers.
Low stiffness rubber tubes were made using dipping process
described by Venis (1963). In essence, a cylindrical closedended aluminium mould was dipped in a solution of anhydrous
calcium chloride, calcium nitrate, methanol and acetone in
proportions of 1kg: 1kg: 6l: 2l. After air drying, the mould was
immersed in vulcanised latex. Calcium ions cause latex
particles to coagulate to form a membrane on the surface. The
mould was immersed several times to attain membrane
thickness of about 3mm. The mould was then warmed for about
12 hours at 60oC. Excess salts were later leached out by
soaking the mould under running tap water. The former was
then dried and dusted with powder to avoid tear during
membrane removal.

The rubber tube was filled with water and placed centrally
along the width of the container with its closed-end facing the
front window. Rear end of the tube was connected to a
standpipe placed outside the soil container. Constant water
level was maintained in the standpipe which could balance the
increasing overburden during the centrifuge spin-up. Outlet
from the standpipe was connected to a normally-open solenoid
valve. The water in the tunnel could be deflated to simulate the
tunnel excavation when the power to the valve is shut.
After preparing the dry sand bed, 3mm diameter brass rods
were inserted from the surface in a line perpendicular to the
tunnel axis. Bottom ends of the rods terminated close to the
elevation of the tunnel crown. The top ends of the rods were
held above the ground surface using a frame fixed to the soil
container. The rods were fixed because emphasis of this study
was to examine the restricted plastic flow of sand whilst
maintaining the relative positions of the rods during tunnelling.
Use of fixed rods is also likely to represent the case when
tunnelling proceeds close to piles overlaid by long rigid cap
(Mair and Taylor 1997). It also has a practical advantage in that
the rods are prevented to slip and possibly puncture the rubber
rube during the test. Figure 1 shows the soil cover (C) and clear
spacing between the rods (S) at model scale in all the tests. As
the table shows, the rods were installed up to 60- to 110mm
depth and at 9- to 22mm clear spacing in different tests. The
potentiometers were installed in-line with the rods and dictated
the clear spacing between the rods.
Water was then slowly seeped from the bottom to submerge
the sand with about 20mm of water cover at the top. Cabrera et
al. (2006) suggested high-g saturation of sand-beds prepared by
hand. It is uncertain if Cabrera et al.’s (2006) findings are also
applicable to beds prepared by dry pluviation. Nonetheless, 1g
saturation has practical advantage in that the flow can be viewed
and if necessary altered since the container is kept on the
laboratory floor.
After completion of model preparation, the strongbox with
standpipe assembly was mounted on the centrifuge platform and
accelerated to 50g.
About 10 minutes after reaching
equilibrium, the water pressure in the tunnel was gradually
reduced to simulate loss in internal support leading to tunnel
collapse. Potentiometer readings were concurrently taken to
measure the surface settlement. Figure 2 shows top view of
container after test.
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Figure 2. Top view of container after test
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collapse in all the tests. Continuous line in these figures shows
the normal distribution curve obtained from the equation
ª −1 § x ·2 º
z
= exp « ¨ ¸ »
(1)
zmax
«¬ 2 © i ¹ »¼
where zmax is the maximum vertical settlement and i is the point
of inflection. In the equation, i was obtained by curve fitting the
data points and have range of 20- to 24mm in all the tests. It is
perhaps not surprising that i did not change over a wide range
because the soil cover was only between 60- and 110mm in all
the tests (Mair and Taylor 1997).
Figure 4 shows the effect of tunnel depth, z0 on i calculated
using Equation 1 for surface settlement in tests using rods. The
figure also shows the data of Peck (1969) and Lake et al.
(1992). Also superimposed in the figure are the results of
previous study in greenfield conditions at IITB (Juneja and
Dutta 2008). Relative density of the sand varied between 0.4
and 0.7 in the greenfield tests. Two additional tests using
100mm thick soil cover and relative density of about 0.7 were
conducted in the present study. These results are marked as AU
and shown by solid squares in the figure. There are two points
worth noting in Figure 4. First, greenfield results significantly
underestimate Peck’s (1969) trough width parameter in
submerged sands. Lake et al. (1992) suggested that i depends
only on the depth of the tunnel and is independent of gradation
and density of the sand bed. Although much of Lake et al.’s
(1992) data are of deep tunnels, yet the results of greenfield
tests at IITB all lie within the bounds suggested by Mair and
Taylor (1997) and have average i = 0.33z0 .
Second, i observed in tests using bars is less than that
suggested for greenfield conditions. Although the findings are
not fully conclusive because of insufficient data points, yet the
results seem to suggest that the bars were able to partially
restrict the flow along the circumference in the direction of
tunnel collapse. This was unexpected since the diameter of the
rods was only about 14 times the mean particle size. This
would require further investigation.
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sands below ground
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Figure 3a-f. Observation of vertical settlement after tunnel collapse
in tests: (a) AT-1; (b) AT-2; (c) AT-3; (d) AT-4; (e) AT-5; and (f)
AT-6
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RESULTS AND DISCUSSION

Figures 3a-f show observed vertical settlement, z plotted against
distance away from the tunnel centre, x measured after tunnel

i=0.45z0

sands above ground
water table (Peck, 1969)

Figure 4. Effect of tunnel depth on i for surface settlement
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Figure 5 shows the influence of rod spacing on volume loss,
Vl obtained from the equation
ª iS
º
(2)
Vl = 0.8« max
2 »
¬ R ¼
Figure 5 seems to suggest that, rod spacing up to 9mm does not
have significant influence on the volume loss especially when
z
is less than 0.6. Figure 6 shows the variation Vl with
z max
decrease in tunnel support pressure, P0. In the figure, the
support pressure is normalised by γz0 , where γ is the total unit
weight of the soil and z0 is the tunnel depth (= C+R). The
figure shows that P0 of 0.5 to 0.6 times the overburden pressure
was required to maintain tunnel stability. Comparing Figures 4
to 6 it can be seen that the settlement trough is narrow but
deeper with the use of rods especially during early stage of
tunnel deformation.

4

CONCLUSIONS

The discussion above presented data relating to settlement due
to small diameter tunnel collapse in shallow sand beds when
tested at 50-g centrifuge environment. Vertical rods were fixed
from the surface up to the tunnel crown in these tests. Although
the number of data points are insufficient to draw reasonable
conclusions yet what the data seems to suggest is that small
diameter rods affect the width of settlement trough after tunnel
collapse even when the rods were installed at 3- to 7.3-d
spacing. These effects were not significant prior to the tunnel
collapse. The affect of rods both on minimum support-pressure
required to maintain equilibrium and on volume loss was not
evident from the test results and will require further
investigation.
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