
INTERNATIONAL SOCIETY FOR 

SOIL MECHANICS AND 

GEOTECHNICAL ENGINEERING 

This paper was downloaded from the Online Library of 
the International Society for Soil Mechanics and 
Geotechnical Engineering (ISSMGE). The library is 
available here: 

https://www.issmge.org/publications/online-library 

This is an open-access database that archives thousands 
of papers published under the Auspices of the ISSMGE and 
maintained by the Innovation and Development 
Committee of ISSMGE.   

https://www.issmge.org/publications/online-library


11/7

Model studies of the behaviour of deep tunnels in clay 

Etudes sur modèle du comportement des tunnels profonds dans l’argile

E.K.DE M O O R ,  Research Assistant, City University, London, U K  

R.N.TAYLOR, Lecturer in Geotechnical Engineering, City University, London, U K

SYNOPSIS: A series of small scale model tests has been performed to study the behaviour of an 

unsupported tunnel face in deep clay formations. The investigation was centred on pore pressure 

changes which occur on excavation and their influence on the observed tine dependent deformation of 

the tunnel face. Data from these tests demonstrate that time dependent movements or squeezing ground 

conditions are the consequence of changes in pore pressure and the effective stress state around the 

tunnel face. This is contrary to the view that such deformations are the result of the viscous 

behaviour of soil; instead, the data are interpreted within the framework of critical state soil 
mechanics.

1 INTRODUCTION

The problem of radioactive waste storage has in 

recent years been investigated in a number of 

research programmes. Factors such as 

transportation, population and suitability in 

geotechnical terms need to be considered in 

selecting the most appropriate method and location 

for the development of such a storage facility.

One option is the construction of tunnelled 

repositories in deep clay formations and a 

particular formation under active consideration is 

the Boom Clay in Belgium at a depth of some 180m. 

In the U.K., suitable formations might be the 

Gault and Oxford Clays at depths of about 400m. 

Clay is considered to be a suitable host medium 

for the storage of radioactive waste materials due 

to its beneficial properties such as low 

permeability which reduces the risk of migration 

of pore fluid and the ability to provide an 

effective barrier against the migration of 

radionuclides.

There is little experience of tunnelling in deep 

clay strata and the potential difficulties to be 

met during construction are uncertain. Short 

experimental tunnels have been constructed and 

instrumented at some 230m depth in the Boom clay 

at Mol to investigate construction techniques 

(Neerdael et a l , 1987). The work described herein 

is of a complementary series of model tests 

designed to study the behaviour of a deep tunnel 

face which is unsupported.

2 TUNNEL DEFORMATION BEHAVIOUR

In shallow tunnels in clay the ratio of maximum 

surface settlement to crown movement is often 

greater than 0.5. In deep tunnels the influence 

of the ground surface is much less significant, 

and ground movements around the tunnel resulting 

from tunnel excavation may be approximated as 

being axisymmetric; under undrained conditions, 

the deformation then varies inversely with 

distance from the tunnel as illustrated in Fig. 1, 
(De Moor, 1987) .
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Fig. 1 Undrained settlement above tunnels in clay

Time dependent movements at an unsupported tunnel 

face are often referred to as 'tunnel squeeze', 

and a number of research workers have attributed 

these squeezing ground conditions to viscous soil 

creep (e.g. Gioda, 1982). An alternative cause of 

these movements is the dissipation of excess 

negative pore water pressures induced by 

excavation at the tunnel face (Taylor, 1984). 

Therefore the most important parameters affecting 

time dependent tunnel behaviour are the 

coefficients of consolidation and permeability as 

well as the current effective stress state. 

Terzaghi (1936) reported this class of behaviour 

from field observations of a full scale 

excavation.

3 EXPERIMENTAL STUDY

Experimentally the model tunnel tests at city

University have been simplified in several ways:

(a) The tunnel was excavated along the central 

axis of a cylindrical soil sample, thereby 

forcing axisymmetric behaviour which is 

thought to be a reasonable assumption for 

deep tunnels. The orientation of the model 

tunnel was vertical for ease of experimental 

procedure.

(b) Stress levels modelled in the experiment were 

equivalent to an overburden depth of 100m; an 

isotropic stress state was used i.e. 

corresponding to K0 = 1.
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(c) A commercially available clay powder, 

Speswhite kaolin, was used in the 

experiments. Its fundamental parameters are 

well known from other researchers and its 

permeability is relatively high which is an 

asset in sample preparation.

4 APPARATUS

The model tests were carried out using an 

apparatus similar in principle to a triaxial cell 

(Fig. 2). It can contain a 250mm diameter, 600mm 

long sample, which is stressed radially and 

axially by a pressure applied to the cell fluid 

(water) in the cylinder and in the base piston. A 

latex rubber membrane is clamped inside the 

cylinder, separating the cell fluid from the 

sample. Drainage from the sample is possible 

through the porous plastic plates at the top and 

base of the sample, which also allow a back 

pressure to be applied to the pore water. The 

tests described used two tunnels of diameters 2 5mm 

and 12.5mm. Each tunnel consisted of a 

cylindrical open-ended brass tube with a tapered 

cutting edge.

Miniature transducers (Druck type PDCR81) were 

used to measure pore pressure in the sample.

Other pressure transducers were used to measure 

the cell and back pressures. Deformation of the 

tunnel face and the position of the tunnel in the 

sample were monitored by displacement transducers.

C e l l  f l u i d  

s u p p ly

Fig. 2 Model testing apparatus

5 TEST PROCEDURE

On completion of the reconsolidation phase the 

cell pressure was reduced (to minimise disturbance 

and deformation of the sample) before driving the 

model tunnel through the guide tube in the top 
plate to the required position in the sample. The 

clay which had entered the tunnel was then augered 

out to the level of the face and a support pushed 

into contact with the tunnel face. A reaction 

frame was used to hold the face support in place 

and the sample reconsolidated to the required 

equilibrium stress state. The taps to the 

drainage plates were then closed, the reaction 

frame and face support removed as rapidly as 

possible, and the displacement probe placed in the 

tunnel to monitor deformation of the now 

unsupported tunnel face. During each test the 

face was allowed to deform for a number of 

minutes, after which clay in the tunnel and ahead 

of the face was sampled for water content 

measurements.

6 TYPICAL RESULTS

A number of tests were carried out with varying 

initial pore water pressures and different 

diameter tunnels to investigate the influence of 

these parameters on the rate of face deformation 

and the pore water pressure response. Typical 

data are presented in Figs. 3 and 4. The full 

range of test data are presented and discussed by 

De Moor (1988).

A clear indication is given by Tests A and B 

(Fig. 3) of the dependence of deformation on the 

initial pore water pressure, the tunnel diameter 

being the same in each case. Large rapid 

reductions in pore water pressure are observed 

when the tunnel face support is removed. The 

magnitude of pore pressure reduction is much less 

for Test B with an initial pore pressure of 50kPa. 

Subsequently, the excess negative pore water 

pressures dissipate rapidly to steady values lower 

than the initial in situ value.

Tail A
a ‘=765l«Po u=50kPo If=0.5

Test 0
0 -=265kPo u=J50kPo If=0.5

0 *=765kPo u=50kPo Lf=0.5 G =265kPo u=J50kPo LT=0.5

Fig. 3 Test data for the 2 5mm diameter tunnel

Kaolin samples were consolidated from slurry to a 

vertical effective stress of 800kPa. After 

unloading to a vertical effective stress of about 

60kPa, the sample was extruded onto the base of 

the triaxial apparatus. Pore pressure transducers 

were placed in the sample by augering horizontal 

holes in the sample, and backfilling with clay 

slurry. The sample was then isotropically 

reconsolidated to the required stress state.

In Tests C and D (Fig. 4), a smaller diameter 

tunnel was used and the pore pressure transducers 

were relatively further from the tunnel face than 

those in tests A and B. The response after 

unloading showed a gradual dissipation to lower 

values of pore pressure which were substantially 

higher in magnitude than the equilibrium values 

measured in the other tests.
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Test data for the 12.5mm diameter tunnel

7 ANALYSIS AND DISCUSSION

Undrained pore water pressure response

The initial pore pressure response depends on the 

location of the transducer within the zone of 

plastically deforming soil. For simplicity, the 

tunnel problem is idealised either as a long 

cylindrical cavity, which neglects the influence 

of the face and the lining, or as a spherical 

cavity, which may be more representative of 

conditions near the tunnel face. Further, it is 

assumed that the soil behaviour is elastic- 

perfectly plastic. For the thick cylinder and 

thick sphere, the expressions derived for the 

radius of the plastically deforming material, rp , 

are given by

rp = a exp Q n + (r|/b2 - (thick cylinder)

rp — a exp + 4/3(r|/b3 - 1) -] (thick sphere)

where a = inner radius of cylinder or sphere

N = stability ratio (= cell pressure/cu ) 

b = outer radius of cylinder or sphere

Within the plastic zone the pore water pressure 

responses can be determined as

Au/cu = 21n(r/a) + 1 - N (thick cylinder)

Au/cu = 41n(r/a) + 4/3 - N (thick sphere)

where cu = undrained shear strength 

r = radius

response. An initial positive pore water pressure 

would be calculated on yielding if the Modified 

Cam-clay model had been used leading to a smaller 

predicted change in pore pressure.

Dissipation of excess pore water pressures

The data show large reductions in pore water 

pressure which results in pore suctions being 

established. Consequently high pore pressure 

gradients exist immediately after unloading and 

there is rapid dissipation of the suctions. The 

length of time over which these transient changes 

occur varies according to the initial stress state 

of the sample and the distance from the unloaded 

face. Pore suctions (tests A and B) are quickly 

dissipated to the near zero steady values, whereas 

a slower rate of dissipation is observed in zones 

further from the tunnel face. Here the pore water 

pressure gradients are much reduced in comparison 

with those at the face. Time factors (Tv = cvt/r2) 

for 90 - 95% dissipation for radial consolidation 

is ~ 1.0 whereas for a sphere Tv = 2.5. Using a 

value of cv ~ lmm2/s for kaolin and considering a 

transducer at a radius of 25mm, then for Tv = 1, 

t » 625s for equilibrium to be reached and for 

Tv = 2.5, t ~ 1560s. From Figs. 3 and 4 it can be 

seen that equilibrium pore pressures are achieved 

within the range of these predicted times.

Tests A and B in Fig. 3 illustrate that face 

movement is dependent on the initial pore water 

pressure in the sample. A high pore pressure 

leads to steeper gradients with greater water flow 

towards the tunnel face and a consequent local 

softening and reduction in the "undrained" shear 

strength cu . This leads to a local rise in 

stability ratio and hence the plastic zone is 

extended leading to an increasing rate of 

deformation at the tunnel face.

Long term pore water pressures

The data presented in Figs. 3 and 4 show a third 

phase of pore water pressure response after the 

transient dissipation. During this time the pore 

water pressures remain virtually constant at 

values which depend on the initial pore water 

pressure and the position of the transducer, 

indicating apparently steady seepage. The fairly 

steady flow of water towards the tunnel face is 

demonstrated by the water contents measured at the 

end of each test (Fig. 6) which all exceed the 

initial equilibrium value of about 38%. There is 

a greater increase by about 2-3% in the water 

content close to the tunnel face for the test with 

an initial pore water pressure of 350kPa (B) 

compared with that of 50kPa (A). Also, more 

softening occurred near the smaller diameter

Fig. 5 Predicted and measured pore pressure 

changes near the tunnel face

Fig. 5 shows measured changes in pore pressure on 

removing the face support compared with the above 

predictions. The experimental data show an 

approximate agreement with one or other analysis 

depending on the transducer location relative to 

the tunnel, for instance the thick sphere analysis 

appears to be more appropriate for the zone of 

material ahead of the tunnel. Also the assumption 

that the material behaviour is elastic-perfectly 

plastic simplifies the pore water pressure
Fig. Water contents measured near the tunnel 

face
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8 INTERPRETATION VIA CRITICAL STATE SOIL 

MECHANICS

The changes in pore water pressures and associated 

events described in this paper are readily 

understood within the framework of critical state 

soil mechanics. The behaviour of samples (of a 

particular soil) with different stress histories 

can be considered in deviator stress (q), mean 

normal effective pressure (p ') and specific volume 

(v) space.

In Fig. 7, the soil is initially normally 

consolidated at the stress state O' separated from 

the total stress at 0 by u^, the initial water 

pressure in the sample. On removing the tunnel 

face support, elements of soil near the face will 

yield plastically under virtually undrained 

conditions. Elements close to the tunnel face 

will be subject to significant shearing and may 

reach a critical state at J'. Other elements 

further from the face will be subjected to lower 

shear stresses and may reach points such as I ', 

i.e. yielding but not at failure.

The plastic yielding causes a reduction in pore 

pressure near the tunnel face and water flow will 

occur along the established hydraulic gradients. 

The tunnel face is not restrained and the soil in 

the vicinity of the tunnel can soften and increase 

in specific volume. Near the tunnel face the soil 

will be continually sheared and it is reasonable 

to expect those elements of soil to either stay on 

the critical state line or migrate towards it i.e. 

the stress paths followed will be as J' - K' or 

I' - K' depending on the state of the element 

after unloading. As the soil continues to soften 

and weaken, so increased movements will occur at 

the tunnel face.

(initial pore pressure)

The model tunnel tests have investigated the 

changes in pore pressure on excavation of a deep 

tunnel face. In the initial undrained phase, 

reductions in pore pressure were observed which 

have been shown to be a function of position 

within the zone of plastically deforming soil. A 

simplified analysis was used to estimate the 

extent of this zone and the changes of pore 

pressure within it; both depend on the initial 

stress state of the soil and the geometry 

involved.

The influence of time and initial pore pressure on 

the magnitude of deformation of the tunnel face 

has been demonstrated by these tests. As time 

increases, the negative excess pore pressures 

dissipate rapidly and tend towards near zero 

values in the region of the tunnel face. At 

further distances the pore pressures dissipate 

towards other equilibrium values indicating steady 

flow of water towards the tunnel face. This 

causes a reduction in effective stress and 

development of a softened zone of soil as 

indicated by the water content data obtained. All 

the observed behaviour can be interpreted within 

the framework of critical state soil mechanics 

without any need to include viscous soil 

behaviour.

9 CONCLUSIONS
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