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Geotechnical centrifuge tests to verify the long-term behaviour of

a bored tunnel

H.M.A. Pachen & H.E. Brassinga

Engineering Department Rotterdam Public Works, The Netherlands

A. Bezuijen
GeoDelft, The Netherlands

ABSTRACT: Building the Rotterdam section of RandstadRail involves the construction of two bored single-
track tunnel tubes in the city area of Rotterdam, each with an outer diameter of 6.5 m and a length of 2.4 km.
On several parts of the alignment the tunnel tubes are located at the transition of soft Holocene clay to stiff
Pleistocene sand. It is expected that the top of the soft Holocene layers will settle 1.5 m due to consolidation and
creep during the lifetime of the construction. Therefore the external loading on the tunnel lining will increase.
The time dependent additional loading has been analyzed analytically as well as numerically. Physical modeling,
using the Delft GeoCentrifuge, was performed in order to verify the design approach. The paper presents the
results of the centrifuge tests and the findings of the back analysis using the finite element techniques.

1 INTRODUCTION

RandstadRail is a future light-rail link between Rotte-
rdam, The Hague and Zoetermeer in the Nether-
lands. Building the Rotterdam section of RandstadRail
involves the construction of 2 single-track shield tun-
nels in Rotterdam, each with an outer diameter of
6.5 m (Figure 1) and a length of 2.4 km, using a slurry
shield TBM.

2 GROUND CONDITIONS

The geotechnical profile of the Rotterdam city area
consists, starting from surface level (at 1 m above the
reference level NAP), of a shallow top layer of anthro-
pogenic sand, 15 m of soft Holocene layers (peat and
organic clay), overlying the Pleistocene sand layer,

Figure 1. Two single track tunnels of 6.5 m diameter.

which has a thickness of about 20 m. The water level
is about 2 m below NAP. Some soil classification
parameters are given in Table 1.

The stress dependent stiffness of the soil layers is
determined with oedometer tests, and given below
(symbols are explained at the end of the paper):

Table 1. Soil properties Rotterdam city area (mean values).

h γsat w PI cu K0 OCR

(m) (kN/m3) (%) (%) (kPa) – –

Top layer 1 18 – – – – –

Peat 5 10.5 450 – 40 0.4 1.2
(Holocene)

Organic 10 13.5/ 90/ 50/ 40/ 0.5 1.3
Clay 16.5 55 40 30
(Holocene)

Sand 20 20 – – – 0.5 1.0
(Pleistcene)
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Figure 2. Concrete lining segments with constructive dow-
els and sockets.

3 TUNNEL DESIGN

Tunnelling will be performed in the Pleistocene sands
over a substantial part of the alignment. However,
nearby the Station Statenweg and the connections to
the existing (metro- railway-) lines the over-burden is
very shallow and the lining is predominant located in
the soft organic clay layers. Each segment is provided
with 2 constructive dowels and sockets to bridge the
ring joints (Figure 2) in order to reduce the deforma-
tion of the lining and therefore to secure the water
tightness.

The design is based on two single track tunnels with
an internal diameter of 5.8 meters each and a concrete
lining of 0.35 m thickness.The lining consists of 7 pre-
cast concrete segments and 1 keystone. The segments
have a width of 1.5 m.

4 LONG TERM SETTLEMENTS

During design lifetime of the tunnel (100 years) the
soft layers will settle due to consolidation and creep.
A regular sand supply on ground level is necessary
in order to maintain the surface at a fixed level. To
study the settlement behaviour of the organic clay and
peat layers, extensometer gauges were installed. Some
results are plotted in Figure 3.

From the extensometer measurements and the level-
ling data of the manhole covers of the sewerage system
in this part of the city over the past 20 years, it was
concluded that a yearly settlement of 15 mm at the
surface and 2 mm over the height of the tunnel is to be
expected. The Pleistocene sand will not settle.

Figure 3. Extensometer measurements.

Figure 4. Loading due to negative skin friction on a bored
tunnel (mechanism adopted from analytical modelling).

5 FORCES ON THE LINING DUE TO LONG
TERM SETTLEMENT

Because the tunnel is a relatively stiff element the
forces in the lining will increase due to long term set-
tlements.The vertical force on the crest will exceed the
vertical overburden pressure.The time dependent extra
force, called negative skin friction, was analysed ana-
lytically assuming a linear stress strain relation. Using
the stress distribution function of Airy the vertical and
horizontal additional stresses �pv and �ph were deter-
mined (Pachen & van Zanten 2002). For an embedment
of 1350 (see Figure 4) and a Poisson ratio of 0.33. The
solutions are:
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Figure 5. Positions of instrumentation on the model tunnel.
A total pressure and pore pressure gauge was mounted on
each position.

6 GEOCENTRIFUGE MODELLING

In order to verify the analytical solution two physical
model tests were performed in the GeoCentrifuge at
GeoDelft.

6.1 Test set up

The model was built at a scale of 1:65. The model tun-
nel was made of an aluminum tube, placed in a strong-
box and supported by an aluminum strip. The lower
part of the tunnel was embedded in a dense sand layer
(135◦). The tube was instrumented with pore pressure
gauges and total pressure gauges, see Figure 5.

After placement of the tunnel in the sand, a layer
of Spesswhite clay slurry with a water content of 94%
was applied. The first part of the centrifuge tests was
the self weight consolidation of the clay. The thickness
of the clay layer after the self weight consolidation
was 10 m at prototype scale (test 1) and 9 m in test
2. On the model tunnel, in the sand and in the clay
layer pore pressure and total stress transducers were
installed. The front of the strong box consisted of a
Perspex window, through which a grid, applied on the
clay, was observed with 2 video cameras. The set-up
before the test, is shown in Figure 6.

After self weight consolidation had taken place in
the GeoCentrifuge, a sand layer was applied on top of
the clay in f light.This sand layer caused an overburden
pressure of about 55 kPa. After consolidation of the
clay a second layer of sand was applied with the same
thickness, leading to further consolidation of the clay
layer. In the second test a sand layer of 1.3 m (prototype
scale, 0.02 m in the model) was applied on the clay

Figure 6. Set-up of the centrifuge tests and different soil
layers.

Figure 7. Deformed grid after test 2.

before self weight consolidation to increase the stress
level in the clay with approximately 13 kPa (tests were
performed in saturated conditions). As in the first test
also two extra sand layers were applied after self weight
consolidation of the clay. Since creep effects can not
be scaled in a centrifuge test, these tests are only valid
for the consolidation effects on the tunnel.

In the tests it was investigated whether the deforma-
tion pattern was influenced by wall effects at the glass
wall. Some colored spaghetti was put through the clay
layer from the backside to the glass wall. After the test
is was found that the spaghetti was still straight, indi-
cating that wall effects had only little influence on the
results.

6.2 Test results

In Figure 7 the deformation of the clay at the end of the
consolidation of the first sand layer (test 2) is shown.

Figure 8 shows the measured vertical soil stresses
during the test at the crest of the tunnel and at the same
level in the clay at 220 mm from centre of the tunnel.
The vertical stress at some distance from the tunnel
was calculated from the total stress transducers that
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Figure 8. Test 2: Measured soil stresses on the tunnel and
in the clay at 220 mm from the tunnel axis.
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Figure 9. Test 2: Measured surface settlements during the
test just above the tunnel and 220 mm next to the tunnel
axis (model dimensions). Settlements determined from video
images.

were placed between the sand layer at the bottom of
the model and the clay layer.

The increase of the soil stress on top of the tun-
nel (Gt3) compared to the stress in the clay (Gg2) at
some distance from the tunnel during the consolida-
tion of the two sand layers shows how the presence of
the model tunnel led to an extra increase in the total
stress compared with the free field situation, the differ-
ence was approximately 90 kPa at the end of the test. It
appeared that during primary consolidation both pres-
sure gauges measured the same total stress, but after
applying the sand layers the stress on top of the tun-
nel increases more than the stress in the clay at some
distance from the tunnel. This indicates that during
primary consolidation when the clay is still very soft
the ‘negative friction’ hardly inf luences the result, but
the inf luence increases as the clay has gained some
stiffness.

Surface settlements were a bit less just above the
tunnel compared to the settlements at 220 mm from

Figure 10. Deformation of clay around the tunnel as deter-
mined by image processing. The dot is the original position,
the end of the line the position at the end of the test.

the tunnel axis, see Figure 9, but the difference is only
small.

Deformations in the clay were measured using
image processing, see Figure 10 that shows the direc-
tion of the deformation around the tunnel as deter-
mined from the grid on the clay before and after the
test. It appears that, apart from the vertical deforma-
tion, there is horizontal clay deformation away from
the tunnel axis in the clay above the upper fourth part
of the tunnel and a horizontal deformation to the tunnel
in the clay lower beside the tunnel.

7 BACK ANALYSIS

By means of a FEM model the results from the tests
were analysed. In the numerical model both self weight
consolidation and the consolidation after applying
the two sand layers was simulated. The soil model
used was the Plaxis Hardening Soil Model (HS; see
Brinkgreve et al.) The material parameters were deter-
mined from Constant Rate of Strain (CRS) tests and
CU triaxial tests on samples of the Spesswhite slurry.

Figure 11 shows the contour lines of the defor-
mations as calculated with the FEM model and
Figure 12 the deformation increments in the FEM
mesh, both after application and consolidation of two
sand layers.When the deformation pattern of the FEM-
calculations is precisely compared with the findings of
the centrifuge measurements, see Figures 7 and 10, it
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Figure 11. Deformation of clay around the tunnel; con-
tourlines from FEM calculations.

Figure 12. Deformation of clay around the tunnel; incre-
ments from FEM calculations.

Figure 13. Measured (GeoCentrifuge) and calculated total
radial stresses (FEM-method) on the tunnel lining.

is evident that the negative skin friction mechanism for
the numerical and physical modelling is quite similar.

Figure 13 shows the measured and calculated total
radial stresses on the upper part of the tunnel (test 2).

The stresses coincide rather well. The differences
between calculation and measurement are explained
by the rigid (aluminum) support under the model
tunnel.

Figure 14. Vertical additional load �pv versus effective
surface load for a variation of the soil stiffness Eoed and a
geometry in accordance with the GeoCentrifuge tests.

From the results of the back analysis it was con-
cluded that the HS model in Plaxis is suitable to
calculate the stresses around the tunnel.

The calculated effective radial stresses and shear
stresses around the tunnel were used to determine the
vertical (�pv) and horizontal components (�ph) of the
additional stresses. In this way a comparison between
the linear elastic solution (Eq (1) and Eq (2)) and the
FEM-analyses could be made.

From these calculations it was concluded that �pv

decreases more or less linearly towards the outside of
the tunnel. The horizontal component �ph increases
approximately linearly from the axis to the top of
the tunnel. This result contradicts the elastic solution
where both �pv and �ph result in constant values.
Obvious, in the FEM-model, the soil arches on the
stiff Pleistocene sand next to the tunnel.

The relation between the soil stiffness Eoed and the
additional load due to negative skin friction was deter-
mined from the back analysis of the GeoCentrifuge
tests. Results from calculations with a variation of 50
times Eoed are shown in Figure 14. It was concluded
that the negative skin friction (end of consolidation
value) is independent of Eoed . As u0 is directly related
to Eoed ., this is in agreement with the elastic solutions
Eq. (1) and (2), except for the factors given. For a spe-
cific geometry the negative friction can be regarded as
only dependent on:

– the effective surface load (submerged value);
– the rate of embedment of the tunnel;
– the stiffness ratio of the soil and the tunnel lining.

Using the FEM Plaxis scheme the vertical com-
ponent of the negative friction was determined at the
location of the Statenweg Station. The ground condi-
tions of this location and details of the lining properties
are given in paragraphs 2 and 3 of this paper. The addi-
tional vertical stress was calculated as a function of the

287

Copyright © 2006 Taylor & Francis Group plc, London, UK



vertical, elastic solution

200

100

150

50

a
d
d
it
io

n
a
l 
v
e
rt

ic
a
l

lo
a
d
 �

p
v
 (

k
P

a
)

settlement uo (m)

0
0 0,1 0,2 0,3 0,4

vertical on crest, FEM model

Figure 15. Vertical additional load �pv and settlement u0

for the location station Statenweg; elastic approach versus
FEM scheme.

settlement u0 of the undisturbed clay at crest level. For
the results see Figure 15. It is evident that the negative
friction is not limited by full plasticity in the calcu-
lated range. The difference with the elastic solution is
increasing with increasing settlement over the height
of the tunnel.

8 CONCLUSIONS

When tunnel tubes are located at the transition zone
of soft to stiff soil layers, long term settlements of the
soft layers lead to additional loads on the tunnel lining.

As expected, the additional loads affect the verti-
cal effective stresses on the tunnel lining. The study
revealed that a change of the horizontal stresses has to
be accounted for as well.

The analytical linear elastic approach according the
stress distribution function of Airy (see Eq (1) and (2))
appears to be conservative.

A more sophisticated elasto-plastic soil model is
needed to simulate the centrifuge tests. With the finite
element approach, using the Plaxis Hardening Soil
model, the centrifuge test results can be simulated well.
The difference with the elastic solution is increasing
with increasing settlement (see Figure 15).

The negative skin friction force at the end of the
consolidation phase appears independent of the soil
stiffness. When the stiffness increases, the deforma-
tion around the tunnel decreases but the rate of soil
loading increases. For a given soil stratification and

tunnel dimensions the end of consolidation value of
the negative skin friction loading depends only on the
effective surface loading.

A plastic upper bound for the negative skin friction
was not found, neither in the GeoCentrifuge nor in
the back analyses with the finite element model. The
additional loading on the lining increases nearly linear
with the long term settlements due to consolidation
and creep and therefore the tunnel loading increases
steadily in time.
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The following symbols and abbreviations are used
in this paper:

γsat : saturated unit weight [kN/m3]
w : water content [%]
PI : Plasticity Index [-]
σ ′

v : effective vertical stress [kPa]
cu : undrained shear strength [kPa]
�pv : vertical loading due to negative

skin friction forces on tunnel lining [kPa]
�ph : horizontal loading due to negative

skin friction forces on tunnel lining [kPa]
u0 : vertical soil displacement at crest

level; determined outside the sphere
of inf luence of the tunnel [m]

Eoed : constrained modulus of elasticity [kPa]
E : modulus of elasticity [kPa]
pa : atmospheric pressure [kPa]
R : radius of tunnel tube [m]
K0 : coefficient of horizontal earth [-]

pressure at rest
OCR : over consolidation ratio [-]
CPT : Cone Penetration Test
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