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ABSTRACT: During the excavation and de-watering of the entrance shaft of the Sophia railway tunnel were carried out a number of 
measurements in order to determine the vertical deformations of the deep laying geological strata. This paper describes the on-site 
measurement results and looks into the predictions outcome. De difference between the measurements and the computations are being 
discussed ; furthermore are the still to be investigated aspects presented. In the conclusions are the most important measurement re
sults given.

RÉSUMÉ: Durant l’excavation et l’épuisement du puit d’amorce du tunnel ferroviaire Sophia, différentes mesures ont été prises afin 
de déterminer les déformations verticales affectant les sédiments profonds. Le présent article décrit les résultats des mesures et exam
ine les résultats des predictions. Les différences entre les mesures et les résultats calculés sont discutés ; enfin les différents points 
d’investigation encore à conduire sont indiqués. En conclusion sont exprimés les résultats les plus importants des mesures.

1 INTRODUCTION

The Sophia railway tunnel is one of the largest tunnels of the 
Betuwelijn, a new railway of 160 km between the harbour of 
Rotterdam and the German border. The total length of the Sophia 
tunnel is 8.115 m of which the bored length of the two tunnel 
tubes is 4.240 m each. A practical investigation on this tunnel is 
being directed through the “Centrum Ondergronds Bouwen 
(COB)”, Swell Commission. The participants within the Swell 
Commission F210 are De Weger Architecten- en Ingenieursbu
reau, Bouwdienst Rijkswaterstaat, GeoDelft, Holland Railcon
sult, TEC, Tubecon I v.o.f. and Projecorganisatie HSL-Zuid. The 
reasearch program is integrated within the Design and Construct 
contract between the client NS Railinfrabeheer, Management- 
groep Betuweroute en the contractors venture Tubecon I v.o.f..

The study of the Swell Commission is focused on the deter
mination of the deformations affecting the deep laying ground 
strata. The practical investigation is carried out in the entrance 
shaft of the bore tunnel. The shaft has a length of about 65 m en 
a width varying between 24 en 29 m. The needed support of the 
shaft is provided by a combiwall (steel driven pipe piles with 
double sheet piling). The shaft floor (deepest excavation level) is 
settled at 18.5 m under ground level. During the excavation was 
a temporary steel brace fitted and, at a lower level is a definitive 
concrete brace installed. Under the shaft floor is found the clay 
layer of Kedichem. This poorly permeable clay layer constitutes 
the water seal for the shaft floor. The underwater concrete and 
the definitive concrete construction were executed as a footing 
foundation (no pile foundation by the entrance shaft).

At this present time are the investigations not fully com
pleted, thus the conclusions given in this paper are not definitive.

2 SOIL PROFILE

The soil profile can be schematised as follows. From the natural 
ground level (NAP-1.50 m) are Holocene clay and peat layers of 
a total thickness of 11 m encountered. Underneath is found a 
mild firm sand layer down to a depth of NAP-29 m (first perme
able strata). From NAP-29 m to NAP-37 m is the poorly perme
able, over-consolidated clay and peat layer of Kedichem to be 
found. Underneath onwards is a firmly compacted sand layer en
countered (second permeable strata).

3 CONSTRUCTION PHASES

The excavation of the entrance shaft was done in different con
struction phases. In Table 1 are presented the construction 
phases which are relevant to the carried out on-site measure
ments. After bringing 1.5 m of filling material on the natural 
ground level, the combiwall was driven down to just over the 
surface of the second sand layer (underside of the combiwall: 
NAP-36 m). The excavation and the fitting of the brace (until 
phase 8) were done in a de-watered pit. After excavating under
water (phase III), the reinforced underwater concrete was 
poured. Thereafter the pit was de-watered, the water level from 
the first permeable layer was simultaneously stabilised some 1.0 
m under the underwater concrete floor level. The water level of 
the second permeable layer is NAP-1.0 m. The vertical equilib
rium at the underside of the clay layer of Kedichem was then 
sufficiently guaranteed.

4 OBJECTIVES OF THE INVESTIGATION

The investigation is aimed at the validation of the following hy
pothesis:
1. Through the excavating and de-watering of the shaft was ex

pected that the clay layer of Kedichem will swell. Swell is 
here understood as the vertical deformation of a cohesive soil

Table. 1 Relevant construction phases.

EL=Excavation Level; WL= Water Level first permeable layer; (m/NAP)

Phase Description Time (week) EL WL

0 Fill natural ground level 1 (1999) 0.0 -3.0

1 Installation combiwall 10 0.0 -3.0

2 Excavation phase 1 1 0 /1 1 -2.7 -3.0

3 Fitting o f  steel braces 12 -2.7 -3.0

4 Excavation phase 11 21-22 -7.3 -6.0

7 Fitting o f  concrete brace 28 -7.3 -6.0

8 Removal steel brace 29 -7.3 -6.0

9 Adjustment water level 30 -7.3 -5.0

10 Excavation phase III 31-38 -20.2 -5.0

11 Pour o f  the underwater 45 -18.9 -5.0

concrete floor

14 De-watering shaft 46-48 -18.9 -21.0

15 Installation o f  concrete 7-10 -18.9 -21.0

beams/sand (2000)
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Table 2. Carried out measurements. Table 3. Measured values.

Type o f  measurement Depth 
(m/ NAP)

Start

phase

Objective

At the wall o f  the shaft

Levelling o f  steel driven 0.0 11 Vertical displacement o f

pipe piles the combiwall

Inclinometer in steel Variable 1 Horizontal displacement

driven pipe piles o f the combiwall

Peizometric level in shaft Variable 1 Water level in the shaft

In the centre o f  the shaft

Levelling o f underwater -18.9 11 Outwards bending o f the

concrete floor underwater concrete 
floor

Earth pressure -20.2 11 Thrust o f  the earth under 
the underwater concrete 
floor

Pore pressure (vwp 12) -34.3 8 (excess) pore pressure

Extensometer (ex 12 / -3 1 .4 / 8 Displacements and

exl 1) -33.5 strains

subsequent to unload (lowering of the vertical effective pres
sure);

2. Analogously to the development of excess pore pressure 
through loading of a poorly permeable soil, was expected 
that, by unload of the soil, negative pore pressure to occur;

3. If it is assumed that a change at constant volume takes place 
in the ground, then through a horizontal displacement of the 
combiwall, should occur a vertical deformation of the ground 
(heaving). Through this, should the remaining swell of a co
hesive soil layer be reduced;

4. The sand layers above and underneath the clay layer of Kedi- 
chem should, consequently to the lowering of the vertical ef
fective pressure, undergo an heaving (elastic decompression).

5. Another important objective is to verify the capacity of ex
isting computation models to predict the vertical deformation 
that take place in deep laying soil layers submitted to decom
pression. To this end were used an analytical model (Ter- 
zaghi) and a finite elements computation (Plaxis).

5 MEASUREMENTS

The set-up of the measurements was chosen so that the above 
mentioned hypothesis can be verified. Table 2 gives the scope of 
the carried out on-site measurements. Beside the mentioned 
measurements are also given on site measurements of the driven 
steel pipe piles and the piezometric levels which were taken out
side the shaft.

5.1 Measurement results

The measurement results of the extensometers, pore pressure, 
earth pressure en piezometric levels within the shaft are given in 
Figure 1. Table 3 gives for a certain number of measuring appa
ratus, the measured values of the different parameters and this 
per construction phase.

During the excavation phase III, a heaving was measured of 
the clay layer of Kedichem. A slight settlement of the clay layer 
was measured during the pour of the underwater concrete floor 
(effective unit weight of 17 kPa).

A second heaving of the soil took place during de-watering of 
the shaft. The combiwall and the underwater concrete floor ex
perienced a vertical displacement. During the excavation (phase 
III) as well as during the de-watering of the shaft, a deformation 
(caving-in) of the combiwall was measured at the level of the 
clay layer. Displacements also occured after the completion of 
the de-watering of the shaft.

5.2 Interpretation

So to be able to interpret the behaviour of the clay of Kedichem 
and the above and under laying sand layers, are the extensome-

Phase Levelling Incli Earth Pore Extensometer

[mm] nometer

[mm]*

pres

sure

(kPa)

pres

sure

(kPa)

(mm)

Steel Under Steel Cell 1 Vwp E x il Exl2

driven water driven 12

pipe 
pile 18

con

crete

floor

pipe 
pile 18

9 - - - - - 1.5 1.5

10 0 - 9 160 315 11.5 16

11 -0.5 0 - 179 315 10.5 14

14 8 6 13 28 280 24 .5 -

28**

26.5-

30.5**

15 7 12 - 50 280 26.5 29

* averaged at the level o f  the clay layer o f Kedichem 
** first value directly after the de-watering, second value about 3 weeks 

later

ters extrapolated to the layers boundaries. The under and upper- 
side of the clay layer moved during the excavation phase III 
(executed underwater) respectively 1 to 2 mm and 21 to 30 mm 
(difference of displacement 20 to 28 mm). Consequently to the 
decrease of stress with the de-watering of the shaft, a quite im
portant heaving of 20 r.im was put into evidence at the level of 
the sand layer located under the clay. The upper side of the clay 
layer moved only 10 to 15 mm upwards, so the clay layer as a 
whole was just 5 to 10 mm compressed. If one assumes that 
there is a solid link between the underwater concrete floor and 
the combiwall, then the entire pit moved about 8 mm upwards. 
Furthermore the underwater concrete floor underwent in its mid
dle a bulging of 4 to 6 mm. Noticeable is that, during the swell 
and compression of the clay layer of Kedichem, no negative or 
positive excess pore pressure occurred. The clay layer comported 
itself as a drained layer and reacted quickly to changes in stress 
levels.

A vertical deformation of the clay layer can, as consequence 
of the horizontal displacements of the combiwall, partly occur. It 
is possible to quantify this vertical deformation if a deformation 
at constant volume of the clay layer (undrained) is assumed. The 
vertical deformation following the horizontal displacement of the 
combiwall during excavation phase III amounts to a maximum 
of about 5 mm. The remaining vertical deformation of the clay 
layer during this excavation amounts then a minimal of 15 to 23 
mm and is caused by the swelling of the clay layer following the 
decompression (100 kPa) through excavating. De deformation 
resulting of swell is therefore preponderant. The effect of the 
horizontal deformation on the vertical deformation is limited.

6 PREDICTIONS

Design computations were conducted for the dimensioning of 
the entrance shaft walls and floor. Seeing that safety factors are 
applied to the ground parameters in the design computations 
(characteristic and design values), were these computation re
sults not directly comparable to the measurement results. There
fore, were additional predictions carried out using the analytic 
model of Terzaghi and the finite element programme Plaxis, 
where for the ground parameters mean values were used. These 
additional computations were carried out simultaneously as the 
on-site measurements were implemented.
The modelling of the occurring stress with an analytic model is a 
big simplification of the reality, because the horizontal stress 
level and the existing construction (combiwall and underwater 
concrete floor) are not taken into account. The approximation of 
the occurring stress situation is better reached using finite ele
ment programmes such as Plaxis. The objective of the analytic 
computation is to see as of it is possible, using this relatively 
simple method, to gain a reasonably good approximation of the 
occurring vertical deformations.

In this paper are presented the results of the drained compu-
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tation. In Figure 1 are the measurement during time given in re
lation to the prediction results per construction phase (end con
struction phase). In order to get a better comparison between 
measurement and computations, are the computation results pre
sented from the start of the measurements.

6.1 Terzaghi results

By the computations using the model of Terzaghi, only the 
ground layers situated beneath the shaft floor (NAP-20.2 m) are 
considered. In the calculations, only the vertical stress is taken 
into account. Calculations were made for a ID as well as for a 
semi 2-D situation, with stress distribution from the shaft floor 
(according to Boussinesq). The hereby-applied formula uses the 
basic theory of Terzaghi completed (by Koppejan) with a secon
dary component according to Buisman, which brings the creep 
into the computation (Veen, 1981). The occurring strain in the 
ground layer is proportional to the logarithm of the relation of 
the vertical stress before and after decompression. The primary 
swell develops itself with the adjustment of the pore pressure 
during the hydrodynamic period. The secondary swell (creep) 
develops itself according to the logarithm of time, where the ul
timate value is determined to be 10,000 days (about 30 years).

The hereby-represented results (Fig. 1) are those with stress 
distribution. In the ID calculation, an almost 2 time as large 
heaving was found (43 and 83 mm total heaving). So as the fig
ure shows it, the computed displacements are smaller than the 
measured displacements. In order to get a better view per ground 
layer, were the results of the extensometers extrapolated to the 
layer boundaries (upper and underside of the clay layer of Kedi
chem). Then, per main layer (deep sand, clay layer of Kedichem, 
shallow sand) were both the heaving and swell compared. The 
heaving for the deep sand was strongly under-estimated. The 
calculated swell in the clay layer was for phase 9-11 somewhat 
under-estimated with respect to the measurements (17 mm

against 20 mm), but overall (phase 9-14) there is 2 time as much 
swell in the clay layer as compared to the extrapolated measure
ments (26 mm against 13 mm). The biggest differences occured 
thus during the de-watering of the shaft.

For what concerns the sand layer, its stiffness was evidently 
over-estimated. For what concerns the clay layer, it is possible to 
find an explanation for these differences in the state of stress that 
occurs consequently to the de-watering of the shaft. In the 
ground layers just under the shaft floor, occurs, as a result of the 
drainage, an elevation of the effective normal stress which re
sults in settlements; whereas in the deeper layers further lower
ing of the effective normal stress occurs and therefore swell oc
curs. The turning point is to be found somewhere in the clay 
layer of Kedichem. Both the position of the turning point and the 
stress at the underside of the clay layer are influenced by the way 
by which the stress distribution is brought in the calculation. Be
cause the stress distribution is strongly influence by the presence 
of the combiwall, is the stress distribution from the shaft floor 
level that is retained in the calculations, probably a too favour
able assumption. Variations of the level where the load distribu
tion begins will be studied in the postdictions.

6.2 Plaxis results

In Plaxis (version 7.2) the soils behaviour are modelised with the 
Hardening Soil (HS) model (Brinkgreve, 1998). In the HS-model 
depending on the path of the stresses (loading/unloading), is as
sumed a stress dependend stiffness moduli. This model is suit
able both for modelling of the clay and sand layers in the present 
situation. It is to be noted that creep is not taken into account in 
the HS-model.

The measured and computed heaving of the clay layer of 
Kedichem showed, for construction phases 9-11, a good correla
tion. However, in construction phase 12-14, noticeable differ
ences occurred. The measured increase of the vertical displace-
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ments in construction phase 14 amounted to 15 mm, whereas 30 Veen, C. van der, Horvat E. & Kooperen C.H. van 1981. Grond- 
mm was calculated. De computed vertical displacements of the mechanica. Delft: Waltman. 

underwater concrete floor during this construction phase is also 
two time larger than the measured displacements. The measured 
vertical displacements of the combiwall of 8 mm during the con
struction phase 14 are obviously smaller than the calculated dis
placement of 21 mm. The heaving of the deep sand layer depos
its, some 32 mm in the centre of the shaft, is clearly 
overestimated in the computation. The considered elasticity 
module during unloading (3 x E50) is expected to be too low by a 
factor 2 to 3. The elasticity module should better be couple to the 
relatively small strains occurring in the underground, in relation 
with the considered underside of the mesh situated at NAP-65 m.

Another important difference is the measured compression of 
the clay layer (3 mm) and the calculated swell of the clay layer 
(1 mm) during construction phase 14. The measured compres
sion of the clay layer during de-watering of the shaft is explain
able because of the fact that, as a consequence of the high fric
tion between the floor and the combiwall, the vertical 
displacement of the underwater concrete floor is kept limited, 
while the deep sand layer under the clay layer are alowed to 
move freely upwards. The occurring of this mechanism will be 
in the postdictions further investigated.

The measured ground stresses (earth pressure cells 1 to 3) 
showed, in absolute values, large variations. The results given by 
the earth pressure cell 1 are used for the comparison with the 
computation. The measured earth pressure of 179 kPa after the 
pour of the underwater concrete floor is fairly in accordance with 
the calculated earth pressure of 160 kPa. The earth pressure de
creases to 25 kPa after de-watering of the shaft. The introduction 
in the computation of a load onto the underwater concrete floor 
was not carried out.

The measured and calculated horizontal displacements of the 
combiwall at the level of the clay layer of Kedichem amount to 
respectively 13 and 18 mm towards the inside of the shaft (con
struction phase 9-14). This difference can be explained by the 
use in the calculation of a much too low stiffness of the combi
wall (after construction was seen that the pipes piles were filled 
with concrete) and of the underwater concrete floor.

7 CONCLUSIONS

With regard to the formulated hypothesis can be concluded that:
1. As a consequence of the excavation, the clay layer of Kedi

chem underwent a heaving of 20 to 30 mm. On the other 
hand, during the de-watering of the shaft was the clay layer 
compressed of some 5 to 10 mm (hypothesis 1 partly true);

2. Negative excess pore pressure was not measured during the 
excavation and de-watering (unload) of the shaft (hypothesis
2 not true). Even so, some short lasting creep effects can pos
sibly occur;

3. The occurrence of a change at constant volume cannot unam
biguously be showed (hypothesis 3 not verifiable). The effect 
of the horizontal deformation of the clay layer is of secondary 
importance;

4. The heaving of the deep laying sand deposits constitutes an 
important share (about 60 %) of the total occurring vertical 
displacements (hypothesis 4 true).

The measured vertical displacements occurring during the exca
vation can, with the model of Terzaghi and with Plaxis, be well 
predicted. The compression of the clay layer during the de
watering of the well is with both models not calculated and will 
be studied within the post dictions.
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