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ABSTRACT: For the realization of RandstadRail a bored tunnel is planned in the city area of Rotterdam. The
tunnel consists of two bored single-track tunnel tubes. The tunnel crosses the loose packed sand embankment
of an existing railway called the Gouda Link. The crossing depth underneath the railway embankment is very
shallow in relation to the loose packed sand deposit. A major geotechnical concern during the design stage of
the project was the risk of uncontrolled ground movements. The risk of liquefaction due to monotonic loading
and the corresponding sudden loss of strength are studied. Such liquefaction could be induced by the passage
of the TBM (Tunnel Boring Machine) and could cause large deformations of the railway embankment. Large
deformations caused by vibrations of the TBM are analyzed as well.

During the design stage several options for ground improvement were considered. Aspects of the different
options are discussed and the selected option is described.

1 INTRODUCTION

RandstadRail is a future light-rail link between
Rotterdam, The Hague and Zoetermeer in the
Netherlands. Building the section Rotterdam of
RandstadRail involves the construction of 2 single-
track shield tunnels in Rotterdam, each with an outer
diameter of 6.5 m and a length of 2.4 km (see Figure 1).

The shield tunnels cross the intensively used dou-
ble railway track Gouda Link in the northern part of
Rotterdam (Figure 2). This railway track is the main
connection between the cities of Rotterdam, Gouda
and Utrecht and should stay in use during tunnel
construction.

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

As shown in Figure 3 the angle of the alignment
of the bored tunnels with the Gouda Link is very
small (200) and therefore the crossing is quite long
(approximately 40 m).

2 GROUND CONDITIONS

The northern part of the city of Rotterdam is known for
its bad ground condition.The geotechnical profile con-
sists from surface level (at 1.5 m below reference level
NAP) to a depth of NAP –17.0 m of very compress-
ible peat (Holland peat) and organic clay (Gorinchem
clay) overlying the pleistocene sand layer, which has
a thickness of about 20 m. The groundwater level is
near the surface at NAP –2.0 m. The railway embank-
ment was constructed around the year 1900 using the
displacement method. Big amounts of sand were sup-
plied in an initial shallow ditch and the sinking fill
reached almost the firm Pleistocene sand layer. The
embankment consists of anthropogenic fully saturated
sand to a depth of NAP –16 m. Borings and cone pen-
etration tests (CPT) have been used to determine the
soil stratification. A cross section is shown in figure 4.
The dashed line indicates the possible deformation of
the embankment in case of liquefaction.

The anthropogenic sand was investigated with field
and laboratory techniques. In the field inclined CPT’s
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Figure 2. RandstadRail boretunnel project in the city area
of Rotterdam with location of the railway crossing Gouda
Link.

Figure 3. Overview railway crossing Gouda Link.

and electric conductivity measurements were per-
formed from the shoulder of the embankment. In the
laboratory direct simple shear tests and wet critical
density tests were performed. Some key-results are
presented in tables 1 and 2.

Direct simple shear tests on dry anthropogenic sand
at a relative density of ID ≈ 30% and a vertical stress of
120 kPa, showed a maximum contraction of ca 0.4% at
4% shear strain. Continued monotonous shearing until

Figure 4. Soil layering and risk of deformation due to
liquefaction.

Table 1. Characteristics of anthropogenic sand.

Properties Dimension Mean value

D50 µm 150 to 190
D60/D10 – 1.6 to 2
Fraction <63 µm % 4.6
Carbonate content % 9
Organic content % 0.4
Grain shape Powers scale 40*
CPT MPa 1 to 2
Maximum porosity, nmax % 49
Minimum porosity, nmin % 36
In situ porosity, n % 46
Local density index, ID % 20 to 30
Wet critical density index, ID

(120 kPa) % 35**
Assumed shear modulus
of sand MPa 3

* high sphericity; sub-angular to subrounded.
** procedure “wet critical density”.

Table 2. Characteristics of peat (Holland peat) and organic
clay (Gorinchem clay).

Mean
Properties Dimension value

Unit mass of peat kg/m3 1020
Assumed shear modulus of peat MPa 0.3

Unit mass of organic clay kg/m3 1400
Assumed shear modulus of clay MPa 0.6

35% shear strain yielded a maximum dilation (volume
increase) of approx. 1.5%.

The anthropogenic sand was also tested accord-
ing to the procedure for ‘Wet critical density tests’
(Lindenberg, Koning 1981). These are undrained
triaxial tests at several densities in which the shear
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Figure 5. Typical results of wet critical density tests.

strain is monotonically increased whereas the mean
total stress is kept constant. Typical results are shown
in figure 5.

Most relevant is the behaviour of the sand at a rel-
ative density of ID = 30%. The stress path is shown in
the left part of the figure. The undrained path starts in
point A, a neutral stress state reached during drained
loading. The total stress path is indicated with the ver-
tical line. The mean effective stress reduces due to
excess pore pressure in the first part of the effective
stress path, A-B-C. This pore pressure is caused by the
tendency to contract.

The excess pore pressure decreases in the second
part of the path, C-D-E, due to the tendency to dilate
after continuation of the shearing. At this density and
stress, just partial liquefaction is reached (up to 30%
of the vertical stress). Complete liquefaction and no
restrengthening of the sample are found with the very
loose sand at ID ≈ 10%.

The right part of figure 5 shows the development
of the shear strength of the sample as a function of
the shear strain. Most remarkable at ID = 30% is the
reduction of the shear strength at point B. If the test
is performed stress-controlled, point B is immediately
followed by point D. See the horizontal, dashed line.
This means that a large shear deformation occurs in a
fraction of a second: suddenly, the plunger drops and
the sample increases in width. Point B represents a
‘meta stable’ state of the sample in case the sample
is free to deform without change in shear load. Any
disturbance will cause instability, i.e. an immediate
collapse or large deformation.

No intermediate strength maximum (point B) is
found at ID ≈ 50%. The critical value of the density
index below which such intermediate maximum exists
is called the ‘wet critical density’. For the presented
mean effective stress p = 105 kPa, the critical value is
ID,wet,critical ≈ 35%.

3 SHIELD TUNNEL AND LINING

The shield boring, using a slurry shield, cross the
embankment Gouda Link on a depth between 17 m
and 23.5 m (respectively top and bottom of the lin-
ing). In relation to the depth of the loose packed sand
deposit the crossing is very shallow. From the results
of the soil investigation it was concluded that the top
of the TBM will cut the loose sand.

Tunnelling is planned with one TBM. The second
crossing of the TBM with the Gouda Link will be
within a period of approximately 1 year.

The tunnel lining consists of 7 precast concrete seg-
ments and 1 keystone per ring. The segments have a
width of 1.5 m. Each segment is provided with two
constructive dowels and sockets to bridge the ring
joint.

4 MAJOR GEOTECHNICAL RISKS

The extreme loose sand of the railway embankment
imposes some serious geotechnical risks. The follow-
ing risks were identified:

– Liquefaction of the loose sand due to monotonic
loading;

– Densification of the loose sand;
– Cyclic liquefaction of the loose sand.

4.1 Liquefaction due to monotonic loading

Liquefaction due to monotonic loading may occur
when the sand is in a loose state. The grain skele-
ton is in a meta stable state and any small disturbance
may cause the grain skeleton to collapse (Stoutjesdijk
et al. 1998). Failure of the grain skeleton in one part
may induce a collapse in adjacent parts, thus creating a
progressive failure. A large area may be influenced in
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such a case. As it is an instantaneous and uncontrolled
process it cannot be stopped once it has started. When
a train passes the spot at the time of liquefaction a train
derailment may occur.

For investigating the soil behaviour during lique-
faction the embankment can be considered as a large,
undrained, stress controlled triaxial test with stress
state at point B, like suggested in figure 4. Any distur-
bance may cause a sudden shear deformation of nearly
10% (from point B to point D). Such shear deformation
would correspond to an unacceptable sudden railway
settlement.

For liquefaction due to monotonic loading to occur
five requirements are to be met:

– a sufficient amount of sand sensitive for liquefaction
(loose sand)

– sand behaves undrained during short-duration
loading

– a triggering mechanism
– stress state is near to meta stability
– flow of the liquefied soil is possible without change

in stress load.

The first three conditions are clearly met. The
embankment consists of sand with a density below
the wet critical density (figure 5). The sand is so fine
and the embankment so large that most of the sand
behaves practically undrained during short-duration
loading. Triggering of liquefaction may be either by
vibrations emitted during the boring process or by
small soil deformations around the TBM.

The fourth condition is also likely to be met, given
the history of the embankment. The horizontal stresses
in the sand along the boundaries with the peat and clay
are likely to be low (small ‘K0’). Figure 5 shows that
point A is situated very near to point B, the point of
meta stability.

The last condition, the possibility of flow of liq-
uefied material without change in stress load, is less
obvious. The situation of the railway embankment
differs from the sample in the triaxial test. One differ-
ence concerns the plane strain situation. Nevertheless,
plane strain tests performed in the past showed similar
behaviour as triaxial tests: the freedom to flow in just
one direction apparently is sufficient for liquefaction.

The other difference concerns the flow potential in
the horizontal direction perpendicular to the railway.
The sample in the laboratory test is supported by the
cell fluid, the stress of which is kept constant, even
when it is pushed away by the deforming sample. The
railway embankment, however, is supported by the peat
and clay layers (arrows in figure 4), which will resist
any deformation, although the resistance will remain
small due to the softness of the soil.

Finite element calculations have been performed
to simulate the interaction between sand embankment
and surrounding soil layers, using best estimate soil

parameters. It was shown that the peat and clay were
stiff enough to prevent liquefaction in the sand and the
corresponding sudden large deformations.

As the consequences of liquefaction are severe it
was decided to take additional measures to reduce
the risk of liquefaction as much as possible. These
measures were analysed with the same finite element
model. The measures caused an increase in stiffness of
the soft soil layers or an increase in horizontal stress
(increase in K0), thus bringing the stress state of the
sand back from the meta stability point.

4.2 Densification and cyclic liquefaction

During the tunnel boring vibrations are emitted from
theTBM. Measurements at other tunnelling projects in
The Netherlands show that these vibrations have a fre-
quency of about 4 Hz. Cyclic loading of sand is known
to result in densification and, in case of saturated sand,
also in the generation of excess pore pressure.The pos-
sible settlement during boring the tunnel was assessed
using a simple but sturdy approach. Research on vibra-
tions during TBM borings has shown that the velocity
amplitude can be described by the following formula
(CUR/COB 2000):

with:
PPV : peak particle velocity [mm/s]
β: empirical constant, for loose sand β = 0.25
D: diameter of the TBM
r: distance to the TBM
n: attenuation parameter

From this the shear strain amplitude in the soil is
estimated.

The soil densification is assessed using the C/L
(compaction/liquefaction) model of Sawicki (see e.g.
Sawicki 2004).

with:
θ : compaction (unit 10−3)
C1, C2: empirical constants
J : second invariant of deformation (unit 10−6)
N : the number of cycles

No cyclic tests were performed in order to deter-
mine the empirical constants for the sand at hand.
Instead the empirical constants are assessed using pub-
lished values (Sawicki, Sliwinski 1989). From these
values it was assessed that for the loose sand present
the following values represent a best estimate.

C1 = 13

C2 = 0.09

The surface settlement due to these vibrations for the
selected design option was estimated to be in the order
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of 0.02 m (best estimate) to 0.10 m (upper bound).
As these settlements will develop gradually monitor-
ing the surface level is an adequate measure to avoid
the risk of unacceptable rail deformations. When the
settlements tend to become unacceptable the boring
process can be stopped and the railway tracks can be
relevelled.

The excess pore pressure during shield boring is
expected to be small in view of the low densifica-
tion rate, the limited area of densification and ample
possibility of dissipation.

5 DESIGN OPTIONS

In order to reduce the risk of liquefaction and densifi-
cation different design alternatives were considered. In
this section the different alternatives are described and
compared with respect to risk reduction, interruption
of existing rail traffic and costs.

5.1 Voluminous gel injection

Injecting a gel in the railway embankment makes the
soil cohesive and thus prevents the occurrence of static
liquefaction. Gel can be injected from the shoulders
of the embankment, without hindrance for the railway
traffic.

The technique can be applied without vibration and
can be considered as a safe design alternative. By
injecting the total volume of the embankment above
the tunnel tubes (50 * 10 * 15 m3

= 7500 m3) the costs
of this option are substantial.

In order to facilitate the judging the following
assessment can be made:

– Risk reduction +

– Interruption of railway traffic 0
– Costs −

5.2 Temporary bridge construction

To support the railway tracks of the Gouda Link a tem-
porary bridge construction was taken in consideration.
Due to the oblique crossing a total construction length
of 60 m is necessary.

Because the railway authorities required that the
bridge is to be removed after the last passage of the
TBM two out-of-service periods will be necessary, one
to install and one to remove the bridge and to relevel
the railway track. For the foundation of the bridge a
low-vibrating piling technique has to be used.

The option turned out to be very expensive and to
give a substantial interruption of rail traffic.

The following assessment can be made:

– Risk reduction +

– Interruption of railway traffic −

– Costs −

Figure 6. Sand container with excavated grout body.

5.3 Compaction grouting

In order to test the effectiveness of this technique a
simple model test was performed. A sand container
with a radius of 0.59 meters and a height of 1.04 m
was used. By injecting grout in a rubber balloon a
grout body developed, see figure 6. The effectiveness
regarding the density however proved to be poor as no
substantial densification of the sand was encountered.

From CPT measurements it was concluded that
extra horizontal effective stresses were developed.
However it can be expected that relaxation occurs due
to the surrounding soft peat and soft clay layers.

The following assessment can be made:

– Risk reduction −

– Interruption of railway traffic 0
– Costs +

5.4 Strengthening the embankment with a
sand supply on both sides and a local
gel injection above the tunnel

A sand supply of 2 m on both sides of the embankment,
over a length of 15 m, will counterbalance the embank-
ment. A Bishop stability analyses was performed with
an excess pore pressures of 50% of the initial effective
stress in the loose packed sand in order to investi-
gate the effectiveness of the option. Consolidation of
the sand supply will be accelerated by means of strip
drains. In addition a very simple and cost effective
drainage of the embankment with wells, to lower the
water table over 1.5 m, was incorporated in the design.
The calculation results are given in figure 7.

The vertical and horizontal deformations due to
the sand supply and drainage of the embankment are
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Figure 7. Strengthening the embankment with a sand supply
on both sides.

Figure 8. Local ground improvement with soft gel.

estimated to be 30 to 40 mm. These deformations will
occur slowly, the speed depends primary on the con-
solidation process of the soft peat and clay layers with
strip drains.

To prevent a direct connection between the slurry
shield and the loose packed sand body of the embank-
ment a local gel injection, 1.5 m above the tunnel and
3 m on side, was provided. Due to this measure the
pore water pressures in the embankment as a result of
vibrations during shield boring cannot develop. Last
but not least the gel injection acts as a local ground
improvement and reduces the settlement and defor-
mation of the sand body as a result of densification.
See figure 8.

With the used densification model a vertical dis-
placement of 20 mm (best estimate) to 100 mm (most
unfavourable) mm was predicted, through which an
extended monitoring program is needed to maintain
the desired safety level.

The assessment is as follows:

– Risk reduction +∗

– Interruption of railway traffic 0
– Costs 0

* including an extensive monitoring program.

6 COMPARISON OF THE DESIGN OPTIONS

Selecting the best option it was postulated that Risk
reduction, in order to assure a safe solution, was the
predominant decision aspect.After that Interruption of
railway traffic was an important factor. Costs aspects
were considered an important but not the most decisive
factor.

From the assessments given in chapter 5 it is clear
that the local gel injection in combination with the
measurements for strengthening the embankment is
the best option (option 5.4). This option, in combi-
nation with an extensive monitoring program (defor-
mations and excess pore water pressures in the loose
sand), achieves the desired safety level.

A maximum excess pore pressure of 30% of the
initial effective stress will be tolerated during the pas-
sage of the TBM. Also the demands for deformations
of the tracks are very strictly. When the pore water
pressures or deformations exceed the limits the TBM
speed will be reduced or the boring activities will be
stopped for a period of time. The pore water pressures
are allowed to dissipate, and unacceptable deforma-
tions can be compensated by relevelling the railway
tracks. Relevelling may also be necessary for the slow
developing deformations as a result of the sand supply,
the consolidation of the soft peat and clay layers and
partial dewatering of the embankment.

7 CONCLUSIONS

Crossing railway tracks by tunnel boring needs spe-
cial attention with regard to deformation of the railway
tracks. Risks and settlements are highly dependent on
the soil condition and depth of the boring.

For an embankment of loose packed sand with a
shallow overburden for the TBM, large risks of (par-
tial) liquefaction and densification of the sand body
are present.

From an intensive soil investigation program,
including both field tests, model test and laboratory
tests, the risks could be quantified. A design option
was selected with an optimum of safety, interrup-
tion and costs. An extensive monitoring program is
a precondition for the option.
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