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ABSTRACT: The North-South line in Amsterdam is being built underneath the historic centre of
the city. Three deep stations are constructed in deep excavations supported by diaphragm walls. During
the excavation for Vijzelgracht Station, leakage through the wall resulted in large settlements of and
damage to monumental buildings, which threatened the support of the authorities for the project. With
the application of robust preventive measures at two of the deep stations, it was possible to continue the
project. This paper reports on the events, the counter measures, the monitoring, the repair of the buildings
and the lessons learned for the project and for the foundation sector to avoid future failures in D-walls.
Moreover, effort is made to improve quality assessment and measuring techniques to detect potential
leakages in advance.

1 INTRODUCTION approximately 15 m thick (the Eem clay). The pie-
zometric head in the 1st and 2nd sand layer is about
1.1 North South line Amsterdam NAP S2.0 m. Details of the construction and soil

The North-South Line in Amsterdam is profiles can be found in Salet et al. (2006).

9.5 kilometres long. This metro line starts at street )

level in the North of Amsterdam and passes under 1.3 Construction method

the historical centre of the city in a twin shield The stations are being built top-down to a depth of
tunnel. South of the historic centre, the line re- gpout NAP $31 m at Vijzelgracht, with 1.2 m thick
emerges at street level between the RAI confer- diaphragm walls extending to a depth of approxi_

ence centre and the existing railway station South/ mately NAP $45 m. See Figure 1. The diaphragm
WorldTradeCentre. Five underground stations

are under construction. Diaphragm walls sup-

port the excavations of the three deep inner city ViV N AN
stations: Rokin (RKN), Vijzelgracht (VZG) and EEEE A BE
Ceintuurbaan (CTB). This paper deals with the il i

leakages that occurred at Vijzelgracht resulting
in severe settlement of monumental buildings,
exceeding project budgets and time schedule. After
a short description of the events the paper will
focus on the lessons learned.

1.2 Ground conditions

At Vijzelgracht Station, there are fill deposits and
soft Holocene clay deposits to a level of about
(Dutch reference level) NAPS12.5 m (ground level is
around NAP +1.5 m). These are underlain by the 1st
sand layer, from NAP $12.5 m to NAP $14/515 m,
which is on top of a 2.5 m thick sandy silt stratum
(the Allergd). The 2nd sand layer is found at about
NAP $17/518 m, extending to NAPS26 m. Below
the 2nd sand layer, there is a stiff clay layer that is Figure 1. Cross-section of Vijzelgracht Station.
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walls consist of panels with lengths of approxi-
mately 2.8 m and 5.2 m. Traditional grabs and steel
stop ends with water bars (PVC strips) are used to
a depth of NAP 336 m to provide waterproofing.
The Eem clay layer below NAPS26 m provides a
seal off for the bottom of the excavation. Ground
improvement works with lean concrete columns
took place before installing the walls to remove
obstacles in the Holocene deposits.

2 EVENTS

2.1 Leakages of D-walls

At Vijzelgracht Station in particular, and to some

extent at Rokin Station, numerous joints in the

D-wall panels leaked during the excavation up to
about NAP S12 m. These leaks varied from damp
patches to more significant water flows, but up to
that depth the wall did not leak much. A standard

procedure of drilling in the wall and polyurethane

injections stopped these leakages.

2.2 First event

There was severe inflow of water and soil through
a panel joint for the first time on the 19th of June
2008 in the west wall of Vijzelgracht Station. The
excavation depth was approximately NAPS12 m
at that time. The leak was attributed to a steel stop
end which could not be removed at this location
and the failure of the jet grouting repair method.
This leak of water and soil resulted in substantial
settlement,up to 140 mm,and damage in the
adjacent buildings. To stabilise the historic build-
ings a timber framework was installed, see Figure 2.
More details of the damage to the adjacent build-
ings are described in Korff et al. (2009). The settle-
ment was mainly the result of ground loss into the
excavation causing a strong reduction of the cone-
resistance of the first sand layer, the bearing strata
of the wooden pile foundations; consolidation

Figure 2. A timber framework was installed to stabilise
the historical buildings after severe settlements.
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effects due to pore pressure reduction were minor.
It was possible to stop the inflow only after sub-
stantial backfill and polyurethane injection.

On the 17th of June, two days before the
described event, a large bentonite inclusion (meas-
uring approximately 0.4 x 1.0 m) was discov-
ered during excavation just next to a panel joint
in the east wall. Immediately after the discovery,
water with soil or bentonite started to flow in.
Fortunately, the contractor was able to stop the
intrusion of water by immediate backfilling in
front of the joint.

2.3 Geophysical leakage detection

After these events occurred geophysical leakage
detection was carried out by the multi-sensor sur-
vey system (ECR) with application of spatially
targeted electrical impulses (EFT). Analysis of
these measurements showed that there were many
small leakages to be expected along the wall, but
none of the joints showed major leakage. The work
resumed with trial excavations.

2.4 Second event

On the 10th of September 2008, another severe
leakage of soil and water occurred, resulting in
settlement in adjacent buildings of up to 250 mm.
This leak was caused by a large bentonite inclusion
next to panel joint 69/70 in the west wall during a
trial excavation from NAP S13 to S17 m. The max-
imum width of the inclusion was approximately
0.2 m and the height was at least 2 m. When the
contractor noticed the inclusion, it was dry (no
leakage). In the next 4 hours the contractor made
preparations for retaining the bentonite inclusion
with steel plates. After holes had been drilled to
anchor the third plate in the wall, water suddenly
started to flow. Within half an hour, the flow of
water and soil was almost impossible to control and
it took hours to stop it. After 12 hours the contrac-
tor, municipal officials and back office consultants
concluded that the situation was stable. During
those 12 hours, almost 700 litres of polyurethane
had been injected and approximately 450 hof soil
had been backfilled.

3 TECHNICAL ANALYSES

3.1 Quality of the D-walls

These serious events originate technically to two
main causes, the first is the presence of a large ben-
tonite inclusion in the D-wall and second the fact
that the bentonite inclusion was not classified as
a possible big risk. As a consequence, the result-
ing inflow of water and sand could not be stopped



directly or in a restricted time span to prevent seri-
ous erosion effects outside the excavation.

Unfortunately, the precise cause of the bentonite
inclusions could not be identified. A visual inspec-
tion (of the excavated area) indicates that the quality
of the D-walls at Vijzelgracht Station was signifi-
cantly worse than at Rokin and Ceintuurbaan, even
though they were installed by the same contractor.
The overall quality of the walls at Vijzelgracht was
worse than might reasonably have been expected.
The presence of three large bentonite inclusions
and many smaller ones has led to doubts about the
workmanship and quality control.

3.2 Bentonite inclusions

The bentonite inclusions are most likely caused by
a combination of suboptimal circumstances dur-
ing the installation of the walls, such as delays after
removing the steel stop ends, after cleaning the ben-
tonite slurry, the inclination of the stop ends and
very thick reinforcement bars relative to the aggre-
gate size of the concrete. Moreover the bentonite
slurry had to be replaced entirely in several panels
when it became too viscous probably because of
an unfavourable interaction with the soft mix, used
to stabilise the very soft top-layers and to replace
bored obstacles. In addition, cleaning the bentoniet
in the trench with the 5.2 m-wide panels from just
one pump position and concreting with only one
tremie pipe could have contributed to the develop-
ment of a large bentonite inclusion. All the causes
listed here attributed to the trench being not fully
cleaned with fresh bentonite just before concreting
(Figure 3a). During concreting, the thick bentonite
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Figure 3. Forming of a bentonite inclusion during the
concreting of a panel in three subsequent stages.

4 CONTINUATION OF THE EXCAVATIONS

4.1 Freezing of all joints

An attempt has been made,using an analysis of
the panel production data, the construction log
books, the (ECR®)/(EFT®) measurements and the
observations during the performed excavation,to
obtain reliable information prior to further excava-
tion about the quality of the wall, and about the
severity and the locations of possible bad spots
in the diaphragm walls. The analysis focused par-

was therefore not removed by the concrete, as seenticularly on determining in advance which suspect

in Figure 3b. The result is a bentonite inclusion in
the concrete, as shown in Figure 3c.

Up to the first event no specific measures were
taken to control the situation in case of a serious
leak. The normal procedure with PU-injection

locations (i.e. anomalies) are so serious that they
will fail immediately upon excavation, resulting in
a breakthrough of water and sand, since this will
dictate how the work can be resumed safely.

It followed from the analysis that qualitative rela-

and placing of steel plates in case of more severetionships could be established between the quality
leakage was applied. After the first event and the of the joints on the one hand, and the (ECR)/
geophysical leakage detection, which showed many (EFT®) measurements, construction data and log-
(probably) small leakages it was decided to start the books on the other. However, it was not possible
next stage of excavation (from NAPS13t0S17 m)  to establish any direct, unambiguous relationship
with small inspection pits at the joints between the between the construction data, the (ECR/(EFT ®©)
panels in order to be able to fill back in case of results and the observed quality of the joints up to
severe inflow of water and to obtain in such a way the excavation level. In order to ensure an adequate
a validation of the (ECR®)/(EFT®) measurements. level of certainty during the subsequent excavations,
The second event occurred when the mentioned each joint had to be considered a severe potential

inclusion was found in the inspection pit but as

leak. It was decided that it was necessary to seal all

no water flow was observed it was not considered joints before further excavation could start.

as a serious problem and in stead of back filling
the contractor started drilling holes in the adja-
cent concrete to connect steel plates. The inclusion
probably liquefied due to the drilling, resulting in
the mentioned inflow of water and sand that could
not be stopped for many hours.
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Because of the impossibility or unaccept-
ability to carry out works from street level, it was
decided to seal the joints from inside the excava-
tion by freezing the joints. Adjacent to every joint
two freezing pipes were installed. After reaching a
frozen body,consisting of frozen soil, D-wall and



Table 1. Overview of measured width of D-wall joints 20 m away from the joint where the soil inflow
at three deep excavations. occurred, see Figure 4. Examination of CPTs per-
formed immediately after the first incident (see

fr?]lr%t] width r?fr'r':g::rbaan rngrli:Ber XH?}%%?CN Figure 5) indicates that there is clear evidence of
the 1st sand layer (between NARS12 and S14)

0...20 126 65 32 having been disturbed in the region of the panel

20...50 28 69 joint 89/90. The second sand layer also shows

50...100 2 disturbance.

100...300 5 The CPTes show cone resistance,, qvalues of

>300 1 the 1st sand layer to have reduced significantly

adjacent to houses 4 to 8 Vijzelgracht. The largest
reduction to 6...7 MPa was found at the location
of the houses 4 and 6 Vijzelgracht. Other CPTs at
possible inclusions in the wall,that fulfilled the  greater distance from this region show gvalues in
requirements, the staged excavation was continued excess of 20 MPa.

in layers of about 4 m. During such a stage, the  The reduced g values of the 1st sand layer are
joints were excavated first and covered with steel consistent with considerable loosening caused by a
plates, while the freezing process continued deeper significant volume of sand being washed through

down for the next stage of excavation. the leaking panel joint. During the second incident,
some disturbance of the second sand layer was also
4.2 Present situation evident from the CPTs.

. . ) ) The settlement was therefore mainly the result of
This process started in the spring of 2010 and is ground loss into the excavation resulting in loosen-
ongoing at present, May 2011. This preventive g and strong reduction of the cone-resistance of
sealing covers all sand layers in the height of the tne first sand layer, which is the bearing stratum of
excavation. Excavation in the Eem-clay is consid- the wooden pile foundations. consolidation effects

ered to pose no severe leakage risk. _due to pore pressure reduction were minor.
The same procedure was adopted for Rokin

Station as this excavation was at the same level at
the time of the events and the risk analysis was sim-
ilar to the one at Vijzelgracht. At Rokin Station,  The houses influenced by both incidents are his-
the excavations are finished and the concrete floor toric buildings from around 1670. The buildings
slab has been installed. At Ceintuurbaan Station, all have a semi-basement, a raised ground floor,
the excavation already reached the Eem-clay layer
before the Vijzelgracht incidents and therefore no
additional measures were taken and no severe leak-
ages occurred.
During the excavations of the frozen joints
the width of the joint (=thickness of bentonite
cake or inclusion) on the inside face of the wall
were measured after freezing the cover of the
D-walls. Table 1 presents the results of the three
excavations. The results from Rokin Station and
Ceintuurbaan Station are based on the full exca-
vation, while Vijzelgracht is at 75% of the final
excavation depth. It appears that at Ceintuur-
baan all joints have a width of 20 mm maximum
and at Rokin of 50 mm. At Vijzelgracht 8 joints
exceed the width of 50 mm. The maximum width
exceeds 250 mm.

5.2 Damage to the buildings

5 BUILDINGS

5.1 Effect on the soil around the excavation

Investigations were undertaken, including Cone
Penetration Tests (CPTs) to determine the
amount of soil disturbance, which reached about Figure 4. Situation of CPTes at first incident.
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