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Experiences from offshore hydrogeological investigations 

Experiences de recherches hydrogeologiques littorales

J.C.Schuldt & H.K. Hansen -  D e pa rtm e nt o f C ivil E ngineering, D anish G eote chnica l Institute , D e nm ark

ABSTRACT: Where construction of ramps for subsea tunnels is planned in areas later to be reclaimed, offshore hydrogeological 
investigations often only include exploratory bore holes with soil sampling and in situ testing including pumping tests for the determination 
of the transmissivity of the encountered layers. Information concerning storage conditions, leakage conditions and hydrological boundaries 
cannot be extracted from the exploratory bore holes, and consequently these conditions have to be estimated on the basis of general 
experience of the soil and the local geology. A practical approach to offshore multiwell test pumpings was developed for the 
hydrogeological investigations proceeding the pore pressure lowering system for the Great Belt bored tunnel project. The technique was 
later used for the hydrogeological investigations for the tunnel ramps for the 0resund Link. The present paper describes the experiences 
gained during these investigations using the new technique.

RESUME: Dans le cas oil une construction de rampes pour des tunnels sousmarins est envisagde & un endroit a conqudiir ultdrieurement, 
les recherches hydrogeologiques littorales ne comprennent souvent que des trous fords d’exploration avec prdlivement d’echantillons de 
terre et des essais in situ, y compris des essais de pompage pour la determination de la transmissivitd des couches rencontrdes. Cependant 
l’information ndcessaire sur les conditions d’emmagasinage, d’dchappement d’eau et de limites hydrologiques ne peut etre obtenue ainsi, 
mais doit etre dstimde sur la base d’une connaissance gdndrale de la teire et de la gdologie locale. Au sujet d’essais de pompage littoraux 
avec puits multiples, une approche pratique a dtd ddveloppde pour le projet du tunnel ford sous le Grand Belt pour les recherches 
hydrogeologiques prdcddant le systdme d’abaissement de pression de pore. La meme technique a dtd utilisde pour les recherches 
hydrogdologiques des rampes de tunnel pour le 0resund Link. Cette article ddcrit les experiences obtenues en utilisant cette nouvelle 

technique.

1 INTRODUCTION

The ramps for the bored tunnel under the eastern channel of 
Storebaelt are located in Zealand (at Halsskov) and in a reclaimed 
area in connection with the island Sprog0, respectively (Figure 1).

The ramps have a deepest elevation of -20 m, but deeper 
excavations down to about elevation -27 m were required during 
construction. The temporary dewatering of the ramps during 
construction was controlled by pumping in deep wells whereas the 
permanent dewatering is managed by a system of bleeding wells.

The dewatering for the eastern ramp at Halsskov was designed 
using the results from a number of traditional test pumpings using 
pumping on a deep well and simultaneous monitoring of the 
piezometric level in a number of stand pipes around the pumping 
well.

The western ramp was constructed in a reclaimed area which 

was covered by water during the site investigations. Traditional 
test pumpings under offshore conditions were considered very 

complicated and thus very expensive, and for that reason they 
were not included in the site investigations for the western ramp. 
The de watering for the western ramp was therefore designed based 
on a few short-time pumping tests in geotechnical bore holes 

combined with general experience of the behaviour of the 
encountered soils.

The design and experience from the dewatering are presented in

Porsvig et al. (1991). The total yield for the actual dewatering 
scheme was about 1100 m3/h compared to a design yield of about 
780 m3/h. The deviations between design and actual size were 
judged to be due to an actual transmissivity about 20% higher than 
the design value in combination with a larger drawdown than 
designed.

However, designing dewatering systems of the actual size (81 
wells) on a sparse design basis is a challenging task which calls 
for improvements in site investigation techniques.

2 SUBSEQUENT EXPERIENCE

The dewatering scheme for the Sprog0 ramp was initiated in 1989. 
During the site investigations for the adjacent East Bridge 
drawdowns in the order of 2 to 10 m in geotechnical bore holes 
for the anchor block and approach piers some 1 to 3 km away 
from the ramp area were observed, Steenfelt et al. (1996).

These observations were a trigger to the later project MOSES 
with the purpose of improving the mining conditions by reducing 
the pore water pressure in front of the tunnel.

Experience from subsea dewatering was not available, but the 
above observations were so encouraging that the first two series of 
offshore test pumpings were initiated, one on each side of the 
eastern channel.

Figure 1. The Storebaelt Link between Fyn and Sjaelland
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3 OFFSHORE TEST PUMPING IN STOREB/ELT

During the autumn of 1992 the Danish Geotechnical Institute 
conducted three test pumpings by sinking a number of offshore 
wells and offshore piezometer installations, pumping in the wells 
with simultaneous monitoring of the pumping yield, and the pore 
water pressure in the pumping well and the adjacent piezometer 

installation in bore holes.

The pore water pressure transducers were in the first set-up 
installed in a sealed gravel layer in the bore hole. However, this 

construction hindered a later retrieval of the transducer and thereby 
check of the transducer calibration. Consequently, the installation 
of the pressure transducers changed using the same type of well 

heads as constructed for the pumping wells.
The test pumping was conducted like normal practice onshore 

with a submersible pump linked to a well head and discharging the 
water through a water meter directly to the sea. The test was 
managed from a jack-up platform with remote (cable) monitoring 
of the pore pressure drawdown in bore holes up to a distance of 
125 m from the pumping well.

The test pumpings verified that considerable drawdowns could 
be created in the stratas below the sea bed by pumping in deep 
wells with filters in a permeable marl layer. The results were used 
as a design basis for a computer model which demonstrated that 
pumping in wells distanced about 125 m along the tunnel align

ment could reduce the pore water pressure at the tunnel front by 
about 30 m.

Subsequently, the MOSES project was launched and at the end 
49 wells with a total yield of about 3000 m3/h reduced the pore 
pressure and thereby significantly eased the tunnelling process. 
The name MOSES is an acronym for "Method of Obtaining Safety 
by Emptying Storebselt".

4 DEVELOPMENT OF THE WELL HEAD

The well head for the pumping wells was designed in 1992 by the 
Danish Geotechnical Institute. The well head installation required 
a 12 inches casing fixed at the top of the borehole by an injection 
grouting. The casing was extended to the deck level of the drilling 
platform. By means of diver assistance, the casing was discon

nected in a coupling about 0,5 m above the sea bed, and the filter 
tube was cut just above the same level. A landing piece was 
mounted on the top of the casing fixed by a quick release bolt.

The subsea well head carrying pumps and measuring equipment 
(or a dummy to lock the well) was finally mounted to the landing 
piece. Changing of pumps or monitoring equipment could then be 
handled from an anchored vessel using diver assistance. The 

original well head appears from Figure 2, left

Although the system was very well suited for the purpose, it was 
depending on diver assistance during the installation, which made 
the installation weather-dependent. The latest generation of well 

heads appears from Figure 2, right.
The main development has been that the landing piece is now 

pre-welded to a steel tube, which can be placed in the annulus 
between the drill casing and the well pipe. The whole operation 
can be carried out with workshop finished equipment, from a jack- 
up entirely without diver assistance.

5 OFFSHORE INVESTIGATIONS IN 0RESUND

The fixed link crossing the strait of 0resund between Denmark 
and Sweden comprises a western and an eastern tunnel ramp each 
of a length of approximately 1.0 km separated by an approximate

ly 3.5 km long immersed tunnel, an approximately 4.0 km long 
artificial island, and an approximately 7.8 km long bridge (Figure
3). Both tunnel ramps are designed in offshore areas which will be 
reclaimed before the ramp constructions. The excavations for the 

ramps will be carried out in Quaternary deposits and in the 
underlying Copenhagen limestone and the deepest excavation level 
will be approximately -15 m, i.e. well below the top of the 
limestone. A detailed description of the geology in the project area 
is presented a.o. by Knudsen et al. (1995).

Prior to the project the available geological information 
indicated that the geological conditions could be rather complex in 
the project area and investigations for further clarification were 
needed.

6 1993 INVESTIGATIONS

During early summer and late autumn 1993 the Danish 
Geotechnical Institute conducted a.o. offshore investigations in the 
ramp areas. Applying the concept and the positive experience from 
the Storebaelt project including the principles of offshore test 
pumping used in the bored tunnel investigations (Schuldt et al. 
1988) a number of bore holes were sunk, all of which were filter 

screened in the limestone and equipped with the well head 
construction.

Besides registration of geological boundaries and soil sampling 
the bore holes were used for in situ logging of the limestone. 
Taking into account logs performed before and after filter 
screening, the logs typically included

1 natural gamma 
1 resistivity

1 induction conductivity 
1 compensated neutron porosity 
1 compensated gamma-gamma density

> caliper, 3 armed 

1 seismic P-wave velocity
• fluid temperature 
1 fluid resistivity

• fluid flow

and especially the fluid flow (and the caliper logs) were used in 

the description of the vertical variation of the hydraulic properties 
of the limestone reservoir. Furthermore, the bore holes were used 
for test pumping of the limestone reservoif.

6.1 Western tunnel ramp

In the western ramp area 6 test pumpings were conducted using 5 
different bore holes as pumping wells. Each test pumping con
sisted of a 3-step draw down period of a total duration of approxi

mately 3 days followed by an approximately 1 day recovery 
period. The test pumpings were conducted like normal practice 
onshore with a submersible pump linked to a well head and 
discharging the water through a water meter into 0resund. The 
tests were executed from a jack-up platform with remote (cable) 

monitoring of the pore water pressure changes in offshore bore 
holes at a distance of up to 500 m. In existing onshore bore holes 
up to a distance of 1 km piezometric level changes were moni

tored using traditional pressure transducers and dataloggers.

Even though offshore test pumpings were carried out in bore 
holes located close to an area in which the limestone reservoir is
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Figure 3. The 0resund Link between Denmark and Sweden

in direct hydraulic contact with 0resund several of the test 
pumpings had an effective radius of influence in excess of 800 m,

i.e. drawdowns/recoveries could be registered in onshore bore

holes.
Based on the performed test pumpings it was possible to clarify 

some of the complex conditions prevailing the limestone reservoir.

Due to the fact that the offshore test pumpings were conducted 
using offshore observation wells it was possible to achieve clear 
indications of the presence of zones in the limestone reservoir. 
Combining the offshore tests with onshore test pumpings the area 
of zonation could be extended onshore.

These zones are in essence oriented in a NW-SE direction. 
Inside and in the vicinity of the ramp area a total number of 11 
zones (Figure 4) could be located and the hydrogeological 
parameters display a high degree of variation when passing from 
one zone to another. It was documented that the transmissivity 
varies within two orders of magnitude, the storage coefficient 
within one order of magnitude and the leakage coefficient within 

two orders of magnitude. It was further assessed that the highest 
transmissivities are located in the zones in the eastern part of the 
ramp area close to the portal area.

The zones with the highest transmissivities could further be 

estimated to have a total width of 250 to 500 m and they seem to 
coincide with an area in which the vertical location of the 
boundary between the Copenhagen limestone and the underlying 
Broyozoan limestone has been registered to change downwards. 
Seismic investigations, which were conducted simultaneously with 
the offshore test pumping, confirmed the presence of a flexural 
structure in the limestone in this area.

A zonation of the limestone reservoir was documented to be 
present vertically also. Based on detailed interpretation of especial

ly the flow logs, it was documented that a highly permeable zone

could be registered in most of the bore holes in the ramp area 
(offshore as well as onshore) with the top of the zone between 
levels -15 m in the western part and -30 m in the eastern part. 
This zone may well continue throughout the ramp area.

Provided that this highly permeable zone can be regarded as 
continuous in the ramp area it represents a "layer" which is located 

close to the bottom of the Copenhagen limestone in the western 
part of the area (onshore).

Towards the eastern part of the area (offshore) this "layer" in 
general gets thicker and seems to cut through the top of the 
underlying Bryozoan limestone. Between the present coast line and 
the easternmost part of the ramp (the portal area) where the zone 
is most predominant, it has an inclination which seems somewhat 
steeper than the top of the Bryozoan limestone (Figure 5).

The results of the offshore (and onshore) test pumpings were 
used as a parameter basis for a 3D numerical, hydrological EDP 

model covering an area of 5 x 4 km2 around the ramp area. This 
model was established in order to have a tool for geotechnical 
evaluations of different dewatering schemes for the excavations for 
the tunnel ramp constructions.

6.2 Eastern tunnel ramp

In the eastern ramp area the investigations in late autumn 1993 
were primarily conducted to document the geological/geotechnical 
conditions prevailing in this area. However, one offshore test 
pumping was conducted using the same procedures as applied in 
the western ramp area.

This test pumping, which included 3 offshore observation wells 
at distances of up to 350 m, indicated that the primary limestone 
reservoir is an anisotropical reservoir with direction dependent 
transmissivities indicating that a horizontal zonation of the 
reservoir may be present. The results of the test further indicated 
the presence of a zone of higher transmissivity with a possible 
orientation of approximately NNW-SSE. Based on flow logs there 

were also indications of a vertical zonation of the limestone 
reservoir.

Also a (simplified) 3D EDP model was established in order to 
supplement the analytical initial assessments of the amount of 
water needed to be pumped out in order to maintain dry excava
tions for the tunnel constructions.
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7 1994 INVESTIGATIONS

In early 1994 it was decided to relocate the western part of the 

alignment further to the north to the actual present project location, 
and the offshore parts of the western ramp were moved some 800- 
1000 m compared to the location in 1993 (Figure 4). Thus, 
supplementary investigations were necessitated.

During late spring 1994 the Danish Geotechnical Institute 
conducted offshore investigations in the relocated western ramp 
area and in the eastern ramp area. The investigations were 
conducted following the same concept and procedures which were 

applied in the 1993 investigations.
Prior to the 1994 investigations it was evident that the zonation 

at the western ramp area established during the 1993 investigations 
and the indicated zonation at the eastern ramp area could be tested 

for validity by the 1994 investigations.

7.1 Western tunnel ramp

In the western ramp area 4 test pumpings of the limestone 
reservoir were conducted using 3 different bore holes as pumping 
wells and offshore as well as onshore observation wells at a 
distance of up to 600 m. Even though the pumping wells were 
located very close to an area in which the limestone reservoir is 
in direct hydraulic contact with 0 resund the test pumpings had an 
effective radius of influence in excess of 500 m, i.e. draw 

downs/recoveries could be registered in onshore bore holes.
The test pumpings clearly indicated the presence of the 

horizontal zonation in the limestone reservoir, which was outlined 
by the 1993 investigations, and the hydrological parameters display 

a high degree of variation from one zone to another, e.g. the 
transmissivity varies within almost two orders of magnitude. A 
vertical zonation was documented to be present also. Specifically, 
a more permeable zone consistent with an upper presumably 
Glacially crushed/fractured part of the limestone was registered. 
Where this zone is most predominant, it is hydraulically connected 
to 0 resund through sand/gravel deposits which constitute the sea 
bed (Figure 6 ).

A consequence of the previously established hydrological model 

of the area was the fact that the highly permeable zone, located 
close to the Copenhagen/Bryozoan limestone boundary, should be 
absent at the location of some of the bore holes, but be present at 
the location of others. The fact that the actual bore holes displayed 
such characteristics was considered as a positive indication of the 
qualification of the applied hydrogeological model.

The results of the investigation were implemented in the 3D 
EDP model established in 1993, and the updated model was used 

to describe the effects of various dewatering schemes for the ramp 
excavations.

7.2 Eastern tunnel ramp

In the eastern ramp area 4 test pumpings of the limestone reservoir 
were conducted using 4 different bore holes as pumping wells and 
observation wells at a distance of up to 400 m.

The investigation clearly indicated the presence of a horizontal 
zonation in the limestone reservoir in the area. The zones are in 
essence NW-SE oriented, but are not as pronounced as in the

Figure 7. Longitudinal profile, principle. Eastern ramp

western ramp area, and the transmissivity was found to vary within 
a range of factor 4 between the individual zones.

Vertically there was found no unambiguous zonation even 
though a considerable local variation of the permeability was 
documented.

The supplementary 1994 investigations further clarified the 
geology (Figure 7), and the results demonstrated that the horizontal 
zonation indicated by the 1993 investigations could in fact be 
considered present.

The results of the investigation were implemented in the 3D 
EDP model established in 1993, and the model was consequently 
upgraded to the necessary quality for reliable descriptions of 
different dewatering schemes for the ramp excavations.

8 CONCLUSION

The well head concept designed and developed by the Danish 
Geotechnical Institute has proven a very powerful concept which 
has made it possible to conduct offshore test pumpings using 
offshore observation wells. An option which previously was 
confined to onshore localities.

Combining various hydrogeological investigation techniques it 
has thus been possible to conduct detailed reservoir descriptions at 
offshore localities even when complex reservoir conditions prevail, 
and the established spatial hydrogeological model of the project 
area is a substantia] improvement in several aspects compared to 
the model that was available prior to the investigations.

Consequently, the design of larger dewatering systems at 
offshore locations does not have to be based on a sparse design 
basis and general engineering experience, but can be based on the 
same level of information as is known from larger dewatering 
systems at onshore localities.
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