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1. Project
1.1. Location
The Wikinger offshore wind farm (OWF) is located 
in the German Exclusive Economic Zone (EEZ) in 
the Baltic Sea, approximately 35 km from the is-
land of Rügen (see Figure 1).

The site covers 34 km2 and will host 70 wind tur-
bines that will generate up to 350 megawatts. 
The water depth at the Wikinger OWF varies 
between 36m and 42m. For the foundation of the 
turbines jacket steel structures will be used.

1.2. Soil
The soil profile at the Wikinger OWF can gene-
rally be divided into three main soil layers [1], 
which are typical for the Baltic Sea in this region. 
Starting at the sea bed the shallowest soil layer 
consists of postglacial Holocene deposits that 
are mainly clay with silty, sandy and sometimes 
organic components. Below that a preloaded 
glacial till layer can be found with a thickness 

ranging between a few meters to more than 20 
meters. Underneath the glacial till there is a cre-
taceous chalk layer and the general geological 
cross-section at the Wikinger OWF is shown in 
Figure 2.

1.3. Pile resistance
In recent years, numerous OWFs were developed 
and installed throughout Europe. In the German 
EEZ approx. 90% of the wind farms were and will 
be installed in the North Sea where mainly sandy 
soils exist. There is already a rich knowledge 
base for the bearing capacity of piles in sandy 
soils, both during pile installation and after (se-
veral weeks, months or years of) setup, but very 
limited data points exist for glacial till, especially 
chalk based till. For this reason, the developer 
of the Wikinger OWF, the Iberdrola Renewables 
Deutschland GmbH together with their geotech-
nical consultant decided to perform an extensive 
offshore pile testing campaign to investigate the 
behavior of the soil during and after pile driving.

2. Offshore Pile Testing Campaign
2.1. General
The main goal of the offshore pile testing cam-
paign was to derive static and dynamic pile skin 
friction and toe resistance values for the typical 
Baltic Sea soil profile both during pile installa-
tion and after a pile setup time of more than ten 
weeks. The main difficulty of the offshore pile 
testing campaign was that the tests had to be 
performed underwater, in depths of approx. 40 
m, which required the design and the fabrication 
of highly specialized equipment. The testing cam-
paign was split into two research phases:

- Phase I: Installation of six test piles at three 
different locations, including pile driving analysis 
(PDA) and dynamic load testing (DLT),
- Phase II: Execution of one static tension pull out 
test (SLT-T) and one dynamic re-strike test per 
test location (more than ten weeks after pile in-
stallation as part of Phase I).

The contract for the campaign was awarded 
to Bilfinger Marine & Offshore Systems GmbH 
(BMOS), Hamburg, Germany. BMOS suggested to 
install at each location three piles equally spaced 
in a straight line. The center pile would then be 
used for the static tension pull out test in Phase 
II with the adjacent piles acting as reaction piles. 
Upon completion of the SLT-T one of the two re-
action piles would then be used for the dynamic 
re-strike test. Moreover during pile installation 
two piles at each location (for a total of six piles) 
would be equipped with deep water sensors re-
quired to perform PDA and dynamic load testing 
that are attached to a data acquisition system 
(PDR) to record the strain and acceleration during 
each hammer blow.

2.2. Phase I: Pile installation and pile 
driving analysis
Three piles were installed at each location and 
the technical details of these piles are shown in 
Table 1.
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Figure 1 - Location of the OWF Wikinger in the Baltic Sea 
(source: Federal Maritime and Hydrographic Agency / BSH).
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The pile installation as part of Phase I as well 
as the tests during Phase II were executed from 
SAL’s heavy lifting ship MV LONE, equipped with 
two 1000 ton cranes and a Kongsberg dynamic 
positioning II system. 

During Phase 1 extreme precision with regard to 
penetration depth, tilting, and alignment was re-
quired for placing the loading beam for the static 
load tests on the piles (see Figure 7). Therefore, 
BMOS in cooperation with Bilfinger Machine Tech-
nique developed a so called triplex template (see 
Figure 3, left) with a dimension of 26.5m x 19.0m 
and a maximum height of 15m exclusively for the 
pile testing campaign. For each pile location, the 
triplex template was equipped with an upper and 
a lower pile guiding system that could be opened 
and closed hydraulically. Opening and closing the 
guiding system was required since the diameter of 
the hammers casing was larger than the outer pile 
diameter and as an added benefit the risk of cable 
and sensor damage could be reduced significantly. 

The pile lowering and placing was performed with 
the help of a remotely operated vehicle (ROV) and 
several underwater (UW) cameras that were loca-
ted close to the pile guiding systems. In addition 
these UW cameras were used for pile driving mo-
nitoring and a very precise real time reading of the 
pile penetration. Two pictures from the UW came-
ras (upper and lower pile guiding system and dif-
ferent distances to the pile) are shown in Figure 4.

During pile installation two piles at each location 
were equipped with Allnamics underwater deep 
sea transducers that were used for pile driving 

analysis (PDA) and dynamic load testing (DLT). 
The instrumentation consists of two independent 
systems (sets) each consisting of two strain trans-
ducers and two acceleration transducer placed 
diametrically opposed on the pile shaft and ap-
proximately 3 pile diameters or 4.3 m below the 
pile head (see Figure 5). Altogether, four strain 
transducers and four acceleration transducer 
were placed at each of the equipped piles.

The four cables from each set were connected to 
a watertight UW-junction box. From the junction 
box a 100 m watertight main cable was guided to 
the installation vessel. On board of the vessel the 
main cable was connected to the data acquisition 
system (Allnamics PDR) where the strain and ac-
celeration as a function of time was recorded for 
each hammer blow.

2.3. Phase II: Tensile static load tests and dynamic 
restrike tests
More than ten weeks after the successful in-
stallation of six test piles and three additional 
reaction piles at three different Wikinger OWF 
locations the static tension pull out test (SLT-T) 
and dynamic load tests were performed. At each 
location, the SLT-T at the center pile was perfor-
med first, followed by the restrike DLT on one of 
the two reaction piles.

For the SLT-T a reference frame was lowered 
to the sea floor to measure the displacement of 
the pile with very high resolution. This reference 
frame was a modification of the triplex template, 
whereby only the lower part of the template, ro-
tated at an angle of 90 degrees, was used (see 
Figure 6).

Iberdrola is currently developing the Wikinger offshore wind farm in the 
German part of the Baltic Sea. As only very little information exists about 
the skin friction and toe resistance behavior of typical Baltic Sea soils 
(glacial till and chalk), an extensive offshore pile testing campaign was 
conducted 1.5 years prior to actual pile installation. The test campaign 
included pile driving analysis and dynamic load tests as well as pull out 

static load tests. The whole campaign was executed by Bilfinger Marine 
& Offshore Systems (BMOS). All tests were conducted at water depths 
ranging from 36m to 42m. Pile driving prediction, pile driving analysis, 
dynamic and static load testing and the interpretation of these tests were 
carried out by Fichtner Water & Wind GmbH, Hamburg, Germany and 
Allnamics BV, the Hague, Netherlands as subcontractors to BMOS.

Abstract

Figure 2 - Typical geological 
cross-section of the site [2]

Figure 3 - Test pile installation (from left to right: triplex template, pile and hammer). 

Table 1 - Test piles

Location Water depth
[m MSL]

Diameter
[m]

Pile length
[m]*

Penetration depth at 
the end of driving

[m BSF]

WK-a 40.0 1.37 21.8 16.8

WK-b 38.2 1.37 35.7 30.7

WK-c 36.6 1.37 36.0 31.0

*including 5 m stick-up length above seafloor [1]
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In the center of the template a self-installing pile 
displacement measuring system was mounted 
consisting mostly of an upside down pile sleeve 
and a measuring ring connected to three high re-
solution displacement measuring sensors. The 
reference frame with the displacement measu-
ring system was developed by Bilfinger and the 
Norwegian Geotechnical Institute (NGI). 

After the installation of the reference frame, a 
loading beam with several measuring sensors, 
cameras etc. was placed on top of the three piles. 
The outer two piles acted as reaction piles, while 
the center pile was pulled out of the soil using a 
specially designed clamp mechanism on the in-

side of the SLT-T pile. The loading beam inclu-
ding the load cells, the hydraulic cylinders, and 
the locking tool is shown in Figure 7.

For redundancy reasons, the force applied by the 
hydraulic jacks was not only measured by the 
load cells, but also by the strain gauges attached 
at the pile during Phase I. To be able to measure 
the pile strains during SLT-T, all sets (sensors, 
junction box and underwater main cable) were 
stored on the sea bed next to the pile during the 
time between phases I and II. After returning to 
the test site the main cable was recovered by the 
installation vessel using the ROV and the sensors 
were used as described. 

Thereafter, the Menck MHU 800S hydroham-
mer that was also used for the pile installation 
in Phase I was lowered and placed on the sensor 
equipped reaction pile. After a final sensor check, 
a very low energy blow was introduced into the 
pile to see whether the sensors and the cables 
were still fully functioning after being left on the 
seabed for more than 10 weeks. This showed 
that everything was operational and the pile was 
then hit a second time, this time at full hammer 
energy to attempt to activate all soil resistance. 
It was shown in later analysis that this second 
blow already exhibited some soil fatigue, leading 
to a reduced total pile resistance, when compared 
with the first full energy blow. The displacement 
of the pile was measured by a high precision UW 
camera and a pointer facing towards a detailed 
pile marking (with markings at each centimeter). 
Then upon competition of the SLT-T all equip-
ment was brought back to the installation vessel.

3. Results
3.1. Pile driving analysis and dynamic load tests 
(Phase I)
During Phase I all nine piles were installed within 
the predicted driving times. After pile installation, 
the exposed length of the three piles per location 
varied only by a few millimeters. Also, for all piles 
the inclination and alignment was within the al-
lowable limits.

During the installation of the six instrumented 
test piles every single blow was recorded and the 
data were stored in the data acquisition device 
(PDR, see Figure 5). During pile driving no sensor 
or cable failure was recorded. Therefore, each set 
could be placed on the sea bed after the com-
pletion of the test pile installation, and the whole 

Figure 4 - Pile driving / blow count monitoring by underwater cameras.

Figure 5 - Allnamics deep water strain transducer and accelerometer at-
tached at the pile (left and center), data acquisition system PDR (right)

Figure 6 - Reference frame with displacement measuring system.
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concept proposed by BMOS was feasible and very 
useful for these series of tests.

3.2. Tensile static load tests and dynamic restrike 
tests (Phase II)
Figure 8 shows a normalized result from the 
pull out static load tests (SLT-T) on the left side. 
During this test the test parameters mandated by 
Iberdrola (e.g. static load test frame designed to 
sustain a maximum tension force of 15 MN [2]) 
and the accuracy of the displacement sensors 
were met.

Comparing the results from the restrike dynamic 
load tests performed at one of the two reaction 
piles at each location showed very good results in 
terms of accuracy and data quality. 
Figure 8 (right side) shows the force and velocity 
as a function of time (derived from the recorded 
stress and acceleration data), which were then 
used as the input for a detailed signal matching 
analysis. For proportional reasons and to better 
compare the results in terms of sensor accuracy, 
the velocity was multiplied with the piles impe-
dance (as outlined in [4]). Measuring the same 
amplitude of the force at the beginning of the 
hammer blow indicated 100% functionality of all 
sensors. The sensor fabrication as well as the se-
lected sealing system proved to be very effective 
for underwater tests

4. Summary
The extensive offshore pile testing campaign at 
the Wikinger OWF, initiated by Iberdrola and exe-
cuted by BMOS with partners Fichtner Water & 
Wind GmbH and Allnamics BV can be described 
as unique, particularly as the tests were perfor-
med in water depths of approx. 40 m. During the 
execution of the work in Phase I and Phase II, all 
tests could be carried out with high accuracy and 
high quality data. 

The obtained test results led to a detailed under-
standing of the skin friction and toe resistance 
values for large diameter offshore pipe piles in 
typical Baltic Sea soils, i.e. glacial till and chalk. 
These results are available not only at the time 
of installation, when the skin friction is reduced 
due to soil fatigue effects, but also after a setup 
period of more than ten weeks. 

Thus, the entire offshore testing campaign can be 
considered a huge success, especially since tests 
of this nature had not been performed before.
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Figure 8 - Normalized force-displacement result recorded during pull out static load test (left) 
Normalized force and velocity over time recorded during restrike dynamic load test (right))

Figure 7 - Schematic SLT-T system (reference frame and loading beam) [1], [3].
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