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During the hardening process of the grout, grouted joints that are assembled offshore are typically subjected to mainly
wave-induced relative movements between grouted steel members of monopile structures for offshore wind turbines. In order
to determine the dimensions of the relative movements, numerical simulations of mechanisms causing relative movement
between the ungrouted steel members are carried out for different sea states that are to be expected during the grouting
and hardening process. The effects of early-age movement on the material properties of grout material are evaluated on the
basis of experimental simulations. It is shown that the effects on the properties of hardened grout are complex.

INTRODUCTION

At present, monopile foundations are the most used substruc-
ture for offshore wind turbines (OWTs), while most of these
monopiles are located at sites with a water depth of up to 20 m.
Further technical development of the monopile makes it possible
to use monopile foundations in even deeper waters. These so-
called XXL monopiles are assumed to be competitive with other
substructures, e.g., jackets and tripods, for greater water depth.

OWTs are installed in calm sea to ensure less movement of
structural components. Monopiles are usually driven into the
seabed. The impact of the driving hammer often causes defor-
mations at the top. In order to compensate for deformations and
vertical misalignments, a transition piece for the wind turbine is
placed on top of the monopile. At least three brackets lying on
the monopile are welded to the wall inside the transition piece
for temporary support before grouting. These brackets are often
combined with hydraulic jacks for the vertical alignment. The
annulus between the monopile and transition piece is filled from
the bottom up with high-performance grout suitable for offshore
applications. A section through the setup of the substructure is
shown in Fig. 1. After water is added to the grout mixture, the
fresh grout passes through several phases: stiffening (approxi-
mately after 4 hours), setting (approximately after 8 hours), and
hardening (final setting after 10 to 36 hours).

This process depends on the water-cement (w/c) ratio, the
content of additions and admixtures, e.g., superplasticizers, and
especially the temperature conditions. The stiffening phase is of
special importance for the performed experimental investigations
because the crucial processes, such as sedimentation and segrega-
tion of the grout material, occur at the beginning of the hardening
process. After the setting of the grout material, plastic deforma-
tions might occur due to the accumulation of permanent defor-
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Fig. 1 Grouted joint of a monopile support structure for an OWT

mations (Lohaus et al., 2014b). After the hardening of the grout
leads to a form-fit connection between the monopile and transi-
tion piece, the tower and wind turbine are installed on top of the
transition piece. However, prior to and during the initial setting of
the grout material, the transition piece and monopile are not fixed
to each other and are already affected by environmental loads.
Wave loads result in early-age movement between the transition
piece and monopile.

In previous editions of the standard DNV-OS-J101, early-age
cycling in the design of grouted joints was considered through
the reduction of the characteristic shear strength of the grout by
a factor depending on the early-age cycling movement. In the lat-
est edition of DNV-OS-J101 (DNV, 2014), the section address-
ing grouted joints subjected to early-age cycling is renewed. It
is stated that possible relative movement between the grouted
steel members shall be determined for the maximum expected
sea state during a 24-hour period. This analysis shall be carried
out for ungrouted steel members. A maximum relative movement
between the pile and sleeve of 1 mm is allowed for connections
subjected to predominant bending, as they exist in OWTs with
monopile substructures. Early-age cycling could therefore restrict
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the time slot for installation with respect to regulations. This leads
to an increased rental period of installation vessels and hence to
higher costs of the installation process.

In this paper, the effects of early-age movement on the proper-
ties of grout materials are investigated for relative displacements
greater than the limit of 1 mm, as requested by DNV (2014). The
mechanisms that cause relative movement between the steel mem-
bers are identified. Wave-induced relative movements between the
monopile and transition piece are determined numerically for con-
ditions of sea states that are most likely to occur during the initial
setting of the grout.

Three different tests are carried out in order to verify the effects
of different wave heights on the properties of hardened grout.
The sedimentation tendency and air void content are determined.
These two tests allow an assessment of the resulting inhomo-
geneities and allow conclusions to be drawn regarding the results
of the third test, i.e., the determination of the compressive strength
depending on the horizontal position of the hardened grout. The
resulting effects of the sedimentation and the segregation of the
grout on the compressive strength are verified.

OCCURRENCE PROBABILITY OF OFFSHORE
CONDITIONS

Vessels and jack-up barges are used for the installation of
OWTs. Their operating hours are limited by offshore conditions,
with significant wave heights of usually less than 3.0 m. Weather
forecasts allow for an estimation of the operating hours of ves-
sels and for a prediction of the wave loads acting on the offshore
structure during the initial setting of the grout. In order to deter-
mine the maximum wave-induced relative movement between the
ungrouted steel members, as recommended by DNV (2014), accu-
rate forecasts of longer than 24 hours are required. In particular,
the significant wave height used to describe sea states is of inter-
est for the forecast of offshore conditions. The significant wave
height is defined as the mean value of the one-third highest waves
during a certain observation period.

In particular, the chronological evolvement of the sea state is
investigated. Offshore data measured at the met mast FINO1,
which is located close to the German offshore wind farm, Alpha
Ventus, in the North Sea, are available from October 2003 to
October 2014. These data are analyzed in order to estimate the
occurrence probabilities of sea states. The local water depth at the
considered site is about 28 m. In the North Sea, currents are to
be considered, especially due to the astronomical tide. Evaluation
of the measurement data shows that the velocity of the water par-
ticles induced by currents just below the mean sea level varies in
sinusoidal form with a period of six hours and with a maximum
value in the range between 0.8 and 1.2 m/s.

Distribution of Significant Wave Height and Wave Period

For the site of FINO1, the joint distribution of the significant
wave height Hs and peak period Tp is given in Fig. 2 (left),
whereas the probability density distribution of the significant wave
height is plotted in Fig. 2 (right). The 25%-quantile 4T25%5, mean
value 4Tmean5, and 75%-quantile 4T75%5 of the peak period depend-
ing on the significant wave height are shown in Fig. 2 (left). For
selected values of the significant wave height, the corresponding
peak periods T25%, Tmean, and T75% are listed in Table 1. The sub-
sequent numerical simulations are carried out through the use of
these defined sea states.

Fig. 2 Joint distribution of significant wave height and peak
period normalized by the maximum probability (left), probability
density distribution of significant wave height (right)

Peak period [s]

T25% Tmean T75%

Significant
wave height
[m]

0.5 3.70 6.21 7.69
1.0 4.55 6.24 7.10
1.5 5.56 6.67 7.60
2.0 6.30 7.30 7.70
2.5 7.10 7.86 8.33
3.0 7.69 8.47 9.09

Table 1 Sea states considered in evaluation based on data of the
FINO1 met mast

Offshore Conditions During Initial Setting of Grout Material

During the hardening process of the grout material, the envi-
ronmental conditions are not steady but vary in time. According
to DNV (2014), the most severe sea state occurring during a time
span of 24 hours shall be considered to determine the maximum
relative displacements between the steel members. Therefore, the
chronological evolvement of the significant wave height within a
period of 24 hours is evaluated on the basis of the FINO1 data.
The probability that a given difference between the maximum sig-
nificant wave height and initial significant wave height during a
period of 24 hours is exceeded depends on the initial value, as
shown in Fig. 3. Only values of the initial significant wave height
up to 3.0 m are considered since most installation vessels can
operate only under these conditions.

As can be seen in Fig. 3, the probability that the initial value of
the significant wave height is exceeded by at most 0.1 m during
a period of 24 hours is about 25%. However, the probability that
the maximum significant wave height during a period of 24 hours
is increased by at least 0.5 m compared to the initial value lies in
the range between 30% and 40%. Hence, the development of the
sea state towards more unfavorable conditions during a period of
24 hours has to be taken into account when early-age movement
is considered.

Suitable time slots for grouting operations can also be identified
by forecasting the sea state. However, forecast accuracy decreases
with longer forecast ranges (Londhe and Panchang, 2006). There-
fore, uncertainties in forecasting and the possible underestimation
of the maximum significant wave height have to be considered for
the required forecast of 24 hours. With the use of advanced wave
forecast systems with a forecast range of 24 hours, such as Coastal
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Fig. 3 Exceeding probability of the maximum significant wave
height during 24 hours depending on the initial value

Fig. 4 Exceeding probability distribution of the maximum signif-
icant wave height during 24 hours

Observing System for Northern and Arctic Seas (COSYNA), the
variance of the compared measurement data and forecasting data
lies within 20% to 25% (Staneva et al., 2014).

Combining the exceeding probability distribution of the max-
imum significant wave height during 24 hours depending on the
initial value (see Fig. 3) with the probability distribution of the
significant wave height (see Fig. 2, right) leads to the annual
exceeding probability distribution of the significant wave height
during 24 hours, as shown in Fig. 4. The exceeding probability
distributions for the summer and winter months are also plotted
in Fig. 4. Compared to the summer months, more severe off-
shore conditions exist in the months of late autumn and winter.
For example, the significant wave height of 1.5 m is exceeded by
almost 80% in the winter, but only by almost 50% in the summer.
Hence, smaller and fewer time slots for grouting are given during
the winter season.

Design Waves Within Considered Sea States

The highest wave occurring within a sea state with constant
parameters usually leads to the greatest loads and hence the great-
est displacements. Therefore, the highest wave within a sea state
with a duration of 30 minutes and the corresponding wave period
is obtained by carrying out numerical simulations of a sea state
defined by the significant wave height and peak period. Due to
the scatter of the highest wave height, several simulations of one
sea state are run and evaluated. The mean value of the highest
waves obtained from each simulation of one sea state is set as
the design wave height. The corresponding wave period is deter-
mined accordingly. For the numerical simulation of the sea state in

T25% Tmean T75%

H [m] T [s] H [m] T [s] H [m] T [s]

Significant
wave height
[m]

0.5 0.84 3.40 0.81 5.71 0.79 7.08
1.0 1.65 4.17 1.63 5.70 1.59 6.52
1.5 2.43 5.12 2.38 6.17 2.37 7.02
2.0 3.21 5.78 3.16 6.69 3.17 7.05
2.5 3.98 6.58 3.92 7.25 3.95 7.66
3.0 4.76 7.04 4.67 7.80 4.66 8.39

Table 2 Design waves within considered sea states

the time domain, the Joint North Sea Wave Project (JONSWAP)
spectrum (Hasselmann et al., 1973), which was developed for the
North Sea, is discretized. The design waves determined for dif-
ferent sea states with a duration of 30 minutes and a local water
depth of 18 m are listed in Table 2.

NUMERICAL SIMULATION OF WAVE-INDUCED
RELATIVE MOVEMENT BETWEEN GROUTED
STEEL MEMBERS OF MONOPILES

Until the initial setting of the grout material is completed, the
brackets welded to the transition piece rest on the monopile. While
the vertical position is provided by the brackets, the transversal
and rotational displacement of the transition piece in relation to
the monopile cannot be excluded. The following possible mecha-
nisms are identified that might cause relative movement between
the monopile and transition piece:

• local deformation of the transition piece due to wave-induced
pressure distribution,

• horizontal displacement of the transition piece due to wave
loading,

• rotational displacement of the transition piece due to wave-
induced bending moments, and

• bending of the transition piece due to wave loading.
Horizontal displacement and rotational displacement of the

transition piece occur only when wave-induced loads exceed the
corresponding resistance, depending on the geometry and mass
properties of the transition piece. The numerical investigations
carried out show that the local deformation of the slender transi-
tion piece and the rotational displacement of the transition piece
are especially decisive for the design of grouted joints concerning
early-age cycling.

Reference Structures

The reference structures used for the numerical analyses are
taken from Wilke (2014). The most relevant dimensions for both
structures are listed in Table 3. Three brackets resting on top of
the monopile are attached to the inner side of the transition piece
such that the overlap length of the monopile and transition piece
is equal to the required value.

Ovalization Due to Wave-induced Pressure Distribution

Local deformation of the thin-walled transition piece occurs due
to the wave-induced pressure distribution acting on the surface
of the transition piece. The wave-induced ovalization results in
relative movement between the monopile and transition piece.

When fluid flows around bodies, the velocity of the fluid close
to the surface changes. The changing of the undisturbed velocity



196 Experimental and Numerical Investigations of Grouted Joints in Monopiles Subjected to Early-Age Cycling

Reference structure Reference structure
I II

Water depth 18 m 25 m

Monopile
Outer diameter 5,000 mm 6,600 mm
Height above SWL 6.0 m 7.4 m
(Still Water Level)

Transition piece
Outer diameter 5,280 mm 6,950 mm
Wall thickness 50 mm 55 mm
Height 10.4 m 19.1 m
Overlap length 7.5 m 9.9 m
Mass ∼ 671100 kg ∼ 1781700 kg

Table 3 Dimensions of reference structures (Wilke, 2014)

of the fluid also results in the changing of the local pressure p
given by:

p = p� +Cp · 005 ·� ·U 2
� (1)

where p� is the hydrostatic pressure of the undisturbed free
stream, � is the density of the fluid, U� is the undisturbed free-
stream velocity of the fluid, and Cp denotes the pressure coeffi-
cient depending on the flow regime.

The flow around cylindrical structures with a constant velocity
is well explored for constant, evolved flow conditions described
by dimensionless quantities (Hoerner, 1965; Zdravkovich, 2003).
In particular, the Reynolds number Re has a great impact on the
characteristic flow regimes. The Reynolds number Re is defined
as the ratio of inertia forces to viscous forces:

Re =
U� ·D

�
(2)

where D is the cylinder’s diameter and � is the kinematic viscosity
of the fluid. Depending on the Reynolds number, the flow regime
and the pressure distribution of the fluid alternate. Figure 5 shows
distributions of the pressure coefficient Cp on cylinders for flow
regimes according to potential theory with Re < 1 (dashed line)
and for supercritical flow regimes with Re > 500 · 105 (solid line).

Fig. 5 Pressure distribution on a cylinder, adapted from Hoerner
(1965)

The velocity of water particles in different considered sea states
and hence the Reynolds number varies in time. Therefore, an
evolved flow regime described by the pressure distributions does
not exist. It is questionable whether the pressure distributions
shown in Fig. 5 can be applied. Further investigations of the flow
around cylinders with varying velocity will be carried out. How-
ever, in order to evaluate the resulting deformation of the tran-
sition piece, the pressure distribution for constant flow regimes
is applied to the following investigations. It is assumed that the
pressure distribution due to varying flow regimes results in more
unfavorable pressure distributions, eventually leading to an even
greater deformation of the transition piece.

The greatest deformations of the transition piece occur when
the transition piece is loaded by the greatest pressures and pres-
sure differentials. According to Eq. 1, the greatest pressure p
exists for the greatest absolute values of the velocity, typically
occurring at the wave crest of the highest waves. Hence, the veloc-
ity profiles of water particles within the design waves defined in
Table 2 are applied. The kinematics of the design waves are cal-
culated through the use of 10th-order stream function wave theory
(Dean, 1965). Since the Reynolds number is significantly greater
than 500 · 105, the pressure distribution for supercritical Reynolds
numbers given in Fig. 5 (solid line) is applied. The finite ele-
ment software ANSYS (version 14.0) is used to model the tran-
sition piece and to calculate the deformations induced by the
pressure distribution. The cylindrical transition piece is modeled
and discretized through the use of solid elements (SOLID186 in
ANSYS), with two segments in the radial direction, 120 equally
distributed segments in the circumferential direction, and a size of
5 cm in the longitudinal direction. The brackets are represented
by hinged bearings. Transversal deflection at the positions of the
brackets is suppressed. The wave-induced pressure distribution
calculated through the use of Eq. 1 is applied to the relevant ele-
ments of the transition piece. Analyses show that the positioning
of the three brackets with respect to the wave propagation has
almost no effect on the resulting deformation.

Fig. 6 Deformation of transition piece due to wave-induced pres-
sure distribution for a wave with H = 3021 m and T = 5078 s
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Fig. 7 Maximum deformation due to wave-induced pressure dis-
tribution with respect to different sea states

Exemplarily, the deformation of the transition piece for refer-
ence structure I is shown in Fig. 6 for the wave crest of the design
wave with wave height H = 3021 m and wave period T = 5078 s
during a sea state with Hs = 200 m and Tp = T25% = 6030 s (see
Table 2). This deformation shape is typical for the structures
investigated; the transition piece is compressed at the point where
the wave attacks and at the opposite location, and its shape is ele-
vated in between these positions. Due to the time-varying pressure
and shape of the transition piece, the flow of the grout material
during the setting process is induced. In Fig. 7, the maximum
values of the deformation due to the wave-induced pressure dis-
tribution are plotted with respect to the significant wave height
for both reference structures.

In Fig. 7, the maximum deformation due to ovalization exceeds
the maximum allowance of 1 mm (DNV, 2014) for design waves
within sea states with significant wave heights in the range from
1.7 m to 2.2 m. In comparison, the transition piece of the larger
reference structure II is less deformed than that of reference struc-
ture I.

As explained previously, greater deformations are expected
since a pressure distribution for constant flow regimes is applied
to this design. More accurate results may be given when the actual
pressure distribution in the transition piece is found for the time-
varying flow regime of sea states. Here experimental tests and/or
computational fluid dynamics simulations may be required.

Bending-induced Displacements

The wave-induced loads acting on the transition piece result
in internal loads that are transferred to the seabed also via the
connection between the transition piece and monopile. Horizon-
tal displacement of the transition piece relative to the monopile
occurs if the wave-induced force F at the height of the brackets
exceeds the friction force exerted by each interface between the
steel monopile and bracket. Additionally, rotational displacement
occurs when the wave-induced bending moment M with regard to
the possible bending axes exceeds the bending moment Mgrav as
the product of the gravitational force GTP of the transition piece
and the minimal distance r’ between the vector in the direction
of the gravitational force of the transition piece and the bending
axis (see Fig. 8, left).

The angular acceleration �̈ around a bending axis is given by:

�̈=

{

(

M −Mgrav

)

/Jrot1 if M −Mgrav > 0 ∨ �> 0

01 otherwise
(3)

where Jrot is the moment of inertia of the transition piece depend-
ing on the geometry and considered bending axis. The angular

Fig. 8 Section through transition piece and loads due to wave
loads (left); possible bending axes of transition piece due to loads
induced by waves propagating from left to right (right).

velocity �̇ and angular displacement � are given by the integra-
tion of Eq. 3. The movement around a bending axis is prevented
by the geometry of the transition piece and brackets. In reference
to Fig. 8 (left), the angular displacement � due to rotational dis-
placement about the indicated axis (in red) cannot go below zero
since the right bracket prevents this. However, bending-induced
displacement about the axis induced by the bracket on the right
side is also possible. In this study, three constellations of bracket
positions and wave propagation are investigated (see Fig. 8, right).
Possible bending axes eventually leading to rotation are indicated
by the dashed lines.

For each sea state listed in Table 1, numerical simulations with
durations of 30 minutes are carried out to determine the wave-
induced torque M at the positions of the brackets. Twenty simula-
tions are run for each considered sea state to increase stochastical
accuracy.

Wave loadings are determined through the use of Morison’s
equation (Morison et al., 1950) with hydrodynamic coefficients
according to DNV (2014). The angular displacement is deter-
mined by the numerical integration of Eq. 3, while the regula-
tions are applied as mentioned previously. Furthermore, each sin-
gle deflection is characterized by its maximum value of displace-
ment, called “peak” in the following section.

The relative displacement between the monopile and transition
piece, which has its maximum value at the lower end of the tran-
sition piece, is calculated through the use of the angular displace-
ment. In Fig. 9, the mean and maximum peak values of the rel-
ative displacement between the monopile and transition piece at
the lower end of the transition piece are shown for both refer-
ence structures considered and for the possible bending axes (cf.
Fig. 8, right). The results are shown for sea states with significant
wave heights and 25%-quantile peak periods, as given in Table 1.

For reference structure I and reference structure II, the max-
imum allowance for relative movement of 1 mm (DNV, 2014)
is already exceeded for sea states with significant wave heights
of 1.0 m and 1.5 m, respectively. In particular, the smaller
monopile structure (reference structure I) is strongly affected
by the bending-induced displacement. Compared to the larger
monopile structure (reference structure II), the mass of the tran-
sition piece is significantly smaller, which increases the potential
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Fig. 9 Mean and maximum peak values of relative displacement
between monopile and transition piece due to bending-induced
displacement with respect to significant wave height

for bending-induced displacement. Even though the wave load-
ings are smaller due to the smaller dimensions, the geometry and
mass distribution of the transition piece have a greater impact.

The results for the mean and maximum peak values for sea
states with mean peak period and 75%-quantile peak period differ
marginally from the results for the 25%-quantile peak period, as
plotted in Fig. 9. When currents are considered in addition to the
defined sea states, here with a value of 1 m/s, the mean values
are within the same range. The values of the maximum peaks are
slightly increased almost without exception.

In order to evaluate the cycling, the number of peaks occurring
during a period of 30 minutes with respect to different sea states
is listed in Table 4. Different configurations of brackets (A, B,
and C, as defined in Fig. 8, right) are considered for both refer-
ence structures. (Superscripted and subscripted numbers are used
for reference structure I and reference structure II, respectively.)
The number of cycles strongly depends on the positioning of the
brackets in relation to the wave propagation, as can be seen in
Table 4. About twice as many cycles occur for configuration B as
for the other configurations considered.

In contrast to the results regarding the values of bending-
induced displacement,+ the peak period of the sea state is very
decisive. The number of cycles due to bending-induced displace-
ment is increased within sea states with smaller peak periods and

Peak Bracket
Significant wave height [m]

period config. 0.5 1.0 1.5 2.0 2.5 3.0

T25% A –
–

7
2

23
9

44
22

56
30

75
46

B –
–

15
4

43
17

84
43

110
58

143
88

C –
–

8
2

21
8

42
22

56
28

72
43

Tmean A –
–

5
–

10
2

25
5

40
14

58
23

B –
–

8
–

19
2

49
10

79
25

109
46

C –
–

4
–

9
2

25
5

40
11

54
23

T75% A –
–

–
–

2
–

9
4

21
8

28
13

B –
–

–
–

2
1

17
6

38
15

53
25

C –
–

–
–

2
1

9
3

18
7

26
13

Reference structure I: superscripted numbers
Reference structure II: subscripted numbers

Table 4 Number of cycles due to bending-induced movement
during a duration of 30 minutes with respect to different sea states

Fig. 10 Implementation of the model concept and drawing of the
test facility

constant significant wave heights. Here the waves within the sea
states are steeper, resulting in greater wave loadings. Hence, the
wave-induced bending moment exceeds the gravitational bending
moment more often.

MATERIAL TESTS EXPOSED TO WAVE-INDUCED
MOVEMENTS

A new test facility was developed that enables us to simulate
the influences of early-age cycling effects on the properties of
hardened grout. In this way, the movement between the pile and
sleeve can be simulated under laboratory conditions. More specific
information on the test facility is given in Lohaus et al. (2014a,
2014b). The test system and the implementation of the model
concept are shown in Fig. 10.

Three different eccentric drill holes with radii of 5, 8, and
10 mm, respectively, enable the different relative movements, and
the torque of the engine used is transmitted to the board in the
middle of the two containers. The tests were performed through
the use of a flowable and self-leveling high-performance mortar
grout containing a maximum grain size of 5 mm. The grout mix-
ture was prepared with a water-solid ratio of 11%, resulting in
a slump flow of 830 mm. Apart from the cyclic tests (“cyclic”)
carried out with the test facility, a comparative test without move-
ment (“static”) was carried out in order to compare the two tests
from both a static and a cyclic point of view. The grout material
was pumped from the bottom up into the apparatus, similar to
the grouting process carried out offshore. The investigation sim-
ulated the movement during the 24-hour period, considering the
relevant regulations and guidelines according to DNV (2014) and
DIN EN ISO 19902 (2014).

EXPERIMENTAL INVESTIGATIONS OF GROUT
MATERIAL

Results of the Sedimentation Tendency Tests

Plates with a thickness of 4 cm were produced from the hard-
ened grout object, and developed software was used to verify the
sedimentation tendency. This tool enables an automatic and objec-
tive analysis by using photographic material of each sample. After
a black-and-white adjustment has been carried out, the program
detects and counts the area of aggregates.

The diagram in Fig. 11 shows the results of the determination
of the sedimentation tendency. The distance from the top of the
grout object is plotted on the ordinate axis, and the proportion of
aggregates is plotted on the abscissa axis. Figure 11 shows ide-
alized sedimentation curves of the static test and the three cyclic
tests with different deflections. The trends of the curves are differ-
ent. The shape of the cyclic test curves is steeper at the beginning



Journal of Ocean and Wind Energy, Vol. 2, No. 4, November 2015, pp. 193–201 199

Fig. 11 Idealized sedimentation curves of the test series depend-
ing on the static test (left); some examples of the black-and-white
adjustment depending on the distance from the top (right).

than the static curve; otherwise, the curve shapes show that the
larger the deflection, the steeper the fall of the curve.

Results of the Air Void Content

The number and diameter of air voids were determined to ver-
ify the air void content. The diagram in Fig. 12 shows the results
of the static test and the cyclic test with a deflection of 5 mm. It
is visible that the lower part of each test exhibits a greater pro-
portion of air voids. On the other hand, the upper part contains a
reduced proportion of air voids. All in all, the investigation shows
a difference between the static and the cyclic tests. Obviously, the
movement leads to a deaeration of the grout.

Results of the Compressive Strength Tests

Prisms with an edge length of 40 mm × 40 mm × 160 mm
were cut from the grout specimen to determine the compressive
strength depending on the horizontal position of the hardened
grout (see Fig. 13). The diagram in Fig. 14 shows the compres-
sive strength of the cyclic test using the test facility and the mean
of the static test using a static wall. The values presented are
average values of two tests. In all, the values of the cyclic tests
show a greater compressive strength than the values of the static
test. The results of the tests with a deflection of 5 mm and 8 mm
show a decrease in the compressive strength the further down the
prism is located. The greatest compressive strength delivers the

Fig. 12 Air void content of the static and cyclic (5 mm) tests

Fig. 13 Front view of the grout object (left) and the position of
samples to check the compressive strength (right)

Fig. 14 Compressive strength of the test series

values with a deflection of 10 mm and even with a small devia-
tion between the values of the lower and upper parts of the grout
object.

EVALUATION OF MATERIAL TESTS

It is useful to determine the area between the static and the
different cyclic curves to verify the sedimentation tendency (cf.
Fig. 11). The determination of the integral between these curves
shows this context. The larger the area, the higher the sedimenta-
tion tendency (see Table 5). There is a second method of analysis
that correlates strongly with the first method. The distance from
the top where the sedimentation tendency of each cyclic test first
exceeds the adequate value of the static test (called the “intersec-
tion”) represents a further value that can be used for an additional
comparison. The lesser the distance of the point of intersection
from the abscissa axis, the greater the sedimentation tendency.

First, the deflection leads to a process of deaeration. As the
movement in the lower part approaches zero, there is no pro-
cess of deaeration and thereby a high air void content is deter-
mined. The movements increase from the bottom to the top and
ensure a reduction of the yield point. (The dynamic yield point
�01dyn0�01dyn0 < the static yield point �01stat0.) The lower the �01dyn0,
the greater the possibility of the air void rising to the upper part.
The greater the movement, the less the air void content. A high air
void content could reduce the compressive strength. However, this
cannot be the only explanation for the differences. The change in
the w/c ratio is more decisive. Due to the movement, the aggre-
gates sediment to the bottom and displace the cement paste to the
upper part, resulting in the sedimentation of larger aggregates and
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Integral Intersection Sedimentation
Deflection [% · cm] [cm] tendency [%]

5 mm 680 24 63–68
8 mm 975 32 90–91
10 mm 1070 35.5 100

Table 5 Sedimentation tendency depending on the integral be-
tween static and cyclic and the point of intersection of the curves.
All data depend on the largest deflection of 10 mm.

Fig. 15 Model concept of the layers formed depending on the
altitude. All information is compared to the static test.

the segregation of water from fine components such as cement
and especially silica fume. This is particularly reflected at the top
of the grout object where a high proportion of water exists. It is
therefore valid that the higher the w/c ratio, the smaller the com-
pressive strength. The grout object can be divided into four layers
depending on the altitude, as shown in Fig. 15. Obviously, the
transitions between the different layers are smooth.

Figure 15 shows the layers that are formed depending on the
altitude and represents a model concept. The characteristics of
the layers depend on the extent of the displacement between the
pile and sleeve, which is expressed as the displacement on a lab-
oratory scale. Investigations revealed that the resulting compres-
sive strength depends on the air void content, w/c ratio, and cho-
sen grout material. Furthermore, the characteristics of the layers
depend on various material properties and the strength of the hard-
ened grout.

CONCLUSIONS

During the erection of offshore wind turbines with monopile
substructures, relative movement of the grout annulus between
the monopile and transition piece may occur during the hard-
ening process of grout material. Numerical investigations of the
ungrouted steel members affected by wave loads have shown that
relative displacement of the transition piece is especially caused
by bending-induced displacement and by ovalization due to the
wave-induced pressure distribution. Displacements greater than
the maximum permissible limit of 1 mm already occur in rela-
tively calm sea with significant wave heights in the interval from
1.0 m up to 1.7 m. Statistical evaluation of offshore data shows
that these or more severe sea states occur with a probability of
more than 50% during a period of 24 hours, especially during
the winter season. Small monopile structures for OWTs are espe-
cially affected by wave-induced relative movements between the
pile and transition piece.

The experimental investigation of the hardened grout material
revealed that inhomogeneities occur due to movements during the
first 24 hours. These include sedimentation and segregation of the
fresh grout mixture. The coarser aggregates sediment to the lower
part and thereby reposition the cement paste to the upper part.
The grout material usually has conflicting requirements, includ-
ing flowability and stability. A high flowability is necessary to
ensure an undisturbed pumping process. However, with increased
flowability, the yield strength and viscosity of the grout decrease,
potentially leading to sedimentation of the grout. This could have
an adverse effect on the hardened properties of the grout. Further-
more, the movement leads to a segregation of the cement paste
due to the increased deformation of the upper part. Subsequently,
this leads to a progressive accumulation of cement paste with a
high water-cement ratio at the top of the grout object. This causes
weakening influences based on the increase in the drying shrink-
age. This could have an influence on the mechanical and durabil-
ity properties. All these changes in the material properties could
affect the compressive strength. On the other hand, the movement
during the setting of the grout could lead to positive properties.
The movement could lead to a process of deaeration, especially in
the upper part. A low air void content leads to a greater compres-
sive strength. Therefore, early-age movement could lead to better
properties compared to static and noncyclic systems.

Early-age movement between the pile and transition piece that
is greater than the maximum permissible limit is already detected
for relatively calm offshore conditions. The investigations have
shown that inhomogeneity occurs due to early-age movement. In
the considered cases, however, early-age movement does not nec-
essarily lead to adverse effects on the properties of the hardened
grout, such as the compressive strength, and hence on the load-
carrying capacity of the grouted connection.

The investigations have shown that deflections of 1 mm do
not necessarily lead to impairments of the quality of the grout
material. However, it should be noted that the test facility does
not represent the actual displacements that might occur in offshore
applications, and hence further investigations are required in order
to account for the real conditions and at the same time to reduce
the general cost of grouting operations.
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