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For offshore wind structures located in shallow water, slamming loads resulting from plunging breaking waves are important
for the fatigue assessment during the design. This study investigates the slamming loads on the bracings of a truss structure,
based on the analyses of the local force data measured in a 1:8 scale experiment. A hammer test analysis is conducted to check
the properties of the structure. A wave test analysis is carried out to estimate the slamming loads. An optimization-based
deconvolution (ODC) method, which uses the linearity of the structure, is proposed for the estimation. The optimal values of
eight parameters representing the slamming loads are obtained. This local force model demonstrates an astonishingly good
reconstruction of the experimental results, given the simplicity of the approach.

INTRODUCTION

The offshore structures used in the wind industry are exposed to
breaking waves when they are located in shallow water. Among four
kinds of breaking waves (spilling, plunging, surging, and collapsing)
(IEC, 2009), the plunging breaking wave is very important for the
offshore structure design. The total wave force on a substructure
due to breaking waves can be divided into a quasi-static force
and an impact force called slamming force (Alagan Chella et al.,
2012). The energy from the plunging breakers is dissipated over
a relatively small area and over a short time, thus leading to a
much larger force compared to the quasi-static force described
by the Morison formula (Morison et al., 1950). In the design of
offshore structures for wind energy, the slamming loads should
be taken into account in the fatigue assessment (GL Renewables
Certification, 2012). However, these loads are usually difficult
to estimate because the kinematics of breaking waves are quite
involved (Alagan Chella et al., 2015).

Various experimental investigations have been carried out to
study the slamming loads. Goda et al. (1974) investigated the
impact forces on circular and triangular vertical cylinders. Sawaragi
and Nochino (1984) studied the impact forces of nearly breaking
waves on a vertical circular cylinder. Wienke and Oumeraci (2005)
carried out tests in a large wave flume to investigate the impact
forces on vertical and inclined piles. Bredmose et al. (2013) carried
out a study on the dynamic excitation of monopiles by steep and
breaking irregular waves. These studies focused only on single
cylindrical structures. Regarding the slamming loads on truss
structures, the research was limited to experimental studies in 1:50
scale (Aune, 2011; Tørum, 2012).

Therefore, the WaveSlam project was initiated (UiS, NTNU,
et al., n.d.). The objective of this project is to improve the method of
calculating forces from plunging breaking waves on truss structures
through model tests in large scale (Arntsen et al., 2013; Arntsen
and Gudmestad, 2014). This study focuses on the slamming loads
on the bracings of a truss structure. The investigation is mainly
based on the analyses of the local force data accumulated in the
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WaveSlam project. A hammer test analysis is first conducted to
check the properties of the structure. Then, the analyzed local force
data from the hammer test are used together with an optimization-
based deconvolution (ODC) method to investigate the slamming
loads. The results and the uncertainties of the method are discussed.
Finally, a conclusion is drawn regarding the structure and load
properties and the proposed method.

EXPERIMENT

The experiment was run in the period from May to June
2013 in the Large Wave Flume at the Coastal Research Centre
(Forschungszentrum Küste, FZK) in Hannover, Germany. The truss
structure built for the experiment follows the previous small-scale
model tested at NTNU, but it has a larger scale. The structure
is similar to the one designed by Reinertsen Engineering for the
Thornton Bank (NTNU, 2011).

In this section, the setup of the experiment and the test cases
involved in this study are described. Detailed information about the
experiment can be found in the data storage report (Arntsen et al.,
2013). All data will be released to the public after July 1, 2015.

Experimental Setup

The setup of the experiment is illustrated in Fig. 1. The Large
Wave Flume is approximately 300 m long, 5 m wide, and 7 m
deep. The water depth in the flume at the truss structure ranged
from 1.8 m to 2.0 m. A scale of 1:8 was used for the structure to
simulate a water depth of 16 m. The columns and bracings of the
structure were 0.14 m in diameter.

The global coordinate system is defined as follows: The origin is
at the center of the wave board and at the bottom of the channel.
The x-axis is positive in the direction of the wave. The z-axis is

Fig. 1 Experimental setup and global coordinate system
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Location x [m] y [m] z [m]

1 198.37 3.310 5.251
2 198.37 2.888 5.472
3 198.37 2.172 5.472
4 198.37 1.750 5.251

Table 1 Definition of the investigated locations in the global
coordinates

(a) (b)

Fig. 2 (a) Truss structure in the experiment and the investigated
locations in this study, (b) force transducers in the bracing (figure
reprinted with permission from the WaveSlam project)

positive upward. The y-axis forms a right-hand system with the
other axes.

Sixteen wave gauges and three acoustic Doppler velocimeters
(ADV) were used in the experiment to record the waves and to
provide data for reflection analysis. The truss structure was equipped
with four total force transducers, 10 local force transducers, and
12 XY force transducers.

In this study, four locations at the front bracings of the truss
structure are investigated. The locations are defined in Table 1 and
illustrated in Fig. 2a. The local force transducers installed at these
locations are named FTBF01, FTBF02, FTBF03, and FTBF04,
respectively. The transducers are special 2D force transducers
developed by HBM GmbH. As shown in Fig. 2b, the transducers
have a very compact design due to the limited diameter of the
tubes (14 cm) and the expected high loads (nominal load of the
transducer is 20 kN). To avoid bending moments at the transducers,
special ball joints were developed that connected the transducer
with the truss structure. The sampling frequency of the transducers
was 10,000 Hz.

Test Cases

Two sets of data acquired from the experiment are analyzed. The
first set is from the hammer test, and the second set is from the
wave test.

The hammer test cases are listed in Table 2. They are differenti-
ated by the location of the hammer impact on the structure, the
size of the hammer, and the condition if there was water inside the
flume during the test. During the hammer test, the time series of
the local forces at the investigated locations were recorded by the
transducers. In addition, the time series of the forces exerted by the
hammer were recorded by a system in the hammer with a sampling
frequency of 9,600 Hz.

Impact Test with
Case no. location Hammer size water

1–5 1 small no
6, 7 1 large yes
8–12 2 small no
13, 14 2 large yes
15 3 small no
16, 17 3 large yes
18, 19 4 small no
20, 21 4 large yes

Table 2 Hammer test cases

Property Value

Data ID 2013062410
No. of waves 20
Wave height [m] 1.7
Wave height at structure [m] 1.985
Wave period [s] 4.9
Depth [m] 4.3
Depth at structure [m] 2.0
Run type regular

Table 3 Wave test case

The properties of the wave case are shown in Table 3. In this
case, 20 different waves with the same properties were tested. The
time series of the local forces at the investigated locations were
recorded by the transducers.

HAMMER TEST ANALYSIS

Before looking into the wave test results, a hammer test analysis
helps to check the plausibility of the experiment and to understand
the properties of the truss structure. The local forces caused by the
hammer impacts are also used later as a reference to estimate the
wave impacts from the measured local forces.

For all the cases shown in Table 2, the x-direction local forces at
the investigated locations are analyzed. Case 7 is taken here as
an example, and the recorded local forces are shown in Fig. 3.
Since the hammer impacts the structure at location 1, the local
force recorded by FTBF01 reaches the peak the earliest, and it
has the highest amplitude. The peaks of the local forces recorded
by FTBF02, FTBF03, and FTBF04 follow a sequence in time,
and the amplitudes decrease successively. The time delays and the
amplitude differences between the different local forces agree with
the fact that the load is transferred gradually from one location to
the others. The farther the location from the impact point is, the
longer the time delay is, and the lower the amplitude is. This result
is valid for every hammer test case.

Then, the local forces recorded by each transducer in different
cases are compared. For the cases with the same impact location, the
local force time series fit into two groups with different frequencies,
as a result of the presence of water or not. For each group, the
cases have exactly the same test conditions. However, the acquired
local force time series still have different amplitudes. In fact, even
with the same test conditions, the impulses exerted by the hammer
are slightly different each time. Therefore, the local force time
series are normalized by dividing by the impulses for a “fair”
comparison. The impulses are the time integrations of the forces
recorded by the hammer. The normalized local force time series at
the locations of the corresponding hammer impacts are shown in
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Fig. 3 Local forces recorded by four transducers in hammer test
case 7

Figs. 4–7. In these figures, the normalized local force time series
are almost identical for each group, while a significant difference
exists between two groups. Furthermore, the time delays between
the local forces recorded by different transducers are also highly
identical for these cases, as expected. These results prove that the
structure exhibits linear behavior.

The linearity is an important property of the structure. It enables
the evaluation of the slamming loads on the structure from the
local force data, which is carried out in the following section. For
this purpose, it is necessary to have a set of normalized local force
time series from the hammer test cases with four different impact
locations. Cases 7, 13, 16, and 21 are selected for that, because
the tests were with water, were conducted on the same day as the
wave test, and had good data quality.

WAVE TEST ANALYSIS

In this section, the slamming loads exerted by the breaking
waves on the bracings of the truss structure are investigated. This
is achieved by analyzing the recorded local force data. First, the

Fig. 4 Local forces recorded by transducer FTBF01 in hammer
test cases 1–7. Cases 1–5 belong to one group, while cases 6 and 7
belong to the other.

Fig. 5 Local forces recorded by transducer FTBF02 in hammer
test cases 8–14. Cases 8–12 belong to one group, while cases 13
and 14 belong to the other.

Fig. 6 Local forces recorded by transducer FTBF03 in hammer
test cases 15–17. Case 15 belongs to one group, while cases 16
and 17 belong to the other.

Fig. 7 Local forces recorded by transducer FTBF04 in hammer test
cases 18–21. Cases 18 and 19 belong to one group, while cases 20
and 21 belong to the other.
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Fig. 8 Surface elevation time series of the 16th wave measured in
the vicinity of the structure

properties of the local force time series are checked. Then, a
deconvolution method is proposed to estimate the slamming loads
from the local forces. Finally, the results and the limitations of this
method are discussed.

Local Force Properties

To check the local force properties, the 16th wave of the
investigated wave case (see Table 3) is taken as an example. The
surface elevation of the wave is measured by wave gauge WG9
located at the same plane of the front bracings, but to the side of
the structure. The time series of the surface elevation is shown in
Fig. 8. The crest amplitude Ac and the crest front wave period Tcf
are 1.322 m and 0.25 s, respectively.

The original local forces recorded by the transducers are com-
posed of two parts: the contribution by the quasi-static Morison
forces (Morison et al., 1950) and the contribution by the slamming
loads. In order to get the local forces caused by the slamming
loads, the quasi-static contribution should be eliminated from the
experimental data. The slamming contribution is a noncyclic signal,

Fig. 9 Original local force recorded by transducer FTBF01 for a
single wave impact and its separation into quasi-static contribution
and slamming contribution

Fig. 10 Original local forces recorded by four transducers for a
single wave impact

which covers a range of frequencies that partly overlap the frequen-
cies of the quasi-static contribution. If only the filtering technique is
applied, part of the slamming contribution is filtered together with
the quasi-static contribution. This leads to an unrealistic decrease
in the peaks of the resulting local forces by slamming contribution.

To avoid this, a 10-degree polynomial curve is used to eliminate
the quasi-static contribution. Figure 9 illustrates the separation of
the local force recorded by transducer FTBF01 into two parts. The
curve fitting is applied to the data with an interval in the middle to
avoid taking out part of the slamming contribution. Fifty continuous
data points between 0.080 s and 0.095 s are selected manually as
the first data part. The data points from 0.110 s to 1.000 s are used
as the second data part. These data ranges are selected carefully
based on many tests to ensure (1) that the positive and negative
amplitudes of the slamming curve are more or less equal after the
first few peaks, (2) that the peak of the quasi-static curve is not
close to the highest peak of the original curve, and (3) that the dip
before the first peak in the slamming curve is as small as possible.
This method avoids eliminating part of the slamming contribution
around the main peaks, while having a smooth transition for the

Fig. 11 Local forces at four transducers due to the slamming loads
for a single wave impact. The contribution by the quasi-static
forces is eliminated.
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quasi-static curve over this time range, although it might introduce
some uncertainties due to the manual data range selection. Figure 10
shows the original local forces recorded by four transducers during
a 0.15 s time range, while Fig. 11 shows the local forces after the
quasi-static contribution is eliminated. Since the figures are zoomed
in, the starting time is different from that of Fig. 9.

In Fig. 11, the first peaks of the local forces at different locations
do not appear at the same time, and they also have different
magnitudes. This indicates that the breaker does not impact the
four locations at the same time, and the impulses exerted by the
breaker at the four locations are also different. Moreover, there are
multiple high peaks in the beginning of the local force time series.
This implies that the local force at one location is influenced by
the loads transferred from other locations. When the local forces
from more waves in the same case are checked, the sequence of
the first peaks at the four locations are found to be more or less
random, and such multiple peaks also exist in the beginning of the
local force time series.

Optimization-Based Deconvolution (ODC)

In order to estimate the slamming loads on the truss structure by
using the available data, we propose a method called optimization-
based deconvolution (ODC). In this method, one known is the
local force time series at four locations caused by the wave impact.
These time series were originally measured in the experiment, but
they are processed to eliminate the quasi-static contribution, as
shown above. Another known is the normalized local force time
series at four locations caused by the hammer impacts at each
location (see “Hammer Test Analysis”). The wave is assumed
to have impact only at the four investigated locations. The loads
on the whole impacted area of the bracings are considered to be
adequately represented by “effective loads” concentrated on these
four locations. The effective load at each location is described by
two parameters: the starting time ti and the effective impulse Ii in
which i = 1, 2, 3, 4 index the impact locations. By using the ODC
method, the eight unknown parameters (ti, Ii, i = 1, 2, 3, 4) are
estimated from the known local force time series.

With the help of Fig. 12, the ODC method is explained:
(1) Given the impact parameters t1 and I1 at location 1, the

normalized local force time series (from the hammer test analysis)
at the four locations are all shifted by t1 and scaled by multiplying
I1, in order to represent the local forces at the four locations caused
by this impact. These are essentially impulse response functions
(Clough and Penzien, 1975) that are convoluted with the assumed
impulses. The same process is done for the impacts at locations 2,
3, and 4. This step is expressed by Eq. 1, in which j = 1, 2, 3, 4

Fig. 12 Illustration of the ODC method

index the locations of the local forces; Fj1Hn is the normalized local
force at location j from the hammer test; and Fi1j is the calculated
local force at location j due to the impact at location i.

Fi1j4t5=

{

0 0 < t ≤ ti
IiFj1Hn4t − ti5 t > ti

(1)

(2) The four local force time series at location 1, which are
caused by the impacts at these four different locations, are super-
positioned to obtain a model for the local force at location 1.
With the same method, the local force models at locations 2, 3,
and 4 are obtained. This step is expressed by Eq. 2, in which Fj is
the local force model at location j . The upscaling, shifting, and
superpositioning are valid, since the structure behaves linearly, as
seen in the hammer test analysis.

Fj4t5=

4
∑

i=1

Fi1j4t5 (2)

(3) The Euclidean distance Dj between the local force model
and the experimentally acquired local force is calculated for each
location. This step is expressed by Eq. 3, in which Fj1exp is the
local force at location j from the experiment. The data points up
to 0.15 s are used for the distance calculation, since the absolute
values are all lower than 10% of the highest peak value in the
experimental data after approximately 0.15 s. With a sampling
frequency of 10,000 Hz, 1,500 pairs of data points are used for the
distance calculation at each location.

Dj =

√

∑

6Fj4t5− Fj1exp4t57
2 (3)

(4) The total Euclidean distance D is calculated by Eq. 4.

D =

√

4
∑

j=1

D2
j (4)

(5) Through the use of an optimization method, D is minimized,
and the corresponding ti1 Ii 4i = 1, 2, 3, 4) are solved.

RESULTS AND DISCUSSION

Multiple waves are tested with the ODC method. The 16th wave
was used here as an example because it results in one of the best
reconstructions. A Nelder–Mead simplex direct search algorithm
was used for the optimization. The initial values of the variables
are shown in Table 4. The termination tolerance on the variables
was set to 10−5.

The optimization took approximately 6 s and 991 iterations. The
minimized total Euclidean distance D = 300002 kN. The optimal
values of the eight parameters are shown in Table 5. The optimized

t1 I1 t2 I2 t3 I3 t4 I4

[s] [Ns] [s] [Ns] [s] [Ns] [s] [Ns]

0.02 3 0.02 7 0.02 12 0.01 15

Table 4 Initial values for the optimization

t1 I1 t2 I2 t3 I3 t4 I4

[s] [Ns] [s] [Ns] [s] [Ns] [s] [Ns]

0.018 4.118 0.015 8.780 0.018 13.815 0.011 6.537

Table 5 Optimal wave impact parameters
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Fig. 13 Optimized result of local forces at four transducers by
using the ODC method

local force time series are shown in Fig. 13, which can be compared
to Fig. 11. More detailed comparisons between the optimized
results and the experimental results of the local forces at the four
locations are shown in Figs. 14–17, respectively.

As we can see from the figures, the optimized forces fit the
experimental results well in general. The tendency of the curves and
the magnitudes of the peaks match each other, although some local
mismatches still exist. The result is astonishingly good, considering
the simplicity of the ODC method. This method does not need a
numerical structural model as do other methods (e.g., Rausa et al.,
in press), since it is completely data-driven. The impulse response
functions are obtained directly from the experimental data, so the
force model is simple and robust. Because of that, the method is
also very efficient. For each iteration in the optimization, it takes
only 6 × 10−3 s. Therefore, even more sophisticated optimization
algorithms can be applied to the method without increasing the
calculation time significantly.

The above-mentioned advantages qualify the ODC method as a
promising alternative for the slamming load estimation. However,
some practical issues and limitations, which account for the local
mismatches, should be noted regarding the application of the
method:

Fig. 14 Optimized result compared to experimental result of local
force at location 1

Fig. 15 Optimized result compared to experimental result of local
force at location 2

• The quasi-static contribution to the local forces is not totally
eliminated when the experimental data are processed. In fact, it is a
challenge to clearly separate the quasi-static contribution and the
slamming contribution (Irschik et al., 2004). This might explain
the drop and the less steep slope of the experimental result at the
beginning of the impact, compared to the optimized result, as can
be seen for the first 0.02 s in Fig. 14.

• In reality, the wave breaker impacts the truss structure at a
certain area along the bracings. However, in the ODC method,
the breaker is assumed to impact the structure at only four points.
The loads on the whole area are represented as “effective loads”
concentrated on these points. This undermines the accuracy of the
method.

• Both the hammer impact and the wave impact on the structure
are not ideal. During the hammer impact, there can be vibrations
of the hammer. During the wave impact, there can be water–air
two-phase conditions or pressure differences. As a result, a perfect
match of the local shapes cannot be achieved.

• Noise from the measurement system may affect the quality of
the local force data that are used as the knowns of the method.

• To be noted, the applied optimization algorithm might only
give a local solution. This requires a proper set of initial values

Fig. 16 Optimized result compared to experimental result of local
force at location 3
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Fig. 17 Optimized result compared to experimental result of local
force at location 4

as an input to the optimization. The initial values should be in a
reasonable range, but they are not required to be very accurate.

CONCLUSIONS AND RECOMMENDATION

In this study, the slamming loads on the bracings of a truss
structure are investigated. The local force data at four locations on
the bracings are analyzed for both the hammer test cases and the
wave test case.

The hammer test analysis shows that the local force at a location
farther from the hammer impact point has a longer time delay and
lower amplitude. The analysis also shows that the structure behaves
linearly. The amplitude of the local force is proportional to the
magnitude of impulse under the same test conditions.

The wave test analysis reveals some properties of the breaking
waves. A plunging breaker typically impacts different locations
on the bracings at different times in a more or less random order.
The impulses exerted by the breaker on different locations are
also different. This result is different from the assumption that the
wave hits the structure everywhere simultaneously, which is used
in various standards (DNV, 2014; IEC, 2009) for slamming load
calculation.

With a simplification, the slamming loads on the structure are
described by eight parameters representing the starting time and the
magnitudes of the effective impulses at four locations. Using the
newly developed optimization-based deconvolution (ODC) method,
these parameters can be estimated. The optimized local force model
demonstrates a good reconstruction of the experimental results.

The ODC method provides an alternative to analyze the slamming
loads from the local force data. In application of this method, some
practical issues and limitations should be taken into consideration.
Further investigations are necessary to check them in detail.
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