
Proceedings of the HYDRALAB IV Joint User Meeting, Lisbon, July 2014  
 

1 

 
 
 

WAVE SLAMMING FORCES ON TRUSS STRUCTURES IN SHALLOW WATER 
 

Øivind A. Arntsen (1) & Ove T. Gudmestad (2) 
 

(1) NTNU, Norway, E-mail: oivind.arntsen@ntnu.no  
(2) University of Stavanger, Norway, E-mail: ove.t.gudmestad@uis.no 

 
 

Wind turbine foundation structures in shallow water may be prone to slamming forces from 
breaking waves, which in shallow water typically may be plunging breaking waves. The 
objective of this research is to improve the method to calculate forces from plunging breaking 
waves on truss structures through model tests on a large scale. This paper describes laboratory 
tests conducted during June 2013. An instrumented truss structure of a typical design with 
scale 1:8 of a prototype was installed in the GWK, Hannover, Germany. The structure, 2.25 m 
wide, 2.25 m long (cc-columns)  and 4.71 m high, was placed in 2 m water depth on the top 
of a sloping (1:10) bottom. The columns and bracings of the truss structure had diameters of 
0.14 m. Regular and irregular waves with heights between 0.5 m and 1.9 m and periods 
between 3.00 s and 5.55 s were tested. The following were recorded: 1) total in-line force; 2) 
local force on four front bracings and two side bracings; 3) local in-line force at different 
height on the front columns. In addition 18 wave gauges, three ADVs and four accelerometers 
were installed. The test programme also included a few tests with nonbreaking waves and 
with artificially focused breaking waves. The obtained results will be used for response 
analysis of the specific truss structure and the results will be compared with existing 
guidelines, which may consequently be improved.    
 
 

1. INTRODUCTION 

In 2012, a consortium headed by the University of Stavanger, Norway (UiS) and the Norwegian 
University of Science and Technology, Trondheim, Norway, (NTNU) applied for access to the Large 
Wave Channel, at the Coastal Research Centre, Joint Central Institution of the University of Hannover 
and the Technical University of Braunschweig. The objective of the proposed research task was to 
investigate the slamming forces from plunging breaking waves on truss structures in shallow water. 
The instrumented structure, Figure 1.1, was a 1:8 scaled model of a wind-turbine substructure 
designed for Thornton Bank, near the Belgian Coast (http://www.c-power.be/), where plunging 
breaking waves have been specified for design. 

The consortium now includes the following institutions: 

• University of Stavanger, Norway.  
• Norwegian University of Science and Technology, Norway. 
• University of Gdansk, Poland. 
• TU Hamburg, Germany. 
• Reinertsen AS, engineering consulting company, Trondheim, Norway. 
• MARINTEK, Trondheim, Norway. 
• Technical University of Braunschweig, Germany. 

Access was granted to the Large Wave Flume under the conditions that the EC covered the rental of 
the wave flume, personnel costs at the Large Wave Flume, the costs of constructing  the model, travel 
and accommodation costs for “outside” personnel, etc. However, the consortium had to find financing 
for the instrumentation, preparation work, etc.  Five sponsors contributed the required support,  
making the project possible. The knowledge and all data resulting from the project are the property of 
the user group; however, from 1 July 2015 all collected data will be made available to any European 
researcher upon request. Request for such access may be directed to the first author.  

mailto:oivind.arntsen@ntnu.no
mailto:ove.t.gudmestad@uis.no
http://www.c-power.be/
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Figure 1.1. The WaveSlam test structure in place in the Large Wave Flume. 

 
Through the WaveSlam project a unique dataset, which is highly relevant to both our theoretical 
understanding of shallow water wave forces and applications in coastal engineering and offshore wind 
energy projects, has been obtained. For now, this is the only dataset of its kind in the world. Unique 
measurement data has been obtained regarding the structure’s response in breaking and non-breaking 
waves.  However, the resources of the WaveSlam project only covered the experiments and not the 
data analysis. Wave slamming loads for wind turbine foundations are an extremely important topic, 
since design by standard formula is too conservative. Experiments such as WaveSlam suggest that the 
forces experienced by the structures in reality are significantly smaller, which opens an important 
opportunity for cost reduction. The wave slamming forces cannot be measured directly; instead it is 
the response of the structure that is recorded. From this the force input has to be determined by an 
inverse method. Such experiments have been successfully performed with monopiles (circular 
cylinders) and other simple structures, but WaveSlam is the first experiment that considers a multi-
member jacket structure at relevant scale. It has become clear that an accurate analysis of the data will 
be quite challenging. In particular, a new methodology for solving the inverse problem and obtaining a 
best estimate of the slamming forces in 4D (three spatial dimensions and time) from the measurements 
is needed, possibly using tools from system identification theory, functional data analysis, and 
numerical optimization.  
 

2.  BACKGROUND – ON WAVE SLAMMING FORCES ON SLENDER STRUCTURES 

2.1 Monopiles 

Figure 2.1 shows a sketch of the wave slamming force concept on a vertical cylinder. Wave forces 
from non-breaking waves on a slender vertical pile are commonly calculated according to the Morison 
equation:  

dz
t
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∂
+=+=

4
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2πρρ
 

 (1) 

where ρw is the mass density of water,
 

DC  is the drag coefficient, CM is the inertia coefficient, D is the 
pile diameter, u is the water particle velocity, t is time and z is the vertical coordinate.  

If the waves break as plunging breaking waves against the pile, a slamming force, Figure 2.2, may 
occur on the upper part of the pile, bλη , where, λ  known as the curl factor, indicates how much of the 
wave crest is active in the slamming force.  The total force is then 

 sMD FFFF ++=  (2) 
  

The slamming force is commonly written as: 
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Figure 2.1. Wave slamming force sketch. 

 

 
Figure 2.2.  The nature of the slamming force. 

 
 

 20.5s w s b bF C DCρ λη=  (3) 

where Cs is a slamming force factor, Cb is the breaking wave celerity (the water particle velocity is set 

equal to the wave celerity at breaking Cb = (g(d+ ηb))0.5), ηb is the wave crest height at breaking, d is 
the local water depth and g the acceleration of gravity, λ is the curling factor assuming that the wave 
slamming force is uniformly distributed over the height ληb. The slamming force has a short duration, 
τp, but high intensity.  
 

The force - time history of the slamming force is given differently by different researchers. Figure 2.3 
shows some force-time histories. In Figure 2.3, t = time, V = water-cylinder velocity, R = cylinder 
radius, f1 = line force, ρ = mass density of water. Cs was set to Cs = π by Goda et al. (1966). They 
obtained λ-values of approximately λ = 0.4. Different values of Cs have later been obtained by 
different researchers, but Cs = π has frequently been used. One of the latest investigations on wave 
slamming forces on cylinders in a large model scale set-up has been carried out by Wienke and 
Oumeraci (2005). On theoretical grounds, they set Cs = 2π and obtained a value of λ approx. 0.4 for 
their vertical pile. Recently Arntsen et al. (2011) obtained Cs = 3.5 – 4.3 in a small laboratory test and 
with a curling factor around λ = 0.6.  

R 

area of 
impact 

SWL 

ηb 

Hb 

Cb ληb 

breaking 
 wave 

Total 
force, F 

Slamming force, Fs 

time, t τp 

Morison type force, FD+FM 



Proceedings of the HYDRALAB IV Joint User Meeting, Lisbon, July 2014  
 

4 

 

Figure 2.3. Different time histories of the line force.  

Arntsen et al. (2011) obtained triangular force intensities along the pile. Similar triangular force 
intensities were also obtained by Sawaragi and Nochino (1984) and Tanimoto et al. (1986), while 
Goda et al. (1966) and Wienke and Oumeraci (2005) assumed a uniform force intensity distribution.  

Arntsen et al. (2011) compared the results of the slamming forces from plunging breaking waves 
obtained on a 0.06 m diameter single pile used by Ros (2011) and the results of different researchers. 
This shows that the results of Wienke and Oumeraci (2005) give the highest slamming force, more 
than twice of the others. The results using the recommendations by Goda (1966), Sawaragi and 
Nochino (1984), and Tanimoto et al. (1986) differ within a 10% range of the one measured by Ros 
(2011). 

The wave slamming forces have a short duration and the force responses are usually recorded since 
there will be some dynamic effects due to the stiffness of the force measuring system and the model 
support structures.  The challenge of the data analysis is to resolve the wave impact force from the 
measured responses. The wave slamming force durations set by different researchers are all in the 
range τp = 0.20 D/Cb – 0.5D/Cb  (Arntsen et al., 2011).   
The response of a structure depends on the ratio of the duration of the slam impact and natural period 
of oscillations as well as the time history of the impact. The ratio between the maximum response 
force and the impact force, Rmax  becomes a function of the ratio of the impulse duration and natural 
period of oscillation, τp/TN.  For small values of τp/TN, say τp/TN < 0.2, the maximum response force 
will be less than the impact force (Rmax < 1), while for larger values, say τp/TN > 0.5 the maximum 
response force may become twice as large as the impact force. This maximum response force ratio is 
dependent on the form of the impulsive force (triangular, half sine, rectangular, etc.), see e.g. (Clough 
and Penzien, 1993) for details. 
 

 
 
2.2  Tests on truss structure models 
 
Truss structures are used as support for offshore wind turbines in shallow water. For some, wave 
slamming forces from plunging breaking waves have been specified for inclusion in the design. NEK 
IEC 61400-3 (2009) defines slam and slap loadings. According to the definitions therein wave slam 
forces occur when an approximately horizontal member is engulfed by a rising water surface as the 
wave passes by, while wave slap forces are associated with breaking waves and affect members at any 
inclination but in the plane perpendicular to the wave direction. For the slam force case, NEK IEC 
61400-3 (2009) indicates typical values for Cs between 3 and 7 for cylinders. Based on the work of 
Wienke (2001), NEK IEC 61400-3 (2009) recommends Cs = 2π and λ = 0.5 for the wave slap forces. 

In the following we will use the notation that wave slamming forces are the forces associated with 
breaking waves on vertical cylinders, as this seems to be commonly used in the referenced 
investigations. 
 
All the previous referenced investigations have been on single vertical or inclined piles. However, a 
truss structure is a more complex structure than a single pile. Thus, it is not so obvious that results for 
a single pile can be used for a truss structure. At NTNU, we decided therefore to investigate the wave 
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forces on a small-scale model (1:50) of a similar truss structure as in the WaveSlam project. Aashamar 
(2012) carried out tests on the total wave forces. Navaratnam (2013) continued the work of Aashamar 
(2012) by carrying out wave slamming tests on 1) two single piles, 2) the front section and 3) the side 
section of the structure. The wave induced forces/responses were measured by two force transducers at 
the top of the structure and two force transducers at the bottom. The waves were measured in at least 
two locations: one some distance ahead of the model structure in 90 cm water depth in the wave 
flume, and the other half way between the wave flume wall and one of the front legs of the structure. 
Figure 2.4 shows a photo of a plunging breaking wave against the truss structure model, while Figure 
2.5 shows the force responses at the top and bottom force transducers. In this case the slamming force 
is essentially felt by the top transducers.  
 

 
 

Figure 2.4. Snapshot, breaking wave hitting structure (Aashamar, 2012). 
 
  

 
Figure 2.5. Total force responses at the top and bottom transducers. (Aashamar, 2012) 

 
It is obvious that the recorded signal is composed of a dynamic response due to the wave impact and a 
more quasi-steady variation governed by the Morison type force. Wienke and Oumeraci (2005) used a 
deconvolution analysis method which is similar to the Duhamel integral method used by Ros (2011). 
These approaches ‒ deconvolution and Duhamel’s integral ‒ are more complex for truss structures and 
have not been used so far for such structures. Instead the Frequency Response Function (FRF) method 
was used for both individual cylinders and truss structures. The FRF method is founded on the notion 
that a transfer function is determined using an impulse hammer and the recorded response. Thereafter 
this transfer function is applied in an inverse Fourier integral of the ratio between the Fourier 
transform of the recorded response and the transfer function obtained from the impulse hammer test. 
See Tørum (2013) and Navaratnam (2013) for examples of the use. Thus, impulse hammer tests were 
included as a part of the WaveSlam project. 
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Major conclusions for these NTNU tests on a small scale are summarized as follows: 1) a significant 
variation of the response forces is found from wave to wave; 2) the duration time of the slamming 
force is larger than that obtained by assuming  the classical approach with a horizontal  cylinder falling 
into water; 3) the calculations carried out on the wave slamming forces on the tested truss structure 
show that the calculated forces according to the NEK IEC 61400-3 (2009) standard are much larger.  
4) slamming forces are supposed to occur on the vertical legs as well as on the bracings of a truss 
structure. It is thus a challenging task to resolve the slamming forces on the individual members of the 
truss structure.  

 
 

3. THE WAVESLAM SETUP AND DATA COLLECTION 

3.1  Instrumentation 
 

 

Figure 3.1. Test set-up in the Large Wave Flume.  Height of plateau is 2.3 m. 
 y-axis is positive into the paper plane. 

Figure 3.1 shows the test set-up in the Large Wave Flume in Hannover. The Large Wave Flume is 
approximately 300 m long, 5 m wide and has a depth of 7 m. We used a scale of 1:8 with regard to 
water depth for the tests, thus simulating a water depth of 16 m. The columns and bracings of the truss 
structure had diameters of 0.14 m in the model. See also Figure 1.1.  

Regular and irregular waves with heights between 0.5 m and 1.9 m and periods between 3.00 s and 
5.55 s were tested. The test programme also included also some tests with non-breaking waves and a 
few tests with focused waves. Impulse hammer tests were carried out before and after the test 
programme. A diary was made of all tests, containing settings of the wave paddle and relevant 
observations made during the tests. The test programme was carried out during the period 11-06-2013 to 
25-06-2013. Tables 3.1 – 3.3 summarize the major wave conditions tested. 

There were one wave gauge and three Acoustic Doppler Velocity meters (ADVs) in the plane of the 
vertical front pile, one wave gauge at the vertical back pile and one at 1 m distance behind the front 
piles. In addition, eight wave gages were placed along the slope in front of the structure. 1 gauge 
arrays upwards of the slope with four gauges for wave reflection analysis. The motion of the wave 
paddle was also recorded (sampling frequency fz = 100Hz) including four wave gauges. All were 
provided by the FZK-GWK. 

The truss structure was equipped with force transducers (fz =10000 Hz). Figure 3.2 depicts their 
installed locations.  

• 4 total force transducers (FTTFn), two at the top and two at the bottom measuring the total 
force on the structure (B and C) 

• 10 local one-directional (x-direction) force transducers (FTLFnn)  on the front legs (E and F) 
• 12 two-directional force transducers (FTBFnn) measuring the total force on six bracings in the 

plane normal to the bracings longitudinal axes (D). 

1.8 - 2.0 m 4.1 – 4.3 m 
Slope 1:10 

x 

z 

wave 
propagation 
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Four one-directional accelerometers (ACCnn) were installed to record front column accelerations in 
the x-direction. A total of 72 channels were recorded for each run. Details of their exact locations are 
given in the WaveSlam data storage report by Arntsen, Obhrai and Gudmestad (2013). 

High and normal speed videos of the structure/wave interaction were collected for each test. 
 
 

Table 3.1. Regular wave conditions at the paddle tested. Water depth 4.3 m. 
 

d=4.3 m T (s) 
H (m) 3.00 4.00 4.20 4.60 4.90 5.20 5.55 
0.50 

  
x 

  
x x 

0.75  x  x x x x 
1.00 x x  x x x x 
1.10 x       
1.20 x       
1.30 x   x x x x 
1.35 x x  x    
1.40    x x x x 
1.45  x   x   
1.50    x x x x 
1.55  x      
1.60  x  x x x x 
1.65  x  x x   
1.70    x x x x 
1.75    x x   
1.80     x x x 
1.90 

  
 

  
x x 

 

 

Table 3.2. Regular wave conditions at the paddle tested. Water depth 4.1 m. 
 

d=4.1 m T (s) 
H (m) 3.00 4.00 4.60 4.90 5.20 5.55 
1.40 x           
1.70   x         
1.80     x       
1.80       x     
1.85         x   
1.85           x 

 

 
Table 3.3. Irregular wave conditions at the paddle tested. Water depth 4.3 m. 

 
d=4.3 m Tp (s) 
Hs (m) 3.50 4.00 4.50 4.70 4.90 5.00 5.50 

0.65 x       
0.80  x      
0.90   x     
1.00    x x   
1.05      x  
1.10       x 
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Figure 3.2. Conceptual drawings of the test structure. Left side view, front view and right side view. 
A: Universal joints in which the structure was mounted to a steel beam across the flume firmly 
connected to the flume wall. Thus the structure was freely hanging by these joints. B: Top total force 
transducers fixed to the same cross steel beam. C: Bottom end total force transducers fixed to another 
horizontal steel beam across the flume firmly connected to the flume walls. D: Instrumented bracings. 
E: Four local force transducers on the columns, each recording the force over 50 mm height. F: Two 
local force transducers similar to E. 

 
3.2   Results 

In the following, a few samples of results are shown. Figure 3.3 shows a sample of a plunging breaker 
hitting the structure. The photo is taken from behind the structure. Input wave condition: H=1.65 m 
and T=4 s, depth at paddle = 4.3 m, depth at structure = 2.0 m. Figure 3.4 shows a series of measured 
total responses (sum of all four total force transducers).  This particular series is discussed in a 
preliminary analysis report by Navaratnam et al. (2013) and corresponds to wave condition no. 30 in 
Figure 3.5 (red marker for mean force).  By applying the Frequency Response Function method and 
including the impulse hammer analysis, they determined the total wave impact force to be ca. 8-14 kN. 
They also applied the methodology prescribed in NEK IEC 61400-3 (2009) which resulted in 56 kN 
for this case.  Navaratnam et al. (2013) also analysed some data from the local force transducers with 
the same procedure and obtained a slamming force coefficient around 3.3 in accordance with the 
findings of Ros (2011).  However, they emphasise that their analysis is based on the assumption of a 
single-degree-of-freedom system dynamics of the structure and that a new methodology for solving 
the inverse problem should be sought. We believe this requires the use of tools from system 
identification theory, functional data analysis, and numerical optimization. 
 
 

 

Figure 3.3. Example of a breaking wave hitting the structure. 
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Figure 3.4. Series of measured total responses (Navaratnam et al., 2013). 

 
Figure 3.5. Variability of total response force within a test-run of approx. 20 waves.  

Various wave conditions.  Mean value marked red is for the wave test shown in Figure 3.4.  
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