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Abstract. A set of scale-model tests carried out to enlarge the range of wave steepness values 
analysed in run-up, overtopping and armour layer stability studies, focusing on oblique extreme 
wave conditions and on their effects on a gentler slope breakwater’s trunk armour and roundhead, is 
presented in this paper. A stretch of a rubble mound breakwater (head and part of the adjoining 
trunk, with a slope of 1(V):2(H)) was built in a wave basin at the Leibniz University Hannover to 
assess, under extreme wave conditions (wave steepness of 0.055) with different incident wave 
angles (from 40º to 90º), the structure behaviour in what concerns wave run-up, wave overtopping 
and damage progression of the armour layer. Two types of armour elements (rock and Antifer 
cubes) were tested. Non-intrusive methodologies including a new application of laser scanning 
technique for the assessment of both armour layer damage and wave run-up and overtopping were 
used. It is expected that such work will contribute also with data to improve empirical formulas as 
well as to validate complex numerical model for wave-structure interaction. 

Introduction 

Global climate change is an assumed scenario for the future [1], with already reported sea level 
rise in the European coast [2]. There is an expected impact on the frequency of extreme wind events 
and of storm surges [3], as well as of what is now called a sea-wave storm. However, little is known 
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about the actual failure probability of existing structures under such conditions. In this context, it is 
worth mentioning [4], which estimated the costs of upgrading current structures to keep their 
performance in a climate change scenario. 

In fact, wave breaking / run-up / overtopping and their impact in the stability of rubble mound 
breakwaters (both at trunk and roundhead) are not adequately characterized yet for climate change 
scenarios. The same happens with the influence of high incidence angles in such phenomena. 

Several former investigations on wave run-up and overtopping of (impermeable and permeable) 
coastal structures aimed at quantifying the influence of oblique waves on mean overtopping 
discharge, water layer thickness and velocities through the development of empirical formulas of a 
reduction factor for wave obliquity (e.g. [5]). However, most of the formulas did not consider very 
oblique wave approach.  

Regarding the stability of armour layers, several authors have proposed guidelines on how to 
consider the effects of oblique waves (e.g. [6]). Especially for very oblique waves, for which the 
increase in stability is the largest, limited data are available.  

[6] performed a set of physical model tests to assess the effects of oblique waves on the stability 
of rock slopes and of cube armoured rubble mound breakwaters (single and double layers) mostly 
on a 1:1.5 slope. The tests focussed on wave directions between perpendicular (0°) and parallel 
(90°) to the longitudinal structure axis, with long and short-crested waves. A series of was 
performed with an increasing wave height between 0.025 m to 0.274 m and constant wave steepness 
of 0.03 or 0.04 (only for a few tests).  

[6] recommends the study of the influence of oblique wave attack on the stability of rubble 
mound structures for: a) other slope angles, especially gentler rock slopes; b) other values of wave 
steepness, to cover values of the surf similarity parameter outside the range of 2.2-3.5 for rock and 
3-3.5 for cubes; c) interlocking armour units.  

The gaps in existing data and the R&D&I experience of the team members on wave run-up and 
overtopping [[7], [8]], on damage in rubble mound breakwaters [9] and on different techniques to 
assess the motion of their armour layer elements, [[10], [11], [12], [13], [14]], triggered the 
common interest in developing the present experimental work. Its main goal is to contribute to a 
new whole understanding of the phenomena to mitigate future sea level rise in European coastal 
structures, including the run-up and overtopping characterization on rough and permeable slopes, as 
well as to check and extend the validity range of the formulas developed for armour layer stability.  

The key point is to enlarge the range of wave steepness values analysed in run-up, overtopping 
and armour layer stability studies, focusing on oblique extreme wave conditions and on their effects 
on a gentler slope breakwater’s trunk armour and roundhead. By studying wave run-up and 
overtopping of porous armour layers, the present work covers Van Gent recommendations. 

This paper aims at describing this experiment that lasted for six weeks, starting with an empty 
wave tank at the Marienwerder facilities of the Leibniz University Hannover (LUH) and finishing 
with a rubble-mound again in an empty tank, and involved eighteen people, from seven different 
institutions from four European countries. It includes the major steps on the model construction as 
well as the equipment used in the experiments and the experimental procedures and data collected. 
After this initial chapter, the model construction is described in chapter 2 and the instruments 
deployed in the model, as well as the model operation, are described in chapter 3. Chapter 4 
contains some remarks on the data gathered during the experiment whereas chapter 5 finishes the 
paper with some conclusions. 

Scale Model 

A stretch of a rubble mound breakwater (head and part of the adjoining trunk, with a slope of 
1(V):2(H)) was built in the wave basin of the Leibniz University Hannover to assess, under extreme 
wave conditions (wave steepness of 0.055) with different incident wave angles (from 40º to 90º), 
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the structure behaviour in what concerns wave run-up, wave overtopping and damage progression of 
the armour layer. Two types of armour elements (rock and Antifer cubes) were tested. 

Fig. 1 presents the plan view of the breakwater model as well as the cross section. The trunk of 
the breakwater is 7.5m long and the head has the same cross section as the exposed part of 
breakwater. The total model length is 9.0 m, the model height is 0.82 m and its width is 3.0 m. The 
reason for building such a large breakwater model is to make negligible the scale effects associated 
to wave induced flow across small models.  
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Figure 1. Plan view and cross-section of model breakwater  

 
Model construction. The model construction took place during the first two weeks of the 
experiment. This activity started with the assembly of a cage made of the core moulds for the 
breakwater trunk and connecting beams. Once the cage was complete, it was positioned at the wave 
tank bottom so that the desired alignment for the model axis was obtained. One extra mould was 
placed orthogonal to the end of the trunk, to help in the breakwater head construction. 

Before start pouring the gravel (15 m3 with a median weight 6 gf) to build the core, the three 
overtopping reservoirs were put in place. Once the core of the breakwater model was built, the 
moulds for the filter layer were placed on top of the core moulds and the filter layer material (gravel 
with a median weight of 59 gf) was poured in the remaining spaces and shaped as in the core. 

After the shaping of the filter layer was complete its moulds were removed from all trunk cross 
sections. At the breakwater head, both the core and the filter layer moulds were removed to ensure 
nothing hampered the percolation across the core of the breakwater’s head. At the corners of the 
remaining core moulds, screws were driven perpendicular to the mould thickness such that their 
heads coincided with the top of the filter layer.  

Then the moulds for the toe berm were placed on top of those screw heads or directly on top of 
the head filter layer. These moulds were held in place with small mounds of the toe material (gravel 
with a median weight of 260 gf) placed on both sides of each mould and then the rest of the toe was 
built along the breakwater.  

The construction of the breakwater armour layer started at the breakwater head and at the 2.5 m 
wide adjoining strip. Here Antifer cubes with a weight of 351 gf were deployed in two layers, such 
that the porosity of the armour layer was 37%. Gravel with a median weight of 315 gf was 
employed both at the exposed and lee parts of the rock armour layer. Figure 2 presents three 
different stages of the model construction. 
Equipment deployed. Four different categories can be identified in the equipment deployed in the 
experiment according to the variables measured: 

- Sea waves 
- Run up 
- Overtopping 
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Figure 2. Several steps in the model construction  

 
- Armour layer damage 
A plan view of the key instruments for those variables (apart from “armour layer damage”) is 

presented on the left of Fig. 1.  
The sea waves generated by the wave maker, as well as the incident sea waves on the structure 

and the ones reflected by it, were measured with arrays made of six acoustic wave probes (the 
vertices of an approximately regular pentagon and its centre of gravity). One wave gauge array was 
deployed in front of the wave maker, another in front of the breakwater head, aligned with the 
breakwater crest, and one approximately at the middle of the breakwater trunk, in front of the 
entrance to the second overtopping reservoir.  

In front of the entrance to the first and third overtopping reservoirs, two isolated acoustic wave 
probes were deployed. A third acoustic wave probe was deployed in front the breakwater head, 
approximately in the middle of the dihedral angle formed the vertical plane that marks the end of the 
trunk and the plan that contains the middle of the breakwater crest. 

Five acoustic Doppler velocimeters were deployed close to the breakwater to characterize the 
wave-induced flow there. Three of them were deployed close to acoustic wave probes, to have an 
alternative source of information to compute the incident and reflected sea waves. The remaining 
two ADVs were placed approximately on the vertical plane that marks the end of the breakwater 
trunk. In spite of the difference between the vertical positions of the acoustic transmitter of the 
several ADVs the acoustic receiver that defines the x axis was aligned with the breakwater crest in 
all ADVs. 

Capacitive wave gauges, 0.87 m long, were deployed over the armour layer to measure wave run-
up. Three were deployed at the breakwater trunk, close to the sections where wave overtopping was 
to be measured, and two at the breakwater head (one in the plan that contains the breakwater axis 
and the other was deployed perpendicularly to it). 

A staff graduated with a chequered pattern was used close to run up gauge of the root 
overtopping reservoir, to get an alternative way of measuring run up by processing the video frames 
obtained with a camera during the experiments. This staff was embedded in the armour layer and a 
column made of 20 black and white squares has a length of 0.328 m. 

Each overtopping reservoir had a capacity of 500 l and was placed inside a watertight container. 
The water volume inside each overtopping reservoir was weighted with a load cell placed between 
the bottom of that reservoir and its container. A trapezoidal chute 0,60 m long and an entrance 
width of 0.60 m (and an exit width of 0.50 m) conveyed the overtopped water volume from the 
inner edge of the breakwater crest into the reservoir. An acoustic wave probe was deployed above 
the entrance of each chute to identify the occurrence of overtopping events. A capacitive wave 
gauge was placed inside each overtopping reservoir to have some redundancy in the measurement of 
the overtopped volume provided by the load cell. The cross-section in Fig. 1 includes the 
overtopping reservoir and the chute from the breakwater crest into the reservoir. In Fig. 3 a) there is 
a picture from the entrance of overtopping reservoir at the breakwater root. In addition to the chute, 
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it can be seen the acoustic wave gauge to identify overtopping events and the graduated staff 
deployed in front of that reservoir. 

A novel technique to measure the overtopped volume was tested in these experiments: a thermal 
camera was deployed on top of the chute leading to reservoir close to the breakwater head. Figure 3 
b) shows the thermal camera support and c) shows that camera in place during one of the tests. The 
idea is to assess the water area corresponding to an overtopping event, which should be clearly 
identified in the camera frames since its temperature is expected to be different from the rest of the 
scene observed by the camera. 

 

   
Figure 3. Overtopping reservoirs. Left: General layout at the entrance of an overtopping reservoir 

(run-up wave gauge, acoustic wave gauge to identify overtopping events, graduated staff); Middle: 
Support for the thermal camera; Right: Thermal camera in operation during test. 

 
Three different techniques were used to measure armour layer damage in the tests, in addition to 

the visual identification of rocking and displaced armour units.  
The first one was based in stereo photogrammetry. This means that two cameras have to hang 

above the breakwater model so that two simultaneous pictures of almost the same area can be taken 
by the two cameras. The procedures implemented to process the photo pairs enable the 
reconstruction of the scene corresponding to the submerged part of the breakwater without the need 
to remove the water in the wave basin. 

The second technique is based on the use of the Kinect motion sensor that travels over the study 
area. A reconstruction of the armour layer’s above-water region can be made based on the collected 
information. Additionally, since it is possible “to see” below the water level, a first estimate of the 
armour layer’s submerged region can also be made. Such rough estimate can be corrected with the 
information gathered with the Kinect motion sensor after the water is removed from the wave tank. 

Since these two techniques implied the movement of the measuring equipment above the study 
region, an aluminium rail made of a straight stretch 7.85 m long and of a semi-circumference stretch 
with a diameter of 1.80 m was hung 2.00 m above the wave basin bottom. Fig. 4 shows the rail 
assembly as well as the special wagon that is moved along the rail and where the cameras ensemble 
or the Kinect motion sensor are hung. 

The third technique consists on the use of accelerometers inside a couple of armour layer 
elements. In these experiments 6 of such artificial armour elements were used, although there were 
not all working at the same time. 
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Figure 4. Left: rail to support the photographic cameras and the Kinect motion sensor; Middle: 

wagon to carry those cameras; Right: wagon on the rail with two cameras. 

Test Procedure 

For each sea-wave incidence angle, at least 4 different sea states acted on the breakwater model 
(Hs = 0.100 m, 0.150 m, 0.175 m and 0.200 m and the corresponding peak periods Tp = 1.19 s,  
1.45 s, 1.57 s and 1.68 s).  

There was a quite complete sweep of wave incidence angles for long-crested waves and the water 
depth of 0.60 m (40o, 55o, 65o, 75o and 90o).  

Since it was expected that no major run-up, overtopping or damage would occur along the 
structure for high incidence angles, in the test series with the water depth of 0.68 m and long-crested 
waves, the number of incidence angles was reduced to 3 (40o, 55o and 65o). 

The influence of the directional spreading of short-crested waves was investigated for the lowest 
water depth (0.60 m) and the incidence angles of 40o and 65o. These are the mean directions of the 
peak period, the directional spreading tested being 50o. 

Finally, for the incidence angle of 40o results were also obtained for the highest water depth  
(0.68 m) and short-crested waves with a directional spreading of 50o. 

Usually the working sequence consisted of 
1. Before the test series starts (the wave tank with the water depth of the test series and the rebuilt 
breakwater model) 

a. surveying the envelope of the breakwater head with Kinect; 
b. taking pairs of photos at 4 different points (in front of each overtopping reservoir and at the 
middle of the breakwater head) 
c. placing the artificial armour units in selected positions of the breakwater head and starting 
their data acquisition 

2. During each test of the sequence for a given incidence angle 
a. data acquisition is carried out from wave gauge arrays, isolated acoustic wave probes (both 
for free-surface elevation and overtop-ping identification), capacitive wave probes (both for 
run-up and water level inside the overtopping tanks), load cells underneath the overtopping 
tanks and the acoustic Doppler velocimeter 
b. video recording from camera to measure the run-up along the graduated staff as well as 
from two cameras (one placed on the north side of the wave basin and another on the east side 
of the wave tank) to identify rocking or displacement of armour units. 

3. After each of the tests in 2. 
a. surveying the envelope of the "damaged" breakwater head with Kinect; 
b. taking pairs of photos at the same points of 1.b 

4. After the test series 
a. removal of the artificial armour units 
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5. Before emptying the tank 
a. take several photo pairs of chequered plate placed around the points of 1.b to enable the 
individual camera calibration as well as the setup calibration 
b. take photo pair of the floating chequered plate around each point of 1.b to define the free-
surface level 

6. Emptying the wave tank 
7. Repeat steps 3.a and 3.b to get information on the "damaged" armour layer without the 
perturbation induced by the air-water interface  
8. Model reconstruction 
9. Repeat steps 3.a and 3.b to get information on the "undamaged" armour layer without the 
perturbation induced by the air-water interface 
10. Filling the wave tank up to the desired level 

Although in some days the work did not start in 1. or finish in 10., in the 11 testing days 
available it was always possible to carry out one sequence of at least 4 tests for a given water depth 
and incident direction, as can be seen in Table 1, with the parameters of each test. The table shows 
also that no test repetition was considered. This was due to the time taken to empty the tank and 
rebuild the breakwater model. 

Collected Data 

All the electronic measuring equipment, apart from the ADVs, was connected to the same data 
acquisition device, which enable the creation of a single file of measured data per test with data 
from 35 sensors (18 acoustic wave gauges in 3 arrays, 6 acoustic wave gauges for either the isolated 
measurement of the waves close to the model breakwater (3) or to detect overtopping events (3), 8 
capacitive wave gauges either for run-up measurement (5) or water-level measurement inside the 
overtopping tanks (3) and 3 load cells to measure the overtopped volume. 

The same does not apply to the ADVs data. They were directly connected to a computer and their 
recording was triggered by one of the ADVs. This ensured the synchrony of the velocity 
measurements. One data file per ADV was produced for each test. 

The position and rotation angles measured with the artificial cubes were stored in the measuring 
device and retrieved after the end of the test series. Some minor processing enabled splitting the 
files into individual test files. 

The frames generated by the thermal camera were directly stored in the computer to which it was 
connected. Something different happened with the run-up camera. It recorded video files with a 
maximum duration of approximately 20 minutes that must be split and labelled with the test 
number. 

All these data files relate to information that was collected during each test. As to the data for the 
survey of the armour layer envelope, it was collected at the end of the test with water in the wave 
tank. Exceptions to this are clearly identified in the name of the corresponding directory. 

Most of the equipment employed in the experiments was available at LUH. The exceptions were 
the thermal camera and the Kinect motion sensor, both brought by the Universidad da Coruña team 
(available for the tests until 2017-11-08), the photographic cameras brought by the LNEC team 
(available for the whole duration of the tests) and the smart Antifer cubes brought by the TUDelft 
(“Smartifer” available until 2017-11-09) and the UTrier teams (“Smartstones” available until 2017-
11-10). This means that the corresponding measurements were not made during the whole testing 
period. 
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Table 1. Test parameters 
Date Test d [m] Hm0 [m] Tp [s] Dir [o] Spread [o] 

01-11-2017 

13 

0.60 

0.100 1.19 

40 0 14 0.150 1.45 
15 0.175 1.57 
16 0.200 1.68 

02-11-2017 

17 

0.60 

0.100 1.19 

65 0 18 0.150 1.45 
19 0.175 1.57 
20 0.200 1.68 

03-11-2017 

21 

0.60 

0.100 1.19 

90 0 
22 0.150 1.45 
23 0.175 1.57 
25 0.200 1.68 
26 0.250 1.88 

06-11-2017 

27 

0.68 

0.100 1.19 

40 0 28 0.150 1.45 
29 0.175 1.57 
30 0.200 1.68 

07-11-2017 

31 

0.68 

0.100 1.19 

65 0 32 0.150 1.45 
33 0.175 1.57 
34 0.200 1.68 

08-11-2017 

35 

0.60 

0.100 1.19 

40 50 
36 0.150 1.45 
37 0.175 1.57 
38 0.200 1.68 
39 0.250 1.88 

09-11-2017 

40 

0.60 

0.100 1.19 

65 50 
41 0.150 1.45 
42 0.175 1.57 
43 0.200 1.68 
44 0.250 1.88 

10-11-2017 

45 

0.60 

0.100 1.19 

55 0 46 0.150 1.45 
47 0.175 1.57 
48 0.200 1.68 

13-11-2017 

49 

0.60 

0.100 1.19 

75 0 50 0.150 1.45 
51 0.175 1.57 
52 0.200 1.68 

14-11-2017 

58 

0.68 

0.100 1.19 

55 0 
59 0.150 1.45 
60 0.175 1.57 
61 0.200 1.68 
63 0.250 1.88 

15-11-2017 

64 

0.68 

0.100 1.19 

40 50 
65 0.150 1.45 
66 0.175 1.57 
67 0.200 1.68 
68 0.250 1.88 
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All collected data is stored in daily directories which contain one directory per data group, i.e. 
“ADV”, “kinect_UdCoruna”, “mostly_free_surface_elevation”, “photogrammetry_LNEC”, 
“run_up_video_LNEC”, “smartifers_TUDelft”, “smartstones_UTrier” and “thermal_UdCoruna”. In 
some directories, depending on the information contained, more directories can be present. It is 
expected that the name of the test is in the name of the file or directory at this inner level. An 
example of the file structure is presented in Fig. 5 for 2017-11-08. 

 

 
Figure 5. Directory structure used in data storage. 

Final Remarks 

This paper describes a set of experiments designed to shed some light on the influence of the 
angle between incident sea state and the normal to the breakwater axis on the run-up overtopping 
and damage in rubble-mound breakwaters.  

There is still plenty of work to do in the processing of the gathered information. Anyway, this 
was a unique opportunity to test novel techniques for the evaluation of armour layer damage and to 
bring together a team of 18 people. 
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