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Abstract 
Prior to construction, coastal structures are often tested in wave flumes and basins using physical models to 
assess performance and stability. To ensure that such testing provides a reasonable representation of design 
conditions, it is crucial to generate realistic wave conditions that occur in the field. Wavemaker capabilities 
such as second-order wave generation (WG2) and active reflection compensation (ARC), however, may be 
costly, are not universally available at testing facilities, and can introduce additional complexity. Systematic 
studies specifically addressing the effect of these generation features on overtopping and damage of rubble 
mound breakwaters are lacking. In this work we used a 1:35 scale model of a rubble mound breakwater to 
assess the role of WG2 and ARC on overtopping and damage. Across the range of wave conditions tested it 
was found that overtopping volume and damage varied substantially when WG2 and/or ARC were used. 
Overtopping volume decreased when linear generation was used compared to WG2; whereas overtopping 
volume increased when ARC was turned off. Collectively, the results from the study emphasize the importance 
of careful paddle control to correctly simulate offshore wave conditions in physical model testing. Depending 
on the wave conditions and the experimental setup, using linear wave generation with and without active 
reflection compensation can result in substantial over- or underprediction of the performance and stability of 
coastal structures.  
 
1. Introduction 
Coastal structures such as breakwaters, revetments 
and seawalls are tested in wave flumes and basins 
to assess their performance and stability or to 
optimize their design. To ensure that the physical 
model testing is representative of natural ocean 
conditions, it is crucial to be able to generate 
realistic wave fields. A key requirement to prescribe 
realistic wave conditions is the ability to generate 
irregular waves and to use higher-order (particularly 
second-order) wave generation theories so that 
both the leading-order bound sub-harmonic waves 
(or infragravity waves [1]) and the bound super-
harmonic waves are generated without associated 
spurious freely-propagating error waves. In 
addition, as closed basins, wave flumes and basins 
can experience unnatural reflection of wave energy 
at boundaries. To account for this, passive 
absorption is often adopted at the down wave end 
of a flume and basin (e.g. using a porous beach), 
whilst wave generators may use active reflection 
compensation (ARC) to minimise reflection of 
offshore-propagating wave energy at the 
wavemaker. Although both WG2 and ARC can offer 
significant advantages, their use in practice can be 
somewhat limited because of the additional time, 
cost and complexity that they introduce into a 
physical experimental campaign. In particular, 
implementing these strategies can be expected to 

 
1 https://www.uwa.edu.au/facilities/coel 

require additional paddle stroke length compared to 
the linear case for the same wave conditions. 
Although some studies have addressed the 
importance of ARC and WG2 on numerical wave 
generation in models [e.g., 2], there is a lack of 
published experimental studies that specifically 
address the benefits of using higher-order wave 
generation (with and without ARC). In this study we 
used a 1:35 scale model of a rubble mound 
breakwater to assess the role of WG2 and ARC on 
wave overtopping and structure damage.  
 
2. Methods 
The experiments were conducted in a 54-m-long, 
1.6-m-high and 1.5-m-wide wave flume in the 
University of Western Australia’s Coastal and 
Offshore Engineering Laboratory1 (Figure 1). The 
flume is equipped with wave paddles at either end 
of the flume; a piston-type paddle (used in this 
study) to generate shallow water (coastal) waves 
using a long stroke (up to 2.0 m) and a flap-type 
wave paddle to generate deep water (offshore) 
waves. Both paddles are controlled by state-of-the-
art wave generation software developed by HR 
Wallingford, allowing generation of a range of 
regular and irregular wave conditions up to wave 
heights of 0.5 m, and are equipped with an ARC 
system. The ARC system adjusts the paddle 
position in real time, based on the free surface 
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measurement from a wave gauge mounted on the 
wavemaker front. Assuming all outgoing 
components to be freely propagating, the system 
can effectively absorb the bulk of the reflected 
waves to prevent re-reflection and gradual build-up 
of excess energy. The WG2 capability is an 
implementation of [3]. 
 
The experimental setup included a 6-m-long 
bathymetric slope of 1:21, built from formply, at a 
distance of 21 m from the piston wave paddle. This 
was to represent a mildly sloping seabed (Figure 1). 
A 1:35 scale rubble mound breakwater was 

constructed on top of the slope with its outer toe 
located 4 m from the offshore edge of the slope. The 
structure had a total height of 0.38 m with a 
horizontal top section 0.14 m long and 1:1.5 slopes 
on both sides. It spanned the entire flume width (1.5 
m). The breakwater was constructed using two 
granite-type rocks for core (nominal median 
diameter Dn50 = 50 mm) and armour (Dn50 = 65 mm), 
respectively, and was placed at the 4 m glass side 
section of the wave flume for model inspection, 
photography and filming (Figure 1). The water depth 
was kept constant at h = 0.5 m such that the crest 
freeboard was 0.13 m. 

 
Figure 1   Overview of experimental setup with schematic diagram (top panel, vertical scale exaggerated), close-up 
photograph of rubble mound structure with overtopping tray (lower left panel), and overview photograph of rubble mound 
breakwater and instrumentation (lower right panel). 
 
A total of eight synchronized resistance-type wave 
gauges (Edinburgh Designs) were placed along the 
centre line of the wave flume; three offshore (at 
17.68, 18.04, and 18.57 m from the wave paddle 
resp.), three across the sloping bottom, one in a 0.8-
m-wide overtopping tray that was positioned at the 
rear of the breakwater and one on the onshore side 
of the breakwater (Figure 1). The overtopping wave 
gauge was used to provide instantaneous 
overtopping discharge as well the total overtopping 
volume for each experimental run. To assess the 
structural damage under specific wave conditions, 
photographs and video were used to quantify the 
instantaneous and total number of dislocated rocks. 
To identify loosely placed or unbalanced armour 
units, an initial settling run with significant wave 
height of 0.045 m and duration of 20 minutes was 
conducted prior to each individual experiment, with 
any loose units re-positioned. In the actual tests, the 

level of breakwater damage was defined using the 
NOD number (e.g. [4]): 

𝑁𝑁𝑂𝑂𝑂𝑂 =
𝑁𝑁𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝐵𝐵/𝐷𝐷𝑛𝑛50

 

where Ndispl is the total number of displaced rocks, 
and B is the width of the breakwater (1.5 m). 
 
To investigate the effect of WG2 and ARC on 
overtopping volume and damage, experimental 
runs with a range of wave heights and periods were 
initially conducted for a total duration of 29 minutes 
(representing 2.8 hours at prototype scale) with both 
WG2 and ARC turned on. Next, experimental runs 
were repeated with identical wave forcing 
timeseries based on a JONSWAP spectrum but with 
either one option or both turned off (Table 1). The 
individual and combined role of ARC as well as 
WG2 was assessed by computing the difference in 
total overtopping volumes and number of dislocated 
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rocks relative to the case with both processes 
accounted for.  
Table 1   Experimental wave conditions used in this study 
(in lab model scale, prototype values provided between 
brackets) indicated with an ‘X’ (Hs = significant wave 
height, Tp = wave peak period, ARC = active reflection 
compensation, WG2 = second-order wave generation). 

ID Hs (m) 
(prot.) 

Tp (s) 
(prot.) 

ARC 
and 
WG2 

ARC 
only  

WG2 
only 

No ARC  
No WG2 

1 0.09 
(3.15) 

1.78 
(10.5) 

X - - X 

2 0.09 
(3.15) 

2.41 
(14.3) 

X X X X 

3 0.10 
(3.5) 

1.78 
(10.5) 

X - - X 

4 0.11 
(3.85) 

1.78 
(10.5) 

X X X X 

5 0.10 
(3.5) 

2.16 
(12.8) 

X  X X X 

 
3. Results  
We first present the measured overtopping 
discharge and breakwater damage for the base 
runs (with ARC and WG2), followed by an 
assessment of the role of ARC  and WG2. All results 
are presented in model scale dimension. 
 
3.1 Overtopping and breakwater damage  
Apart from the case with lowest wave height and 
period where the overtopping was negligible (ID nr. 
1, Table 1), the average overtopping discharge over 
29 minutes varies between 0.4 and 1.5 x 10-5 m3/s/m 
and shows a clear relationship with both significant 
wave height as well as the wave peak period (Figure 
2), which is consistent with other studies (e.g., [5]). 
For the runs with peak wave period of 1.78 s, a 
nearly linear increase was found with increasing 
significant wave height. For identical significant 
wave height of 0.1 m, the overtopping volume nearly 
4 times larger for conditions with peak wave period 
of 2.16 s relative to 1.78 s. The overtopping 
discharge is consistent across the repeat runs 
(Figure 2). Similar results were found for the level of 
breakwater damage represented by the relative 
number of dislocated rocks (NOD) at the end of the 
experimental run (Figure 3). For Tp = 1.78 s, NOD 
increases substantially from 0.04-0.09 to 0.3-0.35 
for a significant wave height of 0.09 and 0.11 m, 
respectively. For Hs = 0.1 m, NOD varies from 0.09-
0.13 to 0.26-0.3 for a peak wave period of 1.78 and 
2.16 s, respectively. We note that there was some 
variation in NOD in the repeat runs. 
 
3.2 Importance of active reflection 

compensation and second order wave 
generation  

3.2.1 Active reflection compensation (ARC) 
When ARC is turned off, waves that are reflected 
from the structure and propagate offshore can be 
re-reflected by the wave paddle. To assess the 
effectiveness of ARC, incident and reflected 
(offshore directed) spectra were computed following 

[6]. Figure 4 reveals that not accounting for ARC 
leads to substantial resonance at the flume 

eigenfrequencies (𝑓𝑓𝑒𝑒𝑑𝑑𝑒𝑒𝑒𝑒𝑛𝑛 = 1
2𝜋𝜋
�𝑒𝑒𝜋𝜋𝑛𝑛

𝐿𝐿
𝑡𝑡𝑡𝑡𝑡𝑡ℎ �𝜋𝜋𝑛𝑛

𝐿𝐿
ℎ�, 

where L= 26 m is the distance between breakwater 
and wave paddle and n = 1, 2, 3…, and g is the  
gravitational acceleration), as well as considerable 
peaks at higher frequencies (Figure 4B,D).  

 
Figure 2   Average overtopping discharge per unit width 
(q) for each run with ARC and WG2 as function of 
significant wave height (horizontal axis) and wave peak 
period (markers). Note that each run was repeated. 

 
Figure 3   Relative number of dislocated rocks (NOD) for 
each run with ARC and WG2 as function of significant 
wave height (horizontal axis) and wave peak period 
(markers). Note that each run was repeated. 

Interestingly, computed reflection coefficients (KR, 
here defined as ratio between outgoing and 
incoming wave height) across all runs were found 
nearly identical for runs with or without ARC (Figure 
4E,F). This emphasizes the need for analysis 
beyond estimating bulk reflection coefficients only, 
since (unnatural) re-reflected wave energy (i.e., 
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wave energy reflected off the wave paddle) is 
counted as an ‘incoming’ rather than ‘reflected’ 
contribution to the wave field. The reflection 
coefficient was found to depend mostly on wave 
peak period, consistent with other studies (e.g., [7]); 

for the runs with Tp = 1.78 s the mean KR (averaged 
over a frequency range 0.7fp to 2fp) was 0.25 (with 
standard deviation of 0.019) and for cases with Tp = 
2.41 s the mean reflection coefficient 0.33 (with 
standard deviation of 0.025).  

 
 
Figure 4 Raw and (Welch) smoothed (A,B) incident and (C, D) outgoing wave spectra and (E, F) reflection coefficients 
computed using [6] for Test Case 2 (Hs = 0.09 m, Tp = 2.41 s) with (left column) and without ARC (right column). Note that 
WG2 was used.  
 
The lack of ARC leads to substantial changes in the 
observed overtopping for cases with longer wave 
period, i.e. up to 200% difference (Figure 5, top 
panel). For the cases with shorter wave period the 
effect is considerably smaller, up to about 30% 
difference. For these cases with longer wave 
lengths, the waves are expected to be less reflective 
on the breakwater slope (e.g., [7]) and thus less 
incident wave energy will be reflected off the 
structure resulting in reduced potential for re-
reflection of wave energy off the wave paddle. 
Similar results are obtained for the structure 
damage (Figure 5, bottom panel) where the number 
of dislocated rocks was found to be 50% higher (6 
vs. 4 dislocated rocks) for Tp = 2.41 s. Interestingly, 
about 25% lower damage levels were found for the 
shorter wave periods, although more repeated 
experiments are required to confirm this due to the 
relatively small difference between runs (2 rocks). 
 

Overall, it is clear that turning ARC on or off can 
have a substantial effect on the occurrence of wave 
flume resonance which can reduce the reliability of 
estimates of both overtopping and structure 
damage, in particular for relatively long wave 
periods.  
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Figure 5 The relative effect of ARC on overtopping 
discharge (top panel) and relative number of dislocated 
rocks (bottom panel) based on Test Case 2, 4 and 5 
(Table 1). Note that WG2 was used. 

3.2.2 Second-order wave generation 
When second-order compensation is turned off, 
only the primary irregular wave signal is prescribed 
at the offshore boundary, leading to the formation of 
freely-propagating error waves at the frequencies of 
both the bound sub-harmonic difference-frequency 
waves and the bound super-harmonic sum-
frequency waves.  
 
Similar to the effect of ARC, the effect of WG2 varies 
with wave period (Figure 6). The observed 
overtopping volumes are found to be 15 to 30% 
lower, while the number of dislocated rocks also 
decrease up to 75%. Hence, contrary to ARC, 
turning off WG2 leads to underestimation of both 
overtopping and structural damage. We note that 
this contrasts the findings of [2] where linear wave 
generation was found to result in erroneously 
exaggerated wave runup and overtopping volume at 
an impermeable sea wall structure. Further analysis 
is needed to understand the different effect of the 
sub-harmonic error waves in these two studies.     

 
Figure 6   The relative effect of using linear relative to 
WG2 on overtopping discharge (top panel) and relative 
number of dislocated rocks (bottom panel) based on Test 
Case 2, 4 and 5 (Table 1). Note that ARC was used. 

 
Figure 7   The relative effect of using linear wave 
generation and no active reflection compensation on 
overtopping discharge (top panel) and the relative 
number of dislocated rocks (bottom panel). 

 
 

408



Australasian Coasts & Ports 2021 Conference – Christchurch, 30 November – 3 December 2021 
The role of 2nd-order wave generation and active reflection compensation on overtopping and damage of rubble mound breakwaters  
Ellwood et al., 2021 
 
3.2.3 Combined effect of active reflection 

compensation and second-order wave 
generation 

Although ARC and WG2 had opposing effects in the 
present experiments (i.e., not accounting for ARC 
generally leads to more overtopping, while not 
accounting for WG2 results in less overtopping), not 
accounting for both may lead to even larger 
discrepancies (Figure 7). For example, overtopping 
volumes may be overpredicted by 750%, which in 
this particular case is nearly a factor of 10 in total 
volume. This relatively large difference is due to the 
fact that, in this particular case, not accounting for 
ARC and WG2 results in much more frequent 
overtopping events, while when these wave 
generation features are included the wave runup is 
generally below the crest of the breakwater. For the 
structure damage, the number of dislocated rocks 
are generally underpredicted up to about 40%. The 
instantaneous offshore water level and overtopping 
volume provide a more detailed understanding on 
which specific wave events caused overtopping. As 
an example, for Test 2 (Table 1) it is evident that the 
overtopping is not a continuous process but rather 
driven by specific episodic high individual waves 

(Figure 8). Overall, the effect of using linear rather 
than WG2 leads to overtopping events at the same 
time within the irregular wave timeseries, yet with 
lower overtopping volumes. In contrast, not 
accounting for ARC leads to not only overtopping 
events with larger volumes but also a larger number 
of events. To illustrate this, a clear relation can be 
found between relatively high waves and 
overtopping events; for example, the individual 
wave at T = 1097 s (Figure 8B) primarily drove the 
overtopping event around T = 1100 s (Figure 8D). 
This event only occurred for the cases without 
active reflection compensation where the peak of 
the wave was around 0.1 m; the peak was only 0.06 
m for the cases with ARC. Similarly, the overtopping 
event around T = 1110 s (Figure 8D), is likely a 
result of the three relatively high waves that occur 
between T = 1102 and 1108 s. Although 
overtopping was observed for all experimental runs, 
the discharge was clearly smaller for the cases with 
ARC which can be related to the lower wave crests 
(Figure 8B). Further analysis will be conducted to 
provide a better understanding of the occurrence 
and magnitude of overtopping and how that 
changes with or without ARC or WG2. 

 
 
Figure 8   Instantaneous (A,B) offshore water level (ηoffshore at x = 17.68 m from wave paddle) and (C, D) overtopping 
volume (Q) for case 2 (Table 1) with variations of wave generation (line colour). Individual overtopping events highlighted 
in panel A and C are plotted in panel B and D respectively. For visual clarity, a running average of 1 s was applied to the 
overtopping volume time series. 
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4. Conclusions 
In this study we presented observations of 
overtopping and damage for a physical model of a 
rubble mound breakwater, and how they differ when 
turning off active reflection compensation or use 
linear rather than second-order wave generation. 
Overall, for this particular set of experiments, not 
accounting for ARC leads to substantial resonance 
of standing wave modes between the breakwater 
and the wave paddle, resulting in larger overtopping 
and structure damage, and thus an underprediction 
of the structure performance. Although the effect is 
smaller, using linear rather than second-order wave 
generation leads to lower overtopping and damage. 
In summary, the results from the study emphasize 
the importance of accurate paddle control to 
simulate representative offshore wave conditions.  
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