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Abstract

The presented work describes a wide range of wave channel tests performed at the National 
Laboratory of Civil Engineering (LNEC), considering different incident wave conditions, with the 
objective of studying the wave breaking hydrodynamics. Special attention was made to the end 
of the wave breaking process. The experimental setup, the incident wave conditions, the 
equipment and the performed measurements (free surface elevation and particle velocity) are 
herein described. Time, spectral and statistical analysis based upon the measured data are also 
performed and presented. Moreover, a more deepen analysis related: (i) the relative wave 
height (H/d); (ii) the wave celerity; (iii) the two-dimensional distribution of the particle velocities 
components in the xy, xz and yz planes and; (iv) the average wave direction and spreading 
angle is carried out and presented. Vertical velocity profiles are also presented.  
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1 Introduction 

The determination of the wave breaking zone is an important matter for studies referring coastal 
hydrodynamics and sediment transport. More accurately, the location and extension of the wave 
breaking section are two of the main factors for the coastal structures foundation and stability or 
for the nearshore sediment dynamics. 

Many studies aimed to analyze the initial process of the wave breaking (Goda, 1970; Weggel, 
1972; Tsai et al., 2004; Camenen and Larson, 2007) however the processes after the initial 
point until the end of the wave breaking are still object of a broad discussion in the scientific 
community (Svendsen et al., 1978 and 2003; Tsai et al., 2004). The traditional wave breaking 
indexes are usually related with the initial location of the wave breaking, leaving in background 
the end section of the process, which is, as mentioned above, especially important in coastal 
dynamics studies and for the set up of maritime structures. 

Following this reasoning, an extensive set of experimental tests was carried out to study the 
wave breaking characteristics and hydrodynamics, considering different incident conditions. 
Special attention is given to data from the wave breaking section and especially at the end of it. 
The experimental tests were performed in a wave channel with a 32.4 m length, at the National 
Laboratory of Civil Engineering (LNEC), Lisbon, Portugal. The bottom profile of the wave 
channel consisted essentially in different bottom slopes. The tested wave conditions 
represented a combination of regular waves with wave periods of 1.1, 1.5, 2.0 and 2.5 s and 
wave heights of 12, 14, 16 and 18 cm. 

This paper presents the experimental conditions, the incident wave conditions and the 
experimental procedures (section 2). Data and results from time, spectral and statistical analysis 
are presented (section 3). Moreover, a more in-depth data analysis was carried out for the 
calculation of several parameters, such as: (i) the definition of the wave breaking zone; (ii) the 
relative wave height (H/d); (iii) the wave celerity; (iv) the two-dimensional distributions of the 
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velocity components in the xy, xz and yz planes; (v) and the directional analysis with the 
evaluation of the spreading angle. Vertical velocity profiles are also presented. Finally, the 
conclusions are drawn in section 4. 

2 Experimental Settings 

Wave tank experiments were conducted at the National Laboratory of Civil Engineering (LNEC) 
in Lisbon, Portugal. The wave flume is 32.4 m long from the wave maker (Figure 2(a)). A beach 
profile, with different bottom slopes, was constructed as shown in Figure 1. The slope angle of 
the front face of the bar and the beach section was fixed with 1:20 and the slope of the lee side 
of the bar was of 1:80. Water depth was measured to be 10 cm at the crest of the 1:20 bar. 

 

 Figure 1: Wave Channel profile and positions along the longitudinal (x) axis 

 

 Figure 2: (a) Wave Channel; (b) the 8 gauge mobile structure; (c) The ADV and the resistive 
gauge 

2.1 Incident wave characteristics and experimental tests 

A piston-type wave maker generated a combination of regular waves with four wave periods 
(T=1.1, 1.5, 2.0 and 2.5 sec) and four wave heights (H=12, 14, 16, and 18 cm). The case of 
T=1.1 sec, and H=18 cm presented a very steep wave that broke in front of the wave maker, 
therefore, this incident wave condition was excluded from the experimental tests. Thus, in total, 
for each position along the canal, fifteen combinations of waves were tested. 

The total set of experiments was divided in three phases: (i) Phase I - Free surface elevations 
measurements along the channel with an 8 gauge mobile structure; (ii) Phase II - Particle 
velocity measurements along the channel in the middle of the water column, using an Acoustic 
Doppler Velocimeter (ADV) sensor; (iii) Phase III - Vertical velocity profiles using the same ADV 
sensor. In phases II and III, together with the particle velocity measurements, free surface 
elevations were measured simultaneously in the same transverse section of the channel. 
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2.2 Equipment and experimental procedures 

At Phase I, free surface elevations were measured using an eight gauge mobile structure, 
Figure 2(b). This structure moved along the channel, and measurements were taken from the 
beginning of the first ramp (x = -1000 cm) till x = 560 cm when the wave breaking is showed to 
be completely over for every incident wave condition. In order to calibrate the input wave height, 
a wave gauge was installed at the toe of the front face of the first slope (x = -1080 cm). Each 
gauge in the mobile structure was separated by a fixed distance (20 cm), and measurements 
separated by 10 cm were taken along the covered area.  

For Phases II and III, the particle velocity was measured by an ADV with a down-looking probe, 
enabling the three orthogonal components of the suspended particle velocities (volume 
measurements), Figure 2(c). Together with the ADV, a resistive gauge was placed for 
simultaneous measurements of the free surface elevation (Figure 2(c)). In Phase II, the ADV 
probe was located in the middle of the water column. Measurements were obtained between x = 
-200 cm and x = 560 cm, at every 10 cm, while between x = -1000 cm and x = -200 cm the 
interval was of 100 cm.  

For the phase III, vertical velocity profiles were measured (separated by 5 cm in the vertical axis 
(z)) for selected (x) locations (x = -1000; -500; -100; 0; 50; and 150 cm). 

The sampling frequency of all the measurements was of 25 Hz and each experimental test 
(incident wave) had the duration of 490 s. 

The wave breaking section (from the beginning till the end of the wave breaking zone) was 
defined by visual observation. The beginning and the end of the wave breaking zone was 
considered when the air bubbles started tipping over the crest and vanished from the water, 
respectively. Considering the nature of these observations, about 50 samples were collected 
and an average value was determined. 

3 Results 

For each of the 15 incident wave conditions, time series of the free surface elevation and the 
particle velocity along the wave channel (and especially from x = -1000 cm to x = 560 cm) were 
obtained. Based on the data, different types of data analysis were considered: 

Phase I – Time, spectral, and statistical analysis of the free surface elevation measurements. 
Also, the wave celerity and the relative wave height (H/d) along the wave channel were 
calculated for each wave condition. 

Phase II – Time, spectral, and statistical analysis of the particle velocity measurements. 
Moreover, the ADV measurements allowed the calculation of the particle velocities main 
characteristics, the two-dimensional distributions of velocity components at the (xy), (xz) and 
(yz) planes and the average wave direction as well as the directional dispersion (spreading). 

Phase III – Time analysis of the vertical velocity profiles in the selected locations of the wave 
channel. 

In the next sections, beyond the beginning and ending of the wave breaking zone, for each 
phase, some samples are presented from the calculated results. The incident wave condition of 
T = 1.5 s and H = 18 cm was chosen as an example of results for the majority of the presented 
samples. 

3.1 Wave breaking zone 

As referred in section 2, the wave breaking section was defined for each one of the 15 incident 
waves. About 50 samples were obtained and an average value was determined for the initial 
and terminal location of the wave breaking. Both locations were defined by eye observation 
(Table 1). 

 
  



 Table 1: Initial and terminal location of the wave breaking section 

Initial location of the wave breaking 
section

Terminal location of the wave breaking 
section 

  T (s) 

H(cm) 
1.1 1.5 2.0 2.5 1.1 1.5 2.0 2.5 

12 -267 -212 -203 -220 205 265 330 445 

14 -332 -276 -289 -270 200 245 330 445 

16 -427 -340 -361 -295 200 245 305 428 

18  -395 -410 -367  245 293 415 

 

3.2 Phase I results 

3.2.1 Relative Wave Height 

The relative wave height (H/d) is often used as an index for the wave breaking section in 
shallow water conditions. Dally et al. (1985) considers this index as reference for a stabilized 
wave condition. 

Figure 3 shows, for all the 15 incident wave conditions, the relative wave height evolution from 
the top of the bar until the end of the surf section. The x-axis was normalized by the wave 
breaking section, x = 0 indicates the beginning and x = 1 the terminal location of wave breaking 
(see 3.1). From the figure it can be concluded that the curve of H/d has two phases. Before the 
wave breaking zone the curve is steeper, increasing rapidly, while after the wave breaking the 
slope presents a smoother curve. Between x = 0.0 and 0.6, H/d decreases until H/d = 0.35  
0.65 depending on the incident wave condition, this value remains constant until x = 1. The 
average rate of H/d at the end of the wave breaking section is of 0.45, for an incident wave of 
T = 1.5 s and H = 18 cm (see the “Poly. (T=15s & H=18 cm)” that represents the trendline for 
the T = 1.5 s and H = 18 cm incident wave condition). 

 

 Figure 3: Relative wave height evolution (x = 0 is the beginning and x = 1 is the end of the wave 
breaking) using a normalized scale for all the wave conditions. 

3.2.2 Wave Celerity 

To calculate the wave celerity it is necessary to estimate the average time required for the 
passing waves between each two consecutive gauges. The wave passing time was calculated 



as the one corresponding to the largest cross-correlation value between the full records of each 
pair of gauges. This method was applied by Okamoto et al. 2010.  

Figure 3 shows the wave celerity along the channel for the incident wave conditions of 
H = 18 cm, and wave periods of T = 1.5, 2.0 and 2.5 s. In the figure, the “theoretical curve” is 

the curve of the values of hg  and the fit curves “Poly. (H(18cm)T15(s))", "Poly 

(H(18cm)T20(s))" and "Poly (H(18cm)T25(s))" correspond to the "H(18cm)T15(s)", 
"H(18cm)T20(s)" and "H(18cm)T25(s)" incident wave conditions. 

For the three periods: (i) at the initial section there is a slightly increase of the celerity; (ii) then, 
the wave celerity is almost constant; (iii) after x = -400 cm, where the wave breaking occurs, the 
celerity decreases, following the depth reduction of the channel, starting first in the minor 
periods. This behavior agrees with the occurrence of earlier wave breaking for shorter periods 
(see 3.1); (iv) in the final section of the channel the large reduction of the slope and the end of 
the wave breaking section motivates the curve smoothing and the tendency to collapse in one 
curve. 

 

 Figure 3: Wave celerity results along the channel for incident waves of H = 18 cm and T = 1.5, 
2.0 and 2.5 s.  

3.3 Phase II results 

3.3.1 Time, spectral, and statistical analysis of the velocity data 

The statistical analysis consisted in determining the average, standard deviation, skewness 
(distortion) and kurtosis of the particle velocity values (Vx) recorded for each incident wave 
condition along the x-axis position (positive Vx values are toward the wave maker) (Sancho et 
al., 2001), Figure 4. The average of the velocity values at each record was calculated through 
the average of all measured values in the record. The averages of the maximum and minimum 
velocities were calculated by the identification of each "wave" using the criterion of the 
downward zero crossing, each intersection was considered effective when there were at least 
two points before and after the zero reference. 
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 Figure 4: (a) Average, (b) the standard deviation, (c) skewness and (d) kurtosis of the velocity 
(Vx) values along the channel, for T = 1.5 s and H = 18 cm 

Figure 4(a) shows that after the breaking point (near x = -400 cm), the average values increase 
abruptly and when the wave collapses (around x = -200 cm) those values start to decrease till 
they become almost constant by the end of the wave breaking, after x = 200 cm. The standard 
deviation (Figure 4(b)) depicts values that are similar to the average of the velocities, first an 
increment till the breaking point followed by a decrease till the end of the surf section, after that, 
some scattered values show some inconsistency probably due to the harmonics generation 
created by the bottom slope or by the wave breaking effect. For the skewness and the kurtosis 
(Figure 4(c)(d)), a general trend can be observed indicating huge differences at the end of the 
wave breaking (after x = 100 cm) possibly due to the appearance of some waves generated by 
the bottom slope and by the wave breaking effect. 

3.3.2 Two-dimensional distribution of the three orthogonal components of the velocity 

In this section the analysis of the two-dimensional distributions of the velocity components in the 
xy, xz and yz planes is performed. The procedure followed, firstly, the evaluation of the 
parameters (Ex, Ey, Ez, Figure 5). Ex, Ey and Ez are the differences between the averages of the 
positive and negative velocities for each orthogonal component (x, y, z) measured by the ADV. 
In Figure 6, the Ez/Ex, Ey/Ex and Ey/Ez ratios are represented for an incident wave condition of 
T= 1.5 s and H = 18 cm. 

 

 Figure 5: Typical two-dimensional distributions of the velocity components (a) the recorded data 
cloud (u = Vx, v = Vy, w = Vz) and (b) parameters lengths schematically represented 
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 Figure 6: (a) Ez/Ex and Ey/Ex; (b) Ey/Ez ratios along the x axis of the channel T = 1.5 s and  
H = 18 cm; (c) wave shape in the xz plane for positions along the channel (A-F) 

From Figure 6, one can conclude that the beginning of the channel and approaching the wave 
breaking zone, the ratios are Ey/Ex<0.1 and Ey/Ez<0.4, not far from the ideal, Ey/Ex = Ey/Ez = 0. 

Later, though with an increase in the ratios values involving the parameter Ey, the results remain 
fairly unchanged until the position near x = - 500 cm, when a new change is felt, particularly 
considering the ratio Ey/Ez. 

The position x  - 400 cm represents the beginning of the wave breaking section, from this point 
an abrupt increase of the Ez/Ex ratio occurs till x = -200 cm. For x > -200 cm, the values 
decrease, forcing a stretch of the waveform in the longitudinal direction of the channel. 

Interesting is to observe that the wave breaking affects differently the three ratios (Ez/Ex; Ey/Ex; 
Ey/Ez). Following Ez/Ex the response to the wave breaking is felt 100 cm later than both Ey/Ex 
and Ey/Ez. Around x = -400 cm the Ez/Ex starts to increase, meanwhile the curves of the ratios 
Ey/Ex and Ey/Ez had already begun to increase around x = -500 cm. Figure 6 shows clearly the 
transformation of the Ex component into the Ez and Ey components. This is mainly due to the 
rolling effect of the wave that obliges the water spreading during the wave breaking 
phenomena. The transverse component (Ey) is due to the turbulent mixture from the roller effect 
of the breaking wave, which starts around x = -500 cm. 

3.3.3 Average wave direction and dispersion 

One highlight of this work was the directional analysis (based on the simultaneous 
measurements of the particle velocities and the free surface values), that at first approach 
would not make sense in a 2D wave channel. Nevertheless, due to the generated turbulence in 
the wave breaking process, the directional spreading is observed along the wave propagation 
on the wave channel. Thus, the directional analysis of the experimental data may constitute a 
framework for the turbulence quantification associated with the wave breaking phenomena. 

To obtain the directional wave spectrum the method developed by Longuet-Higgins (Dean & 
Dalrymple, 1993) can be used. This method, in addition to the free surface elevation records, 
considers also the simultaneous records of the velocities in the horizontal plane distribution. In 
this method, the directional spectrum is expressed by a Fourier series. According to Trageser 
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and Elwany (1990), the estimation of the mean wave direction as a function of frequency (f) is 
accurate. However, the estimation of the directional dispersion value can be coarse for a limited 
number of coefficients. 

The average wave direction and dispersion were calculated by using the simultaneous 
measurements of the particle velocity and the free surface elevation made along the x axis of 
the channel. The obtained results for the spreading angle and wave direction are shown through 
the Figure 7 below. 

According to Figure 7, the main direction angles remain around the original generation value 
(270°). The breaking wave still propagates into the same direction and keeps the wave train 
unchanged. However, the growth of the spreading angle during the wave breaking process is 
remarkable. In fact this analysis presents very low spreading values before the wave breaking, 
increasing during the wave breaking, specially just before x = 0, in order to decrease 
considerably after the end of the wave breaking section. This might also indicate that after the 
wave breaking, the residual frequency changes into more waves with different frequencies that 
propagate independently (Okamoto et al., 2010). 

 

 Figure 7: Main direction (º) and spreading angle for T = 1.5 s and H = 18 cm 

3.4 Phase III - results 

3.4.1 Vertical Velocity profiles 

To analyse the vertical profiles of the velocity, the maximum, minimum and average values of 
the velocities were calculated (Vx) (Figure 8). The maximum, minimum and average values 
represent, respectively, the maximum, minimum and average of the complete record. It is 
important to note that the positive values of the velocities are towards the paddle, in the 
opposite direction of the wave propagation. 
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 Figure 8: Vertical velocity profiles in (a) x = -1000 cm and (b) x = -150 cm for T = 2.0 s and 
H = 12, 14, 16 and 18 cm; (c) x = -1000 cm and (d) x = -150 cm for a incident wave of 
H = 14 cm and T = 1.1, 1.5, 2.0 and 2.5 s  

Figure 8 shows that the greater velocities happen to be in occasions of bigger wave heights and 
periods. For x = -1000 cm, the values do not vary significantly along the vertical axis (about 5 
cm/s). For the position x = -150 cm (Figure 8(b)(d)), the bottom effect produces a 20 cm/s 
velocity differences for the maximum and minimum values. 

4 Conclusions 

In this paper, recent physical modelling tests on a wave channel from the National Laboratory of 
Civil Engineering (LNEC) in Lisbon were presented. The tests aimed to study the wave breaking 
hydrodynamics on a beach profile with variable bottom slopes since its beginning till the very 
end. 

The physical modelling was performed on a wave channel, built for the regular wave 
propagation studies, with a bottom characterized by a flat section followed by two ramps with 
1:20 and 1:80 slopes respectively, forming a characteristic beach profile. The tested waves 
resulted from a combination of 1.1, 1.5, 2.0 and 2.5 s periods with wave heights of 12, 14, 16 
and 18 cm. The measured data from the resistive gauges (free surface) and the Acoustic 
Doppler Velocimeter (ADV) enabled the calculation of several parameters, such as the wave 
celerity, the relative wave heights, the two-dimensional distributions of the velocity components 
in the xy, xz and yz planes, the main wave direction and the spreading angle of the wave 
propagation, the initial and final location of the wave breaking section was observed and the 
temporal analysis of the vertical velocity profiles in selected locations of the wave channel are 
presented. 

From the tests with the physical model, a wide set of wave data (free surface elevation and 
particle velocity) along the channel and especially in the wave breaking section is available. 
This constitutes an important output of this work since it can be used to understand more deeply 
the wave breaking process but also for the establishment/improvement of the wave breaking 
numerical models and its validation. 
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