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On the base of laboratory experiment a nonlinear wave transformation above underwater 
reef and trench was investigated. It was revealed that underwater trench and reef can 
decrease the mean wave period. Dependencies of changes of mean wave period and 
significant wave height on relative length of underwater structure and water depth above it 
were obtained. The changes of symmetry of waves passing above underwater structures are 
discussed. 
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I. INTRODUCTION 

The storm waves are the main source of energy in a coastal zone. Their impact on the 
coast is significant and a protection of the shore against the waves is an important problem of 
coastal engineering. Often for this purpose different underwater structures are used, for example, 
artificial submerged reefs or trench.  

Artificial reef can have various configurations. It can be of spherical, cone-shaped, semi-
spherical form or a block from a metal wire grid filled of stones. The reef can be also simple 
created by concrete elements of special design chaotically placed on bottom relief.  

The main difference of reefs from other submerged structures is a permeability that 
provides minor influence on water exchange and water quality in the coastal area. Underwater 
trench is also very simple constructed structure having many advantages, especially concerning a 
transport of deposits due to wave’s action in coastal zone. The trench and reef are ecological-
friendly as for seas habitants and for recreation purposes in coastal zone management.  Usually 
wave breaking and decreasing of wave energy are main features taking in account when wave 
transforming above submerged structure. Than less is the water depth above the top of 
submerged structure than more intensive will be wave breaking and reducing of wave energy. 
Another effect of wave transformation above submerged structure is nonlinear wave 
decomposition and formation of secondary waves consisting from highest nonlinear wave 
harmonics that decreases the effect of wave impact on the shore too.  

The basic nonlinear-dispersive mechanism of formation of secondary waves is described 
in details by many researchers [1, 2, 3, 4, 5]. Secondary waves arise as separate peaks on a 
surface of initial wave and consist from higher harmonics of main wave motion. Higher 
harmonics are formed due to nonlinearity during the wave propagation above top of reef or on 
seaward part of trench on shallow water. Secondary waves are well visible behind the reef and in 
trench on relatively deeper water.  

A decomposition of initial waves and formation of secondary waves leads to decreasing 
of mean wave period. It has many advantages for coastal engineering: 1) it can suppress or at 
least detain wave breaking and, accordingly, energy dissipation to a coastal line; 2) the shorter 
waves less affect on the bottom relief and on a coastal constructions; 3) decreasing of wave 
period permit to use the floating breakwaters for additional attenuation of wave motion [6]. So 
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possibility to decrease the mean wave period may be very useful for innovation methods of shore 
protection and can be considered as additional feature of underwater structures as breakwaters.  

The main aim of this work is experimental investigation of nonlinear transformation of 
waves above a single underwater reef and trench and parameterization of changes of wave 
parameters on dependence of parameters of underwater structure and initial parameters of waves. 

 

II. LABORATORY EXPERIMENT 

 The physical experiments of transformation of waves above underwater structures were 
carried out in the flume of Scientific Center “Sea shores” in Sochi, Russia, in 2013. The length 
of flume is 22 m, width – 0.6 m, height – 1 m. One permeable reef and underwater trench were 
tested. Physical modeling was done in scale 1:20. A transformation of initially pseudo 
monochromatic waves was investigated.  

Permeable reef was constructed from tetrapodes. The mean length of reef was about 0.4 
m and the mean height – about 0.14 m. The reef was placed on inclined bottom with slope 0.022 
(Fig.1). The underwater trench with mean length 1 m and mean depth 0.22 m was also 
constructed on inclined bottom (0.022) before a shore line. The bottom slope after trench up to 
shore line was 0.04 (Fig.2). Water depth for experiments was 0.4 m. In total 40 series of 
measurements were done for wave with periods from 1.4 up to 4 s and with initial heights from 
0.2 up to 0.05 m. For the measurements of wave transformation 14 capacity wave gauges were 
used. Duration of wave records was 2-3 min with sampling frequency 50 Hz. 

 

 
Fig.1. Scheme of experiments with reef, numbers – wave gauges. 

 



Fig. 2. Scheme of experiments with trench, stars – wave gauges. 
 

For an assessment of influence of underwater structures on transformation of waves by 
their reflection and breaking the transformation coefficient was determined as a relation between 
significant wave heights after structure and before structure: 

𝐾𝐾𝑡𝑡𝑡𝑡 = 𝐻𝐻𝑠𝑠 𝑡𝑡𝑡𝑡
𝐻𝐻𝑠𝑠 𝑖𝑖𝑖𝑖

,    (1) 

where indexes tr and in means transformed waves behind the bar and the initial waves before the 
reef, 

𝐻𝐻𝑠𝑠 = 4�𝑚𝑚0        (2) 

𝑚𝑚0 = ∫ 𝑆𝑆𝑆𝑆𝑆𝑆           (3) 
where S - wave spectrum– f – frequency. 

Reduction of the mean period of waves due to generation of the highest nonlinear 
harmonics and formation of secondary waves was estimated as the relation of the mean period of 
waves after passing of reef by the mean period of waves before reef: 

 

                    (4) 

.  

For the analysis of change of the mean period a wave records on the gauges located in 
close distance to the reef were used. As the main features of impact of submerged reef and trench 
on transformation of waves, were considered: a) its ability to reduce height of the waves and b) 
possibility to reduce mean period of waves. 

Because a sediment transport depends on the symmetry of waves, the changes of wave 
shapes after passing of underwater structure was investigated additionally. The symmetry of 
waves on vertical axis (or asymmetry) was calculated by formula: 
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where  - averaging operator, ζ  - free surface elevations, σ  - standard deviations, Hζ  - 

Hilbert transform. 
The symmetry of waves on horizontal axis (or skewness) was defined as: 
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=Sk                   (6) 

 

III. DISCUSSION OF RESULTS 

Transformation of waves above underwater reef 

On Fig. 3 the dependencies of transformation coefficient on the relative length of reef 
(D/L, where D- length of reef and L wavelength on deep water) and water depth above reef (h/L, 
where h – water depth above reef, L - wavelength on deep water) are shown. Minimal 
transformation coefficient for permeable reef is about 0.58. It is observed at relative length of 
reef 0.015 and 0.21. First relative length (0.015) is typical for steep long waves (h/L<0.01), 
transforming due to wave breaking and reflection. The long waves of small steepness do not 
change its height (Ktr is near 1). For short waves the transformation coefficient decreases with 
increasing of relative length up to approximately 0.21 and increases for shorter waves. The best 
reduction of wave height will be if relative water depth on the top of reef will be about 0.1 
(Fig.3). 

Decreasing of mean wave period is maximal at relative water depth above reef about 
0.025. At this relative water depth process of a generation of higher nonlinear wave harmonics 
will be prevail on dissipation process.  

With increasing of relative length of reef the mean wave period practically does not 
changes. It can be explained by dissipation of highest nonlinear harmonics during propagation of 
steep waves above the reef.  

 
 



 
Fig. 3. Dependence of transformation coefficient on the relative length of reef and relative water 

depth above reef 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

Fig. 4. Dependence of change of mean wave period on the relative wavelength and wave 
relative water depth. 

 
The underwater reef will change symmetry of waves on vertical axis. Steep saw-tooth 

type waves (negative coefficient of asymmetry) will be more symmetrical after bar. Waves 
having a positive asymmetry will save it after reef (Fig.5). 



The symmetry of waves on horizontal axis increases for waves which skewness before 
the reef was less than 1, and decreases for waves which skewness before the reef was more than 
1 (Fig.6). 

 
Fig. 5. Changes a symmetry of waves transforming above bar on vertical axis (As). 

 

 
Fig. 6. Changes a symmetry of waves transforming above bar on horizontal axis (Sk). 

 

Transformation of waves above underwater trench 

Comparison of coefficients of transformation has shown that when passing waves 
through a trench their height practically doesn't change. Moreover, due to reflection from edges 
of a trench, height of waves can significantly increase in the trench (Fig.7).  

After passing by trench waves their height can decrease slightly only for a relative length 
of trench more than 0.2 due to effect of bigger dissipation of the energy of waves connected with 



bottom friction: the trench is longer, the more is a loss of energy on friction. However height can 
become big because of effect of "shoaling" at an exit of waves from a trench on shallow water 
due to sharp reduction of water depth again. 

 
Fig.8. Changes of transformation coefficient  above underwater trench on relative length on 

different distances from seaward edge of trench: seaward – green, near coastal edge – red, after 
trench - blue. 

 
The mean period determined by the spectral moments (4), practically in all analyzed 

series of data significantly doesn't change after passing of a trench. It can slightly decrease in a 
trench on seaward edge, at once at an exit of waves to deeper water (fig. 8), at distances less than 
0.05 of relative length of trench (Fig. 8, the green line). 

 
Fig.8. Changes of mean spectral period of waves above underwater trench on rlative length on 

different distances from seaward edge of trench: seaward – green, near coastal edge – red, after 
trench - blue. 

 
On deep water in a trench the amplitude of the highest harmonics don't increase because 

of weakening of nonlinear interactions therefore their small growth connected with reduction of 
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depth at an exit from a trench at its coastal edge practically doesn't influence on change the mean 
period determined by the spectral moments (4). Increasing of the mean period in a trench and 
after it is connected with reflection of waves from the coast and from edges of a trench.  

However the mean period determined by crossing of the average line can change 
significantly (twice) in a trench, and these changes will remain also at the exit from a trench (Fig. 
9, 10, 11). On fig. 9, 10 and 11 the changes of the visible mean period of waves after passing of a 
trench on its relative length (D/L), on its relative depth of installation (h/L) and relative height of 
a wave are shown in seaward edge of a trench (Hs/h, where Hs – significant wave height, h – 
water depth), respectively. 

 
Fig. 9. Changes of visible mean period of waves above underwater trench on its relative length. 

 
The trench is longer, the less there will be changes of the period. The trench is longer, the 

waves of the highest harmonics are shifted behind more. They "catch up" with the next wave 
with the period of the main harmonic and the mean period becomes more again. 

 
Fig. 10. Changes of visible mean period of waves above underwater trench on relative water 

depth. 
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The shallower is a depth of installation of the trenches, the period can decrease more. As 
at smaller depth the amplitude of the highest harmonics will be more, and the waves formed by 
the highest harmonics will be better visible. 

For steeper waves on an entrance to a trench, the period can change more. However, 
waves of the small steepness on very shallow water can also show decomposition of a crest and 
reduction of the period. 

 
Fig. 11. Changes of visible mean period of waves above underwater trench on relative wave 

height near its seaward edge. 
 

The trench changes vertical symmetry of waves to positive and reduces horizontal 
symmetry (Fig. 12, 13).  

The waves which aren't breaking before a trench will have the greatest changes. The 
more the breaking of waves lasts, the their symmetry changes less. I.e. most effectively on 
change of asymmetry of waves the trench will "work" if to put it at a depth where waves only 
begin to break or at depth where the waves are close to height limit for the breaking waves. 

 
 

Fig. 12. Changes of asymmetry of waves on vertical axis above underwater trench. 
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Fig.13. Changes of asymmetry of waves on horizontal axis above underwater trench. 

IV. CONCLUSIONS 

Physical modeling of waves passing above reef and trench has testified the possibility of 
essential decreasing not only wave height, but the mean period of waves also.  

Dependences of transformation coefficient and changes of mean wave period on relative 
length (relation between a length of structure and wavelength on deep water) were obtained.  

It was shown that underwater structure can change asymmetry of waves. 
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