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Abstract

Tsunami wave is one of the most serious threats to lives and activities, particularly in coastal cities
within 100 m height from the mean sea level. Construction of coastal defense structures, such as seawalls
and breakwaters, is the most popular measure adopted by engineers for protection from sea waves,
including tsunamis, and mitigation of their effects. Many researchers determined through their post-
tsunamis field studies that the scour at the landward toe of coastal defense structures induced by tsunami
overtopping is the predominant cause of structural failures. in the present study, a series of laboratory
experiments was conducted at National Hydraulic Research Institute of Malaysia to investigate the scour
profile at the landward toe of a vertical seawall induced by tsunami bore overtopping vertical seawall and
examine the influence of breakwater and bore characteristics on the induced scour depth and length. The
experiments showed that the breakwater in low initial depth conditions was more effective in reducing
bore velocity and scour depth at the landward toe of the seawall than that in high initial depth conditions.
Moreover, a strong positive relationship was confirmed between the Froude number of the overtopping
flow and the induced scour depth and length.
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Introduction

The word tsunami came from Japan, where “tsu” means harbor, and “name” means wave. A violent
earthquake underwater usually generates tsunamis, but they may also be triggered by other events, such as
the impact of meteor and landslide undersea [1]. Through the past 20 years, massive earthquakes followed
by tsunamis, such as the tsunami of Indian Ocean in 2004, the 2010 tsunami of Chile, and the 2011
tsunami of Tohoku, have caused considerable loss of lives and damage to nature [2].

Environment of the coasts provides desirable sources of live standards which encourage peoples to
stay in dense population close to coastline. These coastal zones of high population density which lie
within 100 km close to shore line and on range of 100 m high from the mean sea level can reach 2.5 times
more in population than that exist in other villages near the coast [3]. For this reason, the vulnerability of
these communities to coastal hazards such as hurricanes and tsunamis is more, and this is one of the
important reasons which hearten engineers and researchers to be more aware about the protection and
mitigation processes. The coastal defense measures can be classified into 2 categories, direct and indirect
measures [4]. Construction of seawall parallel to the shore line is one of the direct measures used to
protect from flooding.

As an effective method of beach protection, seawall construction was adopted for regions where
excessive beach erosion causes further damages. For instance, seawalls (vertical in many cases) are built
to create a boundary line separating land and seawater when seawater is about to extend over buildings or
roads [5]. Since the 1960 Chilean tsunami, the Japanese have used seawalls and armored dikes parallel to
the shoreline. Data history of tsunamis and storm surges is generally used to determine the required height
of seawalls and coastal dikes [6].

Tsunamis that ultimately reach the beaches may generate a series of turbulent bores flowing directly
to shallow water or may collapse on coastal defense structures generating an overtopping flow. These
devastating waves can produce different structural failure mechanisms, including large-scale scouring and
sedimentation around the coastal structures [7]. Many post-tsunami field surveys conducted by
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researchers and engineers [6], [8-10] indicated that the scour at the landward toe of the seawalls or coastal
dikes induced by tsunami overtopping is the predominant cause of structural failure.

This study is an extension of a previous laboratory study [11] conducted to investigate the effects of
different flow parameters associated with tsunami bore on the scour profile at the landward toe of a
vertical seawall. In the present study, the breakwater was installed in the model, and the experiments were
conducted in the same previous physical model with the same flow conditions to observe the influences
of the breakwater. The bore-like tsunamis were generated using dam break technique in 100 m-long
flume and allowed to impinge and overtop the breakwater and then the seawall on a beach slope of 1:10.
The incident, overtopping bore characteristics, and the scour profile at landward toe of the seawall were
investigated before and after installing the breakwater model.

Background

The common techniques usually applied to determine and understand the local situations caused by
cyclones or tsunami waves include physical modeling, numerical modeling, and field survey after the
disaster. Shimozono and Sato [12] conducted extensive post-tsunami field surveys after the 2011 Tohoku
tsunami in Japan. Their study focused on the failure of concrete armored levees by local landward
scouring that was widely observed. They observed that the main cause of downstream breaching of the
concrete armored levees is the excessive scouring at the landward toe. The dominant cause of coastal dike
failure in the 2011 tsunami at the coasts of lwate, Miyagi, and Fukushima Prefectures is the excessive
scouring near the landward toe of the structures [6,8,13].

Tappin et al. [14] applied different techniques, including post-tsunami field observations, satellite
images, and videos, to investigate the tsunami impacts on the eastern Japan coastal zones and compared
the coasts with and without structural protections. They observed a severe scouring at the landside toe of
high concrete embankments at the hardly protected coasts. The impacts of coastal defense structures and
coastal forest and vegetation on mitigating tsunamis were investigated using field data and numerical
simulations [9,15]. The liquefaction associated with earthquakes, which decreases the effective stress,
was reported and investigated experimentally by [16]. They found that this phenomenon affects the scour
profile generated downstream of the seawall because of tsunami overtopping. El-bisy [17] investigated
the bed changes and influence of different parameters, including grain size of bed material, steepness of
wave, and position of seawall, on the scour phenomenon at the landward toe of the seawalls. Robertson et
al. [18] conducted laboratory experiments using the concept of solitary wave-like tsunami to investigate
the forces induced by tsunami bores on vertical seawalls. Jayaratne et al. [8] investigated the scour profile
downstream of coastal dike model generated by tsunami overtopping by applying dam break technique.
They observed that a strong relationship exists between downstream slope angle of the dike and the
maximum scour depth.

Predictive models

Tsunami overtopping discharge and scour induced by tsunamis are very complicated processes
because many parameters are involved. The studies that produced predictive models to calculate the
overtopping discharge and/or scour depth induced by tsunamis at the landward toe of seawalls are very
limited.

Scour depth

Jayaratne et al. [13] developed a representative scour depth model for coastal dikes based on the
field survey data of the 2011 Tohoku Tsunami. Jayaratne et al. [8] conducted a series of laboratory
experiments to analyze and refine the model. The developed model is presented in Eq. (1);

4
D: _ I h>0
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where D, is relative scour depth, H,, is the height of the coastal structure measured from the leeward toe,
h is inundation height, 8, is the angle of leeward slope, A is scour coefficient (= 0.85), and k is Darcy’s
coefficient of permeability (m/s).

The scours at the landward toe of coastal structures induced by the tsunamis in 2004 and 2011 were
measured and evaluated for many tsunami-affected cities [10,19]. Eq. (2), used for plunging scour and
developed by [20], was applied to evaluate and compare the measured results [10].
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where D, is scour depth, C,, is coefficient of scour taken as 2.8, and discharge per unit width g can be
calculated using the standard discharge equations for wide-crested weir [10], U is approaching jet velocity

=/2 g H,, and 6 is the angle between the horizontal and the jet.

Wave overtopping discharge

Tsunamis, storm surges, and other extreme waves may cause overtopping flow over the coastal
defense structures, such as seawalls, breakwaters, and dikes. Overtopping discharge is one of the critical
parameters required for coastal defense structures design. Many predictive formulas have been developed
and/or discussed by researchers [21-27] to predict wave overtopping discharges. However, most of these
predictive models are restricted with limited boundary conditions regarding breaking, offshore conditions,
and limited values of freeboard. One of the complicated conditions still under question is a long wave that
occurs because of wave breaking caused by very shallow foreshore conditions [28], and the other case is
overtopping at low and zero freeboard conditions [22].

A numerical model [29] was applied to estimate the wave overtopping discharge. The model was
compared with Eq. (3) expressed by Chadwick et al. [30], which was used to calculate the overtopping
discharge over broad-crested weir;

3
q = 1.705C,H? 3)
where q is the discharge over weir, H, is overflow height, and C, is discharge coefficient, presented as;

Ho
Hy+Hp
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where Hy is weir height, and B, is weir width.

The exponential Eq. (4) is widely used to predict the wave overtopping discharge for many types of
seawalls;

q
J9 Hino

where q is discharge per length, H,,, is spectral significant wave height, R, is freeboard, and a and b are
fitting coefficients. The left-hand side of Eq. (4) is called dimensionless overtopping discharge. In case of
nonbreaking wave overtopping vertical seawall, simple values, such as a = 0.2 and b = 4.3, can be used
for the fitting coefficients for relatively deep water; alternatively, a = 0.05 and b = 2.78 can be used for
the fitting coefficients for shallow water [22].

=aexp [—b ] “)
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Materials and methods

Model scaling

The physical models in hydraulic laboratories are small representations of real-world hydraulic
problems (prototypes). A suitable scale factor can be calculated by dividing the length of the prototype
over the model length, see Eq. (5). The scale factor should be kept as small as possible to minimize the
effects of scale. Scaling the conditions of a prototype to a physical model in the laboratory is challenging.
Geometric similarity can be achieved by keeping the shape the same as that of the prototype with
dimensions smaller than those of the physical model. Froude scaling is usually adopted to scale the
gravity-free surface flow as illustrated by Eq. (6), where v and d are the velocity and height of the
incoming jump, respectively [31]. Accordingly, the bore characteristics can be scaled by using Eq. (7) for
velocity and Eq. (8) for time. The scale of the model for this study is taken as L, = 20. The symbols T
and v represent time and velocity, and the letters m and p refer to model and prototype scales,
respectively.

L= 12 (5)
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E = \/ﬁ (6)
E = \/ﬁ (7)

I, = m\/L_r (8)

Experimental setup and instrumentation

The lab experiments were conducted at National Hydraulic Research Institute of Malaysia
(NAHRIM) in a 100 m-long flume with width and height of 1.5 and 2.0 m, respectively. An electrically
controlled steel gate was installed at 45 m from the back end of the flume. The part of the flume upstream
of the gate was utilized as a water tank storing water to the required level. The other part of the flume
length downstream of the gate was utilized for constructing the designed model, as shown in Figure 2.
One of the flume side walls provided with a glass wall supported by steel columns is shown in Figure 1.
All the experiments were conducted with and without breakwater to allow the effects of the breakwater
on bore characteristics and landward scour. A porous type breakwater with a height of 20 cm (4 m height
in prototype scale) was fixed on the flume bed at a distance of 5 m (100 m in prototype scale) upstream of
the seawall, as shown in Figure 2.

Six wave gauges were installed at selected locations to measure the water surface elevations, as
shown in Figure 2. The wave gauges were numbered from WP1 until WP6, where the name WP1
represents wave probe number 1. Readers can refer to [11] for other details about instrumentation. In the
beginning, the experiments were conducted for high, medium, and low relative depth conditions without
breakwater with 3 times repetition for each case. Then, the porous breakwater was fixed in the position,
Figure 3. Then, the experiments were repeated with breakwater for the 3 min cases with the same
previous hydraulic conditions. A typical scour profile photo is shown in Figure 4.

Figure 1 Wave flume at NAHRIM.
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Figure 2 Experimental setup schematic drawing.
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Figure 3 Photograph of the breakwater fixed on the flume.

Figure 4 Typical scour profile photograph [11].

Experimental details

The experiments were numbered from T1 to T6 with detailed conditions for all tests arranged, as
shown in Table 1. The symbols 4, and i, explained in Figure 2 and in Table 1 represent the water
levels of the upstream and downstream of the gate, respectively, immediately before the gate was opened

to generate bore-like tsunami.

Table 1 Tests details and conditions (values in model scale).

Test (hr;]‘) (,rlr?) Conditions
Tl 0.6 0.1 without breakwater/ low relative depth
T2 0.9 0.15 without breakwater/ medium relative depth
T3 1.2 0.2 without breakwater/ high relative depth
T4 0.6 0.1 with breakwater/ low relative depth
TS5 0.9 0.15 with breakwater/ medium relative depth
T6 1.2 0.2 with breakwater/ high relative depth




Trends Sci. 2022; 19(14): 4977 6 of 14

Results and discussion

The experiments were conducted by following the same arrangement, as shown in Table 1. Some
difficulties were encountered in taking the measurements and observations because the run time of each
experiment was very short. In addition, the scour measurements after each run could not be taken unless
the water drained totally from the sand layer, which takes a long time. However, all the required
measurements and observations were taken, and the results and discussion for each parameter effect were
presented separately in the following sections.

Breakwater effects on the scour profile and tsunami bore characteristics

The experiments T1 and T4 were assumed to represent the low relative depth condition without and
with breakwater, respectively. The reason is that the lowest value of the initial water level in these tests
was fixed at the front of the seawall and beach slope during testing. The water level upstream of the gate
was fixed at 0.6 m from the flume bed level, and the water level downstream of the gate was fixed at 0.1
m from the bed. Then, the gate was opened electrically for 10 s, and the water was allowed to free fast
flow because of the head difference upstream and downstream of the gate. The maximum bore velocities
for the low relative depth condition without and with breakwater were determined as 1.585 m/s (7.1 m/s
in prototype scale) and 1.427 m/s (6.4 m/s in prototype scale), respectively. The results of velocities for
this situation indicated that the velocity for test condition T4 (with breakwater) was less than that for test
condition T1 (without breakwater). The reduction in the bore velocity due to the existence of the
breakwater was approximately 10 %. The maximum bore height for these flow conditions was 3.8 m (in
prototype scale), occurring on the beach slope (without breakwater). The maximum bore height for this
case recorded by WP5 was 3.6 m on the prototype scale, occurring on the beach slope. The maximum
overtopping water thickness observed from the video was 0.05 cm (1.0 m on the prototype scale).
Therefore, the reduction of the bore height due to the introduction of the breakwater was 0.2 m or 5.3 %
of the height without breakwater. The maximum scour depth obtained without breakwater in T1 test was
5.8 cm (1.16 m in prototype scale), and that with breakwater in T4 test was 4.6 cm (0.92 m in prototype
scale). The maximum scour lengths from the landward face of the seawall for the 2 cases were nearly the
same, that is, 40 cm or 8 m in prototype scale.

The tests T2 and T5 represent the medium relative depth conditions without and with breakwater,
respectively. The water level upstream of the gate was fixed at 0.9 m from the flume bed level, and the
water level downstream of the gate was fixed at 0.15 m from the bed level of the flume. The run time and
other testing procedures were the same as those explained in low relative depth conditions. The maximum
bore velocities from these flow conditions were 1.807 m/s (8.1 m/s in prototype scale) and 1.793 m/s
(8.02 m/s in prototype scale) for tests T2 and T5, respectively. The reduction in the bore velocity due to
the introduction of breakwater in these flow conditions was approximately 1 % only. The maximum
height of the incident bore generated for these flow conditions was 0.43 m (8.6 m in prototype scale)
without breakwater and 0.33 m (6.6 m in prototype scale) with breakwater. The maximum scour depths
generated in this case without and with breakwater were 11.7 cm (2.34 m in prototype scale) and 11.1 cm
(2.22 m in prototype scale), respectively. From the other side, the scour length generated in the case of no
breakwater was 120 cm (24 m in prototype scale), whereas that generated with breakwater was 110 cm
(22 m in prototype scale) from the landward face of the seawall.

The tests T3 and T6 represent high relative depth conditions without and with breakwater,
respectively. The water level upstream of the gate was fixed at 1.2 m from the flume bed level, and the
water level downstream of the gate was fixed at 0.2 m from the bed level of the flume. The run time and
other testing procedures were the same as those explained in low and medium relative depth conditions.
The maximum bore velocities from these flow conditions were 2.08 m/s (9.3 m/s in prototype scale) and
2.06 m/s (9.21 m/s in prototype scale) for tests T3 and T6, respectively. The reduction in the bore velocity
due to the introduction of the breakwater in these flow conditions was also approximately 1 % only. The
maximum height of the incident bore generated for these flow conditions was 0.59 m (11.8 m in prototype
scale) without breakwater and 0.46 m (9.2 m in prototype scale) with breakwater. The maximum scour
depths generated in this case without and with breakwater were 11.9 cm (2.38 m in prototype scale) and
11.5 cm (2.3 m in prototype scale), respectively. From the other side, the scour length generated in the
case of no breakwater was 185 cm (37 m in prototype scale), which was more than that generated with
breakwater at 160 cm (32 m in prototype scale) from the landward face of the seawall.
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Overtopping velocity

The maximum flow velocities of the water overtopping seawall were measured using a current
meter fixed in an appropriate position at the top of the seawall model. The incident bore velocities for
different tests conditions are discussed in the preceding section, and the overtopping velocities recorded
for all tests conditions are summarized in Table 2. The experiments showed that the incident velocities
ranged from 6.4 to 9.3 m/s, and the overtopping velocities ranged from 0.22 to 5.68 m/s. These
experimental values were comparable with the tsunami velocities reported in some locations by field
survey [32] and video analysis [33] during the Indian Ocean Tsunami 2004 [34].

Initial relative depth (relative freeboard)

The results showed that the initial water depth 4, upstream of the seawall greatly affects the
induced scour profile downstream of the wall. High initial upstream depth (low freeboard height, R¢)
produced high scour depth D, and length L, at the landward toe of the seawall, and vice versa. The same
effect with different values was observed in the case of with or without the breakwater model. In general,
the flow resistance to the incoming bore is low because of the effect caused by high initial water depth.
Accordingly, this scenario results in a high overtopping discharge and high scour depth and length. The
non-dimensional relation is presented graphically in Figure 6. In these graphs, the term relative freeboard
R¢/hw is used instead of relative depth because the former is commonly used in similar studies. The graphs
showed negative trend relations of the correlation factors 0.77 and 0.97 with scour depth and length,
respectively. R is the elevation difference between seaward initial water level and crest level of the
seawall, and hy, is the clear height of the seawall.

A Horizontal Distance from the wall (cm)
0 50 100 150 200
— 0 Q -~ P
§ 2/ 7/ o
= 4 N/ e
5 6 X L
O 8 \\\ I,/
5 10 R e
S 12
—_——T] ===-- T2 T3
B . .
Horizontal Distance from the wall (cm)
0 50 100 150 200
0 5 /, -
E v’——‘
(&) \ > et
= 5 Y= 7
= /
§ \‘ /’,
2 10 S
- -
o
[&]
v 15
————— T5 T6 — —T4

Figure 5 Scour profiles generated at the landward toe of the seawall (A) Without breakwater [11]; (B)
with breakwater.
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Table 2 Overtopping velocities summary.

Overtopping velocity, v,

Test conditions (prototype) m/s

Tl 0.22
T2 3.98
T3 5.68
T4 0.13
T5 3.71
T6 541

R2=0.7705 AWithout BW < Wirh BW R2=0.9742 A Without BW ©With BW

0.70 00
0.60 80 A
0.50 8 7.0
2 040 5 80
S ey 5.0
A 0.30 @40
0.20 o 3.8
0.10 10
0.00 0.0
000  1.00 200 3.0 0.0 1.0 2.0 3.0
Rc/hw Rc/hw

Figure 6 Non-dimensional relationship between the seaward initial water level and the maximum scour
depth and length generated.

Bore height

Incident bore

Tsunami bore reaches its maximum height when it approaches shallow water near the coastline. In
this study, the term incident bore height represents the maximum height of the generated bore before
striking the seawall model. The experiments showed that direct proportion relations exist between the
incident bore height H,, and the induced scour depth and length. The graphs shown in Figure 7 represent
these relations. Moreover, the graphs indicated that strong positive relations exist between the parameters.

Overtopping bore

In general, the overflow water height (or sometimes water thickness) above the hydraulic structures
is the most important parameter governing the discharge quantity. Thus, its effects on the scour depth and
length landward of the seawall must be investigated. In this study, the overtopping flow height H, refers
to the maximum height of the overflowing water above the seawall model. The non-dimensional
relationships between this parameter and the scour depth and length induced by landward toe are shown
in Figure 8. The graphs indicated that strong positive relations exist between the parameters.
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Figure 7 Non-dimensional relationships between the incident bore height and the maximum scour depth
and length generated.
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Figure 8 Non-dimensional relationship between the overtopping bore height and the maximum scour
depth generated.

Froude Number

For incident bore

Froude number, an important parameter in hydraulics, determines the nature of the flow.
Furthermore, it is commonly used for model scaling in open-surface flow. In this study, the incident
Froude number F, for the incoming flow defined in terms of the incoming velocity v,, height of the
incoming bore H,, and gravitational acceleration g is described in Eq. (9).

Fp = \/;bT,, 9)

The non-dimensional relationship between the Froude number of the incoming flow and the
maximum scour depths and lengths is shown in Figure 9. The graphs showed a negative trend in both
cases with correlation factors 0.75 and 0.79 for relative scour depth and length, respectively. This
negative trend is related to the calculated values of Froude number according to these experimental
conditions. This trend may also be related to the flow states associated with different values of Froude
number. For instance, if the Froude number is 1 or more, the flow is critical with high flow velocity and
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relatively small flow depth. Thus, the scour downstream of the wall produced by the relatively fast flow
with low depth upstream of the wall is lower than that produced by the flow with high depth upstream of
the wall.

R?=0.7518 A Without BW <©With BW Rz2=0.7907  AWithout BW O With BW

0.70 9.00 =
0.60 8.00
0.50 7.00 N
' 6.00 =
30.40 55.00
A0.30 94.00
0.20 o 2-88
0.10 1.00 =
0.00 0.00
0.00 0.50 1.00 1.50 0.00 0.50 1.00 1.50
Fb Fb

Figure 9 Non-dimensional relationships between the Froude number of the incident bore and the scour
depth and length.

For Overtopping flow

In general, the overtopping flow characteristics directly affect the hydraulic environment
downstream of the hydraulic structures. A large amount of the flow energy upstream of the seawall
(seaward) is dissipated once the flow strikes the wall. Thus, the incident and overtopping Froude numbers
have an important difference. In this study, the overtopping Froude number E, is defined in terms of the
maximum overtopping velocity v, and the maximum flow height above the wall H,, as described in Eq.
(10);

F, = JQT (10)

The graphs in Figure 10 indicated strong positive relations between the overtopping Froude number
and the maximum induced scour depth and length. Furthermore, we observed by checking all the graphs
that the strongest relations were determined with F, and H,, where the maximum values of R? have
obtained. Thus, a simple predictive model (Eq. (11)) was proposed to consider the effects of both
parameters F, and H, on the maximum induced scour depth. The model is entirely based on these
experimental results.
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R? = 0.963 O With BW 9.0
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Figure 1 Non-dimensional relationship between the Froude number of the overtopping bore F,and, the
scour depth D, and length Lj.

Ds=(0.466 F, +0.217) h,, (11)

Overtopping discharge

Most of the conducted studies about tsunami physical modeling have adopted solitary wave
technique. Measuring the overtopping discharge of tsunami-like waves has not been covered well,
particularly in studies that used dam break technique. In the present study, the overtopping discharge was
not measured in the lab because of some difficulties, including a large amount of discharge in a very short
time. However, the authors attempted to use some existing equations used to calculate the overtopping
scour depth in terms of the overtopping discharge. Eq. (2) was applied in the calculations with 2 different
ways of calculating the overtopping discharge g for comparison.

First, the overtopping discharge q was calculated using Eq. (3), which was used for the flow over
the broad-crested weir. In this case, the flow in the model was assumed to behave as a broad-crested weir
overflow with maximum water depth H, above the crest. In addition, the coefficient of discharge C, was
calculated based on the model geometries described earlier. Second, the overtopping discharge was
calculated by applying Eq. (4), which was widely used in calculating the overtopping discharge for
ordinary waves. We have to assume a nonbreaking wave overtopping vertical seawall to make this
equation applicable.

The results of calculations are presented graphically in Figure 11 to compare the calculated and
experimental values. The graph showed that the calculated scour depth values based on the wave
overtopping discharge predicted by Eq. (4) are close to the experimental measurements.
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Figure 11 Measured and predicted maximum scour depth.

Conclusions

Tsunamis are the most devastating waves to the infrastructures in coastal cities, causing
considerable loss in lives. Seawalls are one of the most commonly used measures for protection from sea
waves, including tsunamis, and or mitigation of their effects. Providing full protection from tsunamis is a
challenge or maybe impossible, depending on the devastating power of tsunamis. However, the
construction of stable coastal defense structures against the worst conditions is essential in mitigating the
risks of tsunamis. Most of the post-tsunami field surveys revealed that the scour at the landward toe of the
seawall is the predominant cause of seawall failure after a tsunami. This laboratory study is intended to
investigate the process, and the conclusions can be summarized in the following points:

1) The experiments were conducted to investigate the effects of a breakwater and some flow
parameters on scour depth and length generated by tsunami at the landward toe of a vertical seawall.
Three different cases of relative depth conditions with and without breakwater were adopted. The scour
depth and length in low relative depth conditions are considerably smaller than those in the medium and
high relative depth conditions. Furthermore, the comparison between medium and high conditions
indicated that the scour depths are not considerably different, whereas the scour lengths are considerably
different, as shown in Figure 5.

2) The effects of a breakwater on reducing bore velocity and scour profile in low relative depth
conditions are higher than those in medium and high relative depth conditions. The reduction in bore
velocity in low relative depth conditions is approximately 10 %, whereas that in medium and high relative
depth conditions is approximately 1 %.

3) We determined by investigating the strength of the relation between the relative scour depth and
the specified flow parameters that the strongest relation exists with the overtopping Froude number F,.

Two different equations were used to calculate the overtopping discharge. One is the standard
broad-crested weir discharge equation, and the other is the general exponential equation for wave
overtopping. The results indicated that the calculated scour values based on the wave overtopping
discharge approach are closer to the experimentally measured scour values than those based on standard
broad-crested weir discharge equation.
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