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This paper presents a laboratory study to investigate the wave overtopping over dike on the fringing reef with a
large steep fore-reef slope. The experimented models were set up in wave flume, considering three different
slopes of dike combined with various wave and still water levels and different roughness cases. The research
results indicate that wave overtopping over a dike on the fringing reef depends not only on the relative crest
freeboard but also on a synthetic parameter typical for the wave hydrodynamic properties of the fringing reef
characteristics and the slope of the dike. An empirical equation of wave overtopping discharge for dike on the
fringing reef was derived based on an equation in EurOtop2018 by adding new synthetic parameter, and the
comparison of the data from the new empirical formulas with the measured data showed good agreement. The
proposed equation of this paper has been applied to estimate wave overtopping discharge over dike on the
fringing reef having a large steep fore-reef slope.
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1. Introduction

As waves propagating across fringing reefs characterized
by shallow water depth, a pronounced transformation oc-
curs, influenced by factors like triad interaction, breaking
waves, bottom friction, and more. These factors contribute
to a distinct wave distribution on fringing reefs, setting
it apart from the wave propagation observed on gradual
near-shore beaches. The study of wave hydrodynamics on
fringing reefs has garnered global research interest in re-
cent decades, as indicated by numerous studies [1-4]. The
physical process of breaking incident waves on fringing
reef results in a reduction in the wave energy. Serious dam-
age and coastal inundation, however, often occur around
fringing reef because the ocean waves interacting with the
reefs cause wave breaking [5]. This leads to an increase in
the infragravity waves and mean water levels within the

fringing reefs [6]. Especially, long waves or infragravity
waves (IG) with a period of 20s to 200s which are generated
by the interaction of breaking wave groups with the reefs
and nonlinear wave resonance interactions are formed [3,
7, 8].

In addition, a wave setup of average water level on the
reef is created by wave breaking surrounding the fringing
reef [9, 10]. The reflection of long waves from the fringing
reef was a total reflection that makes standing waves and
trapped IG wave energy and with relevant conditions can
occur wave resonance across the reef flat [11]. The energy
resonance of IG waves combined with an increase in mean
water level on the reef flat is the main cause of large over-
topping and floods in the fringing reef with low ground
elevation or when fringing reef have a small reef width [1,
12, 13]. Wave overtopping is a product of wave runup surg-
ing over a shoreline of fringing reef. The wave runup is
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caused by reef morphology and incident wave interaction,
while the wave overtopping is determined by the ability to
accommodate runup surges of the fringing reef [14].

Research about wave overtopping on structures such as
dikes, breakwaters, sea walls, etc has a lot of achievements
and is being applied in the calculation and design of coastal
protection. Typically, various experimental investigations
of wave overtopping on shoreline structures have been con-
ducted by a large number of projects and studies [15-17].
The wave overtopping estimation of defensive structures
like sea dikes is obtained by using some classical formu-
las [18]. These empirical prediction formulae have been
modified and supplemented to be applicable to different
circumstances [19]. In a recent study, an equation estimat-
ing the overtopping discharge was proposed by Altomare
[20], in which the configuration of sea dikes was estimated
based on the full spectrum wave characteristics at shallow
foreshore.

Most of the studies on fringing reef with steep fore-reef
slope mainly stop studying the hydrodynamic on the reef
crest or reef flat, not mentioning the wave overtopping on
finging reef whereas the wave overtopping studies have
not mentioned the hydrodynamic mechanism is different
on the fringing reef. Therefore, the application of such em-
pirical formulas to defended structures on offshore islands
or reef environments is still an unanswered question. Cur-
rently, there are still very few studies on wave overtopping
over structure construction on the fringing reef. A typical
research of a wave overtopping a structure on fringing reef
is the studies wave overtopping over impermeable seawall
on fringing reef by Y. Liu [21] and followed by the develop-
ment of an artificial intelligence network tool for predicting
wave overtopping [22]. However, wave overtopping across
dikes, which is very common, has not been addressed in
this study. Besides, there is a study by E. Beetham [1] with
a dataset of 60,000 different numerical model scenarios that
limit the occurrence of waves overtopping on finging reef,
but there is no empirical formula to calculate the wave
overtopping. In 2023, a part in study of Gao [23] focused
on wave overtopping over seawalls on a reef flat and also
provided a formula for calculating wave overtopping. The
location of the dike in this study is situated in the middle
of the reef flat, where wave overtopping will be influenced
by waves behind the dike, unlike the case will studied in
the paper, where the dike is positioned at the end of the
reef flat, at the shoreline of the fringing reef. The formula
in study of Gao does not account for the water depth on
reef flat, a significant factor affecting wave propagation
and overtopping, with water level variations on the reef
flat being relatively small (less than 2.5m) compared to the
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Fig. 1. Cross-section of the fringing reef (actual shape).

conditions at the fringing reefs of Vietnam, where water
depth on the reef flat ranges from 2 to 6 meters. Therefore,
this formula is not applicable to the case studied in the this
paper.

The paper delve deeper into research and propose a
formula for calculating wave overtopping over dike built
at the shoreline of a fringing reef, under boundary condi-
tions suitable for the Vietnam region. Experiment work
was carried out in a 2D wave flume, in which only planar
problems or wave propagation processes are considered
in the direction perpendicular to the fringing reef. Three-
dimensional effects due to bottom topography or oblique
incident waves are not considered in this work.

2. Experiments and methods

2.1. Physical model

The experiments with the physical model were set up in a
wave flume with dimensions of 45m in length, a working
section that is 1.0m wide, and a height of 1.2m. This is a
modern wave flume that has conducted numerous pub-
lished studies [4, 24, 25] with highly accurate sensors and
an Active Reflection Compensation (ARC-Deltares) system,
which reduces the reflected waves from the wave absorber.

Based on the topographical survey data from several
fringing reefs, the cross-sectional features quite intricate,
as depicted in Fig. 1. The lower fore-reef slope is located
in deep water, featuring a steep slope ranging from 1/1 to
1/2 and a water depth exceeding 40 meters in the direction
of wave propagation. Moving on to the fore-reef slope,
the water depth ranges from -40m to -15m, with a gentler
gradient varying from 1/5 to 1/15. This region also experi-
ences strong interaction between waves and the fringing
reef. Afterward, the waves propagate into the reef flat area,
which can extend from a few hundred meters to several
kilometers in length, with relatively shallow water depths
ranging from 2m to 6m.

The length scale of the physical model, calculated as
Np, = 40 using Froude’s scale law, is based on the charac-
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Fig. 2. Experimental layout of the physical model in the
wave flume
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Fig. 3. Cross-sectional view of physical models with
different slopes

teristics of the fringing reef and the wave flume capacity.
The model’s time scale is consequently Nt = 6.32.

The experimental setup is illustrated in Figure 2, show-
ing a fringing reef model with a height of 0.50 m and a
width of B = 9.5 m ( 380 m in the prototype condition),
covered by smooth concrete mortar. This study focuses
exclusively on a fore-reef slope of i = 1/5. According to
the findings of Tuan and Cuong in 2019 [25], this value
exhibits slight impact on wave hydrodynamics in fringing
reefs, when varied within the range i = 1/5 to 1/10.

The wave-overtopping experiments are conducted with
three models (MH1, MH2, and MH3) with different slopes,
tana =1/2,1/3,1/4.27. Besides, another model is copied
from MHI (tana = 1/2), yet has a bottom roughness (de-
noted as MH1-R) (see Table 1). All physical models have
a height of 0.35 m , and the inclined surface consists of
wooden planks (see Figure 3).

Six wave gauges are arranged in all three zones, as
shown in Figure 1. Specifically, WG1, WG2, and WG3
are positioned in deep water to measure incident waves,
WG4 is placed in the reef-edge surf zone to record breaking
waves, and WG5 and WG6 are located outside the surf
zone to capture waves. Additionally, flow velocity in front
of the toe of the structure is measured using a Vectrino-
II 3D flowmeter combined with WG6 (see Fig. 2). Waves
overtopping over the structure during the experiment were
collected by a water inlet tray ( 20 cm wide tray placed at
the centre of the structure crest) into the tank. The total
volume of wave overtopping discharge is measured to de-
termine the average overtopping discharge. Some images
captured during the experimental process are presented in

Fig. 4. Images captured during the experimental process:

(a) Test section in wave flume, (b) Wave gause and
Vectrino-II 3-D flowmeter, (c) System collection waves
overtopping, (d) Waves overtopping over dike crest

Fig. 4.

2.2. Experimental procedure

Experimental scenarios for a fringing reef model case are
combined from different wave parameters and water depth
on the reef flat. The variation range of these parameters
must be wide enough, fully covering the actual conditions
of the wave impact on the fringing reef so that the wave
overtopping can occur from a small to large extent. The
total number of test cases is 144, with the running test time
for each test case being long enough to obtain at least 1000
single waves. Table 1 lists the scenarios that were combined
for the tested models.

2.2.1. Experimental wave scenarios

Based on the statistical analysis of extreme waves in ref-
erences [26, 27], the significant wave height (H,,9) ranges
from 5.0 m to 8.0 m , while the peak wave period (Tp)
varies between 8 s and 12 s . Considering a wide range of
actual conditions in the study area and capacity of flume
this experimental study considers wave parameters in Ta-
ble 1. Random wave at boundary that produces a JON-
SWAP spectrum with ¢y = 1.25 and the common wave
slope varies from 0.03 to 0.04 .

2.2.2. Water depth on the reef flat

The water depth (D) on the reef flat is defined as the vertical
distance between the bottom of the reef flat and the water
level. The scenarios for water depth on the reef flat were
selected based on the actual characteristics of the fringing
reef, with three scenarios for the water depths (d) set at
0.17 m,0.20 m, and 0.23 m (see Table 1).
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Table 1. Summary of experimental cases of wave overtopping

Physical models

Water level (slope tana )

Wave parameter

in deep water Experiment time

d(m) R¢(m) Hmo(m)  Tp(s) (minute)
0.08 1.10 18
0.08 1.30 22
0.10 1.30 22
0.10 1.50 25
0.17 0.18 MH1 : tana = 1/2 0.12 1.40 23
0.20 015 MHI1-R: tana = 1/2+ roughness 0.12 1.60 27
0.23 012 MH2: tana = 1/3 0.14 1.50 25
' ’ MH3: tana = 1/4.27 0.14 1.70 28
0.16 1.60 27
0.16 1.80 30
0.18 1.70 28
0.18 2.00 33
(Total: 3Rc x 4 Model x 12 Wave parameter = 144 cases)
2.2.3. Data processing
Significant wave heights and spectral periods were defined _4_//4‘ ~ WJ N -
following Egs. (1) and (2): o
fu N'//\MV\“ - “ELM\M\\W* o
Hyo = 4.004 /g = 4.004 /f S(Hdf @) A I
L owe i wee
MM’W&“’“HA, - ;Vm/‘/“‘f\%ﬁ‘/vxwvw

moy R FIS(df
L

Where f = wave frequency with lower frequency f; =

0.025 Hz and upper frequency fi; = 2.5 Hz, S(f) = spectral

@)

density, m_; and my is the spectral moment.
The incident and reflected wave heights are calculated
with the relation of the Eq. (3):

Huo
HmOi Z

, :72
J1+K%

The reflection coefficient in front of the toe of the struc-

®)

ture is determined as the following Eq. (4) base on the
research from Sheremet [10].

.
K% = s

rt =

35 [Cogn (f) £ (2/78)Cog (f) + (d/8)Cou (£)]

@)
In which, F - and F+ are seaward and shoreward energy
fluxes, respectively. Co; and Couu are wave and cross-
shore velocity spectral density respectively; Coyy is 17-u co-
spectrum; d is water depth, g is gravity and f is frequency.
The analysis of wave reflection utilized data recorded by a
three-gauge array in the deep water, following the method-
ology outlined by J . Zelt and J. E. Skjelbreia [26].

Fig. 5. Wave spectral transformation under Hp,o =
0.16m, T, = 1.8 s(MH1)

Mean wave overtopping discharge q (m?/s/m) is cal-
culated by the Eq.(5):

_ Vovt
to

©)

With Veye (m®) is total volume wave overtopping in
during experimental period to( s).

3. Results and discussion

3.1. Characteristics of wave on the reef flat

When waves propagate across the fringing reef the effect
of the reef-flat shallowness makes a transformation process
and wave energy attenuation will occur due to the influ-
ence of effects such as wave breaking, and resonance triad
interactions, bottom friction. In particular, the formation of
IG waves is generated by the interaction of wave groups
[27] and mainly due to fluctuations of the breaking point
[28].

IG waves after forming in the breaking zone can also
continue to develop due to triad interactions during propa-
gation on the reef flat [3, 8]. Fig. 5 shows the strong trans-
formation of the wave spectrum (MH1), showing the for-
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mation and development of IG waves on the fringing reef.

Along the wave propagation direction, the energy of short
(Egs ~ HmO - SSZ> 18
rapidly attenuated and therefore the energy of IG wave

wave (hereinafter denoted as SS)

(Eig ~ Hmoo1c?) gradually has a significant proportion
in the nearshore regions (accounting for 20% of the total
wave energy in the nearshore regions, see Fig. 6 ). The
role of IG waves needs to be appropriately included in the
measurement of wave overtopping on the fringing reef.
The  distribution of wave  characteristics
(Hmo—ss, Hmo—1G, and Tp,_10) in case MH1-D20H12T16
in Fig. 7 shows the SS wave attenuating rapidly behind
the breaking zone at the reef crest, while the IG wave
tends to increase slightly. At an enough long distance
close to the nearshore of fringing reef, the SS and IG
wave heights remained stable. The characteristic spectral
period increases slightly behind the breaking zone on the

u|
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Fig. 8. Variation of the Ty,,_1 o period along the reef flat
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Fig. 9. Effect of slope on overtopping wave

nearshore of fringing reef (see Figure 8). The results show
that the period Tp,_10 is generally 1.1 - 1.7 times larger
than that in the deep water and increases gradually in the
direction of wave propagation. Waves in nearshore of
fringing reefhave long periods due to the role of IG waves
in this area. Effect of wave overtopping parameters over
dikes on the fringing reef.

3.1.1. Relative crest freeboard, R./Hmo

The results presented above show the similarities to the
wave overtopping over other traditional defended struc-
tures. Wave overtopping over sloping structures on the
fringing reef is also inversely proportional to relative crest
freeboard R. / Hyy following the exponential rule (see Fig. 9
). This is also the parameter that mainly influences the wave
overtopping.

3.1.2. Wave steepness and wave period
Figure 10 shows the relationship between the dimension-

less overtopping discharge Q = g/ ( gHm0)3> 12 and the
wave steepness s,,_1 o with the same range of relative crest
freeboard, R;/Hy,o. It can be seen that, unlike EurOtop-
2018 for non-breaking waves, the wave period has a cer-
tain influence on the overtopping wave over the structure.
With the same R/ Hy,, the longer the wave, the larger the
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overtopping wave will be. The effect of the wave period
becomes larger when R./H,,o is smaller (relative slope
Q ~ sy_1, is larger). In addition, the results in Figure 10
show a clear influence of structure slope, especially when
R/ Hyyp is large (R¢/ Hyo > 1.0).

3.1.3. Effects of the relative reef-flat shallowness and infra-
gravity waves

The relative reef-flat shallowness (i.e., the ratio of the water
depth over the reef flat (d) to the offshore incident wave
height (Hy0,0) , Himo0/d is a parameter that has an impor-
tant influence on the wave hydrodynamic properties on the
fringing reef [25, 29]. The relative reef-flat shallowness has
a dominant influence on the formation and development
of IG waves, wave setup, and the relative proportion of SS
wave and IG wave compared to the total wave energy, as
shown in Fig. 6 [3, 7].

Fig. 11 shows the correlation from experimental data
between the dimensionless overtopping discharge Q and
the IG and SS wave height densities in the total wave
height (incident wave determined in front of the struc-
ture at wave gauges WG6). It can be seen that although
the long wave has a rather small density in the total wave
(Hmo, 16/ Hyoi = 0.2 — 0.4, Fig. 11a), the wave overtopping
discharge is quite sensitive to the increase in the density
of the IG wave, Q increases rapidly when Hy,g 1/ Hpoi
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Fig. 12. The increase in the proportion of IG waves (at
WG6) is influenced by the relative reef-flat shallowness
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Fig. 13. Effect of Hp,/d on the characteristic spectral
period in front of the toe of the structure.

increases with each case of water depth on the reef flat
(crest freeboard R. ). Whereas short waves account for a
large proportion of the total wave and have less variation
(Hmo,ss/ Hmoi = 0.92 — 0.98, Fig. 11b). However, in the op-
posite direction, the wave overtopping discharge tends to
decrease when the proportion of SS wave in the total wave

increases.

The proportion of IG wave height in the total wave
Hy0-16/ Hpoi (at WG6) is ultimately dominated by the rel-
ative reef-flat shallowness Hy,00/d as shown in Fig. 12. In
general, the density of IG wave increases when the shallow-
ness of the reef flat increases, that is, the difference between
the wave height in deep water and the water depth on the
reef flat is larger. This is also consistent with previous stud-
ies as described above. Besides that, the influence of the
ratio Hy,00/d on the overtopping is through the distortion
of the wave spectrum (frequency redistribution) which is
reflected through the characteristic period of the spectrum,
T;u—1,0, at the front of the structure (WG6), as shown in
Fig. 13. Accordingly, the ratio Ty,_1 90—t/ Tyy—1,0—0 increases
when the relative reef-flat shallowness H,, /d increases.
Basically, the effect of wave period or wave steepness (see
Fig. 10) on the wave overtopping is reflected through the
shallowness of the reef flat.
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3.1.4. The synthetic effect parameter (x)

As analyzed above, the wave overtopping over dikes on
the fringing reef depends on the relative crest freeboard
Rc/Hpyp, the relative reef-flat shallowness H,,00/d, and
the slope of the dikes. In this study, we propose a new
parameter x :

1/2
X = ( Hr:iO,O ) cos « (6)

From Eq. (6), the dependence of the dimensionless over-
topping discharge Q on x from the experimental data is
shown in Figure 14 for each case of different water levels. It
is clear that Q tends to increase slightly when x increases.

3.2. Development of a new empirical formula for wave
overtopping over a sloping structure on a fringing
reef

Waves overtopping over sloping structures (dikes, break-

waters) are divided into two cases: Breaking and non-

breaking waves on the slope of structures. Wave over-
topping discharge mainly depends on the relative crest
freeboard R./H,,. In case of wave breaking, the over-
topping discharge depends on the Iribarren number. The
average overtopping discharge is determined for each case
as follows Egs. (7) and (8):
Breaking wave (¢m_10 < 2.0):

q =

\/8H310
0.023 R, )1-3
S E oexp | — (27—
\/tanocgm 10 p{ ( Em—1,0Hmo

Non-breaking wave (&,,_1,0 > 2.0) :

1.3
1 —0.09exp |— (1.5 Re > ®)
gHy o Hmo

In which, g is the mean overtopping discharge per meter

@)

structure width (m®/s/m); R, is the crest freeboard of

structures; « is the slope of the front face of the structure;
H,, is incident wave height at the toe of structures; §,,,_1 9
is Iribarren number is defined by Eq. (9):

tanu«

Cm—10 = ——— )
27tH o

8T 10

Note that in the above formulas, in the case study, in-
fluence for the roughness of or on the slope, oblique wave
attack, a berm, and vertical wall on the slope are ignored.
The reliability of Eq. (7) is given by ¢(0.023) = 0.003 and
0(2.7) = 0.20, and of Eq. (8) by ¢(0.09) = 0.0135 and
0 (1.5) = 0.15. From these values, a 90% or 95% confidence
band can be constructed.

It can be seen that the majority of experimental data
(123/150) are seen in the case of non-breaking waves. This
is because the wave period becomes longer with the ap-
pearance of IG waves on the slope of the structure. The
data points fall into the case of wave breaking on the slope
when the wave has a short period (where the relative water
depth on the slope is large, the wave breaks less on the
slope and has little variation) and the structure has a gentle
slope (tana = 1/4.27). Therefore, in this study, we will
consider all the data together without distinguishing be-
tween breaking and non-breaking waves on the slope of
the structure.

From the correlation analysis about the dominance of
the parameters in the above sections and based on the for-
mula for calculating the wave overtopping over the dikes
on the beach of EurOtop-2018 Eq. (8) , the empirical for-
mula for calculating the wave overtopping over the dikes
on the fringing reef is proposed as follows Eq. (10):

ol ()] o

In which, band ¢ are the experimental coefficients as

3
gHmO

determined by Eq. (8), 2 and m are the experimental coef-
ficients determined according to the results of regression
analysis with experimental data for the case fringing reef.
To adjust Eq. (8) with additional consideration of fringing
reef influencing factors, the coefficients b and ¢ will need
to be kept the same (i.e. b = 1.5and ¢ = 1.3 ), a and m will
be determined based on the experimental data set of the
study.

Transform from Eq. (10), it is rewritten as below:




1500 Ho Duc Dat et al.

018

016

014

012

©

041

9%

008

006

004

002

Fig. 15. Regression analysis relationship between Q ~ x

0015

4
+
+

Calculated Q (-)

0.005

0 0005 001 0015

Fig. 16. Comparison between experimental and calculated
data.

The results of the regression analysis of Eq. (11) with
experimental data are shown in Fig. 15. The empirical
coefficients in Eq. (10) are determined as m = 1.90 and a =
0.090 (0.085,0.096). Interestingly, the empirical coefficient a
is constant compared to the original Eq. (8) of EurOtop-2018
(a = 0.09). Finally, Eq. (10) is rewritten as:

_ . q  _ L ™
Q= =0.09-exp | — 1.50H X
gH?no o
(12)
Thus, compared with Egs. (8) and (12) differs only in

1'90) which accounts for the

the last term on the right (x
difference in wave hydrodynamics on fringing reefs com-
pared to the case on beaches. Figure 16 shows the results
of calculating the dimensionless overtopping discharge Q
according to Eq. (12) when compared with the experimen-
tal data. The agreement between experimental calculations
is quite good (R? = 0.81).

Wave overtopping data according to Eq. (12) and shown
in Fig. 17 . It can be seen that, with the new experimental
formula, the experimental data points have significantly
reduced dispersion and are quite well concentrated around
the mean regression line. The wave overtopping Eq. (12)
has the scope of an application according to the variation
range of the experimental parameters as follows:

Crest relative freeboard: R./H,,g = 0.95 — 3.15

Relative reef-flat shallowness: Hy,00/d = 0.32 — 1.08

Incident wave height in deep water boundary: Hy,00 =

107" -
O Experiments] dats (sl
—— MNew equation (average)
-- £50%

! DIE.S 1 1 .‘5 2 2‘5 3 35
Fig. 17. Data of wave overtopping over dikes on the
fringing reef.

3.0-85m
Incident wave period in deep water boundary: T;,,_1 9 =
6.5—-135s

4. Conclusion

The paper investigates and enhances the calculation
methodology for wave overtopping over a dike on fring-
ing reefs during both design and flood assessment in areas
built on fringing reefs through physical model experiments.
These experiments were elaborately conducted in the wave
flume with 144 scenarios, combining four physical models
with various wave and still water levels.

The research results demonstrate a significant transfor-
mation of waves as they propagate from deep water areas
to shallow water reef flats, particularly the formation of
IG waves with wave periods increasing from 1.1 to 1.7
times the deep-water wave period. The contribution of IG
wave energy increases to approximately 20% of the total
wave energy in the toe of the area, and this contribution is
proportional to the wave overtopping discharge.The wave
overtopping over the dikes on the fringing reef, in addition
to the dominant influence of the relative crest freeboard,
also depends on a synthetic parameter which typical for
the wave hydrodynamic properties that affect the wave
overtopping on the fringing reef.

An empirical formula Eq. (12) for wave overtopping
over dikes on the fringing reef based on the original for-
mula of EurOtop-2018 for dikes on beaches in case of non-
breaking waves. This is a new formulation and a dedication
of the paper on theoretical development.

Eq. (12) has been practically applied to calculate the
wave overtopping over dike on the fringing reef and to
mitigate wave-overtopping,ensuringthe safety of the struc-
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tures on fringing reefs in Vietnam. Currently, the systems
to mitigate wave-overtopping is working well. This for-
mula can be applied to other fringing reefs in different
areas with wave parameters in deep water boundaries:
Hyo0 = 3.0-85m,T,_19 = 6.5—13.5s, relative reef-
flat shallowness: H,,00/d = 0.32 — 1.08 and crest relative
freeboard: R./Hy,p = 0.95 — 3.15.The study of wave over-
topping over a dike on a fringing reef has positive results.
However, the study has so far only considered the one-
dimensional problem and simple structure forms. The re-
search direction will continue to investigate the influence of
three-dimensional problems and complex structure forms,
and providing solutions to mitigate wave overtopping over
structures.
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