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Influence of Relative Water Depth on Wave Run-up
Ove Cogtal Structures, Smooth Slopes

D. A. Perrisand J. J. Wijetunga

Abstract:

Thispaper describes an experimental study carried out in alaboratory wave flumeto quantify

the influence of the relative water depth on the wave run-up over a smooth sloping structure. The run-
up measurements were carried out over practically important ranges of the wave steepness, the relative
water depth and the structure slope. The results indicate an increase in the wave run-up at shallow
depths compared to deep water conditions. Thisincreaseis up to about 20% for plunging breakers and

isas much as 65% for surging breakers.
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1. Introduction

Wave run-up is one main parameter required to
determinethecrest level of coastal structuresthat
are designed for no or only marginal overtopping,
such as revetments, dikes, and breakwaters for
small-craft harbours. The wave run-up on a
coastal structure depends on the incident wave
properties as well as on the structure
characteristics such asthe dope angle, the surface
roughness, the water depth at the toe of the
structure and the slope angle of the foreshore.

The combined effect of the incident waves and
the slope angle of the structure on the wave run-
up over sopes has been investigated in detail, for
example, [1-6], among others. Further, Wijetunge
and Sarma [7] have examined the effect of the
surface roughness of the structure on the wave
run-up, and more recently, Peiris and Wijetunge
[8] have studied the influence of the dlope angle
of the foreshore on the wave run-up over smooth
dopes. However, very little detailed information
isavailable onthe effect of thewater depth at the
toe of the structure on the wave run-up. The
paucity of data on the effect of water depth on
the wave run-up is partly owing to the fact that
most laboratory experiments on wave run-up
over coastal structures have been conducted in
relatively deep water. Consequently, little is
known about the effect of wave transformation
at shallow depths including possible breaking of
waves due to the foreshore on the subsequent run-
up over coastal structures. The limited number
of experimental studies of wave run-up under
depth-limited conditions include those reported
in [9] and [10] with irregular waves breaking on
foreshoresinclined at 1:30 and 1:100, respectively.
They foundthat breaking of irregular waveson a

shallow foreshoreresultsin lower maximum run-
up heights, although higher mean run-up heights
could sometimes occur. However, an explanation
astowhat caused the higher mean run-up heights
in some of the tests is not provided. Moreover,
both these studies examined only the influence
of the foreshoreinduced breaking of higher wave
heights in an irregular wave train on the
subseguent wave run-up, so their measurements
have not been analysed in terms of the effect of
the water depth.

Accordingly, there is a need to further examine
the way in which depth-limited wave conditions
influence the wave run-up, particularly because
most coastal structuresin Sri Lanka are located
in shallow waters. Thus, the primary objective
of the present paper is to quantify the effect of
the relative water depth at the toe of the structure
on the wave run-up over a smooth sope for a
range of the relevant dimensionless parameters.

2 Experimental Set-up and
Procedure

Theexperimentswerecarried outinawave flume
in The Fluids Laboratory of University of
Peradeniya. Thisflume consists of aregular wave
generator and a 1275 m long, 0.52 m wide and
0.70 m deep Perspex walled channel (see Fig. 1).
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A wooden model of a sloping structure together
with a 2 m long foreshore was placed at the far
end of the channel. The inclination of both the
structure and the foreshore could be changed
according to the requirement.

A Perspex sheet was also placed on the face of
the model structure to obtain a smooth surface.
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Figure 1. Experimental set-up.

The wave parameters were recorded using an
Armfield H40, resistant type, twin-wire probe.
The use of a single probe meant that the wave
parameters could not be obtained at the toe of
the structure as the incident waves at alocation
so closeto the structure get distorted by thewaves
reflected from the structure itself in no time.
Therefore, the wave probe ought to be positioned
some distance away from the structure to enable
the recording of wave parameters before the
wavesreflected from the structure have had time
toreachtheprobe. Accordingly, after several trial
runsover arange of wave periods, the wave probe
was placed at alocation 4 minfront of the toe of
the structure. The wave records at this location
indicated that thereflected wavesreachthere only
after about 5 - 7 incident waves have passed the
probe. Accordingly, thewave parametersand the
corresponding run-up were always recorded for
an incident wave that had not been affected by
thereflectionsfromthestructure (i.e., usually for
the 5™ or the 6" wave). The wave parameters
obtained in this way may be considered as ‘deep
water’ conditions as the waves are yet to
transform over the sloping foreshore ahead of the
structure.

A video camerawas employed to obtain the wave
run-up on the slope. Thevideo clipsobtained in
this way were played on a Personal Computer
(PC) at 25 frames per second to obtain run-up
levels, averaged at 5 cmintervals across the ope.
Moreover, the run-up measurement for a given
wave setting was repeated twice and the average
wastaken. Preliminary tests of the repeatability

of the measurements indicated that the wave as
well as run-up records for a given wave setting
could be repeated with less than 5% deviation.

About 150 testswere performed in thisway over
arange of practically useful values of the wave
steepness as well as the water depth at the toe of
the structure.

3. Dimensional Analysis

We first identify the dimensionless groups
relevant to the present problem to facilitate the
interpretation of the experimental results. The
wave run-up (R) over a smooth, impermeable
dope under the present experimental conditions
depends on 7, the depth of water at thetoe of the
structure; g, the acceleration due to gravity; A,
the deep water wave height; T, the wave peri od
a, thedopeangle of thestructure; and (3, thedope
angle of theforeshore.

Thus, the non-dimensional run-up (R/H,) may
be expressed as a function of the following
dimensionless groups:

R R, d
— = —, = tana tan (3
A, e Ry e ( ] &

o

We now define a breaker parameter for wave
action dopes [11]:

tan o 2nH
Co— ' , where s, = L

v, ok

Following many previousinvestigations of wave
run-up ondopes (eg., [1, 3-11]), the present study
employs the breaker parameter {_ to represent
the dual dependence of the non-dimensional
waverun-up on H_/gT? and tan afor waves that
break on the structure.

4. Test Conditions

The test ranges of the main parameters relevant
to the present study are summarized in Table 1.
The measurements are available over arange of
¢, from 15 to 355 covering both the plunging
and the surging breaker types. The water depth
at the toe of the structure was lowered from 27
cmto O (corresponding range of water depthsin
the horizontal part of the tank was 48 cm to 21
cm) instepsof 1 cm, for eachvalueof ¢ All tests
were carried out with the foreshore in place, and
testswithout aslopingforeshore (i.e,, B = 0) were
not possible owing to the limitations of the wave
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flume. The run-up measurements have been
made for three different values of the structure
dope: a= 24.8 deg., 28.7 deg., and 32.7 deg. to
the horizontal. The dope angle of the foreshore
was kept at 3.7 deg. to the horizontal whilst its
length was about 1-2 times the wave length for
the range of waves tested. The foreshore dope
employed isrepresentative of field conditionsin
Si Lankathough itslength is constrained by the
comparatively shorter length of the flume.

Table 1; Test conditions.

Parameter Study range
H, 4.2-14.5cm
T 07-11s
a 0-27cm
a 24.8 - 32.7 deg.
8 3.7 deg.
d/H, 0-6
HJgT 0.005 - 0.023
o 15-35

5. Results and Discussion

Fig. 2 showssevera examplesof theway inwhich
the relative run-up (R/ Hvaries with the relative

water depth at the toe of the structure (4/4).

Note that the values of the wave steepness
HJgT have been confined to a narrow range
whilst keeping the dope angle of the foreshore as
well as the dlope angle of the structure constant
for each set of measurements.

WeseeinFig. 2 that &/ Ainitially increaseswith
4./ H,and reaches a peak value (segment AB of
the curves), then declines with further increase
of 4,H, (segment BC) before reaching a nearly
constant value for relative depths larger than
about 2 (segment CD). Accordingly, we see that,
athough R/ A is affected little or perhaps not at
al by the relative water depth at values of 7,4,
larger than about 2, the water depth does have a
significant influence on R/ A at low values of 7/
H,i.e,segmentsAB and BC.

We shall first consider the run-up records in
segment AB of thecurves. Asonewould expect,
the run-up records in segment AB were due to
waves that were breaking on the foreshore.
Consequently, itisnot surprising that R/ A/, inthe
foreshore induced breaking region reduces
gradually with decreasing 4,4, because waves
break progressively away from the toe of the

structure as 4/ Hjsreduced. Itisasointeresting
to examine the way in which the values of R/ H,
a 4/ H,- 0 vary with HJ ¢7%. Accordingly, Fig.
3 shows R/ H,atd H, = 0 over arange of HIJgT
for two different values of the slope of the
structure: = 24.8 deg. and 32.7 deg..

G4
B
2 %, C
- “aa
. Hy/gT?=0.0141-0.0161
. =248
Aw
. B
| A
| & D
2 I ‘-I ‘l“ s Aa 4 &
| F 5
1 g Ho/gT? = 0.0083 - 0.0090
|* =24.8°
A}
L
B
3\ Q. * c
2 g e ot * %D
»
o o Hy/gT? = 0.0051 — 0.0056
A+' =248
' B
L]
3] o %
| -]
2 | i - f e o ©°%°%00 D
: o
, '° Hy/gT? = 0.0062 - 0.0066
14" =237°
B
a
3 e®
a
i-X -]
2 - @ n(: ©o . o ] @ D
o uo g o P
[ Hy/gT? = 0.0050 - 0.0056
AB =27
0 1 2 3 4 5 6
d/H,

Figure 2: Examples of theway in which R/H,
varieswith d /H.
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Figure3: Variationwith of H/gT? of R/H atd /H,=0
(Values of ain degreesto the horizontal.)
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Fig. 3appearsto suggest that, asthewave stegpness
isreduced, R/ H,atd / H= 0 increases and reaches
a peak vaueof R/ H = 0.75 at H / g7"=0.007, before
beginning to decline towards zero. The curvein
Fig. 3 is drawn by eye through the data points
merely to indicate the trend.

On the other hand, wave breaking was primarily
due to the structure sope at values of 2/ Hin
segmentsBCand CD of thecurvesinFig. 2. Now,
an interesting question is what causes
significantly higher values of X/ A at low values
of 4,H,around the peak at B compared to higher
values of 4/ Hgay at C. S, to find aclue to the
processes that are responsible for this behaviour,
let ushaveacloser look at the eventimmediately
preceding the run-up, i.e, wave breaking.
Accordingly, video records of the wave breaking
and the subsequent run-up corresponding to data
pointsB and C were madethrough the side panels
of the wave channel, and still images of the time
frames immediately preceding the run-up were
obtained at /25 sintervals. Two such examples
of thetime sequence of wave breaking leading to
run-up onthedopeareshowninFig. 4 and Fig. 5
for plunging and surging breaker types,
respectively. The time sequence of wave motion
shown on the left side of each Figure (Case B)
correspondsto adatapoint at B (i.e, the peak in
run-up) whilst that on the right sde (Case C) is
for adatapointinthevicinity of C.

Case (C):d /H,>2

-~
Dy
9“

Case (B) : d /H, ~1.2
Bubbles of air in water that form in the
highly violent leading part of the breaking wave.

Figure 4. Examples of the time sequence of wave
breaking (plunging breakers) on the dope corresponding
to datapoints B and C (seeFig. 2.).

Now, for plunging breakers shownin Fig. 4, the
waveformsduring the breaking processfor case

(B) and case (C) appear tobequalitatively similar.
However, a closer ook reveals that, at the point
of breaking (i.e,, image no. 1 in time sequence for
Case B), the height of the wave above the still
water level (SWL) is, inthisinstance, about 20%
more than that in case (C), indicating a notable
increase in the height of wave above the SWL at
shallow depths. On the other hand, for surging
breakersshowninFig. 5, weimmediately seethat
the wave forms between the two cases are not
smilar. The video clip of case (B) for shalow
depth clearly showsthat, as the waves approach
the toe of the structure, the wave steepness
increases significantly and the waves pretend to
curl over and plunge on to the structure (time
sequence no. 1 for case B), but eventually just
surgingforward (2 & 3). If waveswereto break
in a more violent plunging action, there would
have been less energy left for the wave to run up
over thedope. But, asthat does not happen and
the waves just surge over the slope, one would
expect case (B) in Fig. 5 with alarger breaker
height to be associated with a comparatively
larger run-up.

”

-~ BWL

e i "7/ é T _w\;\.:._ s f E
T e S s structurc

foreshore

Case(B):d/H;~12 Cese(C):d /H >2

Figure 5. Examples of the time sequence of wave
breaking (surging breakers) on the slope
correspondingto data points B and C (seeFig. 2.).

However, incomparatively deep water (i.e., case
C in Fig. 5), there is no marked increase in the
wave steepness, and thewaves gently surge over
the dope of the structure.

The run-up measurements at each of the other
values of the wave steepness and the structure
dope covered in the present study too showed a
behaviour qualitatively similar to those described
above for plunging and surging breakers.

Theheight of thewave abovethe SWL at the point
of breaking was obtained from the till images
mentioned earlier, for all valuesof. { Thus, the
change in the height of wave above SWL at the
point of breaking with respect to the height of
wave above SWL measured at the middle of the
channel (i.e., 4 mahead of thetoe of the structure)
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was determined and the results are shown in Fig.
6. However, it must be mentioned that the wave
heights closer to the structure at the point of
breaking obtained fromthe still images aremuch
lessaccuratethanthewaveheightsobtainedfrom
using the wave gauge placed in the middl e of the
channel. The error of taking the wave heights
from the video images is estimated to be *5mm,
which isindicated in Fig. 6 in the form of error
bars. Notethat curve (B) isfor run-up records at
thepeak (point B in Fig. 2) whilst curve (C) isfor
those near point (C). Thenegative values of some
of the data points suggest a reduction in wave
height.
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Figure 6: Variation with £ of the changein
the height of the wave above SWL.

We seein Fig. 6 that, for plunging breakers (i.e.,
€, less than about 2.5), the wave height infront of
the structurejust before breaking is about 20% -
30% higher at B thanat C. Moreimportantly, the
data points that represent surging breakers (i.e,
¢, = 2.5,3.2 and 3.55) indicate that theincreasein
the wave height just before breaking at B is quite
substantial, over 100%, comparedtothat at C. At
first dght, this increase in the height of the wave
above the SWL and the conseguent increase in
R/H foboth plunging and surging breakers is,
perhaps, not entirely surprising as one would
expect thewavesto shoal over shallow foreshores
thus increasing the wave stegpness, and then the
higher breaker heights to give higher run-up
levels. However, wavesreflected by thestructure
interact with incident waves, and consequently,
wavetransformation ontheforeshorecould aso
be influenced by the hydraulic processes at the
structure. So, we need to estimate the
contribution from shoaling alone over the
foreshore dope without the structure in order to
quantify the effect, at least the order of magnitude,
of the presence of the structure on the wave field
in front of it.

Accordingly, the shoaling coefficient X at the toe
of the structure was determined using the small
amplitude wave theory for each value of ¢ and
forwaveconditionsrepresented by curves(B) and
(C) inFig. 6, and theresults are shown in Fig. 7.
It should be added that Shuto's [11] non-linear
theory for wave shoaling, which includes the
finite amplitude effect aswell, also givesthe same
valuefor K asthe small amplitudetheory, forthe
range of values of 4/ considered here. Now,
Fig. 7 clearly shows that the shoaling of waves
over the foreshore sope alone can account for
only less than 10% of the increase in wave height
at thepoint of breaking. Consequently, it appears
that the influence of the hydraulic responses
owing to the presence of the structure, further
aided by the shallow depths, islargely responsible
for the significant increase in the height of the
wave above the SWL closer to the structure.
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Figure 7: Variation with £ of the % change in wave
height due to shoaling.

We have already seen from the curves of wave
run-up variation with 4,4, that the run-up is
higher in segment BC and in part of AB than the
mean run-up for segment CD. Itisinteresting to
examine the range of 4,/ values in which R/ A
is higher than the mean R/ 4, for segment CD.
ThisisshowninFig. 3for al measurements over
arangeof valuesof { . TheinsetinFig. 8indicates
the region where shallow water effects could be
important in the design of coastdl structures. The
inset also identifies the lower bound (L) and the
upper bound (U) of 4,/ within which shallow
water depths could cause an increase in the run-
up, together with the 4,/ value corresponding
to the peak (P) in R/ A,

In Fig. 8, the symbols in black are those for
a = 24.8 deg. whilst the symbolsin grey are for
a= 32.7 deg. The curves that are drawn through
the datapointsfor the peak, thelower bound and
the upper bound of R/ H, despite the scatter of
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data are approximate lines to merely indicate the
range of values of 4 ;4 within which the shallow
water effects could be important. Accordingly,
we see that the peak value of &/ £, mostly occurs
a 4/H~ 12 whilst, on the whole, it appears
that shallow water could cause an increase in the
run- up for values of 4/ A falling between 0.8
and 2.

ds/Ho RH, Region where shallow water

influenceswaverun-up
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Figure 8: Range of d/H, in which shallow water
causes an increase in R/H,.

Fig. 9 shows the variation with ¢ of the peak
value of R/ H, (peak of run-up with 4 /H at B in
Fig. 2) as well as the mean value of R/ A, for

segment CD.  Apparently, the mean R/ H, for
segment CD (i.e., for 4,4, > 2) follow the usual

pattern of most previous measurements in
relatively deep water conditions, with an initial

increase of R/H with, {_reaching apeak at about
¢, = 25 before beginning to decline with further
increase of ¢ . The peak value of R/ H, (with 2/
H)) that occurs at 4 /H =12 too show a
qualitatively similar variation to that of the mean
R/ H,. However, the maximum value of the peak
R/ Hyvariationis shifted to around { = 3. Wealso

seethat the peak R/ Hjjis considerably larger than
the mean X/ H for { > 25, i.e, at values of { for
which wave breaking type issurging. One other

thingto noteisthat the peak values of R/ H scale
well with £, showing no significant dependency
on the dope angle of the structure (o).

We now examine in Fig. 10 the maximum
percentage increase of R/H,at low values of 2/
H withrespect to the meanvalue. Alsoindicated
on this figure are the types of wave breaking
obtained from the examination of video records
as well as from visual observations of wave
breaking on the structure.

1 15 2 25 3 35 4

Figure 9: Variation of { with the " peak” and " mean"
values of R/H, with d /H,. (Valuesof a in degreesto
thehorizontal.)

Accordingly, { < 2.5 belongsapproximately tothe
plunging breaker; 2.5 < < 3, to the collapsing
breaker; and { > 3, to the surging breaker.
However, it must be added that the change from
one type of breaker to another does not happen
suddenly, but over atransition region.

The broken line shown in Fig. 10 is drawn to
merely guidethe eyethrough the datapoints. We
see that the increase in R/ H, for plunging
breakers at low values of {_is about 20%.
However, this figure increases sharply through
the collapsing breaker region up to as much as
about 65% for surging breakers.

Finally, a word of caution. The wave run-up
measurements reported in the present paper have
been made over a smooth, impermeable slope.
The results are therefore applicable, barring any
scale effects, to smooth concrete slopes of
revetments and dikes employed in coast
protection. However, it is not entirely clear
whether or not the present measurements are
valid for rough dopes of coastal structures such
asrubble-mound breakwaters and revetmentsas
well. Therefore, further researchisin progressto
quantify the effect of the water depth on the wave
run-up over rough sopes too.
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Figurel0: Variationwith {_of themaximum
increasein R/H, at low values of d /H,
(Valuesof ain degreestothehorizontal.)

5. Conclusions

The following conclusions are drawn for the
range of conditions covered in the present
experiments of wave run-up over a smooth
sloping structure.

1) The relative wave run-up (R/H)initially
increases with the relative water depth at the toe
of the structure (4 ), reaches a peak value at
d,/H,=1.2, before beginning to fall and approach
a nearly constant value for 4,/ larger than
about 2.

2) The measurements also indicate that shalow

water effects are important for values of 2/,
falling between 0.8 and 2 with the maximum effect
occurringatd_/H =1.2.

3) The maximum percentage increase of R/ H, at
shallow water depths with respect to the mean
value in deep water (4/ Hp 2) is about 20% for
plunging breakers and about 65% for surging
breakers.
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