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ABSTRACT

Monochromatic wave overtopping over the crest of an impermeable coastal
structure located on a sloping beach is predicted numerically by expanding the
numerical model developed previously for predicting wave run-up on such a
structure located on the horizontal seabed. The expanded numerical model
predicts the temporal variations of the velocity and depth of the flow over
the crest of the structure from which the average overtopping rate per unit
width is computed. The model accounts for the effect of wave shoaling on the
sloping beach in front of the structure located in relatively shallow water,
The computed average overtopping rates are shown to be in agreement with
available small-scale test data for which smooth impermeable structures were
fronted by a 1:10 slope. The numerical model also predicts the decrease of
wave reflection due to the increase of wave overtopping. However, more
detailed measurements will be required to further calibrate and evaluate the
numerical model which may be extended to examine the armor stability of
overtopped breakwaters since the numerical model predicts the fluid velocity

and acceleration required for the armor stability analysis.
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NUMERTCAL PREDICTION OF WAVE OVERTOPPING ON COASTAL STRUCTURES

PART T: TINTRODUCTION

Background

Wave overtopping on a coastal structure is important for determining the
required crest height of the structure. Prediction of wave overtopping on
coastal structures is presently based on hydraulic model tests and empirical
formulas. Only the volume of overtopped water during a specified time
interval was measured in typical hydraulic model tests (e.g., Saville 1955;
Jensen and Sorensen 1979). Accordingly, available empirical formulas based on
the measured volume of overtopped water such as the formula proposed by Weggel
(1976) and given in the Shore Protection Manual (U.S. Army CERC 1984), here-
after referred to as SPM, predict only the average rate of wave overtopping
and do not give any information on the temporal wvariations of the water
velocity and depth during wave overtopping.

The average overtopping rate may be sufficient for determining the
required drainage capacity. However, the velocity and depth of the water
overtopping the crest of the structure are required to assess the severity of
the damage caused by wave overtopping (e.g., Lording and Scott 1971:; Jensen
1983). Furthermore, empirical formulas are limited to the structural geometry
and wave conditions examined in the model tests and are not versatile enough
to deal with various combinations of different coastal structures and incident
wave characteristics. As a result, it is desirable to develop a numerical
model to fill the gap between empirical formulas and site-specific hydraulic

model tests.



Scope

The numerical model developed by Kobayashi et al. (1987) for predicting
the uprush and downrush of normally incident waves on rough impermeable slopes
is expanded to predict wave overtopping over the specified crest geometry of
an impermeable coastal structure located on a sloping beach. The related
problem of wave transmission by overtopping (e.g., Cross and Sollitt 1972;
Seelig 1980) and through a porous rubble-mound breakwater (e.g., Madsen and
White 1976) is not considered herein. Moreover, the randomness of incident
wind waves, the permeability of a rubble structure and the stability of armor
units are not examined in this report.

Kobayashi et al. (1987) showed that their numerical model was in
agreement with available test data on run-up, run-down and reflection of
monochromatic waves plunging, collapsing and surging on uniform and composite
riprap slopes. Kobayashi and Greenwald (1988) conducted small-scale tests
using a 1:3 pgravel slope with an impermeable base to further calibrate and
evaluate the numerical model. The calibrated model was shown to be capable of
predicting the measured temporal variations of the hydrodynamic quantities on
the rough impermeable slope. Moreover, Kobayashi and Watson (1987) showed
that the numerical model could also be applied to smooth impermeable slopes by
adjusting the friction factor associated with the slope roughness.

The numerical model is expanded herein to allow wave shoaling on the
beach in front of the structure as well as wave overtopping at the landward
edge of the crest of the structure located above the still water level. The
average overtopping rate 1s calculated from the predicted instantaneous
overtopping rate. The expanded numerical model is then shown to yield

agreement with the small-scale data of monochromatic wave overtopping on



smooth impermeable structures summarized by Saville (1955). It should be
stated that a concise version of this report will be published elsewhere

(Kobayashi and Wurjanto 1989).



PART TI: NUMERICAL MODEL

Governing FEquations

The two-dimensional coordinate system (x', z') used in this report is
defined in Fig. 1 in which the prime indicates the physical variables. Fig. 1
also shows the slope geometry for the tests of Saville (1955) with which the
modified numerical model will later be compared. In the following, the
problem is formulated in a general manner. The x’-coordinate is taken to be
positive in the landward direction with x'=0 at the water depth dé below the
still water level (SWL) where the incident wave train is specified as input.
The z'-coordinate is taken to be positive upward with z'=0 at SWL. The water
depth dé and the wvariation of the local slope angle §' with respect to x' are
used to specify any slope geometry in the computation domain 0 < x' < xé where
xé is the x'’-coordinate of the landward edge of the slope which is assumed to
be located above SWL. In Fig. 1, tand’ is 0.1 in front of the structure,
tanfg on the structure slope and zero on the crest of the structure.

Assuming that the pressure is hydrostatic below the instantaneous free
surface located at z’=n', Kobayashi et al. (1987) used the following equations
for mass and x'-momentum integrated from the assumed impermeable bottom to the

free surface

5h' 3 -
3cT T 3xr (B'w) =0 (1)
— ER T T

e (h'u') + T (h'u'<) gh ey P (2)

in which t’=time; h'=instantaneous water depth; u'’=instantaneous depth-

averaged horizontal velocity; g=gravitational acceleration; n'’= instantaneous
- ' -

free surface elevation above SWL; rp = bottom shear stress; and p = fluid

density, which is assumed constant.
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The bottom shear stress is expressed as

b = 3 £ 0w (3)
in which f'=bottom friction factor which is assumed to be constant for given
slope roughness characteristics neglecting the effect of viscosity. Kobayashi
and Watson (1987) compared the numerical model with the empirical formulas for
wave run-up and reflection proposed by Ahrens and Martin (1985) and Seelig
(1983), respectively. Their limited calibration indicated that f£f'=0.05 or
less for small-scale smooth slopes, although the computed results were not
very sensitive to the value of f'. Consequently, f' = 0.05 is used for the

subsequent computation.

Numerical Method

Denoting the characteristic wave period and height by T' and Hé,

respectively, the following dimensionless variables are introduced:

t! <! . Xé . u'

t=fr 5 x=—S— [ xg=—2—; u- (4)

v (5% vig e

1) hn‘ ' 't

z=% ; n=-1 ; p=L ; 4 =2 ()
Ho Ho Ho Ho

o = T'| ﬁT ;y 0 =otand' ; f = % of’ (6)

)

in which o=dimensionless parameter related to wave steepness; #=normalized
gradient of the slope; and f=normalized friction factor.

In terms of the normalized coordinate system, the slope geometry in the
computation domain is given by

X
z = I fdx — d¢ ; for 0 < x < x4 (7)
0



For normally incident monochromatic waves, the characteristic period and
height used for the normalization are taken to be the period and height of the
monochromatic wave. Since the wave height varies due to wave shoaling, it is
required to specify the location where the wvalue of H; is given. For a
coastal structure located on the horizontal seabed, Kobayashi et al. (1987)
used the wave height at the toe of the structure which was taken to be located
at x=0, so that the normalized wave height at =x=0 was unity. For the
monochromatic wave overtopping tests of Saville (1955), the deep water wave
height was given. As a result, the wave height Hé used for the normalization
is taken to be the deep water wave height in the following.

Substitution of Eqs. 3-6 into Egs. 1 and 2 yields

dh  dm

gk =0 (8)
s . 8. %-1 o L2y o oo

gE P s 4 5 K fh — £|u|u (9)

in which m=uh is the normalized volume flux per unit width.

Eqs. 8 and 9 expressed in the conservation-law form of the mass and
momentum equations except for the two terms on the right hand side of Eq. 9
are solved numerically in the time domain using the explicit dissipative Lax-
Wendroff finite difference method based on a finite-difference grid of
constant space size AX and constant time step At as explained by Kobayashi et
al. (1987). The damping coefficients determining the amount of damping high-
frequency numerical oscillations at the rear of breaking wave crests are taken
to be unity. For the subsequent computation for smooth slopes, the number of
spatial grid points in the computation domain 0 < X < X, is typically taken to
be about 130. The number of time steps per wave period is taken to be on the
order of 6,000, which is greater than the typical value of 2,000 used for

10



rough slopes (Kobayashi et al. 1987) since the reduction of the friction
factor for a smooth slope tends to cause more numerical instability at the
moving waterline on the smooth slope (Kobayashi and Watson 1987). The CPU
time using the IBM 3081D computer is on the order of 2 min per wave period

(Wurjanto 1988).

Initial and Boundary Conditions

The initial time t=0 for the computation marching forward in time is
taken to be the time when the specified incident wave train arrives at the
seaward boundary located at x=0 and no wave action 1is present in the
computation domain 0 = x = x4.

In order to derive appropriate seaward and landward boundary conditions,
Eqs. 8 and 9 are rewritten in terms of the characteristic variables « and 8

(Kobayashi et al. 1987)

da da £lufu dx
a3 ¥ (u + ) e 6 = along 9% ~wk o (10)
flu|u
ap . 8 _ e i L . SR
3¢ + (u - ¢) Ix 6 + n - along el (11)
with e=/h ; a =u+ 2¢ ; B =—-u + 2¢ (12)

The seaward boundary is taken to be located seaward of the breakpoint so
that the flow at x=0 is subcritical and satisfies the condition u<c at x=0,
which is normally satisfied seaward of the breakpoint. Then a and f represent
the characteristics advancing landward and seaward, respectively, in the
vicinity of the seaward boundary. Kobayashi et al. (1987) expressed the total

water depth at the seaward boundary in the form

h = de + ni(t) + ne(t) ; at x=0 (13)

11



in which nj and n, are the free surface variations at x=0 normalized by the
deep water wave height Hé. The incident wave train outside the breakpoint is
specified by prescribing the variation of nj with respect to t = 0. The term
ny(t) in Eq. 13 accounts for the difference between the actual variation n=(nj
+ ny) at x=0 and the prescribed variation nj. This difference n,.(t) may be
regarded as the normalized free surface variation associated with the wave
train reflected from the structure. The variation of 75,(t) at x=0 may be
expressed in terms of the value of the seaward-advancing characteristics,
B=(-u + 2 Jh), at x=0 which is obtained from Eq. 11 using a simple first-order
finite difference scheme (Kobayashi et al. 1987). Then, Eq. 13 yields the
value of h at x=0 for given 7nj, while the value of u at x=0 is obtained from
u=(2/h — B) at x=0.

For incident monochromatic waves, the variation of npj(t) at x=0 may be
specified using an appropriate wave theory since the finite-amplitude shgllow-
water equations given by Egqs. 1 and 2 with TQ-O do not have a periodic
solution for the wave of constant form (e.g., Dean and Dalrymple 1984). It is
convenient to introduce the following dimensionless parameters:

2
’ r r i2 KSL
PUTE U "N L. Lo

He de (de)3 de

(14)

in which Kg=shoaling coefficient at x=0; H'=wave height at x=0; Hé=deep water
wave height wused for the normalization; L=normalized wavelength at =x=0;
L’'=wavelength at x=0; d&-water depth below SWL at x=0; and U,=Ursell parameter
at x=0. In this report, the normalized incident wave profile ni(t) for t = 0
is estimated using cnoidal wave theory for U, > 26 and Stokes second-order
wave theory for U,<26 (e.g., Svendsen and Brink-Kjaer 1972; Dean and Dalrymple
1984). The period and height of the periodic variation of ni(t) are equal to

12



unity and Kg, respectively. The wave reflection coefficient, r, may be
estimated as the height of the computed periodic variation of n,(t) divided by
Kg. It may be shown that the parameters Ky, L and U, defined in Eq. 14 and
the periodic variation of nj(t) specified as input can be computed for given
values of the dimensionless parameters dy and o defined in Eqs. 5 and 6,
respectively, for ©both cnoidal and Stokes second-order wave theories
(Kobayashi and DeSilva 1987; Wurjanto 1988).

An appropriate value of di determining the seaward boundary location may
be selected so that the computed wave overtopping rate will not be sensitive
to the value of d¢, while L >> 1 and Kg = 1 at the seaward boundary. The
condition of L >> 1 is necessary to apply Eqs. 1 and 2 in the computation
domain. The condition of Kg = 1 may be required since the value of Kg
estimated without regard to the effect of reflected waves may not be very
accurate.

In summary, the input required for the computation based on the
normalized variables introduced in Eqs. 4-6 consists of the parameters d¢ and
o specifying the incident monochromatic wave profile at the seaward boundary,
the friction factor f' associated with the slope roughness characteristics,
and the normalized slope geometry in the computation domain 0 =< x =< =x,
expressed by Eq. 7.

The landward boundary on the structure is located at the moving waterline
where the water depth is essentially zero unless wave overtopping occurs at
the landward edge located at x=xo. For the actual computation, the waterline
is defined as the location where the normalized water depth h equals an
infinitesimal wvalue, §, where §=10"3 is used on the basis of the previous

computation for smooth slopes (Kobayashi and Watson 1987). For the case of no
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wave overtopping at =x=Xo, the waterline movement is computed using the
predictor-corrector-smoothing procedure explained by Kobayashi et al. (1987).

Wave overtopping is assumed to occur when the normalized water depth h at
X=X, becomes greater than §. The computation procedure for the case of wave
overtopping at x=x, essentially follows the procedure used by Packwood (1980)
to examine the effect of wave overtopping on the measured wave transformation
in the surf zone on the gentle slope whose height was less than wave run-up.
It is assumed that water flows over the landward edge freely since a different
boundary condition is required for a vertical wall (Greenspan and Young 1978).
The flow approaching the landward edge can be supercritical as well as
subcritical since the associated water depth is relatively small.

If u < /h at the grid point next to the landward edge at x=xg, the flow
approaching the landward edge is subcritical or critical, and only the
characteristics a given by Eq. 10 advance to the landward edge from the
computation domain 0 < x =< Xg. For this case, the flow at x=x, is assumed to
be critical, that is, u=/h at X=Xg. An additional relationship required to
find the wvalues of u and h at X=Xe is obtained from the value of a=(u + 2/h)
at x=Xo computed using Eq. 10 with f=0 which is approximated by a simple
first-order finite difference equation.

On the other hand, if u > /h at the grid point next to the landward edge,
the flow approaching the landward edge is supercritical, and both
characteristics a and B given by Eqs. 10 and 11 advance to the landward edge
from the computation domain. Since Egqs. 10 and 1l are equivalent to Eqs. 8
and 9, the values of u and h at x=x, are obtained directly from Eqs. 8 and 9
with f=0 which are approximated by simple first-order finite difference

equations (Wurjanto 1988).
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If the value of h at x=x, becomes less than or equal to §, the wave
overtopping at x=X, is assumed to cease and the computation of the waterline

movement is resumed.

Average Overtopping Rate

For incident monochromatic waves, the normalized average overtopping rate
per unit width, Q, is obtained from the computed temporal variation of m=uh at

X=Xa
P tp+l
0-—2— [ ma

Hé gH; t

! at x=Xg (15)
P

in which Q'=dimensional average overtopping rate per wunit width; and
tp=normalized time when the flow at x=x, becomes periodic.

For the computation made in this report, tp = 4 is found to be sufficient
as will be shown later. The computed value of Q is hence the average value of
m(t) at X = Xo during 4 < t < 5. It should be noted that Eq. 15 does not
include the volume flux during the interval when the value of h at x=x, does
not exceed § since the values of h and u at the grid points landward of the
computational waterline defined by h=§ are set to be zero during the

computation.
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PART TIT: COMPARTISON WITH AVATTABLE DATA

Data Used for Comparison

The numerical model is compared with the extensive small-scale test data
summarized by Saville (1955). The following comparison is limited to the
structure geometry shown in Fig. 1 in which B'=crest width; Hé—crest height
above SWL; d;—water depth below SWL at the toe of the structure fronted by a
1:10 slope; fg=angle of the structure slope; dﬁ-water depth below SWL on the
horizontal bottom in a wave flume. Among the tests conducted for the Beach
Erosion Board, which were regarded as 1:17 undistorted scale models, the test
results for smooth slopes with cotﬂ;-l.S and 3.0 are analyzed herein. The
number of the analyzed tests is 110 and 111 for the 1:1.5 and 1:3 slopes,
respectively. For these tests, B'=8.96 cm, (dﬁ - d;)-44.8 cm, and the still
water level in the flume was varied. Among the tests conducted as 1:30
undistorted scale models for the Jacksonville District, an analysis is made of
the test results for smooth slopes with cot9;=3.0 and 6.0 in which B'=13.2 cm,
d;=10.2 cm, dﬁ-25.4 cm and the crest height Hé was varied. The number of the
analyzed tests is 40 for each of the 1:3 and 1:6 slopes. The test results
analyzed herein are tabulated in Appendix B.

For all these tests, monochromatic waves of known characteristics were
generated in a burst. The volume of the overtopping water was measured for
the stable portion of the incident wave train excluding the first three or
four waves before reflected waves from the structure could reach the wave
generator and return to the structure. The repeated tests indicated the
measurement uncertainty of less than 10 percent. The wave heights for the
Beach Erosion Board tests were referred to deep water, while those for the
Jacksonville District tests were referred to the depth dﬁ. These wave heights

16



at the depth dé are converted to the corresponding deep water wave heights,
where the shoaling analysis used in this paper has been discussed in
connection with Eq. 14.

In order to select typical tests for the subsequent computation and
comparison, the following dimensionless parameters together with the parameter
o defined in Eq. 6 and the measured average overtopping rate normalized in the

form of Eq. 15 are calculated and tabulated for each test in Appendix C

otanfg dy, dg He R’
§ = ; dh“‘_, H ds=_, ; l'lc'_," ?R=’_’ (16)
[2r Ho He He He

in which £=surf similarity parameter based on the deep water wave height and
structure slope (Battjes 1974); and R’=dimensional wave run-up on the
structure slope in the absence of wave overtopping. The normalized wave run-
up R for each test is estimated using the figures in SPM which plot R as a
-2

function of cotﬁé, o and dg for smooth impermeable slopes fronted by a 1:10

slope. Five tests with 0=7.9 are excluded since 029 for these figures.

Empirical Formula

In addition, the normalized average overtopping rate Q for each test is
calculated using the empirical formula given in SPM which can be rewritten as

(Kobayashi and Reece 1983)

= [ R« Hg | %
ould o] o

R + Hg
in which Qg and ax are empirical coefficients. The wvalues of Qg and
(0.1085/ax) are given in SPM for specific values of dg and o2 for the smooth
1:1.5, 1:3 and 1:6 slopes fronted by the 1:10 slope. Actually, the test
results under consideration were used to develop the empirical formula for Q

with the empirical coefficients calibrated to obtain good agreement (Weggel
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1976). The tests for which the values of the empirical coefficients can not
be found directly using the figures in SPM are excluded in the following. The
excluded tests, most of which are the Jacksonville District tests, may not
have been used for the calibration of the empirical formula. The calculated
values of Q using Eq. 17 are tabulated in Appendix D.

Fig. 2 shows the comparison of the measured values of the normalized
average overtopping rate per unit width, Q, with those calculated using SPM.
Table 1 indicates the minimum and maximum values of the dimensionless
parameters o, £, dn, dg and H, associated with the 1:1.5 and 1:3 smooth slope
tests for the Beach Erosion Board, denoted by BE 1:1.5 and BE 1:3,
respectively, as well as the 1:3 and 1:6 smooth slope tests for the
Jacksonville District, denoted by JD 1:3 and JD 1:6, respectively. Table 1
also lists the number of data points plotted in Fig. 2 for each of the four

different tests.

TABLE 1. - Ranges of Dimensionless Parameters for Different Tests

Smooth No. of a '3 dp de Hg
Slopes Tests

BE 1:1.5 101 9.7-49.1 2.58-13.1 | 2.46-11.3 0.00-3.00 |0.25-5.00
BE 1:3 97 9.7-49.1 1.29-6.54 | 2.46-11.3 0.38-3.00 (0.25-4.00
JD 1:3 20 9.4-11.1 1.25-1.47 1.91-3.87 0.76-1.55 (0.23-1.41
JD 1:6 16 9.4-11.1 | 0.63-0.74 1.91-2.87 0.76-1.15 [0.11-0.53

Fig. 2 may be considered to show the comparison of the empirical formula
in SPM with the data used for its calibration. As a whole, the empirical

formula somewhat overestimates the average overtopping rate as may be expected

18
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for the formula for a preliminary design. This empirical formula is very
reasonable considering the number of parameters involved in the problem and
the large sensitivity of the overtopping rate to the structure freeboard which
needs to be determined for practical applications (Kobayashi 1985).

The empirical formula expressed in the form of Eq. 17 is suited for the
regression analysis in which logQ is plotted against log[(R-H.)/(R + Hg)]
assuming that Qg and ax are constant. The plotted results have shown a large
scatter of data points, indicating that the wvalues of Qz and ay¢ should be
varied for different wave conditions and structure geometries. This
regression analysis and additional regression analyses presented by Wurjanto
(1988) indicate the difficulty of developing a simple empirical formula
applicable to various wave conditions and structure geometries with little

calibration of its empirical coefficients.

Comparison with Twenty Runs

Twenty runs representing the 234 data points shown in Fig., 2 are selected
for the computation and comparison as summarized in Table 2. All the twenty
runs are chosen from the Beach Erosion Board tests on the basis of the data
statistics shown in Table 1. The test number listed for each run in Table 2
corresponds to that used for each data point in Appendices B, C and D. For
these twenty rums, 14.8 = o < 40.1, 1.97 < € < 6.66, 4.17 < d, < 7.56, 0 < dg
< 2.00, and 0.50 = H, = 2.67. These ranges may be sufficient for the

comparison with the data whose ranges are listed in Table 1.
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TABLE 2. Summary of Computed Results for Twenty Runs
Q - 102
Run|Test y
No.|No. |[cotldg| o [ & dy [ d¢ | dg | He | ¥ [Data|Num.|SPM
1 |222 | 3.0 |14:.811.97|4.92]23.00[0.75]0.5010:27] 6:6{ 2:7] 5:5
2 [148 | 3.0 (14.8]1.97(4.92{3.00(0.75[{1.00({0.30| 4.1| 0.3] 2.6
3 |136 3.0 |14.8(1.97|5.67{3.00({1.50|0.50|0.29| 6.4| 5.3| 7.6
4 1160 | 3.0 [14.8]|1.97]5.67|3.00{1.50|1.00(/0.29| 3.6| 1.4| 3.8
3 | 132 3.0 |20.5{2.72(7.56|4.00(2.00|0.67(0.49| 9.0| 8.1|10.0
6 |123 | 3.0 [25.0]|3.33(4.92|4.00(0.75]|0.50]|0.44| 6.0| 5.4| 8.7
7 |149 | 3.0 [25.0(3.33|4.92|4.50/0.75(1.00|0.48| 1.7| 1.6| 5.9
8 |172 | 3.0 [25.0]3.33(4.92]|4.00(0.75]|1.50(|0.49| 0.4| 0.2] 3.9
9 |137 3.0 125.0)13.33(5.67|4.00|1.50|0.50]0.53| 9.4| 9.1|12.4
10161 | 3.0 |25.0(3.33({5.67|4.00(1.50({1.00(0.60| 4.0 4.5| 8.0
11(184 | 3.0 |25.0(3.33(5.67|4.00(1.50(1.50|0.65| 0.8| 1.6| 4.9
121120 | 3.0 [40.1|5.34(6.56|6.00{1.00|0.67|0.60| 9.1| 9.8|11.6
131134 | 3.0 [40.1]|5.34(7.56(|6.00(2.00|0.67]|0.60{13.0(11.3|14.9
14158 3.0 (40.1|5.34|7.56]|6.00/2.00|1.33|0.70| 7.7| 5.1(11.0
15(181 | 3.0 |40.1|5.34]7.56|6.00|2.00({2.00|0.76| 2.5| 1.6| 7.8
16198 3.0 [40.1]|5.34|7.56]|6.0012.00{2.67|0.77| 1.1| 1.5| 5.1
17( 13 1.5 125.0|6.66(4.92]14.92(0.75|0.50(0.45| 4.9| 6.6| 5.5
18| 53 1.5 |25.0/6.66(4.92(4,92]|0.75(1.50|0.63| 1.3]| 0.8] 2.4
191 7 1.5 |125.0|6.66|4.17(4.17]|0.00(0.50|0.16| 3.9| 4.0| 4.1
20( 29 1.5 125.0|6.66(4.17|4.17(0.00|1.00(0.28| 2.0| 0.7| 2.0
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The value of d¢ for each run given in Table 2 satisfies the conditions of
dh = d¢ = dg and d¢ = 3. The 1:10 slope in front of the structure will
influence wave run-up and overtopping if dg < 3 on the basis of the figures
given in SPM. The seaward boundary for the computation is hence taken to be
located in the range dy = dy = dg as shown in fig. 1. The condition of d¢ = 3
is thought to reduce the effect of the seaward boundary location on the
computed value of Q. The computed values of Q for different values of dy for

Runs No. 3, 10 and 14 are shown in Table 3. Table 3 lists the computed values

TABLE 3. - Sensitivity of Computed Values of Q to Seaward Boundary Location

Run

No. d¢ Ky L Up Q-102
3.00 0.95 7.8 19 5w

3 3.50 0.93 7.1 13 4.9
4.00 0.92 6.5 10 3.8
5.67 091 5.2 4 Sl
3.00 115 152 88 5.2

10 3.50 1.08 13.6 57 Sl
4.00 1.04 12.4 40 4.5
4.40 1.04 11.6 32 4.5
4,00 1.47 21.7 174 8.0
4.90 1.31 18.8 95 .0l

14 5.50 1.21 17.4 66 5.4
6.00 L.19 16.5 54 Sl
7.00 1.14 15.0 37 5.0

of the parameters Ky, L and U, defined in Eq. 14. These parameters depend on
dr only for the specified value of o listed in Table 2. Considering the
sensitivity of Q to d¢ as well as the conditions of L >> 1 and Kg = 1 required
for the application of the numerical model, the value of dy for each run is

decided somewhat subjectively as listed in Table 2.

22



Table 2 lists the computed reflection coefficient r and the computed and
measured values of Q together with those calculated using SPM. The computed
value of r increases with the increase of ¢ except for Runs No. 17-20 with dg
= 0.75 and 0.00 where the value of € for each run is listed in Table 2.
Comparison of the wvalues of r for the runs with the same values of cot&é, g,
§€, dn, dt and dg but different values of H. shows the slight increase of r
with the increase of H,, that is, as Q is decreased. The increase of r with
the increase of £ is consistent with the empirical formulas of Battjes (1974)
and Seelig (1983) which do not account for the effects of dg and wave
overtopping. The increase of r with the increase H, appears to be consistent
with the limited data given by Seelig (1980).

On the other hand, the values of Q listed in Table 2 are plotted in Fig.
3 where for each measured value of Q, the numerically computed value of Q and
that calculated using SPM are shown. The numerical model yields fairly good
agreement with the data. It should be mentioned that the bottom friction
factor f' = 0.05 is used for all the runs without any adjustment of f' for
each run. The selection of the seaward boundary location affects the degree
of the agreement somewhat. In order to eliminate the uncertainties associated
with the seaward boundary location and the shoaling coefficient estimated
without regard to the effect of reflected waves, it would be required to match
the present numerical solution with that based on the Boussinesq equations for

a sloping bottom (Abbott et al. 1984; Madsen and Warren 1984).
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Computed Flow Field

In addition to the average overtopping rate, the numerical model computes
the temporal and spatial wvariations of the normalized water depth and
horizontal wvelocity in the computation domain 0 = x =< xX,. The computed
results for Run No. 3 with £ = 1.97 are presented in the following since the
numerical model predicts wave breaking in the vicinity of the toe of the 1:3
slope. Those for Run No. 10 with £ = 3.33 and Run No. 14 with ¢ = 5.34
included in the thesis of Wurjanto (1988) do not indicate wave breaking.

Fig. 4 shows the prescribed periodic variation of nj(t) and the computed
variation of 75,.(t) at the seaward boundary located at x=0 for Run No. 3 with
d¢ = 3. For this run, the shoaling coefficient Kg = 0.95 and the Ursell
parameter Uy = 19 as shown in Table 3. The incident periodic wave profile
ni(t) whose period and height are unity and Kg, respectively, is specified
using Stokes second-order wave theory. The computed reflected wave profile
ny(t) becomes periodic before t=4. The computed reflection coefficient r =
0.29 for Run No. 3 is the height of n,(t) during 4 < t < 5 divided by Kq. The
asymmetry of the profile n,.(t) is also noticed for the other runs and appears
to be caused by wave overtopping since more symmetric profiles were predicted
previously for the case of no wave overtopping (e.g., Kobayashi et al. 1987).

Fig. 5 shows the computed temporal variations of u and ¢ = J/h at the
landward edge located at X = X,. Fig. 6 shows the corresponding variation of
m = uh at X = Xo. The computed results for the other runs are very similar to
those shown in Figs. 5 and 6. Wave overtopping starts suddenly as a
supercritical flow for which u > ¢ and decreases gradually as a critical flow
for which u = ¢. The computed maximum value of u is on the order of unity.

These figures show that the overtopping flow is highly unsteady. The
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periodicity of the overtopping flow is established before t = 4, consistent
with the experimental procedure of Saville (1955). The average value Q for
m(t) during 4 = t < 5 is 0.0528 and that during 6 < t < 7 is 0.0529. Fig. 6
shows that the maximum wvalue of m is much greater than Q. Since wave
overtopping should cause the corresponding net flow directed landward at the
seaward bounﬁary, these values of Q at x = X, are compared with the average
values of m(t) at x=0 which are 0.0639 for 4 < t < 5 and 0.0598 for 6 < t < 7.
It appears to take more time to establish the steadiness of the net flow at
x=0 perhaps because the flow at =x=0 is highly oscillatory unlike the
overtopping flow at x=x, directed landward only (Wurjanto 1988).

Figs. 7 and 8 show the spatial variations of the normalized free surface
elevation n above SWL and the normalized horizontal velocity u, respectively,
at t=4, 4.25, 4.5, 4.75, 5, 6.25, 6.5, 6.75 and 7. The normalized bottom and
structure geometry given by Eq. 7 in the domain 0 < x < x, is also plotted in
Fig. 7. The periodicity of n and u is apparent in these figures. Fig. 7
indicates wave breaking in the vicinity of the toe of the structure. The
numerical oscillations appearing at the rear of the wave crests could be
reduced by increasing the values of the damping coefficients used for the
computation (Kobayashi and DeSilva 1987). Fig. 8 indicates the large
horizontal velocities associated with the wave uprush and downrush on the
structure, which would determine the stability of armor units (Kobayashi and

Otta 1987) if this structure were protected with armor units.
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PART IV: CONCLUSIONS

The numerical model expanded herein may be used to predict the fairly
detailed hydrodynamics associated with wave overtopping over the crest of a
smooth impermeable coastal structure located on a sloping beach. The
comparison of the model with the data is limited to the average overtopping
rates of monochromatic waves. More detailed evaluation and calibration of the
model will require more sophisticated measurements. The numerical model may
also be applied to rough impermeable structures by adjusting the friction
factor associated with the surface roughness (Kobayashi et al. 1987).

In order to apply the model to overtopped rubble-mound breakwaters, the
effects of random waves, permeability and wave action on the landward side of
the breakwater may need to be taken into account. Such an extended numerical
model combined with the armor stability model of Kobayashi and Otta (1987)
could be used to investigate various design problems associated with rubble-
mound breakwaters. In any case, it is desirable to improve the present design
practices of coastal structures to the level of sophistication associated with
the design of offshore structures performed using numerical models and

hydraulic model tests.
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APPENDIX A: NOTATION

The following symbols are used in this report:

Bi’

dimensional crest width of structure;

Jh;

water depth below SWL on horizontal bottom;
water depth below SWL at toe of structure;
water depth below SWL at seaward boundary;
bottom friction factor;

gravitational acceleration;

dimensional wave height at seaward boundary;
crest height of structure above SWL;
dimensional deep-water wave height;
instantaneous water depth;

shoaling coefficient at seaward boundary;
wavelength at seaward boundary;

normalized volume flux per unit width;
average overtopping rate per unit width;
empirical coefficient for wave overtopping formula;
wave run-up on structure in absence of overtopping;
wave reflection coefficient;

dimensional wave period;

time

time when overtopping flow becomes periodic;
dimensionless time step used for computation;

Ursell parameter at seaward boundary;



u = instantaneous depth-averaged horizontal velocity;

X = horizontal coordinate with x = 0 at seaward boundary;
Xe = X-coordinate at landward edge;

Ax = dimensionless space size used for computation;

z = vertical coordinate with z = 0 at SWL;

a = characteristic variable defined as a = (u + 2¢);

a, = empirical coefficient for wave overtopping formula;

B = characteristic variable defined as 8 = (—u + 2¢);

§ = infinitesimal water depth defining computational waterline;
n = instantaneous free surface elevation above SWL;

ni = free surface variation of incident wave train at x = 0;
ny = free surface variation of reflected wave train at x=0;
§ = local slope angle in computation domain;

g = angle in degrees of structure slope;

£ = surf similarity parameter based on structure slope;

p = constant fluid density;

o = dimensionless parameter related to wave steepness; and

rp = dimensional bottom shear stress.

Superscript

= prime indicating physical variables.



APPENDIX B: DIMENSTONAL DATA

The following quantities for each test are listed in the attached table:

cotB; = parameter related to the slope of the structure which is 1 on cotﬂé;

H = incident wave height given in the report of Saville (1955);

7 = incident wave period;

dﬂ = water depth below SWL on the horizontal bottom;

d; = water depth below SWL at the toe of the structure whose slope is 1 on
cotﬂé;

Hé - crest height of the structure above SWL; and

QéEST = average wave overtopping rate per unit width measured for each test.

The dimensional quantities given in the report of Saville (1955) were for

the prototype conditions. The model scale assumed in his report was as
follows:
Test No. Sthzgzre Model Scale DeseEtption
1-110 1of 145 1:17 Beach Erosion Board
111-221 1 on 3 1:17 Beach Erosion Board
222-261 1 on 3 1:30 Jacksonville District
262-301 1l on 6 1:30 Jacksonville District

It should be noted that the value of H' in the attached table is the deep
water wave height, H;, for Test No. 1 to 221 and the measured wave height in

the water depth dj, for Test 222-301.



NO. cotlg *) ;i dy dg Be  Qtesr NO. cot8y ) ¢ dy  dg e Qresr

(ft) (sec) (ft) (ft) (ft) (cfs/ft) (ft) (sec) (ft) (ft) (ft) (cfs/ft)

1 1.5 3.0 2.9 25.0 0 3.00 .00 4 1.5 6.0 6.40 340 9.0 6.00 2.99
2 1.5 3.0 453 25.0 0 3.00 .02 4 1.5 6.0 10,81 34.0 9.0 6.00 2.7
3 1.5 3.0 7.65 5.0 0 3.00 .20 43 1.5 6.0 15.00 34.0 9.0 6.00 3.8
4 15 3.0 15,00 25.0 0 3.00 2.50 44 1.5 12.0 5.93 340 9.0 6.00 9.36
5 1.5 6.0 419 25.0 0 3.00 Al 45 1.5 12.0 9.05 34.0 9.0 6.00 10.28
6 1.5 6.0 6.40 25.0 0 3.00 .83 46 1.5 3.0 15,00 25.0 .0 9.00 .26
7 1.5 6.0 10.81 25.0 0 3.0 3.29 47 1.5 6.0 6.40 25.0 .0 9.00 .00
8 1.5 3.0 2.9 29.5 4.5 3,00 1.06 48 1.5 6.0 10.81 25.0 .0 9.00 45
9 1.5 3.0 453 29.5 45 3.00 1.13 49 1.5 3.0 2.9 29.5 45 9.0 01
10 1.5 3.0 15.00 29.5 4.5 3.00 4.15 50 1.5 3.0 4,53 29.5 4.5 9.00 02
11 15 6.0 419 295 &5 .3.00 2.98 51 1.5 3.0 7.65 29.5 45 9.00 14
12 1.5 6.0 6.40 29.5 4.5 3.00 4.23 52 1.5 3.0 15.00 29.5 4.5 9,00 56
13 1.5 6.0 10.81 29.5 4.5 3.00 4,08 53 1.5 6.0 4.19 29.5 45 9.00 42
14 1.5 12.0 593 295 45 3.000 6.37 5¢ 1.5 6.0 6.40 29.5 45 9.00 1.66
15 1.5 3.0 2.9 34.0 9.0 3.00 .13 55 1.5 6.0 10.81 29.5 4.5 9.00 1.10
16 1.6 3.0 4,53 34,0 9.0 3.00 44 56 1.5 12.0 5.93 29.5 4.5 9.00 78
17 1.5 3.0 7.65 34,0 9.0 3.00 &0 57 1.5 3.0 15.00 34.0 9.0 9.00 31
18 1.5 3.0 15.00 34.0 9.0 3.00 4.33 58 1.5 6.0 4.19 340 9.0 9.00 1.58
19 1.5 6.0 4,19 340 9.0 3.00 5.45 59 1.5 6.0 6.40 340 9.0 9,00 1.5
20 1.5 6.0 6.40 340 9.0 3.00 5.5 60 1.5 6.0 15.00 34.0 9.0 9.00 1.46
21 1.5 6.0 10.8] 34.0 9.0 3.00 4.46 61 1.5 12.0 5.93 34.0 9.0 9.00 6.99
22 1.5 6.0 15.00 34.0 9.0 3.00 9.26 62 1.5 3.0 15.00 25.0 .0 12.00 03
23 1.5 12.0 5.93 34.0 9.0 3.00 12.60 63 1.5 6.0 10.81 25.0 .0 12.00 11
24 1.5 12.0 9.05 340 9.0 3.00 13.55 64 1.5 3.0 2.9 29.5 4.5 12.00 00
25 1.5 3.0 7.65 25.0 .0 6.00 .00 65 1.5 3.0 4.53 29.5 4.5 12.00 00
26 1.5 3.0 15.00 25.0 .0 6.00 1.06 66 1.5 3.0 7.65 29.5 4.5 12.00 00
27 1.5 6.0 4,19 25,0 .0 6.00 .00 67 1.5 3.0 15.00 29.5 4.5 12.00 09
28 1.5 6.0 6,40 250 .0 6.00 .09 68 1.5 6.0 4,19 29.5 45 12.00 20
29 1.5 6.0 10.81 25.0 .0 6.00 1.70 69 1.5 6.0 6.40 29.5 4.5 12.00 98
30 1.5 3.0 2.96 29.5 4.5 6.00 .21 70 1.5 6.0 10.81 29.5 4.5 12.00 68
31 1.5 3.0 4.53 29.5 4.5 6.00 )| 71 1.5 12.0 5,93 29.5 4.5 12.00 .24
32 1.5 3.0 7.65 29.5 4.5 6.00 .60 72 1.5 3.0 15.00 34,0 9.0 12.00 .00
3 1.5 3.0 15.00 29.5 45 6.00 1.68 73 1.5 6.0 419 340 9.0 12.00 .46
3# 1.5 6.0 6.40 295 4.5 6.00 2.57 74 1.5 6.0 6.40 340 9.0 12.00 .45
3% 1.5 12.0 5.93 295 4.5 6.00 2.5 7% 1.5 6.0 10.81 34.0 9.0 12.00 .64
3% 1.5 3.0 2.9 340 9.0 6.00 08 76 1.5 6.0 15.00 34.0 9.0 12.00 .36
37 1.5 3.0 4.53 4.0 9.0 6.00 .00 77 1.5 12.0 5.93 34,0 9.0 12.00 4.72
38 1.5 3.0 7.65 340 9.0 6.00 .00 78 1.5 12.0 9.05 34.0 9.0 12.00 6.68
39 1.5 3.0 15.00 340 9.0 6.00 1.5 79 1.5 3.0 15.00 29.5 4.5 15.00 .00
40 1.5 6.0 419 34.0 9.0 6,00 2.98 80 1.5 6.0 419 29.5 4.5 1500 .06

*) Deep-water wave height for tests no. 1 to 221,
wave height at the beach toe for others.




P O L
(ft) (sec) (ft) (ft) (ft) (cfs/ft)

81 1,5 6.0 4,19 29.5 4.5 18,00 .00
8 1.5 6.0 6.40 29.5 4.5 1500 .46
& 1.5 6.0 6.40 29.5 4.5 18.00 Al
8 1.5 6.0 6,40 29.5 4.5 21.00 .02
& 1.5 6.0 10,81 29.5 4.5 15.00 .26
8 1.5 6,0 10,81 29.5 4.5 18,00 .09
87 1.5 6.0 10.81 29.5 4.5 21.00 .00
8 1.5 12.0 10.90 29.5 4.5 15.00 .04
89 1.5 12,0 10,90 29.5 4.5 18.00 .00
% 1.5 6.0 4.19 34.0 9.0 15.00 .09
91 1.5 6.0 4.19 34.0 9.0 18.00 00
92 1.5 6.0 6.40 34.0 9.0 15.00 09
93 1.5 6.0 6.40 34.0 9.0 15.00 00
94 1.5 6.0 10.81 34.0 9.0 15.00 35
% 1.5 6.0 10.81 34.0 9.0 18.00 07
% 1.5 6.0 10.81 34.0 9.0 21.00 00
97 1.5 6.0 15.00 34.0 9.0 15.00 11
98 1.5 12.0 5.93 34.0 9.0 15.00 3.712
99 1.5 12.0 5.93 34.0 9.0 18.00 2.38
100 1.5 12.0 5.93 34.0 9.0 21.00 1.39
101 1.5 12.0 5.93 34.0 9.0 24.00 94
102 1.5 12.0 5.93 34.0 9.0 30.00 35
103 1.5 12.0 5.93 34.0 9.0 33.00 12
104 1.5 12.0 5.93 34.0 9.0 36.00 .00
105 1,5 12,0 9,05 34.0 9.0 15.00 4.98
106 1.5 12.0 9.05 34.0 9.0 18.00 3.76
107 1.5 12.0 9.05 34.0 9.0 21.00 2.18
108 1.5 12.0 9.05 34.0 9.0 24.00 1.64
109 1,5 12,0 9,05 340 9.0 27.00 1,28
110 1,5 12.0 9.05 34.0 9.0 33.00 31
111 3.0 3.0 2.96 29.5 4.5 3.00 09
112 3.0 3.0 4.53 29.5 4.5 3.00 75
113 3.0 3.0 7.65 29.5 4.5 3.00 1.47
114 3.0 3.0 10.50 29.5 4.5 3.00 63
115 3.0 3.0 15,00 29,5 4.5 3,00 3.74
116 3.0 4.5 2.9 29.5 4.5 3.00 3l
117 3.0 45 453 29.5 45 3.00 1,45
118 3.0 45 7.65 29.5 4.5 3,00 4.40
119 3.0 4,5-10,50 29.5 45 3.00 3.9
120 3,0 45 1500 29.5 4.5 3.00 4%

--------------------------------------------------

158 3.0 4.5
159 3.0 6.0
160 3.0 6.0

H(; Q';'ES'I.’
(ft) (cfs/ft)
3.00 2.77
3.00 5.54
3.00 4.98
3.00 10.25
3.00 A2
3.00 .94
3.00 1.03
3.00 1.18
3.00 5.62
3.00 31
3.00 1.90
3.00 4.89
3.00 3.68
3.00 7.03
3.00 3.79
3.00 5.36
3.00 7.8
3.00 9.3
3.00 13.49
6.00 .00
6.00 .00
6.00 15
6.00 .28
6.00 1.3
6.00 .00
6.00 .00
6.00 .46
6.00 3.45
6.00 1.38
6.00 7.07
6,00 .00
6.00 .00
6.00 Al
6.00 .62
6.00 2.18
6.00 .08
6.00 1.35
6.00 4.15
6.00 .48
6.00 3.03

*) Deep-water wave height for tests no. 1 to 221,

wave height at the beach toe for others.



NO. C0t9; ‘.) T' d;a d; H<:.'. Q‘;‘BST NO. CGtG; ;) T' d;l d!; H;: Q‘;EE‘!‘

(ft) (sec) (ft) (ft) (ft) (cfs/ft) (ft) (sec) (ft) (ft) (ft) (cfs/ft)
161 3.0 6.0 10.81 34.0 9.0 6.00 3.37 201 3.0 6.0 10.81 34.0 9.0 12,00 .00
162 3.0 6.0 15,00 34.0 9.0 6.00 5.8 202 3.0 6.0 15.00 34.0 9.0 12.00 .19
163 3.0 12.0 5,93 34.0 9.0 6.00 9.54 203 3.0 12.0 5.93 34.0 9.0 12.00 3.23
164 3.0 12,0 9,05 340 9.0 6.00 16.48 204 3.0 12.0 9.05 34.0 9.0 12,00 9.65
165 3.0 3.0 7.65 29.5 4.5 9.00 .00 205 3.0 4.5 7.65 29.5 4.5 15.00 .00
166 3.0 3,0 10.50 29.5 4.5 9.00 .00 206 3.0 4.5 15,00 29.5 4.5 15.00 .00
167 3.0 3.0 15.00 29.5 4.5 9.00 .39 207 3.0 6.0 6.40 29.5 4,5 15.00 .00
168 3.0 4.5 10,50 29.5 4,5 9,00 .48 208 3.0 12.0 10.90 29.5 4.5 15.00 15
169 3.0 4,5 15,00 29,5 4.5 9.00 1.03 209 3.0 12.0 10.90 29.5 4.5 18.00 14
170 3.0 6.0 4,19 29.5 4.5 9.00 .00 210 3.0 12.0 10,90 29.5 4.5 21.00 .00
171 3.0 6.0 6.40 29.5 45 9.00 1.60 211 3.0 4.5 15.00 34.0 9.0 15.00 .00
172 3.0 6.0 10.81 29.5 4,5 9.00 35 212 3.0 6,0 15,00 34.0 9.0 15.00 .00
173 3.0 12.0 5.93 29.5 4,5 9,00 4,63 213 3.0 12.0 5.93 34,0 9.0 15.00 1.15
174 3.0 3.0 7.65 34.0 9.0 9.00 .00 214 3.0 12.0 5.93 34.0 9.0 18.00 .19
175 3.0 3.0 10,50 34,0 9.0 9.00 .00 215 3.0 12.0 5.93 34.0 9.0 21.00 .00
176 3.0 3.0 15.00 34,0 9.0 9.00 .62 216 3.0 12.0 9.05 34.0 9.0 15,00 7.01
177 3.0 45 2.9 340 9.0 9.00 .00 217 3.0 12.0 9,05 34,0 9.0 18,00 4.8
178 3.0 4.5 453 34.0 9.0 9.0 .00 218 3.0 12.0 9.05 34.0 9.0 21.00 2.20
179 3.0 4.5 7.65 34.0 9.0 9.00 .50 219 3.0 12.0 9.05 34.0 9.0 24.00 1.05
180 3.0 4.5 10.50 34.0 9.0 9.00 .30 220 3.0 12.0 9.05 34.0 9.0 27.00 .54

: : : ; 237 3.0 8.0 6.00 25.0 10.0 7.15
198 3.0 4.5 15.00 34.0 9.0 12.00 .62 238 3.0 10.0 5.50 25.0 10.0 5.85
199 3.0 6.0 4.19 34.0 9.0 12.00 .00 239 3.0 10.0 6.50 25.0 10.0 7,30
200 3.0 6.0 6.40 34.0 9.0 12.00 .00 240 3.0 12,0 6.00 25.0 10.0 6.10

*) Deep-water wave height for tests no, 1 to 221,

wave height at the beach toe for others.
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TEST . K
)
(ft)

T

(sec)

dy
(ft)

241 3.0 12.0
242 3.0 4.0
243 3.0 4.0
244 3.0 6.0
245 3.0 6.0
246 3,0 8.0
247 3.0 8.0
248 3.0 10.0
249 3.0 10.0
250 3.0 12.0

7.00
4.50
5.50
4.50
5.50
5.00
6.00

25.0
25.0
25.0
25.0
25.0
25.0
25.0
25.0
25.0
25.0

251 3.0 12.0
252 3.0 4.0
253 3.0 4.0
25¢ 3.0 6.0
255 3.0 6.0
25 3.0 8.0
257 3.0 8.0
258 3.0 10.0
253 3.0 10.0
260 3.0 12.0

261 3.0 12.0
262 6.0 4.0
263 6.0 4.0
264 6.0 6.0

25.0
25.0
25.0
25.0
25.0
25.0
25.0
25.0
25.0
25.0

He Oresr
(ft) (cfs/ft)
7.60  6.43
4,73 .20
5.93 .16
6.83 .40
9.00 33
8,92 1.08

10.73  1.35
8.77 1,31
10,95 1.53
915 1.9%
11.40 2.32
6.30 .00
7.90 .00
9.10 .00
12.00 .00
11.90 18
14.30 .45
11.70 .65
14,60 14
12,20 .90
15.20 .51

.88 1.80

.98 2.13
1.0 2,20
1.50 4.25
1.15 4,68
1,70 5.8
1.27 61
1.1 7.20
1.50 8.10
1,83 10.69
1.75 .80
1.9 .98
2.10 1.40
3.00 1.64
2.30 2.16
3,40 2.25
2.55 4.09
3.50  3.05
3.00 3.9

Tt o T & 4 K e

(ft) (sec) (ft) (fE) (ft) (cfs/ft)
281 6.0 12.0 7.00 25.0 10.0 3.65 5.27
282 6.0 4.0 4.50 25.0 10.0 2.63 .20
283 6.0 4.0 550 25.0 10.0 2,93 .16
284 6.0 6.0 4.5 25.0 10.0 3.15 .40
285 6.0 6.0 5.50 25.0 10.0 4.50 .16
286 6,0 8.0 5.00 25.0 10.0 3.45 12
287 6.0 8.0 6.00 25,0 10.0 5.10 .30
288 6.0 10.0 5,50 25.0 10.0 3.82 1.47
289 6.0 10.0 6.50 25.0 10,0 5.25 .83
290 6,0 12.0 6.00 25.0 10.0 4,50 1.50
291 6,0 12,0 7,00 25.0 10.0 5.48 1.54
292 6.0 4.0 4,50 25.0 10.0 3,50 .00
293 6.0 4.0 550 250 10.0 3.9 .00
294 6.0 6.0 4.50 25.0 10.0 4.20 .00
295 6.0 6.0 5,5 25.0 10.0 6.00 .00
296 6.0 8.0 5.00 25.0 10.0 4.60 .00
297 6.0 8.0 6.00 25.0 10.0 6.80 .00
298 6.0 10.0 5.50 25.0 10.0 5.10 .49
299 6.0 10.0 6.50 25.0 10.0 7.00 .28
300 6.0 12.0 6.00 25,0 10.0 6,00 .60
301 6.0 12.0 7.00 25.0 10.0 7.30 .51

*) Deep-water wave height for tests no. 1 to 221,

wave height at the beach toe for others.



APPENDIX C: NORMALIZED DATA

The following dimensionless parameters for each test are listed in the

attached table:

cotﬁé = parameter related to the slope of the structure which is 1 on cot&é;

dp

Qrpst

(dﬁ/H;) = normalized water depth below SWL on the horizontal bottom
where H; = deep water wave height;

(d;/H;) = normalized water depth below SWL at the toe of the
structure whose slope is 1 on cotﬁé;

(Hé/H;) = mnormalized crest height of the structure above SWL;
(R'/H;) = normalized wave run-up on the structure slope in the
absence of wave overtopping estimated using the figures in SPM where
R’ = dimensional wave run-up;

T'(g/H;)li = parameter related to wave steepness;

(o tan&é//i;) = surf similarity parameter based on the deep water wave

height and structure slope; and

- [Q%EST/(H;JgHé)] = normalized average wave overtopping rate per unit

width based on the measured value QéEST for each test.

It should be noted that for Test No. 1 to 221, the deep water wave height H;

is the wave height given in the report of Saville (1955), whereas for Test No.

222-301, the value of H; for each test is calculated from that referred to the

depth dj.



T@' cote; d, dg H. R g & Q’f;} T:gT cotd; d, ds He R c E Q’;—g}
1 1.5 833 .001.00 .65 9.70 2.58 .00 41 1.5 5,67 1.501.00 2.77 14.83 3.9¢ 35,85
2 1.5 833 .001.001.08 14.8¢ 3.95 .68 42 1.5 5.671.50 1,00 3,78 25.04 6.66 32.49
3 1.5 833 .001.002.14 25.06 6.67 6.78 43 1.5 5,67 1,50 1.00 4.34 34.75 9.24 45.80
4 1.5 8.33 .00 1.00 4.02 49.14 13.07 84.79 4 1,5 2.8 .75 .501.79 9.71 2.58 39.68
5 1.5 417 .00 .50 .65 9.71 2.58 1,32 45 1.5 2,8 .75 .50 2.85 14.82 3.94 43.58
6 1.5 4.17 .00 .50 1.08 14.83 3.94 9,95 46 1.5 8.33 .00 3.00 4.02 49.14 13.07 8.82
7 1.5 417 .00 .50 2.13 25.04 6.66 39.45 47 1.5 4,17 ,001.501.,08 14.83 3.94 .00
8 1.5 9.831.501.001.99 9,70 2.58 35.95 48 1.5 4.17 .001.50 2.13 25.04 6.66 5.40
9 1.5 9.831.501.00 2,78 14.84 3.95 38.32 49 1.5 9.831,503.001.99 9.70 2.58 .34
10 1.5 9.83 1,50 1.00 4.68 49.14 13.07 140.75 50 1.5 9.83 1.50 3.00 2.78 14.84 3,95 .68
11 1.5 492 .75 .501.79 9.71 2.58 35.73 51 1.5 9.831.50 3.00 3.78 25.06 6.67 4.75
12 1.5 492 .75 .502.85 14.83 3.94 50.72 52 1.5 9,83 1,50 3,00 4.68 49,14 13,07 18.99
13 1.5 4.92 .75 .50 4.33 25.04 6.66 48.92 53 1.5 4.92 ,751.50 1.79 9.71 2.58 5.04
14 1.5 2.46 .38 .251.02 9.71 2.58 27.00 54 1.5 4.92 .751.50 2.85 14.83 3.94¢ 19.90
15 1.511.33 3.00 1.00 1.96 9.70 2.58 24.76 5 1.5 4,92 .751.50 4.33 25.04 6.66 13.19
16 1.511.33 3.00 1.00 1.99 14.84¢ 3.95 14.92 5 1.5 2.46 .38 .751.02 9.71 2.58 3.3l
17 1.511.33 3.00 1.00 2.08 25.06 6.67 27.13 57 1.5 11.33 3,00 3.00 2.38 49.14 13.07 10.51
18 1.511.33 3.00 1.00 2,38 49.14 13.07 146.85 58 1.5 5.671.501.501.99 9.71 2.58 18.95
19 1.5 5.67 1,50 .501.99 9.71 2.58 65.35 59 1.5 5.67 1.50 1.50 2,77 14.83 3.94 18.59
20 1.5 5.67 1,50 .50 2.77 14.83 3.94 66.79 60 1.5 5.67 1.50 1.50 4.34 34,75 9.24 17.51
21 1.5 5.67 1,50 .50 3.78 25.04 6.66 53.48 61 1.5 2.8 .75 .751.79 9.71 2.58 29.63
22 1.5 5.67 1,50 .50 4,34 34,75 9.24 111.03 62 1.5 8,33 .00 4.00 4,02 49.14 13.07 1.02
23 1.5 2.8 .75 .251.79 9.71 2.58 53.42 63 1.5 4.17 .00 2,00 2.13 25.04 6.66 1.32
24 1.5 2,83 .75 .252.85 14.82 3.94 57.44 64 1.5 9.831.50 4.00 1.99 9.70 2.58 .00
25 1.5 8.33 .002.002.14 25.06 6,67 .00 65 1.5 9.83 1,50 4.00 2.78 14,84 3.95 .00
26 1.5 8.33 .00 2.00 4.02 49.14 13.07 35.95 66 1.5 9.83 1,50 4.00 3.78 25.06 6.67 .00
27 1.5 417 ,001.00 .65 9.71 2.5 .00 67 1.5 9,83 1.50 4.00 4.68 49.14 13.07 3.05
28 1.5 4.17 .001.001.08 14.83 3.94 1.08 68 1.5 4.92 .752.00 1,79 9.71 2.58 2.40
29 1.5 4.17 .001.00 2.13 25.04 6.66 20.38 69 1.5 4.92 .75 2.00 2.85 14.83 3.94 11.75
30 1.5 9.831,50 2.001.99 9.70 2.58 7.12 70 1.5 4,92 .75 2.00 4.33 25.04 6.66 8.15
31 1.5 9.831.50 2.00 2.78 14.84 3.95 10.51 71 1.5 2.46 .381.001.02 9.71 2.58 1.02
32 1.5 9.831.50 2.00 3.78 25.06 6.67 20.35 72 1.511.33 3.00 4.00 2.38 49.14 13.07 .00
33 1.5 9.831.50 2.00 4.68 49.14 13.07 56,98 73 1.5 5,67 1.502.001.99 9.71 2.58 5.52
34 1.5 492 .751.002.85 14.83 3,94 30.82 74 1.5 5.67 1.50 2,00 2,77 14.83 3.94 5.40
3% 1.5 2,46 .38 .501.02 9.71 2.58 10,60 75 1.5 5.67 1.50 2.00 3,78 25.04 6.66 7.67
36 1.511,333.002.001.956 9.70 2.58 2.71 76 1.5 5,67 1.50 2.00 4.34 34.75 9.24 4.32
37 1.511.333.00 2.00 1.99 14.84 3.95 .00 77 1.5 2.8 .751.001.79 9.71 2.58 20.01
38 1.511.33 3.00 2,00 2,08 25.06 6.67 .00 78 1.5 2.83 .751.00 2,85 14.82 3.94 28.32
39 1.511.33 3,00 2.00 2.38 49.14 13.07 53.92 79 1.5 9.83 1.50 5.00 4.68 49.14 13.07 .00
40 1.5 5.671.501.001.99 9.71 2.58 35.73 8 1.5 492 .752.501.79 9.71 2.58 .72




TEST

o O G d B RO E Qf;;;' ngT otd; d ds K. R O E fog}'
81 1.5 492 .753.001.79 9.71 2.58 .00 121 3.0 4.92 .75 .50 1.13 9.71 1.29 33.21
8 1.5 4.92 .752.50 2.85 14.83 3.9 5.52 122 3.0 492 .15 .501.92 1483 1.97 66.43
8 1.5 492 .753.002.85 14.83 3.94 1.2 123 3.0 4.92 .75 .50 3.30 25.04 3.33 59.71
84 1.5 4,92 .753.50 2.85 14.83 3.9 .24 124 3.0 2.46 .38 .25 .8 971 129 43.45
8 1.5 4,92 .752.50 4.3 25.04 6.66 3.12 125 3.011.333.001.001.29 970 129 407
86 1.5 4.92 .753.004.33 25.04 6.66 1.08 126 3.0 11.33 3.00 1.00 1.89 14.84 1.97 31.88
81 1.5 4.92 .75350 4.33 25.04 6.66 .00 127 3.0 11.33 3.00 1.00 2.50 25.06 3.33 34.93
88 1.5 2.46 .381.252.30 17.86 4.75 .17 128 3.0 11.33 3.00 1.00 2.8¢ 3440 457 40 02
89 1.5 2.46 .381.502.30 17.86 475 .00 129 3.0 11.33 3.00 1.00 3.17 49.14 6 54 190. 60
%0 1.5 5.671.502.50 1.9 9.71 2.58 1.08 130 3.0 7.562.00 .67 % 7.2 1.05 572
91 1.5 5.671.503.001.99 9.71 2.58 .00 131 3.0 7.56 2.00 .67 1.63 12.12 1.61 35.08
92 1.5 5.671.50 2.50 2.77 14.83 3.94 1.08 132 3.0 7.56 2.00 .67 2.77 20.46 2.2 90.2]
93 1.5 5.671.50 2.50 2.77 14.83 3.94 .00 133 3.0 7.5 2.00 .67 3.51 28.09 3.74 67 04
94 1.5 5.671.50 2.50 3.78 25.06 6.66 4.20 134 3.0 7.56 2.00 .67 4.17 40.12 534 129.78
9 1.5 5.671.503.003.78 25.04 6.66 .8 135 3.0 5.671.5 50119 971 129 45 44
9% 1.5 5.671.50 3.50 3.78 25.04 6.66 .00 136 3.0 5.67 1.50 .50 2.05 14.83 1.97 64 27
97 1.5 5.67 150 2.50 4.34 34.75 9.2¢ 1.32 137 3.0 5.67 1.50 .50 3.35 25.04 3.33 93 89
98 1.5 2.83 .751.251.79 9.71 2.58 15.77 138 3.0 5.671.50 .50 4.08 3475 462 112 11
99 1.5 2.83 .751.50 1.79 9.71 2.58 10.09 139 3.0 2.83 .15 25114 9.71 129 5719

100 1.5 2.8 .751.751.79 9.71 2.58 5.89 140 3.0 9.831.50 2.00 1.19 9.70 129 .00

100 1.5 2.8 .752.001.79 9.71 2.58 3.9 141 3.0 9.83 1.50 2.00 2.05 14.8 1.97 .00

102 1.5 2.83 .752.50 1.79 9.71 2.58 1.48 142 3.0 9.83 1.50 2.00 3.35 25.06 3.33 509

103 1.5 2.83 .752.751.79 9.71 2.58 .51 143 3.0 9.83 1.50 2.00 4.05 3440 45 350

104 1.5 2.83 .753.001.79 971 2.58 .00 144 3.0 9.83 1.50 2.00 4.82 49.14 6.5& 4579

105 1.5 2.83 .751.252.85 14.82 3.9 21.11 145 3.0 6.561.001.33 % 7.9 1.05 .00

106 1.5 2.83 .751.502.85 14.82 3.94 15.9¢ 146 3.0 6.561.00 1.33 1.56 12.12 161 00

107 1.5 2.83 .751.752.85 14.82 3.94 9.2¢ 147 3.0 4.92 .151.001.13 9.7 129 5.5

108 1.5 2.83 .752.002.85 14.82 3.94 6.95 148 3.0 4.92 .751.001.92 14.83 1.97 4].37

109 1.5 2.83 .752.252.85 14.82 3.94 5.43 149 3.0 4.92 .751.00 3.90 25.04 3.3 16.55

110 1.5 2.83 .752.752.85 14.82 3.9 1.5 150 3.0 2.46 .38 .50 .8 9.71 129 29.97

111 3.0 9.831.501.001.19 9.70 1.29 3.05 151 3.011.33 3.00 2.00 1.29 9.70 1.29 .00

112 3.0 9.83 1.50 1.00 2.05 14.84 1,97 25.4¢ 152 3.0 11.33 3.00 2.00 1.89 148 1.97 00

113 3.0 9.831,50 1.00 3.35 25.06 3.33 49.85 153 3.0 11.33 3.00 2.00 2.50 25.06 3.33 3.73

114 3.0 9.831,50 1.00 4.05 34.40 457 21.37 154 3.0 11.33 3.00 2.00 2.84 34.40 457 21.03

115 3.0 9.83 1,50 1.00 4.82 49.14 6.54 126,84 155 3.0 11.33 3.00 2.00 3.17 49.14 6.54 73.93

116 3.0 6.5 1.00 .67 % 7.9 1.05 572 156 3.0 1.562.00 1.3 * 7.9 1.05 148

117 3.0 6.5 1.00 .67 1.56 12.12 1.61 26.77 157 3.0 7.56 2.00 1.33 3.51 28.09 3.74 24 9

118 3.0 6.5 1.00 .672.81 20.46 2.72 81.23 158 3.0 7.56 2.00 1.33 4.17 40.12 5.34 76.61

119 3.0 6.561.00 .673.71 28.09 3.74 72.74 159 3.0 5.671.50 1.001.19 9.71 1.29 576

120 3.0 6.561.00 .67 4.67 40.12 5.34 91.20 160 3.0 5.67 1.50 1.00 2.05 14.83 1.97 36.33

*) Value not found in runup charts

c-3



NO. 10° N J10°
161 3.0 5.67 1.50 1,00 3.35 25.04 3.33 40.41 201 3.0 5.67 1.50 2,00 3.35 25.04 3.33 00
162 3.0 5.67 1,50 1.00 4.08 34.75 4.62 69.79 202 3.0 5.67 1.50 2.00 4.08 34.75 4.62 9.47
163 3.0 2.8 .75 .501.14 9.71 1.29 40.44 203 3.0 2.8 .751.00 1.14 9.71 1.29 13.69
164 3.0 2.83 .75 .501.,92 14.82 1.97 69.86 204 3.0 2.8 .751.001.92 14.82 1.97 40.91
165 3.0 9.83 1.50 3.003.35 25.06 3.33 .00 205 3.0 6.56 1.00 3.33 2.81 20.46 2.72 00
166 3.0 9.83 1.50 3.00 4.05 34.40 4.57 .00 206 3.0 6.56 1.00 3.33 4.67 40.12 5.34 00

167 3.0 9.83 1.50 3.00 4.82 49.14 6.54 13,23 207 3.0 4.92 .752.501.92 14.83 1.97 .00
168 3.0 6.56 1.00 2.00 3.71 28.09 3.74 8.86 208 3.0 2.46 .38 1.251.68 17.86 2.37 .64
163 3.0 6.56 1.00 2.00 4.67 40.12 5.3¢ 19.01 209 3.0 2.46 .38 1.50 1.68 17.86 2.37 .59
170 3.0 4.92 .751.501.13 9.71 1.29 .00 210 3.0 2.46 .381.751.68 17.8 2.37 .00
17 3.0 492 ,751.501.92 14.83 1.97 19.19 211 3.0 7.56 2.00 3.33 4.17 40.12 5.3¢ .00
172 3.0 4.92 .751.503.30 25.04 3.33 4.20 212 3.0 5.67 1,50 2,50 4.08 34.75 4.62 .00
173 3.0 2.46 .38 .75 .85 9.71 1.29 19.63 213 3.0 2.83 .751.251.14 9.71 1.29 4.88
174 3.0 11,33 3.00 3.00 2.50 25.06 3.33 .00 214 3.0 2.8 .751.501.14 9.71 1.29 .81
175 3.0 11.33 3.00 3.00 2.84 34.40 4.57 .00 215 3.0 2.8 .751.751.14 9.71 1.29 .00
176 3.0 11.33 3.00 3.00 3.17 49.14 6.5¢ 21.03 216 3.0 2.83 .751.251.92 14.8 1.97 29.72
177 3.0 7.56 2.002.00 * 7.92 1.05 .00 217 3.0 2.8 .751.501.92 14.82 1.97 20.43

1

1.00 2.67 2.81 20.46 2.72 .37 229 3.0 2.31 .92 .34 1.41 11.20

1,00 2.67 3.71 28.09 3.74 .00 230 3.0 1.91 .76 .23 1.09 9.40
191 3.0 6.56 1.00 2.67 4,67 40.12 534 .37 231 3.0 1.94 .78 .301.36 11.08
192 3.0 492 .752.001.92 14.83 1.97 .72 232 3.0 5.81 2.32 .73 1.65 12.31
193 3.0 4.92 .752.003.30 25.04 3.33 .00 233 3.0 5.712.28 .90 2.04 14.91

178 3.0 7.56 2.00 2.00 1.63 12.12 1.61 .00 218 3.0 2.8 .751.751.92 14.82 1.97 9.33
179 3.0 7.56 2.00 2.00 2.77 20.46 2.72 9.23 219 3.0 2.8 .752.001.92 14.82 1.97 4.45
180 3.0 7.56 2.00 2.00 3.51 28.09 3.74 5.54 220 3.0 2.83 .752.251.92 14.82 1.97 2.29
181 3.0 7.56 2.00 2.00 4. 1? 40.12 5,34 25.48 221 3.0 2.8 .752.501.92 14.8 1.97 .42
182 3.0 5.67 1.501.50 1.19° 9.71 1.29 1.68 222 3.0 5.81 2,32 .37 1.65 12.31 1.64 51.32
18 3.0 5.67 1.50 1.50 2.05 14.83 1,97 8.15 223 3.0 5.71 2.28 .45 2.04 14.91 1.98 50.35
184 3.0 5,67 1.501.503.35 25.04 3.33 7.91 224 3.0 3.87 1,55 .351.24 10.05 1.3¢ 45.12
185 3.0 5.67 1.50 1.50 4.08 34.75 4.62 26.86 225 3.0 3,80 1.52 .46 1.61 12.17 1.62 47.91
186 3.0 2.8 .75 .751.14 9.71 1.29 25.61 226 3.0 2.871.15 .34 1,17 9.61 1.28 40.63
187 3.0 2.8 .75 .751.92 14.82 1.97 51.55 227 3.0 2.861.14 .41 1.47 11.52 1.53 45.02
188 3.0 9.831.50 4.00 4.82 49.14 6.54 .00 228 3.0 2.28 .91 .271.13 9.43 1.25 35.05

6.56 1

6.56 1

1

1

1
194 3.0 2.46 .381.00 .8 9,71 1.29 9.62 234 3.0 3.871.55 .70 1.24 10.05 1.
135 3.0 11.33 3.00 4.00 3.17 49.14 6.54 .00 235 3.0 3.801.52 .91 1.61 12.17 1.62 18.83
196 3.0 7.56 2.00 2.67 2.77 20.46 2.72 00 236 3.0 2.871.15 .681.17 9.61 1.28 17.24
197 3.0 7.56 2.00 2.67 3.51 28.09 3.74 .00 237 3.0 2.86 1.14 .82 1.47 11.52 1.53 23.54
198 3.0 7.56 2.00 2.67 4.17 40.12 5.34 11.45 238 3.0 2.28 .91 .531.13 9.43 1.25 21.49
199 3.0 5.671.502.001.19 9.71 1.29 .00 239 3.0 2.31 .92 .67 1.41 11.20 1.49 24.69
200 3.0 5.67 1.50 2.00 2.05 14.83 1.97 00 240 3.0 1.91 .76 .47 1.09 9.40 1.25 20.05

*) Value not found in runup charts



NO. 10° N .10°
241 3.0 1.94 .78 .59 1.36 11.08 1.47 24.57 281 6.0 1.94 .78 .28 .66 11.08 .74 20.14
242 3.0 5.81 2,32 1.10 1.65 12.31 1.64 3.95 282 6.0 5.812.32 .61 .8 12,31 .8 3.9
243 3.0 5.712.281,352.04 14.91 1.98 3.07 28 6.0 5.71 2.28 .67 1.04 14.91 .39 3.07
244 3.0 3.87 1,55 1.06 1.24 10.05 1.3¢ 4.30 284 6.0 3.871.55 .49 .62 10.05 .67 4.30
245 3.0 3.801.52 1.37 1.61 12,17 1.62 3.45 285 6.0 3.80 1.52 .68 .80 12.17 .81 1.67
246 3.0 2.87 1.151.02 1.17 9.61 1.28 7.39 286 6.0 2.87 1.15 .40 .57 9.61 .64 4.92
247 3.0 2.86 1.14 1.23 1.47 11.52 1.53 9.21 287 6.0 2.861.14 .58 .72 11.52 .17 2.05
248 3.0 2.28 .91 .801.13 9.43 1.25 6.37 28 6.0 2.28 .91 .35 .54 9.43 .63 7.15
249 3.0 2,31 .921.011.41 11.20 1.49 7.5 289 6.0 2.31 .92 .48 .68 11.20 .74 4.10
250 3.0 1.91 .76 .701.09 9.40 1.25 7.24 290 6.0 1.91 .76 .34 .53 9,40 .63 5.57
251 3.0 1.9 .78 .891.36 11.08 1.47 8.86 291 6.0 1.94 .78 .43 .66 11.08 .74 5.88
252 3.0 5.81 2.32 1.46 1,65 12.31 1.64 .00 292 6.0 5.81 2.32 .81 .8 12.31 .8 .00
253 3.0 5.712.281.80 2.04 14.91 1.9 .00 293 6.0 5.71 2.28 .89 1.04 14.91 .99 .00
254 3.0 3.87 1.55 1.41 1.24 10.05 1.3¢ .00 294 6.0 3.871.55 .65 .62 10.05 .67 .00
255 3.0 3.801.52 1.8 1.61 12.17 1.62 .00 295 6.0 3.801.52 .91 .8 12.17 .81 .00
256 3.0 2.87 1.151.36 .17 9.61 1.28 1.23 29 6.0 2.871.15 .53 .57 9.61 .64 .00
257 3.0 2.861.14 1.64 1.47 11.52 1.53 3.07 297 6.0 2.86 1.14 .78 .72 11.52 .77 .00
258 3.0 2.28 911,071,013 9.43 1.25 3.16 298 6.0 2.28 .91 .47 .54 9.43 .63 2.38
259 3.0 2.31 .921.351.41 11.20 1.49 .69 299 6.0 2.31 .92 .65 .68 11.20 .74 1.38
200 3.0 1.91 .76 .931.09 9.40 1.25 3.3¢ 300 6.0 1.91 .76 .46 .53 9.40 .63 2.23

261 3.0 1.9¢ .781.181.36 11.08 1.47 1.9 301 6.0 1.94 .78 .57 .66 11.08 .74 1.%

263 6.0 5.71 2.28 .22 1.04 14.91 .99 40,93




APPENDIX D: OVERTOPPING RATES BASED ON EMPTRTICAL FORMULA

The following parameters for each test are listed in the attached table:

cotﬂé = parameter related to the slope of the structure which is 1 on cot&é;
(d;/H;) = dg = normalized water depth below SWL at the toe of the structure
whose slope is 1 on cotE;;

(H;/gT’Q) = ¢g~? = parameter related to wave steepness;

a = (0.1085/a,) = empirical coefficient in the empirical formula for the
average overtopping rate given in SPM;

Qg = empirical coefficient in the empirical formula for the average
overtopping rate given in SPM;

R = (R’/H;) = normalized wave run-up on the structure slope whose slope is

1 on cot&é;
QSPM = [QéPM/(H;JgHB)] = normalized averaged overtopping rate based on the
empirical formula in SPM; and

QTEST = [QéEST/(H;JgHBJ] = normalized average overtopping rate based on the

measured value QéEST for each test.

The wvalues a and Q§ for each test are obtained using the figures in SPM for
given values of dg and ¢°% for the smooth 1:1.5, 1:3 or 1:6 slope fronted by
the 1:10 slope. The value of R for each test is found using the figures in
SPM which plot R as a function of cotB;, 0”2 and dg for smooth impermeable

slopes fronted by the 1:10 slope.



oot g o o % R Y O Teg 8oL oy g g S G
2 1.5 .00 .00454 .057 ,0021 1.08 .10 .68 48 1.5 .00 .00159 .080 .0060 2.13 7.25 5.40
3 1.5 .00 .00159 ,080 .0060 2.14 19.5¢ 6.78 49 1.5 1.50 .01063 .062 .0145 1.99 .00 L34
4 1.5 .00 .00041 ,055 .0400 4.02 73.42 84.79 50 1.5 1.50 ,00454 .066 .0140 2.78 .00 .68
6 1.5 .00 .00455 .057 .0021 1.08 6.80 9.95 51 1.51.50 .00159 .067 .0135 3.78 3.48 4.75
7 1.5 .00 .00159 ,080 ,0060 2.13 40.53 239.45 52 1.5 1.50 ,00041 065 .0800 4.68 22.46 18.99
8 1.51.50 .01063 ,062 .0145 1.99 17.39 35.95 53 1.5 .75 .01061 .059 .0059 1.79 89 5,04
9 1.51.50 .00454 066 .0140 2.78 34,23 238.32 54 1.5 .75 .00455 .075 .0056 2.85 13.76 19.90
10 1.5 1.50 ,00041 065 .0800 4.68 137.16 140.75 55 1.5 .75 .00159 .065 .0065 4.33 24.14 13.19
11 1.5 .75 .01061 .059 .0059 1.79 26.77 235.73 56 1.5 .38 .01060 .046 .0043 1.02 .18 3.31
12 1.5 .75 .00455 ,075 .0056 2.85 44.80 50.72 57 1.5 3.00 .00041 .095 .0880 2.38 .00 10.51
13 1.5 .75 .00159 ,065 .0065 4.33 54,75 48.92 58 1.51.50 .01061 .062 .01451.99 3.89 18.95
14 1.5 .38 .01060 ,046 ,0043 1.02 20.16 27.00 59 1.5 1.50 .00455 .066 .0140 2.77 16.17 18.59
15 1.5 3.00 .01063 .081 .0070 1.96 18.44 24.76 60 1.5 1.50 .00083 ,055 .0580 4.34 57.99 17.51
18 1.5 3.00 .00041 .095 ,0880 2.38 106.40 146.85 6l 1.5 .75 .01060 .059 .0059 1.79 14.92 29.63
19 1.51.50 ,01061 .062 .0145 1,99 49.04 65.35 62 1.5 .00 .00041 .055 .0400 4.02 00 1.02
20 1.5 1.50 ,00455 .066 .0140 2.77 64.98 66.79 63 1.5 .00 00159 .080 ,0060 2.13 14 1.32
21 1.5 1.50 .00159 .067 .0135 3.78 75.47 53.48 64 1.5 1,50 ,01063 .062 .0145 1.99 .00 .00
22 1.5 1.50 ,00083 .055 ,0580 4,34 152.48 111.03 65 1.5 1.50 .00454 .066 .0140 2.78 .00 .00
23 1.5 .75 .01060 ,059 ,0059 1.79 45.84 53,42 66 1.5 1.50 .00159 .067 .0135 3.78 .00 .00
24 1.5 .75 .00455 ,075 ,0056 2.85 58.01 57.44 67 1.5 1.50 ,00041 .065 .0800 4,68 4.08 3.05
25 1.5 .00 .00159 .080 .0060 2.14 .15 .00 68 1.5 .75 .01061 .059 .0059 1.79 00 2,40
26 1.5 .00 .00041 .055 .0400 4.02 23.22 35,95 69 1.5 .75 ,00455 .075 .0056 2.8 6.01 11.75
28 1.5 .00 .00455 .057 .0021 1.08 09 1.08 70 1.5 .75 .00159 .065 .0065 4.33 15.22 8.15
29 1.5 .00 .00159 .080 ,0060 2.13 19.51 20.38 71 1.5 .38 .01060 .046 .0043 1.02 00 1.02
30 1.51.50 .01063 062 .0145 1.99 00 7.12 72 1.5 3.00 .00041 .095 .0880 2.38 .00 .00
31 1.51,50 .00454 066 .0140 2.78 5.96 10.51 73 1.5 1.50 .01061 .062 .0145 1.99 00 5,52
32 1.51.50 ,00159 .067 .0135 3.78 17.22 20.35 74 1.5 1.50 ,00455 .066 .0140 2.77 5.94 5.40
33 1.51.50 .00041 .065 .0800 4.68 61.70 56.98 75 1.5 1.50 .00159 .067 .0135 3.78 17.20 17.67
34 1.5 .75 .00455 ,075 ,0056 2.85 25.91 30.82 76 1.5 1.50 .00083 ,055 .0580 4.34 233.63 4.32
35 1.5 .38 .01060 .046 .0043 1.02 5.24 10.60 77 1.5 .75 .01060 .059 .0059 1.79 7.59 20.01
36 1.5 3.00 ,01063 .081 .0070 1.96 00 2.1 78 1.5 .75 .00455 ,075 .0056 2.85 25.90 28.32
39 1.5 3.00 .00041 .095 ,0880 2.38 17.95 53.92 79 1.5 1.50 .00041 .065 .0800 4.68 .00 .00
40 1.51.50 .01061 062 .0145 1.99 17.42 35.73 80 1.5 .75 .01061 .059 .0059 1.79 .00 2
41 1.5 1.50 .00455 .066 .0140 2.77 34,20 35.85 81 1.5 .75 .01061 .059 .0059 1.79 .00 .00
42 1.5 1.50 .00159 .067 .0135 3.78 48.25 32.49 82 1.5 .75 .00455 .075 .0056 2.85 1.44 5,52
43 1.5 1.50 .00083 .055 0580 4,34 095,34 45.80 83 1.5 .75 .00455 .075 .0056 2.85 00 1.32
44 1.5 .75 .01060 .059 .0059 1.79 26.79 39.68 84 1.5 .75 .00455 .075 .0056 2.85 .00 .24
45 1.5 .75 .00455 .075 .0056 2.85 44.79 43.58 85 1.5 .75 .00159 065 .0065 4.33 8.96 3.12
46 1.5 .00 .00041 .055 .0400 4.02 4.46 8.82 8 1.5 .75 .00159 .065 .0065 4.33 4.68 1.08
47 1.5 .00 .00455 .057 .0021 1.08 .00 .00 87 1.5 .75 .00159 .065 .0065 4.33 1.91 .00




TEST io- 43 _Ho , Quprr Qresr TEST . dg  Hg . Qaew Orear
CDtB, H{', x QU R .103 .]03 M. COte.'l Hé gTrZ a QO R .;Ol’g ‘]03

9 1.51.50 ,01061 .062 .01451.99 .00 1.08 135 3.0 1.50 .01061 .080 .0110 1.19 31.17 45.44
91 1.51.50 .01061 .062 .01451.99 .00 .00 136 3.0 1.50 .00455 ,090 0190 2.05 75.59 64.27
92 1.5 1.50 .00455 066 .0140 2,77 .91 1.08 137 3.0 1.50 00159 .077 .0360 3.35 124.13 93.89
93 1.5 1.50 .00455 .066 .0140 2,77 .91 .00 138 3,0 1.50 .00083 .090 0380 4.08 144.82 112.11
9¢ 1.51.50 .00159 .067 .0135 3.78 8.80 4.20 139 3.0 .75 .01060 .075 .0110 1,14 54.88 57.19
9 1.51.50 .00159 .067 .0135 3.78 3.47 .84 140 3.0 1.50 .01063 ,080 0110 1,19 .00 .00
9% 1.51.50 .00159 .067 .0135 3.78 .58 .00 141 3.0 1.50 .00454 .090 .0190 2.05 .70 .00
97 1.5 1.50 .00083 .055 .0580 4.34 18.00 1.32 142 3.0 1.50 .00159 .077 .0360 3.35 27.22 5.09
98 1.5 .75 .01060 059 .0059 1.79 3.23 15.77 143 3.0 1.50 ,00085 .090 .0380 4.05 52.86 9.50
99 1.5 .75 .01060 .059 .0059 1.73 .90 10.09 144 3.0 1.50 .00041 080 .0760 4.82 83.30 45.79

100 1.5 .75 .01060 .059 .0059 1.79 .02 5.89 147 3.0 .75 .01061 .075 .0110 1.13 1.92 5.52

101 1.5 .75 ,01060 .059 .0059 1.79 .00 3.98 148 3.0 .75 .00455 .090 .0110 1.92 26.01 41.37
102 1.5 .75 .01060 .059 .0059 1.79 .00 1.48 149 3.0 ,75 .00159 .090 .0160 3.30 59.43 16.55
103 1.5 .75 .01060 .059 .0059 1.79 .00 .51 150 3.0 .38 .01060 .090 .0040 .85 12.49 29.97
104 1.5 .75 .01060 .059 .0059 1.79 .00 .00 153 3.0 3,00 .00159 .080 .0150 2.50 6.27 3.73
105 1.5 .75 .00455 .075 .0056 2.85 19.16 21.11 154 3.0 3.00 .00085 .350 .0030 2.84 31.87 21.03
106 1.5 .75 .00455 .075 .0056 2.85 13.75 15.94 155 3.0 3.00 .00041 .085 .1500 3.17 58.29 73.93
107 1.5 .75 .00455 .075 .0056 2.85 9.43 9.24 157 3.0 2.00 .00127 .090 .0190 3.51 52.52 24.92
108 1.5 .75 .00455 .075 .0056 2.85 6.01 6.95 158 3.0 2.00 .00062 .120 .0400 4.17 109.82 76.61
109 1.5 .75 .00455 .075 .0056 2.85 3.37 5.43 159 3.0 1.50 .01061 .080 .0110 1.19 3.84 5.76

110 1.5 .75 .00455 .075 .0056 2.85 .22 1,57 160 3.0 1.50 .00455 ,090 .0190 2.05 38.05 36.33
111 3.0 1.50 .01063 .080 .0110 1.19 3.81 3.05 161 3.0 1.50 .00159 .077 .0360 3.35 79.59 40.41
112 3.0 1.50 .00454 .09 .0190 2.05 38.13 25.44 162 3.0 1,50 .00083 ,090 .0380 4.08 106.59 69.79
113 3.0 1.50 .00159 .077 .0360 3.35 79.63 49.85 163 3.0 .75 .01060 .075 .0110 1.14 26.71 40.44
114 3.0 1.50 .00085 .090 .0380 4.05 106.13 21.37 164 3.0 .75 .00455 .090 .0110 1.92 55.10 69.86
115 3.0 1.50 00041 .080 .0760 4.82 155.81 126.84¢ 165 3.0 1.50 ,00159 ,077 .0360 3.35 3.17 .00
118 3.0 1.00 .00239 .080 .0230 2.81 78.65 81.23 166 3.0 1.50 .00085 090 .0380 4.05 19.61 .00
119 3.0 1.00 .00127 .080 .0240 3.71 94.63 72.74 167 3.0 1,50 .00041 .080 .0760 4.82 38.24 13.23
120 3.0 1.00 00062 .090 .0270 4.67 116.19 91.20 168 3.0 1.00 ,00127 .080 .0240 3.71 30.17 8.8
121 3.0 .75 .01061 .075 .0110 1.13 26.67 33.21 169 3.0 1.00 .00062 .090 .0270 4.67 54.50 19.01
122 3.0 .75 .00455 .090 .0110 1.92 55.11 66.43 170 3.0 .75 .01061 .075 .0110 1.13 .00 .00
123 3.0 .75 .00159 .090 .0160 3.30 87.49 59.71 171 3.0 .75 .00455 .090 .0110 1.92 8.32 19.19
124 3.0 .38 .01060 .090 .0040 .85 30.51 43.45 172 3.0 .75 .00159 .090 .0160 3.30 38.70 4.20
127 3.0 3.00 .00159 .080 .0150 2.50 38.89 34.93 173 3.0 .38 ,01060 ,090 .0040 .85 2.29 19.63
128 3.0 3.00 .00085 .350 ,0030 2.84 43.62 40.02 174 3.0 3.00 .00159 .080 .0150 2.50 .00 .00
129 3.0 3.00 .00041 085 .1500 3.17 168.41 190.60 175 3.0 3,00 .00085 .350 .0030 2.84 .00 .00
131 3.0 2.00 .00681 .074 .0150 1.63 34.17 35.08 176 3.0 3.00 .00041 .085 .1500 3.17 4.06 21.03
132 3.0 2.00 .00239 .090 .0330 2.77 100.44 90.27 178 3.0 2.00 .00681 .074 .0150 1.63 .00 .00
133 3.0 2.00 .00127 .090 .0190 3.51 86.68 67.94 179 3.0 2.00 .00239 .090 .0330 2,77 20,08 9.23
134 3.0 2.00 .00062 .120 .0400 4.17 149.40 129.78 180 3.0 2.00 .00127 .090 .0190 3.51 28.91 5.54




o, ©% £ g o g5 R Few B Teug 2o o g o B G
181 3.0 2.00 .00062 .120 .0400 4.17 77.71 25.48 228 3.0 .91 .01124 .070 .0085 1.13 43.61 25.05
182 3.0 1.50 .01061 .080 .0110 1.19 .00 1.68 230 3.0 .76 ,01131 .075 .0110 1.09 56.05 41.22
183 3.0 1.50 .00455 .090 .0190 2.05 14.50 8.15 231 3.0 .78 .00815 ,040 .0410 1.36 61.38 41.27
184 3.0 1.50 .00159 .077 .0360 3.35 48.70 7.91 234 3.0 1.55 .00990 .080 .0110 1.24 18.23 19,34
185 3.0 1.50 .00083 ,090 .0380 4.08 76.86 26.86 236 3.0 1.15 ,01084 055 .0140 1.17 8.42 17.24
186 3.0 .75 .01060 .075 .0110 1.14 10.55 25.61 238 3.0 .91 .01124 .070 .0085 1.13 18.68 21.49
187 3.0 .75 .00455 .090 ,0110 1.92 38.73 51.55 240 3.0 .76 .01131 .075 .0110 1.09 28.07 20.05
188 3.0 1.50 .00041 .080 .0760 4.82 11.05 00 241 3.0 .78 .00815 ,040 ,0410 1.36 16.37 24.57
189 3.0 1.00 .00239 .080 .0230 2.81 1.06 a7 244 3.0 1.55 .00990 .080 .0110 1.24 3.39 4.30
190 3.0 1.00 .00127 .080 .0240 3.71 13.28 .00 246 3.0 1.15 .01084 .055 .0140 1.17 54 7.39

191 3.0 1.00 .00062 .090 .0270 4.67 34.36 .37 248 3.0 .91 .01124 .070 .0085 1.13 5.87 6.37
192 3.0 .75 .00455 .09 .01101,92 .00 .72 250 3.0 .76 .01131 .075 .0110 1.09 11.72 7.24
193 3.0 .75 .00159 .090 .0160 3.30 23.17 .00 251 3.0 .78 .00815 .040 .0410 1.36 3.03 8.86
194 3.0 .38 .01060 .090 .0040 .85 .00 9.62 254 3.0 1.55 .00990 .080 .0110 1.24 .00 .00
195 3.0 3.00 .00041 .085 .1500 3.17 .00 .00 256 3.0 1.15 .01084 .055 .0140 1.17 .00 1.23
196 3.0 2.00 .00239 .09 .0330 2.77 1.48 .00 258 3.0 .91 .01124 .070 .0085 1.13  .3¢ 3.16
197 3.0 2.00 .00127 .09 .0190 3.51 12.46 .00 260 3.0 .76 .01131 .075 .0110 1.09 2.69 3.34
198 3.0 2.00 .00062 .120 .0400 4.17 50.81 11.45 261 3.0 .78 .00815 .040 .0410 1.36 .16 1.95
199 3.0 1.50 .01061 .080 .0110 1.19 .00 .00 266 6.0 1.15 .01084 .095 .0052 .57 42.13 32.0l
200 3.0 1,50 .00455 .090 .0190 2.05 .65 .00 268 6.0 .91 .01124 .082 .0045 .54 37.74 32.62
201 3.0 1.50 .00159 .077 .0360 3.35 27.17 .00 270 6.0 .76 .01131 .082 ,0045 .53 37.54 30.08
202 3.0 1.50 .00083 .090 .0380 4.08 53.43 9.47 271 6.0 .78 .00815 .095 .0045 .66 40.65 40.85
203 3.0 .75 .01060 .075 .0110 1.14 1.94 13.69 276 6.0 1.15 .01084 .095 .0052 .57 23.02 14.77
204 3.0 .75 .00455 .090 .0110 1.92 26.00 40.91 278 6.0 .91 .01124 .082 .0045 .54 19.99 19.88
205 3.0 1,00 ,00239 .080 .0230 2.81 .00 .00 280 6.0 .76 .01131 .082 .0045 .53 19.74 14.48
206 3.0 1.00 .00062 .090 .0270 4.67 19.00 00
207 3,0 .75 .00455 .090 .0110 1.92 .00 .00 3 .
211 3.0 2.00 .00062 .120 .0400 4.17 27.47 .00 288 6.0 .91 .01124 .082 .0045 .5¢ 8.94 7.15
212 3.0 1.50 .00083 .090 .0380 4.08 34.85 .00 .0 . X
213 3.0 .75 .01060 .075 .0110 1.14 .00 4.8 291 6.0 .78 .00815 .095 .0045 .66 11.53 5.88
214 3.0 .75 .01060 .075 .0110 1.14 .00 .81 296 6.0 1.15 .01084 .095 ,0052 .57 1.80 .00
215 3.0 .75 ,01060 .075 .0110 1.14 .00 .00 298 6.0 .91 .01124 .082 .0045 .54 2.27 2.38
216 3.0 .75 .00455 .090 .0110 1.92 16.04 29.72 300 6.0 .76 .01131 .082 .0045 .53 2.11 2.23
217 3.0 .75 .00455 .090 .0110 1.92 8.31 20.43 301 6.0 .78 .00815 .095 .0045 .66 3.40 1.9
218 3.0 .75 .00455 .090 .0110 1.92 2.54 9.33 emmmmmmmmmeeemme e
213 3.0 .75 .00455 .090 .0110 1.92 .00 4.45
220 3.0 .75 .00455 .0%0 .01101.92 .00 2.29
221 3.0 .75 .00455 .090 .0110 1.92 .00 .42
224 3.0 1,55 .00990 .080 .0110 1.24 47.47 45.12
226 3.0 1.15 .01084 .055 .0140 1.17 36.05 40.63




