
F “~~~~~ 40 A0’19 880 COASTA.~ EN ØIHEE RIP$ RESEARCH CENTER FORT SELVOIR V* F/S SnPREDICTION OF ZRRES4JLAR WAVE OVERTOPPING. ILl)
DEC 77 J AI*ENS

UNCLASSIPIW C&mC—ctTA—77—7 ‘a-

-

•
I

.1~

-
~~ S - -~



L1~—~ CETA 77-7

Prediction of Irre gular Wave Overto pping

H by

John Ahr.ns
H

c)  COASTAL ENGINEERING TECHNICAL AID NO. 77-7
DECEMBER 1977

S —

[ Approv.d for public r.l.os.,
I distribution unlimit.d.

U.S. ARMY, CORPS OF ENGINEERS

COASTA L ENGINEERING
RESEARCH CENTER

uci 11d c1~o D D C
Fort;::: . ~~~~~~~. ~~~~~~~~~~~~

1 18 13 t978

_ _ _ _ _ _ _  
_ _ _ _ _  

_ _ _ _ _ _   

0
- ~~~~~~~~~~~~~~ 

_~__ _~~~ ‘ T -  —.-——— -—--- —
~
—--

~~
- ,  —— 

~~—



4

Reprint or republication of an~ of this material shall give appropriate
cre dit to the 1. .S. .~rmv Coastal Engineering Research Center.

Limited free distribution within the t~nited States of single co p ies of
this publication ha~ been made by this Center Additional coj~ies are

available from:

Xationa i Tech nical I nfor mation S ’mee
I TT\:  Operations Division

5285 Port H orn! Road
Spri ngfield , Firg inia 2215 !

The findings in this report are not to he construed as an official
Department of the Army position unless designated by other
authorized documents.

I

L. 
_______________



UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAG E ~~~~ D~~. Ioe.,.d)(7~ (~f[~ (~~ SI~ EPORT DOCUMENTATION PAGE BEF~~

t0COw~~~~~~~~~~ ORM
TTt S T T  — -  2. GOVT ACCESSION NO 3. RECIPIENT’S CATALOG NUMSER

CETA-77-7 ___________________________
p ’ y 7~9,~ ( . 4  5u~ flf l.) ~~,~.XEL” ~~~~~~ ~~ P~~M~~fl 

~LIf ED

-_.—-
~~~~~~~~~ ~~ Coastal engineering

PREDICTION OF I RRE GULA R WAVE 0VERTOPP ING
,J 

/~chn ica1 ~tid
_______ ______ - - 

S .Enr*~ ,.s. I uu.J

7. AUTI4OR(a) S. CONTRACT OR GRANT NUMSER(.)

S PERFORMING O R G A N I Z A T I O N  NA M E AND ADDRESS 10. PROGRAM ELEMENT , P R O J E C T . TASK
A REA S WORK UNIT NUMBERSDepar tmen t of the Army

Coas tal Eng ineering Research Center (CERRE-CS) 
E31229Kingman Building, Fort Belvoir , Virginia  22 060 _____________________________

II . CONTROL LING OFFICE NAME AND ADD RESS ,‘ ~ 2~~ R EP OR T DAT~~
Department of the Army ( / /  ~ Dec~~~._ ~~77 JCoastal Engineering Research Center i’ ~ u— ~~~~~~~r

Kingman Building, Fort Belvoir , Virginia 22060 20
II. MONI RIN~~~~~sHc1’~1L.A,sE S AOORESS(U dlU.,wf Iron, Canlrolllng Otft c.) IS. SECURITY CLASS. (of tAt. r.port)

/~~.; ~,/,3’p~ 
(
\ UNCLASSIFIED

~~~~~~~~

‘ •.‘ I - 15.. DECLASSIFICATION / DOWNGRADING
SCH EDULE

15. DISTRIBUTION STATEMENT (of 11,1. R.port) -
Approved for pub l i c  release;  d i s t r i b u t i o n  u n l i m i t e d .

17. DISTRIB UTION STATEMENT (.1 A. abatrOrt .nt.r.d In Block 20, II dfII.rwI from R.porf)

II. SUPPL EMENTARY NOTES

IS. KEY WORDS (Contbw. on ror. ,.. .id. II n.c...n,y .id ld.ntlly by block rnn,.b s)

Ir regular  wave overtopping Wave overtopp ing
Irregular  wave runup Wave runup
I r regular  waves

20. AU ACT (Cons In.,. on rov.o.. .I~~ If n.c... y a,d SdonISIV by block m b.r)

Rates of wave overtopping of structures can be predicted by means of an
equation presented in the Shore Protection Manual (SPM)(eg. 7-6 , U.S. Army ,
Corps of Engineers, Coastal Engineering Research Center, 1975; Weggel , 1976).
Implicit in the use of this equation is the assumption. f  no chr~~atic waves;
i.e., waves of uniform height and period . A question ~ar ae~~Tiwhat
would the overtopping rate be for irregular wave conditions having a signifi-
cant height equal to the height of the monochromatic wave used in the SPM ... ...

>(continued)

DO I1
.~~?~I, 

1473 CO~TSON 0P ‘ N OV SIIIOSSOLETE UNCLASSIFIED
SECURITY CLASSIFICATION OF IRIS PASS (~~ion 0.5. IsI. ,. ~~



UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGI(PII D.5• ~~ It.on~~

~~~ ~~equation~ ~
er.-de~.e-l-e),&n answer,1~

a ’ .
~~ ~ 1e.tiea, the irregular wave condi-

tions are assumed to cTuse the runup to have a Rayleigh distribution of the
type commonly associated with wave heights. This technique, which was used
by Ahrens (1977) to predict irr nup , appears reasonable but
possibly somewhat conservative. The runup with a Raylei gh distribution is
used in the SPt’Ps wave overtopping equation to predict average overtopping
rates for irregular waves having a particular significant height.\ This
approach generally yields overtopping rates that are considerably )lower
than the corresponding monochromatic rates except for structure~,,Aiith high
relative freeboards where the irregular wave overtopping a.~~

’
~an then

exceed the monochromatic rates. This beha~~or ,.js—.ae~rs’t~tènt with thetrends observed by ~~~~~ ~~~~~~~~~~~~~~~ their laboratory study of
overtj�p$ssg-e e~~55Tboth monochromatic and irregular waves.

L,>Example problems are given to illustrate how this technique can be used
to predict overtopping rates for i rregular  wave conditions . A table , which
can be used to calculate the irregul ar overtopping rate using the monochromatic
rate for equivalent wave conditions is also given .

tc~

r— 

.-
~~ D ‘ . ‘ C

- 

FEd 13 1j 78
c ~~~vnI~f~y*IL *IIuTt CSS~

tSLbL~JL.JJ L/ L~D

2 UNCLASSIFIED
SECURITY CLAsSIFICATION OP ?N~$ PA GVUWsn bit. 1mt... ~~

- - _-_______~~, _  n_,___—. —-— - -.



PREFACE

This report describes a proposed technique for pred icting overtopp ing
rates for structures exposed to irregular wind-generated waves by extend-
ing the method of predicting overtopping for waves of constant height and
period presented in the Shore Protection Manual (SPM) (U.S. Army , Corps
of Engineers , Coastal En gineer ing Research Cen ter , 1975). Results pro-
duced by the technique should be more representative of conditions in
nature than the SPM procedures. However, while the present SPM proce-
dure is based on labora tory tests , the propos ed technique has not been
directly tested in the laboratory or the field. Therefore, results from
the techn ique should be used for genera l guidance unti l resul ts of
laboratory tests presently underway become available.

Th is report was prepared by John Ahrens , Oceanographer , under the
general supervision of Dr. R.M. Sorensen , Chief , Coastal Structures
Branch .

The author acknowledges the extensive computer programing assistance
from M. Titus , and the useful suggestions by Dr. R.M. Sorensen .

Comments on this publication are invited .

Approved for publ ication in accordance wi th Pub l ic Law 166, 79th
Con gress , approved 31 July 1945 , as supplemented by Public Law 172,
88th Congress , approved 7 November 1963.

d 2/ ~~~~~~~~~~~~~~~~~~~

/JOHN H. COUSINS
Colonel , Corps of Eng ineers
Commander and Director
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CONVERSION FACTORS , U.S. CUSTOMAflY TO METRIC (SI)
UNITS 01 MEASUREMENT

U.S. customary units of measurement used in this report can be ‘~onverted
to metric (SI) units as follows :

Multiply by To obtain

inches 25.4 
— 

millimeters
2.54 centimeters

square inches 6.452 square centimeters
cubic irches 16.39 cubic centimeters

feet 30.48 centimeters
0.3048 meters

square feet 0.0929 square meters
CUbiC feet 0.0283 cubic meters

yards 0.9144 meters
square yards 0.836 square meters
cubic yards 0. 7646 cubic meters

miles 1.6093 kilometers
square miles 259.0 hectares

knot s 1.8532 kilometers per hour

acres 0.4047 hectares

foot-pounds 1.3558 newton meters

millibars 1.0197 x iO~~ ki log rams per square cen timeter

owices 28.35 grams

pounds 453.6 grams
0.4536 kilograms

ton , long 1.0160 metri c tons

ton, short 0.9072 metric tons

degrees (angle) 0.1745 radians

Fah renheit degrees 5/9 Celsius degrees or Kelvins 1

~To o bt a i n  Cels Is (C) te~qn’Taturc r e ad i lAgs  from Falireniteit (F) ~cathngs
use formula: C (5/9) (F —32).
To obtain Kelvin (K) readings , u~c formula: K = (Sf9) (F -32) + 273.15. 
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SYM BOLS AND DEFINITIONS

d8 water depth at toe of structure (feet)

g acceleration of gravity (feet per second squared)

1I~, equivalen t deepwa ter wave he ight (feet )

(H~,) 8 equivalent deepwater significant wave height (feet)

h he ight of the structure crest above the bottom (feet)

K~ ratio of Rp to R3 for a particular probability of exceedance

p probability of exceedance

Q~ overtopp ing rate associated with a particular probability of
exceedance (cub ic f eet per second per foot)

overtopping rate for monochromatic waves (cubic feet per second
per foot )

a , Q~ empirical , dimensionless wave overtopp ing parameters

Qr overtopp ing rate for irregular waves (cub ic feet per second
per foot )

Q0~~5 peak over topp ing rate (cubic feet per second per foot)

R runup for monochromatic waves (feet)

Rp wave runup associated with a particular probability of
exc eedance (feet)

wave runup with deepwater significant height and period (feet )
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PREDICTION OF IRREGULAR WAVE OVERTOPPING

by
John Ahrens

I .  I NTRODUCTION
This report gives a proposed technique for predicting the average

and peak overtopping rates caused by wind-generated waves acting on
coastal structures . No gu idance for pred icting the over topp ing rates
for irregular wave conditions is currently available in the Shore Pro-
tection Manua l (SPM) (U.S. Army , Corps of Eng ineers , Coastal Engineering
Research Center , 1975)1 , or other Corps publ ications. Ther efore , this
interim guidance is provided until the results of the Coastal Engineering
Research Center (CERC) laboratory study of runup and over topp ing by
irr egul ar waves are ava il ab le .

The approach is consistent with , relies on, and extends the SPM
section on wave overtopp ing. In addition to the proposed technique ,
the method provides a simple but plausible means of judging the con-
servatism or nonconservatism of the traditional approach to predicting
overtopp ing based on monochromatic wave conditions. In applying the
procedures descr ibed , a word of caution is noted : Some larger waves
in the spectrum may be depth-limited and break seaward of the structure.
In this case, the rate of overtopp ing may be overestimated .

II. MONOCHROMATIC WAVE OVERTOPPING EQUATION

Equation 7.6 in the SPM (Sec. 7.22) is given to compute wave over-
topp ing. Weggel (1976)2 provides the back ground inf ormation on how th is
equation was developed and gives additional information on its use in
supplementing the discussion in SPM. The overtopping equation from the
SPM is written as

10.2 17 / h-d81/2 — I tanh~~Q,.~~= (gQ,~H~,3) e

(1)
in which

h — d 8 < 1.0 ,
R

~IJ.S. ARMY , CORPS OF ENGINEERS , COASTAL ENGINEERING RESEARCH CENTER,
Shore Protection Manua l , 2d ed., Vols. I , I I , and I I I , Stock No.
008-022-00077-1 , U.S. Government Printing Off ice , Wash ington , D.C.,
1975, 1,160 pp.

2 WEGGEL , J.R., “A Wave Overtopping Equation,” Procreedinge of the 1.5th
Conference on Coaatal EngineerinQ , 1976.



where

Q4.., = overtopp ing rate (volume per unit time) per unit structure
length

g = gravitat ion acceleration

= equivalen t deepwater wave height

h = hei ght of the structure crest above the bottom

d8 = water depth at the structure toe

R = runup on the structure that would occur if the structure
were high enough to prevent over topp ing (corrected for scale
effects , SPM Sec. 7.21)

= empirically determined coefficients that depend on incident
wave characteristics and structure geometry

The SPM (Sec. 7.22) gives values of a and Q
~ 

for a wide range of
structure types and wave conditions.

Equation (1) provides an unusually good fit to observed overtopp ing
rates from laboratory tests us ing monoch romatic waves (waves of constant
height and per iod) .  Q,~ was used in equation (1) ra ther than Q to
spec ify overtopp ing by monochromatic waves. The following section in-
cludes some modifications to equation (1) to adapt it to irregular wave
conditions so that overtopping rates for irregular waves can be calculated
and compared to overtopping rates for monochromatic waves.

III. ADAPTION OF MONOCHROMATIC WAVE OVERTOPPING EQUATION
TO IRREGULAR WAV E CONDITIONS

The fundamental assumption in adapting equation (1) to irregular
wave conditions is that the runup caused by these conditions has a
Rayleigh distribution of the type commonly associated with wave heights.
Th is assumption was made by Ahrens (l 977)~ to predict irregular wave
runup and appears reasonable but possibly somewhat conservative; i.e.,
it will probably yield higher extreme va~i es of runup than are actually
observed . Th e procedur e for combining ti assumption of a Rayle igh
distribution of wave runup with equation (1) for monochromatic wave over-
topp ing is outlined below .

1. The Rayle igh runup distribution is given by

R~ f in ( l/ p )  \ l / 2

2 ) = K ~ (2)

3AHRENS , J.P., “Prediction of Irregular Wave Runup,” CETA 77-2 ,
U.S. Army, Corps of Eng ineers , Coastal Engineering Research Center ,
Fort Belvo ir , Va. , July 1977.
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whe re R~ is the wave runup associated with a particular probability of
exceedance , p; R8 is the wave runup with a given deepwater significant
height and period; and Kj is the ratio of R~ to R3; the index “i” is
employed for use in computations shown below . R8 is referred to as the
significa~ir runup and is predicted in the conventiona l manner based on
laboratory tests using monochromatic waves as shown in the SPM. Equation
(2) provides the transition between monochromatic and irregular conditions .

2. Equation (1) can now be rewritten as

Q.217 _ 1 I/h - d \ 11
1/ 2  - — tanh I I  S I — I  (3)

= (H~ ) e a L \ R3 / K~]

where Q
~ 

is the overtopping rate associated with a particular value of
and (H ç~)q is the equivalent deepwater significant wave height.

has replaced H~ in equation (3) to emphasize the dist inction be-
tween this equation and the monochromatic overtopping equation (eq. 1),
and denotes that it is the significant height which is being used in this
procedure. The term (h - d8)/R3 will be referred to as the relative free-
board .

3. The average overtopping rate for runups with a Rayleigh distribu-
tion , Q2.., was computed by equation (3) using the following relation :

199

i= l  

(4)

for
p = 0.005 x i, i = 1 , 2 , 3 . . . 199

The index “i” causes a range of probabilities to be generated ; these
probabilities when substituted into equation (2) generate a range of
va lues  of the parameter K~ . K~ , in turn , is substituted into equation
(3) to generate the Q~j ’s. The 199 values of overtopping are computed
for a fixed value of the relative freeboard corresponding to the various
values of K~ which are generated by varying the probability of exceed-
ance , p, from 0.005 to 0.995 in increment s of 0.005. The average value
of the Q~ ’s (eq. 4) represent s the average rate of overtopping expected
for a time interval of 199 waves.

4. Using the procedure shown in steps 2 and 3 above , the largest
val ue of Q

~ 
corresponds to a value of p = 0.005. Since the peak rates

of ove rtopp ing m ight be of concern in some design situations , the follow-
ing definition is useful:

Qo.5 = Q~ 
assoc iated wi th a probab i l ity of exceedance

of p 0.005 or 0.5 percent9



If equation (2) is solved for p = Q.OQS , Kj = 1.628 indicating tha t
Q0 ~ 

is the overtopping rate for a runup about 63 percent greater than
R~: Q0~5 

will be referred to as the peak overtopping rate.

The Appendix is a FORTRAN subrout ine which calculates Q,.~, ~r ’ Qa ~~ ‘

and Q0 ~/Q4-.~ to illustrate how the above procedure can be progi~am-
ed and applied to any situation which mi ght occur .

* * * * * * * * * * * * * * EXAMPLE PROBLEM 1 * * * * * * * * * * * * * *

Th is example is based on th e example worked in SPM (Sec. 7.22),
modified to account for the irregularity of natural wave and runup con-
dit ions.

G I V L N :  An impermeable structure with a smooth slope of 1 on 2.5 is
subj ected to waves having a deepwater height H,!, = 5 feet and a period
T = 8 seconds. The depth at the structure toe (s d3 = 10 feet and the
structure elevation is 5 feet above stiliwater level (SWL) . Onshore

~.inds of 35 miles per hour are assumed .

FIND : Estimate the overtopp ing rate for the given wave.

SOLUTION: The wave hei ght and per iod given are assumed to be the sig-
nificant values; therefore , the runup obtained in the example is the
significant runup , R8. Using the following values , as given in the
example in SPM ,

a = 0.08

= 0.035

= (FI
~)~ 

= 5.0 feet
and

h - d8
= 0.294

R8

solving equations (3) and (4) for Qr gives

= 2.70 cubic feet per second per foot

as compared to the value obtained in SPM of

= 5.1 cubic feet per second per foot

for monochromatic waves . Thus, the irregular wave overtopp ing is
about one-half of the value given by the monochromatic wave procedure.
The peak value of the irregular wave overtopping is

= 7.2 cubic feet per second per foot

10



which is about 40 percent greater than the monochromatic rate. The
hind e’fect on overtopping shown in the SPM example is not discussed
here , but it can be assumed that it would increase the irregular over-
topping by the same percentage (11 percent) as the monochromatic over-
topping.

IV. GENERALI :INc. THE IRREGULAR WAVE OVERTOPPING TECHNIQUE

Example 1 used a specific value of freeboard for the structure
(i.e., h - d8 = 5 fee t) ;  however , the problem could have been worked
for any value of freeboard from 0 to 17 feet, which is equivalent to
0.0 .~~. (h - d3) / R 8 < 1.0. The example can be considered in a more gen-
eral way by plotting the ratio of the average irregular wave overtopping
rate , Qr ’ to the monochromatic overtopping rate, Q~, as a function of
the relative freeboard (see Fig. 1). The ratio of the peak to monochro-
matic overtopping rates , Q0~~/~~ , 

is also shown in Figure 1 . When the
ratio of overtopping rates is used as in Figure 1 , the influence of Q

~cancels out and the curves are functions only of a and the relative
freeboard . Fi gure 1 shows the curves for a = 0.08, as given in Examp le 1,
and by reading the values off the curves for a relative freeboard of
0.294 the results of the example can be verified .

Figure 2 shows a family of curves of Qr’~~ 
and Q0 5 /Q,,~ for

= 0.04, 0.06, 0.08, and 0.10 and demonstrates how a controls the shape
of the curves. This range of a’s includes most of the a’s tabula ted in
the SPM (Sec. 7.22). Figure 2 also shows that generally Q,,~ is signifi-
cantly larger than Qr for the range of a ’s presented. The irregular
wave overtopping characteristics shown in Figure 2 are consistent with
the trends observed by Tsuruta and Goda (1968)~ in laboratory tests wi th
both monochromatic and irregular waves.

Figure 2 can be used to compute Qr for var ious values of a and
(h - d3)/R3 by regard ing the ratio as a “correction ” factor for

as illustrated in Example 2. Since it is relatively difficult to
read the values from Fi gure 2 , the ratios of Qr/Q~ 

and QQ 5 /Q,~ 
are

given as a function of a and (h - d8)/R8 in tabular form in Tables 1
and 2, respectively.

* * * * * * * * * * * * * * E XAMPLE PROBLEM 2 * * * * * * * * * * * * * *

To illustrate the use of the generalization presented , recons ider
Exa mple 1 , except assume the freeboard is 8 feet rather than 5 feet ;
therefore , (h - d8) / R 8 = 0.471. Using equation (1) for

a = 0.08

= 0.035

~TSURUTA , S., and GODA , Y . ,  “Expected Discharge of Irregular Wave
Overtopp ing, ” Proceedinge of the 11th Conference on Coaatal Engineering ,
1968 , pp. 833-852.
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= (H~!,)8 = 5.0 feet
and

h - d 8 = 0.471
R

gives a monochromatic overtopping rate of

= 2.963 cubic feet per second per foot

Using Table 1 for a = 0.08 and interpolating between (h - d8) /R8 = 0.45
and (h - d8)/ R 8 = 0.50 to find the value of 

~r
’0
~ 

associated wi th
(h - d8) / R 8 = 0.471 yield a value of Qr’/Q,~ 

= 0.393; therefore ,

= 0.393 x 2.963 = 1.16 cubic feet per second per foot

U sing Table 2 in a sim ilar way to obta in a peak overtopp ing rate gives

= 1.784 x 2.963 = 5.29 cubic feet per second per f oot

Thus , Tables 1 and 2 give factors which can be multiplied by the mono-
chromatic overtopping rate , given by equation (1), to predict the average
and peak overtopping rates for irregular wave conditions. In addition ,
Tables 1 and 2 , along with Figure 2, give perspective on the degree of
conservati sm or nonconserva tism in the tradi tional monochroma tic approach
to wave overtopping.

Example problem 2 illustrates the output forma t of the computer
program given in the. Appendix.

V. SUMMARY

A proposed techn ique for pred icting overtopp ing rates for irregular
wave conditions is presented . This technique is easy to use because it
can be appl ied as a “correction” to the method for monochromatic waves
shown in the SPM (U.S. Army , Corps of Eng ineers , Coas tal Eng ineering
Research Center , j9751 ; Weggel , 19762) .  The technique has the further
val ue of providing insight on the degree of conservatism or nonconserva-
tism in the SPM monochromatic wave overtopping equation (eq. 7-6, eq. 1
in this report) for different wave and structure conditions. Insight of
th is type can be used in evaluating the trade offs among structure hei ght ,
structure characteristics , and cost when determining the optimum struc-
ture des ign.

Based on the analysis developed in this report , equation (1) generally
predicts overtopping rates substantially greater than would be expected

1U.S. ARMY , CORPS OF ENGINEERS , COASTAL ENGINEERING RESEARCH CENTER ,
op. cit., p. 7.

2WEGGEL , op. cit., p. 7.
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I
for the equivalent irregular wave conditions, except for structures with
high relative freeboards. For relative freeboards roughly in the range
0.85 < (h - d8) / R 8 < 1.0, the irregular wave overtopping rate can exceed
the monochroma tic rate. In addi tion , there will be a small amount of
irregular wave overtopping for (h - d8)/ R 3 > 1.0 which would not be pre-
dicted using the SPM monochromatic method. The analysis also shows that
the peak irregular wave overtopping rate (defined as Q~~~ 5) 

will exceed
the monochromatic rate for all values of the relat ive freeboard .

Because of the uncertainty in determining the wave hei ght, runup ,
and parameters a and Q~ 

required to pred ict the overtopp ing ra te, the
design engineer may be justified , in some situations , in using the mono-
chroma tic wave over topping techni que , which is generally conservative .
The proposed technique should yield a more accurate estimate of the
overtopping rate for wind-generated waves; however , it is not necessarily
conservative .
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APPENDIX

FORTRAN Program to Compute
Irregular Wave Overtopping Rates
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