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PRE FACE

This report is published to provide coastal engineers with an analy-
sis of wave runup on structures and beaches . The report uses results
from extensive literature on monochromatic wave testing. The method of
data presentation in this study is consistent with that used in the Shore
Protection Manual (SPM) (U.S. Army , Corps of Engineers, Coastal Engineer-
ing Research Center , 1977). The work was carr ied out un der the coastal
construction program of the U.S. Army, Coastal Engineering Research
Center (CE RC) .

The report was prepared by Phili p N . Stoa , Oceanographer , under the
general supervision of R. A . Jachowski , thief , Coastal Desi gn Criteria
Branch .

Comments on this report are invited.

Approved for publication in accordance with Public LaIr 166 , 79th
Congress , approve d 31 July 1945, as supplemented by Public Law 172 ,
88th Congress , appro ved 7 Nove mber 1963.

dL /a~~~7/JOHN H. COUSINS
~7 Colonel, Corps of Engineers

Commander and Director
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CON Vi R SI ON FACTOiI S , U .~ . CUSTOMARY 10 METRIC (S 1)
UNITS OF ME ASURFMIj N ’1

U. S . customary u n i t s  of measurement used in t h i s  report can be c o n ve r t e d
to metric (51) u n i t s  as fol~ ows :

M u l t i p l y  by To obtain

inches 25. 4 m i l l i m e t e r s
2.54 centim eters

square inches 6.452 square’ cent i met ‘.‘ rs
cubic  inches 16.39 cub ic  c e n t i m e t e r s

feet 30. 43 ce n t im e t er s
0 • 3048 I:tc t C rS

square feet 0.0929 square’ me t e  r~
cubic  feet O , t ) 2S3 cubic meters

yards 0.9144 meters
square’ ards 0. 836 SqUare ’ i:s- t e’rs
cubic yards 0.7646 cubic m et er s

mil es l.b093 kilometers
square miles 259.0 beet ares

knots 1 . 8532 K t lone t e vs per hour

acres 0.404 7 h e c t a r e s

foot —pounds 1. 3558 net~ t on mete r s

mi 1 l ib a r s  1.0197 x 1o ~ k i l o gr a m s  pet ’ square’ Cen t  m eter

ounces 28.35 grains

pounds 4S3 . U g rams
0.4536 k i l o g r a m s

ton , long 1. 0 160 m et r i c  tons

ton , short 0.9072 met r ic  to’ls

degrees (angle) 0.1745 radians

Fah rt’nhcit degrees 5/9 Celsius degrees or Kelv ins 1

ITo obtain Celsius (C) temperature re ad i ngs from Fah t~ Ithe i t (F) rCathn~~~,
use formula: C = (5/9) (F -32).
To ob ta in  K e l v i n  (K)  readings , use fo rmula :  K = (5/9) (F — 3 2 )  + 273. 15.

~~~~~~~~~~~~~~~~~ -~~~~~~~~ -
~~~~~ ~~~~~~~~~~~~~~~~~~~~~ -- -~~~~



-.. -~~~~~~~~~———~~~~~~~~~--—-—-- - .-- -- - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

-r
SYMBOLS AND DEFINITIONS

d water depth

d6 water depth at toe of structure

g acceleration of gravity

H wave hei ght

H~~O zero damage wave height

1-1,3 unrefracted deepwater wave height; H~, is the deepwater
equivalent of the wave height, H, measured in a given i~ater
depth; H is related to 11,3 by the shoaling coefficient, H/H,3

h
~ 

height of core above toe of rubble-mound structure

K3 shoaling coeff icient

k runup corre ction factor for scale effe ct

kr roughness dimension, expressed as an armor unit length

L wavelength in a water depth, d

L0 deepwater wavelength; wavelength in water of depth, d,
where d/L ~ 0.5

L horizontal length of slope (beach slope) fronting toe of
structure

q empirical exponent used in runup equation

R runup; the vertical rise of water on structure face resulting
from wave action

R3 Reynolds number

r ratio of rough-s lope runup to smooth-slope run up ; rough-slope
runup correction factor

T wave period

W armor stone wei ght

beach slope , used for slope fronting a structure; different
from structure slope

e structure slope

v kinematic viscosity

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~
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REANALYSIS OF W AVE RUNUP ON STRUCTURE S AND BEACHES

by
Philip Al. Stoa

I. INTRODUCTION

Wave runup , or simply runup , is an importan t aspect of the inter-
action of waves and coastal structures. Rw2up is the height above 3till-
water level (SWL) to which a wave will rise on a structure or beach, and
is analyzed in dimensionless parameters. The runup divided by the wave
height is commonly defined as relative rwuç .

- - Summaries of previously published studies on wave runup , using
various methods of data presentation, were reported in Koh and
Le Mehaute (1966); van Dorm (1966); van Dorn, Le Mehaute, and Hw an g
(1968); Webber and Bullock (1970); Technical Advisory Committee on
Protection Against Inundation (1974); and Raichien (1975). The pres-
entation of data in this study is consistent with that used in the Shore
Protection Manual (SPM) (U.S. Army, Corps of Engineers, Coastal Engineer-
ing Research Cen ter , 1977).

Only short-period waves, which are of primary interest to coastal
engineers, were considered for this study, although long-period waves
such as tsunamis are under extensive study. Wind waves are the major
component of the short-period wave group, but other waves such as ship-
generated waves are also of interest. An arbitrary definition for
short-period waves is that wave periods are less than 20 seconds
(Le Mehaute, Koh , and Hwang , 1968). The SPM gives mean periods for
visual observations on the U.S. coasts (Fig. 1), and the periods fall
well within this classification.

Monochromatic waves are approximated by nature usually during
periods when swell is predominant at the shore. Structural design is
usually influenced (or determined) by storm conditions, including a
confused sea of irregular waves. Although several reports have dis-
cussed this problem , it is not yet clear how to fully evaluate the runup
produced by irregular waves. Current development of programable wave
generators and improved methods for data acquisition will facilitate
future analysis of irregular waves and runup.

This report uses the results from extensive literature on monochro-
inatic wave testing, which covers a wide range of variables (i.e., struc-
ture types, structure slopes, beach slopes, etc.). Section II discusses
the dimensional analysis; Section III discusses empirical equations for
breaking wave runup, and includes a flow chart defining the limits for
use of various solutions of runup on smooth slopes. Experimental data
are also presented for smooth slopes in the form of empirical curves
based on a reanalysis of smooth-slope runup data. Rough-slope runup is
subsequently developed with emphasis on use of quarrystone and pre cast-
concrete armor units. The rough-slope runup is given, where practical,
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Fi gure 1. Mean monthly nearshore wave periods (including calms )
for five coastal segments (U.S. Army , Corps of Engineers ,
Coastal Engineering Research Center , 1977) .
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as relative runup , R/11~,, ~ut is also given as a ratio of rough-slope
runup to smooth-slope run up for a particular struct ure type and slope .
Scale effects are reviewed using Reynolds numbers but only a limited
number of large-scale tests are available. Consequently, a si ngle
scale-correction curve is given for smooth slopes ; scale-effect correc-
tions for rough slopes are discussed, and correction values are given .

I I .  PROBLEM DEFINITION

Extensive theoretical and laboratory work has been reported for
regular waves--waves which are long crested and periodi c in t ime.
Fi gure 2 is a definition sketch of the important dimensions for de-
scribing runup tests .

The wave is defined by its hei ght , H, and length , L , in water
of given depth, d. Wavelength is a function of period , T, and depth ,
where

L = L~ tanh (~~~.) = (f~
.) tanh (.~~~). (1)

L~ is the deepwater wavelength , where deep water is de fined as d ~ 0.5L
(Table 1; Fig. 2). Deep water may or may not exist for a given experi-
ment or field problem; however, deepwater values can be calculated.
Deepwater vari ables are preferred because of the general applicability
of results and becaus e the deepwater wavelength is then only a function
of period. The use of deepwater vari ables is particularly applicable
to problems involving sloping beaches , because the difficulty in des-
cribi ng varying wavelengths on sloping bottoms is avoided.

Table 1. Relative water depths.

L Shallow water Transitiona l water Deep water
d/L <0.04 0.04 to 0 .5  > 0. 5

L d/gT 2 <0.00 155 0.00155 to O.O793,,j~~~O.O793

Wave hei ght is also a function of water depth , and in a gi ven depth
is related to the deepwater wave height by a shoaling coefficient , K8 ;
linear theory gives the expression

H J  1 1 2Ice - 

ii;ç ~Itanh(21Td/L) 
• 

+ ((47rd/L)/ i
h(4 d,L))]

’ C

where lib is the unrefracted equivalent deepwater wave heigh t of a
wave approaching the shoreline , and d , L , and H are the shallow-
wate r values at the depth of interest. The shoaling coefficient is
derived from theory for waves in water of constant depth ) d , but the
relat ionshi p is commonly applied to coastal areas with vari able depths .

15

_ _



________________________ - —,-.-

~1~ 
H

r ( l -oflu0 t t i  I
4- ~J Iil&-i
~ Al I I V I  A 

_ _ _ _34~i

- - -— ——- __ I _
Cd

o
4-’

C)
-4

U

it  I,

• 2 4-’o C)
‘1 U)

(.)

C
0

4-’
-I/

• ~~~~—~~~ -
~~ 

a)

0. •cr ~~~~.

a)
‘-I

•

-~~~~~~~~~~~ - - ~~~~~~~~~~~~~~
-

~~~~~~~~~~~~~~~~~
-

~~ 
__ _~~ _ __ 1~~~ ~~~~~~

- 
-~~~~~~~



.5-~~-~--- -- ---— - --~-- -  ~~~~~~~~ ---~~ 

Except for extremely small d/L values or for waves near breaking,
equation (2) approximates the shoaling coefficient for waves traversing
gentle bottom slopes . Most laboratory experiments have used structures
fronted by uniform water depths (forme d by the tank floor) . In other
experiments with slopes fronting the structures , the w ave hei ght usually
was measured in the unifo rm water depth of the flat part of the wave
t ank . In both situations the tran s formation of the wave height from
measured heigh t to deepwater heigh t is particularly applicable using
the linear theory shoaling coefficient (eq. 2) because of the relatively
large tank depth in most cases . Some researchers use the wave height ,
H, at a given depth (usually the structure toe) to define relative
runup. The drawback in using this approach to describe wave height is
that on sloping beaches the wave may bre ak befo re reaching the toe of
the structure , and the resulting broken wave is not easi ly re1ate~1 to
the nonbreaking wave characteristics .

Data were compiled for regular waves and uniform structure slopes
according to the variables d9, Hc!~, h0, kr, L , R , T , 8 , 0 , ~, and g,
from which the following di mensionless variables were derived:

IJ ,
0

— wave steepness
gT2

— re la t ive  depth at s tructureH0

relat ive runup

8 structure slope

8 beach slope

H ’ relative roughness

~~~~~~ depth Reynolds number , Re

relative horizontal  length of beach slope
gT

h0 relative core height
08
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The roughness value , k~ , is used in describi ng roughness elements on
a slope . For stone , k~ is the equivalent spherical di ameter , based
on the weight and density of the armor unit;  for a concrete armor unit ,
kr is defined specifically as a characteristic dimension of that armor
uni t .  Because effects of porosity and roughness are di ffi cult to differ-
entiate , various structure types and cross sections are analyzed indepen-
dent ly with notation describing the structure characteristics (e.g. ,
f i l ter  layers , if any ; thickness of armor layer; height of core) .

One of the above dimensionless vari ables is reformulated and ,
together with the other dimensionless variables , gives the follow ing
principal variables used:

_ _ =  f(...2~.., —a.., 0
, 8 , 

.2., Re , f , 
~
) ,  (3)

whe re Re is the depth Reynolds number (discussed in Sec. VI ,2).  The
term -~/L is used , rather than e/g T2 , because it was assumed that if
the wavelen gth in the f la t  part of the tank is L ~ 2~ , the relat i ve
runup would be a function of a wave subs tan t i a l ly  influenced by the
beach s lope , and the r e l a t ive  beach-slope length , £/L, could he
neglected . Some experiments had wavelengths much longer than the slope
length (up to L ~ 5-i). For such conditions , in wh ich L > 2~~, r e l a t ive
runup is expected to be a function , in part , of Z/L. This beach-slope
effect  is discussed fur ther  in Section IV , 3.

The term dq /H~, (relative depth) is used for consistency with the
SPM. However, it is useful in that for each value of d8/H~,, the
relative roughness term, H~,/k r, also has a constant value for a given
absolute armor unit dimension and depth . An alternate form of relative
depth , d3/gT 2 , is used occasionally , but principally as a me ans of
deriving d8/H~, (see Sec. IV) .

I I I .  ThEORETICAL AND EMPIRICAL EQUATIONS

1. General.

Theories dealing with wave runup at the shoreline are applicable to
either breaking or nonbreaking w aves , but usually not both types . In
this classification , waves break because of instability caused by
decreasing depths instead of instabil i ty related to waves of maximum
steepness in a unifo rm water depth. Various breaking criteria have
been developed; a detai led discussion is given in Technical Advisory
Committee on Protection Against Inundat ion (19 74). Most nonbreaking
wa ve theories are derived for rather long waves on very gentle , uni fo rm
slopes extending to an “inf ini te” depth . Breaking wave theories gener-
ally are concerned with a bore-type propagation on gentle slopes , rather
than the plunging or spil l ing types commonly encountered on structures
or steep beaches . Breaking waves are discussed here as related to
structures in the coastal zone.

- - - - - - -- -
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Mi che (1951) deve loped breaking criteri a for smooth uniform slopes
extending to deep water. All waves incident to the slope would then be
considered deepwater waves . His condition for breaking waves is

H,~, ~j fl2~ i— for 0 < — (radians) . (4)
gT - 2ir~ “4 -n 4

Mi che ’s equation was derived to indicate the wave steepness at which
a wave would begin to break on a particul ar slope. This incipient
breaking was defined to occur when the reflection coefficient
Otref leated ’11inoident) becam e less than unity . This definition
assumes that nonbreaking w aves have perfect reflection.

For a given slope , how ever , there is a range of wa ve steepnesses
between incipient breaking and complete breaking. Incipi ent breaking
is the point at which the w ave e~thibits the first signs of instability ,
such as sli ght spilling at the crest. Complete breaking would apply to
a wave which has become a plunging breaker or a turbulent spilling
breaker in approaching or moving onto a structure or uniform beach slope .

I ribarren Cavanilles and Nogales y Olano ( 1949) (as referenced in
Hunt , 1959) gave a breaking criterion that indicates incident waves
meeting the following condition wil l  bre ak .

F ~ 0.031 tan 2 0 .  (5)
gT

Hunt noted that equation (5) gave a wave steepness value , H/gT 2 , inter-
mediate between complete reflection and complete breaking. He listed
the experimental values of I ribarren Cavanilles and Nogales y Olano ,
but water depths were not include d in the data. Nevertheless , both
I ribarren Cavanilles and Nogales y Olano (1950) and Hunt (1959) applied
equation (5) to s lopes fronted by a finite depth . In such cases , depth
effects both on incident w aves and on the breaking criteri a would be
expected. Shallow-water and transitional-water waves (de fined in
Table 1) would be expected to break at steepness values di fferent from
deepwater waves .

Avai lable runup data have been obtained for predominantly nondeep-
water conditions , where relative depth is a factor in the wave’s inter-
action with a slope. For a given relative depth, d8/gT2, relative
runup , R/H~ , increases with increasing wave steepness, H~ /gT2, (for
a sufficiently low steepness) until  reaching a maximum; R/H , values
then decrease with even larger values of I{~,/gT2 . The wave steepness
corresponding to maximum relative runup is taken to be the point of in-
cipient breaking, or the largest wave steepness for total reflection .
Runup dat a show that maximum relative runup for d8/gT2 

~ 0.0 793 ( i .e . ,
deep water) occurs at a wave steepness approximately the same as

19

.5 .5--- ~~ - -.5 .5 —~~~~~~~~~ - - .5



pred icted by Mi che ~l95l) (eq. 4) for incipient breaking. For a given
slope , however, maximum rela tive runup for successively smaller values
of d~/gT2 occurs at correspondingly smaller values of }I~,/gT

2. This
relationship is show n in Fi gure 3 which is a set of runup data curves
for a smooth 1 on 2 .25  slope fronted by a horizontal bottom. Each line
represents a di ffe rent d~ /gT2 value , and it shows that the maximum
R/U~ value occurs for a range of U~ /gT 2 values as d9/gT2 varies.

Comparison of data for different slopes indicates that, when 11 and
lI~ are cons idere d approximately equal , equation (5) gives roughly the
maximum wave steepness for nonbreaking waves . It does not , howeve r ,
preclude breaking waves for lower values of H~,/gT

2 and d8/g12.

Mi che (1944) developed the following theoretical equation for non-
break ing wave runup for structures in deep wa ter:

L (6)

where 0 is the structure slope measured in radians. This equation is
applicable only to waves which are in deep water at the structure toe,
and to steeper structure slopes.

Hunt (1959) gave an empirical equation for runup from waves bre aking
on a structure slope, using equation (5) as a l imit ing condition , as

-~~~ = 0.405 tan 0 for ~~ > 0.031 tan2 0 - (7)
H (H/gT 2 )~~ gT -

Hunt ’s equation was developed from the observation that, for the steeper
waves which break on the structure slope, relative depth loses its sig-
nificance in determining runup.

Since a wave may break on a slope for differing wave steepnesses as
relative depth , d8/gT2, varies, Figure 4 was developed from smooth-
slope runup data to show the variations. The lines in the figure are
b ased on estimates of the wave steepness values for which a curve of
constant d9 /gT2 becomes tangent to the “line of complete breaking”
which is determined empirically for each structure slope from data plots
(see example in Fi g. 3). The lines in Figure 4 give estimates of the
min imum wave steepnesses necessary for inc ident waves to break on a
given slope for the particular rela ti ve depths , d3/gT2 . From the
empirical data , an equation similar to equation (7) but developed for
the deepwa ter wave he ight is

= (cot 0)~~ 04 (4 23)(10)2(q—l) (2 .~) for cot 8 ~ 2.0 . (8)

gT
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This equation defines the line which is approximately tangent to the
d8/gT2 lines (see Fig. 3), particularly for the h igher II 1~,/gT

2 values,
and is equivalent to the line of complete breaking in Figure 3 if
cot 0 = 2.25 . The value of q can be taken from Fi gure 5 for the
appropriate structure slope . Values of q vary appro ximately between
0.4 and 0.7. If  a value of q = 0 5  is used , equation (8) essential ly
reduces to Hun t ’s (1959) eq uation (eq . 7) for H ~ H4~,; however , equa-
tion (8) appears to give values which agree somewhat better with experi-
mental val ues using 11~,.

Equation (8) is app licable only for smooth slopes where cot 0 ~ 2.0.Al ternatively , the runup curves given in Section V,1 may be used for
cot 0 ~ 2.0, but the curves must be used for cot 0 < 2.0 (i.e., steeper
slopes).

Equation (8) was de ri ved from data for a structure on a flat bottom,
but it may be applied to structures on sloping bottoms prov ided d3/H~
is approximately three or greater; i.e., the equation is appl icable to
waves which do not break before reaching the structure , but do break on
the structure slope.

Basically , equation (8) will provide conservative values. Nonbreak-
ing waves will have relative runup equal to or less than predicted by
this equation becaus e the relative runup from nonb reaking waves is also
a function of relative depth. Relative depth is not included in the
equation. If the wave climate at a location consists prima rily of waves
of h igh steepness , nearly all waves will bre ak on the structure and
equation (8) may be used. Such a situation would exist if the waves
meet the conditions of equa tion (5) ,  using H<~, ~ 11.

In contrast, some wave climates have predominant ly long waves (low
d~/gT2 values) of low steepness. This situation occurs, for example ,
on the southwestern coast of the United States. Design wave conditions
may include waves which bre ak on the structure slope , in front of the
structure because of depth limitations, or nonbreak ing waves of the
surging type . For e xample , Vanoni and Rai chien ( 1966) tested long-
period surging waves for ~ Califo rnia location. Use of equation (8)
to derive smooth-slope runup from surging waves or waves breaking in
f ront of the structure would give relative runup values too high,
although such a conservative value might be desired. Furthermore , as
noted later in the discussion of the qual itat ive aspects of run up , the
absolute runup , R , maximum will occur for the maximum steepness of an
incident wave train of constant d8/gT2 providing the waves do not
bre ak before reaching the structure .

A flow chart for runup on a smooth structure slope fronted by a
hori zontal bottom is given in Fi gure 6. Vari ables subscripted wi th
the letter i are incident wave characteristics at the location where
measured.
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2.  Exa~~ le Problems.

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

GIVEN: An impermeable structure has a smooth slope of 1 on 0.5
(63.4 ° or 1.107 radians ) and is fronted by a hori zontal bottom.
The design depth at the st ructure toe is d9 10.0 meters (33
feet) ; design wave heigh t is II = 1.25 meters (4.1 feet) ; and
design wa ve period is T = 3. 2 seconds .

F IND: Using the flow chart in Fi gure 6 , dete rmine the expected relative
runup of a wave approaching the structure at perpendicular incidence .

SOLUTION: In following the flow chart note that dj, the depth where
the wave heigh t is measured, is the same as the toe depth , d~ ;

d 10
= = 0.0996 > 0.08

gT2 (9.8)(3.2)2

There fore ,

(-1 ~ H~, = 1.25 meters

1.25= = 0.0124b
gT (9.8)(3.2)

sin 2 0~
J

~~’ (0.894)2 
1~~~~

1.1075’ 0.034.
2ii2 ly 2 -iT 2 ‘W i~

Thus ,

H~, sin 2 8 I~gT2 2ti 2

and from Niche (1951) (eq. 4), this is a nonbreaking wave.

c o t o = 0 . 5 < 5 ;

Then ( from eq.

4 J ’ ” \ 12 (l. 107) — 1.19 .

Alte rnatively, the relative runup can be dete rmined using the runup
curves given in Section V , 1.
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* * * * * * * * * * * * * E XAMP LE PROBLEM 2 * * * * * * * * * * * * * *

GIV EN: An impermeable structure has a smooth slope of I on 3
or 0.322 radians) and is fronted by a horizontal bottom.

The design depth at the structure toe is d3 = 10.0 meters ;
design wave height is II = 1.25 meters ; and design wave period
is T = 3.2 seconds.

FIND: Using the flow chart in Figure 6, determine the expected rela-

tive runup of a wave approaching the structure at perpendicular

incidence.

SOLUTION: This problem differs from example problem 1 only in structure
slope ; some val ues are obtained from example problem I. Following
the f l ow chart ,

sin2O 

~~ 
= 

(~~3i61~ ~
J

~~( o. 3 22F  0.00229

= 0.01246 > sIn~ 0

Thus , the wave may be breaki ng. Next ,

0.031 tan20 = 0.031(0.333)2 = 0.00345 .

Thus,

FI~— = 0.01246 > 0.031 tan 2 0 = 0.00345
gT2

and the wave is breaking. Also , because cot 0 = 3 > 2 , equation (8)
may be used.

From Figure 5, q = 0.555 for cot 0 = 3; q - 1 = -0.445.

By equat ion (8) ,

= (cot Ø) 1.O h+ (4 23)(10) 2( q -1)  ~~~~~~~~

= (3y ’~
0
~ (4 .23) (10) 0.89 (0.0 1246)~~~~~

= (0.3l9) (4.23) (0 . l288)(7.0387)

— 1.223 .
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I qtui t ton (8) was dertved ompt ricaLly from smtiil-- scul e experiments.
(itt’ ea t  eti tat  t’d V.1 I LU’ U f rt’ I it  I vi’ run up shotil 1i i~e inc  rt ’ased u~. 1 ug the
.1)9’ ~‘t p  r t at U ‘. ~I 1 U -- U t  t o e  I eo r rt’ c t i Ott t a e  t or (di  s e us Se d Lit  ‘.I’ V I )

fli i p r ttt ~ t e rn ~
- .nt ,t L ’ .o It t ’ ~. o L ved )t ~

- to~ t ug t hi’ smoot it c lope t - unup
~~t t t vt ”’ g t VeIL ( I L  ~ee t  L O f l  V . I.

* * * * * I I S * * * * * * * * * * * * * * * * * * * * * * * * * * I *

* * * S S * * * I * * * I 
( \ ‘t~II’I I I ’RI .fl~I I ~ t ~ ~ * * * * I * * S * I * *

G L VI N \u mpe rme alt Ic 1 on 3 st ruet ure I s f ront ed ii y a h u r t  .~on t al
but torn. The des gu dep th Li t the s t ruet ure toe i s  tl~ 

a 10.1)
metel-’. ; dos i gn w avi ’  h e i g h t s I L • 3.(t meters (11 .8 feet) and
wave p er t  o~l t • 3 ~ ts ~-on ds

H N I ) :  L I’. ing the tlow k-ha rt t u  Fi gure It , de t e r m i n e  the expected relat t vt’
r t u t t t p  of a ~ .ivt ’ app roadt I ng the ~. t rue t tIre at pt’ rpendt cul ur inc i deuce

~ L ) I I f l 1 ~. )N : ( h i ’  de p t It who l~U t~ ave l it’ i git I measured , tl~ , ~. the saint ’ as
t he ‘. t ruc t UFI’ t ot’ Jep t It ,

to
—
‘ 

— (1. 00t~ (1.05 -
g( (~~.S) (13)

titus • I i  • U ’, and L I ’ , ntis t in’ ca t e l I !  at eu a’. no ted in flit’ (I OW

eh.i rt . L I ,’ — I - 

~ ~‘(T may Ito dt’t e m t  nod t roin equal LOU 21 or t roti~
l al’ Le ~~~— I iii the SI’M. lo  Use the t a t t le  dot cm ii no

d j J
._L. • ~~~~~~~~ • (0.tt0I~)[.’) — o .o ; ’~~~.
I , \ g ( •  - —

( 1 0111 l , t l ’  - — . F;’ .U)

K * 1 .0  ~
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Therefore, determine if  !1~ /gT 2 is greater than the appropria te
value in Figure 4. First, from Figure 4, for cot 0 = 3 and

d3/gT2 = 0.006 ,

/ H~, \
~~0.0017

~gT fF i g. 4

Thus ,

= 0.002 > 
(~~~ )~ ig. ~ 

0.0017

and the wave is breaking. Also , cot 3 = 3 > 2, so equation (8) may
be used. From Figure 5, for cot 0 = 3, q = 0.555. -

q - I = -0.445

,
~~

, ~q — i  -

= (cot 0)_1.Oh I (4.23)(10)2(S 1)
0 \gT

= (3Y ’°~ (4 .23 ) ( l 0 ) —~.89 (0 .002Y °~
”45

= (0 .3l9)(4.23)(0. 1288)( 15. 887)

2.76 .

Again , as in e xample problem 2 , the answer should be increased
by the app ropriate scale-effect correction factor (discussed in
Sec. VI ) .  This example problem can also be derived using the
smooth-slope runup curves given in Section V , 1.

* * * * * *  * * *  * * * * *  * *  * * *  * *  * * * *  * *  * *  * * * * *  * *

IV . QUALITAT I VE ANALYSIS

1. General.

Laboratory studies of runup generally have indicated relative runup
in terms of wave steepness (e .g . ,  R/U~ vers us Ll~/gT2 or R/U versus L1/ L) ,
but have not always been speci fi c about relative depth e ffects . Some
studies have presented data for only limited wave conditions. It is
important that all variables be investigated. Valid simp l i fications
have been made , but it is necessary to know the limiting conditions for
such simplifi cations. 

-
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Evalua t ion  of runup dat a al lows  presentat i on in a manner  s i m i l a r
to the conceptual sketch in Fi gure 7 , using one fo rm of re la t ive  depth ,
d~ /gT2 . The presenta t ion  in Figure 7 is par ticular ly  usef ul for resul ts
of tests  in  wh i ch a wide range of wave hei gh ts are used for each wave
period because the curves ~:an be drawn w i t h  some degree of confidence .

Data p lo t ted  as in Figure 7 can be further analyzed to der ive lilies
ot’ constan t d0 /II~ . For each d8/g T2 l ine , values of II ~,/g T2 corres-
ponding to specifi c d8/1I~, values can he determi ned by

ll,~ d~ / (g ’I’2)

gT2 
- 

d3/U~,

Values of RJH~ at the appropriate II~ /g ’I’2 value can th en he deter-
mined. This analys is is shown in Figure 8 where lines of d8/Ii~ have
been superimposed on l in e s  of da /gT 2 (as shown in Fi g. 7). Analyses
show that even for high values of d~JLl~ (i.e., 8.0, 15.0, 30.0, etc.)
the relat i ve depth is i mport an t under certain conditions and accounts
for much of the scatter  in some p lo ts  of e a r l i e r  inves t i gators .

• Figure 8 a lso leads to  the r e in t e rp re t a t i on of some previous run up
plots ;  e .g . ,  Figure 9 shows the r t Ih lc -mo un d runup curves for various
slopes drawn as upper envelopes to the runup data. The ri gh t—hand  parts
of the rubble-mound curves arc e s s e n t i a l l y  correct , l y i n g  in the reg ion
where waves bre aking  on the s t ructure  slopes have little dependence on
d9/}I~ . The l e f t — h a n d  part  of the curves ( lower  va l ues of It ~’,/g ’l’2 ) ,
however , tend to fol low the runup values of the longest wave period
tested; a wave period longer than thos e tested would give  h i gher R/U~,
values in the lower lI~ /gT 2 region.  Lines of constant dn f I L ~ can he
de fined for Figure  9 , and do have negat i ve or zero slopes s imila r  to
the d8/ It~ lines in Figure 8 or the smooth-slope l ut es in Figure 9.

Furthermore , the d~ /II~ curves are not nece ssa ri ly s t r a i g h t  l ines
(on log- l og grap h paper) . On steep s t ruc ture  slopes , w i t h  or w i t h o u t  a
s lop ing  beach , low values of L~/ lt~ tend to produce a s t ra i ght  line hut
h i g her d8/I(~, values give  a “plateaulike” effect  in the approximate
range 0.00 1 < LL ~ /g T2 < 0.006. The l owe r L i m i t tends to decrease w ith
h i gh d8/t11~, val ues. Fi gure 10 shows the t rends for a steep structure
slope fronted by a s loping beach.

The plateau are a is at tr ibutable , apparently ,  to the conMned
resu lts of a chan ge f rom breaking to nonbreak inR waves , for decreasing

IL~/gT2 , and of a changing shoal ing  coeff icient  as the re l ative depth ,
d~ /gT2 , progressively decre ases . Flat ter  slopes , on wh ich  waves are
b reak ir.g for a wide r ran ge of tt~,/gT 2 , disp lay less dependence of R/ lI~,
on d~/IL 1~, fo r IL~,/gT2 0.001.
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Figure 7. Conceptual sketch of runup data
for constant values of d8/gT2
and for a fixed slope .

Low d~/P$ ,

1.0
H 0 Hi gh d~/H~ 

0.1 1
0.0001 0.001 • 00 $H 0

• gl t

Fi gure 8. Sketch of lines of d /IL~, related
to lines of d9/gT 2 for a fixed
slope.
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2. Slope Roughness.

For rough-slope data, the use of d8/1L~ curves has the advantage of
having constant tl~/k r curves coincident with d8/1t1~, curves. The dis-
advantage is that relat i ve ly few experiments have been undert aken where
the armor unit sizes have been varied to allow diffe rentiation of rough-
ness e ffects from depth e ffects .  Armor sizes have been varied in
studies by Hudson (1958) , Hudson and Jackson (1962) , Jackson ( 1968a) ,
and Ahrens (l97Sa) . Jackson (1968a) had a rather limited range of d3/1l~,
values. Ahrens (1975a) tested slopes of 1 on 2.5 , 1 on 3.5, and 1 on 5
at near-prototype scale (d3 = 4.57 meters or 15 feet) with a wide range
of lI~,JgT

2. Rough-slope results are discussed in Section V,2 .

3. Effects of Reach Slope Fronting a Structure.

The presence of a slope in front of a structure may or may not affect
a wave . I~ffects of slope w i l l  depend on wave conditions and the local
geometry or laboratory test arrangement . Three cases may be defined
(see also Fi g. 2 ) :

(a) Case 1. d5/gT2 ~ 0.0793. An incident wave that has deepwater
characteristics at the s tructure toe w i l l  not be influenced by the slope
in  front of the structure. A horizontal bottom at the same depth , de ,
would also have no effect on the wave.

(h) Case 2. d5 /gT 2 < 0.0793; d/gT 2 � 0.0793. An incident wave that —

has deepwater character is t ics  at the toe of the beach slope w i l l  not be
in f l uenced  by the bottom (horizontal or s loping) seaward of the beach
slope , but the wave will be modified to some degree by the beach slope,
dependent on the toe depth of the structure. This case is the desired
cond iti on fo r labor atory tests where onl y a particular beach slope (bu t
not the slope length) is speci fied. The implicat ion is that the beach
slope extends into deep water.

(c) Case 3. d3/gT2 < 0.0793; d/gT2 < 0.0793. An incident wave that
has t ransi t ional  or shallow-water characteristics at the toe of the beach
slope will be modified by the beach slope. The beach-slope effect is not 

- 

-

only a function of relative toe depth, d8/gT2, but also a funct ion of
a the relative depth seaward of the beach slope , d/gT2. The latter rela-

tionship is expressed equivalently in this study with the dimensionless
var i able IlL , where I is the hori zontal beach-slope length and L
is the wavelength for a given period , T , in the unifo rm depth seaward
of the beach slope. Design curves for smooth-slope runup are limi ted to
I/L ? 0.5 in this study since there are insufficient data to adequately —

define the effects of shorter beach-slope lengths on runup.

However , consideration of the various relations between beach-slope
geometry , relative depths , and wave shoaling allows the following
expectations (conditions) of runup:
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(a) Condition 1. Structure fronted by hori zontal bottom. For a
given d8/H~, and H1~,/gT 2 , this geometry results  in the highest rela-
tive runup . (Howeve r , smal ler  d8/H,~, values are obtained when slop ing
beaches are present , with consequent ly higher relative runup in some
cases.)

(b) Condition 2. Structure fronted by a sloping beach extending
to deep water (sane as case 2) .  For the same d8/H~, and H~,/gT 2
values noted in condition 1, this geometry gives the mini mum relative
runup (but the relative runup may be comparable to other geometries for
certain cond itions) .

(c) Condition 3. Structure fronted by a sloping beach terminating
in shallow water (same as case 3). For the same wave conditions given
in condi tions 1 and 2 , this geometry allow s intermediate values of rela-
tive runup which is dependent on the relative beach-slope length, LIL.
For this study , relative runup was assumed , somewhat arbitrari ly, to be
negl ig ib ly  dependent on £/L for I/L ~ 0.5. (This assumption allowed
in~~t of the small-scale smooth-slope data to be incorporated in the
destgn curves of Sec. V,l.) Furthermore , in instances where this
assumption is applicable , the geometry is considered essentially corn-
parable to case 2. As I/L decreases from I/L ~ 0.5 , and keeping
d8/H,~ and Il~,/gT2 constan t , re lat ive runup would increase and asymp-
totically approach the relative runup for a structure on a horizontal
beach with the sane d8/H ,~, value , if  applicable.  (A value of
d8/U~ = 0.6 , for example , would not be obtained in the presence of a
horizontal bottom.)

(d) Condition 4. Varying beach-slope angles . For given d8/H~,,
H1~,/gT2 , and for either deep water or a uni fo rm depth seaward of the
beach slope, as the beach-slope angle beco mes smaller , re l ative runup
increases if the wave does not bre ak in front of the structure. The
relative runup would asymptotically approach the values for runup on
a s tructure sited on a hori zontal bottom. I f  the wave breaks in front
of the st ructure whi le  passing over a flatter beach slope but does not
bre ak over a steeper beach , then relat ive runup may be high er  on the
structure fronted by the steeper beach .

(e) Condition 5. Varying d3/H~, values for a structure fronted
by a sloping beach . As d8/H~, in creases , the beach slope becomes less
important for the re la t ive  runup of the hi ghe r wave steepnesses . —

The runup expectations in these conditions are based on the assulnp-
tion that  the shoaling coefficient , II/H~ , for the par ticular toe depth .
d~ , is equal to or greater  than one. Actually , this assumption is not
alway s true since the steeper waves general ly occur in the larger rela-
tive depths (d8/gT2 > 0.009) for which H/Ui, may vary between 0.913
and 1.0. Any effect of this relationship on relative runup, however ,
is apparently obscured by data variability and so is not considered in
the above e xamples.
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4. Breaking Waves.

Waves are classif ied as breaking or nonb reaking according to two
different definit ions . The f i rs t de f in i t ion  is based on whether a wave
breaks at or seaward of a s t ructure  toe (reg ion I , Fig. 11). The second
and more inclus i ve de finit ion is based on whether a wave breaks at all ,
e i ther  on or seaward of the structure ( in either region I or II , Fig. 11).
A nonbreak ing wave by the second definition is assumed for some purposes
to represent total reflec tion on smooth slopes , although there is cer-
ta inly  ene rgy loss on a rubb le slope even if waves are nonbreaking.

REGION REGION

:~~~~~~~~~~~~~~~~~~~~~
eOc h sIo

~~~~~~~~~~~~~

s

~~~~~

T

Figure 11. Regions of breaking waves for depth-related instabilities .

• Jackson (1968a) , for example , reported tests on rubble structures
wi th  various armo r units whe re waves were not breaking seaward of the
structure toe, He referred to “nonhre aking” waves ; howeve r, condi tions
were such that some waves would be expected to b reak on the structure
when past the structure toe (region I I , Fig. 11).

Palmer and Walker (1970), however , studied run up on a I on 1. 5
rubble slope fronted by a 1 on 50 beach . Their obj ective was the
des i gn of a structure subjected to breaking waves--waves breaking
either on the structure or seawa rd of the structure toe . Their study
fits the second definition of breaking waves ; i.e., break ing in either
region I or region II in Fi gure 11.

Saville (1956) gave results of extensive smooth-slope tes t ing,  and
include d wave s breaking in both regions I and 11 (Fig. 11), but specif ic
cond iti ons for break ing were not gi ven . However , by comparing theoreti-
cal b reaking wave condition s wi th  some experiments for which  the break-
ing wave conditions were given (e .g . ,  Palmer and W a l k e r , 1970) , the
following discussion is considered applicable.

Figure 12(a) shows an example d~i/gT
2 cu rve for a structure sited

on a slop ing beach ; Figure 12(b ) is fo r a st ructure sited on a fla t
beach. For a w ide range of U~,/gT

2 values , there is a ~~ximum rela-
t ive runup (R/ l l~ ) for each d~/gT2 curve. This maximum value may be
on a rather sharp , peaked curve or on a broad , flat curve. The positive
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sl ope part of the curve represents nonbreaking wave conditions. The
maximum value of R/H~ on the curve represents i n i t i a t i o n  of breaking ,
followed by constant or decreasing relative runup for increasing wave
steepness. The above interpretation is consistent with Granthem (1953),
who observed conditions when waves were breaking or nonb reaking. Similar
observa tions were also made by Hunt (1959), Uosoi and Mitsui (1963),
Le Mehaute , Koh , and Hw ang (1968), Raichien and llammack (1974) , and the
Technical Advisory Committee on Protection against Inundation (1974).

— 
(a) Sloping be ch - (h) Flat bottom .

C o s a  
912 

(Constant  ~~~~~~~

F4~ I.O - 

~~ 
H~~ i.~ 

-

Nonbreokinq 8r.okui g Nonbreoking Br.okinq

o. i I 1~~~~ o. t I
0.0001 000 1 00 1 0.0001 0.00 1 0.0 1

-~~~- :1
912 g12

Figure 12. Sample lines of constant d3/gT2 for runup on
structures on slop ing and f la t  beaches (values
of d3/gT~ not necessari ly the same) .

Another characterist ic of the runup curve for a structure fronted by
a sloping beach is shown in Figure 12(a) . Waves breaking seaward of the
structure toe w i l l  have relative runup equal to or less than that for
waves breaking at the structure toe. This breaking condition exists for
wave steepness values for which the negative slope of the d8/gT2 curve
is equal to or steeper than the slope of a line of constan t R/ gT 2
(Fi g. 13) . The maximum d imens iona l  runup w i l l  occur for the wave steep-
ness value where the 48/gT2 curve becomes tangent to a line of con-
stant R/ gT 2 .

5. Maximum Runup . 
:~

-

Maxi mum re iative runup, R/H~,, for a ran ge of wave conditions is
readi ly determined from dimensionless plots . However , maxi mum d~~r~~’n-

oionai runup, R , for the given conditions , is not necessari ly coinci-
dent with maximum relat ive runup, R/ 1I~,.
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Fi gure 13. Conditions for wave breaking on
beach slope in front of s t ructure .

For structures s i t e d  on horizuntal hottoms~ the maximum dimensional
runup , R , for a given r e l a t i ve  depth , d~ /gT~- , occurs for the maximum
wave steepness. The maxi mum steepness of an incident wave is l im i t ed
according to the t h e or e t i c a l  equation (Mich e , 1944) ,

(~
) = t~. i~i tant (.~.p~) 

-

The actual maximum wave steepness measured in runup experiments is less - 
-

becaus e of re flection effects from the structure and , in laboratory
t e s t i n g ,  because of di f f i c u l t y  in generating a nonb reaking wave of
such steepness. Sav i l l e’s (195b) tests had maxi mum steepness values
equa l to 70 percent of that predicted for the shorter wave periods ,
and 57 percent of that predicted for the longer periods . Only a few
other experiments have had greater wave steepnesses . I t  is unclear
whether these reduced wave steepness values were chosen maximums ,
functions of equipment l im it a t i ons , or experi mental maximums designed
to prevent the wave ’s breaking in transit to the structure .

For structures sited on sZop-zMg beaches , the maximum dimensional
runup occurs for waves breaking at or near the structure toe. Graphi-
cally. for constant d8/gT2, maximum runup, R , occurs for the wave
steepness whe re the nega tive slope of the R/H~ versus d8/gT2 curve
becomes steeper than the slope of a line of constant R/ g T5 - (F i ~~. l.~~.

However , the smooth-slope design curves given in Section V ,l do
not list values of d8/gT

2. in using these curves , the following com-
ments on relati ve runup and dimensional runup are important . For struc-
ture s s i t ed  on hon zontal beaches , for  ~z j;’;’~-’; ~~~~ ~~~~~

-
~~- ‘ : ~~

-
~~~~~, both the
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maximum relative runup and the maxi mum dimensional run up occur at the
minimum d8/H~ value. For structures sited on a 1 on 10 sloping
bottom, maximum dimensional runup may or may not be coinci dent with the
maxi mum relative runup determined for a range of wave conditions . If
depth , d3, and wave s teepness are assume d constant , then maximum
relative runup occurs when 1.0 < d9/lI~, < 1.5 , but maximum dimensional
runup occurs when d3/H~, is a minimum (in this study when d3 > 0 ,
then (da /lI~,)mj n = 0.6) . In cases where a beach slope is f lat ter  than
1 on 10, then for a given wave steepness , the maximum relati ve runup
will occur for somewhat higher d8/H,~, values (1.5 

~ 
d8/H c~, ~ 

2.0).
However , if wave height , Hb, and wave steepness are held constant ,
the maximum dimensional runup w i l l  be coincident with maxi mum re lat ive
runup as d3/U~, varies (i .e • ,  as d8 changes). The maxi mums
(R/ H 3 and R) may occur at any value of d8/H !, ( inc luding  d5/l-1~, = 0)
depending on the wave steepness being considered. Runup maximums would
occur at intermediate values of d8/H,~, (L O  ~ d8/H~, ~ 1.5) for h igh
values of H~,/gT 2 , but at low values of d3fl1~, for low values of
H~,/gT2 . F or a given wave period and constant depth , d~ , (with wave
steepness varying as d3/H,~, varies) , maximum dimensional runup is
generally not coincident with maximum relative runup; furthermore, the
maximum dimensional runup may occur at other than the minimum d8/l1~
value. These relationships are h ighl ighted in example problem 7 in
Section V,1,e.

V. EXPERIME NTAL RESULTS

1. Smooth Slopes.

a. Past Research. Smooth s lopes are simplest to construct in
experiments, and the results are easiest to analyze . Consequent ly ,
many laboratory tests have been carried out using smooth slopes. A
partial listing of runup studies conducted wi th smooth slopes and the
ranges of conditions tested are given in Table 2. Wave conditions for
most of these studies appear to cover a wide range, but many of the
actual conditions tested (H~,/gT

2 and d9/gT2 pairs) are rather limited.

Granthem (1953) was one of the earliest to investigate the effects
of wave steepness , relative depth , and structure slope on runup. How-
ever, runup values are generally below values determined from this
study’s design runup curves based principally on data of Saville (1956)
and Savage (1958). Some differences are appreciable , and the reasons
are unclear since the model dimensions were similar. Saville (1955),
in conjunction with overtopping experiments, reported run up results for
structures sited on a 1 on 10 beach . He tabulated the maximum observed
runup values for each condition but the results had greater variations
in trends than shown by later reports using average values. Saville
(1956) conducted a large number of tests investigating effects of rela- : 

-

tive depth , relative steepness , structure slope , and beach slope. Tests
of beach-slope effects were limited to structures sited on the horizontal
wave tank bottom and on a 1 on 10 slope.
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I.c.c •.4 Ibolts ( 1940 ) I 33,0 .70,0 0 • 10 5 -0 to 0.0040 0.00009 .0 0.0100

ISSOCI 004 ~s.I05 (207 0) A 3,0 . 4 .0 . 0.0 . 2 0 .0 . 0.000200 to 0.0190 0.00714 to 0.0434
20.0 . 0 . 0

-‘0...0... .04 C 22.o (2071) A 1.0 0.00110 to 0. 01031 0.00901 to 0.0917

2.100140 0.4 50. c0 (2074) I 2.0 200 .0 0.000 2 to 0.02~’l 0.00241 to 0.0421

Ts1.~~ (0014) I V.rti c.5 10.0 0.00206 to 0.00091 0. ..n4 0.000794 to 0.024 5

0.4,-so , (29714 ) A 50 .0 0. 000030 to 0.0109S 0.001’ 4 to 0.0740

~Pp.f ~ 2. 7. 

~~~~ 
1P.vf.1.

Not ~~ 15ts0I s .
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Hudson , .Jackson , and Cuck 1cr (1957) reported results of runup and
over top nin g  for s t ruc tu re  slopes ranging from 1 on 2 to 1 Oti 11) w i t h
the  s t ruc ture  s lope f ronted  by a 1 on 10 beach s lope . A rathe r narro w
tango of wave steepness was i n v e s t i g a t e d  but d i f f e r e n t  wa te r  depths
were used and the s t ruc tu re  geometry W~~S varied , i n c l u d i n g  the b each—
slope length , £. Relat i ve run up resu l t s  va r i ed  for the di f f e r i n g
geome t ries , even for equal wave condit ions (l (~,/g ’l’2 an d d 7/g T 2 ) ,  and the
v a r i a t ion s p robably resul t  in  part  from the d i f f e r i n g  re l at i ve h e a t h —
~1ope len gth , £/L. However, the data are in s u f f i c i e n t  to fu r the r
def ine  the e f f e c t .

Savilit’ (195$) described l a r g e—sca le  tes ts  and t e s t s  for  i d e n t i c a l
condi t ions  at one—tenth  sca le .  A wide  range of wave steepnesses was
t e s t e d , but re 1 at i ye depth (d8 / lL~ ) had a ra ther  narrow range . These
t e s t s  we re used by S a vi l l e  to develop sca l e -e f f ec t  correc t ion factors .

Shinohara ( 1958) i n v e s t i g a t e d  b reaker  h e i g h t s  and wave runup on
I on it) and I on 20 s lopes .  h i s  runup values for  the I on 10 slope
we re less than t hose o f Sav i l i e  ( 19S~ ) , and the 1 on 20 runup values
we re b r acke t ed  by Sa v i l l e ’ s curves for the 1 on 10 and 1 on 30 s lopes.
Savage (l9!~8) gave runup test results  for smooth and rough s lopes s i t e d
on a hon zontal  surface ; results were p l o t t e d  to emphas i ze roughnes s
and p e r m e a b i l i t y ,  in Savage (1959) , the same bas ic  data were given ,
but the data were p lo t t ed  as R/ hl ~ versus U~ /T 2 for each spec i f i c
s t r u c t u re  slope and roughness. Sorensen and W i l l e n h rock ( 19c2) s tudi ’~d
runup on a smooth 1 on 4 s lope , both wi th  and without a berm; Tal .ian
and Ves i i i  iid (1% 3) provided add i t i ona l  dat a for the same s t ruc ture  but
used d i f f e rent w a t e r  depths. The wave hei ghts were measured values ;
h owe ver , when conve rted to deepwater values , the resuf ls  for  the smooth
s lope agree w e l l  w i t h  Sa v i t l e ’s (195(l) data. Sorensen and W i l l e n b r o c k ’s
resu l t s  arc also incorpo rated in I le rb i ch , Sorensen , and W i l l e n b rock
(l%3) .

h losoi  and M i t s u i  (l%3) tes ted runup on a 1 on 1.5 slope for comp l i  —

cated geometry seaward of t h e  s t ruc tu re  which in  some cases was l oc at ed
Thoreward of the wa te r l i n e . Tofainaga , hla ’d i rm oto , and Sakuma ( 19b(l)
described run up on four d.iffi’rent s t ruc tu re  slopes s i t e d  on 1 on 21) and
I on 30 beach slopes . Their results for the 1 on 20 bead~ showed rela-
t i  ye runt4 for the lower wave St eepn esses  and for d0 / hl ~, 1.0 to be
lower than run up results ob ta ined  on a s t ruc ture  f ronted by a 1 on 10
s l o pe , such as t e s t e d  by Sav i l i e  (195 ) . R e s u l t s  for othe r c o n d i t i o n s
SC C B I conip a tab le for the two beach s lopes . ltuc~ i and Wh a liii ( 19( l9)

gene rated low steepness wave s for  runup on s lopes of ’ a p p r o x i m a t e l y
1 On 22 in  a th re c—di incus ton a l  mode l o I’ Monterey lIay , Ca I i  I o rni a.
ilucc i and Whal in (1970 ) conducted two— di mons ional runup s tud i es us i ng
h i gh Steepness waves • and the use of the results a! lows ex t  ens ion ot ’
the range of h i gh wave :;tecpness run up va l ues beyond those used i n  the
5PM re l at i ve runup curves. Nu ssbaum and Col ley ( 1971) conducted a
l i m i  ted study on smooth slopes i n  conjunct ion wi th tests on soi I-cement
stepped s I opes . Alt rens (19 75b) used a new run up gage wh i ch gave resu l t s
for a 1 on 10 slope comparable  to those of Savi l i e  ( 195(1 1 ansi Savage (19 59) .
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The SI 0M presents a set of smooth-slope run up curves based pr inci -
pallv on Saville (1956) and Savage (1958; 1959) . ilelat i ve depth
(d~ / th~ ) e f fe cts are inc luded in the set of curves , but are given as
ranges of values. The data were reanalyzed for th is  study to determine
runup curves for specifi c d8/ f l~ values . i lav in g  such specifi c condi-
tions not only allows direct runup comp arisons w i t h  rough-slope data
for the same wave conditions and structure geometry, but  a l low s be tter
interpolat ion between sets of curves for intermediate d8/f1~ values ,
and al lows calcula tion of speci f ic values of the al tern ate relative
depth , dq /gT2 . The smooth-slope desi gn curves are discussed below .

b . Smooth Structure Fronted by Hori zontal  Bottom. Only l imi ted
runup data  were obtained by Saville  (1956) and Savage (1959 ) for a
s t ruc tu re  on a hon zontal  bot tom in depths d3/hI~ < 3.0. h owever , much
dat a were ob ta ine d  for d8/H~ 3.0. The SPM provi des only one set of
curves for dB / 111, 3.0 which tends to give conserva t ive  resul ts  (h igh
predict ions)  for large d~./hIb values.  I t  is incorrect (a l though
stated in  some recent studies) that  depth effects  are not present for
~~ /1 I ’, 3.0. Fi gures 14 0 15 , and 16 give re I at i ye runup for d~ /1 I i’,
va l ues of 3.0 , 5.0 , and 8.0. Larger va l ues were not used because a
requirement for large d8/ hI ~ values would be rare ; when such a requi re-
ment occurs (e .g. , in  a reservoir) , the set of curves for d~ /hI ~ = 8.0
should be used . When runup values arc required for da /II L!, ‘~ 3.0 , the
curves for do / il !,  3.0 should be used.

Rela t i ve depth effects  are negli gible  for a particular wave steep-
ness in those instances when waves are bre aking on the s t ruc ture  slope .
T h i s  observat i on has been made by various research ers . i t  can also be
shown by examina t ion  of the design curves ; e . g . ,  a comparison of Fi gure s
14 , 15 , and 1(1 for hI ~ /gT2 = 0.0124 shows that , for cot 0 ~ 3.0 , a l l
th ree f i gures have approximately equal relat ive run up for a p a r t i c u l a r
slope.

c . Smooth Structure Fronted by I on 10 Beach Slope and Zero Toe
l)opth (d~ = 0). A s t ruc ture  w i t h  zero toe depth (d~ = 0) presents a
special case u n  that r e l a t i ve  depths seaward of the beach slope are
not adequatel y specified b y d8/hI~ = 0. Therefore , in the case of zero
toe depth , wave condit ions are spec i f ied  using the depth , d , at the
toe of tho beach slope . Figures 17 , 18 , and 19 present the resul ts  for
d/U~, (not d~ /H 5!3 ) val ties of 3.0 . 5.0 , and 8.0 w i t h  a I on 10 bottom slope .

d. Smooth Structure Fronted by 1 on 10 Beadt Slop e and Toe Depth
Greater  than Zero (d~ 0 ) .  Design curves based on s m a l l - s c a l e  runup
data (Savi l ie , 1956) for a smooth s t r u c t u r e  fronted by a 1 on it) beach
slope are given i n  Fi gure s 20 to  23. The ba s i c  d a t a  wer e  obtained
princ ipally for cases where the rt ’ ta t  i ye b e ach—s lope l eng th , f/ I., was 

- -

equa l to or g r e a t e r  than o n e — h a l f  ( t h i s  I i  ni l t i shown in the fi gures)

4’ 
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The ex p e r i m e n t s  used two d i f fe r en t  toe ’ depths , d~ 0.058 and 0. 116
meter (0.19 and 0.38 f o o t ) ,  and a uniform water  depth , d = 0.38 1 meter
( 1.25 f ee t) ,  seawa rd of the beach slope , resul t ing in corresponding
changes in the hori zontal length of beach slope , I’. Relat ive runup
thfferences mi ght be expected for t e s t s  having different £/L values
but the sane incide nt wave charac te r i s t ics  (U ,/gT2 and d /I l , ) ;  however ,
negl i g ib le  th ffe rerices were observed for cases of f / L  0.5. Conditions
of t /L 0.5 occur red only for the longer wave periods which also had low
wave steepnesses (U’,/gT2 < 0.001, approximately). For these conditions ,
relat i ve runup was h igher  rather consistent ly for the smal le r  values of
i L .  The tests did not have a s u f f i c i e n t  range of conditions to fur-
ther  de fi ne the effec ts  of varying relative beach slopes . To further
con fuse the quest ion , however , tes ts  of di ffe rent e/i. values hut equal
h1~ / g T2 and dB/U L’~ values would be expected to include , because of the
differing toe depths td~) , scale  e f f ec t s  which  cannot he i so la ted  from
apparent beach—s lope’ effects.

Use of Figures 20 to 23 should be l im i t ed  principall y to conditions
where L/L “ 0.5. This part icular  value is somewhat arb it rary , but seems
j u s t i f i e d  on the basis of the l imited tes t ing.  For values of f/ L 0 .5 .
but h I gh d4 / l l ’, (e. g . ,  d~, / 11’, ~ 3.0) , the runup values from Fi gores 14 ,
15 , and l~ for s tructures on hori zontal bottoms should he used as upper
hounds of re I at i ye runup on s t ructures  fronted by a 1 on 10 slope w i t h
the Same ~l~. / h t ’ , va lue . in the case of i/ i .  0.5 wi th  low values  of
d~/ t h ’ . ( e . g . ,  0 .6 , 1.0, e t c .) , i t  should be expected tha t  r e l a t i ve  runup

4 w i l l  he somewhat h -g her  than predicted from the curves ( F i g s . 20 to 23)
and p rohab I y not e xcee’di ng 15 to  20 pe rcen t hi gher. The e’ ffe ct of beach —

slope length diminishes as the structure slope decreases , and e f f e c t i v e l y
ceases t o be ’ si gn i f ic an t for cot 0 ~ 4 .0 .

e. l~xançie Problems. Problems may be solved in part  1w use of
equation (2) together  w i t h  equation (1) , or by use of Tables C —I or (‘— 2
in the SPM.

* * * * * * 4 * * * * * * F XAMP1A : PRO B LEM 4 * * * * * * * * * * * * * 4

CI V 1 N: An imperme able St ructure has a smooth slope of I on 3 and is
subjected to a design wave , it = 2 .5  meters  (8.2 f ee t) . measured at
a gage located in a depth , d = 10. ’.) meters . Des i gn wave period is
I 8.0 su~ onds . The s t ructure  is fronted by a 1 on 90 bottom
slope • wh ich ex t ends seaward beyond the p o in t  of wave incas ureinent
Pesign depth at st ruc tu re ’  toe is d~ = .5 meters  (24 .6 f eet ) .
(Assume no wave re f rac t  ion between the wave gage and struc ture .

FIND: Determine ’  the h e igh t  above SWI , to which the structure’ mus t be
b u i l t  t~ prevent overtopp ing Lw the design wave .
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SOLUTION: The wave height must be converted to a deepwater value.
Usin g the depth where wave he ight was measured , calculate

d d d 10
- 

gT~ /2~ 9 .8 T2 / 21T 
— 
1.56(8)2

0. 1002 .
0

To determine the shoaling coe ff i cient , ti / H~,, equation (2) can be
used wi th  d = 10.0 meters together wi th  the wavelength determined
from equation (1) . A l t e r n a t i v e l y ,  Table C-I in the SPM may be used.
For

0.1002 ,

— -.~ n o~~~’ç

0

therefore,

H’ - 
H 2.5

— 0 .932 5 0.9325

2 .o S  meters .

Calculate , also , F

H1~, 2.68j~ 9.8~i~~ 
0.00427 ,

and , for d~ = 7.5 meters ,

. H~ 2.68 -.
The bottom slope is very gentle (1 on 90). Assuming that the slope

• approximates a horizontal bottom , the appropriate set of curves for
= 2 .8 is in Fi gure 14 (for d8/H~, = 3.0). For a 1 on 3

s t ruc ture  slope and

0.00 42 7 , - = 2 .0 .
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The runup , uncorrected for scale effects , is

P = (2 .0) (i1,!,)

— ( 2 .0 ) (2 . 6 8 )

R = 5.4 meters (17.7 feet).

The scale correction factor , k , is discussed; in Section VI .

Alternatively , usc of Figure 6 together with equation (8) gives
a value of R/II~ = 1.97, wh ich is essen t i a l l y  the value determ ined
from Figure 14.

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

* * * * * * * * * * * * * E XAMPLE PRO BLEM S * * * * * * * * * * * * * *

GIVE N: An i mpe rmeable smooth 1 on 2 structure is  fronted by a 1 on 11)
beach slope. Toe depth for the structure is d~1 3.0 meters (9 .8
feet), but the beach slope extends seaward to a depth of 15.0
meters (49.2 feet) , beyond wh ich the slope i s app roxima tely  1 on
100. The design wave approaches norma l to the s tructure and has
a hei ght of II 2. 8 meters (9. 2 feet) and period of T = 9 .0
seconds , measured at a depth of 16. 0 meters ( 52. 5  f e e t ) .

FINE ) : Determi ne the he igh t of wave runup us ing  the appropriate  set
of curves gi ven in  Sec t ion  V , l .

SOLUTION: The wave hei ght given is not the decpwatcr wave height;
it is measure d , howeve r, above the gentle  I on 100 bottom slope
which  approximates a h o r i z o n t a l  surface . To determi ne the shoal-
ing coef f ic ien t , K q ,  for the locat ion of measurement , calculate

I (.~~ !~~
) 

(2ii )

16
(9 .8 ) (9)~ 

(2 1T )

— (“.02016) (6.283)

I • 0 . 12667 .
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From Table C-i in the SPM ,

K3 = }~~~~~0.9i80

= = 0.9180 = 3.05 meters (10.0 feet)

d8 3 0
= 3:05 = 0.984 ~ 1.0

= 
(9 8)(9)~ 

= 0.00384 .

Relati ve runup is determined from the appropriate set of curves ; for
a structure located on a 1 on 10 beach with d8/H~, = 1.0 , use Figure
21. The value of £/L must then be determined.

= (15 - 3)(10) = 120 meters (393.7 feet).
Nex t, determine the wavelength in water depth of 15.0 meters (the
depth at the toe of the i on 10 slope). For

d 
= 

(15) (2r) 
= 0 1187

L0 (9.8)(9)2

and from Table C-i ,

— 0.1570,

therefore ,

L = 
~j~~~

= O~~~ 7O 95.54 meters (313.5 feet) .

Then ,

L 120 -
L 95.5 1.26

thus ,

> 0.5

~~~ _________  ~ 
_
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and from Fi gure 21 , for

H’
= 0.0038

gTL

P

The runup is

R = 
~~~~~~ 

(H~,) = (3.0)(3.05)

R = 9.15 meters (30.0 feet)

— 

(See Sec. VI for the appropriate scale-effect correction factor.)

• * * * *  * * * * * * *  * * * * * * * * * * * * * * * * * * * *  * * * *  *

* * * * * * * * * * * * * EXAMPLE PROBLEM 6 * * * * * * * * * * * * * *

GIVEN: Conditions are similar to example problem 5 with one exception.
— An imperme ab le, smooth, 1 on 2 structure is fronted by a 1 on 10

beach slope . The beach slope extends seaward to a depth of 15.0
meters beyon d which the slope is approximately 1 on 100. Th~
design wave approaches normal to the structure , and has a height
of II = 2.8 meters and pe~ 1 of T = 9.0 seconds , measured at a
depth of 16 meters . Tht -. ~.eption is that the structure is located
at the waterline ; i.e., d,~ = 0.

FIND: Determine the height of wave run up .

SOLUTION: From example p roblem 5 ,

II~, = 3.05 meters

II ,
0.00384 .

gT

Uowever, d3 = 0; d3/l1
~!, 

0. To enable determination of run up , the
depth at the toe of the beach slope (d = 15.0 meters ) is used.

d 15 = 4 9 2~~~S 03.05

Because the slope length is longe r than in example problem 5 ,
i .e . , L = (15-0) 10 = 150.0 meters (492.0 fee t) ,  then

0. 5 .
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From Fi gure 18 for d/L1,~, = S and H~/gT2 0.0038 ,

R
0

R = (~
_ ) (H~,) = (1 .2)(3 .05)  = 3.66 meters (12.0 feet).

• (See Sec. Vi for the appropriate scale-effect correction factor.)

* * * *  * *  * * * * *  * * *  * * *  * * * * * * *  * * * *  * *  * * *  * * *

* * * * * * * * * * * * * E XAMP LE PRO B LEM 7 * * * * * * * * * * * * * *

GIVEN: A structure is designed geometrically similar to that in example

— 
problem 5, where an impermeable , smooth , 1 on 2 structure is fronted
by a 1 on 10 beach slope. Toe depth for the structure is d3 = 3.0
meters but the beach slope extends seaward to a depth of 15.0 meters
beyond which the slope is approximately 1 on 100. However, a range
of wave peri ods and deepwater wave heights are known ;

~ 5.0 meters (16.4 feet)

FIND: Determine maximum runup for three di ffe rent wave conditions :
Tm~~ 

= 7.0 seconds; Tm~~ 
= 13.0 seconds ; and constant wave steep-

ness , 1-1~ /gT2 = 0.0104 , w i t h  Tmax = 7.0 seconds.

SOLUTION: For any given d3/H~, value, the desi gn curves show that
relative runup is highest for the longest wave period (or the
lowest w ave steepness , l-l~,/gT

2) .  Howeve r, for constant toe depth ,
d3, and for constant wave steepness, the largest wave height (or
lowes t d3/H~, value) usually results in the largest absolute runup,
P. When a sloping beach is present and wave steepness varies , with
depth held constant, the maximum runup may occur at a d3/H~, value
other than the minimum . Thus , runup for a range of d3/H 1~, values

• should be investigated for this example problem.

(a) For the first condi tion where Trn~~ = 7. 0 seco n ds , the
maximum wave height given is L-l~ = 5. 0 meters ; for this location , the
resultant d3/H~, value is

= ~~. = 0.6 ~

which corresponds to the lowest value given in Figures 20 to 23.
The maximum runup may be determined by constructing a table for
varying conditions . Because the maximum wave period is less here
than in example problem 5 , L is also less; thus , £/L > 0.5 and
Figures 20 to 23 may be used. For 43 = 3.0 meters , I = 7.0 seconds,
and gT2 = 480.20 meters (1,576.0 feet), Table 3 may be constructed
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where T is held constant at 7.0 seconds because the maximum wave
period results in the hi ghest relative runup for each value of
d3 /H~,. The maximum runup of 7.05 meters (Table 3) does not occur

for the largest w ave height since the largest waves break seaward
of the structure for the given wave period.

Table 3. Example runup for T = 7 seconds , constant
depth, and (H

~
)m~~ 

= 5.0 meters.

Fig. d3 ~ H~ ~~ 
2 p

— 

H1~, (m) gT2 H~, (m)

20 0.6 5.0 0.01041 1.35 6.75

21 1.0 3.0 0.00625 2.35 7.O5~

22 1.5 . 2 .0  0.00416 2.8  5.6

23 3.0 1.0 0.00208 2.6 2 .6

1d3/H~, values selected to correspon d with values in
figures; d3 = 3.0 meters .

~~~~ 8 = 2.0.

= 7.05 meters.

(b) For the second condition where Tm~ , 
= 13.0 seconds , the

maximum runup would occur for the lowest c18/H~!, value. To check
.t/ L , for d = 15.0 meters :

d 
= 

15(2)(IT) - 
= 0 057

L0 (9.8)(13) 2

= 0.1013

L = 148.1 meters ;

2. 
= 

120 
= 0 81 > 0.5

L 148.1

Table 4 may be constructed for d8 = 3.0 meters , T = 13.0 seconds ,
gT2 = 1,656 .20 meters (5 ,434 feet) and using Fi gures 20 to 23.
Table 4 shc~~s that , in this case , not only is the runup higher for
the longer wave period , but the maximum runup occurs at a lower
d9 /H~ value for the maximum deepwater wave hei ght.

(c) For the third condition , suppose that wave steepness is
expected to be mos t importan t , an d that the st ructure is bei ng
designed for a constant wave steepness of H~,/gT2 = 0.0104 and a
maxinnan period of 7.0 seconds .
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Table 4. Example runup for T = 13 seconds , constan t
depth , and = 5.0 meters .

Fig. d8 
1 H2, H,~, R 2

• H’ T2 H ’
___ 

o (m) 
_____ 

0 (m)

20 0.6 5.0 0.00302 2.49 12.45~

21 1.0 3.0 0.00181 3.80 11.40

22 1.5 2.0 0.00121 3.91 7.82

23 3.0 1.0 0.000604 3.15 3.15
1d3 = 3.0 meters .
2cot 8 = 2.0.

= 12.45 meters .

Table 5 shows the characteristic relationship that the largest
runup, R , occurs for the lowest d8/H~!, value when H(~,/gT

2 and
d8 are constant ; however, the largest re lative runup has lower
dimensional runup. Furthermore , Table 5 does not indicate the
maximum runup to be expected on this structure for the given con-
ditions. Table 3 shows the maximum to be ai~7.O5 meters for a
maximum period of 7 .0 seconds .

Table 5. Example runup for constant wave steepness, H~ /gT2 = 0.0104 .

- Fig. I-Li, d3 
1 1-1,3 T 2 R 3 R

gT2 H,3 (m) (s) H,3 (m)

20 0.0104 
- 

0.6 5.0 7.0 1.35 6.75L4

21 0.0104 1.0 3.0 5.42 1.88 5.6”

22 0.0104 1.5 2.0 4.43 1.72 3.44

23 0.0104 3.0 1.0 3.13 1.69 1.69

1d~ = 3.0 meterS.
2 Tm~~ = 7.0 seconds.
3cot 0 = 2.0.

= 6.75 meters.

Thus , care should be exercised in determining runup for a particular H
structure. The results of the three part s of this problem are
sununarized in Tab le 6. Scale—effect corrections applicable to this
example problem are discussed in Section VI.

59 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .



Table 6. Summary of max imum runup for different conditions.
Table Wave condition M a x i m u m R ( m )

3 Constant period; T = 7.0 seconds 7.05

4 Constant period ; T = 13.0 seconds 12.45

5 Constant steepness: 6.75

Ii~,/gT2 = 0.0 104;

_________ 

Tm~~ = 7 .0 seconds

* *  * * * * * * * *  * * * * * *  * *  * * * * * * * * * *  * * * * * *  * *

2. Rubble Slopes.

Runup data for rubble slopes have traditionally been separated
according to structure type, whether for rubble-mound structures or for
riprap revetments. There is no essential difference between the two
types of structures with respect to stone sizes.  “Riprap ” is commonly
used for rubble protection of an ethankment slope that is high relative
to expected waves . “Rubble mound” is usually applied to structures
such as breakwaters and jetties in which the top of a relatively imper-
meable core is at or near the SWL , and the part of the structure above
the core is relatively permeable. The rubble-mound structure would be
expected to absorb and t ran smit an appreciable amount of energy through
the upper , permeable part of the structure.

Of the numerous tests conducted on rubble slopes, most have been
princi pal ly  studies of armor unit s tabi l i ty  rather than wave runup .
Most tests where runup data were obt ained have been for rather l imited
wave conditions or structure geometry , and usual ly model speci fi c con-
ditions for a prototype installation.

Avai lable runup data for rubble slopes may be divided between studies
with quarrystone and studies with concrete armor units. Quarrystone
dimensions used in this study are the median sieve size for small-scale
laboratory tests (if given) , or the calculated diameter of a sphere of
wei ght equal to the median quarrystone weight; i.e., the nominal diam-
eter. No evaluation of grading (or sorting) of the armor stone sizes
is attempted. However, most quarrystone layers would be well  sorted
(poorly graded) but the degree of sorting is only a relative term--
relative to another assortment of stones. A poorly sorted (well-graded)
armor layer would have a large fraction of smaller rocks which could fit
in the void spaces between larger stones and , there fore , reduce the cover
layer permeability and roughness.

Concrete armo r uni ts  are represented by a characteristic length dis-
cussed later in this section.

a. ~~~rrystone Armor Units. Most of the available rubble-slope
data apply to quarrystone a rmor units .  Other types of armor uni ts
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(generally precast concrete) have been tested extensively , but usually
4 for stability purposes. Runup results for concrete units are discussed

in Section V ,2 ,b.

(1) Permeable Structures. Details of quarrystone rubble-mo un d
structures, for which data by various authors were reanalyzed , are given
in Figure 24. Test conditions are given in Table 7.

Hudson (1958, 1959) tested a breakwater configuration using a wide
range of slopes and wave conditions. The tests were done principally
for one stone size , with a smaller stone tested for the 1 on 4 and
1 on 5 slopes . In the tests with the smaller stone, results for the
1 on 5 slope seemed to give anomalous ly high runup values , and are not
discussed here .

The structure geometry used by Hudson (1958) is shown schematically
in Fi gure 24. The core is below the SWL and its height-to-water depth
ratio is approximately 0.75, with only armor stone above the top of the
core . The structure slope used j ’~ analyzing the relative runup is the
slope above the core level; below the top elevation of the core , the
structure s lope is steeper , being 1 on 2 for upper slopes of 1 on 3,
1 on 4, and 1 on 5 (see Fig. 24). The effects of this nonplanar slope
on runup are unclear. Heights of waves breaking on the structure would
certainly be modified (increased or decreased) relative to a planar
Slope , depending on the effects of the steepened structure on shoaling.

Runup curves based on data by Hudson (1958) are shown in Figures
25 , 26 , and 27. The points shown in the figures are not Hudson’s data
points but are values interpolated from his data for the particular
wave conditions noted in each fi gure . The graphs are di fferentiated
by relative depth , d8/H~,, m d  the corresponding relative stone size,
H
~/kr, where kr for stories is the nominal stone diameter.

Jackson (1968a) conducted limited tests on a rubble-mound breakwater
using “rough” quarrystone and also stone cssentially the same as Hudson ’s
(Jackson ’s “smooth” quarrystone) . Jackson ’s structure di ffe red , howeve r ,
in having a core s l ight ly  above the SWL (see Fig. 24) . If  the second
underlayer is included in the core height  (underlayer stone weight =

W/200 , where W is the armor stone wei ght) then the core heigh t is
approximately 1.1 43, whereas Hudson ’s core height was 0.75 43 .
Jackson ’s structure would be expected to reduce wave transmission with
a consequent increase of both runup and reflection. This conclusion is
supported by the available data; e.g., Jackson ’s runup data are approxi-
mately 8 percen t higher than Hudson ’s for a 1 on 1.5 slop e , dsfH3 = 5 . 0 .

Figure 28 gives example runup curves derive d from Jackson ’s data for
smooth quarrystone; the relative depth is d8/H3 5.0.

Savage (1958, 1959) tested permeable slopes with relatively small
diameter stones. His structures differed from h udson ’s and Jackson ’s
in that the stone “structure” was placed against the vertical t ank w a l l .
Wave transmission th rough the structure was not possible;  therefore , H
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Hudson (1958)
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Figure 24. Permeable rubble-mound structures .
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reduction in runup would be a function of surface roughness , total void —

space , and friction effects within a porous medium. Runup curves de-
rived from Savage’s data are given in Figures 29 and 30. These curves
are derived from data for the largest stone size, 10.0 millime ters ,
tested by Savage, and for which H

~,/kr 12 .7 and 4.8 for d8/I1~ — 3.0
and 8.0, respectively. His data for all stone sizes show that, for 

- -

constant wave conditions (d8/H~ and H~/gT
2), runup was h i ghe r on slopes

having larger values of Ha/kr (i.e., smaller stones).

The structure used by Savage was actua l ly inte rmediate between a
perme able rubble mound and impermeable riprap. Th is st ructure could be
considere d to represent riprap with a thickness of many stoncs; h c*vever ,
this  would be unusual because the riprap layer in prototyp e ins ta l la t ions
is generally only 2 to 4 stones thick . It could represent the use of
stone in fron t of seawalls , a practice in some locat ions .  Also , the
tests are somewhat unrealistic in that the stone size is small rela-
tive to wave height and slope stability could have been a problem.

Direct comparison of the various rubble-slope run up data is di ffi-
cult because relative stone sizes an not always the same for given
wave conditions. Indirect comparisons can be made if the rubb le-slope
runup values are first calculated as fractions of smooth-slope values.
Then , for a specifi c structure slope and cross section, wave steepness,
and relative depth , effects of the relative roughness (Uc~,fkr

) may be
evaluated .

The rubble-slope data have been evaluated in this manner using the
appropriate smooth-slope curves given earlier.  The ratio of rubble-
slope relative runup to smooth-slope relative runup is designated r.
For a gi ven s lope , relative depth (d~/ti 4~,) ,  and relative roughness
(hl~,/kr ) ,  r appeared to vary with wave steepness, as might be expected ,
but with no consistent trend. Therefore, r values for several wave
steepnesses were averaged for constant relative depth , relative rough-
ness, and s lope . The r values based on data of Hudson (1958) and
Savage (1959) are given in Figures 31 and 32 . The hori zonta l axes are
the relative roughness or relative stone size , U

~,/kr. 
Each curve is

based on r values averaged over a range of wave steepness for each
relative stone size used in the analysis.

Hudson ’s data give rather low r values of 0.3~ to 0.64. A posi-
tive slope trend in the data is noticed for the flatter structure slopes,
and might he expected since the stone size becomes smaller relative to
the wave as H

~/k r increases .

The r values for the quarrystone rubble mound tested by Jackson
(1968a) are given in Table 8. Jackson ’s data are for limited condi-
tions ; r value~ are 0.48 to 0.52, which are higher than Hudson’s data
for the given relative stone sizes. This result is expected because of
the h igher core in Jackson ’s tests.
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Table 8. Values of r for a quarrystofle
rubble mound (after Jackson, 1968a).

d8/H~ Hi/k r Slope (cot 0) r

5.0 2.7 1.5 (interpolated) 0.52
2 .25 0.51

5.0 2.45 1.5 (interpolated) 0.48
2 .25  0.48

Savage ’s data have a rather wide range of r values, with the high-
est values for the steepest structure slopes. The observed runup values
for the steep slopes are probably influenced by the rather short hori-
zontal distan ce along the SWL between the vertical end wall and the
structure slope. Flatter slopes have progressively smaller r values.

A reversal in trends of the plotted lines in Figures 31 and 32 may
be a result of water particle motion di ffe rences for breaking and non-
breaking waves (on the structure) and also of differences between stand-
ing wave and surging wave effects for varying structure slopes.

A value of r ~~0.50 to 0.55 appears conservative for a rubble-mound
structure (such as that tested by Jackson, 1968a) with the top of the
core approximately at the SWL. Lesser values of r appear justified ,
usually , for a structure with low core height, such as tested by Hudson
(1958); a very steep structure slope (e.g., I on 1.25) may nevertheless
h ave high r values. Variations in Hi/kr will also affect the selec-

:

1 tion of an r value. A porous structure with an impermeable backing,
such as that used by Savage (1958) , has considerable variance , with r
values ran ging from r ~~0.87 for a 1 on 0.5 slope to r ~ 0.4 for a 1 on
10 slope .

(2) ~j~permeable Structures. Test conditions of quarrystone
revetment runup experiments discussed here are given in Table 9. Cross-
sectional diagrams are shown in Figure 33.

Saville (1962) conducted runup tests in a large wave tank with a
depth of 4.57 meters (Fig. 33). He tested riprap on a I on 1.5 slope
sited on a horizontal tank bottom. Armor layers of both one- and
three-stone thicknesses on a concrete slope were tested. Instabil i ty
problems on an impermeable bas e would be appreciable , particularly for
a layer one stone thick. Although Saville gives results for both armor
unit conditions , only the results for the l ayer three stones th ick are
given here. Re l at ive depth varied from approximately d~ /H~ = 5.0 to
d8/H~, = 10.0 , plus a few points at larger values ; relative roughness
or stone si ze varied f rom H~,/k r = 3.0 (at ~~~~ 5.0) to H~,/k 1.0
(at d9/H~, = 15.0) . Saville ’s data, when compared to the smoot~-s1opecurves presented earlier, have values of r (averaged for several
values of wave steepness) as given in Table 10.
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Table 10. Values of r for quarxystone riprap ,

1 on 1.5 slope (armor layer three
stones thick on impermeable base)

________ 

(after Saville, 1962).
d8/H~, H.~/kr Slope (cot 0) r

5.0 3.0 1.5 ~~0.6

8.0 1.9 1.5 ~ 0.625

Hudson and Jackson (1962) tested riprap at small scales (Fig. 33)
using two structure slopes , 1 on 2 and 1 on 3, both on a horizontal
t ank bottom. Although wave condition~ were somewhat limited, a range
of armor and underlayer stone si zes were tested. Runup curves based
on these tests are given in Figure 34. The curve shapes are simi lar
to those of the smooth-s lope curves and to the rubble-moun d curves .

Analysis of smooth-slope scale effects (see Sec. VI) indicates that
scale effects between th e various small-scale tests conducted by Hudson
and Jackson ( 1962) would be negli gible. Accordi ngly , the data we re
evaluated for stone-size e ffects coirbining all dat a from the various
model scales . No clearly discernible trend in effects of stone size
was found for the 1 on 2 slope ; an r value of approximately 0.625
appears appropriate (Fi g. 35) for the various H~,/k r values . However ,
the I on 3 slope shows increasing r values with increasing H~,/kr
values (Fig.  35). The lines through the data in the figure are some-
wh at arbitrary , but the trends seem consistent with thos e in Fi gures
31 and 32.

Palme r and Walker (19 70) tested runup on a 1 on 1.5 rubble s lope on
a 1 on 50 beach (Fig. 33) , and gave their results in a set of curves
using di ffe rent variables than those in this study . Conversion of their
results for selected data sets give s the points shown in Figure 36.
Smooth-slope runup dat a for similar conditions are not available for
comparisons . However , for larger d6/11~ values , runup values for a
structure on a flat beach would be expected to be comparable to runup
on the same structure sited on a 1 on 50 beach . Comparisons between
Palmer and Walker’s values and values for smooth structure slopes
fronted by a hori zontal beach gi ve extre mely low r va~ ~es for the
larger d3/H~, values (r~~ 0.38 for dm /H~ = 3.0, Hc~/kr ~ 1.5 and
r ~‘0.26 for d9/H~ 5.0, ~~~~~ = 0.9). It is unclear why the values
are so low , but part of the reason may be in the di fficulty of measur-
ing runup on a slope with relatively large stones (U

~,/kr small). Palmer
and Walker ’s run up va lues for d9fF1~ = 1.5 , when compared with runup
values for a smooth structure slope fronted by a 1 on 10 beach , gave a
value of r ~~0.5 for d9/H6 = 1.5 and Ha/kr ~ 2.9.

A useful aspect of Palmer and Wa1ker~s curves is that breaking con-
ditions are given, where breaking is the depth-controlled condition ;
i.e., waves are breaking at or seaward of the toe of the structure.
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- 1

The crosshatched area in Figure 36 shows that , for a 1 on 1.5 rubble
slope fronted by a 1 on 50 beach slope , the maximum absolute runup ,
coincident with breaking waves at or seaw ard of the structure toe ,
occurs for d3/H~, ~~1.0 in the high wave steepness range (H~,/gT2) ,
but occurs for progressively hi gher d~/H~, values as H~,/gT

2 dimin-
ishes , to d9/H~, ~ 2.6 to 3.0 for H~,/gT ~ 0.0002.

Raichien and Hammack (19 74) tested structures with 1 on 2 slopes ,
having both rough (quarrystone armor) and smooth surfaces . The struc-
tures were fronted by a 1 on 200 beach slope (Fi g. 33) . Smooth-slope
runup values from their curves were converted to the variables used in
this study and are comparable to the smooth-slope runup values for a
structure on a horizontal beach given in Figures 14, 15, and 16. Runup
values of Rai chien and Hammack for the quarrystone rubble slope were
also converted to vari ables in this study (Fi g. 37), and were compared
with their smooth-slope results. The various r values were each
determined as an average of rough-slope runup to smooth-slope runup
for varying wave steepness values but constant d8/H~, values . The
resultant curve is given in Fig ure 38. The rather gent le negative
slope of the line for the I on 2 structure presents a trend similar to
that in Figures 31 and 32.

Pthre~s (l97Sa; personal communication, 1975) tested riprap slopes
(Fi g. 33) in a wave tank with depth, d8, of 4.57 meters . The armor
layer was approximately 1.5 to 2 stones thick , with a filter underlayer
lying on a core of bank-run gravel. Ah rens used various armor stone
sizes , and for each slope and set of wave conditions , the larger H

~,/kr
values consistently had the higher values of relative runup . Figure 39
shows the effect of Ha/k r on relative runup for a range of wave steep-
nesses on a 1 on 3.5 slope for d5/H~, = 7, as deri ved from Ah rens ’ data;
Fi gures 40 and 41 show runup curves based on Ah rens ’ data for the spe-
cific conditions noted.

Ahrens ’ data were then compared to the data for smooth structure
slopes fronted by a horizontal bottom and the resulting r values are
given in Fi gure 42. Results of his runup data, which were obtained in
large-scale testing, can be considered near-prototype scale. The r
values were determined by compazison with small-scale smooth-slope tes t
results. A difference in r values between large- and small-scale tests
for rubble structures is not apparent. Howe ver , the smooth-slope runup
curves are expected to underestimate prototype runup (see Sec. VI) ;
therefore , application of the values in Figure 42 would give conserva-
tive results when used with appropri ate smooth-slope values uncorrected
for scale effects.

b. Concrete Armor Units. Concrete armor units have been developed
pri mari ly for increased stability under wave attack . In areas where
rock is scarce or of insufficient size or quality, concrete armor units
may become an economical necessity . Many types of armor units are
availab le in sizes ranging from the 45-metric ton (50 tons) t ribar
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(in Hawaii) to the 6 .35-kilogram (14 pounds) Gob i block . Size can
usually be adjusted according to need; type select ion may depend on
armor unit stability for a given structure . S t a b i l i t y  coeff ic ients
are given in the SPM.

Concrete armor units have been tested and are used both for rubble-
mound structures (usua l ly  porous near the top) and for r iprap or revet-
mont structures (usually impermeable to wave transmission). Most tests
have been for permeable rubble-mound structures .

(1) Permeable Structures. Jackson (l968a) tested several armo r
units for runup and s t ab i l i ty  (Fig .  43) . Further  de tai l s  of the armo r
units are given in the SPM or Hudson (1974). Wave conditions used in
the tests were limited mostly to relative depths of d3/l-l~ 5.0. The
relative armor size has been calculated for this study as Hi/k r , using,
for kr , the length dimensions shown in Figure 43. These dimensions
are heights  of armor units in all cases. Jackson used rubble-moun d
s t ructures , and r e l a t ive  core heights calculated from photos in his study
have values of h~ /d3 ~ 1.14 , except for a structure with  one l ayer of
modified cubes on a I on 3 slope which had a value of h~ /d6 1. 4 .
Jackson t s sketches of a l l  s tructure cross sections indicate the core
and lower underlayer to be be low SWL. Since his photos show other cases ,
it is unclear what the values would be for the remaining situat ions.

Jack son ’s data , a f ter  conversion to deepwater var iab les , were corn—
pared to the smooth-slope curves . Results  are suamiari zed in Table 11.
Each r value in the table is an average of r values determined for
two or three wave steepnesses and for the slope and value of d3~/H~noted.

~.bl. 11.  S. 0y of r v.4. ,~ (.I~~~ r . ‘ ..k -..-.. - 5948* ) -
A, or 4658 ood ~~~~~~~~~~~~~~~ 4~ *~r 0,- o r  544 * 8818 8110 — 88 (46 d

~
IH ,~ 
. s i 2

(410. Of 46 i t~~) (9 ,/5 ,. (or 1 /I4~ — S I ’  o~~~I . 5  ,n 1. ’S l o . .i) I on ~S ( .00 ’.I) S~~

C,n,cr.t. t.or.p~dRondo. 2 .‘.30 0. 44 .~~ .-  0. 40 - - .- 0 .89 0.4!
2 2 .30 0. 48 - - - -  0 .58 . .- -  “.. 0 ,55

l.ondU. t .to.po.I
IM i for. 2 2 .25  --.-~ 0.40 ~~~~~ 0 . 49 - -  0.50

Co.or.t. qondotpod
4.440. 2 .90 0. 5! -- - - 0 .47 - - -.  0 . 4 9  0. 49

464(0,.. 2 2 .90  0. 49 ..-- 0 .46 .--- ‘.58  0, 49

Lon dtt. ,rt b .r
Rondo. 2 2.86 0 .44  _ .- . 0.45 . - 0 40 ’ 0.4 3

tMtfo r. 1 2.86 0.00 -- -- 0.50 ’ - - - -  - - - -  0 41

4Mdtft .d Isodi t. cob.
8.040. 1 2 0 9  0 .44 .--. 0.45 —-.- 0 .48 0 44

I40Ifooo 1 2. 49 0.62 ~ -- . 0 7 3  .--- 005 0 0 ’
L.od5te It~~~pod

ROndo. 2 5.72 0.4! --.- 8.44 -- -- 0.48 0 44

(h,tf o r. I l .f l  9 5 2  - - - -  0.41 -- - -

0.854 c46cr. t . ,.t r.2,odron
4610464 2 2. 3! -. --  0.5$ - - - -  0.5’  0 . 4 4  ,I , S6

P.rtor .t .d co.cr.t. t .trA.d roc ,
((Or. 2 2 .2 4  

~~~~~~~~ . ... _~~~~~
_. 

- _ : -

0.514 1.04(0. t.Ir.h.dro~
465(0.4 2 2.2 9 0.04 ... 0.04 .- . ‘ ‘ 1 ’ 44

P.r(ontid u s d4 , . t .tr slt .dron
2 2. 22 O S O  ...- 0 .48 - - - -  --- . 0. 55

— 0 .68 0.046 ( 2  (.00).
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Figure 43. Concrete armor units tested by
Jackson (1968a) .
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$ 1

Dai and Kame l (1969) tested a permeable structure using quadripods
in conjunction with scale-effect testing. Tests were limi ted to a 1 on
1.5 slope. Data from other investigators in ate that consistent runup
values are difficult to obtain on a 1 on 1.5 slope , particularly on
rubb le s lopes . Dai and Kamel’s tests also seem to have considerable
variance. Their structure configuration used for testing the quadripods
was basically the same as used by Jackson (1968a) , and some of the
values were identical. The relative core height was approximately
h0/d8 ~ 1. 1.

After reanalysis of Dai and Kamel’s dat a, comparisons with the
smooth-slope curves were made . Averages for each d,e/Ilb value and
scale coabinat ion were determined. These values indicate no signifi-
cant differences between the quadripods with “smooth” and “rough” sur-
faces (te rms used by Dai and Kamel) ; also , no signifi cant difference is
seen between scales. Indi vi dual values of r range from r ~ 0.38 to
r = 0.70, but the extremes appear to reflect questionable runup values
as compared with other data. The overall average for the r values is
r ~ 0.57. Table 12 presents values of r for quadripods on I on 1.5
slope and for speci fi c d9/H~ values , but each r value is an average
of values obtained for one to five wave s teepnesses each .

Table 12. Values of r for quadripods on 1 on 1.5 slope (after Dal and ICame l, 1969).

_____________ r (avg) ____________
d8 .0.305a(l ft) d~~.O.61a(2 ft) d5 .4.S7~~ (15 ft)

Smooth qua dripod Quadripod Rough quadripod
4.0 4.5 0.57 , rough (2 points) 0.63 (2 points)

* 0.55 . smooth (3 points)

5.0 3.6 0.49 (1 point) 0 .55 , rough (3 points) 0.57  (4 points)0.57 , smooth (3 points)

8.0 2.3 0.59 (S points) 0.61 k rough (3 points) 0.46 (2 points)
______ __________________ 0.60, smooth_(S_points) ________________

1No data.

Vanoni and Rai chien (1966) tested a re lat ive ly high core structure
with relative core he ights of h~,/d8 ~ 1.32 and h

~ /d8 ~ 1.79 . In the
latter case , runup did not exceed the core height (discussed in Sec.
V ,2 ,b). The structure slope was first buil t  wi th  one layer of tribars
from below SWL to a point sl ightly below the core elevation , and then
the upper part of the structure was built of quarrystone. The -tribar

V section extended above SWL to a height approximately equal to the maxi-
mum wave amplitude at the structure toe. The tribars and quarrystone

V were underlain by two f i l ter  layers . Nonbreaking waves were used;
runup was caused by surg ing waves.

The slope tested by Vanoni and Rai chlen was a 1 on 3 uniform slope;
test results for certai n conditions are given as values of r in Table
13. Runup for d9/H~!, ~ 5.0 was limited to the tribar zone, and extended
up into the quarrystone section for 2 ~ d0/H~, < 5. No noticeable dif-
ference in r values is seen which would be attributable to the water
passing over different armor unit types ; e.g., comparison of r values
fo r = 3.0 and = 5.0.
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Table 13. Values of r for tribars and quarrystone on a
1 on 3 slope (after Vanoni and Rai chien, 1966).

d8 I1~, rc
( t r ibar)  (quarrystone) 1

= 0 .257 in (0.844 ft)

3.0 2.11 2 .53  0.00155 0.48
0.0020 0.47
0.00285 0.43

5.0 1.27 0.00092 0.48
0.0012 0.46
0.0017 0.40

8.0 0.79 0.00056 0.42
0.00076 0.41

_______ 

0.00104 0.27

= 0 .29 in (0.95 ft)

3.0 2.38 2.84 0 0015 0 .46

5.0 1.43 0.0012 0.47

8.0 0.89 0.00077 0.38

— 
Overall avg 

- 
0.43

1Quarrystone was at a hi gher elevation than the tr ibars ;
runup did not reach the quarrystone section for d3 /U 5~, � 5.0.
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Vanon i and Ra.ichlen tested various model-to-prototype scales . Sc a les
were 1:40 and 1:45 in the cases discussed above; however, the scales are
not appreciab ly di f fe rent and observed run up values were comparable be-
tween scales.  The p rincipal reason for using d i f fe rent scales was the
ability to model prototype armor units of varying weigh t (and stability)
wi th  the s ame mode l armor unit.

Results from \ anoni and Raichien (19b6) , Jackson (1968a) , and Dai
and Kamel (1969) for selected armor units are summarized in Table 14.
The Vaponi anti J~~j chlen tests were for rather small  scales ; Jackson , and
also Dai and Kair..’1, had intermediate scales, and Dai and Kanel included
tests at a 1arg~ scale. Quarrys tone values are included in the table
with  Jackson ’s test results for size comparison wi th  the quartystone
used by Vanoni and Raichlen.

Dai and K:ane l ’ s tests for quadripods , inc luding tes ts  at the same
scale , give ~

‘ values slightly higher than Jackson ’s. The difference
may be partly a t t r ibu tab le  to different  experimental  setup s and p ar t l y
to different relative sizes of the quadripods.

The t r i b a r  tests of Vanoni and Raichien give i’ va l ues comparable
to those of Jackson . Lower r values would be expected for the fo rme r
because of lower H

~,
/kr values (or larger armor un i t  size relative to

the wave ) but the e ffect (if  present)  is apparently offse t  by the h igher
core of \“ anoni and Raich ien ’s structure--which would increase runup
somewhat by reducii~g wave transmission--and becaus e \anoni and Raichien
tested one layer  of tr ibars compared with  the two layers tested b y
Jackson .

(2) lmperme ahle Structures. Testing of concrete armor units on
impermeable slopeslias been rather limited; most testing has involved
perme able rubb ic—mound structures desi gned for hi gh—energy environments .
Only two sets of tests for concrete armor units on impermeable slopes
arc discussed here , one for run up on tr ibars and the other for runup on
Gobi blocks.

Va non i and Raichien (l9ot ) tested a structure with a 1 on S slop e
ronted by a hori zontal  bottom and armore d wi th  a combina t ion  of t r ibars

md quariystones. Tribars extended from below SWL to a d i s t ance  above
SWL , but the distance varied depending on the w a t e r  depth . Quarrystones
extended the res t of the way to the s t ructure  crest .

One set of the e xperiments was for a r e l a t i v e ly  low w a t e r  leve l , for
which a l l  runup was both below the quarrystone leve l and be low the crest
of the core. These conditions essentially constitute an imperme able
structure . The correction factors (r) g iven  in  Tab le  15 can be com-
pared w i t h  value s in Table 13. Values of ~ - - k ~, in Table 15 ar e
markedly lower than those in Table 13, and the greater roughness is
cer ta in ly  a major reason for the lowe r correction fac tors  in l ab l e  15.

_ _  
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- - Table 15. Values of r for one layer of tribars on 1 on 3
slope with tribars underlain by two f i l ter  layers
(after Vanoni and Raichien , 1966) . - 

V

d8/H4~, f H
~Ikr I H~/gT2 r

d9 = 0 . 1 9 m (0.622 ft)

3.0 1.56 0.00113 0.40
0.00148 0.38
0.00201 0.39

5.0 0.94 0.00068 0.39
0.00089 0.38

Another set of runup tests was conducted by McCartney and Ahrens
(1975) , using Gobi blocks (Fig. 44) which are used for revetment in
low-energy wave climates. The full-size b lock weighs approximately
6.35 kilograms (14 pounds) and is placed in a matlike arrangement on
the slope. Tests were conducted with a 4.57-meter water depth , and
were limited to a relative depth of d8/H~, = 8.0 and s lope of 1 on 3.5.
Rough-slope to smooth-slope ratios were r ~ 0.93, a hi gh value for a
roughened slope, but it indicates the relatively smooth surface pre -
sented by Gobi blocks .

Conditions Tested : ds :4.57m (15 ft)

H~/k r~~5.7
I on 3.5 slope
Horizon tal bottom

O.l0m(3~~in)-

E levation of Gobi Blocks Plan View of Gobi Blocks

Figure 44. Gobi blocks (McCartney and Ahrens , 1975) .
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c. Example Problems.

* * * * * * * * * * * * * E XAMP LE PROBLEM 8 * * * * * * * * * * * * * *

G I V1 ~N :  • Quarrystone rubble—mound breakwater ;  cot 0 = 2 ;  cot L~ 80;
d.~. = 6.0 meters (19.7 feet); H~ = 2 .0 meters (6.6 f e e t ) ;
T = 4 .0 seconds ; Kr = 0.6 meter (2.0 feet); h0 = 4 . 5  meters
( 14.8 fee t ) .

FIND: Determine runup .

SOLUTION:

d8 H h0
= 3.0; ~~ - - =  3.33; 

~j — =  0 .75 ;
o r a

U ,
o 2

gT2 = 
(9.81)(4) 2 = 0.0 127

Assume ~i 0 , since the bott om slope is  gentle and d8/lI~, is not
small. The structure is a rubble-mound breakwater with a low core
(see Figs. 25, 26 , and 27) . Hc!,/kr in this problem is less than
that given for d8/H~, = 3.0 in Figure 25 , so the results  of Figure
25 should be conservative.

0.66 (from Fig. 25) .
0

R = (0 .66) (H~,)

= (0.66)(2)

R = 1.32 meters (4 .3  feet) -

Evaluation of possible scale effects  is discussed in Section VI . 
V

* * * * * * ~ * * * * * * * * * * * * * * * -* * * * * * * * * * * * * *

* * * * * * * * * * * * * E XAI ’IPLE PROBLE M 9 * * * * * * * * * * * * * *

GIVEN: Qua rrystone r iprap s tructure ; cot 0 = 5; ~ 0: d,~ = 6 .0 meters ;
= 1.2 meters (3.9 feet); T = 4 .0  seconds ; kr~~ 0 .4  meter (1 .3  fectL

FIND: Determine runup.

V SOLUT I ON :

= 5 .0 ;  
~

2 =  3.0

H’  -,
_3:~~ ;. = — -, = 0.0076
gT’ (9 .8 1) (4 ) ’
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Then from Fi gure 40 , for a riprap struct ure ,

0.92

R = (0.92)(H~)

= ( 0 .9 2 ) ( l . 2)

R = 1.1 meters (3.6 feet)

Fi gure 40 is deri ved from large-scale experiments , and no correction
for scale effects  is necessary (discussed further in Sec. V I ) .

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

* * * * * *  * * * * * * * E)(M~ LE PROBL EM 10 * * * * * * * * * * * * *

GIVEN: Rubble-mound s t ructure  using two randomly placed layers of tri-
bars for protection ; cot 0 1.5; B 0; d~ 

= 10. 0 meters ; U~ = 3.4
meters (11.2 feet); T = 6 . 2  seconds ; h0 ~ 10.0 meters ; K 1, ~ 0 . 7
meter ( 2 . 3  feet) , where Kr is the length (height)  of a t r ibar  leg.

FIND : Determine runup.

SOLUTION:

h

~~~~~ 
2.94 ~~3.0; 

~~;
= 4.86; -

~~~~
-

~~~~~ 1.0

- 4
._~:__ = = 0.009
gT2 (9 .8 1) ( 6 .2 )

This s tructure is simi l ar in design (high core) to the rubble-mound
breakwater tested by Jackson (1968a) for which r values are given
in Table 11. Howeve r , r values are not l is ted for tr ibars for
the condition of H~I kr = 4.9. An estimate of r is necessary .
Relat ive  roughness in Table 11 is specified for a particular rela-
tive depth , d8/H~ = 5.0. For d8/1t~, = 5.0 , the re l ative roughness
in this problem would he

— 
1 i \ f d ~

Kr 
— 

~\
d$fH ) I,~k 1,

I C  V

— I i i  (10
u s !  10. 7

2 .86 , for 5.0 .

r
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Therefore , the tribar relative roughness of this problem is the
same as tested by Jackson , for which results are given in Table 11.
For cot 8 = 1.5 , d9/H~, = 5.0 , and H~,/kr = 2.86, rtz,jb~

, ~ 0.44.
However, this problem requires an answer for d8/H~!, = 3.0; lacking
further information, r ~~0.44 will be used in this problem. The
results of various investigations referenced in this study indicate
that r is not necessarily constant for changing H~!,/k~ values or
changing d8/H~, values ; thus , assuming here that r is a constant
0.44 is simply a best estimate. The chosen r value is applied to
the applicable smooth-slope relative runup value. For the wave
conditions and structure slope corresponding to this problem,
smooth-slope relative runup is, from Figure 14,

R
liT = 1.82
o emooth

The estimated relative runup on this tribar- covered rubble mound is
then

- 
JR

0 rough 0 amooth

= (0.44)(1.82)

= 0 . 8 0 .
\ °Jrough

The runup on this rubble mound is

R = ( ~~ ) 
(H~,)o rough

= (0.80) (3.4)

R ~ 2.7  meters (8.9 feet)

evaluation of possible scale effects is discussed in Section VI.

* * * * * * * * *  * * * * *  * * *  * * * * * *  * * * * * *  * * * *  * * *

3. Stepped Slopes.

Stepped-slope configurations have been tested for use in low-energy
wave climates . Field construction techniques vary, but include case-in-
place steps, such as in Harrison County, Mississippi, and soil-cement
stepped surfaces (Nussbaum and Colley, 1971). Laboratory tests have
been perfo rmed on pre cast , interlocking stepped block s (Jachowski , 1964) ,
on impermeable steps (Saville , 1955) and on soil-cement stepped slopes
(Nussbaum and Colley, 1971). Saville’s tests were conducted with the
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structure fronted by a 1 on 10 bottom slope; the structures in other
tests extended to the flat bottom of the wave tanks.

Saville’s results for the 1 on 1.5 stepped slope are plotted in
Figures 45 and 46. Figure 45 has the data points for a depth greater
than zero at the structure toe . Figure 46 has data for a zero toe
depth at the structure ; however , sli ghtly diffe rent dimensionless
variables are used. Both on the stepped slope and on smooth slopes
the relative depth, defined at some point seaward of the structure, is
important even with a zero toe depth. Curves of constant d8/H~, have
been drawn in Figure 45. The ratios of stepped-slope runup to smooth-
slope runup are given in Table 16 for water depths greater than zero at
the structure toe, and in Table 17 for the zero water depth. The r
value for d8/H~, - 0.38 in Table 16 is based on one point only and ahigher average value would be expected.

Table 16. Ratios of stepped-slope runup to smooth-slope
runup; 1 on 1.5 structure slope ; 1 on 10 bottom
slope; d8 > 0 (after Saville, 1955).

1 Jul U, , , ,  I (
a’ o o’ r r ,~avg

0.38 12.0 0.562

0.75 6.0 and 12.0 0.74

1.5 3.0 and 6.0 0.80

3.0 3.0 0.76

‘kr is the step height.
2Based on only one point .

Table 17. Ratios of stepped-slope runup to smooth-slope
runup; 1 on 1.5 structure slope; 1 on 10 bottom
slope; d8 a 0 (after Saville , 1955).

[ d/H,~, 
1 Ha/kr 

2 r

[ 4.1 6.0 0.70

8.3 3.0 0.74
1Use d/H~!,, 

not
2kr is step height. ‘a

d,: 0
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Values of r used in Table 16 are averages for several wave steep-
nesses. In tests of structures sited on flat bottoms , the r value
does not seem significantly influenced by varying wave steepness values.
Saville ’s (1955) data (Table 16) show high r values for steep waves
(H~,/gT

2 
~ 0.006 and greater); individual r values were as hi gh as 0.93.

These high r values may be a result of the measurement of maximum values
of runup or an expression of the lesser importance of roughness when waves
break seaward of the structure toe .

Jachowski ( 1964) and Nussbaum and Colley (1971) tested stepped slopes
sited on flat bottoms . Both tested 1 on 2 and 1 on 3 structure s lopes
using vertical-faced steps with sharp edges. Jachowski also tested inter-
locking blocks with inclined risers (upper edge seaward of lower edge).
Nussbaum and Colley also tested steps with rounded edges which would
represent eroded or worn conditions for the soil-cement steps. Selected
data of Jachowski and of Nussbaum (personal communication , 1975) were
reviewed and compared to smooth-slope runup values.

Tab le 18 indicates r values of approximately 0.70 for vertical-
faced steps , although the 1 on 2 slope appears to have slightly higher
values. The rounded-step slopes have significantly higher r values,
as would be expected, and have values of r ~~0.85 .

4. Estimation of Rough-Slope Runup.

Most runup tests have been conducted for restricted conditions. Some
structure configurations or wave conditions have not been tested or have
been tested only rarely. Few runup data are available , for example .
for a rubble structure fronted by a sloping beach and for which waves are
breaking at the structure toe. Actual runup tes ts for design conditions
are the most desirable means of estimating runup under prototype condi-
tions. In lieu of test results, some method of estimation is necessary.

This study has presented rough-slope runup data in terms of the fac-
tor r, which is the ratio of rough-slope runup to smooth-slope runup
for the same conditions . Such a factor was suggested by Hunt (1959),
the U.S. Army, Corps of Engineers , Coastal Engineering Research Center
(1966) , and the Technical Advisory Co~ nittee on Protection Against
Inundation (1974) . This factor , as envisioned, would vary simply as a
function of the structure ’s armor layer construction . It would be
applied to known smooth-slope runup va~~ ’ - ‘ -  ‘ imate rough-slope
lu*...p for conditions not tested. A~~~ i~ ly ,  ‘~~~~~

- 

~.. tor r appears to
be as highly dependent on the sevc r~l ~~- .r’~ conditions as
re1ati’~m runup, R/H~,. For exanipi -. 

-- 
- f  ‘ t ~’~’ ’~~!ua1 r values

for quarrys tone riprap s lopes was , for 4 ~ d8 /H ‘, ~ W and 1.5 
~ Ha/kr ~and the slopes noted: 1 on 1.5 , 0.53 r . 0.b8; 1 L f f l  2 . S , 0.5 1 < r 0.69 ; —

1 on 3.5 , 0.43 < r c 0.67; 1 on 5 , 0 . 4 4  r . 0.79. Thus, any one value
of r does not seem applicable for all wave conditions for a given armor
unit; however, values of r are still useful as estimators of runup on
rough slopes when smooth-slope data are available and rough-slope data
are lacking.
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This study has discussed r values, considering some of the van .-
ables , principally structure slope and cross section, relative armor
size , arId relative depth. Variations in r with wave steepness were
present but no consistent trends were observed, and r values were
usually averaged for the few wave steepness values for each relative
depth and relative armor size at which runup was obtained.

In application, a value (or range of values) of r is determined
for the desired structure slope, cross section (high or low core, if
applicable) , type of armor unit , and relative armor size . This r value
is then multiplied by the smooth-slope runup value to give an estimated
rough-slope runup. The smooth-slope value is determined from the smooth-
slope design runup curves given in Section V,1 which are similar to but
expanded from those in the SPM. The smooth-slope runup should be deter-
mined without any scale-effect correction (discussed in Sec. VI) . After
determination of the rough-slope runup, it is suggested that the scale-
effect correction be applied which is applicab le to the data from which
the r value is derived, although variability in r values is greater
than the applicable rough-slope scale-effect corrections .

* *  * * *  * * * *  * * * * E X J)LE PROBLEM I1 * *  * * * * * *  * * * * *

GIVEN: Quarrystone rubble-mound structure; cot 6 = 1.5; cot ~ = 40;
113 = 2, 2 meters (7 .2 feet); T 8,9 seconds; h~ = 3.4 meters;
k2, ‘~ 0.815 meter (2.7 feet); d3 = 3.14 meters (10.3 feet) .

FIND: Determine runup.

SOLUT ION:

d8 H ’ h
= 1.43; ~~~~= 2.7; ~~~~ 1.10 r

2.2
j~i~ (9.81)(8 .9) 2 = 0.00283

This structure is similar in design to the rubble-mound breakwater
tested by Jackson (1968a). However, d~/H4!, is lower than tested,
and waves breaking at the structure toe may be expected. Accordingly,
an r value needs to be determined along with smooth-slope runup for

—.imi l ar ge -~try. From Table 8, for H~/k~ = 2.7 and cot 0 1.5,

r~~~0.52

th-s lope runup is determined from the curves in Section V,1.
Iliis problem has cot ~ 40, but the only beach slope available
in Section V,1 is cot ~ = 10. Nevertheless, from Figure 22, for

~ 1.5, cot 8 1.5, and H,~,/gT2 = 0.0028 ,

R
rrr ~~3.6 .
‘
~~ smooth
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The estimated rough-slope relative runup is then

/R
~‘ rough o t mooth

( 0 . 5 2 ) ( 3 . t )

l . 8~~.\~ °Iroug h

The estimated runup is

R rough = ( IççJ (H~)
\ Ir ough

= ( l . S” ) ( 2 . 2 )

R roug/z = 4.1 meters (13.5 feet).

Evaluation of possible scale effects is discussed in Section VI,4.

* *  * * * * *  * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

VI . SCALE EFFECI’S

1. General.

The study of scale effects in runup has been limi ted. The SPM con-
tains runup corrections for smooth slopes based on work by Saville (1958).
Dai and Xamel (1969) studied scale effects on rubble-mound structures
sited on flat beaches , both for stability of armor units and for runup.
These studies incorporated tests from near-prototype conditions where
water depths at the structure toe were on the order of 3.0 to 4.b meters
(10.0 to 15.0 feet). Other runup stud ies, while designed for a partic-
ular model—to—prototype scale, have implicit scale-effect data , in that
water depths at the structure toe were varied but wave conditions were
identical as measured by dimensionless variables. However, the model
scales usually vary only by a factor of two or so, and the effect is not
differentiable from variance in runup values for specified conditions.
Exan~i1es are given in Savi l le (1955 , 1956). Hudson , Jackson , and
Cuckler (1957) used model scales differing by a factor of approximately
two in different wave tanks for a 1 on 6 smooth slope . Dai and Jackson
(1966) tested a rubble-mound structure with I on 2 s lope on a beach of
1 on 30 slope at the structure and 1 on 370 farther seaward ; model-to-
prototype scales of 1:50 and 1:100 were used. Their observations had a
great deal of scatter, and neither model scale showed consistent ly
higher nor lower relative runup values. Hudson and Jackson (19b 2)
studied niprap on slopes of 1 on .2 and I on 3 for two prototype depths,
two model scales , and differing prototype rock sizes . Ahrens (1975a)
tested niprap slopes at near-prototype scale.
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2. Reynolds Nu*ther.

Model-to-prototype ratios have often been designated for model tests
because many tests are for specific site conditions . However, evalua-
tion of scale effects among a collection of model tests is difficult
when using the model-to-prototype ratios because the same model dimen-
sions may be modeling greatly different prototype conditions. An
example might be comparison of a 1:20-scale model with a 1:50-scale
model , both of which might have the same model dimensions . Di rect com-
parisons between various mode l scales are possible by using dimension-
less variables , including a Reynolds nuaber, assuming viscosity is the
primary cause of scale effects.

Reynolds nu~~ers (Re) used in various studies involving oscilla-
tory flow are not defined by convention, but rather in ways convenient
to the particular study ; thus, no one definition is used consistently.
Dai and Kamel (1969) conducted model tests at three different scales.
A Reynolds nuither was defined using, for velocity , the water particle
velocity parallel to the side slope at a distance below SWL related to
the armor unit size. The length unit is the characteristic armor unit
diameter. The velocity is determined from empirical graphs, and is a
function of period, depth, and armor unit diameter. However, a separate
graph is apparently required for each wavelength and only one is given.
This R is di fficult to use as def ined.

Hudson and Davidson (1975) present data from Dai and Kame l (1969)
using a different Reynolds nuaber for rubble-mound stability tests
defined as

(gH~~0)~~ (kr)
(10)

where

g - gravitational value

- zero-damage wave height

kr = characteristic diameter

v — kinematic viscosity of water

This 1att~r definition is more “workab le,” but depends on the empirical
value of H~~,0.

The implicit understanding when plotting data against R6 must be
that the other required dimensionless terms have the same value in the
different scale models. Hudson and Davidson plot the stability nui~ er
versus Rg, and the assumption in this case , then, would be that the
wave conditions are sufficiently specified by using the zero-damage wave
height and armor unit dimension. For the plot given by Hudson and
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Davidson, a critical Re is found at R~ ~ 3 x 1O~ . Scale effects cease
to be important for Re values larger than this critical value.

In evaluating scale e ffects in runup, a Reynolds nuther may again be
defined and used for pi6tting R/H~ versus Re but only if the remain-
ing dimensionless variables are equal between models . This would allow
comparison for one set of conditions (i.e., waves with H~~0), as was
done by Hudson and Daviison, or for a whole range of conditions, lead-
ing possibly to differing scale effects for different -wave conditions;
e.g., different wave steepnesses . relative depths , etc .

The Reynolds nunber used in this study is a “depth” Reynolds nunber
(defined in Sec. II):

d ~~ d
~
1
~e
)d . (11)

The depth, d, is arbitrary but must be considered in the dimensional
analysis. Here, d8, the depth at the toe of the structure slope , is
the depth variable. The Reynolds nuther then is

(gd )
~~ dRe = (Re) d 8 = 

8 8 (12)

This definition is particularly useful because the terms are easily
defined. The term (gd8) 12 may be recognized as the shallow-water wave
celerity; however, it is not synonymous with the actual wave speed tested
because nearly all runup tests were conducted in transitional or deep
water.

As examples, the three scales of Dai and Kamel (1969) have Re
values for the specific depths as given in Table 19. The value of v
is that for freshwater at if’° Celsius: v ~ 1.21 

x j~ -5 feet squared per
second = 1.124 x 10-6 meters squared per second. A family of curves might
be drawn as shown schematically in Figure 47. If the scale effects are
the same, over a range of Re values for each set of speci fied wave
conditions , then the curves should all have the same shape. However,
runup data obtained at different scales but with comparable test condi-
tions are insufficient to adequately define scale effects. Therefore,
it has not been clearly established that scale effects follow the trends
as suggested in Figure 47; i.e., scale effects are the s ame for varying
wave conditions.

Table 19. Reynolds numbers for three different depths.

c191 m 
- 

4.57 0.61 0.30
(ft) (15) (2) (1)

Re 2.72 x 10~ 1.33 x ~~ 4.69 x i05
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Lines of constant wave

Ho _

_ C ntico l  Re

Re

}Lgure .F’. hypothe t ica l  sketch of relative run up
va r i a t i ons  (scale e f fects) on a given
structure for sets of specified wave
conditions and varying Reynolds nuither.

3. Smooth-Slope Sca le  E f f e c t s .

1.iu~ited large-scale data for smooth slopes on a 1 on 10 bottom slope
are available (Sav i l le , 1958; 19t~0) . From this dat a and other appropri-
ate smal l -scale data , Figure 48 was prepared in the manner previously
discusse d. The fi gure g ives results only for d.~/l1, = 1.5 , because the
large-scale data w ere l imited to a narrow range of d~ ,’1l’, values close
to d~,,tl ’, = 1.5. Small-scale data used are from Savi lle (1955, 195o ,
1958 , 19t0’i , and Hudson , Jackson , and Cuckler (195”) . The small-scale
tes ts  1w S.iv ille (1958) were one-tenth the scale of his large-scale
tes ts , and the geometri cal arrangement was the same in both cases .
Sav i lle ’s data are given in Table 20. The smooth slope was not modeled
exact ly between scal es , because plywood was used for both the small-
and large-scale tests and the small scale may have been proport ionately
rougher. An atten~ t to closely model the slope roughness is discussed
later in this section.

In the small—sc ale tests , the variability of results for the 1 on 3
slope is pronounced (Fi g. 48). The range of runup values derived from
Hudson , . ackson , and Cuck ler (19S~) for X,~ = 9 x encompasses those
runup values of the largest scale (R~ = 3. ’S “ 10t~) •  Also , for the
1 on 3 slope , the data of Savil le ~i9SS) vary considerably between the
two Reyno U s  nuabe rs , R,’ = 

~~~. 3 10’
~ and 1.8 ‘ H) 

~~ . in contrast to the
1 on 5 slope , the 1 on t slope values show less variab i i - t t v .

Comparisons in Fi gure 48 were not extended to lower wave st eepne~ ses
because the Ltr~e— sca1e t e s t  condit t ons were such that at low w a ve  steep—
nesses , the waves were long re l ative to the bottom slope iC ,~i. values ot’
0.21 and 0. 30 were’ tested) . lioweve r, even for the wav e condi t ons gi yen
t n the ftgure , (/1. values varied between c e r ta i n  e~~1~er t me’nts . Thus .
test condition s are simil a r but not necessari ly the same.
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‘rabi. 20. Cooparison. of s~~oth-slop . ~~ b.tvsuui . 1 1  sod org. scsi.. for 1 on S sod 1 on 6
_________ 

structw. slo p.. with I on 10 b.ach slop. (sft.r fovills, lOSS. 1960). 
___________

d./gT~ Ii~IgT
2 

~ ~~~U scat.1 Iarg. scsi. 2 (!/I~~)j ~~~ ,’~ Group avg
— 0.12 a (0.4 ft ) d~ • 1.2 a (4.0 ft) (8jH~).,,,a~~.1— l/H~ 

_ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _  ______

1 on S struc ture slap. _____________ ____________

0.000485 0.00011 4.7 5.2 1.11

0.000485 0.00023 - 6 . 2  6.5 1.05

0.00097 0.00026 3.75 3.86 1.035

0.00201 0.00041 2 .0  1.97 0.90 
- 

1.04

0. 00097 0.00071 4 . 3 7  4.47 1.02

0.0009 7 0 .00102 3.07 4.045 1.32

0.00201 0.00 131 2 .67 2.69 1.01

0.00201 0.0027 2.33 2.67 1.15

0.00647 0.00278 2.56 3.27 1.27 
- 

1.13

0.0088 0.0046 1.99 2.55 1.29

0.00647 0.0049 2.21 2.82 1.26

0.00647 0.0080 1.32 1.64 1.24

0.0128 0.0083 1.76 1.86 1.06

0.0088 0.0084 1.44 1.97 1.37 i.2S

o.ooas 0.0101 1.10 1.30 1.10

0.0125 0.0104 1.54 1,89 1.23

0.0128 0.0125 1.09 1.46 1.34

0.0182 0.0233 2.21 1.52 1.26 1.25

Over all avg 1.11

I on 6 str,,cturs slope 
______________ ____________

4 0.000485 0.00011 5.02 5 .57 1. 11

0.00097 0.00026 3.75 4.33 1.16

0.0020 0.000395 2.51 2 .78 1.11 1.12

0.0020 0.00 13 1 1.72 1 .87 1.09
• 0.00647 0.00278 1.28 1 .49 1.16 1.13

0.0088 0.0048 1.0 1 .16 1.16

0.00647 0.0049 0.89 1 .01 1.21

0.00641 0.0080 0.63 0.75 1.19

0.0128 0.0083 0.68 0 .7 3 1.07

0.0088 0.0084 0,64 0 . 77 1 .20 1.17

0.0088 0.0101 0.53 0 .63 1.19

0.0128 0.0104 0.58 0 .63 1.09

0.0121 0.0125 0. 47 0 .56 1.19

0.0182 0.0 135 0. 49 0 .54 1 . 1 0 1.14

Overall avg 1.14

• 2.19 • 10g.

‘ii. — 3.75 - 10 .

(08

- 
_i~~~~

__ _ 
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In three of the small-scale tests (Fig. 48), toe depths were varied
by a factor of two. Therefore, scale effects within the runup results
of each study are potential ly present.

Runup values of SavIlle (1955) are maximum values , although most
studies tend to use average values. In cases of equal wave conditions
(i.e., same d9/H~, and H~,/gT

2 values), the larger toe depths in
Saville ’s tests generally gave larger relative run up . The apparent
scale effects are large in some cases, with the larger depths giving
relative runup values as much as 45 percent greater than the smaller
depth. However, the limi ted data did not e thibit consistent trends
when analyzed. Much of the apparent scale effect may result from
(a) use of maximum runup rather than the average, (b) reperting runup
values to the nearest foot in prototype, and (c) effects ol di ffering
relative bottom slope lengths (IlL) for the different toe depths.

Saville (1956) conducted more extensive testing, and again varied
the toe depths. Possible scale effects are noticed in some cases when
the data are plotted for equal values of d3/Ii,~, and tI~,/gT

2. However,

• the percentage difference in runup for the two toe depths is much less
• than in the earlier tests. The di fferences between results obtained in

the two water depths did not seem to warrant separation of the data by
depth (i.e., according to scale) and beach-slope length , and thus the
smooth-slope runup curves given previously are derived in certain cases
for data of different water depths but for the specific dimensionless
wave conditions noted. For this reason also, the data points for

= 3.9 ‘ l0~ and R~ 1.1 x iø~ in Figure 48 are the same, having
been determined from the smooth-slope curves (Fig. 22).

The tests of Hudson , Jackson , and Cuckler (1957) were limited in
the range of wave steepnesses . For da/Ub ~ 1.5, essentially only two
wave steepnesses were tested, U~,/gT

2 
~‘0.0067 and 0.010. Variations in

beach-slope length were also tested for these wave conditions. For each
geometrical arrangement and for constant d8/II~,, only two runup values
are available, and the values in Figure 48 are interpolated from the
applicable pairs of data; i.e., the values in Figure 48 for the 1 on 3
slope are based or. two relative beach-slope lengths, each of which was
sthjected to two different incident wave steepnesses, for a total of
four test conditions. The 1 on 6 slope values are based on three dif-
ferent relative beach-slope lengths , using two di fferent scales (dif-
ferent toe depths) for a total of six test conditions .

The range of runup values for each U~ /gT 2 value at Rg = 9.0 x

in Fi gure 48 is caused by the differences in relative beach-slope length .
For the I on 3 slope, the lower runup values are associated with the
longer slope length , 1, as expected, and that slope length is the
same (in relative terms) as used for the large scale (Rg 3.75 x 106).
For the 1 on 6 slope, the higher runup values at Re — 9.0 x 1O~ are
associated with the longer slope length , I, which is not the expected
result; however, these runup values are essentially the same as ob t ained
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at R6 = 3.75 x 106 by Saville (1958). Hudson, Jackson, and Cuckler
(1957) tested a 1 on 6 slope at a larger scale (R6 — 2 .12 x l0~) using
a beach—slope length, L, relatively longer th an used in tests at
either R9 = 9.0 x ~o’ or Re = 3.75 X 106, yet the relative runup is
higher at R8 = 2 .12 x i05 than for either smaller or larger scales.

• Thus, the data of Hudson, Jackson, and Cuckler give mi xed results wh i ch
are certainly a result of the limited dat a available , the beach-slope
eff ects , and the di fferent experimental equipment and techniques.

To better mode l slope roughness, Saville (1958, 1960) also conducted
large-scale testing in addition to that given in Table 20. The small-
scale (R6 = 1.19 x 10~) test structures had plywood surfaces like thelarge-scale tests (R6 = 3. 75 x 106).  The large-scale plywood slope was
coated with one layer of 0 .4-millimeter san d , which was expected to more
closely model the roughness of the small-scale tests, and was considered
to be more representative of prototype situations . Becaus e of time
l imitations , only three wave conditions were tested on the 1 on 3 slope :

~ 1.65 meters (5 .4  feet) and T = 7.87 seconds ; I-lb ~‘0 .58 meter (1 .9
feet) and T = 16.0 seconds; H!, ~ 1.16 meters (3.8 feet) and T = 3.75
seconds. Results are given in Table 21.

Table 21. Large-scale tests of runup on smooth slope roughened with one layer
of 0.4-millimeter sand ; 1 on 3 structure slop.. 

____________

Small scale, smooth Large sca le, roughened (R/H~,)j ~~.g,,
d,/gT2 H~/gT

2 4, • 0.12 a (0.4 ft) 4 • 1.2 a (4.0 ft)

0.000485 0.00023 6.20 6,067, 0.98

0.00201 0.00270 2.33 2.49 1.07

0.0088 0.00845 1.44 1.70 1.18

Correction curves for runup scale effects applicable to a range of
structure slopes were developed by Saville (see U.S. Army , Corps of
Engineers , Coastal Engineering Research Center , 1977). A similar
development is given here with some modifications , but runup data used
are restricted to that of Saville (1958, 1960) because of the similar
test conditions .

Basic scale-effect correction factors nay be obtained from Table
20 for smooth slopes, without considering the roughness test results
given in Table 21. Thus , for H~,/gT 2 

~ 0.003 , th e average rati os of
large-scale runup to small-scale runup k, are 1.25 and 1.155 for
the 1 on 3 and 1 on 6 slopes, respectively (i.e., increases of 25 and
15.5 percent). These two values are reduced by applying the results
from the 1 on .3 roughened slope in Table 21 as follows. After the
I on 3 slope was roughened with a sand layer, large-scale runup for
two wave conditions (H~/gT

2 
~ 0.0027) was larger than small-scale runup

by the factors 1.07 and 1.18 (7 and 18 percent). When compared with
the runup results for the same wave conditions in Table 20, the per-
centage increase of large-scale runup on the roughened slope is shown
to be approximately one-half (0.48 or 48 percent) of that for large-
scale runup on a smooth slope (i.e., 7 versus 15 percent, and 18 versus
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37 percent). The 48-percent value is then applied to the average values
(25 and 15.5 percent) given above for the 1 on 3 and 1 on 6 smooth slopes .
The resulting percentage increases applied to small-scale smooth-slope
runup values to estimate runup on large-scale smooth slopes (prototype
roughness) are 12 and 7.4 percent for the 1 on 3 and 1 on 6 slopes , re-
spectively (i.e., k = 1.12 and k = 1.074). The value of 1.074 for the
1 on 6 slope was determined by assuming that the roughness reduction is
the same for the I on 3 slope.

Saville (1960) notes that earlier tests showed no scale effect for
a 1 on 15 sand slope ; thus, k = 1.0 for the 1 on 15 slope. The three
k values derived for the three slopes are plotted in Figure 49 and
connected by a curve . Although no data are available for steeper slopes ,
the curve is extended to reach a maximum k value of 1.14 at cot 0 = 1.25.
A maximum value of k is reasonable and , in fact , a decreas e is likely
for very steep slopes becaus e , fo r a given incident wave , the length of

• structure slope covered by the uprushing water becomes relatively small;
also, the wave would likely be a surging wave rather than a breaking
wave.

The scale-effect corrections in the SPM have one curve labeled
“H 1.5’ to 4.5’,” which is similar to the curve in Figure 49. The
second curve is not based on data, but was suggested for larger wave
hei ghts . Aft er a review of Fi gure 48 , it is recommended that the curve

• in Figure 49 be applied to all wave heights until further testing
warrants a change, based on the following reasoning. Wave heights
larger than those tested would require larger Reynolds numbers if the
sane wave conditions were tested as in Figure 48. However, any in-

• crease in R/H~, with increasing Reynolds numbers beyond what has been
tested appears unlikely. Because of the re latively constant values of
RfH~, for the 1 on 6 slope for R6 ~ 2.1 x 10~ and because the large
variation in 1 on 3 slope runup values at low Re numbers includes
values as high as those at large Re numbers , a “critical” Reynolds
number appears to be in the range 2 x < (Re) c < 4 x l0~ for low
d8/H,~, values such as d9/H~, = 1.5. The critical Reynolds number is a
value beyond which relative runup would not incre ase for increasing
Reynolds numbers.

The values for the lowest wave steepness (H~/gT
2 < 0.003) in Table

21 suggest that no scale-effect correction is necessary for waves of low
steepness if the slope roughness is properly modeled. For low wave
steepnesses in Table 20 (1 on 3 slope), not all of the k values are
small and some scale effect may remain after the slope roughness is
properly modeled. The 1 on 6 slope (Table 20) has even larger k
values for the low wave steepnesses tested, and, again, proper modeling
of slope roughness may not account for all of the scale effect. There-
fore, Figure 49, derived principally for waves of higher steepnesses ,
is also recommended for use in the low wave steepness range as an esti-
mate. The values in Figure 49 are replotted in Figure 50, and the
curve is extended over steeper slopes up to and including a vertical
wall.
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• 0.8 . .  . .25

0.7 1 .43

0.6 -. 1 .67

2.00 ~~
C • .~~~0 oI- 0
4) • • 

U)

2.50

• 
~~0.3 3.33 

~5

0.2 
• 

• 

• - 5.00

• 0.1 1 Q00

0
1.00 1.02 1.04 1.06 1 .0$ 1.10 1.12 1.14 1.16 1.1$ 1 ,20

k
Figure 49. Correction factor , k , for scale effects

in runup on smooth slopes , cot 8 > 1.25.
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Many questions conce rning runup scale effects are left unanswered
by the available data. St eep structure slopes (including vertical walls)
have not been tested; scale effects may be negligible when the structure
is fronted by a horizontal bottom but may be appreciable when fronted by
a sloping bottom, often resulting in high relative runup. Corrections
indicated by the roughened slope testing (very limited) may not be
applicable over a wide range of wave conditions. The correction co-
efficient has a value of 1.0 at cot 0 = 15. The curve would have a
different shape if, for example, the correction coefficient for
cot 0 = 10 were also 1.0, but test results are not available for addi-
tional slopes. No large-scale testing was conducted with a horizontal
or gently sloping bottom fronting the structure where different scale
effects might well be expected. Applicability of Figure 49 for all
wave conditions (all d8/H,~, and H~,/gT

2) is not clear, nor is it expected.
Scale effects would be expected to be closely related to the presence
(or absence) of a relatively thin sheet or jet of water which runs up
the slope. The water would be great ly affe cted by roughness elements
and its presence would be a function of incident wave conditions.

New experi mental work di rected at the above problems would cert ainly
clarify some points . However , until  further testing warrants changes ,
Figure 50 is recommended for use in determining scale effects in the
des ign of smooth structure slopes .
4. Rough-Slope Scale Effects.

Little information is available concerning scale effects in runup
on rubble slopes. The study by Dai and Kamel (1969) is perhaps the
most applicable but it was only for a rubble-mound structure with a
1 on 1.5 slope. Dai and Jackson (1966) measured runup on a rubble-
mound breakwater at two scales, but these were rather small model-to-
prototype scales of 1:50 and 1:100. Runup experiments on riprapped
slopes have not generally been designed to determine scale effects,
although Hudson and Jackson (1962) included two different water depths
(or scales) while measuring runup on a 1 on 2 slope. Most frequently,
tests have been conducted at a single scale (including large scales)
for rather limited conditions. In such cases, comparisons between
scales can be made only for comparable test conditions. Such compari-
Sons between independent experiments are ~uncert ain because of unknown
factors , such as experimental methods and structure differences.

Dai and Kamel (1969) tested a quarrystone-armored , rubble-mound
structure with a cross section similar to that tested by Hudson (1958).
Only one slope was used , cot 0 = 1.5. Three different water depths
(see Table 19) were used , and these can be given in terms of the
Reynolds number: Re = 4.69 x l0~, 1.33 x 10b , and 2.72 x i0~. Quarry-
stones considered to be either smooth or rough were used in the
various tests. The set of runup data for smooth quarrys tones, and

1.33 x 106 , appears to h ave the same wave conditions and runup as
part of the data given by Hudson (1958). This particular data set has
lower runup overall than for any other set of data given by Dai and
Kamel when specific wave conditions are compared.
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Dai and Kame l concluded that their tests gave inconclusive results
regarding scale effects in runup. However , when the data are compare d
for specific wave conditions, some scale effects seem applicable to the
rubble-mound structure . Results are given in Table 22 where ratios of
runup for d3/H~ = 4.0 and 5.0 are combined and averaged for approximately
0.0007 < H~,/gT2 < 0.017. The three high values of runup for the large
scale at H~,/gT2 

~ 0.014 appeared questionable and not inc luded  in the
der iva t ion  of the table .

Table 22. Scale effects for quarrystone rubble mound with core much
bel ow SWL (cot 0 = 1.5) (after Dai and Kamel, 1969).

d 
R (l~ 1ge acale) 1 R ( large scale) 1

8 0 R (j, ~~dj ~g~ scale)  2 R (~~ a ll  sca le) ~

4.0 and 5.0 1.06 1.10

1 Large scale: R5 = 2 .72  x i&~, where Re = v’j~
’d8/v.

2 Medium scale: Re = 1.33 x 106.
3Small scale :  Re = 4.69 x

Dai and Kainel’s (1969) data give run up values cons iderab ly h igher
than Huds on ’s (1958) data (appro ximately 30 percent higher at the same
scale) , even when al l  of Hudson ’s data are include d , yet the run up data
in the two studies appear consistent within each report. Thus, most of
the di ffe rence is apparently due to di fferences in experimental pro-
cedures rather than scale effect; some of the diffe rence certainly is
in the diff iculty of measuring runup on rubble slopes . Howeve r , Dai
and Kamel’s results for the large-scale rough quarrystone are sur-
prisingly similar to results of Saville (1962) who tested a large-scale ,
three-layer, impermeable riprap structure with a 1 on 1.5 slope. Dai
and K amel’ s results also seem comparable wi th trends of Abrens ’ (1975a)
data (Figs. 40 and 41), al though his II

~,/kr 
values were slightly large r

(ll
~,/kr = 3.15 compared to H

~,/kr = 2.5 and 2.7 at d3/H,~, = 5.0).

8ecause the runup data of Dai and K ame l appear h igh in relation to
other testing, Uudson ’s runup values are recommended; however, be cause
Da.i and Kamel’s runup data appear internal ly  cons istent, the scale
correction value derived from their data is adopted. Thus, the
6-percent correction (i.e., correction factor of 1.06) in Table 13 is
recommended for appl ication to the steep structure slop e parts of the
rubble-mound curves in Figures 25 , 26, and 27 derived from Hudson ’s
data.

Dai and Kamel (1969) also tested runup on quadripods . The rubble-
mound cross section was more conventional , wi th the top of the core
located approximately at the SWL. The quadripod tests were also per-
formed on rough and smooth armo r unit types, as in the quarry stone
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tests. Unfortunately, neither the largest nor smallest scales were
tested simultaneously for perhaps more than two equivalent test condi-
tions. Most of the comparisons must he made separately between the
small and medium scales, and then between the medi um an d large scales.
The comparisons for the quadripods suggest that there is less scale
effect than for quarrystone. Results are given in Table 23, combining
values for both rough and smooth quadripods.

Table 23. Scale effects for quadripod rubble moun d (h
~/d8 ~ 1.1;

co t 0 = 1. 5) (af ter Dai and Kame l , 1969).

d8/lI~ 
R (l ~~ ge 8Oa le ) 1 ~~~~~~~ scale )  2

R(mgdi &en Boa 18) R(8~~ll scale) ~

4.0, 5.0, 8.0 ~l.02S ~ l.09

Large scale: R5 = 2 .72 * iø~ , where R8 = ~“~~~d8/v.
2Mediuin scale: Re 1.33 x 106.
3Small scale: R5 = 4.69 x

A greater increase is apparent between the small and medium scales
than between medium and large. The tests of Jackson (1968a) were con-
ducted at the same scale as the “medium” scal e of Dai and K ame l (a few
of Dai and Kamel’s test conditions and results are the same as given by
Jackson). Thus, minimal scale correction (k 1.03) appears necessary
for the steep structure slopes tested by Jackson .

Dai and Jackson (1966) conducted tests on a rubble-mound breakwater
with 1 on 2 structure slope, fronted by a gently sloping beach repre-
sentative of the Dana Point, Califo rn ia , projec t. This structure was
tested at model-to-prototype scales of 1:5, 1:50, and 1:100; toe depths
were basically 2.16, 0.18, and 0.09 meters (7.1, 0.6, and 0.3 feet)
respectively, although depths were varied somewhat at each scale. How-
ever, evaluation of scale-effect di ffe rences is not possible for two
reasons : (a) the large-scale runup tests were very limited; only about
three runup values are available for comparison ; and (b) the runup is
high ly variable as measured in the two smaller scale tests; in many
cases the medium scale had lower runup than the small scale , and vice
versa. Trends in value s of R/H2, for constant d8/gT2 but varying
H3/gT2 are so inconsistent that further analysis is not possible.

Few studies are available for evaluation of scale effects on riprap
slopes. Large-scale tests have been conducted , but the test conditions
are only comparable to those of small-scale tests for restricted condi-
tions. Hudson and Jackson ’s (1962) small-scale tests of riprap used two
d i fferen t water depths (scales): d8 0.30 meter (1 foot) and d~ - 0.51
meter (1.67 feet). The test results for these two depths are roughly
equivalent. Ahrens (l975a) conducted large-scale testing of riprap on
slopes of cot 0 • 2.5, 3.5, and 5. His H

~,/k r ratio at d8/}I~ - 5.0
was somewhat l arge r than that tested by Hudson and Jackson ; however, the
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Hi/kr values were close and would be expected to have only negligible
effect on comparison of the two experiments. The dita of Hudson and
Jackson and of Ahrens can be compared for cot 8 - 2.5 or 3, as th ese
conditions overlap, when values are interpolated between experimental
conditions . For d,/H~!, = 5.0 , Ahrens’ runup data , for both cot 0 x 3 and 2
(as extrapolated) , are slightly lower than that by Hudson and Jackson .
Since Hudson and Jackson had the smaller H,!,/kr value which represents
a larger roughness , the results are not quite as expected and the corn-

• parison is inconclusive regarding scale effects . The run up results of
Ah rens should be considered as of prototype scale and used without further
correction .

Saville (1962) tested a 1 on 1.5 slope with three layers of riprap
at a large scale (cJ8 4 .5 7 meters (discussed previous ly in Sec. V,2 ,a ) ) .
There are app arently no small-scale riprap test results that are com-
parable to Saville ’s tests . His results are given in this study as ‘r ’
values from which approximate runup on riprap can be determined using
the smooth-slope curves (Sec. V,l,b). Since no small-scale tests are
available fo~ comparison of scale effe cts , Saville ’s results would be
applicable as large-scale values .

In summary, the runup scale-effect correction factor , k , for
rubble-mound structures of the type tested by Hudson (1958) (low core
height) is given in Tab le 22; i.e. , k ~ 1.06 for steep structure slopes
tested at R5 = 1.33 x 106, and applies to Figures 25 , 26, and 27 derived
from Hudson’s data. Por Re = 4.69 * 10~ , k ~ 1.10 for steep structure
slopes. These factors are also recommended for quarrystone rubble-mound
structures with core heights at or above SWL, such as tested by Jackson
(1968).

Rubble-mound structures armored with concrete armor units of a
highly permeable design would be expected to have a runup scale effect
similar to that for quadripods (Table 23). A value of k ~ 1.03 wouldapply to the appropriate tests by Jackson (1968) (see test results in
Table 11) .

Scale-effect results for quarrystone riprap slopes are inconclusive ;
however, several sets of large-scale test data are avai lable and should
be used directly, if possible (Saville, 1962; Ahrens, 1975a). The tests
of 1-~udson and Jackson ( 1962) , when compared to large-scale tests , m d i -
cate that l i t t le, if any, sca le correction is required for runup results
deri ved from small-scale riprap (R9 .~ 4.7 * 10S); however, comparable
wave conditions and structure designs are not available over the full
range of small- and l arge-scale tests .

Run up scale effects on rubble structures fronted by a sloping beach
are not available. Unt i l  further studies are conducted , the values
given above are recommended for application to tests of small-scale
st ructures fronted by sloping beaches .

11 7
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The corrections given here are derived for structures with steep
slopes. Scale corrections for flatter slopes would be expected to
diminish in a manner similar to that for smooth slopes (Fig. 50), but
the correction factor of 1.0 might well be reached for some slope on
the orde r of cot 0 = 5 (or even steeper) .

5. Example Problems.

* * * * * * * * * * * * * E XAMPLE PROBLEM 12 * * * * * * * * * * * * *

GIVE N: Runup, uncorrected for scale effects , was determined in example
p roblem 4 for the following conditions: smooth structure slope ;
cot 0 = 3; cot ~ = 90; H = 2.5 meters at d = 10 meters; I = 8
seconds ; d3 = 7.5 meters. Then, R/}I~ = 2.0 and R = 5.4 meters .

Find: Determine the full-scale runup.

SOLIJF I ON: F rom Fi gure 50 , for a structure slope of cot 0 = 3, the run-
up correction factor , k , is dete rmined to be 1.12. The corrected
relative runup is then

= (2.0) (1. 12) 2 .24

and

R = (2 .2 4 ) U I ~ )

R * ( 2 . 2 4 ) ( 2 . 6 8 )  = 6.0 meters

The correction factor, K , may als o be app l ied direct ly to the
uncorrected absolute value oi runup, R; the n ,

R = ( S .4~~k )

R = (S.4)(I.)2) = 6. 0 meters

* * a * * * * * *  * * * * * * * a * * * * * * * * * * * * * * * * *  * *

* * * * * * * * * * * * ~ E XA14~LE PROBLEM 13 * * * * * * * * * * * * *

GIVEN: Relat i ve run up has been determined for a rubble-mound structure
which has quarrystone armor units . The top elevation of the core
is below SWL. Struc’

~ture slope is cot 0 • 2; ~ • 0. R/Hb is based

on model experiments for R,, ~ 1.3 x 106.

FIND: Determine the appropriate scale-effect correction factor , k.

(IS
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SOLUTION: These conditions are s imi lar  to those tested by Huds on (1959).
From Table 22 , k ~ 1.06 for a slope of cot 6 = 1.5; although K is

expected to decrease for more gentle slopes, cot 6 = 2 is close to
cot 0 = 1.5 , and k = 1.06 is used. Therefore,

r~r) 
= (k ) (~~-~o correate d 0 emaZi a~al-6

= ( l .O6 ) 1 j~,_~
~ oiaorre cted ~, oiamai l  acale

* *  * *  * ~ * *  * * * * *  * *  * *  * *  * * * *  * * * * *  * *  * *  * *  * *

* * * * * * * * * * * * * ~~~~~ PROB LEM 14 * * * * * * * * * * * * *

GIVEN: Riprap slope, cot 0 = 3; ~ = 0; d6/U c!~ 
4.5; H~,/gT

2 
~ 0.0085.

FIND: Determine the runup , R, for a st ructure in a depth of 8 meters
(26.2 feet).

SOLUTION: Stone size is not given; however, a large value of H
~,/kr

is assumed (e.g. , H~,/k r ~ 4),  thus using conditions close to maximum
for riprap stability and for which runup may be relatively large
because of the large wave to stone size. From Figure 40, for
cot 0 3 and H~,/gT

2 = 0.0085, R/Ii~ ~ 0.88.

R = (L) 
(
d
s/~~) 

* d~

(0.88) x ( ~.ig .)x 8

R = 1.56 meters (5.1 feet)

Scale-effect correction factor, k, is 1.0 because Figure 40 is
based on large-scale tests. Th us , R ~ 1.56 meters is the full-
scale runup.

VII. RECOMMENDATIONS FOR FUTURE RESEARCH

In this study, a nuither of reports have been reviewed which , collec-

• tively, provide a large amount of valuable data; however, data gaps
remain and future research should be directed at filling those gaps.
Recommendations for planning and data collection are:

(a) For each wave period and water depth used , a wide range of
wave heights is desirable to discern trends in relative runup for the
particular con ditions . Inci dent wave heights would best be measured
in the un i form depth part of the wave flume . When testing structures
fronted by either horizontal or sloping bottoms, d8/gT

2 should

“9
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preferably range from 0.08 (deep water) to values in the shallow-water
range (d~/gT

2 < 0.0016); d8/H~ should range from a large val ue (such
as 15) to as small a value as possible. The range of d3/H~ selected
should be low enough to include, on sloping bottoms, waves which are
breaking seaward of the structure toe. (Note that wave steepness is
determined when d9/gT

2 and 4/Ha, are speci fied.) Waves inci dent to
a structure si ted on a hori zontal bottom should be of th e maxi mum wave
steepness possible.

(b) Auxiliary data to be obtained include the observa~tion of
whether or not a wave is breaking for the specific incident wave con-
ditions. The location of bre aking (even when the wave bre aks at a
point over the structure slope) should be noted , and the b reaking wave
height should be determined.

(c) Tests of runup on structures fronted by gentle bottom slopes,
e.g., 1 on 20 to l on 50 or f la t ter , are desirable. A large amount of
runup dat a has been obtained for smooth slopes fronted by 1 on 10 bottom
slopes, but such a steep bott om slope is unrealistic for most applica-
tions. E mphasis should be given to the range 1 ~~ d8/H~, •~~ 3, for which
waves would be expected to bre ak near the structure toe and where maxi-
mum runup would be expected. For such tests , measurement of the break-
ing wave height, along with runup , would be extremely useful , since , in
conjunction with the corresponding wave height in deeper water , a breaker
hei ght index (Hb/H~,) could be developed. This index would then be
applicab le for waves approaching a structure . Bre aker height inde x
curves in the SPM are derived from tests conducted on uniform slopes
which extend from above water leve l to the maximum depth . Jackson
( l968b ) reported test results of maxi mum breaking and nonb reaking wave
heights incident to a rubble-mound structure sited on sloping and on
horizontal bottoms. The breaker heights observed by Jackson are lower
than calculated from the design curves; however, calculation of the
deepwater variables (and thus the breaker height index) from the avail-
able data is not possible.

(d) Testing of runup on rubble-mound and riprap structures sited
on sloping bottoms has been limited; however, this arrangement, in
conjunction with waves breaking at the structure toe , is the desi gn
condition in many instances. Additional testing is required. A range
of bottom slopes and structure slopes is desirable , and a rather steep
rubble-mound slope (e.g., cot 9 = 1.5) should be included. Low d8/H~
values (1 � d3/H~, ~ 3) would ensure that data are acqui red for waves
which are breaking at or in front of the structure toe.

(e) Testing the effect of beach-slope length is recommended, but
the importance of the length is expected to diminish with gentler bottom
slopes . Such testing could be accomplished by holding conditions con-
stant at the structure toe (e .g. ,  const ant d9, d8/H~,, and II~ /gT2) and
varying the length of beach slope (i.e., varying the depth , d , at the
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toe of beach slope). Holding d8 constant would keep the model at the
same scale (same Reynolds nurrber) to allow isolation of the effects of
slope length.

(f) Testi ng of di fferent armor unit sizes , with other conditions
remaining the same , would allow a better evaluation of the effe cts of
relative roughness. As a minimum , armor units should be tested at con-
ditions close to their stability limits at each of several d6/1-t~,• values (e .g . ,  1.0 , 1.5, 3.0 , 5.0 , etc . ) .

(g) Many small-scale runup tests h ave been conducted for structures
sited on horizontal bottoms. Large-scale tests of runup on smooth struc-
t ures sited on horizontal bottoms have not been conducted although runup
experiments have been conducted at large scales using riprap slopes
fronted by a horizontal bottom. Additional tests of both smooth slopes
and slopes protected with armor units other than stone would be useful
in evaluating scale effects. These tests would best be conducted in
the range 2.5 � d5/H~, ~ 8. Similarly, large-scale tests of runup on
smooth structure slopes fronted by a sloping beach have been obtained
for limited conditions. Additional tests would be useful if conducted
on both smooth and rubble slopes, and if a wide range of wave steep-
nesses is tested for each of several d3/H~ values (1 .~~ d8/H~ < 5).
Evaluation of scale-effect tests requires use of identical geomet ries ,
including the length of beach slope. Tests at intermediate Reynolds
numbers may help determine the minimum mode l scale necessary for pre-
diction of prototype runup. Intermediate values would be on the order
of 4 x < R~ < 2 x 106 for structures on sloping beaches , or
2 x 106 < Re < 1 * i07 for structures on horizontal bottoms.

VIII .  SUMMARY

Analysis of laboratory runup test results pert aining to steep ztruc-
tures and monochromatic waves was used to develop runup equation (8) for
smooth slopes fronted by horizontal bottoms :

/ H ’  ~q-1
= (cot O)-1.0~ (423)(10)2(q-1) ( ....2.....~ for cot 6 > 2

\gT 2 /

• Values of q are determined from Figure 5. Equation (8) gives runup
for waves breaking on the structure slope; nonbreaking waves will have
lower relative runup for a given wave steepness, H~,/gT

2. Thus, equa-
tion (8) is conservative and gives (R/H

~
,)m~~ for a given slope and

wave steepness. The demarcation between breaking and nonbreaking waves
is a function of relative depth and wave steepness . Waves meeting the
condition of equation (5) are cons idered breaking regardless of rela-
tive depth; equation (5), with H replaced by H~,, is

H’._2._. 
~ 0.031 tan

2 0 .

gT2
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For lesser steepness , some waves may still be breaking. Figure 4 shows
minimum values of H~/gT2 for breaking waves as a function of d9/gT2.
The flow chart in Figure 6 describes use of the equations . Runup of
nonbre aking waves on a structure fronted by a horizontal bottom , to—~
gether with breaking wave runup (if desi red) , may be obtained by using
the smooth-slope empirical runup curves in Figures 14, 15, and 16.
These curves are modified from those in the SPM.

Runup on smooth structures fronted by a sloping 1 on 10 beach should
be determined by use of Figures 14 to 23. The beach-slope length is an
important variable. The runup curves were developed from results of
tests where the beach-slope horizontal length was equal to or greater
than one-half the wavelength at the toe of the sloping beach. As the
relative beach-slope length (L/L) decreases, for a given d8fH~ and
H~,/gT

2, relative runup would be expected to increase (unless the wave
breaks in front of the structure toe) to a maximum relative runup equiv-
alent to that obtained for the given d9/H2, in the presence of a
horizontal beach .

Maximum absol ute runup , R, for a given wave period wil l  be pro-
duced for the maximum wave steepness possible unless the wave breaks
before reaching the structure. If a wave of given period breaks at the
higher steepness values, maximum runup will be produced by a wave which
begins breaking near the structure toe. The smooth-slope runup curves
(Figs. 14 to 23) give data for constant d8/H~!, val ues. For a given
d8/H~, value and constant d9, higher runup , R, will  occur at lower
wave steepnesses , H~/gT2. Conversely, for a given wave steepness and
depth, t1~ , higher runup will occur at the lower values of relative
depth , d3/H~,. For structures on sloping beaches , runup , R, for a
given wave steepness may be approximately the same for different de/H~!
values because of effects from the waves’ breaking. Design wave condi-
tions usually assume the design wave is associated with high wave steep-
nesses , but certain environments might have a design wave associated
with low wave steepness. A range of wave conditions encompassing the
selected design conditions needs to be evaluated to determine maximum
runup. Most importantly, maximum abs o lute runup may not be coin ci dent
with the maximum relative runup for a given range of conditions.

Run up on rough slopes was developed in this study with emphasis on
structure cross section, relative depth , and relative roughness. In
cases where sufficient experimental data were available, relative runup
was plotted in a manner analogous to the smooth-slope data; i.e., R/H~,
versus cot 0 for isolines of H~/gT2 and for specifi c d3/H , and
11.3/kr values . In all cases , als o, the ratio between the rough-slope
runup and smooth-slope runup, r , is given . The ratio r is given as
r = f(H~/kr, 8). Thus , for any gi ven H~,/k r and d8/H~, , r is an
average of several values over a range of H~,/gT2 and is expected to
be a function of d8/1~, and H~,/gT2 , but insufficient data exist to H

further develop the relat ionship . Runup for structures or wave condi- H
tions not tested may be estimated by using the equivalent smooth-slope
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runup and the r value determined for a particular relative roughness.
Since any one value of r, as given in this study , is an average,
uncertainties in the pred iction are expected to be general ly ~l() per-
cent b ut may be as high as 25 to 30 percent.

Runup on rough slopes in cases where waves are breaking near the
strutt ure toe (low d3/U~ values) is a common desi gn si tuat ion fo r
which few experiments are available .  The tests by Rai chlen and Ita nunack
(1974) and Palme r and Walker (19 70 ) both indicated a value of r ~ 0.5
for Us/k r ~ 2 .0  and for I on 1.5 or 1 on 2 structure slopes fronted by
gently sloping bottoms. This value of r is equal to or less than that
determined for riprap slopes with thicker armo r l ayers and with  larger
d8 /11~ values , for which waves did not break in front of the s tructure .
The result suggests that the available r values determined for larger
d8/hI~, values are applicable , although possibly high , to estimates of
rough-slope runup for slopes and relat ive depths not tested but for
which smooth-slope results are avai l able .  Further t e s t ing  is necessary
to clar i fy the rela tionshi ps.

Scale effects were investigated , hut the number of large-scale tes t
results is limited. A correction curve for smooth siopes is gi ven in
Figure 50. Data for analyz ing rough-slope effects are even more limited
than for smooth slope . Tables 22 and 23 (both for cot 0 = 1.5) give
suggested value s for quar rystone and quadripod rubble-mound structures.
Scale corrections for both steeper and gentler slopes would be expected
to be lower. Large-scale t e s t  results are available for r i prap slopes
(Figs . 40 , 4 1 , and 4 .~ 1 and , if applicable , are recommended for use
without correction .
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