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PREFACE

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 carried out under the coastal
construction program of the U.S. Army, Coastal Engineering Research
Center (CERC).

The report was prepared by Philip N. Stoa, Oceanographer, under the
general supervision of R.A. Jachowski, Chief, Coastal Design Criteria
Branch.

Comments on this report are invited.

Approved for publication in accordance with Public Law 166, 79th
Congress, approved 31 July 1945, as supplemented by Public Law 172,
88th Congress, approved 7 November 1963.

OHN H. COUSINS
Colonel, Corps of Engineers
Commander and Director
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CONVERSION FACTORS, U.S. CUSTOMARY TO METRIC (S1)
UNITS OF MEASUREMENT

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

Multiply by To obtain
inches 25.4 millimeters
2,54 centimeters
square inches 6,452 square centimeters
cubic inches 16, 39 cubic centimeters
feet 30.48 centimeters
0,.3048 neters
square feet 0.0929 square meters
cubic feet 0.0283 cubic meters
yards 0.9144 meters
square yards 0. 836 square meters
cubic yards 0.7646 cubic meters
miles 1.6093 Kilometers
square miles 259.0 hectares
knots 1.8532 Kilometers per hour
acres 0.4047 hectares
foot~pounds 1.3558 newton meters
millibars 1.0197 x 1073 Kilograms per square centimeter
ounces 28.35 grams
pounds 453.6 grams
0.4530 Kilograms
ton, long 1.0160 metric tons
ton, short 0.9072 metric tons
degrees (angle) 0.1745 radians
Fahrenheit degrees 5/9 Celsius degrees or Kelvins!

ITo obtain Celsius (C) temperature readings from Fahrenheit (F) readings,
use formula: C = (5/9) (F -32).
To obtain Kelvin (K) readings, use formula: K = (5§/9) (F =32) + 273,15,

it b e,
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SYMBOLS AND DEFINITIONS
water depth
water depth at toe of structure
acceleration of gravity
wave height
zero damage wave height

unrefracted deepwater wave height; H} is the deepwater
equivalent of the wave height, H, measured in a given water
depth; H is related to H) by the shoaling coefficient, H/H}

height of core above toe of rubble-mound structure
shoaling coefficient

runup correction factor for scale effect

roughness dimension, expressed as an armor unit length
wavelength in a water depth, d

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

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

empirical exponent used in runup equation

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

Reynolds number

ratio of rough-slope runup to smooth-slope runup; rough-slope
runup correction factor

wave period
armor stone weight

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

structure slope

kinematic viscosity




REANALYSIS OF WAVE RUNUP ON STRUCTURES AND BEACHES

by
Philip N. Stoa

I. INTRODUCTION

Wave runup, or simply runup, is an important aspect of the inter-
action of waves and coastal structures. Runup is the height above still-
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 runup.

Summaries of previously published studies on wave runup, using
various methods of data presentation, were reported in Koh and
Le Mehaute (1966); van Dorn (1966); van Dorn, Le Mehaute, and Hwang
(1968) ; Webber and Bullock (1970); Technical Advisory Committee on
Protection Against Inundation (1974); and Raichlen (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 Center, 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-
matic 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 precast-
concrete armor units. The rough-slope runup is given, where practical,

13 .
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as relative runup, R/H), Uut is also given as a ratio of rough-slope
runup to smooth-slope runup for a particular structure type and slope.
Scale effects are reviewed using Reynolds numbers, but only a limited
number of large-scale tests are available. Consequently, a single
scale-correction curve is given for smooth slopes; scale-effect correc-
tions for rough slopes are discussed, and correction values are given.

II. PROBLEM DEFINITION

Extensive theoretical and laboratory work has been reported for
regular waves--waves which are long crested and periodic in time.

Figure 2 is a definition sketch of the important dimensions for de-
scribing runup tests.

The wave is defined by its height, H, and length, L, in water

of given depth, d. Wavelength is a function of period, T, and depth,
where

L= 1, cann(229) « (£0) cann (224). (1)

Lo 1is the deepwater wavelength, where deep water is defined 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 variables are preferred because of the general applicability
of results and because the deepwater wavelength is then only a function
of period. The use of deepwater variables is particularly applicable

to problems involving sloping beaches, because the difficulty in des-
cribing varying wavelengths on sloping bottoms is avoided.

Table 1. Relative water depths.

Shallow water Transitional water Deep water
d/L <0.04 0.04 to 0.5 >0.5
d/gr? <0.00155 0.00155 to 0.0793 >0.0793

Wave height is also a function of water depth, and in a given depth
is related to the deepwater wave height by a shoaling coefficient, K

g’
linear theory gives the expression

= H— = 1 B e - -
Kg = HY \/tanh(ZHd/L) [1 + {(41rd/L)/sinh(4ﬂd/L),]. =

where H} is the unrefracted equivalent deepwater wave height of a
wave approaching the shoreline, and d, L, and H are the shallow-
water values at the depth of interest. The shoaling coefficient is
derived from theory for waves in water of constant depth, d, but the
relationship is commonly applied to coastal areas with variable depths,

15
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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 (formed by the tank floor). In other
experiments with slopes fronting the structures, the wave height usually
was measured in the uniform water depth of the flat part of the wave
tank. In both situations the transformation of the wave height from
measured height to deepwater height 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 break before reaching the toe of
the structure, and the resulting broken wave is not easily related to
the nonbreaking wave characteristics.

Data were compiled for regular waves and uniform structure slopes
according to the variables dg, HY, h,, ky, £, R, T, B, 6, v, and g,
from which the following dimensionless variables were derived:

'
- 8 wave steepness
gT?
dg ;
AT relative depth at structure
0
R :
— relative runup
Ho
9 structure slope
8 beach slope
H'
0 .
o relative roughness
7
f——\
ggsds depth Reynolds number, Rg
£ " s
j;; relative horizontal length of beach slope
4
h, 3
= relative core height
8

|
{



The roughness value, kp, is used in describing roughness elements on

a slope. For stone, k, is the equivalent spherical diameter, based

on the weight and density of the armor unit; for a concrete armor unit,
k, is defined specifically as a characteristic dimension of that armor
unit. Because effects of porosity and roughness are difficult to differ-
entiate, various structure types and cross sections are analyzed indepen-
dently, with notation describing the structure characteristics (e.g.,
filter layers, if any; thickness of armor layer; height of core).

One of the above dimensionless variables is reformulated and,
together with the other dimensionless variables, gives the following
principal variables used:

) , (3)

where R, is the depth Reynolds number (discussed in Sec. VI,2). The
term £/L is used, rather than £/gT?, because it was assumed that if
the wavelength in the flat part of the tank is L < 2£, the relative
runup would be a function of a wave substantially influenced by the
beach slope, and the relative beach-slope length, £/L, could be
neglected. Some experiments had wavelengths much longer than the slope
length (up to L =~ 5€). For such conditions, in which L > 2£, relative
runup is expected to be a function, in part, of £/L. This beach-slope
effect is discussed further in Section 1V,3.

H' d H!
LIRS f(_gz., 2 608, 2 Re,
k!‘

s
dmlas

The term da/Hé (relative depth) is used for consistency with the
SPM. However, it is useful in that for each value of dg/H}), the
relative roughness term, Hé/kr, also has a constant value for a given
absolute armor unit dimension and depth. An alternate form of relative
depth, dB/gTz, is used occasionally, but principally as a means of
deriving dg/HY (see Sec. IV).

III. THEORETICAL AND EMPIRICAL EQUATIONS
1. General.

Theories dealing with wave runup at the shoreline are applicable to
either breaking or nonbreaking waves, but usually not both types. In
this classification, waves break because of instability caused by
decreasing depths instead of instability related to waves of maximum
steepness in a uniform water depth. Various breaking criteria have
been developed; a detailed discussion is given in Technical Advisory
Committee on Protection Against Inundation (1974). Most nonbreaking
wave theories are derived for rather long waves on very gentle, uniform
slopes extending to an "infinite" depth. Breaking wave theories gener-
ally are concerned with a bore-type propagation on gentle slopes, rather
than the plunging or spilling 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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Miche (1951) developed breaking criteria 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

1 & 2
%%7 > 5%272 %2 for 6 < %-(radians). (4)

Miche's equation was derived to indicate the wave steepness at which
a wave would begin to break on a particular slope. This incipient
breaking was defined to occur when the reflection coefficient
(Hreflected/uinoident) became less than unity. This definition
assumes that nonbreaking waves have perfect reflection.

For a given slope, however, there is a range of wave steepnesses
between incipient breaking and complete breaking. Incipient breaking
is the point at which the wave exhibits the first signs of instability,
such as slight 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.

Iribarren Cavanilles and Nogales y Olano (1949) (as referenced in
Hunt, 1959) gave a breaking criterion that indicates incident waves
meeting the following condition will break.

H
gT

—~ 2 0.031 tan? 6. (5)

Hunt noted that equation (5) gave a wave steepness value, H/gT?, inter-
mediate between complete reflection and complete breaking. He listed
the experimental values of Iribarren Cavanilles and Nogales y Olano,

but water depths were not included in the data. Nevertheless, both
Iribarren Cavanilles and Nogales y Olano (1950) and Hunt (1959) applied
equation (5) to slopes fronted by a finite depth. In such cases, depth
effects both on incident waves and on the breaking criteria would be
expected. Shallow-water and transitional-water waves (defined in

Table 1) would be expected to break at steepness values different from
deepwater waves.

Available 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, dB/gTZ, relative
runup, R/H], increases with increasing wave steepness, Hé/gTz, (for
a sufficiently low steepness) until reaching a maximum; R/H} values
then decrease with even larger values of Hé/gTZ. 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 data show that maximum relative runup for dg/gT? > 0.0793 (i.e.,

deep water) occurs at a wave steepness approximately the same as
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predicted by Miche (1951) (eq. 4) for incipient breaking. For a given *
slope, however, maximum relative runup for successively smaller values i
of dg/gT? occurs at correspondingly smaller values of Hé/gTz. This f
relationship is shown in Figure 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 different dslgT2 value, and it shows that the maximum

R/H5 value occurs for a range of Il(',/g'l‘2 values as dB/gT2 varies.

Comparison of data for different slopes indicates that, when H and
H) are considered approximately equal, equation (5) gives roughly the
maximum wave steepness for nonbreaking waves. It does not, however,
preclude breaking waves for lower values of HA/gT? and dg/gT2.

Miche (1944) developed the following theoretical equation for non- f
breaking wave runup for structures in deep water: '

':

(6)

"
(o]
-

R
Ho

where 6 1is the structure slope measured in radians. This equation is
applicuable 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 breaking
on a structure slope, using equation (5) as a limiting condition, as

R tan 6 H 2
— = 0.405 for > 0.031 tan© 6 . 7
H (H/gTD) 2 g2 - a S

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, ds/gTz, varies, Figure 4 was developed from smooth-
slope runup data to show the variations. The lines in the figure are
based on estimates of the wave steepness values for which a curve of
cons tant dB/gT2 becomes tangent to the ''line of complete breaking'
which is determined empirically for each structure slope from data plots
(see example in Fig. 3). The lines in Figure 4 give estimates of the
minimum wave steepnesses necessary for incident waves to break on a
given slope for the particular relative depths, dg/gT“. From the
empirical data, an equation similar to equation (7) but developed for
the deepwater wave height is

' \q-1

H
R . (cot 0)-10% (4,23)(10)2(a-1) (—0-) for cot 6 > 2.0 . (8)
H), gT?
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This equation defines the line which is approximately tangent to the
dslg'T2 lines (see Fig. 3), particularly for the higher Hé/g’l‘2 values,
and is equivalent to the line of complete breaking in Figure 3 if

cot 8 = 2.25. The value of q can be taken from Figure 5 for the
appropriate structure slope. Values of q vary approximately between
0.4 and 0.7. If a value of q = 0.5 is used, equation (8) essentially
reduces to Hunt's (1959) equation (eq. 7) for H ~H}; however, equa-
tion (8) appears to give values which agree somewhat better with experi-
mental values using H}.

Equation (8) is applicable only for smooth slopes where cot 6 > 2,0.
Alternatively, the runup curves given in Section V,1 may be used for
cot 8 > 2.0, but the curves must be used for cot 6 < 2.0 (i.e., Steeper
slopes).

Equation (8) was derived from data for a structure on a flat bottom,
but it may be applied to structures on sloping bottoms provided dg/H}
is approximately three or greater; i.e., the equation is applicable 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 because the relative runup from nonbreaking waves is also
a function of relative depth. Relative depth is not included in the
equation. If the wave climate at a location consists primarily of waves
of high steepness, nearly all waves will break on the structure and
equation (8) may be used. Such a situation would exist if the waves
meet the conditions of equation (5), using H} =~ H.

In contrast, some wave climates have predominantly long waves (low
ds/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 break on the structure slope, in front of the
structure because of depth limitations, or nonbreaking waves of the

surging type. For example, Vanoni and Raichlen (1966) tested long-
period surging waves for & California location. Use of equation (8)

to derive smooth-slope runup from surging waves or waves breaking in
front 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 qualitative aspects of runup, the
absolute runup, R, maximum will occur for the maximum steepness of an
incident wave train of constant ds/gT2 providing the waves do not
break before reaching the structure.

A flow chart for runup on a smooth structure slope fronted by a
horizontal bottom is given in Figure 6. Variables subscripted with
the letter ¢ are incident wave characteristics at the location where
measured.
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2. Example Problems.

.***’*‘*.*'.‘EXAMPLEPROBLEMI"*'**..**"“

GIVEN: An impermeable structure has a smooth slope of 1 on 0.5
(63.4° or 1,107 radians) and is fronted by a horizontal bottom,
The design depth at the structure toe is dgy = 10.0 meters (33
feet); design wave height is H = 1.25 meters (4.1 feet); and
design wave period is T = 3.2 seconds.

FIND: Using the flow chart in Figure 6, determine the expected relative
runup of a wave approaching the structure at perpendicular incidence.

SOLUTION: In following the flow chart note that d;, the depth where
the wave height is measured, is the same as the toe depth, dg;

d
8 - 10 - 0.0996 > 0.08.
g2 (9.8)(3.2)

Therefore,

Ha~H) = 1.25 meters

Hp - 1.3s
g2 (9.8)(3.2)2

e 2
sin“@ Fa (0.894) (2) (1.107

— = 0.034.
272 L 2m m

gT? 212 Vn

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

= 0.01246

cot 6 = 0.5 < 5

Then (from eq. 6)

%3 - \E;;. NE;EE;%;;:- 1.19.

Alternatively, the relative runup can be determined using the runup
curves given in Section V,1.

R E E EEEEEEREEREE R A N N L N L L N L L
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iitii*i**iii*ExM“)LEPROBLEMZ'*'*i****ﬁit't

GIVEN: An impermeable structure has a smooth slope of 1 on 3
(18.4° or 0,322 radians) and is fronted by a horizontal bottom.
The design depth at the structure toe is dg = 10.0 meters;
design wave height is H = 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 values are obtained from example problem 1. Following
the flow chart,

a2 2
sin“0 ’26 (0.316) f2(0.3225
— = 0.00229
sz n 2n? i

H 2

0 sin“6 ’26
gy, % 0.01246 > =emyme ofv= ,
gT PA n

Thus, the wave may be breaking. Next,

0.031 tan?6 = 0.031(0.333)% = 0.00345.

HY,
—_ = 0.01246 > 0.031 tan?6 = 0.00345 ,
gT?

and the wave is breaking. Also, because cot 6 = 3 > 2, equation (8)
may be used.

From Figure 5, q = 0.555 for cot 6 = 3; q -~ 1 = -0.445,
By equation (8),

v \q-1
R_ = (cot 8)-10% (4.23)(10)2(a-1) (Ez.)
HY g2

= (3)-1.010 (4.23)(10)-0.89 (0.01246)'0}“’5

= (0.319)(4.23)(0,1288)(7.0387)

R
== 1,223,
HO
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Equation (8) was derived empirically from small-scale experiments.
The calculated value of relative runup should be increased using the
appropriate scale-effect correction factor (discussed in Sec, VL)

This problem can also be solved by using the smooth-slope runup
curves given in Section V, 1.

..Qi...i.iﬁ..‘.'i.'"i'.ﬁ.iﬁtii.i.it

'0'....ﬁiQiii'.:x,\M]\l‘u‘lR()“l.l.:b‘3'Q‘iQ.‘.‘Qﬁ.ii‘

GIVEN:  An impermeable 1 on 3 structure is fronted by a horizontal
bottom. The design depth at the structure toe is dy = 10.0
meters; design wave height is H = 3.0 meters (11.8 feet); and
wave period is T = 13 seconds.

FIND: Using the flow chart in Figure o, determine the expected relative
runup of a wave approaching the structure at perpendicular incidence.
SOLUTION: The depth where wave height is measured, d;, is the same as
the structure toe depth, dy.
dg 10
gT*  (9.8)(13)°

= 0.006 <« 0,08 .

Thus, H # HY and HY must be calculated as noted in the tlow
chart, HY = H/K;: K, may be determined from equation (2) or from
Table C-1 in the SPM., To use the table, determine

d d“
.S (—_—‘l“ (2n) = (0.006)(2n) = 0,0379,
gl

From Tabie -1, read:

Calculate:

| 3, }
ny, = %;—- Tl w5549 meters (11,0 feet) .
il o | <

Then,
Y 3.349
e e = (0, 0020,
gl (9.8)(13)°
0.031 tan<0 = 0.031(0.333) = 0,00344 ,
and,

1" ‘
—%v « 0,002 < 0.031 tan“0 = 0,0034 .
ar-

28




»

1.

Therefore, determine if H(',/gT2 is greater than the appropriate
value in Figure 4. First, from Figure 4, for cot 6 = 3 and

dg/gT? = 0.006,

H'
(%) ~0.0017 .
8T°/Fig. 4

Thus,

H0
= 0.002 > | =~ 0.0017 ,
8T /rig. 4

°33N| <=

and the wave is breaking. Also, cot 9 = 3 > 2, so equation (8) may
be used. From Figure 5, for cot 6 = 3, q = 0.555.

q - 1=-0.445
¢ \a-!
53 = (cot 8)~10% (4.23)(10)2(a-1) (E%5>
= (3)-10% (4.23)(10)-089 (0.002) 0445
= (0.319)(4.23)(0.1288) (15.887)
53 = 2.76 .

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

.i*t*******************************

IV. QUALITATIVE ANALYSIS
General.

Laboratory studies of runup generally have indicated relative runup

in terms of wave steepness (e.g., R/Hé versus l{",/gT2 or R/H versus H/L),
but have not always been specific about relative depth effects. Some
studies have presented data for only limited wave conditions. It is
important that all variables be investigated. Valid simplifications
have been made, but it is necessary to know the limiting conditions for
such simplifications. '
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Evaluation of runup data allows presentation in a manner similar
to the conceptual sketch in Figure 7, using one form of relative depth, '
dg/gTz. The presentation in Figure 7 is particularly useful for results
of tests in which a wide range of wave heights are used for each wave
period because the curves can be drawn with some degree of confidence.

Data plotted as in Figure 7 can be further analyzed to derive lines
of constant du/u'. For each dH/g'l‘2 line, values of Hg,/gT2 corres -
ponding to specific dy/HY values can be determined by

MY  dg/(gT*)
g2 dg/HY

Values of R/H! at the appropriate H(')/g'l'2 value can then be deter-
mined. This analysis is shown in Figure 8 where lines of dg/H) have
been superimposed on lines of ds/gT2 (as shown in Fig. 7). Analyses
show that even for high values of dgz/H} (i.e., 8.0, 15.0, 30.0, etc.)
the relative depth is important under certain conditions and accounts
for much of the scatter in some plots of earlier investigators,

Figure 8 also leads to the reinterpretation of some previous runup
plots; e.g., Figure 9 shows the rubble-mound runup curves for various
slopes drawn as upper envelopes to the runup data. The right-hand parts
of the rubble-mound curves are essentially correct, lying in the region
where waves breaking on the structure slopes have little dependence on
dg/HY. The left-hand part of the curves (lower values of Ry/g1%), |
however, tend to follow the runup values of the longest wave period |
tested; a wave period longer than those tested would give higher R/H}
values in the lower H&/gTz region. Lines of constant dslué can be
defined for Figure 9, and do have negative or zero slopes similar to ;
the dy/H5 lines in Figure 8 or the smooth-slope lines in Figure 9. L

Furthermore, the dy/HY curves are not necessarily straight lines
(on log-log graph paper). On steep structure slopes, with or without a
sloping beach, low values of dy/HY tend to produce a straight line but
higher dg/HY4 values give a "plateaulike" effect in the approximate
range 0,001 < llé/g’l‘2 < 0.006, The lower limit tends to decrease with
high d,/l} values. Figure 10 shows the trends for a steep structure

slope fronted by a sloping beach,

The plateau area is attributable, apparently, to the combined
results of a change from breaking to nonbreaking waves, for decreasing ;

11'1/gT2, and of a changing shoaling coefficient as the relative depth,

(o]
dB/gTZ, progressively decreases. Flatter slopes, on which waves are

|

breaking for a wider range of HY/gl?, |
on dg/HY  for HY/gT? > 0.001. i
?

!

{

|

T~

display less dependence of R/H}
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Figure 7. Conceptual sketch of runup data
for constant values of dg/gT?
and for a fixed slope.

£ 1.0
Ho
dg/qT?
0.1 L L. o
0.000! 0.00! ' 0.0t
Ho
ot*
Figure 8. Sketch of lines of dg/H} related
to lines of dy/gl®> for a fixed

slope.
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Figure 10. Schematic trends of d,/H) ftor
steep slopes on a sloping beach.
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2. Slope Roughness.

For rough-slope data, the use of dj/H/, curves has the advantage of
having constant Hé/kr curves coincident with da/Hé curves. The dis-
advantage is that relatively few experiments have been undertaken where
the armor unit sizes have been varied to allow differentiation of rough-
ness effects from depth effects. Armor sizes have been varied in
studies by Hudson (1958), Hudson and Jackson (1962), Jackson (1968a},
and Ahrens (1975a). Jackson (1968a) had a rather limited range of dg/H}
values. Ahrens (1975a) tested slopes of 1 on 2.5, 1 on 3.5, and 1 on 5
at near-prototype scale (dg = 4.57 meters or 15 feet) with a wide range
of HY/gT?. Rough-slope results are discussed in Section V,2.

3. Effects of Beach Slope Fronting a Structure.

The presence of a slope in front of a structure may or may not affect
a wave. Effects of slope will depend on wave conditions and the local
geometry or laboratory test arrangement. Three cases may be defined
(see also Fig. 2):

(a) Case 1. ds/gT2 > 0.0793. An incident wave that has deepwater
characteristics at the structure toe will not be influenced by the slope
in frent of the structure. A horizontal bottom at the same depth, ds,
would also have no effect on the wave.

(b) Case 2. ds/gT2 < 0.0793; d/gT2 2 0.0793. An incident wave that
has deepwater characteristics at the toe of the beach slope will not be
influenced by the bottom (horizontal or sloping) 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
condition for laboratory tests where only a particular beach slope (but
not the slope length) is specified. The implication is that the beach
slope extends into deep water,

(c) Case 3. dg/gl? < 0.0793; d/gT? < 0.0793. An incident wave that
has transitional 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, dS/gTZ, but also a function of
the relative depth seaward of the beach slope, d/gT?. The latter rela-
tionship is expressed equivalently in this study with the dimensionless
variable £/L, where £ 1is the horizontal beach-slope length and L
is the wavelength for a given period, T, in the uniform depth seaward
of the beach slope. Design curves for smooth-slope runup are limited to
£/L 2 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 horizontal bottom. For a
given dg/HY and Hé/gTz, this geometry results in the highest rela-
tive runup. (However, smaller dg/H) values are obtained when sloping
beaches are present, with consequently higher relative runup in some
cases.)

(b) Condition 2. Structure fronted by a sloping beach extending
to deep water (same as case 2). For the same dg/H) and H")/gT2
values noted in condition 1, this geometry gives the minimum relative
runup (but the relative runup may be comparable to other geometries for
certain conditions).

(c) Condition 3. Structure fronted by a sloping beach terminating
in shallow water (same as case 3). For the same wave conditions given
in conditions 1 and 2, this geometry allows intermediate values of rela-
tive runup which is dependent on the relative beach-slope length, £/L.
For this study, relative runup was assumed, somewhat arbitrarily, to be
negligibly dependent on £&/L for 4£/L > 0.5. (This assumption allowed
most of the small-scale smooth-slope data to be incorporated in the
design curves of Sec. V,1.) Furthermore, in instances where this
assumption is applicable, the geometry is considered essentially com-
parable to case 2. As £/L decreases from £/L = 0.5, and keeping
dg/HY and HY/gT? constant, relative runup would increase and asymp-
totically approach the relative runup for a structure on a horizontal
beach with the same dg/H), value, if applicable. (A value of
dg/HS = 0.6, for exampie, would not be obtained in the presence of a

horizontal bottom.)

(d) Condition 4. Varying beach-slope angles. For given d;/H},
Hé/gTz, and for either deep water or a uniform depth seaward of the
beach slope, as the beach-slope angle becomes smaller, relative runup
increases if the wave does not break in front of the structure. The
relative runup would asymptotically approach the values for runup on
a structure sited on a horizontal bottom. If the wave breaks in front
of the structure while passing over a flatter beach slope but does not
break over a steeper beach, then relative runup may be higher on the
structure fronted by the steeper beach.

(e) Condition 5. Varying dg/HY values for a structure fronted
by a sloping beach. As dg/H) increases, the beach slope becomes less
important for the relative runup of the higher wave steepnesses.

The runup expectations in these conditions are based on the assump-
tion that the shoaling coefficient, H/H}, for the particular toe depth,
d;, 1is equal to or greater than one. Actually, this assumption is not
always true since the steeper waves generally occur in the larger rela-
tive depths (dB/gT2 > 0.009) for which H/H! 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 examples.
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4. Breaking Waves.

Waves are classified as breaking or nonbreaking according to two
different definitions. The first definition is based on whether a wave
breaks at or seaward of a structure toe (region I, Fig. 11). The second
and more inclusive definition is based on whether a wave breaks at all,
either on or seaward of the structure (in either region I or II, Fig. 11).
A nonbreaking wave by the second definition is assumed for some purposes
to represent total reflection on smooth slopes, although there is cer-
tainly energy loss on a rubble slope even if waves are nonbreaking.

REGION
I

REGION
)04

Foheal RS T

Structure

|

I

L}

j W
Beach Siope %

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

Jackson (1968a), for example, reported tests on rubble structures
with various armor units where waves were not breaking seaward of the
structure toe. He referred to '"monbreaking'' waves; however, conditions
were such that some waves would be expected to break on the structure
when past the structure toe (region II, Fig. 11).

Palmer and Walker (1970), however, studied runup on a 1 on 1.5
rubble slope fronted by a 1 on 50 beach. Their objective was the
design of a structure subjected to breaking waves--waves breaking
either on the structure or seaward of the structure toe. Their study
fits the second definition of breaking waves; i.e., breaking in either
region I or region II in Figure 11,

Saville (1956) gave results of extensive smooth-slope testing, and
included waves breaking in both regions I and II (Fig. 11), but specific
conditions for breaking were not given. However, by comparing theoreti-
cal breaking wave conditions with some experiments for which the break-
ing wave conditions were given (e.g., Palmer and Walker, 1970), the
following discussion is considered applicable.

Figure 12(a) shows an example dg/gT? curve for a structure sited
on a sloping beach; Figure 12(b) is for a structure sited on a flat
beach. For a wide range of N(',/g'l‘2 values, there is a maximum rela-
tive runup (R/H}) for each dﬂ/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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slope part of the curve represents nonbreaking wave conditions. The
maximum value of R/Hé on the curve represents initiation 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 nonbreaking. Similar
observations were also made by Hunt (1959), Hosoi and Mitsui (1963),

Le Mehaute, Koh, and Hwang (1968), Raichlen and Hammack (1974), and the
Technical Advisory Committee on Protection against Inundation (1974).

F (a) Sloping beach. 1_(h) Flat bottom.
Constont %

d
}L\ qu /Conslont :;_T%
R l R /ll\

Ho 10} | W10}t |

Nonbreoking i Breaking Nonbreoking i Breoking
0.1 | K. 47. 0.1 =] l>
0.000! 0.00! 0.01 0.0001 0.00!1 0.0l
Ho Mo
qt? g2

Figure 12. Sample lines of constant ds/gTz for runup on
structures on sloping and flat beaches (values
of ds/gT2 not necessarily the same).

Another characteristic 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 will 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 dg/gl? curve
is equal to or steeper than the slope of a line of constant R/ gT?
(Fig. 13). The maximum dimensional runup will occur for the wave steep-
ness value where the dg/gTz curve becomes tangent to a line of con-
stant R/gTZ.

5. Maximum Runup.

Maximum relative runup, R/Hé, for a range of wave conditions is

readily determined from dimensionless plots. However, maximum dimen-
stonal runup, R, for the given conditions, is not necessarily coinci-

dent with maximum relative runup, R/H}.
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Figure 13. Conditions for wave breaking on
beach slope in front of structure.

For structures sited on horizontal bottoms, the maximum dimensional
runup, R, for a given relative depth, ds/gT*, occurs for the maximum
wave steepness. The maximum steepness of an incident wave is limited
according to the theoretical equation (Miche, 1944),

H 5 2nd .
(L)mx = 0.14 tanh( T ) 9)

The actual maximum wave steepness measured in runup experiments is less
because of reflection effects from the structure and, in laboratory
testing, because of difficulty in generating a nonbreaking wave of
such steepness. Saville's (1956) tests had maximum steepness values
equal 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. It is unclear
whether these reduced wave steepness values were chosen maximums,
functions of equipment limitations, or experimental maximums designed
to prevent the wave's breaking in transit to the structure.

For structures sited on sloping beaches, the maximum dimensional
runup occurs for waves breaking at or near the structure toe. Graphi-
cally, for constant ds/gTz, maximum runup, R, occurs for the wave
steepness where the negative slope of the R/H} versus c‘is/gT2 curve
becomes steeper than the slope of a line of constant R/gT* (Fig. 13).

However, the smooth-slope design curves given in Section V,1 do
not list values of ds/gTz. In using these curves, the following com-
ments on relative runup and dimensional runup are important. For struc-
tures sited on horizontal beaches, for a given wave steepness, both the

4




maximum relative runup and the maximum dimensional runup occur at the
minimum dg/HS value. For structures sited on a 1 on 10 sloping
bottom, maximum dimensional runup may or may not be coincident with the
maximum relative runup determined for a range of wave conditions. If
depth, dg, and wave steepness are assumed constant, then maximum
relative runup occurs when 1.0 < dg/H} < 1.5, but maximum dimensional
runup occurs when ds/Hé is a minimum (in this study when dg; > 0,
then (dg/H})min = 0.6). In cases where a beach slope is flatter than
1 on 10, then for a given wave steepness, the maximum relative runup
will occur for somewhat higher dg/H} values (1.5 < dg/H} < 2.0).
However, if wave height, H}, and wave steepness are held constant,
the maximum dimensional runup will be coincident with maximum relative
Tunup as dg/H} varies (i.e., as dg changes). The maximums

(R/HY and R) may occur at any value of dg/H), (including dz/H} = 0)
depending on the wave steepness being considered. Runup maximums would
occur at intermediate values of dg/H} (1.0 < dg/H), < 1.5) for high
values of Hé/gTz, but at low values of ds/H5 for low values of
H,/gT%. For a given wave period and constant depth, dg, (with wave
steepness varying as dg/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 dg/H;
value. These relationships are highlighted in example problem 7 in
Section V,1,e.

V. EXPERIMENTAL RESULTS
1. Smooth Slopes.

a. Past Research. Smooth slopes are simplest to construct in
experiments, and the results are easiest to analyze. Consequently,
many laboratory tests have been carried out using smooth slopes. A
partial listing of runup studies conducted with 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 (Hé/gT2 and ds/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 runup 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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Teble 2. Smooth-s1ope runup test conditioms.
Source Profile! Structure slope Beach slope W %
(cot 8) (cot 8) F’ 1
Granthem (1953) A Vertical, 0.27, 0.58, |=========+ [0.0008 to 0.0281 0.006 to 0.048
1.0, 1.43, 1.7§,
2.04, 2,95, V.78
Saville (1958) » Vertical; 1.5, 3.0 10.0 0.0004) to 0.01¢ 0, and 0.00062 te 0.0319
Saville (1956) A 1.8, 2.28, 3.0, 4.0, sesesmsass 10.0000)S to 0.0167 0.001084 to 0.0499
6.0, 20.0
Saville (198¢) 1.8, 2.28, 3.0, 4.0, 10.0 0.000015 to 0.0167 |0, and 0.000267 to 0.0327¢
6.0, 10.0
Mudson, Jackson, and Cuckler A 2.0, 3.0, 4.0, 6.0, seeeeseeee 10,0042 to 0.0113 0.01027 and 0.0155
(1987) 10.0
Rudson, Jackson, and Cuckler ] 2.0, 3.0, 4.0, 6.0, 10.0 0.0042 to 0.0113 0.00317 te 0.0153
(1987) 10.0
Saville (1958) » 3.0, 6.0 10.0 0.0001) o 0.0138 0.000485 to 0.0182
Shinohars (1938) A 1.0 00000 [Jeceeerenss 0.000189 to 0.0143 Not givem
Sato and Kishi (1958) » 2.0 17.0 0.00064 to 0.0108 [0, and 0.00159 to 0.022¢
Savege (1958, 1959) A Vertical; 0.5, 1.0, mmmmmneae 0.000062 to 0.0143 0.00176 to 0.0749
1.5, 2.25, 4.0, 6.0,
0.0, ®».0
Sorensen and Willembrock (1962) A 4.0 0.00183 to 0.01490 0.01336 to 0.09e9
Telian and Vesilind (1963) A €0 | eeeemeeeas 0.00245 to 0.0207 0.01698 to 0.079
Hosoi end Mitsui (19eS) L] 1.5 Complex 0.00095 to 0.0127 -0.00716 c¢o 0.0172
(wodi f{ed) (Negative for toe of
structure above SWL)
Tominage, Hashimoto, end 3 Vertical; 0.5, 1.0, 20.0, 3.0 |0.0004 to 0.0127 |0, and 0.00159 to 0.0159
Sakuma (1968) 2.0, 3.0
Bucci and Whalin (1969) 1 ] 2.0 70,0 3 = 10°% to 0.0068 0.00009 to 0.0109
Bucci and Whalin (1970) A 2.0, 4.0, 6.0, 10.0, 0.000166 to 0.0195 0.0077% to 0.0634
.0, .
Nussbeum snd Colley (1971) A .0 sessecnses 0.00110 to 0.01831 0.00989 to 0.0817
Raichlen end Hammsck (197¢) | ] 2.0 200.0 0.0002 to 0.0278 0.00261 to 0.0621
Takada (1974) 3 Vertical 10.0 0.00286 to 0.00891 |0, and 0.00079¢ to 0.0143
Ahrens (1975b) A W@ 00 fessacasess 0.000030 to 0.01398 0.00176 to 0.0749

IProfile A: 4 1. iProfile 8: N
e

ZNot applicable.

Tata s Saa
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Hudson, Jackson, and Cuckler (1957) reported results of runup and
overtopning for structure slopes ranging from 1 on 2 to 1 on 10 with
the structure slope fronted by a 1 on 10 beach slope. A rather narrow
range of wave steepness was investigated but different water depths
were used and the structure geometry was varied, including the beach-
slope length, {£. Relative runup results varied for the differing
geometries, even for equal wave conditions (ll'/g'l‘2 and @,/gTz), and the
variations probably result in part from the differing relative beach-
slope length, 4£/L. However, the data are insufficient to further
define the effect.

Saville (1958) described large-scale tests and tests for identical
conditions at one-tenth scale. A wide range of wave steepnesses was
tested, but relative depth (dg/H%) had a rather narrow range. These
tests were used by Saville to develop scale-effect correction factors.

Shinohara (1958) investigated breaker heights and wave runup on
1 on 10 and 1 on 20 slopes. His runup values for the 1 on 10 slope
were less than those of Saville (1956), and the 1 on 20 runup values
were bracketed by Saville's curves for the 1 on 10 and 1 on 30 slopes.
Savage (1958) gave runup test results for smooth and rough slopes sited
on a horizontal surface; results were plotted to emphasize roughness
and permeability. In Savage (1959), the same basic data were given,
but the data were plotted as R/H} versus llé/'l'2 for each specific
structure slope and roughness. Sorensen and Willenbrock (1962) studied
runup on a smooth 1 on 4 slope, both with and without a berm; Talian
and Vesilind (1963) provided additional data for the same structure but
used different water depths. The wave heights were measured values;
however, when converted to deepwater values, the results for the smooth
slope agree well with Saville's (1956) data. Sorensen and Willenbrock's
results are also incorporated in Herbich, Sorensen, and Willenbrock
(1963).

Hosoi and Mitsui (1963) tested runup on a 1 on 1.5 slope for compli-
cated geometry seaward of the structure which in some cases was located
shoreward of the waterline. Tominaga, Hashimoto, and Sakuma (1966)
described runup on four different structure slopes sited on 1 on 20 and
1 on 30 beach slopes. Their results for the 1 on 20 beach showed rela-
tive runup for the lower wave steepnesses and for d,/H) < 1.0 to be
lower thanh runup results obtained on a structure fronted by a 1 on 10
slope, such as tested by Saville (1950). Results for other conditions
seem comparable for the two beach slopes. Bucci and Whalin (1909)
generated low steepness waves for runup on slopes of approximately
1 on 22 in a three-dimensional model of Monterey Bay, California.

Bucci and Whalin (1970) conducted two-dimensional runup studies using

high steepness waves, and the use of the results allows extension of

the range of high wave steepness runup values beyond those used in the

SPM relative runup curves. Nussbaum and Colley (1971) conducted a

limited study on smooth slopes in conjunction with tests on soil-cement
stepped slopes. Ahrens (1975b) used a new runup gage which gave results

for a 1 on 10 slope comparable to those of Saville (1950) and Savage (1959).
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The SPM presents a set of smooth-slope runup curves based princi-
pally on Saville (1956) and Savage (1958; 1959). Relative depth
(4{/H5) effects are included in the set of curves, but are given as
ranges of values, The data were reanalyzed for this study to determine
runup curves for specific dg/H) values. Having such specific condi-
tions not only allows direct runup comparisons with rough-slope data
for the same wave conditions and structure geometry, but allows better
interpolation between sets of curves for intermediate dg/H) values,
and allows calculation of specific values of the alternate relative
depth, ds/gTz. The smooth-slope design curves are discussed below.

b. Smooth Structure Fronted by Horizontal Bottom. Only limited
runup data were obtained by Saville (1956) and Savage (1959) for a
structure on a horizontal bottom in depths dg/H% < 3.0. However, much
data were obtained for dg/H) > 3.0. The SPM provides only one set of
curves for dy/HY > 3.0 which tends to give conservative results (high
predictions) for large ds/Hé values. It is incorrect (although
stated in some recent studies) that depth effects are not present for
dg/lY > 3.0, Figures 14, 15, and 16 give relative runup for dy/H}
values of 3.0, 5.0, and 8.0. Larger values were not used because a
requirement for large dB/H5 values would be rare; when such a require-
ment occurs (e.g., in a reservoir), the set of curves for dg/H% = 8.0
should be used. When runup values are required for dg/H) < 3.0, the
curves for dg/HY = 3.0 should be used.

Relative depth effects are negligible for a particular wave steep-
ness in those instances when waves are breaking on the structure slope.
This observation has been made by various researchers. It can also be
shown by examination of the design curves; e.g., a comparison of Figures
14, 15, and 16 for H!/gT? = 0.0124 shows that, for cot & > 3.0, all
three figures have approximately equal relative runup for a particular
slope.

¢. Smooth Structure Fronted by 1 on 10 Beach Slope and Zero Toe
Depth (dg = 0). A structure with zero toe depth (dg = 0) presents a
apecial case in that relative depths seaward of the beach slope are
not adequately specified by dg/H} = 0. Therefore, in the case of zero
toe depth, wave conditions are specified using the depth, d, at the
toe of the beach slope. Figures 17, 18, and 19 present the results for
d/HY  (not dg/HY) values of 3.0, 5.0, and 8.0 with a 1 on 10 bottom slope.

d. Smooth Structure Fronted by 1 on 10 Beach Slope and Toe Depth
Greater than Zero (dg > 0). Design curves based on small-scale runup
data (Saville, 1956) for a smooth structure fronted by a 1 on 10 beach
slope are given in Figures 20 to 23. The basic data were obtained
principally for cases where the relative beach-slope length, {/L, was
equal to or greater than one-half (this limit is shown in the figures).
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The experiments used two different toe depths, d; = 0.0588 and 0.11o
meter (0,19 and (.38 foot), and a uniform water depth, d = 0,381 meter
(1.25 feet), seaward of the beach slope, resulting in corresponding
changes in the horizontal length of beach slope, £. Relative runup
differences might be expected for tests having different {/L values
but the same incident wave characteristics (HL',/gT2 and dg/HY); however,
negligible differences were observed for cases of &/L > 0.5. Conditions
of £/L < 0.5 occurred only for the longer wave periods which also had low
wave steepnesses (H3/3T2 < 0,001, approximately). For these conditions,
relative runup was higher rather consistently for the smaller values of
£/L. The tests did not have a sufficient range of conditions to fur-
ther define the effects of varying relative beach slopes. To further
confuse the question, however, tests of different (/L values but equal
Hﬁ/gT2 and dg/HS values would be expected to include, because of the
differing toe depths (dg), scale effects which cannot be isolated from
apparent beach-slope effects.

Use of Figures 20 to 23 should be limited principally to conditions
where £/L > 0.5. This particular value is somewhat arbitrary, but seems
justified on the basis of the limited testing. For values of £/L < 0.5,
but high dg/HY (e.g., dy/HY 2 3.0), the runup values from Figures 14,
15, and 16 for structures on horizontal bottoms should be used as upper
bounds of relative runup on structures fronted by a 1 on 10 slope with
the same dg/HY value. In the case of {/L < 0.5 with low values of
ds/Hj (e.g., 0.6, 1.0, etc.), it should be expected that relative runup
will be somewhat higher than predicted from the curves (Figs. 20 to 23),
and probably not exceeding 15 to 20 percent higher. The effect of beach-
slope length diminishes as the structure slope decreases, and effectively
ceases to be significant for cot 8 > 4.0.

¢. Example Problems. Problems may be solved in part by use of
equation (J2) together with equation (1), or by use of Tables C-1 or C-2
in the SPM.

“'..tii‘ﬁtiti'{x_‘h'l\hl{l‘m)ﬂl‘l;b'.‘*iittiﬁiQ'i***

GIVEN:  An impermeable structure has a smooth slope of 1 on 3 and is
subjected to a design wave, H = 2.5 meters (8.2 feet), measured at
a gage located in a depth, d = 10.0 meters. Design wave period is
T = 8.0 seconds. The structure is fronted by a 1 on 90 bottom
slope, which extends seaward beyond the point of wave measurement.

Design depth at structure toe is dg = 7.5 meters (24.0 feet).

(Assume no wave refraction between the wave gage and structure.)

FIND: Determine the height above SNL to which the structure must be
built to prevent overtopping by the design wave.
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SOLUTION: The wave height must be converted to a deepwater value.
Using the depth where wave height was measured, calculate

l, &T%/2rx 9.8 T¢/2r  1.56(8)° |
'
d
— = 0.1002
l"O

To determine the shoaling coefficient, H/H), equation (2) can be
used with d = 10.0 meters together with the wavelength determined
from equation (1). Alternatively, Table C-1 in the SPM may be used.

For

d

— = (0.1002,

Lo

H a W ] .

Hp x 0.9325;
therefore,

R, 2.5

o 0.9325 0.9325
Hé = 2.68 meters.

Calculate, also,

H, 2.68

D N See——— 0.00427,

gT 9.8(8) "l
and, for dg = 7.5 meters,

S TR

U e

The bottom slope is very gentle (1 on 90). Assuming that the slope
approximates a horizontal bottom, the appropriate set of curves for
dg/HY = 2.8 is in Figure 14 (for dg/H) = 3.0). For a 1 on 3
structure slope and

!
o
'
%) R
——2-3 0.00427,-}{0—'320. L
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The runup, uncorrected for scale effects, is
R = (2.0)(H
= (2.0)(2.68)

R = 5.4 meters (17.7 feet).

i The scale correction factor, k, is discussed: in Section VI,
: Alternatively, use of Figure 6 together with equation (8) gives
' a value of R/H) = 1.97, which is essentially the value determined

from Figure 14.

I R R T TR R TR N N SR D DN D R B D N R I N R N O DR DR O R B

ﬁiﬁ*iQ*Q**i**LZXAm)LEpROBLEMS*iit***t**iﬁ**

GIVEN: An impermeable smooth 1 on 2 structure is fronted by a 1 on 10
beach slope. Toe depth for the structure is d; = 3.0 meters (9.8
feet), but the beach slope extends seaward to a depth of 15.0
meters (49.2 feet), beyond which the slope is approximately 1 on
100. The design wave approaches normal to the structure and has

a height of H = 2.8 meters (9.2 feet) and period of T = 9,0
seconds, measured at a depth of 16.0 meters (52.5 feet).

FIND: Determine the height of wave runup using the appropriate set
of curves given in Section V,1.

SOLUTION: The wave height given is not the deepwater wave height;
it is measured, however, above the gentle 1 on 100 bottom slope
which approximates a horizontal surface. To determine the shoal-
ing coefficient, Ks’ for the location of measurement, calculate

d d
- () @n

= ——1—6_._.2. (2ﬂ)
(9.8)(9)

(0.02016) (6.283)

s = (0.12667,
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From Table C-1 in the SPM,

H
K = =~ 0.9180
S Hé

B 28 '
HY = == ———=—= 3.05 meters (10.0 feet ‘
o " X; = 0.9180 ( ) g
dg 3.0 |
}-{Z = 3.—05= 0.984 =~ 1.0 ‘
H) 3.05

" G - o

Relative runup is determined from the appropriate set of curves; for :
a structure located on a 1 on 10 beach with dg/H} = 1.0, use Figure
21. The value of 4£/L must then be determined.

£ = (15 - 3)(10) = 120 meters (393.7 feet).

Next, determine the wavelength in water depth of 15.0 meters (the
depth at the toe of the 1 on 10 slope). For

%_ ) )
2]

(9.8)(9)2
and from Table C-1,

d

i ~ 0.1570;
therefore,
L = ahe o e & 05,54 313
=9/ ° 01570 - 95. meters ( .5 feet).
Then,
£ 120
TrRs"
thus,
L, 05,
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and from Figure 21, for

gT
R
= 3.0 ,
H)
The runup is
R
R = (ﬁ;‘) (HL) = (3.0)(3.05)
R = 9.15 meters (30.0 feet)

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

* %k ok ok Kk k %k Kk ok Kk Kk k *k k Kk Kk k Kk k Kk Kk Kk K Kk * K & Kk ok * Kk Kk ok * * *

'*iit****i***EWLEPROBLEM6******t*i***i*

GIVEN: Conditions are similar to example problem 5 with one exception.
An impermeable, 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 beyond which the slope is approximately 1 on 100. The
design wave approaches normal to the structure, and has a height
of H = 2.8 meters and per | of T = 9.0 seconds, measured at a
depth of 16 meters. The ..ception is that the structure is located
at the waterline; i.e., dg = 0.

FIND: Determine the height of wave runup.

SOLUTION: From example problem 5,

Hb = 3.05 meters
Ho 0.00384
ET‘ . .

However, dg = 0; dg/H} = 0. To enable determination of runup, the
depth at the toe of the beach slope (d = 15.0 meters) is used.

d 15

o= T = 492~ 5.0.
Hy = 3.05

Because the slope length is longer than in example problem 5,
i.e., £ = (15-0) 10 = 150.0 meters (492.0 feet), then
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From Figure 18 for d/H) = 5 and H)/gT? = 0.0038,

R
H—é-ﬁl.z

R = (57) (HY) = (1.2)(3.05) = 3.66 meters (12.0 feet) .
(%

(See Sec. V1 for the appropriate scale-effect correction factor.)

* %k k k * k k k Kk k Kk Kk & K Kk Kk % Kk &k k Kk &k * Kk K * Kk * Kk Kk * Kk *k * * *

*************EXAMPLEPROBLEM7**************

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 d; = 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 periods and deepwater wave heights are known;

HY < 5.0 meters (16.4 feet) .

FIND: " Determine maximum runup for three different wave conditions:

Tmae = 7.0 seconds; Ty . = 13.0 seconds; and constant wave steep-

ness, Ho'/gT2 = 0.0104, with Tmaxe = 7.0 seconds.

SOLUTION: For any given dg/H), value, the design curves show that
relative runup is highest for the longest wave period (or the
lowest wave steepness, Hé/gTz). However, for constant toe depth,
dg, and for constant wave steepness, the largest wave height (or
lowest dg/H) value) usually results in the largest absolute runup,
R. When a sloping beach is present and wave steepness varies, with
depth held constant, the maximum runup may occur at a dg/H) value
other than the minimum. Thus, runup for a range of dy/H} values
should be investigated for this example problem.

(a) For the first condition where Tpygr = 7.0 seconds, the
maximum wave height given is H} = 5.0 meters; for this location, the
resultant dg/HY value is

d

s _3
mr=f=0.6,
T

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 dg = 3.0 meters, T = 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 highest relative runup for each value of
dg/HS. The maximum runup of 7.05 meters (Table 3) does not occur

for the largest wave 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 (Hé)max = 5.0 meters.

Fig. &, 2L HY, R 2 R
_5- (m) ?{z’ ‘*E (m)
20 0.6 5.0 0.01041 1.35 6.75
21 1.0 3.0 0.00625 2.35 7.053
22 1.5 2.0 0.00416 2.8 5.6
23 3.0 1.0 0.00208 2.6 2.6

1d3/H5 values selected to correspond with values in
figures; dg = 3.0 meters.

2cot 6 = 2.0.

Rpge = 7.05 meters.

(b) For the second condition where Ty . = 13.0 seconds, the
maximum runup would occur for the lowest dg/H% value. To check
£/L, for d = 15.0 meters:

4 .3 . g 057

L, (9.8)(13)2

d

T 0.1013

L = 148.1 meters;

2 120

_— D ——— = > 0. .
L 148.1 pesil Aides

Table 4 may be constructed for dg = 3.0 meters, T = 13.0 seconds,
gT2 = 1,656.20 meters (5,434 feet) and using Figures 20 to 23.
Table 4 shows that, in this case, not only is the runup higher for
the longer wave period, but the maximum runup occurs at a lower
dg/H) value for the maximum deepwater wave height.

(c) For the third condition, suppose that wave steepness is
expected to be most important, and that the structure is being
designed for a constant wave steepness of Hb/gTz = 0.0104 and a
maximum period of 7.0 seconds.
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Table 4. Example runup for T = 13 seconds, constant
depth, and (Hé)max = 5.0 meters.

Fig. gy Tl e H}, R ¢ R
HY (m) gr? Hy (m)
20 0.6 5.0 0.00302 2.49 | 12.453
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

1d8 = 3.0 meters.
2cot 8 = 2.0.
3Rpgz = 12.45 meters.

Table 5 shows the characteristic relationship that the largest
runup, R, occurs for the lowest dg/H} value when Hé/g’l‘2 and
dg are constant; however, the largest relative 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 &~ 7.05 meters for a
maximum period of 7.0 seconds.

Table 5. Example runup for constant wave steepness, H(')/gT2 = 0.0104.

Fig. HY V. Hy T2 B R
12 Hp (m) (s) Hp (m)
20 0.0104 0.6 5.0 7.0 1.35 6.75%
21 0.0104 1.0 3.0 5.42 1.88 5.64
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

ldg = 3.0 meters.
2Tpaz = 7.0 seconds.
3cot 6 = 2.0.

“Ryugx = 6.75 meters.

Thus, care should be exercised in determining runup for a particular

structure. The results of the three parts of this problem are
summarized in Table 6. Scale-effect corrections applicable to this
example problem are discussed in Section VI.
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Table 6. Summary of maximum runup for different conditions.

Table Wave condition Maximum R,(m)
3 Constant period; T = 7.0 seconds 7.05
4 Constant period; T = 13.0 seconds 12.45
4
S Constant steepness: 6.75
HY/gT? = 0.0104;
Tmae = 7.0 seconds

* K & ok ok ok ok ok ok ok ok w k Wk ok ok ok ok ok ok ok kR kR ok ok ok W W ok ok kK

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 embankment 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- I
meable core is at or near the SWL, and the part of the structure above 5
the core is relatively permeable. The rubble-mound structure would be !
expected to absorb and transmit an appreciable amount of energy through
the upper, permeable part of the structure.

Of the numerous tests conducted on rubble slopes, most have been
principally studies of armor unit stability rather than wave runup.
Most tests where runup data were obtained have been for rather limited
wave conditions or structure geometry, and usually model specific con-
ditions for a prototype installation.

Available 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
weight 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, therefore, reduce the cover
layer permeability and roughness.

Concrete armor units are represented by a characteristic length dis-
cussed later in this section,

a. Quarrystone Armor Units. Most of the available rubble-slope
data apply to quarrystone armor units. Other types of armor units
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(generally precast concrete) have been tested extensively, but usually
for stability purposes. Runup results for concrete units are discussed
in Section V,2,b.

(1) Permeable Structures. Details of quarrystone rubble-mound
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 anomalously high runup values, and are not
discussed here.

The structure geometry used by Hudson (1958) is shown schematically
in Figure 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 ir analyzing the relative runup is the
slope above the core level; below the top elevation of the core, the
structure slope is steeper, being 1 on 2 for upper slopes of 1 on 3,
lon 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 figure. The graphs are differentiated
by relative depth, dg/H}, 4and the corresponding relative stone size,
H5/Kps where k, for stones is the nominal stone diameter.

Jackson (1968a) conducted limited tests on a rubble-mound breakwater
using ''rough' quarrystone and also stone essentially the same as Hudson's
(Jackson's ''smooth'' quarrystone). Jackson's structure differed, however,
in having a core slightly 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 weight) then the core height is
approximately 1.1 dg, whereas Hudson's core height was =~ 0.75 dg.
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 percent higher than Hudson's for a 1 on 1.5 slope, dg/H} = 5.0.
Figure 28 gives example runup curves derived from Jackson's data for
smooth quarrystone; the relative depth is dg/H} = 5.0.

Savage (1958, 1959) tested permeable slopes with relatively small
diameter stones. His structures differed from Hudson's and Jackson's
in that the stone '"structure'" was placed against the vertical tank wall.
Wave transmission through the structure was not possible; therefore,
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Hudson (1958)
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Figure 24. Permeable rubble-mound structures.
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Figure 27. Quarrystone rubble-mound runup; dg/H} = 8.0;
HY/Kp = 1.7; h,/dy = 0.75 (after Hudson, 1958).
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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 millimeters,
tested by Savage, and for which H)/k, = 12.7 and 4.8 for dg/H} = 3.0
and 8.0, respectively. His data for all stone sizes show that, for
constant wave conditions (dg/H) and Hé/gTz), runup was higher on slopes
having larger values of H}/k, (i.e., smaller stones).

The structure used by Savage was actually intermediate between a
permeable rubble mound and impermeable riprap. This structure could be
considered to represent riprap with a thickness of many stoncs; however,
this would be unusual because the riprap layer in prototype installations
is generally only 2 to 4 stones thick. It could represent the use of
stone in front of seawalls, a practice in some locations. 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 runup data is diffi-
cult because relative stone sizes are not always the same for given
wave conditions. Indirect comparisons can be made if the rubble-slope
runup values are first calculated as fractions of smooth-slope values.
Then, for a specific structure slope and cross section, wave steepness,
and relative depth, effects of the relative roughness (H)/k,) 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 given slope, relative depth (dg/H}), and relative roughness
(HY/kp), 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 slope. The r values based on data of Hudson (1958) and
Savage (1959) are given in Figures 31 and 32. The horizontal axes are
the relative roughness or relative stone size, H)/k,. Each curve is
based on r values averaged over a range of wave steepness for ecach
relative stone size used in the analysis.

Hudson's data give rather low r values of 0.36 to 0.64. A posi-
tive slope trend in the data is noticed for the flatter structure slopes,
and might be expected since the stone size becomes smaller relative to
the wave as H}/k, 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 values 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 higher core in Jackson's tests.
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Table 8. Values of r for a quarrystone
rubble mound (after Jackson, 1968a).

dg /HY HS/kp Slope (cot 6) T
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-
2ontal distance 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 differences 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., 1 on 1.25) may nevertheless
have high r values. Variations in H}/k, will also affect the selec-
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 ranging from r ~0.87 for a 1 on 0.5 slope to r = 0.4 for a 1 on

10 slope.

(2) Impermeable 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 1 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. Instability
problems on an impermeable base would be appreciable, particularly for
a layer one stone thick. Although Saville gives results for both armor
unit conditions, only the results for the layer three stones thick are
given here. Relative depth varied from approximately dg/H} = 5.0 to
dg/H) = 10.0, plus a few points at larger values; relative roughness
or stone size varied from Hj/k, = 3.0 (at dg/H} = 5.0) to HY/k, = 1.0
(at dg/HS = 15.0). Saville's data, when compared to the smootﬁ-slope
curves 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 quarrystone riprap,
1 on 1.5 slope (armor layer three
stones thick on impermeable base)
(after Saville, 1962).

dg/H} H)/kp Slope (cot 6) 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
tank bottom. Although wave conditiong were somewhat limited, a range
of armor and underlayer stone sizes were tested. Runup curves based
on these tests are given in Figure 34. The curve shapes are similar
to those of the smooth-slope curves and to the rubble-mound curves.

Analysis of smooth-slope scale effects (see Sec. VI) indicates that
scale effects between the various small-scale tests conducted by Hudson
and Jackson (1962) would be negligible. Accordingly, the data were
evaluated for stone-size effects combining all data 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 (Fig. 35) for the various H}/k,, values. However,
the 1 on 3 slope shows increasing r values with increasing Hj/ky
values (Fig. 35). The lines through the data in the figure are some-
what arbitrary, but the trends seem consistent with those in Figures
31 and 32.

Palmer and Walker (1970) tested runup on a 1 on 1.5 rubble slope on
a 1 on 50 beach (Fig. 33), and gave their results in a set of curves
using different variables than those in this study. Conversion of their
results for selected data sets gives the points shown in Figure 36.
Smooth-slope runup data for similar conditions are not available for
comparisons. However, for larger dg/H} 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 horizontal beach give extremely low r va!lues for the
larger dg/H) values (r~ 0.38 for /HY = 3.0, Hj/ky =~ 1.5 and
r =0.26 for dg/H} = 5.0, HY/kp = 0.9). It is unclear why the values
are so low, but part of the reason may be in the difficulty of measur-
ing runup on a slope with relatively large stones (H)/k, small). Palmer
and Walker's runup values for dg/H} = 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 dg/HY = 1.5 and H}3/kp = 2.9.

A useful aspect of Palmer and Walker'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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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 seaward of the structure toe,
occurs for dg/H) = 1.0 in the high wave steepness range (Hb/gTz),

but occurs for progressively higher /H} values as Hé/gT2 dimin-
ishes, to dg/H} =~ 2.6 to 3.0 for H,/gT“ ~ 0.0002.

Raichlen and Hammack (1974) 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 (Fig. 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 Raichlen and Hammack for the quarrystone rubble slope were
also converted to variables in this study (Fig. 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 dy/H), values. The
resultant curve is given in Figure 38. The rather gentle negative
slope of the line for the 1 on 2 structure presents a trend similar to
that in Figures 31 and 32. ]

Ahrens (1975a; personal communication, 1975) tested riprap slopes
(Fig. 33) in a wave tank with depth, d;, 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. Ahrens used various armor stone
sizes, and for each slope and set of wave conditions, the larger H,/ky
values consistently had the higher values of relative runup. Figure 39
shows the effect of H}/k,, on relative runup for a range of wave steep-
nesses on a 1 on 3.5 slope for dg/H) = 7, as derived from Ahrens' data;
Figures 40 and 41 show runup curves based on Ahrens' 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 Figure 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 comparison with small-scale smooth-slope test
results. A difference in r values between large- and small-scale tests
for rubble structures is not apparent. However, 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 appropriate smooth-slope values uncorrected
for scale effects.

b. Concrete Armor Units. Concrete armor units have been developed
primarily 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
available in sizes ranging from the 45-metric ton (50 tons) tribar
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Structure slope (cot 8)

Relative runup for riprap slopes;
dg/HY = 5.0; HY/kp ~ 3.15
(after Ahrens, 1975a).
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dg/HS = 8.0; Hb/ky, = 2.8
(after Ahrens, 1975a).
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(in Hawaii) to the 6.35-kilogram (14 pounds) Gobi block. Size can
usually be adjusted according to need; type selection may depend on

armor unit stability for a given structure. Stability coefficients
are given in the SPM.

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

(1) Permeable Structures. Jackson (1968a) tested several armor
units for runup and stability (Fig. 43). Further details of the armor
units are given in the SPM or Hudson (1974). Wave conditions used in
the tests were limited mostly to relative depths of dg/H) =~ 5.0. The
relative armor size has been calculated for this study as H}/k,, wusing,
for Kk,, the length dimensions shown in Figure 43. These dimensions
are heights of armor units in all cases. Jackson used rubble-mound
structures, and relative core heights calculated from photos in his study
have values of h,/d; ~ 1.14, except for a structure with one layer of
modified cubes on a 1 on 3 slope which had a value of h,/d; ~ 1.4.
Jackson's sketches of all structure cross sections indicate the core
and lower underlayer to be below SWL. Since his photos show other cases,
it is unclear what the values would be for the remaining situations.

Jackson's data, after conversion to deepwater variables, were com-
pared to the smooth-slope curves. Results are summarized 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 dg /H},
noted.

Table 11. Summary of r values (after Jackson, 1968a).
Armor unit and placement method | Armor layer Armor unit size r values for dg/H5 = s.07
thickness
(No. of units) [(Hs/k, for dy/Hi = S.0f L on 1.5 (ton 1.75 (1 on 2.0 1 on 2.25 1 on 5.0 | Avg

Concrete tetrapod 3

Random 2 2.30 0.45 —een? 0.40 - 0.39 {0.41

tniform 2 2.30 0.51 0.51 - - |O.S
Leadite tetrapod

Uni form 2 2.28 N 0.50 -2 0.49 ----  fo.s0
Concrete quadripod

m“-q " 2 2.90 0.51 “-e- 0.47 —e- 0.49 0.49

Uniform 2 2.90 0.49 - Q.40 - 0.51 0.49
Leadite tribar .

Random 2 2.86 0.44 —-e- 0.45 0.40 0.45

Uniform 1 2.86 0.50 o0.s0' -e=- |0.50
Modifled leadite cube

Random 2 2.99 0.44 --e- 0.4 e 0.48 0.46

Uniform 1 .99 0.62 - 0.73% - 0.55 [0.83
Leadite hexa

Random i 2 1.12 0.41 —nae 0.44 - 0.48 0.44

Un{i form 1 1.7 0.52 wana 0.51 - ss= 0.52
Solid concrete tetrahedron

Uniforn 1 2.3 e 0.58 —— 0.57 0.54 0.58
Perforated concrete tetrahedron

Uniforn 2 2.4 0.50 e 0.5% “ea- caan 0.52
Solid leadite tetrahedron

thiforw 2 .29 0.54 aswe 0.54 emee .- 0.54
Perforated leadite tetrahedron

Uniform 2 .22 0.50 eses 0.51 .en- sawe 0.51

ldg = 0.61 mater (2 feet).
INo data avallable.

Ydg /My « 3.0,

S My s 40,
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Figure 43. Concrete armor units tested by

Jackson (1968a).




Dai and Kamel (1969) tested a permeable structure using quadripods
in conjunction with scale-effect tésting., Tests were limited to a 1 on
1.5 slope. Data from other investigators ina..ate that consistent runup
values are difficult to obtain on a 1 on 1.5 slope, particularly on
rubble slopes. 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
hy/dg ~ 1.1.

After reanalysis of Dai and Kamel's data, comparisons with the
smooth-slope curves were made. Averages for each dg/HY value and
scale combination were determined. These values indicate no signifi-
cant differences between the quadripods with '"smooth' and '"rough" sur-
faces (terms used by Dai and Kamel); also, no significant difference is
seen between scales. Individual 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 1 on 1.5
slope and for specific dg/H) values, but each r value is an average
of values obtained for one to five wave steepnesses each.

Table 12. Values of r for quadripods on 1 on 1.5 slope (after Dai and Kamel, 1969).

d Hy T (avg)
‘u,:‘ k_r. +] dg = 0.305 m (1 ft) dg = 0.61 m (2 ft) dg =~ 4.57 m (IS ft)
Smooth quadripod Quadripod Rough quadripod

4.0 4.5 |  cemeeeemeeeeas 1 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 (S5 points) 0.61, rough (3 points) 0.46 (2 points)
0.60, smooth (S5 points)

INo data.

Vanoni and Raichlen (1966) tested a relatively high core structure
with relative core heights of h,/dg =~ 1.32 and h,/dg = 1.79. In the
latter case, runup did not exceed the core height (discussed in Sec.
V,2,b). The structure slope was first built with one layer of tribars
from below SWL to a point slightly below the core elevation, and then
the upper part of the structure was built of quarrystone. The tribar_
section extended above SWL to a height approximately equal to the maxi-
mum wave amplitude at the structure toe. The tribars and quarrystone
were underlain by two filter layers. Nonbreaking waves were used;
runup was caused by surging waves.

The slope tested by Vanoni and Raichlen was a 1 on 3 uniform slope;
test results for certain conditions are given as values of r in Table
13. Runup for dg/HY > 5.0 was limited to the tribar zone, and extended
up into the quarrystone section for 2 < dg/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
for dB/Hé = 3.0 and qB/Hé = 5,0.
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Table 13. Values of r for tribars and quarrystone on a
1 on 3 slope (after Vanoni and Raichlen, 1966).
H) Ky ky, gT
(tribar) (quarrystone)1
dg = 0.257 m (0.844 ft)
3.0 2.11 2.553 0.00155 0.48
0.0020 0.47
0.00285 0.43
5.0 Wa27 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 Q.27
dg = 0.29 m (0.95 ft)
3.0 2.38 2.84 0.00158 0.46
5.0 1.43 0.0012 0.47
8.0 0.89 0.00077 0.38
Overall avg 0.43

lQuarrystone was at a higher elevation than the tribars;

runup did not reach the quarrystone section for ds/Hé 2 505
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Vanoni and Raichlen tested various model-to-prototype scales. Scales
were 1:40 and 1:45 in the cases discussed above; however, the scales are
not appreciably different and observed runup values were comparable be-
tween scales. The principal reason for using different scales was the
ability to model prototype armor units of varying weight (and stability)
with the same model armor unit.

Results from ‘anoni and Raichlen (1966), Jackson (1968a), and Dai
and Kamel (1969) for selected armor units are summarized in Table 14,
The Varoni and Raichlen tests were for rather small scales; Jackson, and
also Dai and Kawel, had intermediate scales, and Dai and Kamel included
tests at a large scale. Quarrystone values are included in the table
with Jackson's test results for size comparison with the quarrystone
used by Vanoni and Raichlen.

Dai and Kamel's tests for quadripods, including tests at the same
scale, give ¢ values slightly higher than Jackson's. The difference
may be partly attributable to different experimental setups and partly
to different relative sizes of the quadripods.

The tribar tests of Vanoni and Raichlen give 1 values comparable
to those ot Jackson. Lower r values would be expected for the former
because of lower Hé/kr values (or larger armor unit size relative to
the wave) but the effect (if present) is apparently offset by the higher
core of Vanoni and Raichlen's structure--which would increase runup
somewhat by reducing wave transmission--and because Vanoni and Raichlen
tested one layer of tribars compared with the two layers tested by
Jackson,

(2) Impermeable Structures. Testing of concrete armor units on
impermeable slopes has been rather limited; most testing has involved
permeable rubble-mound structures designed for high-energy environments.
Only two sets of tests for concrete armor units on impermeable slopes
are discussed here, one for runup on tribars and the other for runup on
Gobi blocks.

Vanoni and Raichlen (1966) tested a structure with a 1 on 3 slope
ronted by a horizontal bottom and armored with a combination of tribars
and quarrystones. Tribars extended from below SWL to a distance above
SWL, but the distance varied depending on the water depth. Quarrystones
extended the rest of the way to the structure crest.

One set of the experiments was for a relatively low water level, for
which all runup was both below the quarrystone level and below the crest
of the core. These conditions essentially constitute an impermeable
structure. The correction factors (r) given in Table 15 can be com-
pared with values in Table 13. Values of H}/k, in Table 15 are
markedly lower than those in Table 13, and the greater roughness is
certainly a major reason for the lower correction factors in Table 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 filter layers
(after Vanoni and Raichlen, 1966).

dg/H}, Hy/ Xy HY/gT? P

dg = 0.19 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 block 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 d;/H} = 8.0 and slope of 1 on 3.5.
Rough-slope to smooth-slope ratios were r =~ 0.93, a high value for a
roughened slope, but it indicates the relatively smooth surface pre-
sented by Gobi blocks.

dg=4.57m (15 ft)
dg/Hg ™ 8.0

Ho/ kp S5.7

I on 3.5 slope
Horizontal bottom

Conditions Tested.

0.10m (31gin )

Ec
e 3
£ K
u [ .
Ele'votion of Gobi Blocks Plan View of Gobi Blocks

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

**ﬁt’***it***EXAMPLEPROBI‘EMStﬁ**I*Ii*t****

GIVEN: ,Quarrystone rubble-mound breakwater; cot 0 = 2; cot B = 80;
dg = 6.0 meters (19.7 feet); H} = 2.0 meters (6.6 feet);
T = 4.0 seconds; k, = 0.6 meter (2.0 feet); hc = 4.5 meters

(14.8 feet).
FIND: Determine runup.

SOLUTION:
d H! h
=S 3,03 AL 52 = 0.75;
HS r s
HV
- 2 = 0.0127 .

gT2  (9.81)(4)2

Assume R ~ 0, since the bottom slope is gentle and dg/HS is not
small. The structure is a rubble-mound breakwater with a low core
(see Figs. 25, 26, and 27). HY/k, in this problem is less than
that given for dg/Hs = 3.0 in Figure 25, so the results of Figure

25 should be conservative.

%7-m 0.66 (from Fig. 25).
%)
R = (0.66)(HY)
= (0.66) (2)

R = 1.32 meters (4.3 feet).
Evaluation of possible scale effects is discussed in Section VI.

******i*****************************

*i***********EXM’PLEPROBLEMQ**************

GIVEN: Quarrystone riprap structure; cot 6 = 3, S = 0; dg = 6.0 meters;
Hf = 1.2 meters (3.9 feet); T = 4.0 seconds; kp~ 0.4 meter (1.3 feet).

FIND: Determine runup.

SOLUTION:
d !
¢ v o
Eg = 5.0; kr 3.0
H; 1.2

= = 0.0076
gT2  (9.81)(4)?
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Then from Figure 40, for a riprap structure,

R = (0.92) (H})
= (0.92)(1.2)
R = 1.1 meters (3.6 feet)

Figure 40 is derived from large-scale experiments, and no correction
for scale effects is necessary (discussed further in Sec. VI).

* Kk % Kk *k Kk *k Kk *k * *x k X K * *k Kk Kk * *k ¥k Kk * Xk Kk *k * Kk * ¥ * * * *k % *

*i'k**********EWLEPROBLEMIO * k * *x Kk k k *k Kk ¥ * % *

GIVEN: Rubble-mound structure using two randomly placed layers of tri-

ars for protection; cot 6 = 1.5; B = 0; dg = 10.0 meters; HY = 3.4
meters (11.2 feet); T = 6.2 seconds; h, =~ 10.0 meters; k, ~ 0.7

meter (2.3 feet), where Kk, is the length (height) of a tribar leg.

FIND: Determine runup.

SOLUTION:
dg H) h,
w— = 2,94 s — = 6: — =~ 1.0
o 2.94 S0 B 4.86; 3
H: 2
% 4. = 0.009 .

gT?  (9.81)(6.2)2

This structure is similar in design (high core) to the rubble-mound
breakwater tested by Jackson (1968a) for which r values are given
in Table 11, However, r values are not listed for tribars for
the condition of Hé/kr = 4.9. An estimate of r 1is necessary.
Relative roughness in Table 11 is specified for a particular rela-
tive depth, dg/H} = 5.0. For dg/H} = 5.0, the relative roughness

in this problem would be

Eé
Kk

(o) (4

- () (5]

2.86, for

Q-

8

iy

_37:" o
i

5.0 .
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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, dg/H} = 5.0, and H}/k,, = 2.86, Tepibar = 0.44.
However, this problem requires an answer for dg/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 dg/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,

o = 1.82 .

© gmooth

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

then
R o IR
() g ™ )
rough smooth

(0.44) (1.82)

(%7) = 0.80 .
0/ rough

The runup on this rubble mound is

R
) o
o/ rough
= (0.80)(3.4)

R ~ 2.7 meters (8.9 feet) .

Evaluation of possible scale effects is discussed in Section VI.

* % k& k %k % *x * * Kk & &k *k Kk * k *k * *k k * *k *k *k * *k *k & * *k * * &k % * *

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 performed on precast, interlocking stepped blocks (Jachowski, 1964),
on impermeable steps (Saville, 1955) and on soil-cement stepped slopes
(Nussbaum and Colley, 1971)., Saville's tests were conducted with the

96




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, slightly different 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 dg/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 dg/H} = 0.38 in Table 16 is based on one point only and a
higher 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; dg > 0 (after Saville, 1955).

dg/H}) Hi/k, r (avg)
0.38 12.0 0.56
0.75 6.0 and 12,0 0.74
1.5 3.0 and 6.0 0.80
3.0 3.0 0.76

'k, is the step height.
?Based 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; dy = 0 (after Saville, 1955).

amy 1 By ke & r (avg)
4.1 6.0 0.70
8.3 3.0 0.74

luse d/HY, not dg/H}.

’kp is step height. gi;
y
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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
(H3/gT? ~0.006 and greater); individual r values were as high 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 slopes
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.

Table 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 tests 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 Committee on Protection Against
Inandation (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 values to estimate rough-slope
rwicp for conditions not tested. Actuail, A tactor r appears to
be as highly dependent on the several wo .o -l st ucture conditions as
relative runup, R/ll",. For exampl ¢ " "¢ andiiadual r  values

for quarrystone riprap slopes was, for 4 < d;/H; < 10 and 1.5 < Hy/kp 25

and the slopes noted: 1 on 1.5, 0.53 < r < 0.68; 1 on 2.5, 0.51 < r < 0.69;

lon 3.5, 0.43 < r<0.67; 1on5, 0.44 < 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 vari-
ables, principally structure slope and cross section, relative armor
size, and 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 applicable 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.

'**i*****t*t*EXMLEPROBLEMll * k¥ % % k k &k &k *x * * * *

GIVEN: Quarrystone rubble-mound structure; cot 6 = 1.5; cot B = 40;
HY = 2.2 meters (7.2 feet); T = 8.9 seconds; hpe = 3.4 meters;
k, =~ 0.815 meter (2.7 feet); dg = 3.14 meters (10.3 feet).

FIND: Determine runup.

SOLUTION:
d H} h
o o= 143 2 =275 £ a1
) r 8
H'
4 2

= —2:2 . 0.00283 .

g2 (9.81)(8.9)

This structure is similar in design to the rubble-mound breakwater

tested by Jackson (1968a). However, dg/HY 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
imilar geometry. From Table 8, for H)}/k, = 2.7 and cot 6 = 1.5,

r e, 52 .

th-slope runup is determined from the curves in Section V,1.
fhis problem has cot 8 = 40, but the only beach slope available
in Section V,1 is cot B = 10. Nevertheless, from Figure 22, for
dg/M) ~ 1.5, cot ® = 1.5, and HY/gT? = 0.0028,

R

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

) s~ ()
o 2 Y|
("O rough H5/ smooth

= (0.52)(3.6)

(;;_) - 187,
2] }
rough

The estimated runup is

R
Ryough = (ﬁz)rough (HY)

(1.87) (2.2

Rpough = 4.1 meters (13.5 feet).

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

X R W ok kW R W ok Kk W kR R kW ok W R kR kW kW
VI. SCALE EFFECTS
1. General.

The study of scale effects in runup has been limited. The SPM con-
tains runup corrections for smooth slopes based on work by Saville (1958).
Dai and Kamel (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 4.6 meters
(10.0 to 15.0 feet). Other runup studies, 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.
Examples are given in Saville (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 1 on 2 slope 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 consistently
higher nor lower relative runup values. Hudson and Jackson (1962)
studied riprap on slopes of 1 on 2 and 1 on 3 for two prototype depths,
two model scales, and differing prototype rock sizes. Ahrens (1975a)
tested riprap slopes at near-prototype scale.
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2. Reynolds Number.

P——

Model-to-prototype ratios have often heen 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. Direct com-
parisons between various model scales are possible by using dimension-
less variables, including a Reynolds number, assuming viscosity is the
primary cause of scale effects. |

Reynolds numbers (R,) wused 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 number was defined using, for velocity, the water particle
velocity paralle)l 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 Ry is difficult to use as defined.

Hudson and Davidson (1975) present data from Dai and Kamel (1969)
using a different Reynolds number for rubble-mound stability tests

defined as
(8"D=o)"" (kp) :
2 V) ’ (10)
where
4 = gravitational value

Hpep = zero-damage wave height
kn = characteristic diameter
v = Kkinematic viscosity of water

This latter definition is more 'workable," but depends on the empirical
value of "D-O'

The implicit understanding when plotting data against R, must be
that the other required dimensionless terms have the same value in the
different scale models. Hudson and Davidson plot the stability number
versus R,, and the assumption in this case, then, would be that the

wave conditions are sufficiently sgecified by using the zero-damage wave
height and armor unit dimension. For the plot given by Hudson an
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Davidson, a critical Ry, is found at R, = 3 x 103. Scale effects cease
to be important for R, values larger than this critical value.

In evaluating scale effects in runup, a Reynolds number may again be
defined and used for plotting R/H) versus R, 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 HD=0)’ as was
done by Hudson and Davidson, 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 number used in this study is a ''depth' Reynolds number
(defined in Sec. II):

12
(Re)d = Lg(—i)_-—d— = (11)

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

(gd )2 a
Re = (Re)dy = ——2 . (12)

vV

This definition is particularly useful because the terms are easily
defined. The term (gcis)u2 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 16° Celsius: v ~ 1.21 x 10”° feet squared per
second = 1.124 x 10~ 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 values for each set of specified 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 same for varying
wave conditions.

Table 19. Reynolds numbers for three different depths.

. 4.57 0.61 0.30
(ft) (15) (2) (1)
R, 2.72 x 107 1.33 x 108 4.69 x 10°
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Figure 47. Hypothetical sketch of relative runup
variations (scale effects) on a given
structure for sets of specified wave
conditions and varying Reynolds number.

3. Smooth-Slope Scale Effects.

Limited large-scale data for smooth slopes on a 1 on 10 bottom slope
are available (Saville, 1958; 1960). From this data and other appropri-
ate small-scale data, Figure 48 was prepared in the manner previously
discussed. The figure gives results only for dg/H}) = 1.5, because the
large-scale data were limited to a narrow range of ds/ué values close
to dg/HY, = 1.5. Small-scale data used are from Saville (1955, 1956,
1958, 1960), and Hudson, Jackson, and Cuckler (1957). The small-scale
tests by Saville (1958) were one-tenth the scale of his large-scale
tests, and the geometrical arrangement was the same in both cases.
Saville's data are given in Table 20. The smooth slope was not modeled
exactly between scales, because plywood was used for both the small-
and large-scale tests and the small scale may have been proportionately
rougher. An attempt to closely model the slope roughness is discussed
later in this section.

In the small-scale tests, the variability of results for the 1 on 3
slope is pronounced (Fig. 48). The range of runup values derived from
Hudson, Jackson, and Cuckler (1957) for Ry, = 9 x 10* encompasses those
runup values of the largest scale (R, = 3.75 x 108). Also, for the
1 on 3 slope, the data of Saville (1955) vary considerably between the
two Reynolds numbers, Ro = 6.3 x 10% and 1.8 x 10°, In contrast to the
1 on 3 slope, the 1 on 6 slope values show less variability.

Comparisons in Figure 48 were not extended to lower wave steepnesses
because the large-scale test conditions were such that at low wave steep-
nesses, the waves were long relative to the bottom slope ({/L values of
0.21 and 0.30 were tested). However, even for the wave conditions given
in the figure, {/L values varied between certain experiments. Thus,
test conditions are similar but not necessarily the same.
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Table 20. Comparisons of swooth-slope runup between smsll and large scales for 1 on 3 and 1 on 6
structure slopes with 1 on 10 beach slope (after Saville, 1958, 1960).

de/gT? Hy/gT? Small scale! Large scale? (R/H) Group svg
dy = 0.12 m (0.4 f¢) dg = 1.2 m (4.0 fr) m)'.% |
R/H R/HG
1 on 3 structure siope
0.000485 | 0.00011 4.7 5.2 1.11
0.000485 | 0.00023 | . 6.2 6.5 1.08 |
0.0009? 0.,00026 3.75 3.88 1.035 .18
0.00201 | 0.00041 2.0 1.97 “0.98 1.04 b
0.00097 0.00071 4.37 4.47 1.02
0.00097 0.00102 3.07 4.045 1.32 {
0.00201 0.00131 2.67 2.69 1.01
0.00201 0.0027 2.33 2.67 1.15
0.00647 0.00278 2.58 ; 3.27 1.27 1.15
0.0088 0.0048 1.98 2.55 1.29
0.00647 0.0049 2.1 2.82 1.28
0.00647 0.0080 1.32 1.64 1.24
0.0128 0.0083 1.78 1.88 1.06
0.0088 0.0084 1ed 1.97 1.37 1.25
0.0088 0.0101 1.10 1.30 1.18
0.0128 | 0.0104 1.54 1.89 1.23
0.0128 0.0125 1.09 1,46 1.34
0.0182 0.0135 .21 1,52 1.26 1.28
sl
Overall avg 1.17
1 on 6 stricture slope
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 0.00131 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 1,08 1.21 i
0.00647 0.0080 0.63 0.75 1.19 i
0.0128 0.0083 0.68 0.73 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 ;
0.0128 0.0125 0.47 0.56 1.19 f
0.0182 0.0135 0.49 0.54 1.10 1.14 !
Overall avg 1.14

g = 1.19 x 105,
g, = 3.75 x 106,
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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 potentially 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 dy/H) and Hé/gT values), the larger toe depths in
Saville's tests generally gave larger relative runup. 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 limited data did not exhibit 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 of differing
relative bottom slope lengths (£/L) 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 dg/H} and Hé/gTz. However,
the percentage difference in runup for the two toe depths is much less
than in the earlier tests. The differences 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 condition% noted. For this reason also, the data points for
Re = 3.9 x 10 and Rg = 1.1 x 10% 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 dg/Hb = 1.5, essentially only two
wave steepnesses were tested, Ho/gT2 ~ 0.0067 and 0.010. Variations in
beach-slope length were also tested for these wave conditions. For each
geometrical arrangement and for constant dg/H4, 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
subjected 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 different scales (dif-
ferent toe depths) for a total of six test conditions.

The range of runup values for each H}/gT? value at R, = 9.0 x 10"

in Figure 48 is caused by the differences in relative beach-slope length.

For the 1 on 3 slope, the lower runup values are associated with the
longer slope length, £, as expected, and that slope length is the
same (in relative terms) as used for the large scale (R, = 3. 75 x 108).
For the 1 on 6 slope, the higher runup values at R, = 9.0 x 10" are
associated with the longer slope length, £, which is not the expected

result; however, these runup values are essentially the same as obtained
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at Rg = 3.75 x 10° by Saville (1958). Hudson, Jackson, and Cuckler
(1957) tested a 1 on 6 slope at a larger scale (Rg = 2,12 x 10%) using
a beach-slope length, £, relatively longer than used in tests at
either Re = 9.0 x 104 or Re = 3.75 x 10%, yet the relative runup is
higher at R, = 2.12 x 10° than for either smaller or larger scales,
Thus, the data of Hudson, Jackson, and Cuckler give mixed results which
are certainly a result of the limited data available, the beach-slope
effects, and the different experimental equipment and techniques.

To better model slope roughness, Saville (1958, 1960) also conducted
large-scale testing in addition to that given in Table 20. The small-
scale (Re = 1.19 x 10%) test structures had plywood surfaces like the
large-scale tests (Re = 3.75 x 106). The large-scale plywood slope was
coated with one layer of 0.4-millimeter sand, which was expected to more
closely model the roughness of the small-scale tests, and was considered
to be more representative of prototype situations. Because of time
limitations, only three wave conditions were tested on the 1 on 3 slope:
HY ~ 1,65 meters (5.4 feet) and T = 7.87 seconds; HY = 0.58 meter (1.9
feet) and T = 16.0 seconds; HY ~ 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 slope. !

Small scale, smooth | Large scale, roughened| (R/H})
d./;’r? H",/g'l‘2 dg = 0.12 m (0.4 ft) dg = 1.2 m (4.0 ft) Tmﬁ%
R/H, R/Hy 7
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 may be obtained from Table
20 for smooth slopes, without considering the roughness test results
given in Table 21. Thus, for Hé/gTz 2 0.003, the average ratios 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
1 on 3 slope was roughened with a sand layer, large-scale runup for
two wave conditions (Hé/g’l‘2 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 1 on 3 slope.

Saville (1960) notes that earlier tests showed no scale effect for
a 1l 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 6 = 1.25.
A maximum value of k 1is reasonable and, in fact, a decrease is likely
for very steep slopes because, for 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
heights. After a review of Figure 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
same 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 relatively constant values of
R/H; for the 1 on 6 slope for R, 2 2.1 x 105 and because the large
variation in 1 on 3 slope runup values at low Rg numbers includes
values as high as those at large R, numbers, a 'critical" Reynolds
number appears to be in the range 2 x 105 < (Re)e < 4 x 10° for low
dg/H), values such as dg/H}, = 1.5. The critical Reynolds number is a
value beyond which relative runup would not increase for increasing
Reynolds numbers.

The values for the lowest wave steepness (Hé/gTZ < 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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Many questions concerning runup scale effects are left unanswered

by the available data. Steep 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 6 = 15. The curve would have a
different shape if, for example, the correction coefficient for

cot 6 = 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 dg/H) and Hé/gTz) 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 greatly affected by roughness elements
and its presence would be a function of incident wave conditions.

New experimental work directed at the above problems would certainly

clarify some points. However, until further testing warrants changes,
Figure 50 is recommended for use in determining scale effects in the
design 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 uncertain 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 6 = 1.5. Three different water depths
(see Table 19) were used, and these can be given in terms of the
Reynolds number: Rg = 4.69 x 105, 1.33 x 10%, and 2.72 x 107. Quarry-
stones considered to be either smooth or rough were used in the
various tests. The set of runup data for smooth quarrystones, and
Re = 1.33 x 108, appears to have 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 Kamel concluded that their tests gave inconclusive results
regarding scale effects in runup. However, when the data are compared

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 dz/H) = 4.0 and 5.0 are combined and averaged for approximately

0.0007 < Hé/ng < 0.017. The three high values of runup for the large
scale at Hé/gT2 ~ 0.014 appeared questionable and not included in the
derivation of the table.

Table 22. Scale effects for quarrystone rubble mound with core much
below SWL (cot 6 = 1.5) (after Dai and Kamel, 1969).

P R(large scale) ! R(large scale) 1
o R(medium scale) 2 R(small scale) 3
4.0 and 5.0 1.06 1.10

ltarge scale: R, = 2.72 x 107, wkere R, = vgd.d./v.
8 ) e ss
1.35 % 108,

4.69 x 10°.

2Medium scale: Re

3Small scale: R,

Dai and Kamel's (1969) data give runup values considerably higher
than Hudson's (1958) data (approximately 30 percent higher at the same

scale), even when all of Hudson's data are included, yet the runup data
in the two studies appear consistent within each report. Thus, most of

the difference is apparently due to differences in experimental pro-
cedures rather than scale effect; some of the difference certainly is
in the difficulty of measuring runup on rubble slopes. However, 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 Kamel's results also seem comparable with trends of Ahrens' (1975a)

data (Figs. 40 and 41), although his H)/k, values were slightly larger

(H5/kp = 3.15 compared to H)/k, = 2.5 and 2.7 at dg/H} = 5.0).

Because the runup data of Dai and Kamel appear high in relation to
other testing, Hudson's runup values are recommended; however, because
Dai and Kamel's runup data appear internally consistent, 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 application to the steep structure slope 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, with the top of the core
located approximately at the SWL. The quadripod tests were also per-
formed on rough and smooth armor unit types, as in the quarrystone
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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 hetween the medium and 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 mound (h,/d; =~1.1;
cot 6 = 1.5) (after Dai and Kamel, 1969).

il R(large scale) ! R(medium scale) 2
i R (medium scale) * Riemall scale) 3
4.0, 5.0, 8.0 ~1.02§ ~1.09

lLarge scale: R, = 2.72 x 107, where R, = vgd dg/v.
2Medium scale: R, = 1.33 x 10°.

Ismall scale: R, = 4.69 x 105,

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" scale of Dai and Kamel (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.

n

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, California, project, 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 differences 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
highly 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 values of R/H} for constant da/g'l‘2 but varying
H)/gT? 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
different water depths (scales): dg = 0.30 meter (1 foot) and dg = 0.51
meter (1.67 feet). The test results for these two depths are roughly
equivalent, Ahrens (1975a) conducted large-scale testing of riprap on
slopes of cot ® = 2,5, 3.5, and 5. His H)/k, ratio at dg/H} = 5.0
was somewhat larger than that tested by Hudson and Jackson; however, the
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H)/k, values were close and would be expected to have only negligible
effect on comparison of the two experiments. The data of Hudson and
Jackson and of Ahrens can be compared for cot 8 = 2.5 or 3, as these
conditions overlap, when values are interpolated between experimental
conditions. For dg/H} = 5.0, Ahrens' runup data, for both cot 8 = 3 and 2
(as extrapolated), are slightly lower than that by Hudson and Jackson.
Since Hudson and Jackson had the smaller H}/k,, value which represents

a larger roughness, the results are not quite as expected and the com-
parison is inconclusive regarding scale effects. The runup results of
Ahrens 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 (dg = 4.57 meters (discussed previously in Sec. V,2,a)).
There are apparently 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,1,b). Since no small-scale tests are
available for comparison of scale effects, 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 Table 22; i.e., k & 1.06 for steep structure slopes
tested at Rg = 1.33 x 10%, and applies to Figures 25, 26, and 27 derived
from Hudson's data. For Rg = 4.69 x 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 would
apply 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 available and should
be used directly, if possible (Saville, 1962; Ahrens, 1975a). The tests
of Hudson and Jackson (1962), when compared to large-scale tests, indi-
cate that little, if any, scale correction is required for runup results
derived from small-scale riprap (Rg 2 4.7 x 103) ; however, comparable
wave conditions and structure designs are not available over the full
range of small- and large-scale tests.

Runup scale effects on rubble structures fronted by a sloping beach
are not available. Until further studies are conducted, the values
given above are recommended for application to tests of small-scale
structures fronted by sloping beaches.
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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 order of cot & = 5 (or even steeper).

S. Example Problems.

.'.."*.*****EWLEPROBLEMIZ * Rk R R Kk K %k o w k kW

GIVEN: Runup, uncorrected for scale effects, was determined in example
problem 4 for the following conditions: smooth structure slope;
cot ® = 3; cot B = 90; H = 2.5 meters at d = 10 meters; T = 8
seconds; dg = 7.5 meters. Then, R/HY = 2.0 and R = 5.4 meters.

Find: Determine the full-scale runup.

SOLUTION: From Figure 50, for a structure slope of cot 6 = 3, the run-
up correction factor, k, is determined to be 1.12. The corrected
relative runup is then

B = (2.0)(1.12) = 2.24
(¢}

and
R = (2.24) (HY)
R = (2.24)(2.68) = 6.0 meters

The correction factor, k, may also be applied directly to the
uncorrected absolute value of runup, R; then,

R = (5.4)(k)

R = (5.4)(1.12) = 6.0 meters
*ii'iii.tttt"t'it.'itit'ii!t***itti
""""""""EWLEPROBLEMI} ® ok Rk & R ok ok * X w k kW
GIVEN: Relative runup has been determined for a rubble-mound structure

which has quarrystone armor units. The top elevation of the core

is below SWL. Structure slope is cot & = 2; B = 0. R/H, is based
on model experiments for R, ~ 1.3 x 10°.

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

18
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SOLUTION: These conditions are similar to those tested by Hudson (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 H
cot 8 = 1.5, and k = 1.06 is used. Therefore,

(3_) X (k)(l‘_)
H5 |corrected HY lamall scale

- (1.06)(5-)

R
(Hé\)corwcted HY | small scale 4

t*tii#i*tt'******t**'***'*ti#**#****
.*'*********'EXAWLEPROBLEM14 ® %k ok ok Kk kX kX *k k * * w W% I

GIVEN: Riprap slope, cot 6 = 3; 8 = 0; dg/H} =~ 4.5; Hy/gT? ~0.0085.

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

SOLUTION: Stone size is not given; however, a large value of Hj/kp
is assumed (e.g., Hi/k, < 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 © = 3 and H)/gT? = 0.0085, R/H} ~ 0.88.

"

(0.88) x (435) 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. Thus, R = 1.56 meters is the full-
scale runup.

VII. RECOMMENDATIONS FOR FUTURE RESEARCH

In this study, a number 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 conditions. Incident wave heights would best be measured
in the uniform depth part of the wave flume. When testing structures
fronted by either horizontal or sloping bottoms, dy/gT? should
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preferably range from 0.08 (deep water) to values in the shallow-water
range (dS/g'l‘2 < 0.0016); dg/H) should range from a large value (such
as 15) to as small a value as possible. The range of dg/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 dB/gT2 and dg/H) are specified.) Waves incident to
a structure sited on a horizontal bottom should be of the maximum wave
steepness possible.

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

(c) Tests of runup on structures fronted by gentle bottom slopes,
e.g., 1 on 20 to 1 on 50 or flatter, are desirable. A large amount of
runup data has been obtained for smooth slopes fronted by 1 on 10 bottom
slopes, but such a steep bottom slope is unrealistic for most applica-
tions. Emphasis should be given to the range 1 < dg/H} < 3, for which
waves would be expected to break 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
height index (Hy/H}) could be developed. This index would then be
applicable for waves approaching a structure. Breaker height index
curves in the SPM are derived from tests conducted on uniform slopes
which extend from above water level to the maximum depth. Jackson
(1968b) reported test results of maximum breaking and nonbreaking 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 design
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 & = 1.5) should be included. Low dg/H3
values (1 < dg/H} < 3) would ensure that data are acquired 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 hottom
slopes. Such testing could be accomplished by holding conditions con-

stant at the structure toe (e.g., constant dg, dg/H}, and H}/gT?) and
varying the length of beach slope (i.e., varying the depth, d, at the
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toe of beach slope). Holding dg constant would keep the model at the
same scale (same Reynolds number) to allow isolation of the effects of
slope length.

(f) Testing of different armor unit sizes, with other conditions
remaining the same, would allow a better evaluation of the effects of
relative roughness. As a minimum, armor units should be tested at con-
ditions close to their stability limits at each of several dg/H}

values (e.g., 1.0, 1.5, 3.0, 5.0, etc.).

(g) Many small-scale runup tests have been conducted for structures
sited on horizontal bottoms. Large-scale tests of runup on smooth struc-
tures 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 < dg/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 dg/H) values (1 < dg/Hj < 5).
Evaluation of scale-effect tests requires use of identical geometries,
including the length of beach slope. Tests at intermediate Reynolds
numbers may help determine the minimum model scale necessary for pre-
diction of prototype runup. Intermediate values would be on the order
of 4 x 10% < R, < 2 x 10% for structures on sloping beaches, or
2 x 10 < R, < 1 x 107 for structures on horizontal bottoms.

VIII. SUMMARY

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

H' \9-1
Eea (cot g) - 104 (4_23)(10)2(q-1) (—2—) for cot 6 > 2 .
HY gr?

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, Hé/gTz. Thus, equa-
tion (8) is cons2rvative and gives (R/H});,. 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 considered breaking regardless of rela-
tive depth; equation (5), with H replaced by Hj, is

-2_ 5 0.031 tan? o .

gT?
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For lesser steepness, some waves may still be breaking. Figure 4 shows
minimum values of Hé/gTz for breaking waves as a function of ds/gTz.
The flow chart in Figure 6 describes use of the equations. Runup of
nonbreaking waves on a structure fronted by a horizontal bottom, to=
gether with breaking wave runup (if desired), 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) decreases, for a given dB/Hé and
Hé/gTz, 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 dg/H) in the presence of a
horizontal beach.

Maximum absolute runup, R, for a given wave period will 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 dg/H} values. For a given
dg/H), value and constant dg, higher runup, R, will occur at lower
wave steepnesses, H&/gTz. Conversely, for a given wave steepness and
depth, dg, higher runup will occur at the lower values of relative
depth, dg/H). For structures on sloping beaches, runup, R, for a
given wave steepness may be approximately the same for different dg/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 absolute runup may not be coincident
with the maximum relative runup for a given range of conditions,

Runup 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 6 for isolines of Hb/gT2 and for specific dg/H) and
H4/kp values. In all cases, also, the ratio between the rough-slope
runup and smooth-slope runup, r, is given. The ratio r is given as
r = f(HY/kp, 8). Thus, for any given H}/k, and dg/H), , r is an
average of several values over a range of Hg,/gT2 and is expected to
be a function of dg/H§ and HY/gT?, but insufficient data exist to
further develop the relationship. Runup for structures or wave condi-
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 prediction are expected to be generally *10 per-
cent but may be as high as 25 to 30 percent,

Runup on rough slopes in cases where waves are breaking near the
' values) is a common design situation for

structure toe (low dg/H)
which few experiments are availahle. The tests by Raichlen and Hammack

(1974) and Palmer and Walker (1970) both indicated a value of r = 0.5
for Hé/kr ~ 2.0 and for 1 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 armor layers and with larger
dg/H}, values, for which waves did not break in front of the structure.
The result suggests that the available r values determined for larger
dg/H}, values are applicable, although possibly high, to estimates of
rough-slope runup for slopes and relative depths not tested but for
which smooth-slope results are available. Further testing is necessary
to clarify the relationships.

Scale effects were investigated, but the number of large-scale test
results is limited. A correction curve for smooth slopes is given in
Figure 50. Data for analyzing rough-slope effects are even more limited
than for smooth slope. Tables 22 and 23 (both for cot 8 = 1.5) give
suggested values for quarrystone and quadripod rubble-mound structures.
Scale corrections for both steeper and gentler slopes would be expected
to be lower. Large-scale test results are available for rviprap slopes
(Figs. 40, 41, and 42} and, if applicable, are recommended for use
without correction.
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