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C.ON\'ERSION FACTORS, U.S. CUSTOMARY TO METRIC (SI) UNITS OF MEASUREMENT 

U.S. cus tomary units of measurement used in this report can be converted to 
metric (SJ) 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 meters 

square feet 0.0929 square meters 
cubic feet 0.0283 cubic meters 

yards 0.9144 meters 
square yards 0.836 square meters 
cubic yards 0.7646 cubic meters 

miles 1.6093 kilometers 
square miles 259.0 hectares 

knots 1.852 kilometers per hour 

al:res 0. 4047 hectares 

foot-pounds 1.3558 newton meters 

millibars 1.0197 X 10- 3 kilograms per square centimeter 

ounces 28.35 grams 

pounds 453.6 grams 
0.4536 kilograms 

ton, long 1.0160 metric tons 

t6n, c;hort 0.9072 metric tons 

degrees (angle) 0.01745 radians 

Fahrenheit degrees 5/9 Celsius degrees or Kelvinsl 

1To 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. 
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SYMBOLS AND DEFINITIONS 

material identifier 

spectral coefficients 

spectral coefficients 

empirical rough-slope runup coefficient 

incident wave amplitude at a spectral line -

reflected wave amplitude at a spectral line 

breakwater top width 

spectral coefficients 

spectral coefficients 

empirical rough-slope runup coefficient 

transmission by overtopping coefficient 

empirical wave runup on smooth-slope coefficients 

empirical wave runup on smooth-slope coefficients 

empirical wave runup on smooth-slope coefficients 

physical model correction factor= (KTt ) prototype/(KTt) model 

water depth 

water depth at toe of a structure 

median material diameter 

breakwater freeboard = h - d s 

wave frequency = 1/T 

acceleration due to gravity 

incident wave height 

reflected wave height 

root-mean-square (rms) wave height 

significant wave height 

transmitted wave height 

mean wave height 

a 10-digit identification code (year, month, day, hour, minute) 
assigned to each data collection run 

spectral line number 
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SYMBOLS AND DEFINITIONS--Continued 

reflection coefficient 

transmission coefficient = ~K~0 + K~t 
wave transmission by overtopping coefficient 

coefficient of wave transmission through a permeable breakwater 

wave number = 2n/L 

wavelength 

deepwater wavelength 

material porosity 

probability 

spectral-peakedness parameter 

incident spectral-peakedness parameter 

reflected spectral-peakedness parameter 

transmitted spectral-peakedness parameter 

wave runup 

autocorrelation of wave heights 

correlation of wave heights and periods 

wave period 

period of peak energy density 

median weight of material 

specific weight 

band width 

gage spac1ng 

root-mean-square water level 

angle of seaward face of a breakwater 

kinematic viscosity of water 

surf parameter = (tan 0/ yH/L
0

) 

autocorrelation of zero up-crossing wave heights 
• for incident waves 

• for transmitted waves 
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TWO-DIMENSIONAL TESTS OF WAVE TRANSMISSION AND REFLECTION 
CHARACTERISTICS OF LABORATORY BREAKWATERS 

by 
WiZZiam N. Seelig 

I. INTRODUCTION 

The primary function of a breakwater is to reduce wave heights in an area 
being sheltered. Breakwaters are primarily used to protect harbors from 
excessive wave action, to prevent beach erosion, and to trap sediment for 
mechanical bypassing at an inlet or harbor entrance. A secondary use of 
breakwater design is to reduce the wave reflection from the structure. 
Reflected waves combined with incident waves can produce undesirable water 
motions that may be a nuisance to navigation or encourage scour at the toe of 
a structure. 

Since the cost of building breakwaters is generally high, methods are 
needed to estimate transmitted and reflected wave heights to enable comparison 
of alternative structure designs. This report presents suggested methods for 
predicting transmission and reflection characteristics of breakwaters based on 
laboratory experiments, including the work of previous investigators. These 
method? supplement Section 7.23 of the Shore Protection Manual (SPM) (U.S. 
Army, Corps of Engineers, Coastal Engineering Research Center, 1977). The 
basic types of breakwaters considered are permeable and impermeable structure~ 
with crest elevations above the stillwater level (subaerial) and below the 
stillwater level (submerged). The other factors investigated include wave 
height, period, breakwater cross-section design, and material characteristics. 
Both monochromatic and irregular waves were tested. 

Section II of this report presents a brief review of research conducted 
by previous investigators. Section III describes the laboratory setup and 
procedures; Sections IV, V, and VI present data analysis methods and definitions. 
The conditions tested are summarized in Section VII. Detailed descriptions of 
the breakwaters tested and materials used are given in Appendixes A and B; 
summary tables and figures of laboratory results are presented in Appendixes 
C, D, and E. 

Laboratory results are used in this study to develop a method for predicting 
wave transmission by overtopping coefficients using the ratio of breakwater 
freeboard to wave runup (suggested by Cross and Sollitt, 1971) and the break­
water crest width (suggested by Saville, 1963). The wave transmission by 
overtopping prediction method is then combined with the model of wave trans­
mission through permeable structures of Madsen and White (1976) and this 
combination package is verified with the laboratory results over a wide range 
of conditions. Prediction methods are summarized in the computer programs 
OVER and MADSEN (Apps. F and G). An example breakwater design is worked with 
the aid of the two computer programs to illustrate how the prediction methods 
can be used to compare alternative breakwater designs, and to illustrate the 
importance of various design parameters. 

II. LITERATURE REVIEW 

Some of the important sources of ideas and data used in preparing this 
report are summarized below in chronological order. 
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Saville (1963) tested a large number of similar rough structures.with.a 
1 on 2 front-face slope for a proposed breakwater at Point Lorna, Cali~ornia. 
Most of Saville's breakwater models had a crest elevation near the stillwater 
level, so wave transmission in most of the tests was primarily due to overtop­
ping. Some of the breakwaters tested were first modeled in the large wave tank 
at the Coastal Engineering Research Center (CERC), then re-tested at a smaller 
scale to examine scale effects. Some tests were repeated with otherwise 
identical permeable and impermeable breakwaters to assess the influence of 
wave transmission through the permeable breakwaters and wave transmission by 
overtopping. The breakwater crest width was also varied over a wide range of 
values to determine the influence of width on the wave transmission coefficient. 
Since wave reflection coefficients were not measured, the burst method was used 
during testing to avoid laboratory effects caused by re-reflection of waves 
from the generator blade. 

Lamarre (1967) measured wave transmission by overtopping for a structure 
with a comparatively narrow crest width and 1 on 1.5 structure slopes. Wave 
conditions and the height of the structure were varied. 

Goda (1969) tested vertical, smooth impermeable structures for wave 
transmission by overtopping. The breakwater crest width was varied and a 
wide range of submerged and subaerial structure heights and a number of wave 
conditions were tested. Wave reflection coefficients were measured to deter­
mine the incident wave height acting on the structure. A nonlinear empirical 
equation was developed for predicting wave transmission coefficients. In this 
formula the transmission coefficient is a function of the ratio of the break­
water freeboard to the incident wave height and two empirical coefficients, 
where the coefficients are related to structure geometry and the relative 
water depth. 

Davidson (1969) tested a 1 on 40 scale model of a breakwater proposed for 
Monterey Harbor, California. The breakwater had tribar armor units and 
experienced a combination of wave transmission over and through the structure. 

Cross and Sollitt (1971) developed a semiempirical model for wave trans­
mission by overtopping of subaerial breakwaters. The model was compared to 
Lamarre's (1967) data for a smooth impermeable structure with a 1 on 1.5 front­
face slope. Cross and Sollitt's model suggests that wave transmission by 
overtopping is a nonlinear function of the ratio of breakwater freeboard to 
runup. Examination of Saville's (1963) data suggests that a linear model would 
form an upper envelope for wave transmission over rough structures. 

Keulegan (1973) measured wave transmission through a number of vertical­
faced permeable breakwaters using a wide variety of materials and wave 
conditions. Comparison of results led to development of a method for design­
ing scale models that consider scale effects. 

Sollitt and Cross (1976) tested wave transmission through a 
rubble-mound breakwater and used this information to develop an 
empirical model. 

permeable 
analytical-

Bottin, Chatham, and Carver (1976) tested 1 on 22 rubble -mound scale and 
concrete armor unit breakwaters proposed for Waianae Harbor, Hawaii. Wave 
transmission consisted of a combination of wave transmission by overtopping 
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and wave transmission through the structures. Wave reflection coefficients 
were not measured. Wave runup on dolos was observed. 

Madsen and White (1976) developed a analytical-empirical model for the 
prediction of wave transmission and reflection coefficients for wave trans­
mission through subaerial rubble-mound breakwaters. The model employs the 
long wave assumption, so predictions using their model are expected to be 
most reliable for shallow-water waves. Comparison of the Madsen and White 
model with physical model tests by Keulegan (1973) and Cross and Sollitt (1976) 
shows that the wave transmission coefficient can be predicted more reliably 
than the reflection coefficient. 

The data from independant tests of wave transmission by overtopping con­
ducted in this study, together with the results of Saville (1963), Lamarre 
(1967), Goda (1969), and Cross and Sollitt (1971), are used to develop a wave 
transmission by overtopping equation similar to one proposed by Cross and 
Sollitt (1971). The equation is then combined with the model of wave trans­
mission through permeable breakwaters of Madsen and White (1976) to form a 
generalized model of wave transmission for breakwaters. This model is verified 
by comparing numerical and physical model results for a wide range of conditions. 

III. LABORATORY TESTING 

1. Laboratory Test Setup. 

Laboratory tests were performed at CERC in a wave tank 4.57 meters wide, 
42.7 meters long, and 1.22 meters deep. A part of the tank was divided by 
four walls to form two interior test flumes, each 61 centimeters wide; the 
remaining tank width contained a 1 on 12 absorber beach made of crushed stone 
with a median diameter of 2.9 centimeters (Fig. 1). This arrangement allowed 
two experiments to be performed simultaneously, and energy reflecting off of 
the test structures diffracts out of the test flume to minimize re-reflection 
of waves off of the generator blade. 

The laboratory breakwaters were located between stations 5 and 10 meters 
along the flume and parallel-wire resistance gages were used to measure wave 
conditions in the flume. Gages placed at stations 1.40, 2.35, and 2.70 meters 
along the test flumes were used to document incident and reflected wave condi­
tions. One or two gages placed landward were used to measure transmitted waves 
(Fig. 1). 

A wave absorber consisting of a crushed gravel slope covered with a 0.6-
meter-thick layer of hogshair was placed at the end of the test flume to absorb 
a majority of the transmitted wave energy. The test flume was terminated 3 
meters before the end of the wave tank to allow water overtopping the test 
structure to escape from the flume through the absorber gravel. This arrange­
ment prevented the buildup of water on the landward side of the test structure. 

2. Methods of Generating Waves. 

Waves in this facility were generated by a programable piston-type generator 
with a mean blade position 19 meters seaward of the entrance to the test flumes. 
A minicomputer was used to produce monochromatic waves of a specified wave 
height and period by moving the blade with a sinusoidal motion. Irregular waves 
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were produced by using the CERC Data Acquisition System ( DAS) t o create a signaJ 
to move the blade. Irregular waves were made by summing SO components of vary­
ing amplitude, period, and random phase to produce a wide variety of spectral 
shapes . 

3. Data Collection. 

The laboratory data collection schyme was designed after the CERC field 
wave data monitoring program. Data collection was performed automatically by 
the DAS in the following sequence: 

(a) Wave gages were calibrated. 

(b) Waves were produced for several minutes to allow tank startup 
transient conditions to die out. 

(c) Wave gages collected data at a sampling rate of 16 times a 
second over a 256-second sampling interval. 

(d) The 4,096 data points from each gage were then stored on 
magnetic tape for analysis. 

(e) A 10-digit identification code consisting of the year, month, 
day, hour, and minute of the data run was assigned (e.g., ID 7804260916 
is a run made 1978, April, 26th day at 09:16). 
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4. Data Reduction Methods. 

Laboratory data sorted on magnetic tape were analyzed on a CDC 6600 compute: 
using a variety of data reduction schemes. The mean water level and the least 
squares, best-fit linear trend in the data was first removed from each gage 
record. A Fourier analysis was then performed on each gage record using a fast 
Fourier transform (FFT) routine and cosine bell function that is part of the 
CERC wave analysis package. 

Incident and reflected waves, which are mixed together in each of the gage 
records, were separated using the method of Goda and Suzuki (1976) shown in 
Figure 2. This technique gives an estimate of the incident and reflected wave 
amplitudes, ai and aR, at each spectral line for each gage pair. Using 
three gages in front of the structure gives three estimates of the incident and 
reflected wave amplitude spectra. Calculations show that in this study the 
three estimates of wave amplitudes seldom differed by more than 5 percent, so 
the average incident and reflected wave amplitudes at each spectral line, j, 
were taken as representative; i.e., (ar )j is the average incident wave ampli­
tude at spectral line, j. The wave amplitude at each of the spectral lines 
was also determined for transmitted wave conditions; 1.e., (aT)j is the 
average transmitted wave amplitude at spectral line, J. 

Reflected Waves Incident Waves 
• 1-o!l .. ll----- di · 125cm 

SWL --

Gages 

1 
AA2 .ai • 2lsin k6ll 

aR • 
1 

21 sin k6ll 
lcA2 

where 

and 

d i = 3 5 c m -.....------1..-

~Tonk Bottom 

- A cos kM - 8 1 1 sin kU) 2 + (82 + A1 sin 

- A1 cos k6l + 81 s1n k6l) 2 + (82 - A1 s1n 

A,8 • spectral coefficients 

2tr 
k • wave number = L 

6l • gage spacing 

6l 
0. OS s. L ~ 0. 45 

L • gT
2 

tanh ( 2.,.d) 
2.,. L 

k6l - 81 cos k6l) 2 

k6l - 81 cos k6l) 2 

where g equals acceleration due to gravity; d equals water depth; and 
T equals wave period. 

Figure 2. Determination of incident and reflected waves us1ng the 
method of Goda and Suzuki (1976). 
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as 
Incident, reflected, and transmitted wave heights (HI, HR, HT) are defined 

411 
E 

j=12 

411 
E 

j=12 

411 
2 

E (aT)J. 
j =12 

(1) 

(2) 

( 3) 

where HI is the height of the wave moving landward toward the b~eakwater, 
HR the height of the wave reflecting from the breakwater and mov1ng seaward, 
and HT the height of the wave transmitted past and in the lea of the 
breakwater. 

Wave reflection and transmission coefficients, KR and KT, are defined as 

(4) 

and 

(S) 

Wave transmission by overtopping has a transmission coefficient defined as 
KTo; wave transmis'sion through porous structures is given by a transmission 
coefficient KTt· The coefficient for total wave transmission over and through 
a structure, KT, 1s 

(6) 

In the case of irregular waves the significant wave height, Hs (average 
of the highest one-third of the waves), is typically used to describe the wave 
conditions. To include the effects of wave reflection from the structure, 
significant height is defined as (Goda and Suzuki, 1976) 

( 7) 
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where nrms is the average root-mean-s~uare (rms) water level from the three 
seaward gages. The mean wave height, H, is defined as 

H = 0.625 H8 

2. 5 nrms 

= j 1 + K~ 
(8) 

The wave period used to describe irregular wave conditions is the period 
of peak energy density, Tp. The spectral-peakedness parameter, Qp (Goda, 
1970), is used to characterize the spectral width for irregular wave conditions, 

36 
L f j a j 4 

1 j = 1 

!1f 36 2 

L 
. j = 1 

a·2 
J 

(9) 

where j is the band number (11 spectral lines are used to make each band), 
fj the frequency midpoint of the band, and !1f the bandwidth frequency. aj 
may be the incident, reflected, or transmitted wave amplitude associated with 
band, j, so that three values of Qp (incident, reflected, and transmitted) 
are determined for each irregular wave run. Qp was selected as the parameter 
to describe the spectral peakedness because it is an especially stable parameter 
not strongly influenced by the spectral techniques used to determine its value 
(Rye, 1977). The higher the value of Qp, the more peaked a spectrum. For 
example, white noise has a Qp value of 1.0, a Pierson-Moskowitz spectrum a 
value of 2.0, and JONSWAP values of QP, vary between 3.0 and 9.0 with a value 
of 3.15 for the mean JONSWAP spectrum (Fig. 3). Values of Qp associated with 
several incident wave spectra used in this study are illustrated in Figure 4. 
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Figure 3. The spectral peakednes?, Qp , 
for various spectral shapes. 
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Figure 4. Sample incident laboratory wave spectra. 

The zero up-crossing method was also used to analyze wave records. In this 
method the height of an individual wave is defined as the difference in extreme 
water elevations (maximum level minus minimum level) between two successive 
points in time where the water level up-crosses the mean water level. The 
period associated with that wave is the time between up-crossings. This type 
of analysis is useful for examining wave characteristics such as wave height, 
period, or joint wave height-period distributions. Zero up-crossing results 
may also be used to describe wave grouping (Rye, 1974). A high level of wave 
grouping means that there is a strong probability that a wave of approximately 
the same height will follow the previous wave (i.e., large waves are followed 
by large waves and small waves are followed by small waves). In this study the 
autocorrelation of zero up-crossing wave heights is used to quantify the amount 
of wave grouping. The wave gage records seaward of the test structure are 
somewhat contaminated by reflected waves, depending on the amount of reflection . 
so the autocorrelation of incident wave heights, PJ, is taken as the average 
wave height autocorrelation of the three gage records seaward of the structure. 
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Autocorrelation of transmitted waves, PT, is taken as the average autocorre­
lation of any gage measuring transmitted waves. (Note that p may vary between 
1.0 and -1.0.) A large positive value of p means that waves are strongly 
grouped. Values of p near zero mean that there is little relation between 
successive wave heights . . A negative value of the autocorrelation implies that 
small waves follow large waves and vice versa. Several wave records measured 
in this study with various values of P are shown in Figure 5. Note that in 
all cases the water levels have been normalized by the significant wave height. 
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Figure 5. Sample laboratory wave records showing var1ous 
levels of wave grouping. 
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For monochromatic wave tests, wave period, T, is defined as the pe:i?d 
of wave generator blade motion. For most of the monochromatic wave con~Itions 
tested, 90 percent or more of the incident wave energy was fou~d to be In the 
spectral band containing the blade frequency (Fig. 6). A~ a given value of 
wave steepness the amount of wave energy at higher harmonics of the blade 
frequency increases as the relative depth, d/gT2 , decreases. This energy 
shift occurs because the waveform becomes more cnoidal and less sinusoidal 
in shape as d/gT 2 decreases and H/d increases . 

95 

~90 
~ 

Ql 

c: 
w 

85 

• 

BWl ds /h = 1.0 

)( 

.\ 
• 
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0.016 
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0.000 I 0.00 I 0.01 
H /g r 2 

Figure 6. Percent of incident wave energy at the period 
of wave generator blade motion for sinusoidal 
wave generator blade motion. 

5. Breakwaters Tested. 

Cross sections for 17 breakwaters were tested for wave transmission and 
reflection; the cross-section geometries are illustrated in Appendix A. Each 
of th~ structures was assigned the letters BW and a number to identify the 
structure. Breakwaters BWl to BW12 were built and tested on the flat bottom 
of the flume. However, BW13 to BW17 were constructed with a 1 on 15 fronting 
slope 25 centimeters high and 3.75 meters long. The fronting slope was used 
to simulate a sloping bottom and allow higher waves to break on the structure 
being tested. 

Most of the breakwaters tested were of rubble-mound construction, because 
this is the most common type built. However, BWl and BW14 were smooth and 
impermeable. BW2 had an impermeable core, and BW8 and BW9 had dolos armor 
units and an impermeable cap. BW3, BW4, and BW15 were tested with and without 
a vertical, thin impermeable plate placed in the center of the structure to 
prevent transmission through the lower section of the breakwater. The symbol 
W is used to indicate tests where the impermeable plate was used; e.g., BW3 
tested with a plate is designated as BW3W. Materials used to construct the 
breakwaters are described in Appendix B. 

6. Test Conditions. 

Each breakwater was built with a fixed geometry, then tested at various 
water depths and wave periods. A number of wave heights were generally examined 
for each wave period. Most of the experiments were run with monochromatic waves 
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produced by sinusoidal motion of the piston-type generator blade. The ranges 
of dimensionless water depths (water depth at the toe of the structure divided 
by structure height, d8 /h) tested with monochromatic waves are given in Table 1. 
Major emphasis was placed on d/gT2 = 0.016 because laboratory waves at this 
value of relative depth are comparatively free from secondary and Benjamin-Pier 
waves. 

Table 1. Range of conditions tested with 
monochromatic and irregular waves. 

~tonochromatic waves 

Breakwater da d Irregular wave 
h gT2 testing1 

(range) (range) 

BW1 0.6 to 1.2 0.0065 to 0.055 L 

BW2 0.87 0.013 to 0.079 N 

BW3 0.69 to 1.4 0.0038 to 0.037 N 

BW3W 0.69 to 1.3 0.0065 to 0.08 N 

BW4 0.68 to 1.3 0.0065 to 0.055 L 

BW4W 0.76 to 1.3 0.0065 to 0.055 L 

BW5 0.92 to 2.3 0.0065 to 0.055 L 

BW6 0.75 to 1.3 0.0056 to 0.055 L 

BW7 0.98 to 1.63 0.0065 to 0.055 N 

BW8 0.64 to 0. 86 0.016 N 

BW9 0.64 to 1.1 0.0065 to 0.055 L 

BW10 0.68 to 1.1 0.0065 to 0.055 L 

BWll 0.51 to 0.75 0.0065 to 0.055 N 

BW12 0.64 to 1.1 0.0065 to 0.055 N 

BW13 1.1 to 1.8 0.0038 to 0.055 L 

BW14 0.91 to 2.0 0.0038 to 0.055 L 

BW15 0.61 to 1.4 0.0039 to 0.055 L 

BW15W 0. 91 to 1.5 0.0038 to 0.055 L 

BW16 0.61 to 1.8 0.002 to 0.055 E 

BW17 0. 58 to 0.83 0.001 to 0.022 E 

lresting: E = extensive; L = limited; N - none. 

Breakwaters BW16 and BW17 were tested extensively with a wide variety of 
irregular wave conditions. A limited number of irregular wave runs were also 
made for several other breakwaters (Table 1). 

7. Test Results. 

Test results for monochromatic and irregular wave conditions are presented 
in tabular form in Appendixes C and D; monochromatic r~sults are presented in 
graphical form in Appendix E. 
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IV. ANALYSIS OF TEST RESULTS 

This section provides an analysis of the wave transmission and reflection 
results of the model tests. Impermeable and permeable breakwaters were 
investigated, and a separate discussion is devoted to each type breakwater. 
The first part of this section describes observed trends in the values of the 
transmission and reflection coefficients as a function of the parameters var­
ied in this study. The second part includes development, description, and . 
evaluation of methods for predicting wave transmission coefficients. The th1rd 
part discusses the effect of a breakwater on other wave characteristics, such 
as the wave height distribution and shape of the transmitted wave spectra. 
Since good models are not available for predicting wave reflection coefficients 
for breakwaters, it is recommended that the model tests be used directly to 
estimate breakwater wave reflection coefficients. 

1. Wave Transmission and Reflection for Impermeable Breakwaters. 

a. Observed Trends in Transmission and Reflection Coefficients. As a wave 
approaches an impermeable breakwater some of the wave energy is supplied to 
wave runup, some of the energy is dissipated, and the remajning wave energy 
moves seaward in the form of a reflected wave. If the runup exceeds the crest 
elevation of the breakwater, waves will be regenerated on the landward side of 
the structure. Figure 7 shows aspects of this process and defines some of the 
terms used in wave transmission by overtopping. 

---t,.~ F= h ·ds 

h 
I mpermeoble 

Kr0 = Hr I H 1 

Figure 7. Definition of terms for wave transmission by overtopping. 

Madsen and White (1976) found that low reflection coefficients and corre­
spondingly large amounts of wave energy are dissipated on smooth nonovertopping 
structures. This observation has been verified using the data of Ahrens (1979) 
for breaking and nonbreaking waves. The data show that for the case of no 
overtopping the reflection coefficient decreases and a larger fraction of the 
wave energy is dissipated as the wave steepness increases (Fig. 8). More than 
80 percent of the wave energy is dissipated by the smooth slope of 1 on 1.5 for 
the steepest waves tested. Note that the magnitude of the wave reflection 
coefficient is approximately the same for monochromatic and irregular waves, for 
a given value of wave steepness. 

As the height of the breakwater is reduced the magnitude of the wave reflec­
tion coefficient decreases because much of the wave energy is transmitted by 
overtopping. For example, with a freeboard of zero (water level at the break-
water crest~ BWl has.r~flection coefficients that are less than 20 percent of 
the reflect1on coeff1c1ent for a structure that is not overtopped for the 
steeper waves tested (Fig. 9). At values of small wave steepness the size of 
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the reflection coefficients for the breakwater and smooth impermeable slope 
IS approximately the same because breakwater overtopping is small. 

The wave reflection coefficient decreases as the wave height or steepness 
increases for a subaerial breakwater, but shows the opposite trend for a sub­
merged breakwater (Fig. 10). There is a slight increase in the reflection 
coefficient as the wave height increases for the conditions tested. 

The variation of the wave transmission coefficient for a smooth impermeable 
breakwater is the reverse of that found for the reflection coefficient. If the 
wave runup is less than the breakwater freeboard there is no wave transmission. 
As soon as the runup exceeds the crest of the breakwater, wave transmission by 
overtopping occurs. All other factors being fixed, as the wave height increases 
the size of the runup and the transmission by overtopping coefficient increase 
(Fig. 10); as the ratio of the water depth to structure height, d8/h, ap­
proaches 1.0 the transmission coefficient increases. Even with zero freeboard 
(dq/h = 1) there is some increase in the wave transmission coefficient as wave 
steepness increases (Fig. 10). However, for a submerged breakwater of fixed 
geometry the wave transmission coefficient declines as wave height or steepness 
increases (Fig. 10). 

. 
b. Estimating Wave Transmission by Overtopping Coefficients. Wave trans-

mission by overtopping is closely related to wave runup and overtopping of a 
breakwater. Weggel (1976) found that overtopping rates are a function of the 
ratio of the structure freeboard, F, to the runup, R, on a similar structure 
high enough to prevent overtopping (Fig. 7). Cross and Sollitt (1971) also 
recommend the dimensionless parameter, F/R, for predicting wave transmission 
by overtopping coefficients. 

Several methods are available for estimating wave runup on smooth imperme­
able slopes; some of these methods are summarized in Stoa (1978). The runup 
prediction equation developed by Franzius (1965) gives the best estimate of 
wave runup for predicting wave transmission coefficients. The runup is given by 

_ ( L)(c2 IH/d+C 3 ) 
R - HC1 0. 12 3 iT (10) 

. where L is the local wavelength determined from linear theory us 1 ng 

L = gT2 tanh (2nd) 
2n L (11) 

and C1, C2, and C3 are empirical coefficients. Franzius suggests values 
fo: the coefficients,.but improved coefficients were obtained in this study 
using the data of Saville (1955) and Savage (1959) with a nonlinear error 
m~nimization_comp~ter routine. The recommended values of the empirical coeffi­
cients are g1ven 1n Table 2. These values are linearly interpolated to estimate 
values of the coefficients for other slopes. An advantage of using equation 
(10) is that it includes effects of wave height, structure slope, wave steepness, 
and the ratio of water depth to wave height on wave runup. 

The runup on rough slopes is also a comple~ function of many factors (Stoa, 
1978). Madsen and White (1976) give an analytical-empirical model for estimating 
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Tabl e 2 . Empi r ica l wave r unup prediction coef­
f i cients fo r smooth i mpermeab l e s l opes . 

Front- face slope cl cz c3 of br eakwater --
Vert ica l 0 . 958 0 . 228 0.0578 

1 on 0 . 5 1 . 280 0 . 390 -0 . 091 

1 on 1. 0 1.469 0 . 346 -0 .1 05 

1 on 1. 5 1. 99 1 0 . 498 -0 . 185 

1 on 2 . 25 1 . 811 0 .469 -0 . 080 

1 on 3 .0 1. 366 0 . 512 0 . 040 
-

runup on an impermeable rough s lope armored with one layer of s tvne . Ahrens 
and McCartney (1975) pre sent an empirical method f or es timating the runup on 
two layer s of riprap overlying a 0.2 -meter thick underlayer (F i g . 11 ) . In 
their method the runup is predicted as a nonlinear fun ction of the surf param-
eter, ~ , 

R a~ - = 
H 1 + b~ 

. 
' ~ -

t an e 

/H 
Jr;; 

where a and b are empirical coefficient s with values of a- 0.956 and 
b = 0.398. 

(1 2 ) 

Both the Madsen and White and Ahrens and McCartney prediction methods t end 
to give high or conservative es timates of wave runup for predicting wave trans­
mi ss ion coefficients . However, Hudson (1958) made numerous observations of 
runup over a wide range of breakwater conditions; the Ahrens and McCartney 
empirical curve (eq. 1) was fitted to the Hudson data to give the recommended 
runup coeffi cients of a= 0.692 and b = 0.504 (Table 3). These coefficients 
gave a lower prediction of runup than that · given for riprap (Fig. 12). The 
equat i on 

R 
H 

0.692 ~ 

1 + 0. 504 ~ 
( 13) 

is recommended for predicting runup on stable permeable and impermeable stone 
breakwaters until a more comprehensive model become s available. Coefficients 
for dolos were also estimated using Bottin, Chatham, and Carper's (1976) data 
for breaking and nonbreaking waves (Table 3). Stoa (1978) provides additional 
information on runup; runup data for nonbreaking waves on breakwaters are pro­
vided in Jackson (1968) ·. 

Runup predictions were made for the conditions tes ted, and observed wave 
transmission by overtopping coefficients, KTo , were plotted as a function of 
F/R (Fig. 13). This figure shows the case of breakwaters with a s lope of 1 on 
1.5. The upper part of Figure 13 shows results from BWl for tests that had a 
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Table 3. \'lave run up prediction coefficients us1ng the Ahrens and McCartney ( 1975) method. 

2 2 d H 
Armor •• of I gT2 gT2 . ,o. Source 
un1t layers Permeabl llty a b Cot e 

(range) (-:angc) (range) 
·= ~ 

Rubble 2 I 0. 95(.) 0.398 0 .0036 to 0 . 059 0.0004 to 0.013 2.5 to 5.0 /J\rens and ~lcCartn~y 
(1~75) 3 

(large-scale tests) 

Rubble 0 p 0.692 0.504 0.0088 to 0 .08 0.0004 to 0.02 1.25 to 5.0 lludson (1958) .. 

Rubble .., 5 
( 1979) 

6 
r 0. 775 0.361 2.5 Gunbak ' • -- ---------- ------------

Do los 2 I o. 968 o. 703 0.009 t o 0 . 002 0 . 0002 to 0.006 2.0 Bot tin, Chatham, 
Carve r (1976) 

~--··--- ... .. .. ----.... --=- --, ..-. 
lp = permeable; I = impermeable. 

2R/H • a(/(l+b(); ( • tan 9/IH/L0 . 

3Rcvised a and b. 

4Means of observations. 

Sconditions unknown. 
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Figure 13. Wave transmission coefficients for smooth 
impermeable breakwaters with 1 on 1.5 slopes. 

I .2 

I. 2 

breakwater crest width-to-structure height ratio of B/h = 0.4. The lower part 
of the figure gives test results from Lamarre (1967), who tested structures 
with smaller values of B/h. Although there is some scatter in these data sets, 
it appears that the wave transmission coefficient decreases approximately 
linearly as F/R increases and that this linear trend is found for submerged 
as well as subaerial breakwaters. Most of the scatter occurs where the crest 
elevation is at the stillwater level (F/R = 0) for BWl, with small waves having 
significantly lower wave transmission coefficients than are present in the 
linear trend. Fortunately, small waves are generally not of interest for design 
purposes . The few irregular waves tested with BWl suggest that wave transmission 
coefficients for irregular waves follow the same trend as for monochromatic 
waves. The mean wave height, taken as 63 percent of the significant wave height, 
should be used in equation (12) to determine the effe.ctive runup for predicting 
wave transmi s sion coefficients for irregular wave conditions. 
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Comparison of the upper and lower parts of Figure 13 suggests that the 
structure tested by Lamarre (1967) with a smal l er relative crest width has 
slightly higher wave transmission coefficients than found for BWl. 

Resul t s from laboratory tests by Goda (1969) for breakwaters with vertical 
faces (Fig . 14) have the same trends as observed for breakwaters with 1 on 1. 5 
s lopes . 

0.8 

0.6 
0 

1-
:-.::: 

0.4 

0.2 

Figure 14. 

Godo (1969} 

0.0047< d/gT 2 <0.027 

• 8/h ~ 0.86 

• • • 
·~ • •• . :. • 

C=0.40 

I 

-0.6 -0.4 -0.2 0 
F/R 

0.2 

8 ~ 
-SWL 

h 4 ds 
' t 

• 

0.4 0.6 0.8 1.0 

Wave transmission coefficients for vertical smooth 
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The recommended formula for predicting the wave transmission by overtopping 
coefficient for the range 0.006 < d/gT 2 < 0.03 is 

( 14) 
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where C 
KTo are 

is an empirical coefficient and the m1n1mum and max1mum values of 
0.0 and 1.0, respectively. The recommended value of C is given by 

C- 0.51 - 0.11 B 
h 

• , 0~~~3.2 

for smooth impermeable structures tested over the range 0 ~ B/h ~ 0.86 and 

(15) 

rough impermeable breakwaters tested over the range 0.88 ~ B/h ~ 3.2 (Fig. 15). 
However, for submerged breakwaters tested with 1 on 15 fronting slopes, equation 
(14) underestimates the wave transmission coefficient. For example, equation 
(14) underestimates the wave transmission coefficient for BW14 when submerged 
and the error increases as the breakwater becomes relatively more submerged 
(Fig. 16). The data from BW14 and from Saville (1963) show that for submerged 
breakwaters with 0.88 ~ B/h ~ 3.2 and with a 1 on 15 fronting slope equation 
(14) should be adjusted to 

KTo - C ( 1 - ~ ) - (1 - 2C) ~ F R < 0 and 1 on 15 fronting slope (16) • , 

Figures 17 and 18 illustrate the observed and predicted wave transmission 
coefficients for two of the rough impermeable breakwaters tested by Saville 
(1963) for two values of crest width. Figure 17 shows the case of a structure 
with a crest width-to-structure height ratio of 0.88; Figure 18 shows the same 
information for a much wider structure with a width-to-height ratio of 3.2. A 
scatter plot of observed and predicted transmission coefficients using Saville's 
(1963) data indicates the level of ability to predict ~0 (Fig. 19). 

The above discussion shows that the breakwater freeboard and wave runup 
have a major influence on the magnitude of the wave transmission by overtopping 
coefficient. Breakwater crest width has a much smaller effect and only large 
changes in breakwater crest width could be used to reduce the size of the 
transmission coefficient for a given design situation. 

Wave transmission by overtopping coefficients may be predicted for imperme­
able structures using the computer program OVER (App. F) which applies methods 
described in this section. 

c. Influence of a Breakwater on Other Wave Characteristics. The magnitude 
of the wave transmission by overtopping coefficient, KTo ' is generally the 
most important parameter to determine for the design of an impermeable break­
water used to reduce wave height. However, in addition to reducing the average 
wave height, the breakwater may also alter other characteristics of the waves, 
such as spectral shape or wave height distributions. Since these additional 
wave characteristics may be considered in some design problems, they are briefly 
discussed below. 

The case of monochromatic waves incident on the structure is the condition 
most often used to test wave transmission of laboratory breakwaters in previous 
studies. This type of wave is similar to swell wave conditions in the prototype 
where the incident wave height and period are approximately constant. Spectral 
analysis of water level records for gages landward of the breakwater indicates 
that a significant part of the wave energy of transmitted waves may be at 
harmonic frequencies of the forcing wave (Saville, 1963; Goda, 1969). The 
fraction of wave energy at the forcing period (Fig. 20) shows the same trend 
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as was found for the transmission coefficient, Kro (lower half of Fig. 10). 
Comparison of Figures 10 and 20 suggests that the amount of wave energy found 
at the forcing period will increase as the transmission by overtopping coeffi­
cient increases. 

The case of irregular waves is where the incident wave energy is distributed 
over a range of wave frequencies (several measured incident laboratory wave 
records and computed wave spectra are shown in Figs. 4 and 5). Tests with 
irregular waves indicate that the shapes of the incident and reflected wave 
spectra are approximately the same (two examples are given in Fig. 21). The 
approximately constant spectral shape is shown by the spectral-peakedness 
parameter, Qp, where the value for the reflected waves, Qpr' is approxi­
mately equal to the incident spectral peakedness, Qpi (Fig. 22). The shape 
of the transmitted spectrum may be approximately equal to or sharper than the 
incident spectrum (Fig. 22) with the spectral-peakedness parameter of the trans­
mitted waves, Qpt' greater than or equal to Qpi (Fig. 22). Secondary waves 
may appear in the transmitted wave spectrum at harmonics of the period of peak 
energy density, Tp , (Fig. 21). 

A zero up-crossing analysis (Fig. 23) was performed on the wave records to 
allow statistical examination of individual wave heights and periods. Since 
reflected waves contaminate the incident wave conditions, an analysis was 
performed for the record from each gage, then results averaged to minimize the 
influence of reflection. Cumulative height distributions were then prepared 
for incident and transmitted waves. The cumulative curves were put into dimen­
sionless form by dividing by the observed rms wave height, Hrm8 , and the 
dimensionless heights at various probability levels, p, determined (p = 0.01, 
0.02, 0.05, ... 0.60). A plot of these dimensionless heights for transmitted 
versus incident waves indicates the shape of the transmitted wave height distri­
bution as a function of the incident wave height distribution. For the case 
of a breakwater with the water depth at the crest level (d8 /h = 1.0 or F = 0) 
the transmitted wave height distribution is approximately the same as the 
incident height distribution (Fig. 24). If the water level is below the crest 
elevation (d8 /h = 0 .80, positive freeboard), the transmitted wave height distri­
bution is skewed toward larger waves (Fig. 25). This means that the larger 
transmitted waves are bigger than predicted by the transmission coefficient, 
KTo· For example, at the 5-percent level, transmitted waves are 30 percent 
larger than expected ·from the overall transmission coefficient and at the 
1-percent level 100 percent larger. 

The above observations are consistent with the wave transmission by over­
topping model given by equation (14). At zero freeboard the transmission 
coefficient is approximately constant, so all waves in a distribution will 
transmit the same amount and the distribution will remain unchanged. However, 
for subaerial breakwaters the larger waves will have smaller F/R ratios and 
transmit more efficiently than small waves, so that the transmitted wave dis­
tribution is skewed toward large waves. 

The joint distributions of wave heights and periods observed in the 
laboratory illustrate the same overall trends found in the field. Larger 
waves have a mean period approximately equal to the period of peak energy 
density in the spectrum, Tp (Goda, 1978), with the average wave period 
decreasing for smaller wave heights (Fig . 26). The correlation between 
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6 

Figure 26. Sample incident and transmitted joint distributions of wave 
height and period. 

heights and periods (Goda, 1978) was observed to be 0.13 ~ r(H,T) ~ 0.26 for 
the incident wave conditions tested with approximately the same values for 
transmitted waves. The major difference between observed and transmitted 
joint distributions of height and periods is that the mean period of smaller 
waves 1s lower for the transmitted waves (Fig. 26) than for the incident waves. 

2. Wave Transmission .and Reflection for Permeable Breakwaters. 

a. Observed Trends in Transmission and Reflection Coefficients. As a 
wave approaches and interacts with a rough permeable breakwater the sequence 
of action is simi lar to that for an impermeable breakwater) but with important 
differences. First, some of the wave energy moves through the permeable break­
water and this flow through the porous medium may dissipate a significant 
amount of wave energy. Second, because the breakwater absorbs some of the 
wave energy and water, the runup and reflection coefficients on a rough 
permeable breakwater are les s than for the same wave condition on a simi l ar 
smooth impermeable structure. If the runup level exceeds the height of the 
structure, wave transmission by both overtopping and transmission through the 
structure will contribute to the overall transmission coefficient, KT (Fig. 
27). 
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The relative water depth, d/gT2 , i s one of the most important parameters 
controlling the reflection coefficient, KR (Fig. 28), with the reflection 
coefficient increasing as d/gT2 decreases. The wave steepness , H/gT2 , and 
the ratio of water depth to structure height, d8 /h, have less influence. In 
general, the reflection coefficients for rough permeable breakwaters are much 
less than for similar smooth impermeable breakwaters (Fig. 10). Since no 
comprehensive model is currently available for predicting reflection coeffi­
cients, laboratory model results should be used to estimate KR. A rough 
estimate of the reflection coefficient for permeable subaerial breakwaters 
may be obtained using the method of Madsen and White (1976) (computer program 
MADSEN in App. G). Typical comparisons between predictions and laboratory 
measurements are shown in Figure 29. 

The wave transmission coefficient, KT, is primarily a function of wave 
steepness for a given permeable breakwater design and hydraulic conditions 
where there is no transmission by overtopping (Fig. 28). Since the wave steep­
ne~s increases the amou~t of energy dissipated on the face and inside the 
breakwater increases (Madsen and White, 1976), the transmis s ion coefficient 
decreases. However, as soon as the wave runup level exceeds the breakwater 
crest, wave transmission by overtopping occurs and the transmission coefficient 
increases with increasing steepness. Figure 30 (lower part) shows the case 
where no overtopping occurs and KT decreases (low steepness waves), then KT 
increases with increasing steepness where transmission by overtopping and 
transmission through a breakwater occur simultaneously. In the case of a 
submerged breakwater the wave transmission coefficient decreases as the wave 
steepness increases (upper part of Fig. 30). 

b. Estimation of the Coefficient of Wave Transmission Through Permeable 
Breakwaters Using the Madsen and White Model. The advantages of the Madsen and 
White (1976) model for predicting transmission coefficients are that the model 
is completely self-contained and it can be used to predict coefficients over a 
wide range of conditions. Parameters that can be varied include the breakwater 
height, breakwater width, breakwater slope, the size and relative location of 
various layers in the breakwater, and the size and porosity of ma·terials used 
in the breakwater. Another advantage of the model is that it can be used to 
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predict coefficients for any size breakwater, useful when designing or assess1ng 
scale effects in small-scale physical models (see Sec. V). 

The Madsen and White model was designed for manual use, but because of the 
many calculations and iterations necessary, manual calculation is tedious. The 
model was automated as a part of this study in a FORTRAN computer program, 
MADSEN (App. G) to simplify use of the model. Advantages of the computer pro­
gram are that only a few input cards are required to model even a breakwater 
with complex geometry and the program computer cost is very low. The program 
includes all the generality in the original model, and the wave transmission by 
overtopping model developed in Section IV,l is also incorporated. Since the 
Madsen and White (1976) technique is complex, reference is made to their publi­
cation for details of the model. A brief summary of the major steps in the 
model and computer program is given below; additional information on the com­
puter program is given in Appendix G. 
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(1) Determine the breakwater cross-sectional geometry and material 
characteristics of diameter and porosity. 

(2) Estimate the energy dissipation on the seaward face of the breakwater 
assuming it is rough and impermeable. This is done by solving Madsen and 
White's equation (127) implicitly using their Figures 15, 16, and 17 and 
applying a correction factor from their Table 2. 

(3) Assume as a first approximation that the head across the breakwater 
is equal to runup determined from step 2 above. 

(4) Transform the trapezoidal breakwater into a hydraulically equivalent 
rectangular breakwater (see Sec. 4.2 of Madsen and White). 

(5) Estimate the coefficient of transmission through the structure, KTt, 
us1ng Madsen and White's Figures 2 and 3 and implicitly solving their equation 
(57) . 

(6) Obtain a revised estimate of the head across the breakwater us1ng 
Madsen and White's equation (161). (Repeat steps 4, 5, and 6 until a con­
verged solution is obtained.) 

(7) Estimate wave runup on the breakwater us1ng the method of Ahrens and 
McCartney (1975) and the coefficients given in Table 3 of this study. 

(8) Calculate the transmission by overtopping coefficient, KT0 , us1ng 
equations (14) and (15) in this study. 

and 
(9) 

KTo 
Calculate the transmission coefficient, 

from step 8 and 

. 
USlng from step 5 

Madsen and White compared the model predictions to physical model results 
from Keulegan (1973) for rectangular breakwaters composed of one rock type, and 
from Sollitt and Cross (1976) for a multilayered trapezoidal breakwater made 
of riprap. There was good agreement between analytical and physical model 
results for predicting the wave transmission coefficient for long nonbreaking 
waves. However, the following questions need to be answered to determine the 
range of usefulness of the Madsen and White model: 

(1) How useful is the model for predicting transmission coefficients 
for relatively short waves? 

(2) Can the model be used if waves are breaking? 

(3) Can the model be used for breakwaters with concrete armor units? 

(4) Can the model be used for irregular waves? 

(5) How sensitive 1s the model to porosity of the materials? 
(Porosity is an input parameter and although it probably does not vary 
over a very wide range, its value will probably not be known accurately 
in a design situation.) 

43 



Each of these areas 1s discussed below. 

(1) The case of the relative wavelength. In many of the laboratory 
tests the wave period was varied to cover the range from shallow-water 
long waves to deepwater short waves. Comparison of laboratory data 
and MADSEN computer program predictions shows excellent correspondence 
for shallow-water waves; e.g., at d/gT2 = 0.0065 (Table 4). As the 
relative depth becomes larger (the wavelength becomes shor~er~, the 
computer program slightly overpredicts the observed transm1ss1on 
coefficient (Fig. 31). This means that the prediction met~od.is 
conservative. Although the absolute value of the overpred1ct1on 1s 
small, the percent overprediction may be large (Table 4). 

Tahle 4. Effect of relative depth on prediction of KTt· 
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The ability of the model to predict wave transmission coefficients 
for a breakwater constructed entirely of armor stone is shown in Figure 
32; wave transmission coefficients for a breakwater with a front-face 
slope of 1 on 2:6 are shown in Figure 33. 

(2) The case of waves breaking on the breakwater. It was difficult 
in the laboratory to generate long waves that would break on a rough 
permeable structure without any overtopping. However, several tests 
that met these conditions were run using nonsurging, breaking waves 
(Galvin, 1968). These laboratory tests show that for breaking and 
nonbreaking waves the coefficient of transmission decreases gradually 
as the incident steepness increases (Fig. 34); no difference was 
evident between KTt for breaking and nonbreaking waves. The same 
trend is observed in Battin, Chatham, and Carver's (1976) data for a 
breakwater with dolos armor units. Comparison of observed and predicted 
coefficients of transmission through the structure shows good agreement 
for the few breaking wave conditions tested (Fig. 34). These few tests 
suggest that the Madsen and White (1976) model can be used for breaking 
as well as nonbreaking waves. 
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(3) The case of breakwaters with concrete armor units. The fric­
tion factor and porous media flow factors for concrete armor units are 
unknown, but they are assumed to be similar to the properties of stone 
with an effective median diameter, d

50
, of 

( 1 7) 

Figure 35 shows observed and predicted transmission coefficients for 
a breakwater with two layers of dolos armor units. There is excellent 
prediction of transmission coefficients for long shallow-water waves 
with the Madsen and White (1976) model overpredicting transmission 
coefficients for waves with greater relative depth. This is the same 
trend found in prediction of transmission coefficients for rubble­
mound breakwaters. 
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The model also does a good job of predicting the coefficient of 
transmission through a permeable breakwater armored with tribars 
tested by Davidson (1969) (Fig. 36). However, the effective trans ­
mission by overtopping coefficient, C, is larger than would be 
expected from Figure 15 for B/h = 0.30. Fortunately, the obs erved 
transmission coefficient appears to be approaching a value of approxi­
mately 0.48, the limiting value of the overtopping wave transmis s ion 
coefficient for this breakwater predicted from equations (14) and (15). 
The relatively high porosity of artificial armor units apparently 
increases the size of the wave transmission by overtopping coefficient 
over a limited range of wave heights for this case where the s tillwater 
level is above the core and close to the breakwater crest (D. Davidson, 
Chief, Wave Research Branch, U.S. Army Waterways Experiment Station, 
personal communication, 1979). 
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Figure 36. Wave transmission past a heavily overtopped breakwater 
with tribar armor units (laboratory data from Davidson, 1969). 
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(4) The case of irregular waves. Laboratory tests with a wide 
variety of spectral shapes suggest that there is little difference 
in the transmission coefficient from one spectral type to another. 
The overall transmission coefficient, KT, i s approximately the 
same for a monochromatic test as for an equivalent irregular wave 
test with the ~eriod of peak energy density, Tp , and mean incident 
wave height, H, used to characterize the irregular wave conditions. 
Figure 37 shows observed and predicted transmission coefficients for 
a rubble-mound breakwater tested with monochromatic and irregular 
waves. The ability of the computer program MADSEN to predict trans­
mission coefficients for irregular waves is at the same level as for 
monochromatic waves for the conditions tested. 
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(5) The case of porosity of the breakwater. Porosity of each of 
the materials must be known in order to use the computer program 
MADSEN. However, in many design situat ions the value of porosity. 
may be poorly known. Typical values of porosity, P, are given 1n 
Table 5. The recommended method of determining the influence of 
porosity on the predicted transmission coefficient is to run the 
program MADSEN at various values of porosity keeping all other param­
eters fixed. Figure 38 shows predicted transmission coefficients over 
a range of wave steepnesses for three different values of porosity . 
For this example, the absolute change in KTt produced by a given 
change in P is largest for waves of small steepness. The largest 
percent change in KTt for a given change in P occurs for the 
steepest waves tested. In general, the same trend will be observed 
for any breakwater; the value of KTt will increase as porosity 
increases for a given se t of conditions . However, the magnitude of 
change of KTt is a complex function of all of the parameters in a 
design (breakwater geometry, water depth, wave height and period, 
etc.). A sensitivity analysis with the use of the program MADSEN, 
similar to the analysis shown in Figure 38, is recommended if the 
porosity of proposed materials 1s poorly known. 

Table 5. Porosity of various armor units (from 
U.S. Army, Corps of Engineers, Coastal 
Englneering Research Center, 1977). 

Armor unit No. of Placement Porosi ty 
1 ayers (P) 

"--"' = = ·-= ~-=r=-~ 

Quarrystone (smooth) 2 Random 0 .38 

Quarrystone (rough) 2 Random 0.37 

Quarrys tone (rough) >3 Random 0.40 

Cube (modi fie d) 2 Random 0.47 

Tetrapod 2 Random 0.50 

Quadripod 2 Random 0.49 

Hexapod 2 Random 0.47 

Tribar 2 Random 0.54 

Do los 2 Random 0.63 

Tribar 1 Uniform 0.47 

Quarrys tone Graded Random 0.37 

c. Wave Transmission for Submerged Permeable Breakwaters. The coefficient 
of wave transmission over a submerged permeable breakwater, KT0 , may be esti­
mated by the methods given in Section IV,2. However, no generalized model is 
currently available for determining the coefficient of wave transmission through 
the structure, KTt· Saville's (1963) data for similar permeable and impermeable 
s tructures show that the total coefficient, KT, approaches the transmission by 
overtopping coefficient, KT0 , and transmission through the breakwater becomes 
less important as the structure becomes more submerged and the incident wave 
height increases (Fig. 39). At d8 /h ~ 1.2, the data from breakwaters BW3 BW3W , , 
BW4, and BW4W show that the coefficients of transmission through the structure 
are approximately zero, so that KT0 1KT = 1.0. An upper estimate of the coeffi­
cient of transmission through the structure, KTt, for a submerged breakwater 
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Figure 38. Example of the influence of porosity on the predicted 
coefficient of transmission for a rubble-mound breakwater. 
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can be made using the program MADSEN with d8 /h = 1 .0. As a lower es timate, 
KTt = 0.0 can be assumed. Laboratory results from BW13, BW l S, BWlSW, and 
BW16 show that even using KTt = 0, methods in Section IV,l,b tend to give 
conservative estimates of the . transmission coefficient for submerged permeable 
breakwaters (Fig . 40). 
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d. Influence of a Permeable Breakwater on Other Wave Characteristics. 
Wave energy shifts to higher harmonics are found in the transmitted wave 
records for mo~ochromatic wave tests, as determined for overtopped impermeable 
breakwaters (F1g. 41). The energy shift is primarily a function of incident 
wave steep~ess and the ratio of the water depth to structure height. The 
largest sh1fts of energy to higher harmonics occur for steep waves where the 
structure crest is near to the stillwater level (Fig. 41). 
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Figure 41. Percent of wave energy at the forcing 
period for waves transmitted past a 
permeable breakwater (monochromatic waves). 

In the case of irregular waves the higher frequency parts of the reflected 
and transmitted spectra tend to be dampened out, so relatively more wave energy 
is found at lower frequencies than in the incident spectrum (Fig. 42). This 
means that on the average the spectral peakedness, Qp, of reflected and 
transmitted spectra is greater than or equal to the spectral peakedness of 
incident spectra (Fig. 43). 

A zero up-crossing analysis of wave records shows that on the average the 
wave height distribution shape is approximately the same for incident and trans­
mitted waves for the irregular conditions tested for a permeable breakwater 
(Fig. 44) . 

The amount of wave grouping or the tendancy of large waves to follow large 
waves and small waves to follow small waves is characterized by the autocorrela­
tion of zero up-crossing wave heights, p (see Sec. III,4). Results from BW16 
show that the autocorrelation transmitted waves is less than or equal to that 
for incident waves in the case of irregular waves incident on a permeable break­
water (Fig. 45). 

The joint distribution of transmitted wave heights and periods for an 
irregular wave condition is similar to that found for smooth impermeable break­
waters. There is a tendancy for lower transmitted waves to have average periods 
less than found 1n the incident joint height-period distribution (Fig. 46). 
Both the incident and transmitted larger wave heights have average periods 
approximately equal to the period of peak energy density. 
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V. MODEL SCALE EFFECTS 

1. Causes of Physical Model Scale Effects. 

Wave energy dissipation and resulting reduction of wave height produced by 
a breakwater are due to a combination of laminar and turbulent energy loss as 
well as wave modification. Little information is available on scale effects 
of wave transmission by overtopping, but scale effects are probably small. 
This is illustrated by Saville (1963) who tested wave transmission by over­
topping for similar breakwaters that differed by a scale of 10. There was 
little systematic difference between the results of tests run at the two scales, 
with the small-scale tests being slightly conservative. 

Wave transmission through permeable breakwaters is controlled primarily by 
laminar and turbulent energy loss of flow through the structure (Wilson and 
Cross, 1972; Keulegan, 1973; Madsen and White, 1976). In the protoytpe the 
wave height reduction is due largely to turbulent effects, but in a model 
laminar and turbulent losses may be important so that a mod~l underpredicts 
the coefficient of transmission through a breakwater. The size of the scale 
effect is a complex function of model design, water depth, and wave height and 
period. 

2. Interpreting and Applying Laboratory Results to Prototype Conditions. 

The recommended method of estimating scale effects of transmission through 
permeable breakwaters is to use the computer program MADSEN to predict transmis­
sion coefficients for the model and prototype. The physjcal model correction 
factor, CF, is defined as the expected coefficient of wave transmission 
through the structure in the prototype divided by the coefficient of wave trans~ 
mission through the structure at the model scale. CF is determined by first 
running the program MADSEN with prototype conditions to determine KTt (MADSEN 
prototype). The program is then run at the model scale to determine KTt 
(MADSEN scale model). CF is defined as 

CF -
KTt (MADSEN prototype) 

KTt (~~DSEN scale model) 

structure measured in the 

(18) 

The coefficient for wave transmission through the 
physical scale model should then be multiplied by 
coefficient. 

CF to estimate the prototype 

For example, assume that the laboratory breakwater tested by Sollitt and 
Cross (1976) is a 1 on 10-scale Froude model of a prototype structure (Fig. 47). 
There was no transmission by overtopping. The program MADSEN was run at both 
model and prototype scales and the results together with the physical model 
measurements are shown in Figure 48. The MADSEN program output shows that the 
physical model was probably underpredicting the prototype coefficient because 
the scale model has proportionally more laminar energy loss than the prototype. 
Even in this large 1 on 10-scale Froude physical model, the prototype KTt is 
expected to be as much as 20 percent higher than in the scale model over the 
range of conditions tested. 
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VI. EXAMPLE OF ESTIMATING WAVE TRANSMISSION COEFFICIENTS 

* * * * * * * * * * * * * * * * EXAMPLE PROBLEM * * * * * * * * * * * * * * * * 

GIVEN: T- 7.9 seconds 

d8 = 3.56 meters 

Breakwater top width, B = 1.53 meters 

Breakwater seaward slope, tan e = 0.667 (1 on 1.5) 

FIND: The i nfluence of incident wave height and structure height on the 
transmission coefficient for the permeable breakwater shown in the upper 
part of Figure 49 (change the structure height by varying the thickness of 
horizontal layer 1). Also, compare the predicted transmitted wave heights 
to heights for a simi lar smooth impermeable structure (lower part of Fig. 49). 

SOLUTION: The computer program MADSEN (App. G) is used to predict wave 
transmission coefficients for the permeable structure and the program OVER 
(App . F) is used to predict coefficients for the smooth impermeable break­
water. The transmission coefficient for the permeabl~ structure decreases 
as wave steepness increases, until overtopping occurs when the transmission 
coefficient increases with steepness (Fig. SO) . The transmission coefficient 
decreases as structure height increases and the initiation of overtopping 
occurs at a larger value of the incident wave height as the structure height 
increases. The similar shaped smooth impermeable breakwater has larger 
values of the transmission coefficient for the steeper waves examined (Fig . 
50) because the runup is higher on the smooth structure . However, there is 

' no transmission for the impermeable structure for the small waves where the 
runup does not reach the breakwater crest. The predicted transmitted wave 
height as a function of breakwater crest height is given in Figure 51 for 
two values of the incident wave height. 
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Figure 49. Breakwater cross sections used 1n the example for estimating wave 
transmission coefficients. 
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VII. SUMMARY CONCLUSIONS AND RECOMMENDATIONS 
' ' 

The primary conclusions from the tests of wave transmission and reflection 
of laboratory breakwaters conducted for this study are: 

1. A simple formula for predicting wave transmission by overtopping 
coefficients together with the model of Madsen and White (1976) for trans­
mission through permeable structures can be used to obtain estimates of wave 
transmission coefficients. 

2. Limited tests with breaking waves suggest that the methods can be 
used for breaking or nonbreaking conditions. 

3. Tests with irregular waves show that the transmission coefficient for 
irregular waves is approximately the same as for a similar monochromatic wave 
test. The mean wave height and period of peak energy density are the param­
eters recommended to describe irregular waves. 

4. Irregular wave tests indicate that for permeable or submerged break­
waters the incident and transmitted wave height distributiors have similar 
shape. However, smooth impermeable subaerial breakwaters have height distri­
butions biased toward the larger heights for irregular waves because large 
waves transmit more efficiently than small waves. 

5. Transmitted and reflected spectra for irregular waves generally have 
equal or higher spectral peakedness than incident spectra. 

6. Joint wave height-period distributions have similar dimensionless 
shapes for incident and transmitted wave records. 

7. There is a tendancy for wave heights to be less grouped after they 
have transmitted past a breakwater. 

8. Transmitted wave energy may appear at higher order harmonics of the 
incident waves for monochromatic wave tests. However, the tendancy for energy 
shifts decreases as the wave transmission coefficient increases. 

9. Additional work is necessary to develop generalized models for predict­
ing wave reflection coefficients and wave transmission through the crests of 
breakwaters armored with relatively porous materials, such as concrete armor 
units. 

The recommended steps for design of a breakwater for wave transmission are: 

1. Use the computer programs MADSEN and OVER to estimate transmission 
coefficients for preliminary breakwater design. Alternative designs can be 
tested by varying parameters such as: 

(a) structure height 
(b) crest width 
(c) seaward and landward breakwater slopes 
(d) water depth 

(e) number, thickness, location, and diameter of materials 
(f) porosity 
(g) permeability 

(h) wave height 
(i) wave period 
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2 . A sensitivity analysis is recommended on those input parameters that 
are poorly known . For example, if there is some uncertainty in the value of 
the design water level, predictions should be made over the range of expected 
water levels keeping a ll other factors fixed. Comparison between the predic­
tions at different levels will indicate the importance of water level. 

3 . Estimate reflection coefficients from model results . 

4 . If possible, final breakwater design should be made with the use of 
physical models . The program MADSEN can be used to assist in designing and 
interpreting physical laboratory models and results for permeable breakwaters . 

Copies of the program decks for the program MADSEN and OVER described in 
Appendixes F and G may be obtained from the Automatic Data Processing Coordina­
tor, Coastal Engineering Research Center, Fort Belvoir, Virginia 22060. 
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APPENDIX A 

BREAKWATER GEOMETRIES 

Each of the breakwaters tested is assigned an identifying code (e . g ., BWl) . 
This appendix includes a cross-section drawing and a brief description of each 
of the breakwaters. Note that breakwaters 1 to 12 (Figs. A-1 to A-14) were 
tested on a flat tank bottom; breakwaters 13 to 17 (Figs. A-15 to A-19) had a. 
1 on 15 fronting s lope 3 .75 meters long . Materials used in construction of the 
structures are identified by a circled letter; material characteristics are 
discussed in Appendix B. 
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Smooth Impermeable 

h 5 =75cm 

0 0.5 1.0 m BWl 

Figure A-1. Breakwater 1 cross section . 

BWl is a smooth impermeable structure tested for wave transmission by 
overtopping and reflection. Note that s imultaneous measurements of wave 
runup were being made on a smooth 1 on 1.5 slope in an adjacent flume by 
Ahrens (1978) while the breakwater tests were underway (see Fig. 1) . 

h s = 70 em 

38cm 

Impermeable 

0 0.5 1.0 m BW2 

Figure A-2 . Breakwater 2 cross section . 

BW2 is similar to a casson breakwater that has been rehabilitated by 
adding rock armor units. The major emphasis of these tests was to examine 
the effects of wave period and height on transmission and reflection. Armor 
material was randomly placed. 
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8=40cm 

l h5 = 66 em 

© 

0 0.5 1.0 m 
BW3 

Figure A-3. Breakwater 3 cross section. 

BW3 has an armor two units thick of angular stone. 
fitting was used in placing the armor, especially near 
was p l aced by dumping . 

A moderate amount of 
the crest. Core material 

B= 40cm 

I ~ h5 =66cm 

© 
I 

54-em- High Plate 

0 0.5 1.0 m BW3W 

Figure A- 4 . Breakwater 3W cross section. 

BW3W is similar to BW3, except that a 5-millimeter-thick metal plate was 
installed in the center of the structure . The caulked plate extended from 
the bottom to within one armor unit of the crest (54 centimeters high). 
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0 0.5 

8=40em 

~I 

1.0 m 

hs= 66 em 

® 

© 

BW4 

Figure A-5. Breakwater 4 cross section. 

BW4 1s similar to BW3, except with a 1 on 2.6 front-face slope. 

8=40cm 

~I h 5 = 66 em 

© 
54-c.:r;'I-HiQh Plate 

0 0.5 1.0 m BW4W 

Figure A-6. Breakwater 4W cross section. 

BW4W is similar to BW4, but includes a 54-centimeter-high impermeable pla1 
1n the center of the structure. 
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B=40em 

h5 = 33 em 

0 0.5 1.0 m BW5 

Figure A-7 . Breakwater 5 cross section. 

BWS, geometrically similar to the upper part of BW3, is typical of a 
breakwater built in relatively shallow water. The armor unit size is large 
compared to the structure height and the core size relatively small. 

8 = 30 em 

1.. ~I h5 =60em 

© 

0 0.5 1.0 m BW6 

Figure A-8. Breakwater 6 cross section. 

BW6 was made of three triangular, fine wire containers filled with core 
material . 
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8 =30em 

.. I hs = 46 em 

0 0 .5 1.0 m BW7 

Figure A-9. Breakwater 7 cross section. 

BW7 is geometrically similar to the core of BW3. The material was held 
1n a fine wire structure to prevent motion of the stone. 

8 = 30 em 
h5 = 70em ,. .., 

Cop 

0 0.5 1.0 m BW8 

Figure A-10. Breakwater 8 cross section. 

BW8 uses do l os artificial units as part of the armor material on both the 
front and back of the structure near the crest . Stone was used in the l ower 
parts of the armor . A moderate amount of fitting was used in placing the 
armor unit s . An impermeable cap was installed toward the seaward s ide of the 
cre s t. 
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h5 = 70cm 

Cop 

© 
® 

0 0.5 1.0 m BW9 

Figure A-11. Breakwater 9 cross sect ion . 

BW9 is s imilar to BW8, except that armor un i t s have been arranged so that 
all of the dolos units are on the seaward si de of the s tructure. 

8 = 30 em 

h5 =66cm 

® 
© 

0 0.5 1.0 m 
BWIO 

Figure A-12 . Breakwater 10 cross section. 

BWlO was made with an armor one unit thick of well-fitted rectangular rock. 
The material was placed with one s urface parallel to the s tructure face. 
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B=30em 
• 
~ 

h 5 = 60 em 

© 

BWII 
0 0.5 1.0 m 

Figure A-13 . Breakwater 11 cross section. 

BWll was made of two fine-wire rectangular baskets that enclosed core-type 
stone . The primary purpose of this structure was to examine the wave trans­
mission and reflection characteristics of permeable material. 

B=30em 

I· ~I h5 = 70 em 

® 

0 0.5 1.0 m BWI2 

Figure A-14. Breakwater 12 cross section . 

BW12 1s a structure with no core similar in geometry to breakwaters 8 and 9. 
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8=40cm 

1· ·1 h5 = 33cm 

© I on 15 Fronting Slope, 
3 . 75 m Long 

Flat 

0 0.5 1.0 m 
BW13,15 

Figure A-15 . Breakwaters 13 and 15 cross 5ection. 

BW13 and BW15 were tested with a 1 on 15 fronting slope 3.75 meters. Note 
that these structures are the same geometry as BW5 (bui lt on a flat tank bottom). 

8=40cm 

I~ h5 =33cm 

I on 15 Fronting Slope 

Smooth, Impermeable 

0 0.5 1.0 m BW14 

Figure A-16. Breakwater 14 cross section. 

BW14, a smooth impermeable structure, has the same outside dimensions as 
permeable breakwaters BW5, BW13, and BW15. 
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8=40cm 

1.. ·1 hs = 33 em 

1 on I 5 Fronting Sl ope . 
3. 75 m Long 

Fla t 22-cm-High Plate 

BWI5W 
0 0.5 1.0 m 

Figure A-17 . Breakwater 15W cross section. 

BW lSW has the same dimensions and material s as BW13 and BWl S , except t hat 
a 22-centimeter -high me t a l p l ate 5 mi l lime t ers thick has been installed in t he 
center of the structure . Th i s plate prevents transmission t hrough the l ower 
part of the structur e . 

8=60cm 

~I hs = 33 em 

® I on 15 Fronting Slope 

0 0 .5 1.0 m 
8\A/16 

Figur e A- 18 . Breakwater 16 cross section . 

BW16 is a one-ninth scale Froude mode l of a proposed submerged breakwater 
for Imperial Beach, California. 

h5 = 60 em 

® 
I on 15 Fronting Slope 

~ 

0 0 .5 1.0 m BWI7 

Figure A-19. Breakwater 17 cross section. 

BW17 1s a vertical permeable structure , similar to BWll , with the rock 
retained by a thin wire mesh . 
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APPENDIX B 

MATERIAL CHARACTERISTICS 

Materials used to construct permeable breakwaters are discussed in this 
appendix . Each material is identified by a circled letter and shown on the 
breakwaters where it was used in Appendix A. Figure B-1 includes photos of 
samp le s of the various materials (materia l F, not shown, is similar to A and 
B). Some basic parameters , such as weights, diameters, and porosities, are 
shown in Tab l e B-1. The weight distribution of each of the materials is 
given in Figure B-2. 
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10 em 

10 em 

® 

© 10 err 

@ ® 10 em 

IO em 

Figure B-1. Photos of construction materials. 



Table 13-1. f\laterial characterist1cs • 
~1aterial Description Wa s 1 

wso 
2 

w1 s 
3 

d50 '+ 

(g) (g) (g) (em) 
-=-==-=~ - ;;-

A Angular stone 2,520 1, 530 990 8.3 

B Angular stone 4,680 3,690 2,900 11. 1 

c Angular stone 180 68 31 2.9 

D Do los 405 390 390 ----
E Flat stone 13,200 11,200 8,100 16. 1 

F Angular stone 7,600 4,900 2,500 12.2 
-

1Weigh t at which 85 percent by weight of the 
mater ial is heavier than . 

2weight at which 50 percent by weight of t h <::! 

material is heavier than. 
3Weight at which 15 percent by weight of the 

material is heavier than. 
4 Representative diameter corresponding to w50 . 

10,000 
8,000 ~----® 

~----® 

~ 

0' 
~ -.c: 
0' 
QJ 

~ 

Figure 13-2. 

6,000 

4,000 

2,000 

1,000 
800 

600 

400 

200 

100 
80 

60 

40 

20 

10 
8 

6 

@ 

© 

.. 
3L-~--~LL~~--~~~~~~~~~--~--~ 

0.1 I 2 ~ 10 20 40 60 80 90 9~ 98 99 99 9 
Per of the Motertol Heovter than o Gtven We•ght 

Weight distribution of the const ruction materials. 
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APPENDIX C 

TEST RESULTS (SI NUSOIDAL BLADE MOTION) 
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APPENDIX D 
TEST RESULTS (IRREGULAR WAVES) 
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APPENDIX E 

TEST RESULTS (GRAPHICAL FORM) 
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APPENDIX F 

DOCUMENTATION OF THE PROGRAM OVER (752X6RlCYO) 

1. Purpose. This FORTRAN program estimates wave transmission by over­
topping coefficients and transmitted wave heights for smooth impermeable 
breakwaters. The method can be used for subaerial and submerged breakwaters 
with structure seaward-face slopes from vertical to 1 on 3. It is recommended 
for values of d8 /(gT2) 5 0.03. 

2. Mathematical Method and Procedure. The program uses the methods 
developed in this report. The procedure is to estimate wave runup on smooth 
impermeable slopes, R, using the equation 

( 
0. 123 L)( C2 IH/ d+C'3) 

R = HC1 H 

where C1, C2, and C3 are empirical coefficients related 
slope, H is incident wave height, d is water depth, and 
wavelength. Runup on rough slopes is estimated using 

Ha~ 

to the structure 
L is the local 

R = ( 1 + b~) 

where a and b are empirical coefficients and 
given by 

is the surf parameter 

where e is the angle of the front face of the breakwater and Le 1s the 
deepwater wavelength. 

A wave transmission by overtopping coefficient, C, 1s estimated from 

0.11 B c = 0.51 - h 

where B 1s the breakwater crest width and h 
transmission by overtopping coefficient, KTo' 

the structure height. 
1s determined from 

The 

where F is the breakwater freeboard. For submerged breakwaters with a 
1 on 15 fronting slope the equation 

KTo - C (1 - ~) - (1 - 2C) (~) 
is used. 

The transmitted wave height, ~' is given by 
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3. Program Variables. A description of all program variables is presented 
1n Table F-1. 

4. Input. 
1n Table F-2. 

A description and an example of the imput parameters are given 
Note that all measurements are in metric units. 

5. Output. Program output includes a summary table of input information 
together with the predicted ratio of the breakwater freeboard to wave runup, 
the wave transmission by overtopping coefficient, and the predicted transmitted 
wave height. An example output corresponding to the input is shown in Table F-3. 

6. Program Listing. A listing of the 
subroutine LENGTH finds the value of d/L 
theory. 

program is shown in Table F-4. The 
g1ven d/L0 by using linear wave 

Table F-1. Variables used in the program OVER. 

Variable Description 

AC 

BC 

B 

BH 

c 
CA, 

Cl, 

DGT2 

DL 

DLO 

DS 

F 

FR 

CB, 

C2, 

H 

HGT2• 

HMAX 

HS 

HT 

I 

I FRONT 

KTO 

L 

N 

p 

R 

RH 

SURF 

T 

cc 
C3 

a; rough-slope runup coefficient 

b; rough-slope runup coefficient 

breakwater crest width (meter) 

8/h 

transmission by overtopping coefficient= 0.51 - 0.11 B/h 

runup coefficient lookup tables 

smooth-slope runup coefficients (a function of slope) 

R/H = C1 (0.123 L/H) (C2Iil/d+C2 

ds/(gT2) 

d8 /L 

d8 /L0 

structure water depth, d
8 

breakwater freeboard = h - d
8 

F/R 

incident wave height, H 

H/(gT2) 

depth-limited maximum wave height= 0.78 d
8 

structure height, h
8 

transmitted wave height 

counter index 

flag to indicate the presence of a fronting slope (!FRONT = 1 
for fronting slope of 1 on 15) 

wave transmission by overtopping coefficient 

wavelength 

number of wave conditions of interest 

linear interpolation factor to find Cl, C2, C3 

predicted smooth-slope runup 

R/H 

the surf parameter = tan e/ A"I!L
0 

wave pexiod (second) 

TANA lookup table of structure slopes corresponding to CA, CB, cc 
TANT tangent of the sealiard face of the breakwater = tan e 
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Table F-2. Input to the program OVER. 

Card 

1 

2 

3 

Format Description 

12 number of breakwaters 

12 number of wave conditions of interest 

4X 

FlO.S 

• equals 1 if breakwater has a 1 on 15 
fronting slope seaward of the structure 

tangent of breakwater seaward slope 
• breakwater crest width (m) 
• breakwater structure height (m) 
• water depth at toe of the structure (m) 
• rough-s lope run up parameter, a (a = 0 for 

smooth slopes) 
• rough-s lope runup parameter, b 

(one card per FlO.S wave period (s) 
wave condition) • incident wave height (in) 

(repeat card types 2 and 3 for each breakwater) 

Sample input 

14.0 0.667 1. 53 4.6 3.56 o. 0. 

7.9 0.2 

7.9 0.4 

7.9 0.6 

7.9 0.8 

7.9 1.0 
B - 1.53 m 

+ + 

7.9 1.2 

7.9 1.4 
i 1.5 

1 

h 4.6 m e - 0.667 -
7.9 1.6 ds 

7.9 1.8 l 1 e 
7.9 2.0 

7.9 2.2 

7.9 2.4 

7.9 2.6 

7.9 2.8 
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Tab l e F-3 . Sample output from the program OVER. 

PRElllCTIUN OF ~AV~ TRANSMlS~lON COEFFICIENTS FOR 
AN t ~ P E f•U1 E A tiL. f R ~ ~- A K W A T t H 

NUHhtR UF WA~e CnNOITIQNS D 14 
IF~O~T r: 0 
TAN(SLOP£)& ,bb1 
8kEAK~ATl~ TOP wyDTH(M)C le530 
STRUCTU~~ HllC.HT(M)a U 1 b00 
~AT~ ~ I H. ~ T H ( ~) • ', 5 t) 0 
F H ~· t H () A ~ 0 ( H ) • l , o u n 
CUtf~ICl~NT UF UVt~TU~PlNG Cc ,U7l 

C1-=s,q~to 
C~s 1 UQHO 
Cl••elB'!.O 

l(SEC) 0/GTZ 

7,~0 ,005~ 
7,<t J O ,Q(l')8 
7,QOO .oo~H 
"f,QOO ,0058 
7. q l) 0 1 00'l8 
7,qoo .oo,,a 
1,qoo .oosa 
7,Q()O .ClOr;A 
7,QOI) .oosA 
1.'100 .oo~a 
7,Qoo ,00!)8 
7,QO(\ .oosa 
7,qoo ,0058 
'l,c,oo t0-l58 

~· ( M) 

.?00 
eiJOO 
thOO 
.~uo 

1t000 
1e200 
leiJOO 
1·~00 
1. ~ 0 0 
2.noo 
2e200 
2.aoo 
2eb00 
dt800 

H/(.;T~ ~/H ~- I R 

,onol3 1.~Q~ 3,261 
.oooo5 l,f:.CIQ l,Jbq 
.oooqt; 2, () 1q • ~ ·su 
,Qo1S1 2,1q7 .~Q2 
eOOlbij a,a1~ ,45() 
,oo19b c,::S,4 ,.371 
I (I(') 2 2 q c,37t ,313 
.onr.oc 2 1 3 'II~ .272 
.oo~q4 2,uoo ,2UCI 
.oo327 l!,t.to .21o 
.oo:Sbo 2,t.07 ,lqo 
,oo3'i2 2.JQq • 18 t 
,oo"'2~ 2,38o .ton 
.ool.6So z.~7o .151 
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KTU Hf(H) 

o.ooo o,ooo 
0. 0 (l 0 o.oo~ 

, 0 1"i .o~7 
,1 Q j .1';5 
.2r;7 .257 
,298 .3'l7 
,:S2'3 ,455 
• 3 /J s .~52 
,360 .6lJi) 

,,71 t7(J3 
,.)t;Q ,837 
,3 8 FJ ,Q.S1 
,_squ 1,025 
,:SQ9 1. 11 & 

.. 



t 

10 

15 

eo 

]0 

45 

so 

Table F-4. Listing of the program OVER. 

P~UOHA~ OVERCINPUTeOUTPUTtTAPE5•1NPUTtTAPfo•OUTPUT) 
~tAL l.tKTO 
Ol~fNSlON TANA(~)tCA(o)tC~(&)tCC(6) 
DATA TANAI10tt2 1 tletebb7te~4~t0e3331 
OATA CAIO,qSijet.280tle"b9t1,99tel,8t1t1,l&o/ 
DATA C~l,2~ijt 1 ]Q0e,}Uo,,ij9ij,,ijb~,,~\~l 
UATA CC/,OS7~, •• 091e•,lO~t•,l8Se•,O~Ot,0~0/ 
kEAO(I\ 9 1) p.jfio~~ 

DO 10n l8W~1tNR~ 
~tAO(~e\) ~.I~RONT,TA~TtbtHSt0StACt8C 

t ~u~~•T<2I2eoXt7F10,~l 
C N • NUM8'~ U~ WAVE CONUtTIONS 
C IFHONT • 1 FOR t/15 ~RONTING SLOPE 
C TANT a TAN~~NT 0~ FRONT ~ijtA~~ATtR SLOPE ANGI.E 
c l:t • ~H~IJCTIJ~t loolDTH AT TMt CIH:if (M) 

C H8 • STwUCTU~t' ~llGHf (M) 
C 08 • ~ATE~ DEPTH AT TOE OF ITRUCTUHE (M) 
C AC • A~~~NS "OUGH SLOPE RUNUP CO~FfiCJE~T (aO 'OR SMOOTH 81.0-fl) 
C 8C • AH~~NS kOUGH SLuPE HUNUP COtF~ICJtNT 

lZ 

lt 

l 

F&"S•D~ 
~,..•R/H~ 

C•U.'>1•0,ll•ljH 
~~1Tl(bti) NetFRONTtTANTtBtHStOStFtC 
F0HMAT(lH\t2X, (P~fOtCTION OF WAVt TRANSMlS~IUN COE~FICIENTS FORCe/ 

'•2X, [AN IMPf~M~AI:.iLE B~t.AtowATER[tllt1lt (NUHHEH OF WAVt. CONOlT 
• 1 U ~~ S a l ' I 3 t I , 1 X t ( t ~ H U ~ T • ( t 1 2 t I t l X t [ T AN ( S L 0 P ~ ) II ( ' f b , 3 t I t l X t [ B H l A K 
•K•ATt:R TOP ~'~lDT~(M)a (eFb,ltltlXt (STRUCTUkE ~UGHT(III)* (,,.-o,ltltllC 
• '(IIIATER OE· PTMC~"~)• C•'"•ltlt1Xt (FIH.fHDARU(I'I)a (tf'otltltPit 
• CtO~FFICI~~l 0' OVE~TU~~lNO C•(F6,ltl/) 
lF(AC,~T,O,OOt) GO TU Zl 
~wtTLCb•Z2> •c,ac 
FOHMAT(l•• (RUNUP COEf~ICl~NTI ,OR ROUGH $~UP~ RUNUP AC•l•'teit 

• r BC• (tF~,&!) 
CCJ TU 21 
DO 3 I a 1 , e; 
1F(TANT,vr,TANA(l),O~,TANT,L.T 1 TANA(It1)) GU TO 1 
~•(TANA(l)•TANT)/(TA~A(l)•TANA(ltt)) 
tt•CA(l)•(CA(J)•~A(J+\))•P 
C2c(t1( I>•Cl:H( I)•C~( 1+1) )•P 
C1El.t(l)•CCC(I)•CCCI+t)>•P 
tOtH F"UF 
l~(T• tJ T,GT,lO,) Ct:rACt) 
lP(TAI•TeGT,10,) t?:Ctl(t) 
lf(T4NT,GT 1 10,) ClaCC(1) 
l~(TANT,LT,0,333) Ct•CA(O~ 
1F(TANT,L.T,O,l33) C2;C8(b) 
l~(T~NT,LT,0,3~3) C'~CC(o) 
~RlTltoe7) Cl•C2tCl 
f CHO.., A T ( 1 X , t C 1 • t , f b , U t If 1 )( • t C i • C ' F b , ~ • I t 1 X t tc h t ~ F b t U t II) 
~'~~IH.CotlU) 
f0HM4T(ItlXt ( T(6~C) 0/GT2 H(fol) HIGT2 RIH 

•n 
00 U JgltN 
wti!O(S•S) TtM 
fUI'(MAT(2f10,~) 

OLU•vSICl,~b•T•T> 
''L.L. LtN~T~CDLOtDL> 

17 3 

I< TO HT(t'l) t• 



oo 

70 

t 

' 
1 0 

20 

Table F-4. Listing of the program OVER.--Continued 

L•US/ DL. 
~uT2:H/(~ 1 8*TfT) 
OGT2~0S/(~,M*T•T) 
~M=Ct•co,tzJ•LI~)••CC2*SURTtH/OS)•Cl) 
~U~fQTANT/SU~T(H/(l,~b*T*T)) 

l~(AC,GT,n,OOl) ~~••C•SUHf/Cle+~C•SUHF) 
1\ai'IH•H 
~HCF/R 

II.TQ:a(.*(S , ... R) 

l"(I~~ONT,t~ 1 l,ANO,,,LT,O,) KTO•C•Ct,•~A)•,1,•2,•C>•'R 
l,.(F~,GT,t,) KTO•O, 
~T••HKTO 
~~ITtCbe12) TeOGTleHtMGT2tHHt~RtKTOeHT 

ta FU~M4T(tX,Fb,l,P7,~tPb,J,~7.~t4Fb,)) 
4 CONTINUE 
100 CONT1NUf 

STuP 
ENO 

Sli~R UUTINE L~NGTH(OLOtO~) 
hlA~ LOtLDNE~tLOD 
L. n :a 1 • t• 111 L o 
t..OD:al,n/OLU 
..... 1 
Pl•J,\4tSQ 

t AR~:ad,O•PI/LD 
LO~~~:LUOfTA~H(&~G) 
N: 'I+ 1 
Dl~F;A~SCLDN~w.LD) 

lf(~·20Q) lt'4t4 
1 IF(OlrF•O,OUOS) 2t2t$ 
5 L.O•(LOrlFW+~D)/2 1 0 

GO TU l 
DL.•t,n/LDIIlf.\11 
~~1Tt(bt100) ~LO•OL 

tOO ~UHMAT(44H SUBAOUTI~f LlNGTH 010 ~OT CO~V~~GE, 0/LO a 
1 ~HD/L a ,,10,~) 

DLat,CI/LDNtW 
ReTUHN 
tNL) 

174 

tl'l0,5t 



APPENDIX G 

DOCUMENTATION OF THE COMPUTER PROGRAM MADSEN 

The computer program MADSEN (CERC program number 752XlRlCPO) is used to 
predict wave transmission through rubble-mound breakwaters using methods 
developed by Madsen and White (1976). (Note: Equations and figures refer­
enced from that publication are identified by the symbol MW.) A wave 
transmission by overtopping model is a l so included as discussed in the text 
of this report. The program is organized as shown in Figure G-1 . Whenever 
possible the variable names used are a close approximation to the symbols 
used by Madsen and White (1976). Table G-1 l ists important variab l e names, 
corresponding symbols used in Madsen and White, and gives a·description 
including references to defining equations in Madsen and White (1976). A 
description of each of the program subroutines is given below: 

SUBROUTINE READI - This routine reads standard lookup tables corresponding 
to MW Figures 2, 3, 15, 16, and 17 from Madsen and White (1976). Lookup tables 
with a combination linear and logarithmic interpolation were selected to avoid 
having to use Bessel functions with complex arguments. The 53 standard lookup 
table cards are given in Table G-2. 

SUBROUTINE REFL - This routine determines reflection coefficients from 
rough impermeable slopes to account for energy dissipation on the breakwater 
face (see-Ch. III of Madsen and White, 1976) . MW equation (127) is solved 
iteratively and the final result corrected by the corresponding correction 
factor from MW Table 2 (a linear fit to these points is used). Lookup tables 
from MW Figures 15, 16, and 17 are employed in this routine. 

Read standard lookup tables (53 cards), CALL READ! 

Read number of breakwaters to analyze, NCOMP 

For each NCOMP read breakwater geometry 
Loo s 

For each period, NT, read wave heights, lUI-----------------, 
For each wave height loop t o 100 -------------------...., 

Determine dissipation on BW face, CALL REFL 
Iterate of 6He and 6HT to f ind le using ~M equations (172) and (161) 

Find equivalent breakwater (Sec. IV,2, eq. 158), CALL EQBW 

Find internal transmission and reflection coefficients, (Sec. II), CALL INTER 

Rees timate 6He from MW equation (161) 

Determine transmission and reflection coefficients, KTt and KR• from t-1\1 

equations (175) and (176) 
Find wave transmission by overtopping coefficient, KTo 

Print results 
100 CONTINUE ---------------------------' 

199 CONTINUE --~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
200 CONTINUE 

STOP 

END 
SUBROI.ITINES 
53 stand.ard lookup cards 
Input cards (see Table G-4) 

Figure G-1 . General program organization . 
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Symbol 
(Madsen and 
White, 1976) 

a· 
~ 

RII 

\) 

d 

RI 

TI 

T 

R 

n 

s* 

nk0 £. 

le 

ho 

T 

f/S* 

:\ 

ko 

Table 

Variables 

A 

RII 

DHT 

DHE 

DR 

BE TAR 

NU 

D 

AI 

' RI 

TI 

KTT 

G-1. Program variables. 

Description 

incident wave amplitude 

reflection coefficient (Sec. III) 

head (MW eq. 160) 

equivalent head (MW eq. 159) 

reference diameter 

reference beta 

kinematic viscosity 

diameter (em) 

equals RII ai (MW eq. 146) 

internal reflection coefficient (Sec. II) 

internal transmission coefficient (Sec. II) 

coefficient of wave transmission for trans­
mission through the structure (MW eq. 175) 

KTO transmission by overtopping coefficient 

KT total wave transmission coefficient equals 
fKTT2 + KT02 

KR reflection coefficient (eq. 176) 

N porosity 

ss (n/0.45) 2 

NKL equivalent 

LE equivalent BW width (eq. 158) 

HO water depth 

T wave period 

FS 

LAMBDA 

KO 2TI/L 

TS lookup tables 
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Table G-1. 

Symbo l 
(Madsen and 
White, 1976) 

Fs 

is 

L 

6h. 
J 

6h. 
J 

ho 

Program variables.--Continued 

Variables Description 

RS lookup tables 

FST lookup tables 

RUT lookup tables 

RT lookup tables 

GSS lookup tables 

FUS lookup tables 

TX lookup tables 

RX lookup tables 

FS (Fig. 17) 

LS slope length 

L wavelength 

NM number of materials 
(maximum of 10) 

NL number of layers 
(maximum of 10) 

11-1 level thickness 

OH relative thickness 

NR reference porosity - 0 . 45 

SUM2 

Sill-11 

TOPW width of top of structure 

LL length of materials in 
horizontal layers 

F breakwater freeboard 

R wave runup 
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Table G-2 . Standard lookup tables to be read by READ!. 

1 ,65 .83 • ~ot.5n2.tq2.3'3.23~,Qh3,9b 
2 .8~ • !:\ \ .~ot.~Q?..tq~.jo3 .t9S,423.90 
3 .~5 .tU ,qot.~Q2.tbc.293.1o5.2~3.7o 
4 .as ,til ,9ot.u72.tn~.222,9UJ,o7:s,an 
s ,PS .ts:S ,90t,4&2.o~2.to2,7«2,80J,OO 
0 .as ,83 • ~ 0 t , ll S 1 • Q A 2 • \ I 3 c , '> 0 2 , S 0 2 , 6 () 
7 ,PS .ts, .~ o t.~a1,89\,92c.I.8~.222.20 
8 .r.s .eJ ,qot,42t.sot.792,~?1.9tt.8l 
q ,6, .83 ,901,401, 701,t>,ql, 7qt ,b,t,bO 

1 0 ,Ac:; .e3 ,<~ot,5ot ,btt,s2t.57t ,3~t.2ll 
1 1 ,E-S .R3 ,qOt,101.S01,41ll,17t,17t,OO 
12 l•Ont.2U2e032,492ob9So2~3.3SS,744,00 
1 .) 1eOOt.?.lt,q42.322,Sn~.b82.975,203,34 
t 4 t.~ot.22t.6~2.162o312,Sn2,b32,7'2·BO 
tS lt0Qt.20te7b2, 032o142e2~2.S22e3U2e36 
t b t.oot.t9t,701,9~t.9A2.oo2, 04l ,02t.97 
1 7 t.OOJ.19t,b1l.7Bt.8?1•82t,~9t,75teb5 
18 1e001el~Je5Ul,b~ltb7l,b51.~~~.49tt3A 
19 leOOt.t8t,48t,S71eSU1o47t,37t.27tel6 
20 1 • o o t • t1t • ~n 1 • o P. 1 • tJ? 1 • s 2 t • r. 1 t • o a ,97 
21 le00lelbt,l71,3At,3tl.t81,U5 ,93 .ao 
22 t.oot.tbt,321.?91,1~t.o~ ,'13 .~o ,b7 
2l t , oo t.oot .oot.oot.oot.o ot. oo t . eo t .o ot .o o t,oot. oo t, oo t.o o t.oot ,ool,oo 
2U t,CIOl,OO ,98 ,9b ,9? ,87 • ~ 1 .a~ • t!t7 • 81 ,7b ,7B • ]Q .77 ,72 ,69 ,.,f) 
2~ 1,001 ,oo ,<18 • 9 !I ,AJ ,75 ,7n ,78 ,7'i .t>o ,bO • b 1 ,ob ,60 ,54 .~8 ,48 
2t;, t.oot.oo ,97 ,90 ,7') .oc; ,bh ,bq ,be; .s.s ,4(;) ,o8 .~IJ ,u7 • .ss ,32 • JtJ 
27 le OO l,OO ,97 .~1 .b~ ,ss ,SB .b? .s~:- • I~ l. ,31.1 ,38 ,uo .J7 ,27 • 2 t ,2U 
28 t. oo t.oo ,95 ,83 .b? • IH, .~2 .ss ,tJA .53 ,lr; .30 ,:n ,lQ , 18 • 12 , I 6 
29 t.oo ,QQ ,qu ,79 .57 ,uo .~.;s .so ,43 .~t> • 18 .2tJ ,28 • 2 IJ • 1 3 , Ob ,ttl 
30 1·00 ,99 ,93 ,715 .st .:su ,1.10 ,uc; ,3A • 2 I .12 .20 ,ca .co .os o:.> . - • \3 
Jl 1·00 ,99 ,92 .72 ,lJtJ .28 ,3b ,42 • :n • 1 b ,o7 • 1 7 .22 ell.\ ,o7 .oc • \ 3 
:S2 t. oo ,QQ • 9 , .70 ,Lit) ,c?} .. n ,3A .30 1 1 2 • (j 5 • l ' ,cc • t fl .c'? . 02 • 11 
33 le OO .'1~ ,<Jo ,b1 .3'5 • 113 • 3, .35 .21 • t •> ,OS • 1 7 • 2•) • t 8 • 0 7 . o?. • 1 J 
34 .eo .bb ,57 ,so ,Llb ,42 .3~ ,3b ,31l 
35 .b1 .so t /~ l ,Jo ,3() ,2b ,22 • 18 • t " 3b ,51} • IJ 1 .32 ,2b • 2 t • 1 7 t 1 3 • l , ,OA 
37 ,so ,.SJ ,2b • t q • 1 b • 1 2 .~9 .07 .os 
3~ ,45 ,30 .22 • t , • 12 , oa ,07 ,04 ,03 
J{/ .~1 o2b • ' a • 1 3 ,09 ,01 ,05 ,03 .o?. 
uo .~7 .23 , I b , I I .oA .os .01 .o2 .o2 
tq ,33 • 2 ' • 1 3 ,09 .o& .ou .03 .02 • 0 t 
/J 2 • 3 t .t8 d2 .oe .oc; .o:s ,01 .o?. • 0 t 
u.s .29 • 17 • l l , 0 7 1 0 II .o3 ,02 • 0 t • 0 t 
44 .2S .uo ,tJ~ ,';,to ,5R • r-l q .sa .Sb • s ·s 
45 .35 .52 1 b0 ,t>S tbb ,bS ,b3 ,b?. ,no 
tJb t CJil ,bO ,1)!:.\ • 1 t • 1 t tb<l ,b1 ,&7 tbb 
IH .so .b7 • 7 5 ,70 .73 ,72 ,7t .1':1" • 7 0 
4d .s7 t ., t ,15 ,77 .1b • 7 !J .73 .73 .73 
49 tbO .73 ,78 .1R t 7 7 .7o .7& .1h .7h 
so .63 .7b ,60 • 79 .71\ .78 .77 ,77 • 7 7 
51 .bb •. , e. • 1;\ 1 .Bo ,79 .7q .79 ,79 ,]f) 

52 ,68 ,80 ,b2 ,81 ,80 .eo .eo ,81) ,80 
53 ~ 7 t .H\ ,83 ,82 • 8, • 81 . ~' • 81 • A t 
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SUBROUTINE INTER - Internal wave transmission and reflection coefficients 
for the equivalent breakwater found in EQBW are solved in this routine. ~M 
equatio~s (57) and (37) are solved.implicitly using Rc = 170 and interpolation 
of MW F1gures 2 an~~' when nkl 1s greater than 0.1. If nkl is greater 
than 0.9 the coeff1c1ents cannot be solved, so another equivalent breakwater 
with smaller reference diameter stone is determined. 

SUBROUTINE EQBW - This routine determines the rectangular breakwater 
corresponding to the multilayered trapezoidal breakwater using the methods 
described in MW Section IV,2. The initial reference diameter is taken as one­
half the armor diameter and reference porosity is defined as 0.435. 

SUBROUTINE LENGTH - Finds the relative depth given the ratio of water depth 
to deepwater wavelength. 

1. Program Use. The following steps are required to use the program MADSEN: 

(a) Assign each of the materials used in the various layers of the 
breakwater a consecutive number making the armor "material number 1." 
Determine the diameter of each material from 

' 
where w50 is the median weight and y the specific weight. Also 
estimate the material porosity. 

(b) Divide the breakwater into horizontal layers. A new layer 
occurs any time there is a change vertically in any material type of 
slope (see Fig. G-2 for an example problem). Make the layer next to 
the seabed "layer number 1." Find the thickness of each layer and 
determine the average horizontal length of each material in each layer. 
Remove the outer layer of armor from the seaward face of the breakwater 
before making length calculations, because energy dissipation on the 
front face is determined separately in the program. 

(c) Estimate the kinematic viscosity of water as a function of 
water temperature (Table G-3) . 

(d) Estimate breakwater water runup parameters, a 
the present time the values of a = 0.692 and b = 0.504 
based on the laboratory data of Hudson (1958). 

and b. At 
are reconunended 

(e) Put the information into the required input format (Table G-4). 
Input cards for the example breakwater (Fig. G-2) are shown in Table G-5. 

for the example problem is shown in Table G-6. (f) Sample output 

P A ll.sting of the computer program ~~DSEN is given 1n 2. Computer rogram. 
Table G-7. 
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Card type 

standard 

1 

2 

3 

Table G-3. Kinematic viscosity of water. 

Water temperature Kinematic viscosity 
of water 

(Co) (m2/s) 

0 0.0000018 

10 0.0000013 

20 0.0000010 

30 0.0000008 

Table G-4. Format of input information. 

Format 

12 

20A4 

3!2, 4X, 7Fl0.5 

Description 

53 standard input cards (see Table G-3) 

number of breakwater configurations or 
water depths to test 

title card 

number of wave conditions to test 

number of materials 

number of horizontal layers 

structure height (m) 

water depth (m) 

kinematic viscosity (m2/s) 

width of top of breakwater (m) 

front slope of breakwater = tan (9) 

wave runup parameter a ~ 0.692 

wave run up parameter b = 0. 504 

4 lOX, 2Fl0.5 material diameter (m) (armor 1st) 
(one card per material) 

5 

6 

lOX, 7Fl0.5 
(one card per 
horizontal layer) 

2Fl0.5 
(wave condition card; 
one card per wave 
condition) 

material porosity 

layer thickness (m) 

mean length of each material type in the 
layer (put in consecutive order, material 
1 (armor 1st), etc.) 

wave period (s) 

wave heights (m) 

NOTE.--Repeat card types 2 to 6 for each water depth or breakwater 
configuration to be tested. 
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1 
f)CAMPl ~ 

1 8 ~ 3 
MAT , 
MAT ? 
MAT \ 
LAV , 
LAV ? 
LAY J 
s.c 
'-'·0 

(X) '-'·0 
N ~." 

5,o 
'.:l,() 
11'),1" 

1 n • '1 
ltJ,o 

1 0 • () 

1 , • 0 
10,0 
20,(' 
2n,('l 
20,() 
20,0 
2o,n 
2o,r 

phi p t•l ~ ,·.~ 

~. n 

lle7?~ 

n. s \~ 
(J el i 'l?., 

~ • ..,c., 

o .7H 
(l • /J 1 

(1 • 1 
, I • '; 

1 • n 
1 •• , 

1·7'"' 
. , I) 
( . 
(I f l 
(I • r., 
1 • I' 

1 • c, 
1,7c;., 

2 • IJ 

(I t 1 
I I • c, 
1 • (! 

, • c., 
1.7"5 
2 • ( 1 

Table G-5. 

~ . ~) 
n • . S 1 
() • s 1 
n.57 
/J. ~ s 
u.c,, 
C,.c'~ 

Sample input to program MADSEN. 

(',t't(\ 
t' • ~ ,, 
,) e I) 

t:l II f", . . "' 
( . () 
•) " I ~ 

,, • f.,., 1 ,..,1)9;> 



Table G-6 . Sample output. 

t<IIJM OJ: wAVE r.O~ O tTtUNS 1 ~ 
~U~ OF ~ATfRfALS= ' 
NUM OF HORIZn NTTAL LAYfR~a ' 
STQUCTU~otf. Ht.TGHT (M)a . , b,I'IOO 
WATER O ~PT~ C~)a U,8on 
~~~EM•TJC VlSCOSlTV (~215lC): .o ~on oo930 
B~ TnP WIDTH (M): 2 1 52n 
fANH OF F~ONT SLOPf: .b~1~ 
R U \1 U p-- C 0 t:. f. F I C l F.: 'J T S A : : t't Q 2 A :l , 5 0 11 

MATEQJAL CNA~ACTf. R tSTICti ~MAkf 4RMnR ~ATfklAL NU~~ER 1) 

MAff~IAl. = 
"4AT~~IAt.:: 

MATfRtALa 

HORIZO"-~TIAL 
(~·A K t l.AYF.~ 

1 0 fA'-4tTER (M)D 
2 o r A tA E rc Q cr~ 1 :s 
5 OIAI-1E:H. ~ U1 )~ 

,7?1 P O!olnS tTV:a 
• . S"38 PQRnSTTy:: 
,O~c? PORoSITY= 

LAVER ChArHCrunsr res 
~J EXT TO S E. A ~fll LAYER NltM~ER l ) 

,.S10 
.3 70 
.370 

M ATfR !~L :a 
HOR!ZUNTIAL I.AVf.R ;:, ' T H T C H ~lf SS (M):a .s.sc;o L e:r~G T HS <">= 
H 0 R 1 Z 0 tq 1 A L LAY~~~ 2 T t1 T (.. I·Hd: S S ( M): • 7 8 () U . Nr.THS (~):: 

H(J~llO~TlAL LAn: .. R: 3 Tt1J l..-t'IESS ( H h , IJ10 LfNGTHS { ·~) = 

H(M) T(SE.i.) H/((;*f*T) H/L 0/(Gfl*T/) KTT KTC'l 
, t no s.oo , "on 1J n ~ , (i0 33'5 . ntt)b • .SQ2 o . c ~o 

• ,'500 c;,no , 0020tt l , l"l oi'u , otC?o ,2 13 \1 , 0 ,1 () 

1 • 0 00 ~.oo allOI.IO;t.c 2 l l _; ) lJ 'i e 019o • i :l 1 l' , p n 1J 

le'>OO '5.no , nl)h\~c ' 'I r, 0 ;>! .otqo ' t 3 1 • (t ~ f ) 

1 • . , 50 "-· '>0 . o0'1 l o3 o Oii8bO .ot~o .1 c?2 o 0 A , 

2.ooo c;,n o , I) 0 11 1 f, .S . oho Q7 , ot-lo • 1 t 5 • I ? '; 
, 1 n ll 10,1'10 . nv0 t n2 . oo tc:;t ' n :) 1.1 '} • /J 0 1 I) • 0 n rl 
.~ no 11') ,(' 0 , oooc;tv . on7~3 • '' Oll9 • 2_,)(! o , ooo .. 

. ot5o7 , ('IQ!J<J ,\ J S J e Oil J t. ooo 1 0 • ~) v , 0(110 , :) 
t,«:;no t o,n c ~n o t ~·n • (I?? 6 c • 0 0 ·: q 1 1 i\ 0 • I 1 S 
1.7'10 t n ~n o , 0(117 ~ 0 . o:>o:H , no'' q , o8t\ . ,c; () 

?. ono 1 (' , (\0 • () 0? 0 ,, t , o301 l , f' Q (J~ • ,, (I 0 , t"U 
• t (1 0 2n . oo , oooo ,o .00073 • 0 0 t 2 , :S At o. ono 
• ~.; 0 (I 2f\,On , Q00\)1.1 , on.s~ ·7 

' '' I) I t! • 18,., 0, 0 1')0 

t. ooo 1ft , ~O , o!!n?r;" . on7)t, , n o t~ • 1 ?"{ , 0 I 0 
!,15(\0 2 ,' , ('10 , 000 .3il~ . o tlf\2 , " vl?. , OQd · '"q 
la7'l O lo.oo e OOfiLioo • (') lc' ~ t) . ():J \2 , oA7 .1 "! 6 

2,ono 2o , oo • 0 (1 {) ~ 1 ll . n tu7o ,n ot?. , 0 131 , 2 ? 'I 

K T T "' w A V f. T f.l A h j t; ~q ~ S J f\1~ T ~I( I" II r. t~ P1 E 3 1 w 'I C T U 'H 
KTO • ,Avf. Tf.\A'~ ~ ·q s 'qn·• (.Y •)~ r ..; T o;>p f \I G (' !Jf> '"'IClf.~I T 
Kr "' T'1TAL ... n~ f ~!~ t S'" l SS J pJ CO UF!Clt.'IIT 
KR • wlVf 4~ r ~E C YT 1) N tr~~Ftt(lNT 
H T ,. HL' ·'J S ~I[ T r H l ,.. ·\ V F t l t. ! <. l·d 
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1 ~ '\ 
ij.r; ?.$\ u , o 

lJ ·" ;? .~ I) • 0 
z;.~ Co(\ n. o 

KT r(q Hf(M) 
w 

, 3q? .. ?.I) , on 
. 215 , ?13 , !O f. -. .-; 7 . . ' 
• 1 :> 1 ~ . ') \ 

.1:!'-: v ,> 7 • .? 0 .\ 

.t tJY ;('b , 26? 
_.11:l9 o c.. '> ,33'9 
.uot • '\ 11 , 01.10 

2 (l l , S9 • t 0 \ 
4 
.~35 , h2 • 7 s . ~ 
.t " 2 . " \ , ??.q 
: 1 A2 ~ 1) 1.1 1 3 \ J\ 
;2C'q • ~ 4 • IJ 1 3 
.lOt I '-) \ , 1')3,_ 
:tao , n'> 1oq3 
:ti'T • 1 1') , U1 
:t82 • .., I ,2f1J 
:~tiJ ,II • nc; 
~2ql t I 2 ,uB? 
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10 

20 

JO 

l5 

"0 

so 

55 

bO 

b5 

Table G-7. Listing of the computer program r~DSEN. 

PROr.RAM MAOS!N(t~PUTtOUTPUTeTAPES•INPUT,TAP[ccOUTPUTtTAPf3) 
COM~ONIMAOSt/N~,NltDCll)eN(tl)tLL(lttll)efM(lt) 
CO~~O~/SEtL/NKL,,S 
HEAL 1\JI<L 
OtMp~SION IBUF(1)tTtTl~C20),NUM(10) 
~~AL LtNU,KTtK~,NtLEtNReLLt~TO,KTT 
OAT4 f1JUM/tt?.tlt~t5tbt1t8tqtt0/ 
PI•1,t4t5q 
CALl Rf.AOI 
REA~C5t59n) NCQ~P 

5qo fO~~AT(ll?,ux,,,lO,~) 

DO ,o~ IJ=t•NCO~P 
C R[AD INPUT INFORMATION 

~fAnC~e17t) CTITLE(JJM)tJ;Malt20) 
lTt FO~~ATC20A~) 

~R1Th(bt17Z) (TtTLl(JJM)tJJM~tt20) 
t1l FO~MAT(tHt,tOX,10A") 

REAn(~,~qO) NT,NMtNlt~StMOtNUtlOPW,TAN8,RAtR8 
FzH~·~O 

l'(pA,L!,n,) RA•O,cQi 
lF(Q~.Lt.o,, Rs~.sou 
~RlT~lct91t) NT,NMtNLtMStMOtNU,TOPw,TAN8tRA,Ra 

qTt FOkMAT(/ ,tOX, rCOMPUTATlO~, OF WAVf TRANSMtSSJON TMR~UGM A POROUS 
* B~FAK~ATfRft///t5Xt rNUM U' WAVE C~N0IT10NS[t11Xti3tlt5Xt 
* [NU~ Or MA l ~RtALS•ftl7Xtlltlt5Xt 
• tNUM or ~ORlZONTtAL LAVE~S•[tbXtf5,/tSXt [STRUCTURE HflGMT (M) 
••tt~XeFt0,3tlei§Wt [IIIAHH DEPTH (M)at.ttX,F10,3tltSX, 
• [l(l~~"'AT Ic visc,sitv CM2/S~C>• l•'t t ,q, 1•5X, [Bill roi:' 111IDTM (M)•" 
*1C'IX,f10,lt/e'll(, rTANB OF FI~ONT SL.OPE.:a(tqXtf'3,U,/tSX, tRUNUP CO~FFtCI 
*fNlS U (eFt»,), r Be [tFb,l) 

oo ~v 1•1•11 
DO q8 J•tett 

q6 LL<TtJ)zo, 
qq CONTINUE 

I'IR1TECbt283) 
281 FORMAT(~X• (MATfAlA~ tMARACTIRJITICS (MAkE ARMOR MATfRIAL NUM8fR 1) 

• (t I) 
DO 1.. J:t,NJo~ 
~F.AnC~t7) ~Cl),~(l) 

1 FO~MAT(JOX,7~10.5) 
~RlTEto•177) t,M(l)tNCI! 

177 ~ORMAT(c;;,c, (MATERIAL• ltl:Se [ nlAMETFA (M)a (t~ 6 1 3t t POROIITY• le,o
1
l) 

0 (. ClN TINLif 
~~~T~(be2Aa) (N IJ M(J~)tJMat,NM) 

28~ f 0R MAT(//t5Xt [~O~IlONTlAL ~AVER CMARACTrRtSTlCSr,/,5Xt 
• ((MAKf LAVfR NfXT TO 8EA8EO LAHR NtiMBEA tJ (tit 
• ';2)(t [MATERIAL• [t7Clt ,5x) tltblXtbCil,"Xhl) 

00 'j J:t.Nl 
R£An(Se1) T~(J),(l~CltJ)tl=ttNM) 
wRlT~Cb•l78) J,TH(J)t(LL(ltJ)t1•1•N~) 

17,_ FO~MAT(t;X, (MO~IZONTIAL LAVEIU Ctllt [ TMlt:MNt.SS (M)• r~ Fb,lt t LINGTH 
•S (t.~)a [t7Fo,1tlt00XtfFo,l) 

33 COt-..TlNUE 
NM&NM•t 
OCN~):O(l) 

~(NM):0,01 
~I..= Nl.+l . 
THPJL.l=tononooo. 
LL(~MtNL):J.*0(1) 
~'~~IT£ (btq~2) 

q",:a ~Ut'lt-46TC/t. ~x. r~<"'> 
* ~TO ~T ~R 

0 (I 1 q q I I( E 1 • N T 
kfAn(r;,~) TeH 

8 ~CI~ MAT(~ft0,5, 
A=~•O,S 
OR :nCt>•o,c; 

T( Sf C) 
HT(M) [) 
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Table G-7. Listing of the computer program ~~OSEN .- -Continued 

lFC6,LT,0,0000t) GO TO ton 
lF(TAN8.LE,0 1 ) ~U TO 17 
CALl ~EFLCAeHS,n(t),HO,TANS,T 1 Rtl,R IJ eL) 
AJ=~nr•• 

22 ()~T:c?,•RU•A 
lF"L~G:o 

C ASSUME ~~F:DHT &Nn tTER&TE ON THE EQUILTVA~T B~ 
ICOIINT:O 
O~t~()HT 

10 ICO II NT:JCOUNT+t 
CAL l E:.JRo~~CDHf tOHTtL~t~'~OtHStTANSt~R,nReTnPW) 
CAL! INTtR(NR,y,LEtHOeAieNUeDReTleRteLet~LAG) 
lF•: Ht.Ar;,EQ,l' nR:OCU0 1 Q5 
l~CT~LAG,EG,l) GO TO 22 
O~E::d t ,•Rl)*RII*A 
IFCTCOUNf,LT,~) GO TU 10 
KR:J:n.rnx 
KTT:TI•Rit 

37 IF(TANB,Lf,O,) CALL lNTER(N(1ltTtTOPWtHOtAtNUeOC1),KTTeKRtLtl'LAG) 
lF(T~L4C.,fQ,1) ok=ORfO,S 

. lFCyFLAG,EQ,l) GO TO 37 
S ll ~,.: T A~ B IS~ R T ( w I ( 1 1 5&* T • T) ) 
I·H-4:QHSIIRF" I C t,+~B*:,U~F) - .. 
I·U~ti<H 

~O:F1r:1. 

Czo:~! •O,t1*TOP•IHS 
KT U::(.t( I,•FW) 
lF((TOPw1HS) 1 GT:0,8A,ANO,F,LT,O,) KTO•C•(t,•FR)•(l,•l,tC)t'R 
lF(Kf ll ,GT,t,) KTUct, 
lF(~k,GT,t,O) ~TU=O, 
hGT,cA•?.,/(Q,8o•T*T) 
11L:a,,•AIL 
UGT,:aHO/(Q,80fTfT) 
FLAr.:3H 
kTc~ ~RTCKTT**?+~T0ft2) 
l~(KT,GT,t,O) KT:t,n 
~T:&H•KT 
wRlTECbtqAt) MeftHGT2tHLtDGT~tKTTtKT0tKTtKReHT 

Q8t FO~~AT( SX,Fo,J,FlO,Zef10ebtF10,5eFlOe4 1 l,o,l,F~,2,F7,l) 
ton CON TlNUF 
tQQ (OtHlNlH: 

"'~lrt Co•20t> 
201 Fo~~ATCI/t2Xt CKTT • ~A~E T~A~SMISSinN THROUGH THE STRUCTURECt/9 

tjXt rKTU • ~AVF T~ANSMIS~IU~ ~y O~ERTOPPyNG C0EfPIC%fNTlt/t 
* 2X, (KT • TOTAL WAVE TRANS~lSSION cOffF1ClENT(t/t2Xt 
* (KQ • WAVE Rf~LECTlON COtFfiCIENTft 
*1•2~• (~T • TRANS..,ITTEO WAVE HEIGHT f) 

20il CO~TlNU ~ 
~TOP 

~NO 
StiH q UlJ TTNf. RU"LCAtHStDtHOtTANfJ,T,RITtRU,l.) 
C 0 M M UN I 1-A A 0 S I~ S T ( q t l 1 ) t R lJ T ( q t 11 ) t R T ( ; 7 t 1 t ) t h ( q t 1 0) t R X ( q t 1 0) 
OJ,..FNSJOIII FSSC!t)•~llS(ll)t~S(ll) 
RfA L I , LSL , lS 

C Cf : ~OUFL tORUlC Tt O~ FACTOR TO ACCOUNT FOR MOnEL Sl.OPE EF~ECTS 
CF =t. ?a~ o .~7 8 •TA ~B 
l~(~AN H , L T, n ,4) CF:t,02 
l~(TAN~,GT,O,b8) CF~ 0 ,8Q 

C fJNP ~Avt L~NGTH l 
~0LOZH0/(1,~bfT*T) 

CALL L E N~ T(H OLO e~Ol.) 
L=~n/HOL 
LS:HU/T H Jf' 
lf (~S .LT,HO) LS2HS/TANB 
LSL:I.S!L 
IF- (LSL ,LT,0,8) GO TO 10 '5 
TMIN~S~RTC 0 ,2~J•<Ls,o,a>tCq,a•TANH(~,2al•HO!CLSIO.~)))) 
WWJTt (ot10!) TMTN 

t Ot F O~ ~AT(/IItl~• rwAR~tNG•TME ~INI~UM WAVE PERJOO TO BE AN&LVZEO BY T 
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Table G-7 . Listing of the comput er program MADSEN. - -Cont i nued 

*HYS PR O G~AM 1S(,fb,2t C S~C FOR THIS CONnlTlONf) 
LS1..: 0 ,7QQ 

1oc; t=< L S L •t o ~.,,, 
C lNH I-< POl ATE I~PUT TABLE FOR Tl-416 LSL VALUE 

1I: t_ SL*?0,+1t 
00 3 J=1•11 

~SStJ)•FST(!•J)+(PSTCI+teJ)•FSTCitJ))•CLSL•CI•t)*O,l)IO,l 
RU StJ):RUT(JtJ)•(RUT(I+ltJ)eHUTCitJ))*(LSL~CI•ll*O,t)/0,1 

~ "S(J):RT(JJ,J)t(RTCII+ltJ)•RTC1IeJ))*CLSL•(Jlw1)*0,05)/0 1 05 
C G\l tSS PHI AND ITERATE. 

P"'l=S,O 
M:O 

o J•PI-41 
~AC:(AL0GCPHI+t.)•ALUG(J+1,))/(ALOGtJ+2.)•ALOG(J+l,)) 
FS=FSSCJ+1)+ FAC•C~SSCJ+2'•'SS(J+t)) 
R t J:: Q ll ~ C J + t ) • F' A C * (IW S ( J + 2' • R U 5 ( J + t ) ) 
kJl:~~(J+t)+(R$(J+2)•RS(J+l))*FAC 
A~ G: Q ,?Q*(O/~ n )**~•?*CR U*~•*A/(HO•TANB),••o,l•FS 
P"l~: n ,~*ATAN(AQG)f57,2q~78 
M:..,+\ 
D EL~A ~ SCP~I N•PHJ) 
lF(H,GT,c O) GO TO 9 
PHl:PH!N 
l~ ( PMT. ~ T. n , O t) P~l•O,Ot 
lF l P~!,GT,q,qQ) PHlaq,qq 
p ·(f'\H ,GT . 0 ,0'5) GO TO b 

Q kll= ~ ll*C'" 
l.ifl tt~ lll 
f'-10 
SliH RllU TTNF REAOT 
C O(~ tl ~/ H ~ ~ S/~STfQell)tkUJ(q,ll)tRTCi7tll)tlX(QtlO),RXC9tl0) 

177 F C1N ~AT(lXet7F~,?) 
()U 1 H:1t11 

1 ~FAn(~t171) CFST(NtM)e~:tt9) 
00 2 M: 1 t 1 1 

2 RfAn(~e\77) (RUT(N,M)eNatt9) 
D O ~ M:tt1l 
HtA~(~t\77) (RTtNtM),~a1tl1) 
0 0 U Mz;tt\0 
~EA~C~t177) (TX(NtM)tN:1t9) 
DO a:; "4: 1 t 1 0 
REAn(5t177) (RX(NtM)tN•lt9J 
RETIIHN 
ENO 

SUti QUll T!NE E lH~wtDH :T. ,OHTeLf.tH0ti1StTAN8tNQ,Ofof,TOPW) 
C 0M M ON /MA nSt/ ~M,NLtOC1l)tN(t1lt LCl~•'1'tTHC11) 
O I M ~ N SI ON 6fTACt1), 0H(l1) 
~ ~ A L ~~ t l , l E t N R 
N~ : l'l , lJ 35 

BE T~k:2.7•(1,•NR)/(NR*•l•OH) 
DO ~l t~:teNM 

~1 ~ r l A(t ) c2,7•Ct,wN(!))/(N(I)•*l*O(I)' 
THt: o . 
1 ~2: 0 , 

uo u J : \ • ":L 
THl:THt+TH(J) 
N Yl.~J 

DH( J ):TH(J)/t10 
I~CT H t,GT,HO) DH(J)a(HO•TH2)/HO 
1F(TH1,GT,~O) Gn TO 5 

u T ~ ~: l H 2 +TH(J) 
c; SlJ M2:: o , 

Or• 1 b J:t, NVL 
SUMt:o, 
(lll 1 7 I: 1 t N M 

11 S U Mi:su~t•BETACf)/8ETAR•LCI,J) 
1b SU~ ?=S UM2+ 0H (J)/(SQRTCSUM1)) 

LF.=t.I(S UM2**2>•DHt/0HT 
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Table G-7. Li~ting of the computer program ~~DSEN .--Continued 

RF.T t tkN 
E"~D 

~ 1 1 HQI 11 1Tlti.F lNT[R(tvtTtltHlJtAtNUtC'tTJ,~ItWI..t,FLAC) 
C 0,.. .., L' ~~ IS U L I N I< L , F S 

l.O~ •.WNIMAOSif- ST Cqtl t) eHUT (q,l t) tRT( t 7tl1) t h (qtlO) RX (9t10) 
DJ""r:"'SION TS(!OltRS(lO) ' 
IH AI ~'Kl tl,t~tU,k'1tlAM~DAtN 
~S: r :-.IO,UC:,)**2 
K l:?.•3.t tqCiQ/\.,L 
f'v.c,L:t•*Kfl*l 

~~TA:?,7•(t,•N)I(~**l*O) 
LAMR{)A:1, 
~=o • 
~<C:,7n, 

IC: 1'\ 
i' fr'·• : F 

lC=rl•1 
U: U ~ IJ R T ( q, A 0 I M n) I ( 1 , + 1,. AM B L) A) 
Fi r: : I I f 0 It.. U 

F=~~(~D*L)fCSQ~T(t,+(t,+RC/R~)•\!&,•8ETA*A*l/C3,•l,lij\SqtMO)))•l,) 
LA~A~A~KO*L*~IC?o*N) 
IrCt!..,GT.tol GO TO 5 
1FCr~HS(ft~.•~)/F),Gl,0,02) CO TO 2 

'5 TI:!,/(1,+LA1'1t\DA) 
kl:l AMtHlAI( 1 ,+LAHAOA) 
f-S=F/SS 

C ~~~T~(bt3q7) F,FSeUtkD 
3Q' f(l~MAT(?liXt (FeFStUtRU: (t4E.lle5) 

J~(N~L,C.T,o,Q) JFLAG=t 
P· ('J"'L,GT ,O,Q) FH TU~N 
IH~ 1 "-l.,LT,0,1) RET\..1~"' 
l~(~~.&T,35,) FS:35, 
J:t~.~t. L*l 0, 
Izf-~ 

(; p.IE~P U I ATE M~()Sf.N C'lJRvES 2 A"JD j 

, 

t 

lj ( I 1 ro1 : \ f , 0 
~SC•1):~X(J,M)+(RX(J+ltM)•RX(Jt~l ))*(~Kl•n,1*J)I0el 
TS(~):TX(J,M)+(TX(J+ltM)wTX(J~~))f(NKL•n 1 1*J)I0 1 l 
lF(~~.L~.t,n) TJ•TSC1)+AL0Gt~CFS)*(TSClnJ•lS(t)) 
l~(~~.L~.t,O) ~f:RSC1)+AL0u10\fS)*(RSCln)•~SC1)) 
1F(r5.Gf,tn,) TJ:TS(10)$(3~,eF5)12~: 
l~C~~.G~,lO,) ~T:~S(10)+{1,.~S(10))*(PSe10t)/?5, 
i~Cr~.L~,t,o,OR:FS,Gt,tn,O) ~ETU~N 
~f=QS(ll+C~SCJ+t)•~SCl))*(ALOG(FS)•AL0GC1*1,))/CALOG(l+t,)•A~OGCl* 

• 1 • ) ' 
TizT5CI)+CTSCI+t)•TSCI>>•CAL0G(FS)wALOGci•1,))/CALOGCI+l,)•ALOG(lO 

• 1 .>' 
.. E T II w ~J 
l N i) 

~ ' Jf:HW I JftNE l t:NGT( OLOtDL) 
ktAL LDelONf. WeLOD 
Ll)~, ,n,oLn 
LnU:l,OIDLO 
t~.=t 

~t=~.1~1SQ 
A~G:c,O*PT/LD 
LD~~~=LOO*TANH(ARG) 

.... =111•\ 
CJ~F=A~S(l.DNfW•LD) 
lF(N•?OI'I) 3t4t4 

3 IFC~lF~·o.ooo~) 2•2•5 
~ Ln&(LONfw+L0)12,0 

(, IJ T IJ 1 
OL=t ,n/LDNE"' 
... ~lTl(t>dOO) OLfltOI.. 

JOn FO~~AT(UUH SURRnUTlNt ~ENGTM DID NOT CONVERGEt D/LO • 
t 8H~IL a tFt~e5) 
()Lat,O/LDNEW 
H T LJkN 
lNO 
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