
CHAPTER 160 

A New Design Method of Rubble Mound Structures 

1) 2) Cheong-Ro Ryu  and Toru Sawaragi 

Abs tract 

A new design method of rubble mound structures with stability and 
wave control consideration is proposed, by which the reduction of wave 
reflection and run-up and increase in rubble stability are assured under 
the given wave conditions.   Wave control and stability increasing 
functions due to change of the slope shape of rubble mound structures 
are discussed on the basis of the experimental results for regular and 
irregular waves. 

The new design formula developed here considered the allowable 
percentage of damage and the wave grouping effects on rubble stability 
using a new assumption of the mean run-sum as an index of the irregular 
wave force.   The run-sum is defined as the energy sum of a run satisfying 
a critical wave condition and the mean run-sum is the mean of run-sum 
for a irregular wave train. 

1.  Introduction 

The selection of statistic design wave height in irregular waves 
is the most important problem in the design of rubble mound structures 
using the conventional design formulas.   The problem mainly occurs due 
to the irregularities of ocean waves well known as the spectrum shapes 
and the grouping characteristics etc..  The effects of irregularity 
on the stability of rubble monnd structures were pointed out by Johnson 
et al.(1978) and Sawaragi et al.(1984 and 1985) as an important external 
force index that should be considered in the design.   Furthermore, the 
stability will depend not only on the wave height but also on the slope 
controling wave breaking conditions which is greatly affected by the 
interaction of successive waves and wave period. 

The destruction process of rubble mound structures shows a tendency 
to form a stable equilibrium slope under the given condition.   This 
means that the stability increases due to the formation of equilibrium 
slope.   It is desirable to use a berm type composite slope at the 
initial design stage for the ease of construction, and is important in 
a optimal design concept with allowable failure ratio. 

Ryu(1984) and Ryu et al.(1986) stressed the reflected wave problems 
for a calm sea and the reduction of run-up correspond to the necessity 

1) Assistant Professor, Department of Ocean Engineering, National 
Fisheries University of Pusan, Pusan, 608 Korea. 

2) Professor, Department of Civil Engineering, Osaka University, Osaka, 
Japan. 

2188 



RUBBLE MOUND STRUCTURES 2189 

of construction of lower crown-height in the design of coastal structures 
with an optimal design concept. Considering those irregularity effects on 
the stability and the reduction of wave reflection and run-up, Sawaragi 
et al.(1985) and Ryu et al. (1986) developed the design formula introducing 
the irregular wave force index such as the mean run-sum, but still the 
formula has a problem that the design rubble weight must be calculated 
by every design formula for every slope. 

In this paper, the characteristics on the reduction of wave reflec- 
tion and wave run-up, and stability increasing functions by the change of 
the slope shape are studied through model tests, and new design formulas 
are developed for the uniform slopes that can apply an universal formula 
to every slope and for the optimal composite slope considered wave con- 
trol and stability increasing functions. The new design formulas have 
considered the allowable failure ratio and the irregularity effects in- 
cluding wave period and wave grouping effects on the stability of rubble 
mound structures with the conception of the mean run-sum of the condi- 
tional run of modified surf-similarity parameter under the condition of 
significant wave height. 

2. Model experiments 

A wave tank of 30m long, 70cm wide, and 95cm height was used in the 
present experiments. An irregular wave generator is installed at an end 
of the tank. For all experiments, characteristic dimensions of struc- 
tures with uniform and composite slopes shown as Fig.l were selected as 
specified in Table 1. Wave height is initially set at less than 3cm and 
then it increase until 100% destruction of rubble mound results. 

For the test of the sensitivity of rubble mound structures to the 
wave grouping and other irregularity parameters, an irregular wave simu- 
lation technique of the impulse response function method is used. It is 
basically the same as the method of Kimura(1976) and the spectrum shape 
of irregular waves can be arbitrarily controlled. The frequency spec- 
trum of ocean waves is normally expressed as: 

S(f) = S( fp ) ( ±r -m  „ r m f i exp[— {1 ( f )"n}] (1) 

equivalent slope 
brium  slope 

Modified composite slope 

a> Uniform slope model b) Composite  slope model 

Fig. 1  Schematic diagram of model breakwaters. 
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where fp is the peak frequency; m and n are the constants which specify 
the spectrum shape. The combinations of peak frequency and shape para- 
meters used in this study are also listed in Table 1. Using these basic 
irregular waves, 200 cases of stability experiments were carried out, 
and the destruction process and the wave motions on the slope are pic- 
tured and analyzed by lomm high speed cine camera(50 frame/sec) and ana- 
lyzer. 

For the measurement of the water surface, elevation in the presence 
of the breakwaters, the capacity type wave gauges were located at 2cm 
intervals along them. The reflection coefficient was estimated by the 
Healy's method under the regular wave conditions, while the two point 
measuring method proposed by Goda et al.(1976) was used to obtain the 
reflection coefficient under the irregular wave conditions. The wave 
run-up and run-down were measured by a run-up meter set on the slope 
surface. After digitizing all the data of water surface elevation re- 
corded in an analog data recorder, the individual wave analysis and the 
spectral analysis methods were applied for the investigation of hydraulic, 
characteristics on the slopes. 

3. Characteristics of irregular waves 

3.1 Reliability of generated waves 

Spectrum shape of all experimental waves were in good agreement 
with those of expected waves given in Table 1. For the probability dis- 
tribution of wave heights, periods and surf-similarity parameters, ex- 
perimental and well-known theoretical results on the statistics of ocean 
waves coincide fairly well. As for the ascertain of the statistical 
reliability of generated waves and related discussions, readers are 
referred to Ryu(1984) or Sawaragi et al.(1985). 

Fig.2 shows the occurrence probability of run-length of higher waves 
j( j = l,2,3, , oo ) for the present data, reported field data and pre- 
dicted results by the well-known stochastic process. The present data 
is the mean of 200 experimental cases of irregular waves, and field data 
are referred from the results analyzed by Burcharth(1980) and Rye(1974). 
The grouping characteristics of experimental waves in the study satis- 
fied also with that of the field data. From these results, the model 
irregular waves are judged to be satisfactorily simulated the ocean wave 
trains. 

3.2 Mean run-length and mean run-sum 

The effects of grouping waves on the stability of coastal structures 
were considered with the run-length of higher waves by Johnson et al.(19 
78). However, the effects of wave period and resonance condition on the 
stability have been verified as a non-negligible one by Sawaragi et al. 
(1983), Bruun et al.(1978) and many other researchers. Considering these 
effects, in the study, a new irregularity parameter is proposed by the 
comparative study of correlations between the irregularity parameters 
for various definitions of the run, and its significancy is verified by 
applying to the representation of the stability of rubble mound struc- 
tures. The new grouping parameter finally used here is a conditional 
run of ?? under the condition of critical wave height Hc same as Sawaragi 
3t al.(1985), where £* means the relative surf-similarity parameter 
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such as: 
tane  //H/L0 

tane  //(H/LJr 

(2) 

where 8 is the slope of the structures, H the wave height, L0 the deep 
sea wave length, and subscript max the maximum wave.   As for the detail 
discussions of the run, readers are referred to Sawaragi et al.(1985). 

Mean run-length of the run have the linear relationship with the 
spectrum peakedness parameter Q .   As the run-length is only the number 
of group formed waves, it is    difficult to introduce the  run-length 
into the design formula as a external force parameter.   Hence, a new 
conception of run-sum is proposed in the study, where the run-sum is de- 
fined as the energy-sum of grouped waves.   The mean run-sum(Esum ) is 

the mean of run-sum in a irregular wave train expressed as: 

I    H,. / Z N. 
'k=l 

(3) 



RUBBLE MOUND STRUCTURES 2193 

where N* is the numbers of run-length j (j = l ,2,3,. . ., °° ), Hjc(k=l ,2,3,. . . , 
«>) denote the k-th wave height of group formed waves in a wave trian, 
P is the density of sea water and g is the acceleration of gravity. 

From the author's another study results on the relations among the mean 
run-sum, the mean run-length and the spectrum peakedness parameter Qp , 
we can estimate the Esum by the following equation(Sawaragi et al.(1985)). 

E 
sum j( ?o/Hc  ) 

QP 
= 2 

ml 
- f"f S2 

:e, m„ - /0S(f)df 

pw g H^ ( 0.04Q + 0.13 ), for Hc = H1/3   (4) 

(5) 

4. Effects of the friction coefficient 
and the slope on the stability 

4.1  The effect of friction coefficient 

The author(1983,1984), Losada and Gimenez-Gurto(1979), Gunbak et al. 
(1983), Brunn et al.(1976,1978) and Ahrens(1975,1981)  pointed out the 
wave period effects on the stability as a important factor in design. 
And they reported same tendency of results that the stability number Ns 
varied with surf-similarity parameter C or wave steepness, and the minimum 
Ns was appeared in the range of 2< 5 <3.  Ryu(1984) suggested the parameter 

n 
56 to present the stability with a universal stability curve for the vari- 

ous slopes instead of 5 because £ for the minimum point of Ns changed by 

mainly due to the slope angle. 
However, the value of stability number including minimum Ns varies 

with the change of the initial slope and damage ratio. If this problem 
can not be improved, the design considering the wave period effects on 
the stability must be done by using the every stability curve for the 
every slope. This problem occurs, because the friction coefficient and 
the slope angle is not included in the stability number indicated as 
following: 

M    V
/3 HD(%) 

N  =  1/3- (6) 
v 'r 'w      a 

where Yr and Yw are specific weights of rubbles and water, HD(%) is the 
design wave height for the failure ratio in percent, Wa the weight of 
rubble unit, 8 the slope angle, and Kg the stability coefficient in the 

Hudson's formula(1959). 
To estimate the effect of friction coefficient on the stability , 

the experiments on the variation of friction coefficient was carried out 
for various armour materials such as quarry stone(Wa=30g, 50g), concrete 
cube(Wa=100g), and tetrapod(Wa

=100g).   50 times of experiments for every 
materials are repeatedly carried out.   The friction coefficient  f  is 
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estimated by the relation of 

f = tan <f> 
(7) 

where 4 is the repose angle of materials in the water. 
As a results, obtained the mean friction coefficients of 1.09, 1.28 

and 1.42 for the quarry stone, concrete cube and tetrapod respectively , 
and the standard deviation was 0.1 for all materials. 

On the other hand, when the hydrodynamic force act upon an armour 
unit, the variance of the destructive force F according tothe change of 
the slope can estimate by the following equation: 

1 - — ) W ( f cose - sine 
P    a r 

(8) 

Erom Eq.(8), the calculated results of nondimensional destructive force 
F/Wa due to the change of relative slope( tan9 /tan <|> ) are shown as Fig.3. 
In the figure, the correlation between two parameters has almost linear 
relation regardless the change of the friction coefficient. From the 
Fig.3, the effects of the friction coefficient and that of slope angle 
can estimate by using the linear relation. 

0.6     0.8    1.0 
tane/tani(=f) 

Fig. 3  Variation of the destructive force due to 
change of slopes. 

4.2 The effect of slope angle 

The effect of relative slope angle on the stability is considered 
using the modified stability number Ns' as shown as equation (9) from the 
linear relation of Fig.3. 
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Ns = 
tan 
tan (9) 

Fig.4 corresponds to the correlation between modified stability number 
and £* using the results for regular waves. In the figure, the variation 
of Ns' by £* shows a similar curve regardless the difference of initial 
slopes for the same ratio of destruction. The minimum Ns' is appeared in 
the range of 1.5<Ej<2.5 and the point of ?J shown the minimum Ns' is shifted 
to smaller region according to the progress of destruction. The destruction 
ratio D(%) is defined as: 

D = ( x 100 (10) 

where Af is the destructed volume of the cover layer and Ao is the de- 
structed volume where the destruction reaches the core layer. The 
physical meaning of this failure ratio was discussed in the previous 
work of the author(1983). This shifting of the minimum Ns' is occured 
caused by the change of the local slope at the destructed area during the 
formation of equilibrium slope. However, the stability is not correctly 
presented, the most convenient curves are obtained to consider the wave 
period effects by using the monochromatic wave conception such as the 
design wave height and period. 

4.3  Equilibrium slope 

The characteristics of equilibrium slope formation due to severe 
waves are important in designing rubble mound structures. For the quan- 
titative discussion of the equilibrium slope, its characteristic length 
is defined as shown in Fig. 1(b). 

4.0 

N; 

3.0 

2.0 

1.0- 

Slope 1:1.5 
Slope 112.0 
Slope i:3.0 

Tolerable Damage (100%) 

Initial Damage(0%) 

1.0 2.0 3.0 

Fig. 4 Ns - C curves for various slopes. 



2196 COASTAL ENGINEERING -1986 

Since 9j_, 92 and 63 vary depending on the characteristic depth and 
width of equilibrium slope, it is necessary first to discuss  the width 
and the depth of berm in an equilibrium slope.   Ryu and Sawaragi(1986) 
discussed these, and as a result, the berm depth and the berm width  of 
equilibrium slopes are formulated as: 

0.4 £ t^/H ^ 0.5 

0.9 £ h2/H i 1.1 J 
(11) 

Hl/3 
2.075 —^  + 0.04 (12) 

L°max        L°l/3 

where hj is the minimum water depth of the berm, h£ the maximum of that, 
H the incident wave height for the regular wave, lg the berm width;  L0 
the deep sea wave length, and the subscripts max and 1/3  denote the 
maximum wave and the significant wave respectively. 

From the Eqs.(ll) and (12), rubble mound structures with composite 
slopes are modelled simulating the characteristics of equilibrium slope 
under the conditions of regular and irregular waves, and experiments on 
the stability and the hydraulic characteristics such as reflection and 
run-up on the slope are carried out under the condition of Table 1 as 
well as for the uniform slopes. 

5. Wave control and stability increasing 
functions of the composite slope 

5.1 Stability increasing function 

To applicate the characteristics of Fig. 4 to the presentation of 
stability for irregular waves, normalized the mean run-sum by the char- 
acteristic length of armour unit and relative slope. It is assumed as 
a index of irregular wave force, and the variation of damage ratio is 
investigated by the index. Fig. 5 shows the results. In the figure, 
black circles denote the experimental data for the composite slope and 
white symbols are that for the uniform slopes. 

Although the difference of damage ratio for the same irregular wave 
force index between the uniform and composite slopes  is occured  caused 
by the stability increasing functions on the composite slope.   The sig- 
nificant difference is not appeared due to the variation of  the  slope 
for the uniform slopes.   It means that the index is a very useful  and 
reasonable parameter to present the stability of rubble mound structures 
under the irregular wave condition as well as the regular wave. From the 
Fig.5, the stability increasing characteristics of the composite  slope 
is also clarified for the irregular wave.   As for the detail discussions 
of stability increasing mechanism under the regular   wave condition, 
readers are referred to Ryu and Sawaragi(1986). 

5.2 Wave control function 

If the equilibrium slope is decided and constructed as a shape of 
rubble mound structures as the initial design stage, the stability is 
increased more than 50% comparing the stability for the uniform slope, 
but how is the reflection and the run-up on the slope. 
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Fig.5    The relations of relative E   m and percentage 
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Fig.6    The reflection control function of the 
composite slope by irregular waves. 
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The reduction of reflection coefficient and run-up are very impor- 
tant for a calm sea and a low crest height respectively. Ryu and Sawaragi 
(1986) discussed the wave control functions according to the change of 
relative depth and width of the berm of composite slope.   As a results, 
it is clarified that the reflection coefficient varies with the berm 
width 1B  and depth hjj, and the minimum value of Kr is always appeared 
under the condition of 1B/L0 = 0.2 and H/2 < hg < H .   If the optimum 
composite slope is selected, the reflection coefficient decreases more 
than 50%, the run-up height decreases about 10%, and the run-down height 
decreases about 20-50% comparing the results for the uniform slopes.  As 
for the detail discussion of the reduction mechanisms,    readers  are 
referred to Ryu and Sawaragi(1986). 

The reflection characteristics of irregular waves on the uniform 
and composite slopes are now investigated to examine the applicability 
of the results for regular waves.   Fig.6 shows examples of the incident 
and the reflected wave spectra on an uniform slope and on a composite 
slope.   The reflection coefficient on the composite slope are smaller 
than that on the uniform slopes.   It is noted, however, that the equiv- 
alent slope of the composite slope is 1/2.3, which is steeper than the 
uniform slope 1/3. 

As is seen from the spectrum of reflected waves, the predominent 
frequency can not be identified in case of the composite slope while it 
appears in case of the uniform slope, being almost the same as that of 
incident wave spectrum.   From the fact that the composite slopes scat- 
tered frequency spectral density of reflected waves, it can be stated 
that the reflection control function of composite slopes for the irreg- 
ular waves is basically same as for the regular waves. 

From the wave control and stability increasing functions of the 
composite slope, the author emphasize the necessity of composite slope 
for the constructing of the optimal rubble mound structure. 

6.  A new design method for the irregular waves 

6.1  A new design formula 

From the correlation between the mean run-sum and spectrum peaked- 
ness parameter and Fig.5, the design rubble weight can be estimated by 
the following steps.   The best fitting line for the variance of destruc- 
tion ratio due to the irregular wave force from the Fig.5 can be derived 
empirically as: 

D(%) = 153.8 

E~— j(€o*|H1/3) tane sum J*5° i"i/s 

Pr g la
2     tan* a 

for the uniform slopes.. 

30.1       (13) 

D(%) = 136.4 

Esum j(5° lHi/3' tane' 
- 36.3       (14) 

Pr g la
2      tan* 

for the composite slopes. 
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where 6 is the equivalent slope of the composite slope, and j( ?*|HJ/3) 

denotes the conditional run of C* under the condition of significant 
wave height.   To estimate the design weight of a rubble unit, Eq.(13) 
and (14) can be transformed as: 

pr ^ V 
153.8 Esum 3(50 |H 1/3' 

for the uniform slopes, 

Wa = 

(Pr g  ) 
1/3 

D + 36.3 

for the composite slopes , 

tane 

(Prg)
1/3 (D+30.1 ) tan* 

3/2 

(15) 

136.4 Esum j(co |H  )  tane' 

tan<(> 

3/2 

(16) 

From the Eqs.(15), (16) and (4), by using the spectrum peakedness param- 
eter Qp which is calculated directly in the spectrum analysis , we can 
easily derive the design formula as follows: 

r P g (6.1.5 Q + 20.0 )  tane 
w _p_  

(Prg )1/3 ( D + 30.1) 
tan* 

for the uniform slopes, 

3/2 

M/3 (17) 

P    g   (5.46 0    + 17.73)     tane 
,      3/2 

(Prg)1/3   (D+36.3)   tan* 

n/3 (18) 

for the composite slopes , 

The design formulas Eq.(17 
of damage and the wave gro 
new conception of the mean 
force. For the uniform s 
lated by the only a design 
advantage comparing the au 
and only a design formula 
irregularity effects of oc 
into the design formula un 
composite slope, however, 
composite slopes, only can 

) and Eq.(18) reflect the allowable percentage 
uping effects on the rubble stability using a 
run-sum as an index of  the irregular  wave 

lopes, the design rubble weight can be calcu- 
formula of Eq.(17).   It is an epoch-making 

thor's previous work (Sawaragi et al. (1985)), 
that introduced or considered directly   the 
ean waves and allowable  percentage of damage 
til now.   Eq.(18) is a design formula for the 
this formula can not use to the all  type of 
use for the optimal conditions of composite 
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Composite slope (9'= I! 2.3) 

(19) 

Fig.7 Design example on the variation of ralative 
design weight according to the spectrum 
peakedness parameter 

slope with stability and wave control consideration such as: 

1B = 0.25Lp 

0.4H1/3<hB< 0.7H1/3 

where L„ is the wave length for the peak frequency of the energy spec- 
trum. This condition is a optimal condition of the composite slope in 
the study of the author(1986). 

6.2 Design examples 

Using the new design formulas Eqs.(17) and (18), the variation of 
the relative weight of armour unit is calculated according to the spec- 
trum peakedness parameter considered the allowable damage ratio in 
percent. Fig. 7 is one example for the uniform slope of 1/2.3 and for 
the equivalent composite slope of 1/2.3. As can be seen from the fig-, 
the design weight of armour unit becomes heavier due to the increasing 

of spectrum peakedness parameter and the rubble weight for composite 
slope becomes more light than that of uniform slope. 

Fig. 8 shows the variation of the design weight  due to the change 
of the allowable damage under the design wave conditions of Q„ = 2.5 
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100 
— Uniform slope ( 9=1: 2.3) 

- Composite slope (9'=l: 2.3) 

Qp=2.5 

H1/3 = 7f" 

20 40 60 80    100 
D(%) 

Fig.8 Design example on the variation of design weight 
according to the allowable failure ratio. 

and Hi/3 =7m for the same slope condition with Fig.7. The design weight 
becomes heavier according to the decreasing of allowable damage ratio 
for both slope conditions, and the design weight for the composite slope 
is half or less of that, for the uniform slope in the initial damage( D< 
10% ). Considering this stability increasing and before mentioned wave 
control functions, the optimal design concept using the rubble mound 
with the composite slope should be applied to the design of coastal 
structures. 

7. Conclusions 

A new design method is developed based on the results of stability 
experiments under the regular and irregular wave conditions.  The  new 
design formula reflects the effects of spectrum shape, breaking  condi- 
tions, wave period and wave grouping characteristics on the stability, 
and can introduce the allowable damage ratio. 

The design formula for the uniform slope structure has an advantage 
comparing the author's previous work, because the present method calcu- 
late by a formula for every slope. The importance of the design of 
composite slope structures is emphasized through the comparative studies 
of the hydraulic characteristics and the rubble stability on the uniform 
and composite slopes. A new method of designing composite slope struc- 
tures with optimum berm width and depth is proposed, by which the reduc- 
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tion of wave reflection and run-up and increase in rubble stability are 
assured under the given wave conditions. 
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