
CHAPTER 152 

RELIABILITY ANALYSIS OF RUBBLE-MOUND BREAKWATERS 
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To verify the effect of wave period on the motion of con- 
crete blocks in rubble-mound breakwaters, simple physical 
models are employed and their motion is investigated by the 
numerical simulation.  Finally, risk or reliability are 
calculated and the weight of concrete blocks for given phys- 
ical condition is discussed by them. 

Introduct ion 

In Japan, many kinds of concrete blocks have been used to 
protect coastal structures.  The weight of concrete blocks 
is computed by Hudson's formula for given design wave height, 
density of concrete blocks and breakwater slope.  However, 
the weak points of Hudson's formula are described as follows: 

1. It does not contain the effect of wave period; 
2. It includes an uncertain parameter K ; 
3. Incident wave height is not constant, but probabili- 

stic; and 
4. Reliability or risk are not considered with this 

formula.  It says only safe or not. 
Especially, the item 1 has been pointed out by field engi- 
neers for a long time.  To study the above points, we intro- 
duce simple physical models to express the incipient motion 
of concrete blocks and analyze the motion for given parame- 
ters and physical conditions which are governed by appropri- 
ate probabilistic laws.  Finally, the risk is defined by the 
ratio of the number of concrete blocks moved to the total 
number of trials. 

Stability Analysis of Concrete Blocks 

The incipient motions of concrete blocks in the rubble- 
mound breakwater which frequently occur are classified into 
three:  They are sliding, rocking and lift-up.  To analyze 
the sliding motion of a concrete block, the sliding force f 
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and   the   resistance   force   f      are   expressed   by   referring 
Fig.1(a). R 

Figure   1(a).   Motion   of   a   Concrete   Block 
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s al-mass coefficient; p  = the water density; p 
ty of a concrete block; 9 = the repose angle of a 
block; a   -    the angle of the breakwater slope makes 
horizontal; I   = a characteristic length of a con- 
ck; c i SI = the distance from the point of support of 
r of gravity of the block; c2t      -   the projected 
tional area of the block on a plane perpendicular 
rection of the velocity; C3&  = the volume of the 
= the friction coefficient; £1 = the sheltering 
nt for sliding motion; and W = the weight of the 
block.  The reason why the direction of the drag 
nertia forces on concrete blocks is upward along 
is explained as follows:  Since the force due to 

locking effect among concrete blocks is not able to 
computed, we assume that concrete blocks do not 

n against the interlocking effect.  The dropping 
of concrete blocks is observed to be caused soon 
rocking, sliding or lift-up motions of concrete 
the experiments.  Most of the movement of concrete 
produced by the rocking motion.  In the rocking 
ig.(b)), the sliding and the resistance motion M 

Figure 1(b). Motion of 
Concrete Block 

Figure 1(c). Motion of a 
Concrete Block 
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and   M      about   the   contact   point   of   a   concrete   block   for   the 
condition   of   incipient   motion   are   given   (Walton   et   al.    1981) 
by, 

Ps-Pw 
M    =   ciJ, W sinO  cosa (3) 

K p 
S 

P   -P 
M    = e2[(F„+FT)ciil  cos6 + FTci«,  sinG]  +~—- ciJl W cos8  sina (4) s x   D     I L o 

s 

in which £2 = the sheltering coefficient for the rocking motion.  In the 
lift-up motion, the lift force f  and the normal component of the weight 
to the slope f are expressed as (see Fig.1(c)): 

w 

fL = £3[(FD+FI)sin(a+e- |) + FLcos(a+6- |)] (5) 

P ~P 
f = -§—— W cos( ^ - 6 ) (6) w    p 2 

s 

in which e3 = the sheltering coefficient for the lift-up 
mo t ion. 

Movability Condition of Concrete Blocks 

It is not certain that the geometrical position of con- 
crete blocks is similar to the proposed ones in the stabil- 
ity analysis.  We define a word "movability" when concrete 
blocks are in the same condition as the proposed state in 
the stability analysis.  To connect the movability condition 
with the stability analysis, the following assumptions are 
introduced: 

1. The occurrence position of a concrete block which 
has the movability condition is uniformly distribu- 
ted from the breakwater bottom to 90% of the signif- 
icant wave height above the still water level along 
the breakwater face; 

2. The number of the concrete blocks with the movabil- 
ity condition per one wave is k; and 

3. The movability condition of concrete blocks contin- 
ues for n. wave cycles for 1=1 to k. 

We consider that the process (2) and (3) are very analogous 
to service problems in the queueing theory.  So the integers 
k and n. for i = l, 2, - - • , k are probabilistic variables and 
described by the Poisson process as follows: 

P(k) = £AEi^)_^ (7) 

p(n.) = ^spi^2_^i (8) 
1 n . ! 

1 

in which X   and A' = parameters to govern the Poisson 
process . 

Risk and Reliability 
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To calculate the risk or the reliability of the rubble- 
mound breakwater, let us define new variables R , R  and R. 
as follows: s   r      SL 

(9) 

(10) 

(11) 

The variables on the right side in the above equations are 
derived in the stability analysis.  The probability density 
functions f(R ), f(R ) and f(Rp) are computed by the Monte 
Carlo method for given probabilistic variables.  The failure 
probability or the risk of each concrete block is expressed 
by 
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The reliability is shown as the difference of the risk from 
1.  Thus, if these three motions are assumed to be independ- 
ent, the occurrence probability of motion for i-th block in 
the breakwater slope is given by 

P (i) = P  +P  + P„ - P P  -PP.- P„P  + P P P„(15) 
e       s    r    I sr    r£    Is s r Jl 

The whole failure probability of the rubble-mound breakwater 
P  is obtained by computing the failure probability of union 
set for the failure probability of each block P (i) as 
follows: 

m 
Pw = 1 ~iSl[ 1 " Pe(±)] (16) 

in which m = the number of concrete blocks per unit width. 
Since the motions treated in the stability analysis are 
incipient, it is reasonable to assume that the motion of 
each block is independent in the above derivation. 

Wave Conditions 

The probability density functions of wave height and 
period are given by 

PH/H = 2( I } exp[" 1 ( I )2] (17) 

PT/T = 2.7( | )3 exp[-0.675 ( f )*] (18) 

in which H = the mean wave height and T = the mean wave 
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period.  The cumulative distributions of the wave height and 
period are obtained by integrating Eqs.(17) and (18).  The 
significant wave height and period are expressed by using 
the mean wave height and period, respectively. 

H .  = 1.60 H 

•1/3 
1.1 T 

(19) 

(20) 

In the sampling process, the waves satisfying the following 
condition are removed as the breaking waves before they 
reach the breakwater slope: 

H/L > 0.142 (21) 

The condition the wave does not break on the breakwater 
slope is given by 

« < 
L - 

2a (22) 

For the nonbreaking waves the shallow water theory gives the 
flow velocity and the acceleration 

/ g  H (23) 

du 
dt 

(24) 

in which H = the wave height; h = the water depth; a = 2TT/T; 

T = the wave period; and L = the wave length.  The exerted 
force on a concrete block due to the wave breaking p  is 
calculated by Goda's formula (Iwagaki & Sawaragi, 1979). 
The total force P  exerted on the concrete block is given by 

In th is case it is 
uni form dis tribu .tio 
ana ly sis ;, th e ine r t 
FT is transf orme d b 

P   =  C2«. P m       rm 

assumed that the drag force F 

(25) 

has 
n between 0 to P .  In the stability 
ia force is neglected and the lift force 

For the broken wave 
any location be twee 
runup may be approx 

D 
D 

(26) 

s, the velocity u' of the water mass at 
n the SWL and the point of maximum wave 
imated by (Shore Protection Manual, 1977) 

/ gh  ( 1 - xi/x2 ) (27) 

and the wave height H' above the ground surface is written 
by 

H' = h  ( 1 - xi/x2 ) (28) 
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in which h  = H,/2; h  = the water depth at the breaking 
point; xi = distance from the still water line to the con- 
crete block; and X2 = distance from the still water line to 
the limit of wave runup.  For the broken waves, the dis- 
tance X2 is suggested by 

x2 = 2 H  cota (29) 

For the nonbreaking waves, we substitute the above equations 
to get the velocity of the water mass and the wave height 
above the breakwater surface.  But the limit of wave runup 
is obtained by (Gunbak et al. 1979), 

(30) 
R =    0.8g 
H    1 + 0.5? 

in which g = tana / /H/L, surf similarity parameter. 

Other Conditions 

Several parameters included in the formulation of the 
stability analysis are assumed to be probabilistic vari- 
ables.  The shape factors of the concrete block ci, c2 and 
cj are supposed to be uniformly distributed between 0 and 4, 
0.8 and 1.2, and 0.9 and 1.1, respectively.  The value of 
the drag coefficie,i   C, the lift coefficient C, and the 
virtual-mass coefficient C  are also probabilistic.  Accord- 
ing to Christensen et al. (1982), in the case of a circular 
cylinder, these values are normal probability variables of 
which means and coefficients of variation are 0.60 and 0.24, 
0.60 and 0.24, and 1.20 and 0.22, respectively.  The 
friction coefficient of tetrapods ]i   behaves like the proba- 
bility variable which is uniformly distributed from 0.5 to 
0.6 (Takeda, 1981).  The sheltering coefficients Ei, £2 and 
£3 are also considered as the probability variables.  For 
the sliding, the rocking and the lift-up motions, they are 
assumed to be uniformly distributed from 0.8 to 1, 0.4 to 
0.8, and 0 to o.3, respectively.  The repose angle of the 
concrete block is also the probability variable which is 
uniformly distributed from 56 to 63 degrees (takeda, 1981). 

Illustrative Examples 

Fig.2 compares the computed relative damage with the 
observed relative damage, introducing the queueing theory 
for different values of A' and A = 1.  The value of A' 
designates the average number of cycles for a concrete 
block to continue to have movability condition.  From the 
same figure the value of A' = 0.3 seems to be appropriate. 
In this study these values are used for the numerical cal- 
culations.  Next, to apply our model to a designed rubble- 
mound breakwater, let us determine the weight of a concrete 
block by the following Hudson's formula: 

P„gH3 

W =  (31) 
ps      , 

KD(p  ~ 1} COt• 
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Figure 2.  Comparison of Computed Relative Damage with 
Observed Relative Damage for Different Values of X' 

0.5. 

10      10'    10' 
Number of trials 

Figure 3. 
ty 

Effect of Number of Trials on Failure Probabil- 

m which H = the design wave height and K  = a parameter. 
The value of K  is selected by the characteristics of a con- 
crete block and the condition of wave breaking.  For the 
values of pg/pw = 2.23, cota = 4/3, K  = 8.3 and H = 4m, the 
weight of a concrete block of 7.15 ton is computed by Eq. 
(31).  Usually the weight of 8 ton is used by considering 
easiness of construction method and adding a safety factor. 
Our model can obtain the reliability or the risk for the 
arbitary value of the weight of a concrete block.  The 
weight of a concrete block to correspond to the required 
value of the reliability or the risk should be selected in 
the field.  Fig.3 represents the effect of the trial number 
on the failure probability.  The increase of the trial 
number the failure probability converges to a constant 
value.  Fig.4 indicates the effect of the significant wave 
height on the failure probability.  As expected, the fail- 
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Figure 4. Effect of Signif- Figure 5. Effect of Concrete- 
cant Wave Height on Failure block Weight on Failure Proba- 
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Figure   6.      Effect   of   Significant 
Wave   Period   on   Failure   Probabi- 
ty 

ure probability increases 
as the significant wave 
height becomes large. 
The rate of the increase 
becomes small after 5m. 
It is explained that some 
incident waves break 
before they reach the 
breakwater slope.  Fig.5 
shows the effect of the 
weight of concrete blocks 
on the failure probabi- 
lity.  By increasing the 
weight of concrete 
blocks, the failure prob- 
ability decreases.  It 
corresponds to the 
increasing of the weight 
of concrete blocks in the 
field.  Fig.6 represents 
the effect of the signif- 
icant wave period on the 
failure probability.  The 
influence of the wave 
period, which is not 
included in Hudson's 
formula, is found.  Thus, 
the longer wave period 
has a high risk.  Fig.7 
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Figure 9.  Failure Probabi- 
lity of Destroyed Rubble- 
mound Breakwaters 
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probability which is less than 10 % is caused by phenomena 
except our model. 

Concluding Remarks 

Classifying the motion of concrete blocks into three 
kinds, the failure probability or the risk of the rubble- 
mound breakwater are obtained.  The reliability is defined 
by the difference of the failure probability from 1.  In a 
result, the influence of the wave period on the failure 
probability becomes remarkable.  That is to say, attacking 
of waves with longer period induces high risk to the rubble- 
mound breakwater as expected.  For the other design vari- 
ables of rubble-mound breakwaters, the computed result is 
reasonable and does not contradict the field observation. 
The relative damage computed from the failure probability 
appropriately predicts the observed one.  Since the motion 
of concrete blocks is concretely investigated, we can devel- 
op a new type of concrete blocks to increase the reliability 
of the rubble-mound breakwaters.  Finally, it is found to be 
rational for us to discuss the failure probability, the 
risk, or the reliability than K  value included in the 
Hudson's formula, when one designs the rubble-mound break- 
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