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The prediction of rubble mound breakwaters' stability is one of the most important issues in coastal and
maritime engineering. The stability of breakwaters strongly depends on the wave height. Therefore, selection
of an appropriate wave height parameter is very vital in the prediction of stability number. In this study, H50,
the average of the 50 highest waves that reach the breakwater in its useful life, was used to predict the
stability of the armor layer. First, H50 was used instead of the significant wave height in the most recent
stability formulas. It was found that this modification yields more accurate results. Then, for further
improvement of the results, two formulas were developed using model tree.
To develop the new formulas, two experimental data sets of irregular waves were used. Results indicated that
the proposed formulas are more accurate than the previous ones for the prediction of the stability parameter.
Finally, the proposed formulas were applied to regular waves and a wide range of damage levels and it was
seen that the developed formulas are applicable in these cases as well.
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1. Introduction

Conventional rubble mound breakwater is the most common type
of breakwaters constructed around the world. It is composed of the
core, filter and armor layer. One of the most important issues in
breakwaters design is the determination of the armor block's weight
using the stability number, Ns. Stability number is usually computed
by the well-known empirical formulas of Hudson (1958) or Van der
Meer (1988a, 1988b). According to the Hudson (1958) formula, the
stability number depends on the significant wave height, armor type,
damage level and slope of breakwater. Van der Meer (1988a)
(hereafter VdM) considered type of breaker, permeability parameter,
number of waves and surf similarity parameter in his formulas for
irregular waves. His formulas were originally obtained for Rayleigh
distribution in deep water, while most of the breakwaters are located
in the intermediate or shallow waters which Rayleigh-distribution
may be not valid (Vidal et al., 2006). Therefore, VdM suggested use of
H2% (average of the highest 2% of incident waves) instead of
significant wave height Hs in these cases. Although this approach
improved the predictions, H2% does not fully consider the changes in
wave height distribution in coastal zone (Vidal et al., 2006). Still there
is a disagreement between the measured stability numbers and
predicted ones (Kim and Park, 2005). As a result, a number of studies
have been conducted to improve the prediction of stability number.
Vidal et al. (1995) suggested use of Hn instead of Hs as an appropriate
wave height parameter for the design of breakwaters in intermediate
or shallowwater. Hn is the average of the “n” highest waves that reach
the breakwater during its useful life. First they suggested n=100 and
after some limited laboratory works with regular and irregular waves,
Jensen et al. (1996) suggested n=250. Finally, Vidal et al. (2006)
(hereafter VML) replaced Hs with H50. According to Thomson and
Shuttler (1975) laboratory data, VML concluded that H50 can be used
for the damage prediction and is independent of the wave distribution
(Vidal et al., 2006). Soft computing models have also been used to
improve the accuracy of stability number prediction. Mase et al.
(1995) tried a new method for assessment of the stability number
applying Artificial Neural Networks (ANNs) which was not successful
completely. In another study, Kim and Park (2005) developed
different ANN models that yield better results than VdM's when
considering more governing parameters. Kim et al. (2008) examined
the ability of probabilistic neural network methods to predict the
stability number for specific numbers of waves. Fuzzy inference
system was also used to improve the stability number prediction
(Erdik, 2009) which led to the generation of 371 if–then rules.
Although these soft computing methods were more accurate, they
could not offer insight into the developed model. M5′ model tree
(Wang and Witten, 1997) is a more transparent method that can
provide formulas (e.g. Bhattacharya et al., 2007; Etemad-Shahidi and
Mahjoobi, 2009). Etemad-Shahidi and Bonakdar (2009) (hereafter
EB) proposed new formulas usingM5′ algorithmwhich outperformed
VdM's formulas. Nevertheless, it seems that the existing formulasmay
not be faultless, especially for intermediate and shallow waters,
because of using Hs in the prediction of the stability number.

In the present study, first EB's formulasweremodified by usingH50

instead of Hs. Then, a set of new formulas were developed using M5′
algorithm. To develop the formulas, a combination of VdM's and
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VML's laboratory data for irregular waves with damage levels
between 2 and 8 was used. Finally, the performances of the obtained
formulas as well as other formulas were evaluated for experimental
tests with regular waves and a wider range of the damage levels.

2. Existing formulas for stability number prediction

2.1. The formulas of Van der Meer (1988a, 1988b)

VdM proposed his method to determine the stability of breakwa-
ters by analyzing a large number of irregular wave tests on rock
stability (Van der Meer, 1988b). He proposed the following formulas
for plunging breakers and surging breakers as:

Ns = 6:2S0:2P0:18N−0:1
w ζ−0:5

m If ðζm<ζmcÞ and cot α ≤ 4 ð1aÞ

Ns = 1:0S0:2P−0:13N−0:1
w ζp

m cotα0:5 If ðζm≥ζmcÞ or cot α ≥ 4 ð1bÞ

where Nw is the number of wave attack, P is the nominal permeability
of breakwater, ξm is the surf similarity parameter,cot α is slope angle, S
is the damage level and Ns is the stability number defined as:

Ns =
Hs

ΔDn50
: ð2Þ

In the above equation Dn50 is the nominal diameter of stone,
Δ=ρs/ρw−1 is the relative density of stone, ρs is the mass density of
rock and ρw is the water density.

The damage level, S is defined by using the eroded area (A) of the
breakwater cross-section as follows:

S =
A

D2
n50

: ð3Þ

ζm is the surf similarity parameter based on the mean wave period
(Tm):

ζm =
tanαffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2πHs= gT2
m

q : ð4Þ

The transition condition of surf similarity was expressed as (Van
der Meer, 1988a)

ζmc = 6:2P0:31 tanα0:5
� �1= p + 0:5ð Þ

: ð5Þ

The permeability parameter in Eqs. (1a) and (1b) depends on the
permeability of structure. The suggested values of P range from 0.1 for
a relatively impermeable core to 0.6 for homogenous rock structures
(Van der Meer, 1988b). Structures with filter layer between armor
and core layers are represented by P=0.40–0.5. The factor 6.2 in
Eq. (1a) and the factor 1.0 in Eq. (1b) are normally distributed with
standard deviation 0.4 and 0.08, respectively

2.2. The formulas of Vidal et al. (2006)

VML's formulas are obtained by using H50 instead of Hs in the
VdM's formulas.

N50 = 4:44S0:2P0:18ζ−0:5
m If ðζm<ζmcÞ and cotα ≤ 4 ð6aÞ

N50 = 0:716S0:2P−0:13ξpm cot α0:5 If ðζm≥ζmcÞ or cot α ≥ 4 ð6bÞ
where N50 is defined as:

N50 =
H50

ΔDn50
: ð7Þ

VML's formulas are independent of the storm duration and can be
used for non Rayleigh-distribution cases, such as regular waves and
shallow water waves (Vidal et al., 2006). VML showed that their
formulas are more accurate than the VdM ones and can be used for
any case (Vidal et al., 2006). The factors of 4.44 in Eq. (6a) and 0.716 in
Eq. (6b) are normally distributed with standard deviation 0.29 and
0.06, respectively.

2.3. The formulas of Etemad-Shahidi and Bonakdar (2009)

EB, using M5′ algorithm, proposed a new set of formulas for
prediction of stability number as follow:

Ns = 3:6N−0:09
w P0:2 cot α0:17S0:16ξ−0:13

m If S <= 2:95 ð8aÞ

Ns = 4N−0:08
w p0:04 cot α0:02S0:17ξ−0:45

m If S > 2:95 and ξm < = 1:52 ð8bÞ

Ns = 3:3N−0:07
w P0:03 cot α0:02S0:17ξ−0:34

m If S > 2:95 and ξm > 1:52 and P< = 0:22ð8cÞ

Ns = 3:8N−0:06
w P0:69 cotα0:3S0:14ξ−0:05

m If S > 2:95 and ξm > 1:52 and p > 0:22: ð8dÞ

These equations were derived using VdM's laboratory data. The
main advantage was their accuracy compared to that of VdM's.

3. Modification of EB's formula using H50

VML showed that H50 is a more appropriate wave parameter in
calculating the stability number. They proved that there is no need to
consider number of waves provided that H50 is used instead of Hs.

For a rubble-mound breakwater with a certain damage level and
surf similarity parameter, the relationship between the wave
significant height and the number of waves in Eqs. (8a), (8b), (8c)
and (8d) are given by:

HsN
0:09
w = AK1S

0:16 ð9aÞ

HsN
0:08
w = BK2S

0:17 ð9bÞ

HsN
0:07
w = CK3S

0:17 ð9cÞ

HsN
0:06
w = DK4S

0:14 ð9dÞ

where A, B, C andD are 3.6, 4, 3.3 and 3.8, respectively. K1, K2, K3 and K4

are constants. If H50 is used instead of Hs, N can be excluded from Eqs.
(9a), (9b), (9c), and (9d):

H50 = A′K1S
0:16 ð10aÞ

H50 = B′K2S
0:17 ð10bÞ

H50 = C′K3S
0:17 ð10cÞ

H50 = D′K4S
0:14 ð10dÞ

A′,B′,C′,D′ are the new coefficients that can be determined by
combining Eqs. (9a), (9b), (9c), and (9d) and (10a), (10b), (10c),
and (10d) i.e.:

H50

HSN
0:09
w

=
A′
A

ð11aÞ
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H50

HSN
0:08
w

=
B′
B

ð11bÞ

H50

HSN
0:07
w

=
C′
C

ð11cÞ

H50

HSN
0:06
w

=
D′
D

: ð11dÞ

The values of A′
A ; B′B ; C′C ; D′D can be determined based on the waves

distribution. For Nw varying between 500 and 5000 and assuming
Rayleigh-distribution (Vidal et al., 2006), mean and standard
deviation for values of A′

A ; B′B ; C′C ; D′D can be calculated using Massel's
(1996) approach. In this approach it is assumed that:

Hn = H n
Nw

= H 1
M
=

M
ffiffiffi
π

p
2

erf c
ffiffiffiffiffiffiffiffiffi
lnM

p� �
+

ffiffiffiffiffiffiffiffiffi
lnM

p� �
Hrms ð12Þ

where M=NW/n and erfc are the complementary error function
(Vidal et al., 2006). Fig. 1 shows the ratio of H50/HS against the
variation of Nw. It is interesting to note that for NW equals to 1000, this
ratio becomes 1.41, i.e. the ratio between H2% and HS in Rayleigh
distribution. This may justify the use of H2%/1.41 instead of HS in
shallow waters suggested by VdM.

In this way the mean and standard deviation were obtained as
follows:

A′
A

� �
= 0:77� 0:01 ð13aÞ

B′
B

� �
= 0:83� 0:015 ð13bÞ

C′
C

� �
= 0:90� 0:021 ð13cÞ

D′
D

� �
= 0:97� 0:029: ð13dÞ

Using themean values of A′A ; B′B ; C′C ; D′D , new coefficients (A′,B′,C′,D′)
were obtained and EB's formulas were modified as (here after called
MT1):

N50 = 2:8P0:2 cot α0:17S0:16ξ−0:13
m If S< = 2:95 ð14aÞ

N50 = 3:3p0:04 cot α0:02S0:17ξ−0:45
m If S > 2:95 and ξm< = 1:52 ð14bÞ
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Fig. 1. The ratio of H50/Hs against Nw.
N50 = 3:0P0:03 cot α0:02S0:17ξ−0:34
m If S > 2:95and ξm > 1:52 and P< = 0:22

ð14cÞ

N50 = 3:7P0:69 cot α0:3S0:14ξ−0:05
m If S > 2:95 and ξm > 1:52 and p > 0:22:

ð14dÞ

4. The used data sets

A combination of VdM's and VML's laboratory data sets was used
for the evaluation of the mentioned formulas. VdM's data contains
579 data for irregular wave's tests. VML's data consists of regular and
irregular waves with three types of tests: (a) twelve regular wave
tests with two surf similarity parameters (108 data), (b) twelve
irregular wave tests with two surf similarity parameters (97 data) and
(c) two long irregular wave tests with two surf similarity parameters
(65 data). Overall, 270 data were extracted from the tests with these
parameters: P=0.45, cot α=1.5, Δ=1.7, Dn50=2.95 cm. More de-
tails of the tests are given in Vidal et al. (2006). Table 1 shows the
ranges of different parameters of the data set. Tests with very low
damage level (Sb2) and very high damage level (S>8), which are not
common in design practices, were not used at the first stage.
Therefore, 265 data point out of VdM's data set and 41 data out of
VML's were considered for the processing.

5. Evaluation of formulas

A total of 306 irregular wave data with 0≤S≤8 were used for
evaluation of different formulas. Fig. 2 shows the scatter between the
measured and predicted stability numbers for the existing
formulas. Fig. 2a and b show that both VdM's and EB's formulas
underestimate the VML data and EB's formulas are more accurate in
the prediction of VdM data compared to VdM's ones. Fig. 2b also
shows EB's formulas underestimate VML's data but generally yield
more accurate predictions for stability compared to those of VdM.

VML's formulas are accurate for their data, but they do not have
adequate accuracy for VdM ones (Fig. 2c). In addition, VML formulas
underestimate high stability numbers and are conservative in this
range.

Fig. 2d indicates that generally the modified EB's formulas (MT1)
yield more accurate predictions of the stability. Compared to other
formulas, MT1 shows less scatter for both high and low values of the
stability number. The higher performance of MT1 is mainly due to the
use of wave parameter, H50, suggested by VML instead of Hs in the
formulas suggested by EB.

The performance of different approaches was also judged
quantitatively using error measures such as BIAS, scatter index (SI),
correlation coefficient (CC) and agreement index (Ia) defined as:

BIAS = ∑
N

i=1

1
N

Yi−Xið Þ ð15Þ
Table 1
Ranges of the used parameters.

Parameters Range (train) Range (test) Mean Median Std

Nw 1000–3000 1000–3000 1771 1000 957.01
P 0.1–0.6 0.1–0.6 0.30 0.45 0.28
ξm 0.67–6.96 0.67–6.58 3.00 2.89 0.86
cot α 1.5–6 1.5–6 2.81 3.00 1.26
S 2–8 2–8 4.57 4.37 1.70
Ns 1.07–3.61 1.16–3.55 2.14 2.10 0.54
N50 1.51–5.06 1.63–4.98 2.92 2.92 0.7
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Fig. 2. Comparison between the measured and predicted stability numbers for 2≤S≤8 (a) VdM's formulas (b) EB's formulas(c) VML's formulas and (d) MT1.

Table 2
Error measures of different formulas.

Formula BIAS SI CC Ia

VdM −0.11 0.18 0.73 0.80
VML 0.10 0.17 0.72 0.81
EB −0.13 0.17 0.76 0.83
MT1 0.02 0.13 0.84 0.91
MT2 −0.02 0.10 0.89 0.94
MT2, test data −0.02 0.11 0.88 0.93
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SI =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N ∑

N

i=1
Yi−Xið Þ2

s

Xi

ð16Þ

CC =
∑
N

i=1
Xi−X
� �

Yi−Y
� �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑
N

i=1
Xi−X
� �2∑N

i=1
Yi−Y
� �2s ð17Þ

Ia = 1−
∑
N

i=1
Yi−Xið Þ2

∑
N

i=1
jYi−X j + jXi−X j� �2 ð18Þ

where Xi and Yi denote the measured and predicted values
respectively and N is the number of observations. X and Y are the
mean values of the measured and predicted parameters, respectively.
Table 2 shows the error measures of MT1 and previous equations for
the used set data. It can be seen the BIAS and SI of MT1 are less than
those of other formulas. The BIAS and SIare largely reduced usingMT1.
In addition, The CC and Ia of MT1 are larger than those of others.
Generally, it can be concluded that MT1 is more accurate than the
previous equations. Although acceptable results are obtained using
H50 in EB's formulas, but a new set of formulas will be developed by
model tree in the next section.

6. Model tree

The concept of model tree (MT) approach is based on dividing
complex problems into smaller sub problems and solving each sub
problem (Bhattacharya et al., 2007). The input parameter space is
divided into smaller subspaces and providing a multiple linear
regression model for them. M5 algorithm is one of the most
commonly used algorithms of MT which was first proposed by
Quinlan (1992). It was then improved and amore complete algorithm
called M5′ was introduced by Wang and Witten (1997). This
algorithm has similar structures to the M5 algorithm, but is able to
deal effectively with missing values (Jang et al., 2009). After dividing
the input space into sub-space, a set of piecewise linear models is
considered as the final solution of the problem. M5′ model tree
includes three steps: building, pruning and smoothing the tree.
Standard deviation reduction, SDR factor, is used to grow the basic
tree at first. SDR is defined as follows:

SDR = sd Tð Þ−∑
i

jTij
jTj × sd Tið Þ ð19Þ

where T is the set of data point before splitting, Ti is data point which is
the result of splitting the space and fall into one sub-space according
to the chosen splitting parameter and sd is the standard deviation.
Standard deviation is used as an error measure for the data points of a
sub-space. M5′ model tree tests different splitting points by
calculating sd for sub-spaces before dividing the space. As SDR is
maximized in a point, the point is selected as the splitting point
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Fig. 3. Comparison between the measured and predicted stability numbers, for 2≤S≤8
MT2 (a) test data and (b) all data.

Table 3
Ranges of parameters for all irregular wave data.

Parameters Range Mean Median Std

Nw 500–3000 1766 1000 54.77
P 0.1–0.6 0.30 0.45 0.32
ξm 0.2–7.58 2.91 2.77 2.04
cot α 1.5–6 2.67 2.00 1.41
S 0–32.9 6.11 4.08 2.55
Ns 0.72–4.37 2.12 2.07 1.15
N50 0.78–6.15 2.87 2.77 1.35
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(node). The splitting stops when SDRchanges is less than a certain
value or a few data points remain in sub-space. The accuracy of the
model for training set increases uniformly as the tree grows. However,
over-fittingmay be inevitable while a model tree is being built. Hence,
in the second step, pruning is used to avoid over-fitting. Prediction of
the expected error at each node for the test data is used for the
pruning procedure. For each training data, the predicted value is
calculated. To prevent underestimation of the expected error, the
predicted value is multiplied by the factor of (n+ν)/(n−ν) where n
is the number of training data that reach the node and ν is the number
of parameter in the model that represents the value at the node
(Wang and Witten, 1997). The sub-space can be pruned if predicted
error is lower than the expected one (Witten and Frank, 2005). The
final step, smoothing, is the regularization process to compensate any
probable discontinuities among adjacent linear models. The smooth-
ing procedure uses the models built in each sub-space (leaf) to
compute the predicted value. The obtained value is then modified
along the route back to the root of the tree by smoothing it at each
node. The value at each node is combinedwith the output value by the
linear model for that node asP′=(np+kq)/(n+k), where P′is
prediction passed up to the next higher node, p is prediction passed
node from below, q is the value predicted by the model at this node, n
is the number of training data points that reaches the node below and
k is a constant (Wang and Witten, 1997). The predicted value by the
leaf is combined with that of linear model for each node on the top of
the leaf to the root. This smoothing process usually improves the
predictions (Quinlan, 1992).

7. Development of formulas

The combined data set of irregular waves with 0≤S≤8 (306 data
points) was used to develop and evaluate the stability number
predictor model. From these data points, 204 data points were
selected for model training. The ranges of different parameters used
for test and train are presented in Table 1. As seen, the selected
parameters are the same as those used by previous investigators and
have wide ranges. The M5′ model tree produced only linear relation-
ships between the input and output parameters. Previous studies
have shown that the relationship between the governing parameters
and the stability number is not linear, i.e. N50=aPbScζmd cot αe.To
overcomes this limitation, the parameters have been used in their
logarithmic forms. Dimensionless parameters used to develop the
formulas include N50, P, S, ζm and cot α. The developed formulas
(MT2) were:

If ξm ≤ 2 N50 = 4:18P0:16S0:18ξ−0:53
m ð20aÞ

If ξm > 2 N50 = 3:57P0:2S0:18ξ−0:24
m : ð20bÞ

The splitting parameter and its value do not necessarily have any
physical interpretation since they are obtained by minimizing the
prediction error (Bhattacharya et al., 2007). However, it is seen that
M5′ was successful at distinguishing between different regimes. The
surf similarity parameter, an indicator of breaker type, is the only
splitting parameter in the derived equations. This is due to the
importance of wave breaking condition on the stability of rubble
mound structures. As discussed by Van der Meer and Janssen (1994),
when ζm is less than about 2, waves break on the slope of the structure
and when ζm is greater than 2 the waves do not break on the slope
(see also Van der Meer, 1988a, 1988b). Hence, the obtained regimes
are justified and basically the model gives different formulas for
plunging and surging waves. These simple and compact formulas are
in good agreement with engineering sense and previous knowledge
about role of different parameters in the stability of armor layer. They
indicate that the stability number increases by an increase of the
permeability of the breakwater and/or the accepted damage level.
They also show that by increasing the surf similarity parameter
(increase of the structure slope or wave period) the stability decreases.
The role of damage level is the same for plunging and surging waves.
However, for surgingwaves, the importance of ζm becomes less and that
of permeability slightly increases since the surgingwavesmovemoreup
and down (on the slope). The obtained formulas are also supported by
the previous findings regarding the exponents of the governing
parameters. For example, both the exponents of P and S are about
0.18, a value very close to the suggested values of VdM and EB.

Fig. 3 shows the scatter between the measured and predicted
stability numbers by Eqs. (20a) and (20b) (MT2). As seen, the
prediction of the stability number is improved even though the
formulas are simpler than the previous ones. The accuracy of this
model was evaluated as well and the error measures showed an
improvement in the prediction of NS (Table 2). In comparison with
MT1, the scatter index is reduced about 15% while the correlation
coefficient and agreement index values are increased by 6% and 5%,
respectively. In addition, the performance of the developed formulas
is nearly the same for different experimental datasets and generally
the results are promising. The uncertainties in the developed formulas
are also minimal. Factors of 4.18 in Eq. (20a) and 3.57 in Eq. (20b) are
normally distributed with standard deviations of 0.41 (coefficient of
variation 0.1) and 0.40 (coefficient of variation 0.11), respectively.



Table 4
Error measures of different formulas for all irregular wave data.

Formulas BIAS′ SI CC Ia

VdM −0.14 0.21 0.72 0.82
VML 0.09 0.19 0.77 0.87
EB −0.17 0.19 0.8 0.87
MT1 0.02 0.14 0.87 0.93
MT2 −0.05 0.12 0.91 0.95
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These values can be used for probabilistic design of armors (Van der
Meer, 1988b). For example if only 5% risk is acceptable, the obtained
rock diameters should be multiplied by a factor of 1.17.

7.1. Evaluation for a wider range of damage levels and regular wave data

In this section, the performances of different formulas were
evaluated for a wider range of damage levels, i.e. 0bS≤32.9. Zero
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Fig. 4. Comparison between the measured and predicted stability numbers for 0bS≤32
damage level is not considered for the design purposes; therefore it
was omitted from the analysis. Hence, 704 data were considered for
the evaluation. Table 3 shows that the ranges of parameters are wider
than those used for developing MT2 formulas. Fig. 4 displays the
comparison between the measured and predicted dimensionless
stability numbers by different formulas. As seen, VML's equations
overestimate the stability parameter and other formulas mostly
underestimate it and are more conservative. In addition, most of the
data points are concentrated on the line of the perfect agreement
when using Eqs. (20a) and (20b) and MT2 predicts the stability much
better than others' formulas. Table 4 displays the error measures of all
formulas for the prediction of stability number. As can be seen, even
the MT2 is not developed for this range, and the accuracies are similar
to those of previous case (0≤S≤8). BIAS and SI of MT2 are less than
those of other formulas in this wider range of parameters; and the
magnitude of correlation coefficient and agreement index is higher.

In the previous part, it was shown that H50 is an appropriate wave
height parameter to calculate the stability number for irregular waves.
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Table 5
Ranges of parameters for regular wave data.

Parameters Range Mean Median Std

Nw 500 500 500 0.00
P 0.45 0.45 0.45 0.00
ξm 2.53–3.85 3.16 2.74 0.55
cot α 1.5 1.5 1.5 0.00
S 0.1–15.25 2.73 1.68 3.40
Ns 1.42–3.3 2.41 2.48 0.39
N50 1.47–3.3 2.50 2.56 0.40
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Fig. 5. Stability number by different formulas (S=2, P=0.45, Nw=3000, cot α=2,
Rayleigh distribution).
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The aim, here, is to examine the performance of the developed formulas
for non Rayleigh-distribution such as regular waves. Overall, 66 regular
wave data with non zero damage levels were extracted from the VML's
tests for this purpose. Table 5 shows the ranges of parameters for regular
wave data. Table 6 shows the error measures of different formulas for
regular tests. As seen, all formulas under-predict the stability numbers
and are conservative for the regular wave condition. However, the
performance of MT2 is better than those of others. Although CC value is
not the highest one, the highest value of Ia and lowest values of BIAS and
SI of the developed formulas show its skill.

Fig. 5 shows the difference between different formulas for the
stability number in typical design conditions (S=2, P=0.45,
Nw=3000, cot α=2 and Rayleigh distribution). As seen, the results
obtained using formulas of VdM and VML are the same since the wave
height distribution is assumed to be Rayleigh's. The other two
formulas, i.e. MT2 and EB yield nearly similar results specially for
surging breakers. By increasing the surf similarity parameter, the
runup/rundown and the flow velocity increase (CEM, 2006). There-
fore, the stability number becomes less. This point is clearly seen in
stability numbers predicted by MT2 at high values of ξm which is
mainly due to the increase of (both upward and downward) water
velocities.
8. Summary and conclusion

Wave height is the most important parameter in the prediction of
structural response of breakwaters. In this study, the effect of using
H50, the average of the 50 highest waves that reach the breakwater, in
the prediction of stability number of rubble-mound breakwater was
investigated. First, EB's formulas were modified successfully by using
H50 instead of Hs. The results showed that modified EB formulas
(MT1) improve the accuracy of the predictions. For further improve-
ment, a new model was presented using M5′ model tree. A
combination of VdM's and VML's laboratory data sets with damage
levels between 2 and 8were used to develop the new formulas (MT2).
These compact and simple formulas were obtained in forms of power
law and were in conformity with the previous knowledge of the
effects of different parameters on stability number. It was also shown
that MT2 is more accurate and simpler than MT1 and the previous
empirical formulas. MT2 showed high performance for all cases
leading to the reduction of systematic errors. In addition, the
uncertainties of the given formulas were given for the application in
probabilistic design of breakwaters' armors when a certain level of
risk is desired. Although MT2 was developed for irregular waves
with2≤S≤8, it was shown that it can be used for a wider range of
Table 6
Error measures of different formulas for regular wave data.

Formula BIAS SI CC Ia

VdM −0.65 0.29 0.86 0.62
EB −0.73 0.32 0.79 0.54
VML −0.14 0.17 0.85 0.85
MT1 −0.25 0.16 0.80 0.82
MT2 −0.04 0.14 0.83 0.87
damage levels as well as regular waves. This study indicates that
coastal engineering design practices can be improved by using the
suggested approach, i.e. combining modern soft computing tools and
physical arguments, in place of traditional statistical methods.
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