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ABSTRACT I

MURACA, A. and ROSSI, V., 1994. Field analysis of wave action on breakwater. Journal of Coastal

Research, 11(4), 1125-1134. Fort Lauderdale (Florida), ISSN 0749-0208.

Field analysis of breakwater damage progression has been performed using monitoring programs which
included both photographic and topographic surveying. Reliable information on cover blocks displacement
was obtained using a metric camera and a digitizer. Measured damage was compared with those estimated
using empirical formulae. A computer model, capable of predicting damage progression, has been cali-
brated using in-site collected data. Predicted damage has been satisfactory for long time interval periods.

ADDITIONAL INDEX WORDS: Breakwater, structure stability, wave analysis.

INTRODUCTION

Field measurements have been carried out on
a breakwater built up to protect a water intake
dockyard for the power plant of Montalto di Cas-
tro (Tyrrhenian Sea, Italy). Cover consists of two
strata of rocks, randomly placed by land based
equipment, with average diameters equal to about
1 meter. The weight of primary armour ranges
from 2 to 4 tons and the seaward slope is 1:2. The
water depth in front of the structure is about 5
m. The structure is faced by one Waverider Da-
tawell and one Wave-Track directional Endeco:
the first installed in 1978, the second in 1986.
From December 1991 Wave Track Endeco was
replaced by a directional wave rider Datawell.

Breakwater and instrument position are illus-
trated in Figure 1. A typical section of investi-
gated structure is shown in Figure 2. A field anal-
ysis of breakwater behaviour is necessary to eval-
uate the capability of commonly used design for-
mulae for predicting the damage level, due to wave
attacks, attained by mound structure. Photo-
grammetric techniques combined with adequate
ground control represents a common method for
monitoring breakwater damage progression (Ack-
ERS, 1983; GEBERT, 1984; KLUGER, 1982; PoPE,
1983; CETN, 1984).

Accurate field investigations relied upon the use
of photography, supported by topographic mea-
surements. Both metric and non-metric cameras
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were used to photograph the breakwater cover
layer. Metric photographs were analysed using a
stereoscope; this allowed both a better evaluation
of cover blocks movements and a good estimation
of the rotation of visible stones.

An accurate time and frequency domain study
was made on recorded wave climate; moreover
wave grouping aspects, its statistical properties
and possible effects on breakwater stability were
analysed. Recorded wave parameters were intro-
duced in four commonly used stability theories.
Comparison between the empirical design meth-
ods and prototype behaviour were made and found
to be satisfactory. Analysis of wave records and
results of field inspections were also used to cal-
ibrate a computer program for predicting break-
water damage progression. By this model, damage
progression can be estimated as a function of real
sea state records.

THEORETICAL DAMAGE PREDICTION

Breakwater stability analysis has been made
over the past 30 years by using the Hudson for-
mula (HupsoN, 1959). In recent years, experi-
ments in large wave flumes with irregular waves
and careful analysis of prototype damage have led
to the formulation of new theories which com-
prehend random wave characteristic effects.
Losapa and GIMENEzZ-CURTO developed an ex-
ponential model as a function of surf similarity
parameters to represent rubble-mound break-
water stability (Losapa and GIMENEzZ-CURTO,
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Figure 1. Location map.

1980). This stability function is given by:
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Figure 2. Lay-out of investigated breakwater.

A and B are coefficients with values that are the
function of foreshore slope and type of cover layer
block. In plan H, T expression (1) could be plotted
as an “interaction curve”, equal to a set of the
points which produce the same value of armour
unit weight (Losapa, 1980).

More recently SAWARAGI and Ryu (SAwWARAGI,
1983) have analyzed in detail group effects on
mound stability. These authors have discovered
that a strong correlation exists between Gopa
spectral peakedness parameter Qp and the energy
sum of grouped waves Esumj (Ryu, 1986). This
relationship is expressed as follows:

Esumj = Hs (0.042 Qp + 0.125) (2)

For an exact significance of Esumj, the reader is
referred to SAWARAGI, 1985. The linear relation-
ship between sum energy of grouped waves (Es-
umj) and the spectrum peak parameter (Qp) has
been verified using wave data recorded at Mon-
talto di Castro. Both parameters have been eval-
uated at wave rider depth. Computed values of
Esumj were very similar to those estimated using

Journal of Coastal Research, Vol. 11, No. 4, 1995


digitstaff
Text Box

digitstaff
Text Box

digitstaff
Text Box


Wave Action on Breakwaters 1127

Equation 2. The comparison is reported in Fig-
ure 3.

Irregular wave experiments showed that the
percentage of damage suffered by breakwater
(D%) is a function of the above mentioned pa-
rameters according to the following expressions:

Esumj tga
=1538-|——2 =21 _ 30.1 3
D% = 153.8 [«ﬂaz tg‘P] 3)
-Hs? . + 2
D% =[7a_}lli.tg_".615Qp 0}_30.1. @
vs 8¢ Ps

SAWARAGI defines the degree of damage as the
percentage of destroyed volume with respect to
the total volume of cover layer. According to Sa-
waragi, a displacement takes place when armour
units are moved over a distance greater than the
overall size of blocks (SAwWARAGI, 1983).

More than 300 experiments were done by VAN
DER MEER to analyse the effect of storm duration,
wave period, group characteristics and spectral
shape (VAN DER MEER, 1987, 1988). More re-
cently, stone shape and layer thickness influence
were also analyzed using an expression compa-
rable with the VAN pErR MEER formulation
(BRADBURY et al., 1990) and new stability for-
mulae were found for both overtopped and sub-
merged breakwaters (VAN DER MEER, 1991). VAN
DER MEER found two different relationships to
determine stable rock block dimensions, for
plunging and surging waves.

Plunging waves (Iz < Ic)

Hs d 0.2

_— = 018, | ——

i VI =62p < \/H) (5)
Surging waves (Iz = I¢)

Hs _ oo (LY Veramr.
Ap- P a cot a .
Transition from plunging to surging is given by
the following expression:

Ic= (6.2-p°~3‘~ Viga )mpwﬁ). 7

Using VAN pER MEER’s theory, a mathematical
method capable of describing revetment damage
progression has been calibrated. This analysis is
possible by introducing a parameter that can be
referred to as “equivalent sea state”. This is equal
to a time parameter describing the duration of a
fixed sea state capable of causing the same amount
of damage of different wave climate conditions

MONTALTO DI CASTRO — WAVE DATA 1987
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Figure 3. Comparison between energy sum of grouped waves
calculated from Qp value (Esumj (Qp)) and measured by Wav-
erider record (Esumj).

(Muraca, 1989). Rearranging formulas (5) and (6)
“equivalent sea state” results equal to:

. d.po.92. As.DSZ.
oo (22 (£ 1w

d\ [Iz-cot «\
.- () (%)
-(A2-D2)5-Tm )

where D, and D, are for plunging and surging
waves respectively and a and b are dimensional
coefficients depending on the units used in the
above formulas.

The following steps were used to implement the
stability model:

(1) Evaluation of data from gauge records and
calculation of wave parameter at the front
of the structure depth;

(2) Computation of minimum sea state capable
of causing significant damage to the struc-
ture, in order to attain a lower limit below
which the wave data recorded can be disre-
garded;

(3) Interpolation between sea states and compu-
tation of VAN DER MEER’s damage parameter
with free interval time steps.

All these operations have been implemented on
a Vax Digital Computer. Superimposition of the
effects of a sequence of sea states, such as those
registered by wave gauges, and the damage de-
scription starting from whatever revetment con-
dition is thus modeled.

SITE INVESTIGATION

The investigated breakwater is provisional and
undergoes large damage during severe storms.
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Figure 4. Metric photograph of cover layer—July 1992.

From autumn 1984 the structure has been regu-
larly surveyed by contractors. An accurate zona-
tion of the cover layer according to the degree of
suffered damage and the number of blocks nec-
essary to rebuild the original sections have been
registered at the end of each major event. Since
1988, a more accurate survey of damage has been
programmed. Two stretches of the structure mea-
suring about 15 meters each have been delimited

by permanent rods and more visible blocks at
different levels have been marked by water resis-
tant paints (Figure 4).

Since no underwater inspection was scheduled
the following considerations refer only to the above
water level part of the structure. However it is
believed that this information provides a reason-
able indication of the general condition of the
breakwater cover layer. Once every two months,
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three pictures were taken of each of the selected
parts and the exact position of marked blocks was
surveyed using topographical instruments. These
operations were also repeated at the end of storms,
when the structure was subjected to significant
damage. Measured damages have to be compared
with those estimated using four different empir-
ical formulae, all using different definitions for
damage level evaluation; it was then imposed that
to be satisfactory the inspection results have to
identify movements of visible blocks equal to or
less than half the average diameter of cover layers
stones.

Since it is extremely important to identify the
position of the boulders, even if large displace-
ments have occurred or in case of a long time
interval between two successive inspections, the
four year experience had suggested some basic
rules in choosing suitable blocks or in making in-
site measurements. The selected blocks have to
be used to mark a position within the cover layer:
as a consequence the stones appearing to be more
stable have to be chosen. Selected blocks have to
be positioned over the tidal excursion level, to
avoid algae formation and in order to always be
visible during inspection.

Block rotation is the first cause of difficulty in
recognizing the marked stones; during in-site
measurements, it is then advisable to measure
more than one point position for each selected
block, i.e., unusual corner shapes. Cover layer
photographs have been analyzed using direct lin-
ear transformation, a method developed by As-
DEL Aziz and MaRrzAN and KaRrARA at Illinois Uni-
versity (ABDEL, 1971, 1974; MARzAN, 1975). This
technique is applicable after measurement by to-
pographic instruments of the position of seven
marked blocks, visible in each picture.

However, since seven visible blocks are neces-
sary to apply this method, and some rocks may
be lost after a storm, at least four or five more
have to be marked at the beginning of scheduled
observation period. Using a computer program
and a digitizer has allowed a satisfactory precision
in the estimation of the movement of cover layer
blocks. The computer program was based on the
direct linear transform method of MarzaN. The
lowest movements estimated with this technique
were within the range of five to ten centimetres
and the possible errors in predicted position only
seldom were over 0.5 meter. From autumn 1989,
metric camera and digital photogrammetric ste-
reo workstation were also applied for inspection.

The photographs have also been viewed in pairs
under a stereoscope; this provided a three dimen-
sional image of the breakwater primary layer and
good estimation of rotation of all visible blocks.
A higher degree of accuracy in cover blocks dis-
placements estimation was possible by using the
photogrammetric workstation; this was an appre-
ciable advantage for the evaluation of global dam-
age.

Field surveys were made on the following dates:

Topographic

June 21 1988
July 14 1988
Sept. 23 1988
Nov. 02 1988
Jan. 11 1989
Mar. 06 1989
May 02 1989
June 12 1989
July 06 1989
Nov. 15 1989
Jan. 10 1990

Photographic

June 21 1988
July 14 1988
Aug. 25 1988
Nov. 05 1988
Jan. 27 1989
Mar. 15 1989
May 02 1989

July 07 1989
Oct. 21 1989
Jan. 10 1990

June 26 1990
July 09 1991
July 16 1992

The strongest storms were recorded in January
and November 1987 and at the end of March 1988.
Significant wave heights and average zero crossing
period evolution are reported in Figures 5 and 6.
The cover layer, which was seriously damaged,
was repaired at the end of these storms. Fre-
quency and zero up-crossing time domain analysis
of wave gauge records were made. An accurate
study was also carried out to analyse wave group-
ing aspects registered by Datawell Waverider. The
lengths of runs were determined for two threshold
values: the significant wave heights and average
heights of the highest one-tenth waves. Possible
resonance conditions were analyzed according to
SawaracI and BrRuuN and GUNBAK theories (Sa-
WARAGI, 1985; BRuuN and GunBak, 1978). Thus
a continuous knowledge of structure behaviour
and wave regime was available.

July 20 1991
July 18 1992

RESULTS AND DISCUSSION

The sea state characteristics of the major storms
registered have been treated with the above men-
tioned methodology. Bathimetry is regular in front
of the structure and bottom slope is equal to 1:80.
The Goba technique for random sea waves was
applied for transforming Waverider information
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MONTALTO DI CASTRO — STORM JAN 87
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Figure5. Significant wave height and zero-crossing period evo-
lution (Jan. ’87 storm).

MONTALTO DI CASTRO — STORM MARCH 88
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Figure 6. Significant wave height and zero-crossing period evo-
lution (March ’88 storm).

from deep to shallow water (Gopa, 1975, 1985).
A comparison between predicted and measured
damage was done for the major storms registered.
The Hubson, LosapA, SAWARAGI, and VAN DER
MEER theories have been applied to compute the-
oretical damage level. Two severe events were reg-
istered in January 1987 and March 1988. The re-
sults of analysis of wave records for the March
1988 storm are shown in Table 1. In both cases
the structure suffered very severe damage. Run
lengths of groups exceeding significant and av-
erage of highest one-tenth waves were analyzed.
During the March 1988 storm, nearly all groups
with heights over significant ones were within Sa-
waragi critical region.

Lengths of runs greater than the significant wave
height registered by Waverider are the same if
normal or critical groups are considered (Figure
7).

During the March 1988 storm, the breakwater
suffered the highest observed damage: part of the
filter was discovered and large portions of cover
blocks were carried away. Table 2 shows damage
estimations according to Hupson, SAWARAGI and
VAN DER MEER theories.

In January 1987, the damages were in the same
order mentioned previously, 20, 60 and 7 (Table
2). The maximum significant wave height and the
average height of the highest one-tenth waves both
computed in front of the structure were intro-
duced using Hudson formula. Predicted damage

was closer to measured damage using significant
wave height.

Interaction and breaking limit curves for the
Montalto breakwater have been plotted and com-
pared with wave characteristic estimated in front
of the structure. Interaction curve separates on
plane (H, T) stability and instability zones (Losa-
DA, 1980). Significant wave characteristics, esti-
mated at structure depth, for the March 1988
storm is compared with interaction curve in Fig-
ure 8. All significant waves fall inside the stability
area. To attain the instability region the average
height of one tenth of waves should be used (Fig-
ure 8).

In shallow water, this wave parameter seems
more suitable for comparison between wave at-
tacks and Losada stability function. For the Sa-
WARAGI theory, the maximum value of D% pa-
rameter has been considered. For each wave gauge
record, significant wave heights at structure depth
were computed with the theory of Goda while Qp
was estimated directly from Waverider records
(Equation 4). No theory is available to transfer
Qp parameter at different depths (MANSARD, 1987,
1988). However, because of the complexity of the
shoaling mechanism, an exact transfer of wave
data, especially those referred to wave grouping
from deep to shallow water depth, is not possible
through the existing theories (MaNsArRD and
Funke, 1988; NELSON, 1988).

Since the variability of Qp is not predictable,

Journal of Coastal Research, Vol. 11, No. 4, 1995
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Table 1. Wave statistics from Waverider data—30 March
through 1 April 1988 (significant wave heights below 2.5 m are
disregarded).

H1/10 T1/10 H1/3 T1/3
Date Hour (cm) (sec) (cm) (sec) Qp

MONTALTO-WAVE GROUP ANALYSIS

Wave Group Analysis

30-03-88 18 307 6.8 253 6.9 2.2
21 356 8.1 302 7.8 2.9

31-03-88 0 396 7.5 310 7.5 2.9
3 537 8.0 415 8.0 2.4

6 642 8.9 501 8.9 2.9

9 508 8.9 405 8.8 2.4

12 426 7.6 351 8.0 2.5

15 425 7.8 312 7.5 2.5

18 394 7T 310 7.5 2.7

21 344 7.3 268 7.5 2.5

01-04-88 0 265 7.0 206 6.6 2.6

the peak value introduced in the Sawaragi for-
mula was estimated at wave rider depth. This
could explain the higher differences between mea-
sured and predicted damage levels (Table 2).
However bathimetry is regular in front of the
structure and the bottom slope, lower than 1:80;
as a consequence, Qp computed at the Waverider
depth is believed to be comparable with that in
front of the structure (RyE, 1982). To find out the
degree of variability of the Qp parameter with
water depth, some wave records at different depths
were carefully analyzed. Data are referenced to
different Italian sites where two or more wave
riders are located at different depths but aligned
orthogonally to the coastline. As shown in Figure
9 the range of Qp variability seems to be not sig-
nificant in the range 13 to 50 meters of depths.
Moreover, time-variation of this parameter has
the same trend at different depths (Figure 10).
The stability model was applied to determine
the damage using the Van der Meer theory. Sig-
nificant wave heights below 2.5 m were disre-

Table 2. Comparison of measure and predicted damage in
selected events.

Measured Predicted
Damage Damage
Hud- V.d.- vd.-
Event son Meer Sawar. Hudson Meer Sawar.
Jan. 1987 20 6.5-7 60 15-20 6.8 46

Mar. 1988 30 8 100 20-30 7.8 87
Period

Jan.—Apr. 1989 2.5 3

Jul. 1990-1992 4 5.2

Lenght of Runs

vV RL=3

u /
4 nr=alc=
s

12 15 18 21 24 27 30 33
HOUR (Event 30 March-1 April)

Figure 7. Lengths of runs greater than significant wave height
(March 88 storm).

garded. After many computer trials and in site
measurements to calibrate the program, this value
of wave height value was found to be the minimum
below which the estimated damage using the Van
DER MEER method, for a three hours wave attack,
is negligible (MuURAcA, 1989). Figure 11 shows
computer simulation of damage progression for
the January 1987 storm. Final damage estimation
does not change if waves below 2.5 m are neglect-
ed. A computer simulation of damage progression
for the March 1988 storm is shown in Figure 12.
In 1988 the breakwater cover layer was repaired.
During the first four months of 1989, the structure
suffered only a slight damage. At the end of April
1989, the measured damage according to VAN DER
MEER theory was equal to 2.5.

INTERACTION CURVE — LOSADA GIMENEZ CURTO

n MARCH 88

. e |
e e
E. / *t e
= - ® o
/ -
) .
/
- G
o
i TR 3 I ; R S
Ts)
Figure 8. Interaction curve for Montalto breakwater. Plotted

points indicate wave heights estimated at the front of the struc-
ture depth. March 1988 storm.
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Qp value measured at different depths
(Mancinelli, Lorenzoni - Ancona 1992)

-
QP(51m)
»

QP(13m)

EVENT

Figure 9. Range of Qp variability at different depths (data
from MANCINELLI, 1992).

To test the capability of the computer program
in reproducing damage evolution, wave data of
January—April 1989 were inserted as input. The
test results were completely satisfactory since the
final predicted damage was very close to the mea-
sured damage (Figure 13). A lengthy duration test
was made inserting recorded wave data from June
1990 through July 1992. Also for the two year
period, the predicted damage was very close to
the measured damage (Figure 14).

A continuous description of damage level evo-
lution, based on VAN DER MEER’S theory, then
seems possible with satisfactory approximation.
Nevertheless, some indetermination remains in
estimation of wave parameter at shallow water
depth, although the site measurements and wave
data were carefully analysed.

Qp value measured at different depths
(Mancinelli, Lorenzoni - Ancona 1992)

/
\ = ~
- AN A 1] e
§ 25 744-/ Y ™ QP(13m)

1
11.45 12,15 1245 13.15 13.45 14.15 1445 1515 15.45
HOUR

Event 23 Nov. 1989

Figure 10. Time evolution of Qp parameter at different depths.

MONTALTO — STORM JAN.87 — MEASURED AND PREDICTED DAMAGES
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.

2

3 50 100 120 o 150
TIME [hours]

Figure 11.
1987 storm.

VaN pER MEER damage index evolution—January

CONCLUSION

Photographic and topographic surveying have
been applied for monitoring the stability of a rub-
ble mound breakwater. Reliable estimation of
cover block displacement can be obtained using
a non-metric camera and the direct linear trans-
form method of analysis. The use of a metric cam-
era and digital photogrammetric workstation has
allowed a high degree of accuracy.

A comparison between in-site measured and
predicted damage for a prototype breakwater has
been made applying four different theories. A
mathematical model for continuous damage de-
scription, based on VAN DER MEER stability anal-
ysis, has been calibrated with in site measured data.
This model describes superimposition of different
sea states and evaluates the damage starting from
different structure conditions. Predicted damage
with a stability model has been satisfactory also

MONTALTO — STORM MARCH 87 — MEASURED AND PREDICTED DAMAGES

D [doamage index]
‘ 6

\

o 5 10 15 20 25 30 35 40
TIME [hours]

Figure 12. Damage index evolution reproduced by computer
model (March ’88 storm).
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MONTALTO — JAN, APRIL 83 MLASURED AND PREDRICTED DAMAGES

o

6

4

3
TIME [decades]

Figure 13. Van per MEeERr damage index evolution reproduced
by computer model (period January-April 1989).

for very long simulation periods. A knowledge of
the response of the structure for a real or project
sequence of sea states can be helpful in program-
ming maintenance or to decide if damage attained
will be critical for the stability of the structure.
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LIST OF SYMBOLS

d = Van der Meer damage level
D = median diameter of stones of armour
layer
D% = Sawaragi damage index
Esumj = Energy sum of grouped waves
H = wave height
Hs = significant wave height
I = Iribarren number
Ic = transition Iribarren number
Ib = Iribarren number for breaking condi-
tion
Iz = Iribarren number using Rice average
wave period and Hs
la = average dimension of armour stone

m, = spectral moment of n order
n = number of waves
Qp = Goda spectral peakedness parameter

p = Van der Meer permeability parameter
P = weight of stable stone

PREDICTED DAMAGE July 90 - June 92

7
s
Q
T 5
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[ 4 1 l
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MONTHS

Figure 14. Damage index evolution reproduced by computer
model (period June 1990-July 1992).

S = specific gravity of armour rock (y/v,)
Tm = average wave period (Vm,/m,)

a = angle of seaward slope of the structure
specific weight of stone
v. = specific weight of water
¥ = natural angle of repose of stone
A = relative mass density (S — 1)
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