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Abstract
 The problem of armour stability of constructed breakwaters is significant in port engineering practice, mostly connected with new construction. However, the problem can be found in older non-maintained breakwaters. The presented valuation of stability of armour includes profile geometry tolerance, armour blocks grading, porosity and degree of interlocking. Methodology and application procedure are represented in an example of the breakwater near Split in Croatia. The article also analyses the reliability of the construction for which was found that it has a lower level of stability. In this analysis project wave climate and state of the construction are considered.
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Introduction
The real stability of breakwater armour in new constructions depends on the quality of work considering the technical conditions of the design. In old neglected breakwaters the armour stability depends on the degree of damage. The stability should be evaluated by the methodology based mainly on the objective measurements and exceptionally on subjective observation. The design criteria of new constructions should define the tolerances within which the work should be performed. In the completed constructions only measurable criteria  are analysed: 1) geometry of armour block, 2) granulation of blocks, 3) porosity of armour and 4) interlocking degree.
Theoretical Assumptions in the Calculation of the Armour Stability
A typical engineering task in the calculation of the armour stability is based on the determination of the block mass. A designed wave, grading of the slope and stability coefficient should be chosen as input quantity for determining the armour mass. In the expert literature  a number of forms determining the armour mass of a specific block are listed. The research conducted by Hudson resulted in the most quoted form according to which:
where:

W50% 
- is a block mass of the primary armour [kg]

(
- mass density of the armour block [kg/m3]

(w
- mass density of water [kg/m3]

Hdes
- design wave height [m]

(
- angle of slope grading

KD
- stability coefficient
The upper equation is applicable in the condition when there is no overtopping along the slope steeper than 1:1,5. 

As the stability coefficient variation with the grading slope is not completely defined there is a recommended limitation to the use of the stability coefficient only for the grading slopes from 1: 1,5 to 1:3. The armour can be built up in one or two layers, but one-layer armour  is not recommended for breaking waves. In double-layer armour block mass ranges from 0,75 W to 1,25 W considering that 75% of blocks should weigh per unit over W50%. One of the key parameters in dimensioning of the armour is the stability coefficient K D. The choice of the coefficient should include well-known limitations [1]. On the basis of these limitations the value of the coefficient is determined by laboratory research.
depth of placing the rubble
massively heaped graded rubble
placed armour block over 300kg


W50%<300kg
W50%>300kg
measuring per unit
deviation of constructed profile versus designed one

above the water
±0,2 m
+0,4 m

-0,2 m
±0,3D50%
+0,35 D50%
-0,25D50%

±0 to –5 m
+0,5 m

-0,3 m
+0,8 m

-0,3 m
±0,5D50%
+0,6 D50%
-0,4D50%

-5 to - 15 m

+1,2 m

-0,4 m



deeper than - 15 m

+1,5 m

-0,5 m



Table I
General tolerances in sea work on the armour slopes [1]


Relative deviation over tolerances
Quality of in-building

< 1%
Satisfactory

1% - 5%
Boundary

5% - 10%
lower degree of deviation

10% - 25%
considerable deviation

> 25%
Unsatisfactory

Table II
Estimation of the quality of built-in armour slope geometry

3.
Armour Geometry
Overall tolerances of the armour geometry of underwater constructions are defined by absolute and relative relations [1] and are given in the table I. The upper table I  for placed armour blocks is valid only if the tolerances on two adjacently built up sloping profiles are positive. Despite the accumulation of positive under layer tolerances, the thickness of the covering layer should not be lower than 80% of the designed layer thickness. If the undershoot of the final armour profile is higher than D35% it should be filled with suitable rubbles [1]. The geometry deviation is estimated out by comparing of designed and constructed profiles. The quality estimation basis of the built-in armour slope geometry is defined in the table II.
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 Figure 1  Relative deviation of the armour geometry over the tolerances at the Resnik breakwater

Figure 1. shows the results of the deviation in geometry analysis at the Resnik breakwater [4]. There is a considerable data scattering but it is still possible to evaluate the obeying of the profile geometry as satisfactory. The relative deviation in the table is determined as a quotient of maximal deviation and tolerance reduced by 1. It is valid in the cases where maximal deviations are higher than tolerances. When the tolerances are lower, the deviation is completely satisfactory.

4. Block Granulation
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The granulation of the blocks is defined by grading curve where specific block masses of W85% , W50% and W15% are determined, as well as nominal diameters of the blocks D85%,  D50% and D15% according to the expression: Dx0% = [(6 WX0%) / ((kam  X ( )] 1| 3 . Built-in armour should be narrowly graded ( parameter of grading width: pgs =  D 85% / D15% < 1,35) in order to obey the civil engineering regulations. The mass range of built-in armour  blocks is given in relation to the calculated value W50%; Wmin = 0,75  W50% and Wmax = 1,25  W50%   [1], [2]. A deviation of block granulation is estimated on the lower number of profiles than for geometry deviation. In the given example the investigation on each third profile is foreseen. An achieving of higher density is required if unsatisfactory built up section is visually determined. Tested profiles encompass the bands of the width of approximately 4 block diameters of D50%  laid from the crest to the leg of the slope under the sea. According to the grading content and grading curve for each section of the profile unit, according to criteria of the paragraph 2, the constructed armour is narrowly granulated and meets the design requirements (Figure 2) [4]. 

5. Armour Porosity
 SEQ CHAPTER \h \r 1 The average armour porosity should be 38%. During the construction the porosity can be calculated as :
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Armour porosity
Marmour
- the built-in armour mass measured in the quarry [t]
Varmour
- volume of built-in armour measured on the breakwater [m3]
(
- the density of armour rubble mass [t/m3].

If the porosity is not determined during construction, it can be defined after the construction of the breakwater by the counting and constructing of the grading curve of blocks on the slope by the expression [2]:
ADVANCE \d 42
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ADVANCE \u 42
where:

Nr
is a number of rubble blocks counted on the slope surface (only blocks larger than approximately 0,75 W50%)

A
- examined slope surface [m2]

n
- the number of blocks in the armour layer thickness (here n=1 as only blocks visible on the surface slope can be analysed)

k(
- layer coefficient [1]

W50%
- the mass of the 50% -age of the concrete grading curve [t].
Rubble mass density (  [t/m3] should be confirmed by approval. For each section of the profile unit an analysis of the porosity [%] and of the volume mass density ( of the armour should be undertaken. In the table III an example for a profile is given on the basis of which the matching of the built-in rubble with the prescribed conditions is estimated [4].

profile 
prescribed
built-in


p
γ 
p
γ


[%]
[t/m3]
[%]
[t/m3]

profile 8,  under the sea
35-42
1,5-1,7
38
1,7

profile 8,  above the sea
35-42
1,5-1,7
40
1,6

Table III
Estimation of porosity p[%] and volume mass density ( [t\m3] of the armour

6.
Interlocking Degree
The degree of interlocking of armour blocks affects considerably the stability coefficient KD. The calculation of KD presupposed in the design depends on the manner and the quality of placing. The standard ”placed armour blocks” implies randomized laying of rather uniform rubble block units on the slope by the floating crane, from the leg to the crest, without special placing and directing of the diver. The placed blocks should be laid on the already existing ones on three points at least. The built-in blocks should not vibrate under the wave load, they should not be held only by friction, they should be interlocked and form the protective layer above the other layers of the breakwater as two blocks by the thickness of the layer each. After the armour has first been placed, the geometry profile should be checked, and then a possible filling in of the undershot profile follows. In such armour KD gives an optimal size of rubble blocks considering 0 to 5% damages in the designed sea condition (Hdes). The interlocking degree affects greatly the armour stability. It is included into stability coefficient KD. For the stability estimation of the armour on the completed breakwater the interlocking performed in construction can be illustrated over coefficient KD. If the same stability of interlocked and non interlocked armour is to be achieved, the KD of the not quite steady placed and non interlocked armour should be lower (giving greater mass of the block) than its value predicted by design. For already built armours the interlocking can be analysed only for the surface blocks on the basis of the number of block contacts with adjacent blocks of a conspicuous slope surface. The number of contacts is tested for each block within 6 segments of breakwater slope on the trunk and two segments on the head (each of the width 5 X D50%). The length of the tested Resnik breakwater was 150 metres. The blocks of the diameter smaller  than 0,75 were not taken into consideration. The contact does not comprise the touching with blocks of the lower layer. This contact is included for the armour blocks leaning against the sea bottom. The interlocked block is the one which contacts with at least 5 neighbouring blocks of the same layer. This results in the upper value limit KD published in engineering manuals [1]. The  lower limit value KD is achieved when the block leans only against two points on the lower part of the slope. Such armour is much less resistant to the dynamic acting of the sea, and it can resist the same condition of the sea if the resistance shortage is made up for by more coarse granulation. Further, if instead of the armour the under layer filter is  seen on the outer slope of the breakwater  exposed to the biggest waves, then the KD value tends towards 0, and the breakwater is undergoing a failure. The coefficient KD depending on the number of contacts will be evaluated according to the theoretical assumption on the contribution of the neighbouring blocks to the stability of the concerned block on the breakwater slope. Figure 3. shows the arrangement of forces affecting the armour block stability.

Figure 3.   The sketch of forces acting on the armour block
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The force F is a hydrodynamic wave force acting on the block. It is opposed by the block weight G and friction with the neighbouring block T. To be on the safe side, the calculation implies for the case of the interlocked block, the contribution to stability only of the upper neighbouring block. This contribution is not taken into account for the case of non interlocking, so the hydrodynamic force will be opposed only by the block weight. By the stability analysis of the critical case where hydrodynamic load acts vertically on the slope and the overturning of the block around the point A is possible, we obtain a following equation for the case of interlocking:

 SEQ CHAPTER \h \r 1For the case of a non-interlocked block (Fig.3 without upper block) the stability analysis results in:
[image: image7.wmf](

)

(

)

(

)

F

F

g

H

K

ctg

f

g

H

K

ctg

K

K

f

For

the

slope

gradient

or

and

f

we

obtain

K

K

K

K

K

D

D

des

D

w

des

D

w

D

D

D

D

D

D

D

=

>

=

>

>

=

>

=

>

=

=

=

-

æ

è

ç

ö

ø

÷

+

=

=

-

æ

è

ç

ö

ø

÷

=

+

=

°

=

=

+

×

×

=

0

0

3

0

3

3

0

3

0

0

0

0

0

0

0

1

2

1

2

1

2

26

6

0

6

0

984

0

894

2

0

6

0

447

0

625

r

r

r

a

a

a

r

r

r

a

a

a

a

a

a

cos

sin

cos

cos

cos

sin

:

,

,

,

:

,

,

,

,

,

=

>

1

6

0

,

K

D

[image: image8.wmf]LIFE TIME

CONDITION INDEX

55

MAINTENANCE POLICY  1

MAINTENANCE 

POLICY  2

FAIR CONDITION

LEVEL

   ACHIVED

     DESIGNED

 SEQ CHAPTER \h \r 1The forces F D= 0 and FD>0 are hydrodynamic forces on the armour block for the interlocked and non-interlocked slope block with labile stability, and the f is a friction coefficient of the stone against the stone (f=0,6). If the same waves of the height Hdes act on the interlocked and non-interlocked armour block of the same material, then those waves provoke the same hydrodynamic forces: 

Therefore, it follows that the coefficient value KD= 0 for the interlocked armour (5 and more contacts) at the slope grading of the primary protective layer 1:2 is for the same size of the rubble block 60% higher than KD>0  for non-interlocked armour (2 contacts).   SEQ CHAPTER \h \r 1
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A linear change of the interlocking coefficient is presumed between the condition of the completely interlocked and non-interlocked block. The stability coefficient of the armour KD for the upper example can range as shown in the table IV. The evaluation of The KD value on one tested segment should be estimated according to the average contact number of the blocks. Assessment KD for one of the tested breakwater trunk profiles is shown in the table V for the Resnik breakwater.

breakwater trunk

slope 1:2

breaking waves
breakwater head

slope 1:2

breaking waves

Designed (optimal) KD
5 or more contacts
3,5

[1]
2,5

[1]

KD for interlocked armour with 4 contacts 
3,07
2,2

KD for interlocked armour with 3 contacts
2,63
1,9
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KD for 2 layers of completely non-interlocked armour 2 contacts
2,2
1,6

KD for 1 armour layer (eval.) 0 contacts.
2
1,6

KD at breaking of the breakwater (filter on the slope)
0
0

Table IV
The stability coefficient ranges of the armour KD in the function of the contact number as - “theoretical”

number of contacs (n) with adjacement blocks
under the sea
above the sea


number of blocks with n contacts
Total number of contacts
number of blocks with n contacts
Total number of contacts

0
0
0
0
0

1
0
0
0
0

2
1
2
0
0

3
4
12
0
0

4
7
28
7
28

5 and more
10
50
8
40

TOTAL
22
4,2
15
4,5

Average number of contacts

4,18

4,53

Average KD

3,14

3,30

Table V
The estimation of the armour stability coefficient KD on the profile number 8 of the Resnik breakwater

7. Evaluation of the Overall Condition of the Structure

If the armour design criteria such as geometry, granulation, porosity and the degree of interlocking are not satisfied, the armour is less resistant to the waving. The obtained values can be used for calculation of the wave climate when the armour is stable by the use of Hudson equation. According to the research results of Jackson [1] the expected percentage of damage in design conditions can be determined as well. The expected percentage of damage for the designed and for the achieved K D is illustrated for the Resnik breakwater.

Figure 4.
Expected percentage of damage for the designed and for the achieved KD

By reducing KD the condition index [3] of  the construction is reduced as well, although we deal with a newly built breakwater. If one wants the breakwater to function smoothly one should invest considerably into its maintenance. The illustration of quality of expected and obtained condition in the course of time is given in the Fig. 5.
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Figure 5. 
The expected and obtained condition of object in the course of time

8. Conclusion
The armour stability of constructed breakwaters can be evaluated by measuring the armour geometry, the granulation of the blocks, armour porosity and interlocking degree. The estimation of the interlocking degree, which  is the stability coefficient, is the most complex.This evaluation is possible by measuring the number of contacts of the armour blocks with the neighbouring ones. The block is supposed to be completely interlocked with 5 contacts, so that designed KD is achieved, while the block with 2 contacts stays non-interlocked holding on its own weight. The stability analysis for the slope 1: 2 shows that the stability coefficient KD is 60% higher for the interlocked in relation to non-interlocked block. Therefore, the wave height at which the constructed armour is stable can be determined by means of Hudson equation.
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Figure 2.	Grading curve of the rubble blocks on one section of the rubble blocks
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