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Abstract

Though technical breakwater design procedures have been incorporated into various engineering handbooks, none have yet been designed with budgetary considerations in mind. The purpose of this paper is to develop the most cost-effective numerical model for breakwaters acted on by the clapotis, using an example composite breakwater design to draft an object function geared towards the minimization of engineering costs. All technological safety specifications currently used in national harbor breakwater designs will be implemented as constraint conditions within the optimization system. The standard non-linear reduced gradient method will then be used to calculate the most economical breakwater design according to these given safety criteria. Using initial feasible solutions, the numerical model can quickly determine optimal breakwater dimensions. In addition to significantly lower engineering costs, such a model may also prove beneficial for both reduction of design time and improvement of overall design quality. Furthermore, the design results are demonstrated by the Java-based system named Vwis (Visual Water information system). Through the animation of the optimum process, the variations in vertical breakwater width, breakwater base depth and economical breakwater engineering costs can be checked clearly.
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1 Introduction

Hydraulic engineering research, whether applied to groundwater management (Kuo, 1992; Kuo et al., 1996), water resource distribution systems or storm runoff management (Mays and Yen, 1975), has long made use of optimization techniques to produce the most cost-effective management system designs. Although Taiwan's Ministry of Communications  and Communications Department  have all compiled harbor breakwater design specifications and the country is not lacking in related works on the subject, all have been focused on safety criterion at the expense of definite design standards focused on economic considerations. As engineering expenses for harbor breakwaters, especially manufacturing costs for construction in deeper waters, can easily reach into the $100 millions, harbor engineering design organizations and management institutions are fully aware of the importance of both safety and economy in breakwater construction. But while safety coefficients can be easily calculated, the total lack of theoretical support for economic appraisal forces designers to rely on past experience only, making the design of cost-effective breakwaters somewhat problematic.

The development of the industry in Taiwan is currently moving offshore. Yet the scarcity and excessively high cost of land requires the use of reclamation techniques (Tainan Hydraulics Laboratory, 1992) while facilitating harbor construction through the transportation of raw materials and finished products. The artificial alteration of the coastline makes it necessary to establish harbor breakwaters in areas of greater depth, but the gradual reduction of natural coastline topography amenable to harbor construction will eventually necessitate the development of breakwaters designed to completely surround the harbor. The total length of these future breakwaters will inevitably be greater than those currently constructed in harbors of natural topography, and will most likely be built in areas of greater depth as well.

Since breakwaters located in areas of greater depth do not usually form breakers, they are primarily subjected to the effects of the clapotis. The objective here is to commence development of the most cost-effective numerical model for breakwaters acted on by the clapotis, using an example composite breakwater design to draft an object function geared towards the minimization of engineering costs. All technological safety specifications currently used in national harbor breakwater designs will be implemented as constraint conditions within the optimization system. The standard non-linear reduced gradient method (Reklaitis, 1983) will then be used to calculate the most economical breakwater design according to these given safety criteria. Using initial feasible solutions, the numerical model can quickly determine optimal breakwater dimensions. In addition to significantly lower engineering costs, such a model may also prove beneficial for both reduction of design time and improvement of overall design quality.  Furthermore, the design results are demonstrated by the Java-based system named VWis. Through the animation of the optimum process, the variations in vertical breakwater width, breakwater base depth and economical breakwater engineering costs can be checked clearly.

2 Effects of the Clapotis

The presence of breakwater obstructions within the wave propagation process produces reflecting waves that form a clapotis if superimposed onto the original incident waves. In areas of limited winds where water depth is two times greater than maximum wave height, breakers may be replaced by the formation of a clapotis that acts on the seawall (Kuo, 1992). The clapotis wave pressure distribution formula derived from Sainflou's (Sainflou, 1982) hypothesized locus for clapotis water particles is now widely used by the entire harbor engineering field to estimate the effects of the clapotis on breakwaters as well as its moment of force.

The Sainflou technique assumes an incident wave is propagated to wave height H0 at water depth h. As the total reflectance forms a clapotis, wave height becomes  2H0 and the increase with respect to mean water levels becomesΔh0, such that:


[image: image1.wmf]L

h

2

coth

L

H

h

2

0

0

p

p

=

D


 







(1)

As shown in Fig. 1, the pressure at the emergence of the wave crest can be formulated as follows:
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Where,

P1 
: wave pressure on breakwater at mean water level (t/m2)

P2 
:  wave pressure on breakwater base (t/m2)

Pu 
:  lift at vertical breakwater base (t/m2)

ω 
:  seawater volume density (t/m2)

L
:  wave length at depth h

The effects of the wave pressure resultant (Re) on the vertical breakwater and effects of the resultant moment of force on Point A of the vertical breakwater can be distinguished as follows:
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Equations (1) to (3) are known as the simple Sainflou formula.  Since estimated pressure values are greater than formulas originally derived from the Sainflou formula, using such estimates for embankment design requires a greater degree of safety (Tang et al, 1989). With a breakwater elevation of less than Hd +Δh0 and the existence of a breakwater base whose shoulder width Bb is shorter than 1/2 of wave length L, wave pressure is distributed accordingly, the range of its impact limited to the area between the apex and base of the vertical wall. Where Bb is longer than L/2, the mounded base is regarded as part of the underlying bathymetry, with calculations of wave length and wave height based on water depth above the mounded base. The Sainflou formula does not compensate for the direction of clapotis wave pressure.

The simple Sainflou formula is the most basic element in the calculation of clapotis wave pressure. Calculated values and experimental values were found to be equivalent at relative depths of h/L=0.1~0.15, while calculated values were greater than experimental values at h/L>0.15 and tended to be less than experimental values at h/L<0.1 (Tang et al, 1989). As waves approached the breakers, calculated values from the simple Sainflou formula needed to be multiplied by more than 1.2 (Su, 1980).

3 Breakwater Stability Analysis

In addition to wave force, mean water pressure, buoyancy, weight, and lift, breakwater stability calculations must also account for the effects of earthquake force when necessary. When assessing the effects of hydrodynamic pressure caused by earthquakes, safety calculations for breakwater overturning and breakwater base bearing capacity are standard. In such cases, the hydrodynamic pressure acting on the breakwater body can be calculated using the following formula:
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Where,

Pdw
:  hydrodynamic pressure (t/m2)

K 
:  design earthquake magnitude

ω 
:  water volume density (t/m2)

D
:  water depth above breakwater base (m)

y
:  depth at point of desired hydrodynamic pressure (m)

The design earthquake magnitude (K) is the product of the regional earthquake magnitude, ground type coefficient, and Significant Coefficient. The hydrodynamic pressure resultant Pd and its acting site hd is defined as follows:
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3.1 Analysis of Vertical Breakwater Slip and Overturning

The weight of the vertical section of the composite breakwater must remain sufficiently stable to resist both slip and rotation under the impact of waves. The standard safety rate for resistance to breakwater slip and overturning under the impact of wave pressure is greater than 1.2, the safety coefficient for slip caused by earthquakes is above 1.0, and the safety coefficient for overturning is greater than 1.1 (Taiwan Transportation Department, 1981). Safety rates are defined as follows: 
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Where,

Fs
:  slip resistance safety rate

Fo
:  overturning resistance safety rate

Ŵ
:  embankment length-weight relationship after buoyancy deduction

U
:  lift resultant

μ
:  friction coefficient (μ=0.6 for concrete and rubble surfaces)

t
:  vertical distance between vertical breakwater heel and center

Mu
:  lift moment of force on vertical breakwater heel

3.2 Stability Calculations for Inclined Section of Mounded Base

In addition to the stability of the composite vertical breakwater, attention must also be paid to the possibility of slippage around the entire breakwater base. The safety rate for slip resistance must be above 1.2(Ministry of Transportation and Communications, 1996), while such external forces as wave force, mean water pressure, buoyancy, weight, earthquake force, and weight of materials must also be accounted for. Safety rate F can be calculated as follows:
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where, f* is the friction coefficient between stones, equivalent to tanΦR (whereΦR is the angle of soil friction), a is the angle between the ground and slip surface, and W is the total weight placed on vertical slip surface.

3.3   Analysis of Breakwater Base Foundation Reaction Force

The reaction force of the breakwater base foundation in response to the impact of the clapotis can be calculated using the following formulas:

Eccentricity
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Eccentricity
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Eccentricity e is determined as follows:
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Where, P1 is front end reaction force, P2 is backend reaction force, V is the vertical resultant, e is resultant eccentricity, b is negative width, Mw is the moment of force of vertical resultant on backend of lower breakwater plate, and Mh is the moment of force of horizontal resultant on backend of lower breakwater plate.

3.4   Analysis of Ground Bearing Capacity

Stress-induced dispersion of the reaction force distribution on the foundation of the mounded base (as determined in the previous section) renders the loading distribution on the underlying foundation ground trapezoidal at a dispersion angle of 30o. Its maximum stress can be expressed as follows:
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Where,γ' is volume density of mounded base in water (=1.0t/m3), D' is thickness of mounded base, b' is width of reaction force distribution on mounded base foundation, L is loading width on foundation ground.  

4 Optimal Design Issues

In general terms, the object function establishing total engineering costs for breakwater design has been minimized in order to design relative breakwater dimensions according to fixed constraints. Minimum design dimensions were determined according to current harbor design specifications for base thickness, shoulder length, and base slope of composite breakwaters. Therefore, aside from the constraints of such safety coefficients as vertical breakwater slip and overturning resistance, it was also necessary to establish lower limits for specified dimensions. The optimal design for composite breakwaters acted on by the clapotis is comprised of the following:

Object function:
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Constraints:
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           Upper/lower limits of variables:
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(37) Where, f is the minimal object function, B is width of vertical composite breakwater, hu is distance between top of vertical breakwater and mean sea level, D is depth of breakwater base, Bo and BP are seaside and harbor-side width of breakwater base, respectively, 1/So and 1/SP are seaside and harbor-side inverse slope of breakwater base, respectively, C1 is cost of vertical breakwater volume, and C2 is cost of breakwater base volume. According to design specifications (Ministry of Transportation and Communications, 1996), breakwater base thickness must be at least 1.5m so as to resist the effects of erosion; seaside shoulders, where waves are larger, must be at least 5m wide, with harbor-side shoulder width approximately 2/3 that of seaside (at least 3.33m); and harbor-side and seaside breakwater base slope must be less than 1:2 and 1:1.5, respectively. qa is allowable ground bearing capacity, dependent on the specific qualities of different terrain, and qat is allowable breakwater base reaction force, generally 40-50t/m2. To satisfy specification requirements, solutions were determined according to the above constraints.

        

Since constraints (23) to (32) are not functions of Bo and So, gradient matrices of such constraints may produce diagonal elements of zero, which disrupt the optimization process. In order to avoid this, design specification requirements were followed such that Bo=3BP/2, 1/So=2.0, where x1=B, x2=D, x3=BP, x4=1/SP. Constraints (22) to (37) can then be expressed in a single general formula:

Object function:
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Constraints:


[image: image41.wmf]N

,...,

1

k

)

(

)

x

(

F

k

i

k

=

F

£

³

                          





(39)

Upper/lower limits of variables:
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where:

f is the object function, Fk is a constraint, xi is a variable, andΦk is a constant of the inequality constraint. Formula (39) states that Fk (xi) is greater than/equal to (or less than/ equal to)Φk, where xiL and xiU represent variable lower and upper limits, respectively, subscript i is the variable index, subscript k is the constraint index, and M and N represent variable total and constraint total, respectively.

Since constraints are combined in a single inequality, they can be drawn into a positive slack variable qk, whose conversion is expressed in the following identity:
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where:
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When the inequality constraint is greater than or equal toΦk, qk in formula (41) is negative; when the inequality constraint is less than or equal toΦk, qk is positive. Because unresolved variables (including the slack variable) are comprised of M+N while constraints only consist of N, it is necessary to select a basic variable for N (xB) and a non-basic variable for M (xN) in order to conduct non-linear optimization operations.

5  The General Reduced Gradient Method

Part of the iterative process of optimization, the general reduced gradient method (GRG) is used to calculate the reduced gradient (▽f) in order to determine the direction for the reduced object function down to its minimum value. However, since f is comprised of both basic and non-basic variables, the former being a function of the latter, it is first necessary to find the derivative of the basic variable with respect to the non-basic variable before solving for ▽f. Using matrices to express the full constraint differential,
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the derivative of the basic variable with respect to the non-basic variable can then be expressed as:
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The values of the reduced gradient can then be determined using the chain rule:
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where π (known as the Kuhn-Tucker multiplier) can be expressed as:
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In order to determine the optimal distance for the minimum object function along the ▽f continuum, the object function must be first expressed as a linear equation:
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with the movement distance dN of xN as:


[image: image50.wmf]T

)

n

(

N

)

1

n

(

N

N

]

f

[

]

x

x

[

d

Ñ

a

-

=

-

=

+

                        





(48)

where:

Superscripts (n) and T represent the transposition of optimization iterative steps and matrices, respectively. Substituting formula (47) with formula (48) enables the determination of a positive value forα, thereby securing movement in the direction of reduced values for the object function. As for the movement distance dB of corresponding values for xB, it is possible to substitute formula (43) with formula (48):
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Having moved formulas (48) and (49) to new positions, the equations may no longer satisfy constraint conditions, making it necessary to replace all previous constraints with the Newton Method (Fletcher, 1988). Conducting each step of the iterative process with new values for the basic variable enables the reduction of the object function while according with prescribed constraint restrictions.
6  Visual Water Information System - VWis
From a viewpoint of technology integration, network computing brings us the expectation in this e-World. However, some problems such as the linkage between heterogeneous systems and heterogeneous data migration across long-haul network still exist. Due to the across-platform property, Java can be applied to redeem the inconvenience of digital exchanging between different systems. It is obvious that the technical advantages of Java inspire the heavy competition of business marketing but using Java is still making in the field of network computing. Therefore, to meet  the demand and trend, National Center for High-Performance Computing (NCHC) has been invested in developing the Web-based visual environment by Java since 1996. Based on some results, we are using JDK 1.3 to build up an integrated system named VWis (Kuo, 2000) to combine database, numerical models, pre/post processors, and so on. In this study, VWis is applied to demonstrate the computational results on the Internet.

7 Optimization Calculations

The following conditions were assumed: a water depth of 18m in front of the breakwater, a measured incident wave height of 5.0m, a wave length of 90m, distance between top of breakwater and mean sea level of hc =5.0m, a friction coefficient for the caisson and protective base of 0.6, a seawater density of 1.03t/m3, a caisson density of 2.2t/m3, an angle of soil friction of ΦR=35o, qat=50t/m2, qa=40t/m2, and a breakwater shoulder width half as long as the wave length.

7.1 Specified Upper/Lower Limits and Feasible Solutions

The calculation process requires the establishment of specific upper and lower limits for both physical variables and virtual variables derived from the optimization process. While it is not necessary to establish a fixed upper limit for breakwater width, appropriate upper/lower limits must be drafted for breakwater base depth, as designated in formula (33), in order to adhere to specification standards and insure the production of the clapotis instead of breakers. As with breakwater width and all virtual variables, the width and inverse slope of the breakwater base only requires a lower limit. Once a solution has been found which satisfies all constraints, it is relatively easy to calculate an optimal convergence solution. In principle, this feasible solution can already be used to design the breakwater, as all stability coefficients as well as base and foundation reaction forces are already in accordance with specification standards, but the optimization process is still necessary to develop the most economical design. Table 1 presents fixed values for feasible solutions and upper/lower limits of the virtual breakwater design, in which ∞ indicates unspecified or infinite values. For the purposes of this project, these three data categories determine the input conditions for the design model.

7.2 Local Minimum of Object Function

Because the minimal object function is a non-linear system, any specified feasible solution already subjected to the minimization process can only insure values for the local minimum. Whether these values connote the global minimum must still be confirmed.

Using feasible solution 1, a variation (B) of only 22m, and specifications for the three other variables of solution 2 (as shown in table 1), values minimal convergence solutions for their respective feasible solutions were calculated (C2/C1=4.5). Fig. 2 is a graph of convergence paths according to breakwater width (B) and water depth of breakwater base (D); Fig. 3 is a graph of convergence paths according to breakwater base width (BP) and inverse slope (1/ SP). While BP and 1/ SP follow similar convergence paths and endpoints (fig. 3) during the minimization process of the object function, it is apparent from fig. 2 that different solution specifications may also cause distinct movement paths and endpoints, with either one or both indicating local minimums.

7.3 Analysis of Global Minimum

It is evident from the application of the reduced gradient method that formula insures continual movement in the direction of the reduced object function (Reklaitis, 1983), which, theoretically speaking, should terminate at the global minimum. Yet models often require a convergence resolution in order to determine the exact point at which approaching variables actually reach their corresponding limits. For the purposes of this model, convergence is attained when the four variables reach their lower limits specified in table 1. Therefore, since the model is already comprised of artificially enforced conditions for convergence, the possibility of convergence towards the local minimum is to be expected.

As previously discussed, convergence solutions for an optimal system may vary according to different values for feasible solutions, and C2/C1. If D lies between 10m and 16.5m, the upper limit for B is fixed at 30m, and minimal values for BP and 1/ SP (as calculated above) are fixed at their lower limits, all feasible solutions must fall within the region to the right-hand side of the curve in fig. 4. According to the extreme value theorem, all minimal values for the object function must lie on this curve (Sainflou, 1982), their respective positions dependent on the corresponding values for C2/C1.

Fig. 5 is a comparison of variations in optimal vertical breakwater width and breakwater base depth for different costs of the breakwater base (C2) and vertical breakwater (C1). The effects of C2/C1 on economical considerations of breakwater construction are evident in the distinct division of the figure into four sections: When the breakwater base/vertical breakwater unit price ratio (C2/C1) is less than 0.6, base depth (D) is just over 2 times greater than the height of the incident wave, producing minimal breakwater depth and a breakwater width that does not converge on specified upper/lower boundaries. When C2/C1 lies between 0.6 and 1.2, both base depth and breakwater width exhibit a linear increase, thereby failing to converge on specified boundaries. When C2/C1 lies between 1.2 and 3.2, values for base depth and breakwater width remain stationary, again failing to converge on specified boundaries. However, when C2/C1≧3.2, base thickness just reaches its specified minimum of 1.5m and base depth is at its maximum value of 16.5m. Table 2 contains convergence solutions for each variable. As values for each variable fall within their prescribed boundaries, it would seem that all stability conditions for design specifications have been fulfilled, and convergence solutions for B and D fall directly on the feasible solution curve (fig. 4). Fig. 6 presents variations in minimal engineering costs, in which C1 is fixed at 1.0 and minimal breakwater construction costs appear to rise along with increases in C2/C1.

8 CONCLUSION

A non-linear system for the most economical breakwater design was synthesized according to composite breakwater design specifications and the effects of wave pressure and earthquake force. Application of the reduced gradient method to formulate solutions yielded the following conclusions:

(a) All elements of breakwater design engineering were sequenced in the development of a completely new design method surpassing traditional techniques in its ability to determine the most economical approach while adhering to breakwater design specifications, extremely effective for the large-scale conservation of resources.

(b) Because overall breakwater design costs are significantly effected by the relationship between individual breakwater base and vertical breakwater unit prices (C2/C1), a detailed analysis of breakwater base and vertical breakwater transportation and construction costs according to the distinct characteristics of the construction site is essential to the breakwater economization process. The successful completion of the most economical breakwater design via the optimization process depends on such analysis.

(c) Actual construction of the vertical breakwater section must account for stability during dredging of the caisson. However, since horizontal and vertical design intervals do not follow the same specifications and cannot be arranged within the same constraints, analysis of caisson dredging stability according to specification standards must be implemented once the economization process is complete. If the economical model satisfies stability stipulations, the detailed design process can be continued; otherwise, a relationship between B and D that satisfies platform stability must be determined according to the analysis of caisson designs and treated as a constraint for the minimization process developed in this study.
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Table 1: Feasible Solutions and Upper/Lower Limits
variable
upper limit
lower limit
feasiblesolution1
feasible solution 2
feasible  solution 3

B
0
30.0
16.0
22.0
20.4

D
10.0
16.5
10.0
10.0
13.25

Bp
3.5
45.0
20.0
20.0
20.0

1/Sp
1.5
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5.0
5.0
5.0

q1
0
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2.00
3.21
2.91

q2
0
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4.72
9.99
6.48

q3
0
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1.71
2.73
2.26

q4
0
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3.93
8.41
5.03

q5
0
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1.73
2.32
2.31

q6
0
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1.67
2.23
2.04

q7
0
50.0
17.10
21.91
14.03

q8
0
40.0
10.08
10.80
5.69

q9
0
50.0
15.83
21.24
12.22

q10
0
40.0
9.75
10.51
4.59

Table 2: Optimal Solutions with Different Values for C2/C1
C2/C1
0.5
1.5
3.5

B
10.76
14.44
25.99

D
10.00
13.47
16.50

Bp
3.50
3.50
3.50

1/Sp
1.50
1.50
1.50

q1
0.96
1.71
4.14

q2
1.48
2.60
9.27

q3
0.82
1.30
2.98

q4
1.17
1.92
6.74

q5
0.04
0.63
3.25

q6
0.14
0.61
2.59

q7
4.37
3.86
11.57

q8
9.67
1.42
1.93

q9
0.00
0.00
9.42

q10
9.57
0.00
0.00
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Fig. 1:
Action of Clapotis Wave Pressure on Composite Breakwater
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Fig. 2:  Optimal Convergence Paths for B and D of  DifferentSolutions

(C2/C1=4.5, fs: feasible solution)
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Fig. 3: Convergence Paths for BP and 1/ SP of Different Solutions
(C2/C1=4.5, fs: feasible solution)
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Fig. 4:   Region of Feasible Solutions
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Fig 5:   Variations in Optimal Vertical Breakwater Width and Breakwater Base Depth 

            (bw: breakwater width, wd: water depth above breakwater base, bt: breakwater 

base thickness)
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Fig.6:   Variations in Economical Breakwater Engineering  Costs
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