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R = Ws tan( +) (5.4.4) 
Where 

Ws: total weight of the rubble stones in still water above the sliding surface, excluding the 

weight of those in the uppermost layer (KN/m) 

θ : angle of the sliding surface (º) 

φ : φ = tan-1 µ2 ( µ2 is the friction coefficient between rubble stones, µ2 = 0.8) (º) 

Equation (5.4.4) can be obtained by balancing the forces exerted on the rubble section, and the 

slide resistance force can be calculated as smallest value of R while changing θ by try and error. 

(b) Sliding resistance force of concrete blocks (refer to Fig. 5.4.2) 

R= µ2Ws (5.4.5) 
Where 

Ws : total weight of concrete blocks in still water, excluding the weight of those in the 

uppermost layer  (kN/m) 

µ2: friction coefficient between the concrete blocks and the rubble mound foundation. 

  
Fig. 5.4.1 Sliding Resistance Force of 

Rubble Stone 
Fig. 5.4.2 Sliding Resistance Force of Concrete 

Blocks 

 
Fig. 5.4.3 Sliding Resistance Surface of a Reinforcing Body 

 
(c) Takeda et al. experimentally showed that the resistance force R is a function of the ratio of 

wave height to water depth at the breakwater, as equation (5.4.6) demonstrates (refer to Fig. 
5.4.3). 

R = WS (5.4.6) 

α = 0.9 ＋ 0.2 (H / h' － 0.5): in the case of rubble stones 

α = 0.4 ＋ 0.2 (H / h' － 0.5): in the case of concrete blocks 

where: 
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Ws : weight in still water of the rubble stones or concrete blocks (kN/m) 

α : coefficient of resistance 

H : wave height (m) 

h' : water depth on top of rubble mound (m) 

When H / h’  0.5, however, H / h’ should be set as equal to 0.5. 

2) Stability Calculation of Sloping Section 

The rubble mounds of composite breakwaters and sloping breakwaters shall be examined 

against the slip failure and the safety of armor units. 
 

(1) Slip Failure 

Examination shall be made against the slip failure caused by the eccentric and inclined 

loads on composite breakwaters. 
 

(2) Required Mass and Layer Thickness of Armoring Material 

In addition to having the adequate stable mass against wave force for each armor unit, the armor 

layer shall have a thickness that is capable of preventing the inner materials from being sucked 

out. 

(3) With regard to the slip failure caused by eccentric and inclined loads, refer to Annex G. Bearing 

Capacity for Eccentric and Inclined loads or Part 4, 5.5 Bearing Capacity for Eccentric and 

Inclined Loads. 
 

(4) The required mass for armor units for sloping breakwaters and caisson breakwaters covered 

with wave- dissipating blocks should be calculated according Annex E, E.1 Required Mass of 
Armor Stones and Blocks on Slope. When the armor units are not randomly but uniformly 

placed or stonepitched, the required mass can be determined based on the judgment of the 

responsible engineer. It should be standard for the armor layer to have the thickness of two units 

when random placing is used. 
 

(5) The required mass for armor units of the rubble mound foundation of composite breakwater 

should be calculated according to Annex E, E.2 Required Mass of Armor Stones and Blocks 
in Composite Breakwater Foundation Mound against Waves.  

(6) As a general principal, the required mass of rubbles or blocks below the armor layer should be 

approximately 1/20 of the mass of armor units or greater, although in the case of a sloping 

breakwater, the mass should preferably be 1/10 to 1/15 or greater. The mass of stones below 

the filter layer, as a general principal, should be 1/20 of the mass of filter units or greater. Refer 

items 7.4. 
 

(7) For situations where a face of slope is covered with sand mastic asphalt, careful stability 

calculation is required, giving full consideration to the past construction projects and research 

results. 

3) Stability Calculation of Whole Section 

(Draft)
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(1) For gravity type breakwaters, an investigation of the stability against circular slip as prescribed in 

Annex H. Stability Analysis Using Circular Slip Surface Method or Part 4, 9.2 Stability 
Analysis and an investigation of settlement with due consideration to the characteristics of the 

ground and structure shall be undertaken to ensure the stability of the breakwater section as a 

whole. 

(2) The tide level that is used for the calculation on stability for the whole section should be the 

tide level that provides the smallest factor of safety. Refer to Part 2, 5.3 Tides concerning 

determination of tide level. 

4) Stability Calculation for Head and Corner of Breakwater 
 

(1) It shall be standard to set the mass of the armor stones or blocks at the breakwater head being 

larger than that of the trunk section of the breakwater. 
 

(2) In the case of soft ground, the slip in the direction parallel to the alignment of the breakwater 

shall also be examined. In this instance, the side friction resistance can be taken into account. 

(3) When a lighthouse is built on the breakwater head, the stability calculation shall be made by 

taking into consideration the seismic force, wave force, and wind pressure acting on the 

lighthouse. 

(4) Design consideration shall be given to the increase of wave height at the concave corner of 

breakwater. 

(5) Because there are uncertainties concerning the stability at the head of an uprightbreakwater or 

composite breakwater when compared with that at the breakwater trunk with respect to 

scouring of the foundation mound or external forces acting on armoring units, the mass of the 

armor units should preferably be set larger than that for the breakwater trunk. Refer to Annex 
E, E.2 Required Mass of Armor Stones and Blocks in Composite Breakwater Foundation 
Mound against Waves with regard to the calculation of the armor unit mass. In particular, the 

armor units used for the breakwater head of a sloping breakwater or caisson breakwater 

covered with wave-dissipating blocks should preferably have a mass of 1.5 times or greater than 

that at the breakwater trunk, and should be installed in a form of circular mound. For the 

calculation of the mass of the armor units of sloping breakwaters and caisson breakwaters 

covered with wave-dissipating blocks, refer to Annex E, E.1 Required Mass of Armor Stones 
and Blocks on Slope. 

(6) Refer to Annex H. Stability Analysis Using Circular Slip Surface Method or Part 4, 9.2.1 
Stability Analysis Using Circular Slip Surface Method concerning a slip in the direction 

parrallel to the alignment of a breakwater. 
 

(7) A breakwater head at which a lighthouse is built must be designed to have a sufficient stability 

considering additional loads caused by the lighthouse. In addition, provision of the necessary 

ancillary facilities to maintain the lighthouse functions must be considered. Refer to Part 2, 
5.2.8 Wind Pressure concerning wind and wind pressure acting on a lighthouse. 

(Draft)
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(8) Around a concave corner in the alignment of upright breakwaters and composite breakwaters, 

an increase of wave height can occur because of superposition of reflected waves from two 

wings of the breakwaters in addition to the wave concentration at the concave corner itself. 

Because several cases of damage caused by such the wave height increase are reported, this 

aspect should be carefully investigated based on Part II, 5.4.5 Wave Reflection and Part II, 

5.4.12.4, c) Note when deciding a breakwater layout and calculating the stability. 

5.5 Details of Structures 

Items for respective types of upright sections are described in 1) to 4). Common items are 

described in 5) and after.  

1) Caisson Type Composite Breakwaters  

(1) Various materials are used as filling in caissons, including concrete, concrete blocks, stones, 

gravel, sand and slag. When selecting a filling material, it is preferable to consider construction 

costs, construction conditions and natural conditions.  

In general, sand is frequently used. However, when sand or gravel is used as a filling material, it 

is necessary to cover the surface completely with a concrete lid or blocks.  

(2) The thickness of the concrete lid should normally be 30 cm or greater, and should be 50 cm or 

greater under rough sea conditions. There are also examples of the thickness of 1.0 m or 

greater in the cases where wave conditions are severe and the concrete lids are left without 

placement of crown concrete for a long time.  

(3) Because there are many unclear points regarding the wave forces acting on crown concrete, the 

concrete lid placement should be performed in such a way that the crown concrete is integrated 

with the breakwater body. Methods of further increasing integration of the concrete lid with the 

crown concrete include pouring of the crown concrete in such away that it is squeezed inside 

the caisson, fabrication ofconcave/convex shapes in the concrete lid (frequently used with the 

precast concrete), use of reinforcing bars or shape steel, see Fig. 5.5.1. In order to unify the 

parapet and crown concrete, it is preferable to adopt a method such a providing tenonsat 

construction joints, use of reinforcing bars or shape steel, etc.  

(4) Because scouring of the foundation occurs easily at the bottom of the upright section, when the 

structure is not built on bedrock, adequate foot protection work should be performed.  

 

Fig. 5.5.1 Placement Surface of Crown Concrete 
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2) Mass Concrete Block type Composite Breakwaters  

(1) Methods of stacking blocks include horizontal stacking and inclined stacking. In general, 

however, horizontal stacking is used considering ease of construction work. In the crown 

concrete, it is preferable to provide joints at intervals of 10–20m in the direction of breakwater 

alignment. In case ofhorizontal stacking, in order to maintain integration, it is preferable that 

vertical joints in the cross section perpendicular to the breakwater alignment be arranged ina 

cross-stitched form so as not to penetrate from the top to the bottom.  

(2) With concrete blocks, in order to avoid sliding, a method of mutual interlocking using 

concave/convex shaped tenon joints of the shape shown in Fig. 5.5.2 is generally used. In many 

cases, the width a and height b of the convex part are on the order of 50 cm and 20 cm, 

respectively, and the width a' and height b' of the convex parts are approximately 5cm larger 

than the corresponding parts a and b.  

 
Fig. 5.5.2 Joint in Concrete Block 

3) Cellular Block Type Composite Breakwaters  

(1) It is preferable that a footing be attached to the bottommost layer of cellar blocks secure 

stability.  

(2) Concrete or stones can be used as filling for cellular blocks. If concrete is used as the filling, 

poor integration of the upright section cellular block type is eliminated.  

(3) Because integration is reduced if cellular blocks are laid in two layers, it is preferable to use a 

one block type whenever possible. If blocks are obliged to be laid in layers, the integration 

should be increased by interlocking of the upper and lower layers by fabricating convex/concave 

shape at the top and bottom of the wall of the cellular blocks, as shown in Fig. 5.1.1 (c).  
(4) If stones are to be used as filling, a bottom plate shall be provided on the cellular blocks in order 

to prevent dislodgement of the stones from the cellular section.  

4) Mass Concrete Single Block Type Composite Breakwaters  

(1) In the upright section of mass concrete type composite breakwaters, the size of one block 

should be 5 ÷ 10m in order to prevent cracking due to shrinkage or uneven settlement.  

(2) A certain degree of irregularity on the foundation surface does not pose a serious problem. 

However, together with carefully removing sand, debris, and seaweed on the bedrock in order to 

assure good adhesion with the concrete, parts in contact with the shuttering form should also be 

leveled to improve contact with the shuttering form.  

(Draft)
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5) The rubble mound foundation of composite breakwater is extremely important to ensure the 

stability of the upright section. Particularly if the rubble mound beneath the upright section is 

scoured or washed out, the upright section will lean or easily experience sliding failure, and then the 

upright structure will be destroyed at worst. It is therefore necessary to protect the rubble mound 

beneath the upright section with foot protection blocks and prevent damage from scouring or washout 

due to the action of waves or currents. 
 
6) Provision of vertical holes in the foot protection blocks reduces the uplift pressure acting on the 

blocks and greatly increases their stability against the waves. 
 
7) It is recommended that two or more rows of foot protection blocks be placed on the seaward side 

of the upright section and one or more rows on the harbor side. 
 
8) Because the study by Tanimoto et al. shows that too large holes in foot protection blocks reduce 

the effect of preventing scouring and washing out, the opening ratio of about 10% is optimal. 
 
9) It is best to search for the necessary thickness of the foot protection blocks using equation (5.5.1). 

t/H 1/3 = df (h’/h) -0,787 (5.5.1) 
Where 

t: necessary thickness of the foot protection blocks (m); 

df : 0.18 for the breakwater trunk, 0.21 for the breakwater head; 

h : water depth of breakwater construction (m); 

h’ : water depth at the top of rubble mound foundation( not including the armor blocks and 

foot protection blocks) (m); 

The application range should be h’/h = 0.4 ~ 1.0. 

For the calculation of the foot protection block dimensions, the necessary thickness can be 

determined using equation (5.5.1) and the dimensions listed in Table 5.5.1. Examples of the 

block shapes and dimensions are shown in Fig. 5.5.1. 

Table 5.5.1 Required Thickness and Dimensions of Foot Protection Blocks 

Required thickness 
of foot protection 

blocks 
t (m) 

 
Dimensions 

l(m) × b (m) × t 
(m) 

Mass (t/unit) 

Block with openings Block without openings 
0.8 or less 
1.0 or less 
1.2 or less 
1.4 or less 
1.6 or less 
1.8 or less 
2.0 or less 
2.2 or less 

2.5 × 1.5 × 0.8 
3.0 × 2.5 × 1.0 
4.0 × 2.5 × 1.2 
5.0 × 2.5 × 1.4 
5.0 × 2.5 × 1.6 
5.0 × 2.5 × 1.8 
5.0 × 2.5 × 2.0 
5.0 × 2.5 × 2.2 

6.23 
15.64 
24.84 
37.03 
42.32 
47.61 
52.90 
58.19 

6.90 
17.25 
27.60 
40.25 
46.00 
51.75 
57.50 
63.25  
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10) Foot protection blocks at the harbor side must be designed by taking into consideration the 

influence of waves inside the harbor, waves during construction, and overtopping waves. The number 

of the cases of failure of foot protection blocks inside a harbor is quite small until now, and it is 

acceptable to use a mass that is lighter than the mass of the foot protection blocks of seaward side. In 

the past designs there were many cases where the mass was one-half of that at the seaward side. 

The mass must not be smaller than the mass required by the waves inside the harbor or the waves 

during construction. Especially, the mass should be carefully determined for location where the 

offshore end of a breakwater under construction remains as a temporary head during the off- work 

season of each year.  

11) In situations where there are concerns about scouring or sucking-out of rubble stones, preventive 

countermeasures should be undertaken. Methods used for scour prevention at the toe of slope are the 

provision of a berm of rubbles at the end of slope, and the placement of concrete blocks, mattress 

work, asphalt mats, or composite resin mats. For prevention of settlement of the rubble mound due to 

washout, mattress works and other methods including the spreading of canvas sheets are employed. 

 

 
Fig. 5.5.1 Shapes and Dimensions of Foot Protection Blocks 

 

6 Upright Breakwaters 

The  design  for  upright  breakwaters  can  be  conducted  by  applying  that of  the  composite 

breakwaters. In addition to 5.4 Stability Calculation, the following can be used as reference. 

6.1 Cross sections 

Examples of the cross sections of the upright breakwaters are shown in Fig. 6.1.1.  

(Draft)
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Fig. 6.1.1 Examples of Cross Sections of Upright Breakwaters 

6.2 Details of Structures 

1) The thickness of a concrete lid of the cais- son type and the cellular concrete block type 

breakwaters shall be carefully deter- mined in consideration of wave conditions and construction 

conditions. 

2) The crown concrete shall be so placed to ensure solidity with the main body of breakwater. In 

addition, longitudinal joints shall be provided at an appropriate interval or at the junctions of caissons, 

when cais- sons are used. 

3) The blocks of concrete block type break- water shall be made as large as possible. In particular, 

the lowest layer shall preferably be made of one concrete block without combining multiple blocks. 

4) Provision of footing in the lowest layer block of cellular concrete block type breakwater is preferable 

for enhancing sta- bility. 

5) The thickness of the concrete lid should normally be 30 cm or greater, and should be 50 cm or 

greater in the area of rough sea condition. There are also examples of thickness of 1.0 m or greater 
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in the cases where wave conditions are severe and the concrete lid are left without placement of 

cown concrete for a long time. (refer to Fig. 6.2.1) 
 
6) Longitudinal joints should be provided at an interval of 10 to 20 m on the crown concrete of 

monolithic breakwaters with in-situ placement concrete. 

 
Fig. 6.2.1 Examples of Concrete Lid Thickness 

7 Sloping Breakwaters 

7.1 Generals 

1) The  design  for  sloping  breakwaters  can  be  conducted  by  applying  that of  the  composite 

breakwaters. In addition to 5.4 Stability Calculation, the following can be used as reference.  

2) In a place affected by littoral drift, preventive works for blocking sand passing through the 

breakwater shall be provided, because suspended sediment carried by waves may cause shoaling of 

the harbor basin.  

3) Fig 7.1.1 indicates the elements and functions of a typical sloping breakwater. The design of the 

individual elements is dealt with in the succeeding parts of this section. 

(Draft)
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(a) Simple sloping breakwater construction 

 

(b) Construction for difficult conditions 

 

Fig. 7.1.1 Elements and functions of typical sloping breakwaters 

4) Examples of the cross sections of the sloping breakwaters are shown in Fig. 7.1.2.  

(Draft)
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(a) Rubble mound breakwater 

 

(b) Dumping block mound sloping breakwater 

 

(c) Rubble mound breakwater 
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(d) Dung Quat breakwater 

 

(e) The south breakwater - Channel in the Hau River 

Fig. 7.1.2 Examples of Cross Sections of Sloping Breakwaters 
 

 
(a) Wholly rock armour 
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(b) Rock armour and core only (berm type breakwater) 

Fig 7.1.3 Examples of sloping breakwaters without underlayers 

7.2 Overall design 

7.2.1 Setting of Basic Cross Section  

1) The principal factors determining the cross section are the nature and slope of the seaward armour 

layer and the height and width of the crest of the breakwater. The cross section adopted has to be 

suitable for the foundation conditions and permit construction in a practical sequential manner. 

2) The crown height can be determined by applying in accordance with 4.5 Crest elevation of 

Breakwaters.  

3) Because the sloping breakwaters transmit waves, caution is necessary in setting the crown height, 

as there are cases where the transmitted wave height in the harbor is greater that with upright 

breakwaters having the same crown height.  

4) When waves overtop heavily, a sufficiently broad crown width is required because the armor units 

on the top of the breakwater will become unstable.  

5) For breakwaters constructed from land as a rubble mound sloping breakwater extending from the 

shore, in addition to an adequate width necessary for the stability calculation, the width should also be 

determined considering ease of construction. 

6) For breakwaters on soft ground, the crown height and construction method can be determined by 

applying those of the composite breakwaters, and can be set based on 4.5 Crest elevation of 
Breakwaters.  

7) The slope gradient should be appropriately determined based upon the stability calculation. There  

are  many  cases  where  the  slope  gradient  for  rubble  mound  type  sloping  breakwaters  is  about  

1:  2  on the seaward side of the breakwater and about 1: 1.5 on the harbor side, and about 1: 1.3 to 1: 

1.5 in the case of breakwaters covered with deformed concrete blocks. When the gradient of the slope 

and the mass of the armor units are different between the upper and lower portions of the slope on the 

seaward side of the breakwater, the point at which the gradient and the mass of armor units change 

should be deeper than 1.5H1/3 below the design water level.  

(Draft)
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8) The maximum size of armour rock which can be economically obtained will be the chief factor in 

determining whether rock or concrete armour units are chosen for the primary armour, the size, 

layerthickness and slope of which depend on the design wave. The requirements for sizing the layer or 

layers beneath the primary armour will determine the thickness of such layers and the profile of the 

core. 

9) The nature and slope of the armour layer will enable the run-up to be estimated as described in 
7.2.2, this will indicate options for an armoured crest layer or a crest structure for tolerable overtopping 

(see 7.5). 

10) Another main factor in designing the overall cross section is whether or not a crest structure is to 

be provided and the degree of overtopping which is acceptable. Several of the cross sections illustrated 

in Fig. 7.1.2 show a crest structure, which can also have the function of allowing access to berthing 

facilities, access to service navigation aids, or access for inspection and maintenance. Crest structures 

can also be provided in order to limit run-up and overtopping (see 7.1.3). In other cases, the crest 

structure could be omitted, as shown in Fig 7.1.2 (e). 

11) The position of the crest structure relative to the top of the primary armour slope needs special 

consideration. A berm of secondary armour on which primary armour is placed, seaward of the crest 

wall, is preferred in order to reduce forces on the wall and to provide enhanced stability of the top of the 

primary armour slope against wave turbulence caused by reflections from the wall. Fig 7.1.2 (c) shows 

example of this. 

12) The natural angle of repose of the core as placed is usually steeper than the required slope of the 

primary armour. This difference can be pronounced with flat armour slopes. 

13) Wave action during construction can be beneficial in flattening the tipped slope, but some 

reshaping will generally be needed to produce the designed outer slope of the core.  

14) It is important, for economy, to design the cross section so that the greatest range of rock products 

arising from quarrying operations can be used. The sizing of the primary and secondary armour can 

leave an intermediate range of unutilized material. This could be used for the following: 

(a) armour on the lower face, below the level at which the primary armour terminates; 

(b) a toe at bed level, in conjunction with a suitable underlayer; 

(c) armour on part of the rear face. 

15) Some designs have been used in recent years which avoid the use of underlayers. These are as 

follows: 

(1) The use of armour rock only for the whole cross section, producing a permeable breakwater. 

(2) The use of a core protected by a very thick layer of relatively small primary armour which is 

reshaped by wave action into an S-shaped or berm type profile. 
NOTE: Wave activity behind the breakwater from the transmitted wave limits the occasions when solution (1) can be adopted for general 

harbour breakwaters. An example of each type is shown in Fig 7.1.3. 
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16) Changes in profile are usually required at the seaward end of a breakwater where a roundhead or 

other structure is provided (see 7.8). Where a sudden change in plan alignment of a breakwater is 

unavoidable, the resulting concave or convex corner can require a different design to the trunk. A 

corner can be considered in a similar manner to a roundhead. A concave corner can produce severe 

wave concentrations and require special consideration of armour stability and overtopping. 

7.2.2 Run-up, overtopping and Wave Transmission 
Method for estimating wave Run-up, overtopping and Wave Transmission on slopes will be refer Part 2, 
5.4.7 Wave Run-up, 5.4.8 Overtopping and 5.4.9 Wave Transmission. 

7.2.3 Overall stability 
1) The overall stability of a sloping breakwater involves both the structure and its foundation, and the 

effects of both static and dynamic loadings. Dynamic loadings are caused by earthquakes or by wave 

action and their effects are influenced by long term changes to the structure and its foundations such as 

settlement or scour of the sea bed. 

2) Changes in pore water pressure in the mound and the underlying soil are probably the most 

important factors for overall stability and yet are the least well documented at present. For example, 

increase in pore water pressure effectively reduces the angle of friction between particles and hence 

reduces the slope stability. Fig 7.2.1 shows significant failure modes of the various elements of a 

sloping breakwater. 

3) Settlement of the foundation will cause deformation of the whole structure. This can cause 

fracturing of some types of armour unit and failure of the armour layer. Settlement, even without 

adverse structural effects, increases the wave forces on the crest structure and the amount of 

overtopping.  

Slumping could occur due to wave induced build-up of pore water pressure in a core containing 

excessive fine material, particularly where long period waves occur.  

4) Most hydraulic model testing carried out to date has only been carried out for a limited range of 

permeabilities but clearly shows an increase in stability of armouring with a more permeable core. 

Insufficient work has been carried out to give quantitative guidance on the increase in stability.  

5) The stability of the armour against sliding on the underlayer is affected by the coefficient of friction 

between the layers, and this increases when the ratio of underlayer size to armour size is larger.  
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Fig 7.2.1 Significant causes of failure due to wave action 

1. Loss of or damage to armour units; 2. Movement of armour layer; 3. Cap movement; 4. Overtopping 

causing lee scour; 5. Toe erosion; 6. Foundation failure; 7. Loss of core material; 8. Slumping due to 

excess pore pressure; 9. Sea bed scour. 

6) Geotechnical instability of breakwater slopes under wave action is unlikely to occur suddenly 

because pore pressures may only be high enough for critical conditions to occur for a short time in each 

wave period. Small increments of movement are more likely to occur leading to a progressive flattening 

of slopes. 

7) Where fill material is to be placed behind a breakwater, the effects of the resulting loads in the 

structure should be taken into account in stability calculations. 

8) In the Stability Calculation of sloping breakwaters having a superstructure, 5.2 Composite 
Breakwaters can be used as areference.  

9) Stability Calculation of superstructure  

Examination  of  the  stability  of  the  superstructure  in  respect  of  waves  is  generally performed for 

sliding and overturning of the superstructure.  

10) Stability Calculation of Sloping Section 

(1) In sloping breakwaters, slip failure of the rubble mound section is examined. The examination of 

slip of the rubble mound section can be performed for slip due to eccentric and inclined loads.  

(2) For slip failure due to eccentric and inclined loads, Annex G. Bearing Capacity for Eccentric 
and Inclined Actions or Part 4, 5.5 Bearing Capacity for Eccentric and Inclined Actions 

can be used as a reference.  

(3) In the armor materials of the rubble mound section, in addition to an adequate stable mass 

against wave forces, the thickness should also be adequate to prevent sucking-out of the 

material in the mound interior.  

11) Stability Calculation of Breakwater Head  
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It is preferable that the head section of sloping breakwaters be constructed in a semi-circular shape 

using armor units with a mass 1.5 times that of the trunk section or more. In calculation of the mass of 

the sloping breakwater and wave-dissipating blocks, Annex E.  Armor Stones and Blocks can be 

used as a reference.  

7.3 Design of armour 

1) In the armor materials of the sloping breakwater section, in addition to an adequate stable mass 

against wave forces, the thickness should also be adequate to prevent sucking-out of the material in the 

mound interior.  

2) In calculation of the necessary mass of armor units, Annex E. Armor Stones and Block can be 

used as a reference. 

3) Thickness and extent of armour layer 

The thickness of random placed rock armour should normally be designed to contain a double layer of 

rocks, and may be taken as 2D, where D is the nominal size (equivalent cube). For a single layer rock 

armour, the corresponding layer thickness is about 1.15D. 

The thickness of random placed concrete units depends on the method of placing. Normally two layers 

of units are provided but with some units one layer is used. In all cases the method of placing should be 

based on careful testing or, where adequate testing has already been undertaken, as recommended by 

the originator or licensee. 

For many units, published literature gives guidance on the total number required per unit area of the 

slope. This is a better method of defining the armour layer required than specifying thickness. It will 

normally be necessary to pre-plan the placing of such units and control the operation very carefully to 

obtain a satisfactory armour face. 

For regular pattern placed units a single layer is usual. 

The armour layer should extend below minimum sea level to a depth equal to 1.5 to 2.0 times Hs. In 

deep water structures, the slope below the level at which the primary armour terminates should be 

protected by stone having a size not less than that required for the underlayer (see 7.4) 

Toe protection should be provided as described in 7.6. 

4) Crest and rear face armour 

No analytical methods are available for determining the size of rear face armour, nor of crest armour in 

breakwaters which are designed to be overtopped and do not have a crest structure. The size required 

depends principally on the amount of overtopping which results from wave run-up. This in turn is 

affected by freeboard and crest width. For preliminary design the size of crest armour should be 

assumed to be no less than the main armour size. Hydraulic model tests are necessary for severely 

overtopped or submerged breakwaters and the results of these can show that larger armour is required 

at the crest. 
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If the crest of breakwater covered with deformed concrete blocks is set at an elevation of 0.6H1/3 

above the mean monthly-highest water level, the crown width may be equivalent to that of three or 

more blocks as shown in Fig. 7.3.1. 

 
The number of pieces listed above are the number of hatched blocks  

in the upper layer of the crown 
Fig. 7.3.1 Crown Width of Sloping Breakwater 

Crest stability, particularly for some concrete units, can be less than the stability of the main face 

armour due to the smaller effect of gravitational forces and less interlock. On the rear face continuous 

downrush forces may also result in greater instability. Rear armour sizes can have to be as large as or 

larger than main armour. Smaller armour can be used on the rear face if overtopping is not large or a 

concrete crest structure is designed to throw overtopping water clear of the top of the rear face so that 

its force is cushioned by water. 

7.4 Design of core and underlayers 

1) Underlayers are also important to protect the core, and usually consist of quarry run.  Their main 

purpose is to reduce both wave transmission through the breakwater and the construction cost due to 

using lower cost materials.  These layers damp the penetration of wave action and prevent pull-out and 

wash-out of the fine material contained in the core and seabed. 

2) Fig. 7.4.1 shows the idealized multi-layer section of a rubble mound breakwater (Shore Protection 

Manual, 1984), where the weight of the under-layer stone is from 1/10 to 1/20 that of the upper layer.  A 

recommended criterion to check whether the rock size gradation will act as a filter is: 

)(85)(15 5 underupper DD   (7.4.1) 

Where D15 and D85 are respectively 15 and 85% of the value determined by the sieve curve.  In Fig. 

7.4.1, the weight of armor at a depth below 1.5 H and that on the slope of harbor side are shown 

together with the scour protection at the toe of the breakwater. 
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Rock size Layer Rock size gradation (%) 

W Primary cover layer 125 to 75 

W/2 and W/15 Secondary cover layer 125 to 75 

W/10 and W/300 First Underlayer 130 to 70 

W/200 Second Underlayer 150 to 50 

W/4000 - W/6000 Core and Bedding layer 170 to 30 

H = Wave height; W = Weight of individual armor unit; r = Average layer thickness 

Fig. 7.4.1 Idealized multi-layer section of sloping breakwater 
(Shore Protection Manual, 1984) 

3) For concrete armour units, examples of which are shown in Fig E.1.4, the weight of rock in the first 

underlayer should be derived from published results based on experience and model tests. Data for 

some units is given in Table 7.4.1 

Table 7.4.1  Weight of rock in underlayer for some concrete armour units 

Armour unit (of weight M) Weight of rock in underlayer 

Dolos 

Stabit 

Tetrapod 

Accropode 

M/5 to M/10 

M/5 to M/10 

M/10 to M/20 

M/7,5 to M/15 

4) Thickness of underlayers 

Each underlayer should be at least two stones thick (see 7.3). 

The thickness of an underlayer can be determined from the following formula: 

 
(7.4.2) 

Where: 
r is the average thickness of the layer in metres; 
n is the number of layers of stones; 
M is the nominal mass of rock in newtons; 
Mr is the unit mass of rock in newtons per cubic metre; 

(Draft)



TCVN XXX-6: 2015 
 

 
 
42

kΔ is a layer coefficient. 
Typical values of kΔ are given in Table 7.5.1 which also indicates typical porosities. 

With small stone underlayers placed from trays, the thickness should be increased to ensure that an 

adequate layer is formed underwater. 

It is important that the thickness of underlayers should be maintained on the crest of the core, whether 

the underlayer terminates in front of a concrete crest wall or continues over the top of the core to the 

rear face. 

7.5 Design of crest structures 

1) General considerations 

Crest structures can be simple structures, whose only function is to provide an access roadway for 

inspection and maintenance, or massive structures with a wave wall to prevent or reduce overtopping 

and incorporating land side features required for services or other commercial activities. Typical crest 

structures are shown in Fig 7.5.1. 

Fig 7.5.1 (a) và (b) show a plain cap which provides some lateral support to the armour on both faces, 

but allows considerable overtopping to occur. The underlayer beneath the cap can also permit 

significant penetration of higher waves. 

The example in Fig 7.5.1 (c) gives full lateral support to the seaward face armour and reduces wave 

loads on the wave wall. Overtopping can occur, but damage to the rear armour is avoided by extending 

the crest structure in a lip overhanging the rear face. 

The high wave wall shown in Fig 7.5.1 (d) will normally only be required where it is necessary virtually 

to eliminate overtopping, in order to protect important installations from damage. A shaped parapet to 

reverse flow due to uprush can be provided but will not necessarily be effective for large waves of long 

period causing massive uprush. A high wave wall will be subjected to greater wave forces than other 

crest structures. 

In all cases a horizontal berm of underlayer sufficient for at least two armour units should be provided in 

front of the crest structure. 

For maximum resistance to sliding, the underside of the crest structure should be keyed into the 

underlying material: see Fig 7.5.1 for typical methods. 

Table 7.5.1 Layer coefficients 
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Fig 7.5.1 Typical crest structures rubble mound breakwaters 
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In crest structures designed to minimize overtopping by reflecting waves to seaward, the increased 

reflection can cause stability problems at the top of the main armour. This should be investigated on a 

hydraulic model. Where the crest structure is designed to direct overtopping water clear of the leeward 

edge of the breakwater, this can also require model testing. 

Close to the wave wall much of the overtopping water falls as a continuous mass and its throw is 

comparatively independent of wind speed, whereas further away it falls as spray which is carried by 

wind.  

2) Structural design 

Crest structures are normally designed for stability as gravity structures and a thick cross section will 

therefore be appropriate. Mass concrete structures are commonly used but reinforcement can be 

provided for any of the following reasons: 

a) to control surface cracking due to thermal stresses; 
b) to resist bending stresses due to uneven settlement of the rubble mound or to wave loads on 
the upstand wall; 
c) to resist local stresses imposed via shear connectors. 

It is recommended that, in general, the use of reinforcement should be kept to a minimum by providing 

mass concrete of appropriate thickness, strength and durability. 

Settlement joints should be provided across the full cross section of the crest structure at intervals of 5 

m to 10 m. The joints should be capable of horizontal shear transfer. Allowance for settlement should 

also be made in the design of any services supported on the crest. 

3) Analysis 

(1) Introduction 
Wave loads depend on the geometry of the structure, the level of the armour layer in front of it and 

the permeability of the rubble beneath the structure. 

(2) Water pressures 
In the absence of specific hydraulic model testing and when waves do not break upon the crest 

structure, the wave pressure can be assumed to be proportional to the difference between the 

significant wave height and the crest height above still water. The pressure Pw (in kN/m2) should be 

assumed to be uniform over the whole height of the vertical face and an approximate value can be 

calculated from the following empirical formula: 

 
(7.5.1) 

Where: 
Hs is the significant wave height at the structure site in metres; 
Hc is the crest height of rubble mound in metres; 
L is the wave length corresponding to the significant period in a water depth equal to that at the 

structure site, in metres; 
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Ww is the unit weight of water (fresh water = 9 810 N/m3, seawater = 10 050 N/m3 typical value); 
K is a dimensionless coefficient, which in limited model testing has varied from 0.025 to 0.19 for 

armour varying from rounded stones to Tetrapods. It is suggested that a value of 0.25 be adopted for 
preliminary calculations. 

An alternative approach is to estimate the height of run-up for the type of armour to be used, for the 

worst design wave, based upon published test results for uniform slopes. The resulting trapezoidal 

loading on the vertical face of the crest structure would be calculated, with the water rising to the 

same level at the structure. 

Uplift pressures generated under the crest structure will depend on the level of its foundation 

relative to the height of the wave run-up. Decrease of uplift pressure from the seaward side to the 

land side will depend on wave uprush level, wave period and permeability of the founding layer. 

Where no downstand is provided between the crest structure and an impermeable core, a uniform 

pressure equal to the horizontal pressure on the vertical face should be assumed to act beneath the 

base of the structure. In practice the uplift pressure diminishes fairly uniformly towards the leeward 

edge of the structure but the value of the minimum pressure will depend upon the permeability of 

the layers immediately beneath the structure. 

(3) Stability 

The factors of safety referred to in this section should be calculated as the total effect of the 

restoring forces divided by the total effect of the disturbing forces. 

Crest structures should have a factor of safety against sliding of at least 1.5 against the wave forces 

calculated from the pressures derived in 7.5, 3), (2). It may also be advisable to consider the 

increased forces that arise from loss of armour and to check that the factor of safety under this 

condition would exceed unity. 

Crest structures which project above the armour [as in Fig 7.5.1 (d) should have factors of safety of 

at least 2.0 against sliding and overturning failure where important installations have to be protected 

from damage by overtopping. Consideration could be given in such cases to designing the upper 

part of the wave wall to fail before the main structure moves, if the damage would thereby be 

restricted. When calculating stability of the crest structure against overturning, full uplift should be 

assumed under the entire width of the base. 

Because of the uncertainty of wave forces on crest structures it is preferable to carry out specific 

hydraulic model tests in the case of major structures. Tests may be carried out as follows: 

a) subjecting the model structure to wave conditions exceeding those used in design to show that 

there is a reserve of stability; 

b) constructing the model crest structure at an equivalent relative density less than that of the 

prototype to show that there is a reserve of stability; 

c) measuring the forces on the model structure due to design conditions to permit a factor of 

safety to be estimated. 

It is sometimes also necessary to check that there is an adequate factor of safety against slip failure 

in the top of the rubble mound. 
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Where a downstand is provided into the rubble mound this will have the dual function of delaying 

undercutting of the crest structure should damage occur to the armour or underlayers on the 

seaward side and of transferring horizontal forces into the rubble mound. A suitable shear 

connection should be provided between the crest structure and the downstand to ensure that all 

horizontal forces can be transferred in this way. 

7.6 Design of toe and apron 

In shallow water conditions the toe of the rubble mound breakwater can be exposed to breaking wave 

action. High water velocities and reversals in hydraulic gradient can cause erosion of the sea bed 

material (unless it is rock) and settlement of the toe. Such settlement can be controlled by providing a 

filter apron under the toe. 

On the protected harbour side of a breakwater, particularly just inside the roundhead, the need for a 

filter should also be considered for protection against wave induced scour. 

When the water depth at the toe is less than about twice Hs and the slope of the armour face is steeper 

than about 1: 3, a toe bund will normally be necessary. Fig 7.6.1 shows typical forms of toe 

construction. 

In Fig 7.6.1 (a)  the underlayer is extended to form the toe and this size of rock may be assumed for 

preliminary design where the water depth exceeds about twice Hs. In shallower water, larger stone is 

needed in the toe; guidance on its size is given by Eckert which is based on model testing of vertical 

faced breakwaters and is likely to give conservative results. The core should not be exposed, but 

protected by main and secondary armour. 

Consideration should be given to the effects of currents leading to scour of the sea bed .These can be 

due to tidal effects or can be caused by reflections of oblique waves off the face of the breakwater. 

Concentration of currents can occur at changes in alignment and at the end of the breakwater. Stone 

sizes for protection against scour caused by currents can be based on formulae used for design of 

channel revetments. 

An important function of the toe bund is to provide support to the armour. The width of the bund should 

be such as will accommodate at least four rocks. However, because the formation of a berm constitutes 

a discontinuity in a seaward face which may affect downrush the final dimensions and stone size are 

preferably confirmed by hydraulic model tests. 

A protective apron can be provided in front of the toe as shown in Fig 7.6.1 (e). 
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Fig 7.6.1 Toe details for rubble mound breakwaters 

A wider toe is needed where the bed is of fine material liable to scour and the design should provide 

sufficient volume of rubble to act as a falling apron, as shown in Fig 7.6.2 if scour undercuts the toe 

protection.  

No criteria have yet been established for determining the required width of anti-scour protection. In 

general, scour can be assumed to be greatest within one-quarter wavelength of the foot of the armour 

slope. The width of the toe or extent of protective apron needed depends on the depth of erodible bed 

material as well as the characteristics of the breaking wave and the strength of currents. 

The size of stone required in an apron may be determined by assessing the size needed on the sea 

bed for threshold stability under the action of the design wave in the open sea, but allowing an increase 

in size to allow for the effects of wave breaking and downrush. Fig 7.6.3 gives a nomogram for 

threshold movement under wave action. The wave height used should be H1/10. It is suggested that 

stone weights derived from Fig 7.6.3 be doubled, with a further increase if strong currents are 

expected. 
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Fig 7.6.2 Falling apron for rubble mound breakwater 

When the bed material consists of loose sand and finer materials, mattresses are sometimes required 

to prevent migration of the sand through any layers of stone used for scour protection, resulting from 

fluctuation of pore pressures due to wave action. Willow mattresses loaded with stone were the 

traditional form of construction but synthetic fibre materials loaded with rubble or concrete are now 

being used. 
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Fig 7.6.3 Threshold movement of stone on sea bed under wave action 

If stones of the required size are not available, alternative forms of anti-scour protection should be 

considered. These can include grout-filled synthetic fibre mattresses and small stones bound together 
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with mastic asphalt. These alternative forms of construction will also in general prevent migration of fine 

sea bed materials. 

Because the toe is very important as a support for the armour and the cost of the toe is small compared 

with the cost of armour, it should be designed on a conservative basis. Stone size and toe profile 

should be checked by model testing. 

7.7 Design of foundations 

As referred to in 7.2.3 overall stability involves both the rubble mound and its foundations, and both 

static and dynamic loadings. 

Stability of the foundation against failure should be calculated based on the proposed structure design 

and a full knowledge of the foundation soils.  

It is necessary to consider the possibility of failure of the mound and foundation together, and to take 

account of the effect of sudden draw down in a wave trough. Rubble mounds are often formed at steep 

slopes and can be affected by severe earthquakes. The foundation can be affected where soils are 

subject to liquefaction. 

If found necessary the factors of safety can be increased by widening the structure, by reducing by 

sconcing the side slope, and/or by adding a toe berm. 

Settlement of the breakwater foundation should be assessed. This can be caused by the following: 

a) compression or failure of the foundation material; 

b) liquefaction of loose and/or fine sands at foundation level due to seismic action; 

c) liquefaction of the same materials due to reverse hydraulic gradients caused by wave action; 

d) migration of fine grained foundation material into the body of the breakwater. 

Settlements due to compressibility or liquefaction can be estimated using standard soil mechanics 

theory. The effects of reverse hydraulic gradients on the foundation material are difficult to assess. The 

toe and anti-scour apron (see 7.6) give protection against this action. 

Migration of fine grained material at foundation level into the body of the breakwater can be restricted 

by providing a filter layer.  

Replacing a weak foundation material with rubble, gravel or sand fill provides a solution for both 

foundation stability and settlement problems. 

If there are sand deposits at depth which are liable to liquefaction, consideration can be given to 

compaction by ground improvement techniques. 

It is sometimes possible to limit the effects of settlement by careful programming of 
construction, so that the rate of settlement is controlled and advantage is taken of possible 
improvements in ground quality before the full load of the structure is applied. 
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7.8 Design of breakwater head 

The head of a breakwater requires special consideration to achieve the necessary stability at a 

vulnerable part of the structure. 

Conditions at the head may be more exposed than at other parts of the structure in the following 

respects: 

a) the head is usually located in the deepest water; 

b) the head is often exposed to attack by waves approaching from a wider range of directions; 

c) incident waves can be reflected, refracted or diffracted by the structure or by the other 

breakwater at a harbour entrance; 

d) increased wave disturbance can arise due to reflection or refraction from a dredged channel or 

due to changes in bed level due to littoral drift or bar formation; 

e) currents can be more pronounced than elsewhere along the breakwater. 

It is usual to design the head of a rubble mound breakwater as a roundhead, an example of which is 

shown in Fig 7.8.1, although it is possible to achieve the additional stability needed by means of a 

strong point comprised of one or more caissons. 

If a vertical faced caisson is used instead of a roundhead, the junction with the rubble mound requires 

special consideration as wave action can be concentrated here.  

 

Fig 7.8.1 Typical breakwater roundhead construction 

With a conventional roundhead the geometrycreates additional problems for armour stability as follows: 

a) wave action will result in higher water velocities over parts of the rear slope than elsewhere 

and it is often found that this is the region of least armour stability; 

b) the curvature of the roundhead can reduce the interlock between units of armour. 

The adverse factors summarized above require a roundhead to be designed with greater strength than 

the breakwater trunk in order to achieve comparable stability under the same storm conditions. This can 
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be done by using either larger armour units or a flatter slope angle, or by a combination of these two. 

Other possible methods are to increase the thickness, hence the permeability, of the armour layer, or to 

use heavy aggregates in concrete armour units, to avoid the need to produce extra moulds for larger 

units for the roundhead. The crest width can also be increased. 

Such measures should be applied around the head and for a distance, along both sides of the trunk, of 

(typically) 1 to 2 times the overall height of the breakwater tip. A smooth transition should be provided 

between the roundhead and the trunk on the seaward side. 

Some types of armour unit, e.g. Tetrapod and Dolos, are less stable under oblique wave attack than 

under attack by waves perpendicular to the structure. The measures described above could therefore 

need to be increased when using units displaying this characteristic. 

Suggested KD values for rock armour in roundheads are given in Table E.1.2. These values are lower 

than those applicable to the structure trunk and are limited to the range of slopes indicated. Flatter 

slopes than these can significantly reduce armour stability, rendering the suggested KD values 

inappropriate. 

Reference should be made to 7.6  for design of the toe and anti-scour protection at roundheads. 

Roundheads for major structures should be tested in three-dimensional wave basins using waves from 

various directions. 

7.9 Low crest breakwaters 

1) General considerations 

A low crest breakwater can be provided where significant wave transmission by overtopping is 

acceptable. The crest can be submerged at some or all states of the tide and in large tidal ranges there 

can be a considerable variation in performance with tide level. 

The structure can then act as a conventional rubble mound at low water, with limited or no overtopping. 

In a low crest breakwater the core will not extend up to high water level, a crest structure is not normally 

provided and significant wave transmission can therefore also result through the structure. Taking 

account of the high wave transmission and allowing for construction conditions it is sometimes 

convenient to provide a permeable core of large rock. Wave transmission is affected by incident wave 

conditions and by the freeboard or submergence, the crest width and the core material used.  

Low crest breakwaters usually need to be constructed using floating plant although with high tidal 

ranges they can be built from the shore at low water. The possible cost disadvantages due to 

interruptions by tides, adverse weather or double handling of the materials could cancel out any saving 

resulting from the smaller quantity of materials compared with that required for a higher crested 

structure. 

A submerged or low crest structure is a greater hazard to navigation than a conventional breakwater. 

Adequate navigation warning buoys and lights should be provided. 
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Inspection and maintenance of low crest breakwaters is difficult because access is only possible by 

floating craft or at low tide. 

2) Design of armour 

On the seaward face of a low crest breakwater the downrush forces are smaller than in a higher crested 

structure, while on the lee face the downrush forces are greater. Armour on the crest is exposed to 

severe forces but does not have the same interlocking characteristics as that on a slope due to the 

difference in gravitational forces 

A low crest structure will therefore require heavier crest and lee side armour than a rubble mound of 

conventional crest height (see 7.3, 4)). 

Should a permeable core be used lee side armour stability is likely to be somewhat less. 
For preliminary design purposes a uniform armour size equivalent to that which would be required for 

the seaward armour of a conventional rubble mound can be adopted. The armour should extend over 

the crest and rear face down to about one wave height below still water level. This water level needs 

careful consideration with respect to tidal range and structure profile. 

Hydraulic model tests should be carried out to verify the armour size used in the final design. 

8 Breakwaters Covered with Wave-dissipating Blocks 

The  design  for  breakwaters  covered  with  wave-dissipating  blocks  is  equivalent  to  that  for 

composite breakwaters. In addition to 5.4 Stability Calculation, the following can be used as a 

reference.  

8.1 Cross sections 

Examples of the cross sections of breakwaters covered with wave-dissipating blocks are shown in Fig. 
8.1.1.  
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Fig. 8.1.1 Examples of Cross Sections of Breakwaters Covered with Wave-dissipating Blocks 

8.2 Setting of Basic Cross Section  

1) The crown height can be determined by applying in accordance with 4.4 Crest elevation of 
Breakwaters.  

2) When the crown height of wave-dissipating works is lower than that of the upright section, the 

impulsive breaking wave force is likely to act on the upright section. Contrary to this, where the former 

crown height is higher than the latter, blocks at the crown will become unstable.  

3) In order to achieve a sufficient wave-dissipating performance, the crown width of the wave-

dissipating works must have the width equivalent to two or more units of wave absorbing blocks  

4) The thickness of the superstructure and installed crown height of caissons can be considered 

equivalent to those of the upright breakwaters. The thickness of the rubble mound section can be 

considered equivalent to that of the composite breakwaters.  

5) With the breakwaters covered with wave-dissipating blocks, overtopping waves and transmitted 

waves will be smaller in comparison with the upright breakwaters and the composite breakwaters with 

the same crown heights. For overtopping waves and transmitted waves, Part 2, 5.4. Waves can be 

used as a reference.  

6) Wave-dissipating works have the functions of decreasing the wave pressure, overtopping waves, 

transmitting waves  and  reflecting  waves.   Accurate  evaluation  of  these  functions  should  

preferably  be  made  based  upon hydraulic model tests.  
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7) If the vertical faces of the upright section are not fully covered with wave-dissipating blocks at the 

tip of breakwater extension, large wave forces are likely to act on these vertical faces. Caution is 

necessary.  

8.3 Stability Calculation 

1) Calculation for Stability of Armoring Section  

(1)  In  calculating  the  necessary  mass  of  armor  unit  for  breakwaters  covered  with  wave-

dissipating blocks, Annex E. Armor Stones and Blocks can be used as a reference.  

(2) In case regular placing and stone panels are used rather than pellmell placing of the armor 

material, the necessary mass may be determined at the judgment of the responsible engineer. 

The thickness of the armor layer in case of pellmell placing shall generally be 2 layers or more.  

2) Calculation For Stability of Breakwater Tip  

It is preferable that the tip of breakwaters covered with wave-dissipating blocks be constructed in a 

semi-circular shape using armor units with a mass of 1.5 times that of the trunk or more. For calculation 

of the mass of wave-dissipating blocks, Annex E. Armor Stones and Blocks can be used as a 

reference.  

3) Calculation for Stability of Wave-dissipating Work  

Annex E. Armor Stones and Blocks can be used as a reference.  

9 Upright Wave-absorbing Block Type Breakwaters 

Upright wave-absorbing block type breakwaters are mass concrete block type upright breakwaters or 

composite breakwaters which are constructed by vertical stacking of special blocks, called the upright 

wave-absorbing block, having a  wave-dissipating  function. The  design for  the  upright  wave-

absorbing  block  type breakwaters is equivalent to that for the composite breakwaters. In addition to 

5.4 Stability Calculation, the following can be used as a reference.  

9.1 Principals of Design  

1) Because various types of structures have been developed for the upright wave-absorbing blocks, it 

is preferable to appropriate blocks based on an adequate investigation of their wave-absorbing 

performance.  

2) The  wave  reflection  coefficient  of  the  upright  wave-absorbing  blocks  greatly  depends  upon  

the  wave  period. When determining the reflection coefficient, it is best to carefully consider the 

influence of wave period based on hydraulic model tests corresponding to the design conditions. It is 

also acceptable to estimate it by referring to the data from past experiments.  

3) With the exception of large-scale blocks to be used as a single block structure, the upright wave-

absorbing block type  breakwaters  are  generally  used  in  inner  bays  or  the  inside  of  harbors  

where  wave  heights  are  relatively small.  
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4) An example of the cross section of the upright wave-absorbing block type breakwater is shown in 

Fig 9.1.1.  

 

Fig 9.1.1 Explanatory Diagram for Crown height of Upright Wave-absorbing Block Type 
Breakwaters 

9.2 Setting of Basic Cross Section  

1) The crown height of the upright wave-absorbing block type breakwaters is equivalent to that of the 

composite breakwaters  and  can  be  decided  considering  the  height  which  satisfies  the  

performance  requirements  and height  of  the  wave-absorbing  section,  referring  to 4.4 Crest 
elevation of Breakwaters. The  crown  height  of  the wave-absorbing section shall be determined 

considering the wave-absorbing performance. In structures with permeability, it is preferable that the 

dimensions of the opening section be determined considering the transmission characteristics.  

2) The wave-absorbing performance of the upright wave-absorbing block type breakwaters will vary, 

depending on the crown height and bottom elevation of the wave-absorbing block section.  

3) In the upright wave-absorbing block type breakwaters, wave overtopping and transmitted waves 

are small in comparison with those with the composite breakwaters, but tend to be larger than those 

with breakwaters covered with wave-absorbing blocks. Accordingly, it is preferable that the crown 

height be determined giving adequate consideration to the conditions of use behind the breakwater. In 

addition, in determining the crown height, the thickness required for construction of the crown concrete 

should be secured.  

4) It is preferable that the crown height hc' be at least 0.5 times higher or more than the significant 

wave height used in the stability examination of the facilities above mean monthly-high water level. It is 

preferable that the bottom height hube set to a depth 2 times or greater than the significant wave height 

used in the stability examination of the facilities below the mean monthly-high water level (see Fig. 
9.2.1).  
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Fig 9.2.1 Explanatory Diagram for Crown height of Upright Wave-absorbing Block Type 

Breakwaters 

9.3 Wave Force 

1) The wave force acting on an upright wave-absorbing block breakwater shall be calculated based 

on Part 2, 5.4.12.1 Wave Forces of Standing and Breaking Waves. 

2) The wave force acting on an upright wave-absorbing block breakwater should be taken as shown 

in Fig. 9.3.1, and the buoyancy should be considered for the displaced volume below the still water 

level. The uplift pressure acting on each layer of blocks or the concrete crown, when considering the 

stability of the section above each layer or the crown, is assumed to be of a triangular distribution with 

the value equivalent to the wave pressure of the front wall at which the uplift is calculated and is 0 at the 

rear toe 

3) The wave force reduction effectiveness for oblique incident waves should not be taken into 

consideration unless ascertained by model experiments. 
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Fig 9.3.1 Wave Pressure Distribution Used to Examine Stability 

10 Wave-absorbing Caisson Type Breakwaters 

Wave-absorbing caisson type breakwaters are one type of deformed caisson breakwaters which use 

caissons with special shapes. The front section of the caissons has a porous wall and a wave chamber, 

giving the breakwater a waveabsorbing performance. The design of wave-absorbing caisson type 

breakwaters is equivalent to that for the composite breakwaters. In addition to 5.4 Stability 
Calculation, the following can be used as a reference. 

10.1 Principals of Design  

1) With wave-absorbing  caisson  type  breakwaters,  it  is  necessary  to  select  an  appropriate  

structure,  giving  due consideration  to  wave-absorbing  performance,  etc.   Because the hydraulic  

characteristics  of  wave-absorbing caisson type breakwaters, including the wave transmission and 

reflection coefficients, hydraulic conductivity, are still insufficiently understood, it is preferable to perform 

hydraulic model tests as necessary.  

2) Wave-absorbing caisson  type  breakwaters  have  the  following  features  in  comparison  with  

the  composite breakwaters.  

(1) It can reduce reflected waves.  

(2) It can reduce wave overtopping and transmitted waves. 

(3) It can reduce wave force.  

(4) it possesses a sea water aeration function, as the breakwater structure promotes mixing of air 

bubbles with the water. In addition, the wave chamber has the effect of fish banks. 

3) Fig 10.1.1 shows an example of the cross section of a wave-absorbing caisson type breakwater. 

Depending on the shapes of the respective elements and the combination of elements, various types of 

structures are conceivable, including vertical slit-wall caissons, horizontal slit-wall caissons, curved-slit 

caissons, perforated-wall caissons, and others. As the structural type for wave-absorbing caisson type 
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breakwaters, an appropriate structure should be selected considering the design conditions, use 

conditions, economy, etc. based ona careful investigation ofthe wave-absorbing performance, and 

wave resistance of each structure.  

4) For the structures and their features of various types of wave-absorbing caisson type breakwaters 

the Technical manual of New Type Breakwaters can be used as a reference.  

 

Fig 10.1.1 Example of Cross Section of Wave-absorbing Caisson Type Breakwater 

10.2 Actions  

1) In  many  cases,  wave-absorbing  caissons are  generally  adopted  for  the  purpose  of  reducing  

reflected  waves. Consequently, it is preferable to determine the conditions of the waves which are the 

object of wave-absorption and the target reflection coefficient corresponding to the required wave-

absorbing performance. In particular,because the reflection coefficient of wave-absorbing caissons 

differs remarkably depending on the wave periods, the conditions of the waves which are the object of 

wave-absorption should be determined based on an investigation of the characteristics of wave height 

and wave period.  

2) It is necessary to determine wave force using calculation formulas suitable for the wave-absorbing 

caisson type breakwaters or hydraulic model tests adapted to the conditions. In particular, in complex 

structures, in addition to the wave force used in the stability examination of the upright section as 

awhole, it is preferable also to conduct an adequate examination for the wave forces acting on the 

structural members. For wave forces acting on waveabsorbing caisson type breakwaters, Part 2, 
5.4.12.4 Wave Forces on Upright Wave-absorbing Caissons can be used as a reference.  

3) As the wave force used in the design of the structural members, the most severe wave force 

conditions for each member should be used. For wave forces acting on the structural members of the 

waveabsorbing caisson type breakwaters, Part 2, 5.4.12.4 Wave Forces on Upright Wave-absorbing 

Caissons, and D.2 Action of Annex D. Upright Wave-absorbing Caissons, can be used as a 

reference.  
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10.3 Setting of Basic Cross Section  

1) In  wave-absorbing  caisson  type  breakwaters,  the  required  dimensions  should  be  determined  

appropriately, considering the shape of the structure. In particular, because the transmission coefficient 

will differ depending on the structure, it is preferable that the crown height be determined appropriately 

corresponding to the transmission characteristics of the objective structures. In cases where the 

structure has permeability, it is preferable that the dimensions of the opening section be determined 

appropriately.  

2) In addition to wave-absorbing performance, the structure and dimensions of the wave-absorbing 

section are also related to wave overtopping, transmitted waves  and  wave  force. Therefore, it is 

prefer able to determine the dimensions and structure also considering these characteristics. 

11 Sloping-top Caisson Breakwaters 

Sloping-top  caisson  breakwaters  are  one  type  of  deformed  caisson  breakwaters  which  uses  

caissons with  special shapes. This type is a breakwater which utilizes the wave force acting on the 

sloping wall to stabilize the breakwater body simultaneously by reducing the horizontal wave force. The 

design of the sloping-top caisson breakwaters is equivalent to that for the composite breakwaters. In 

addition to 5.4 Stability Calculation, the following can be used as a reference.  

11.1 Fundamentals of Design  

1) Normally the sloping surfaceof the sloping-top caisson breakwater is set to begin at the still water 

level. However, with a semi-submerged shape in which the toe end of the sloping surface is set below 

the still water level, further reduction of wave forces is possible. 

2) When the upright part at the front of the caissons is armored with wave-dissipating blocks, there 

are cases in which this causes to the generation of impulsive breaking wave pressure, depending on 

the crown height of the wave-dissipating works. Furthermore, because the wave-dissipating blocks only 

extend as high as the still water level, particular caution is needed with regard to the stability of the 

blocks.  

3) An example of the cross section of a sloping-top caisson breakwater is shown in Fig. 11.1.1.  

 
Fig 11.1.1 Example of Cross Section of Sloping-top Caisson Breakwater 
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11.2 Actions  

1) It is preferable that the wave forces acting on the sloping-top caisson breakwaters be decided 

based on hydraulic model  tests.   However,  in  cases  where  this  would  be  difficult, Part  2,  5.4.12.3 

Wave Force on Sloping-top Caisson Breakwaters can be used as a reference.  

11.3 Setting of Basic Cross Section  

1) The coefficient of wave transmission of the sloping-top caisson breakwaters is approximately 2 

times that of the upright breakwaters of the same crown height, as shown in Fig. 11.3.1. Therefore, if 

the crown height is set on the same level as the significant wave height H1/3, it is possible to reduce the 

transmitted wave height to approximately the same as when the crown height of the upright breakwater 

is 0.6 times the significant wave height.  

2) With sloping-top caisson breakwaters, as the gradient of the sloping wall becomes steeper, the 

effectiveness of the structure against wave transmission in the harbor increases, but conversely, wave 

pressure increases, reducing its effect as a sloping-top breakwater. According to hydraulic metal tests 

carried out with various slope gradients, no remarkable difference in the coefficient of wave 

transmission can be observed with gradients of 30°, 45°, and 60°. Therefore, considering the effect in 

reducing wave pressure and convenience in construction works, it is preferable that the slope gradient 

be set at 45°. 

 
Fig 11.3.1 Coefficient of Wave Transmission and Relative Crown height 
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Annex A. Pile-typeBreakwaters 

 
 

A.1.  General 

1) The pile-type breakwaters can be broadly divided into curtain wall breakwaters and steel pipe pile 

breakwaters. The curtain wall breakwater is a permeable breakwater and was developed for use in 

waters with a comparatively low wave height, such as enclosed bays, or locations with soft sea bottom 

ground. Steel pipe pile breakwater is breakwater in which the curtain section is eliminated and waves 

are stopped only by the piles.  

2) For curtain wall breakwaters, it is preferable to select an appropriate structure considering the 

coefficient of wave reflection and transmission, and when necessary, to conduct the performance 

verification by performing hydraulic model tests.  

3) The curtain wall breakwaters can be broadly divided into the single-curtain-walled type and the 

double-curtain-walled type, depending how the so-called curtain wall such as concrete plates is 

arranged relative to the direction of wave propagation. Furthermore, a variety of types are conceivable, 

depending on the shape of the pile structure supporting the curtain wall or the shape of slits provided in 

the curtain wall. Examples of the cross sections of pile-type breakwaters are shown in Fig. A.1.  

 

Fig. A.1 Examples of Cross Sections of Pile-type Breakwaters 
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4)  Curtain wall breakwaters generally havethe following features.  

(1) The reflection coefficient can be reduced so as to the same level as in the breakwaters covered 

with wave-dissipating blocks or less.  

(2) Exchange of sea water can be expected by tides and waves passing through slits provided in 

the curtain wall or the gap between the lower edge of the curtain wall and the sea bed.  

(3) Comparing the single-curtain-walled and the double-curtain-walled breakwaters, because an 

energy dissipating effect  can  be  expected  between  the  front  and  the  back  curtain  walls  

with  the  double-curtain-walled  type breakwater, reflected waves and transmitted waves can be 

reduced in comparison with the single-curtain-walled breakwaters.  

(4) Because the velocity of flows passing under the curtain wall is quite high, it is necessary to take 

appropriate countermeasures to prevent or suppress washing-out of sand. 

A.2.  Actions  

It is necessary to set the wave force acting on the curtain wall breakwaters based on the results of 

hydraulic model tests, numerical analysis, or appropriate calculation formulas. When using the single-

curtain-walled breakwater, the result obtained by subtracting the wave pressure distribution acting 

deeper than the lower edge of the curtain wall from the wave pressure distribution shown in Part 2, 

5.4.12 Wave Pressure and Wave Force can be used as the wave force acting on the curtain wall.  

A.3.  Setting of Basic Cross Section   

1) The structural type and the shape of curtain wall breakwaters shall be determined considering the 

condition of sea states in the area, the target reflection coefficient, the target transmission coefficient 

and constructability.  

2)  In setting the cross section of the curtain wall breakwaters, including the crown height, the depth of 

the lower end of the curtain and the size of the slits provided in the curtain, and in the case of the 

double-curtain-walled breakwaters, and the spacing betweenthe curtain walls, it is preferable to set the 

cross section based on model tests adapted to the conditions. It is preferable that the dimensions of 

members such as the curtain wall, and piles be determined appropriately consideringthe spacing 

between the piles in the direction of the breakwater extension. 

3) Examples of model tests for the single-curtain-walled breakwaters include, for example, model 

tests by Morihiraet al. The depth of the lower end of the curtain wall can be obtained from Fig. A.2 if the 

wave transmission coefficient isdetermined, and the crown height of the curtain wall can be obtained 

from Fig. A.3. Provided, however, that the crown height of the curtain in Fig. A.3 was corrected so that 

R/H= 1.25 at d/h= 1.0, and does not show a crest capable of completely preventing wave overtopping. 

In the figure, dis the depth of the lower end of the curtain, his the water depth, L is the wave length, Ris 

the crown height of the curtain, and H is the wave height. The relationship with the wave reflection 

coefficient of waves by a single curtain wall is shown in Fig. A.4.  
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4) In  steel  pipe  pile  breakwaters,  if  the  steel  pipes  are  driven  with  a  space  between  the  

piles,  the  structure  can function as a permeable type breakwater. According to the research by 

Hayashi et al. 33) the relationship between the pile spacing/pile diameter ratio b/D and the coefficient of 

wave transmission T is as shown in Fig. A.5.  

The moment due to wave force decreases as the spacing between the piles is increased, but this effect 

reaches to the limit at around b/D= 0.1. With this type of breakwater, caution should also be paid 

regarding scouring of the ground between the piles.  

 
Fig. A.2 Relationship d/h and Coefficient of Wave Transmission (Single CurtainWall) 

 
Fig. A.3 Calculated Curve of Crown height (Single Curtain Wall) 
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Fig. A.4 Relationship between d/h and Wave Reflection Coefficient (Single Curtain Wall)  

 
Fig. A.5 Relationship between Ratio of Pile Spacing/Pile Diameter and Coefficient of Wave 

Transmission 53)  
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Annex B. Breakwaters with Wide Footing on Soft Ground 

 
 

B.1.  General 

1) Breakwaters with wide footing on soft ground (hereafter, soft landing breakwaters) resist against 

the horizontal wave force by the piles and the cohesion between the bottom of the breakwater body and 

the surface layer of the cohesive soil. On the other hand, the bottom slab and footing resist against the 

vertical force. In general, because this type of structure is developed for construction of breakwaters on 

soft cohesive soil, there are cases where this type is economically advantageous because the weight of 

the breakwater body can be reduced and soil improvement is not required.  

2) Examples of the cross sections of soft landing breakwaters are shown in Fig. B.1. Although 

structural types can be broadly divided into the “flat base type” and the “flat base type with piles,” the 

flat base type with piles is generally used.  

 

Fig. B.1 Examples of Cross Sections of Soft Landing Breakwaters 

3) Because the soft landing breakwater is constructed directly on soft ground, it is affected by 

scouring by waves and water currents in the area around the breakwater body. Therefore, appropriate 

countermeasures shall be taken as necessary. 
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Annex C. Caissons 

 

C.1.  General 

1) The provisions in this annex shall be applied to the design of ordinary reinforced concrete caissons 

used on port and harbor facilities. 

2) Design shall follow the limit state design method. 

3) The design of caissons can be made according to the sequence depicted in Fig. C.1.1 

4) Examination of the fatigue limit state may be omitted in the case of quaywall caissons. 

 
Fig C.1.1. Sequence of Caisson Design 
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C.2.  Determination of Dimensions 

1) The dimensions of caisson members shall be determined in view of the following factors: 

(1) Capacity of caisson fabrication facilities 

(2) Draft of a caisson and the water depth at the place of installation (depth above the crown of 

foundation mound) 

(3) Floating stability 

(4) Working conditions during towing and installation: tidal currents, waves, wind, etc. 

(5) Working conditions after installation of caisson: filling, placing upper concrete, tidal currents, 

waves, wind, etc. 

(6) Differential settlement of mound 

(7) Bending and torsion acting on caisson 

2) The terminology of caisson members is shown in Fig.C.2.1. The thickness of the outer wall is 

usually 30~60 cm (with the spacing between partition walls less than 5 m), the bottom slab is 40~80cm 

thick, and the partition walls are 20~30 cm thick. 

 
Fig C.2.1 Names of Caisson Members 
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C.3.  Floating Stability 
 
1) If a caisson is to be floated toward the place of installation, the floating stability of the caisson shall 

be examined to ensure that capsiging or tilting will not occur. 

2) To guarantee the stability of a caisson in water, equation (C.3.1) must be satisfied (see Fig. C.3.1). 

0I CG GM
V
    (C.3.1) 

  

Fig C.3.1 Stability of Caisson 

 
Where 

V: displacement (m3) 

I: moment of inertia of the cross-sectional area at the still water level about the long axis (m4) 

C : center of buoyancy 

G : center of gravity 

M : metacenter 

For safety the distance GM should be 5% of the draft or greater. 

3) Equation (C.3.1) applies when the cross section of caisson is symmetri- cal and no significant tilt is 

expected. 
 

4) Equation (C.3.2) or (C.3.3) applies when a counterballast is used. 
 

a) When using water as the counterballast: 

( ' ) ' ' 0
'

I I i C G
V

   (C.3.2) 

b) When using sand, stone, or fresh concrete as the counterballast: 

' ' 0
'

I C G
V

   (C.3.3) 

 
Where: 
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i : moment of inertia of the water surfaces of inside chambers about the centerline parallel to the 

rotating axis of the caisson (m4) 

V ’, I ’, C’, G’ : displacement, moment of inertia, center of buoyarcy, and center of gravity, of caisson 

with a counterballast respectively. 

C.4.  Design External Forces 

C.4.1 Combination of Loads and Load Factors 

The combination of loads and the load factors shall be appropriately considered under the following 

conditions, respectively: 

1) Breakwater 

- under no waves 

- under waves 

- during execution 

2) Quaywall 

- under ordinary conditions 

- during an earthquake 

- during execution 

3) Table C.4.1 lists the ultimate limit state satefy factors and the serviceability limit state influence 

coefficients on crack to be multiphed to the load characteristics for various combinations of loads to 

be considered in design. Footings may be treated in the same way as bottom slabs. 

Table C.4.1 Loads and Load Factors 

a) Breakwaters 

Conditions Deadweight Hydrostatic 
pressure 

Internal 
earth 

pressure 

Bottom 
slab 

reaction 

Internal 
water 

pressure 

Uplift 
pressure 

Variable 
bottom 

slab 
reaction 

Variable 
internal 
water 

pressure 

Wave 
force 

Hydrostatic 
head 

between 
chambers 

Remarks 

Under no 
waves 

0.9 (1.0) 1.1 (1.0)  1.1 (1.0)       Bottom 
slab 

  1.1 (1.0)  1.1 (1.0)      outer wall 

Under 
waves 

1.1 [0.9] 
(1.0) 

1.1 [0.9] 
(1.0)  1.1 [0.9] 

(1.0)  1.3 [0.7] 
(1.0) 

1.2 [0.8] 
(1.0)    Bottom 

slab 

  0.9 (1.0)      1.3 (1.0)  
outer wall 

  1.1 (1.0)  1.1 (1.0)   1.2 (1.0)   

During 
execution 

0.9 (0.5) 1.1 (0.5)         
Bottom 

slab (while 
afloat) 

 1.1 (0.5)         
outer wall 

(while 
afloat) 

         1.1 (0.5) 

Partition 
wall 

(during 
installation) 
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b) Quaywalls 

Conditions Deadweight Hydrostatic 
pressure 

Internal 
water 

pressure 

Internal 
earth 

pressure 

Bottom 
slab plate 
reaction 
under 

permanent 
load 

Surcharge 

Bottom 
slab 

reaction 
during an 

earthquake 

Hydrostatic pressure 
during installation 

Remarks Load 
during 

execution 

Hydrostatic 
pressure in 
still water 

Under 
ordinary 

conditions 

0.9 (1.1) 1.1 (1.0)   1.1 (1.0) 0.8 (0.5)    

Bottom slab (bottom 
slab reaction 
considering 

surcharge during no 
earthquake) 

   
1.1 (1.0) 

 
1.1 (1.0)      outer wall 

During an 
earthquake 

1.0 
(-) 

1.0 
(-)    1.0 

(-) 
1.0 
(-)   

Bottom slab (bottom 
slab reaction 
considering 

surcharge during an 
earthquake) 

During 
execution 

0.9 (0.5)        1.1 (0.5) Bottom Slab (while 
afloat) 

        1.1 (0.5) outer wall (while 
afloat) 

       1.1 (0.5)  Partition wall (during 
installation) 

Note:  When considering seismic force, the characteristic loads are calculated according to Part II, 7 Earthquakes. 

4) The values in the upper rows of the respective boxes in Table C.4.1 are the load factors to be used 

when studying the ultimate limit state. The values in the brackets [ ] are the load factors to be used 

when a smaller load yields the larger design load of the members. The values in the parentheses ( 

) in the lower rows show the influence coefficient on crack width in the serviceability limit state. 

5) Loads during execution have a shorter duration of action than other conditions, and only occur 

during execution. Therefore, the influence coefficient on crack width (kp, kr) in the serviceability limit 

state can be set at 0.5. 

6) The design loads for outer walls of breakwater caissons are shown in Figs. C.4.1 ~ C.C.3. The load 

factors and the influence coefficients on crack width are listed in Tables C.4.2 ~ C.4.4. 

a) Front wall (parallel to centerline: seaside) 

Table C.4.2 Load Factors and Influence Coefficient on the Crack Width for Front Wall 
(Breakwater) 

Direction of load Design conditions Ultimate limit state Serviceability limit 
state 

 
Load from outside 

Under wave crest 1.3H - 0.9D 1.0H - 1.0D 

While afloat 1.1Sf 0.5Sf 

Load from inside Under wave trough 1.1D + 1.1S + 1.2ΔS 1.0D + 1.0S + 1.0ΔS 
Note:  1) The load from outside is chosen as the larger one of the above two load conditions. 

2) For the symbols in the table, see Fig .C.4.1 
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Fig. C.4.1 Design Loads for Front Wall (Breakwater) 

b) Rear wall (parallel to center line: land side) 

Table C.4.3 Load Factors and Influence Coefficient on Crack Width for Rear Wall (Breakwater) 

Direction of load Design conditions Ultimate limit 
state 

Serviceability limit 
state 

Load from outside While afloat 1.1Sf 0.5Sf 
 
Load from inside In the lowest water level 

under no wave 
1.1D ＋ 1.1S 1.0D ＋ 1.0S 

Note:  For the symbols in the table, see Fig. D.4.2. 

 
Fig. C.4.2 Design Loads for Rear Wall (Breakwater) 

c) Sidewall (perpendicular to levee normal) 

Table C.4.4 Load Factors and Influence Coefficient on Crack Width for Sidewall (Breakwater) 

Direction of load Design conditions Ultimate limit state Serviceability limit 
state 

Load from outside While afloat 1.1Sf 0.5Sf 

Load from inside Under wave trough 1.1D ＋ 1.1S ＋ 1.2ΔS 1.0D ＋ 1.0S ＋ 1.0ΔS 
Note:  For the symbols in the table, see Fig. C.4.3. 
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Fig. C.4.3 Design Loads for Sidewall (Breakwater) 

7) The design loads for the sidewalls of quaywall caissons are shown in Fig. C.4.4. The load factors 

are listed in Table C.4.5. 

Table C.4.5 Load Factors and Influence Coefficient on Crack Width for Outer Wall (Quaywall) 

Direction of load Design conditions Ultimate limit state Serviceability limit 
state 

Load from inside In the lowest water 
level 

1.1D ＋ 1.1S 1.0D ＋ 1.0S 
Load from outside Wile afloat 1.1Sf 0.5Sf 

Note:  For the symbols in the table, see Fig. C.4.4. 

a) Under ordinary conditions (loads from inside) 

 
Fig. C.4.4 (a) Design Loads for Sidewalls (Quaywall) 

b) While afloat 
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Fig. C.4.4 (b) Design Loads for Sidewalls (Quaywall) 

8) The loads for the bottom slabs of breakwater caissons while afloat are calculated by multiplying 

the load characteristic by the load factors and the influence coefficient on the crack width given in 

Table C.4.1. 

The loads acting on the bottom slabs of breakwater caissons after construction are shown in Fig. 
C.4.5. The composite load under no waves (D0) is treated as a permanent load. The composite load 

under waves consists of the composite load under no waves (D0), the variable bottom slab reaction 

(ΔR ), and the uplift pressure (U) as shown in Fig. C.4.5. The load can be calculated by using the 

equations listed in Table C.4.7 in accordance with the classification in Table C.4.6. 

Table C.4.6 Load Categories under Wave Force (Breakwater) 

Load category Load 

 
Permanent Composite load under no waves (D0) 

 
Variable 

 
Variable bottom slab reaction (ΔR), uplift pressure (U) 
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Fig. C.4.5 Design Load of Bottom Slab (Breakwater) 

Table C.4.7 Combination of Load with Load Factors or Influence Coefficient on Crack Width 
(Breakwater) 

Limit state Condition Direction of ΔR and W Load factors and combination of 
load 

Ultimate limit 
state 

 
Wave crest ΔR ↑ W ↑ 1.1D0 + 1.2ΔR + 1.3U 

ΔR ↓ W ↑ 1.1D0 + 0.8ΔR + 1.3U 
W ↓ 0.9D0 + 1.2ΔR + 0.7U (*) 

 
Wave 
trough 

ΔR ↑ W ↑ 1.1D0 + 1.2ΔR + 0.7U 
W ↓ 0.9D0 + 0.8ΔR + 1.3U 

ΔR ↓ W ↑ 1.1D0 + 0.8ΔR + 0.7U 
W ↓ 0.9D0 + 1.2ΔR + 1.3U (*) 

Serviceability 
limit state 

 
All － 1.0D0 + 1.0ΔR + 1.0U 

Note:  1) W = D0 + ΔR + U. The summation of the loads D0, ΔR and U should be done by considering the direction of 

each load. 

2) (*) When variable bottom slab reaction (ΔR) acts downwards, the value of 1.2 |ΔR | cannot exceed that of 1.1 | R |.  

Therefore, if 1.2|ΔR |>1.1| R |, the combination of loads is replaced by the equation 0.9D0+1.1| R |+0.7 (1.3) U.s 

9) The design loads of bottom slabs of quaywall caissons while afloat are calculated by 

multiplying the load characteristic by the load factors given in Table C.4.1. Loads acting on the 

bottom slab are shown in Fig. C.4.6. The resultant force that is composed of the weight of filling 

and concrete lid, hydrostatic pressure and bottom slab reaction is treated as the permanent load. 

Surcharge is treated as the variable load and the bottom slab reaction in an earthquake is also 

treated as the variable load. The design loads can be calculated by the equation listed in Table 
C.4.8. 
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Table C.4.8 Load Combinations (Quaywall) 

 Ultimate limit state Serviceability limit state (*) 
Under ordinary conditions 0.9D + 1.1R + 1.1F + 0.8W 1.0D + 1.0R + 1.0F + 0.5W 

During an earthquake 0.9D + 1.0F + 1.0R’ + 1.0W ’ Study not required 
While afloat 0.9Df + 1.1Sf 0.5Df + 0.5Sf 

Note:  For the symbols in the table, see Fig. C.4.6. 

 
Fig. C.4.6 Design Loads of Bottom Slabs (Quaywall) 

10) For examination of the bending moment for partition walls, the design load is the hydrostatic 

head between chambers during installation. 

The design values are as follows: 

- Ultimate limit state: 1.1S(1.1 for load factor: f ) 

- Serviceability limit state: 0.5S (0.5 for influence coefficient on crack width: kp) 

The symbol S represents the load characteristic. 

For examination of dislodging, the design load should be determined in the condition where the 

dislodging load is largest among the design loads indicated for the bottom slab and sidewall. 

C.4.2.  External Forces during Fabrication 

When a caisson is being fabricated on a dry dock or floating dock, external forces during fabrication 

may not be considered. However, when the caisson is raised by a jack or is placed on a launch truck 

to be moved to a slipway or caisson platform, concentrated loads of selfweight shall be applied on the 

caisson as design loads. The whole caisson should be regarded as a simple beam to examine the 

section force during fabrication. 

C.4.3.  External Forces during Launching and Floating 

When launching and floating a caisson fabricated on a dry dock, floating dock, or ordinary slipway, the 

hydrostatic pressure at the design draft shall be increased by an allowance as a safety factor to 

determine the external force. If the hydrostatic pressure more than this might act on a caisson 

temporarily during launching, it shall be considered separately. 

1) Outer Wall 
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The design water pressure distribution on the outer wall should be considered as follows (see Fig. 

C.4.7): 

(1) The draft of caisson is increased by 1.0 m. 

(2) The water pressure on bottom is calculated with the draft mentioned above. 

(3) The water pressure distribution is taken as a triangle shape with the bottom value calculated 

above and extending to the crest of outer wall. 

 
Fig. C.4.7 Water Pressure Acting on Outer Wall 

2) Bottom Slab 

The external load acting on the bottom slab should be the value obtained by subtracting the 

deadweight of the bottom slab  from the hydrostatic pressure at the bottom slab. (see Fig. C.4.8) 

p2  = pw – w 

= w0H0 – w 
(C.4.1) 

Where: 

p2 : characteristic pressure acting on the bottom slab (kN/m2) 

pw : characteristic hydrostatic pressure acting on the bottom slab with an allowance of about 

1.0 m added to the design draft of caisson (kN/m2) 

w : characteristic deadweight of the bottom slab (including the weight of filling material as 

counterballast, if any), without subtracting buoyancy (kN/m2) 

w0 : characteristic specific weight of sea water (kN/m3) 

H0 : water depth with an allowance of about 1.0 m added to the design draft of caisson. 
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Fig. C.4.8 External Force Acting on the Bottom 

Slab 
Fig. C.4.11 Hydrostatic Head across 

Chambers 

C.4.4.  External Forces during Installation 

(1) Hydrostatic pressures acting on the sidewalls and bottom slab are not considered as the 

external force during installation. 

(2) The hydrostatic head between chambers should be applied to the partition walls as the external 

forces. (see Fig. C.4.11). 

C.4.5.  External Forces after Construction 

1) Outer Walls 

The earth pressure of filling and the internal water pressure shall be considered as the external forces 

on the outer walls. The wave forces acting on the front wall shall also be considered in the design of 

the caissons for breakwaters. 

(1) Earth Pressure of Filling 

a) The distribution of the composite load often takes an irregular shape. For design purposes, 

however, the irregular distribution can be modified as an equivalent uniform or triangular 

distribution. 

b) The coefficient of earth pressure is set at be 0.6. However, the earth pressure is disregarded 

when the filling consists of concrete blocks or fresh concrete. 

c) It should be assumed that the earth pressure increases to the  depth equal  to  the  width of  

the  chamber, beyond which it remains at a constant value. (see Fig. C.4.12). 

The symbols in Fig. C.4.12 are defined as follows: 

q : characteristic surcharge on top of filling (kN/m2) 

 ' : characteristic submerged specific weight of filling material (kN/m3); generally y '=10 kN/m3 can 

be used. 

K : coefficient of earth pressure of filling; K = 0.6 

b : width of chamber (m) ; b = H 
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Fig. C.4.12 Earth Pressure of Filling 

d) When a concrete lid or crown is placed so tightly above the caisson, the effect of surcharge on 

the concrete lid or crown can be neglected. 

(2) Internal Water Pressure 

The internal water pressure should be the head difference between the water levels in the caisson 

and the lowest water level (LWL) outside the caisson. However, in case of wave troughs acting on 

the front walls parallel to the centerline of breakwater or the sidewalls perpendicular to the centerline, 

the external water level should be taken at the depth (H1/3)/2 below LWL. 

(3) Wave Force 

For the front walls of caissons parallel to the centerline of the breakwater, wave force should be 

taken into account when wave crests act on the walls. 

(4) Distribution of Internal Earth and Water Pressures 

The distributions of internal earth and water pressures for the walls of several caissons are shown 

in Fig. C.4.13. A breakwater caisson covered with a mound of wave-dissipating concrete blocks 

is also subject to impacts of wave-dissipating blocks to the front walls. Depending on the locality, it 

is also affected by collisions of drifting ice or driftwoods, and by sea water freezing. The effects of 

these are not known. Therefore, the upper sections of the walls should be reinforced as a 

precautionary measure. 

(a) Breakwaters (front walls) 
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(b) Breakwaters (rear walls parallel to the centerline or sidewalls perpendicular to the 

centerline) 

 
(c) Quays  (outer walls parallel or perpendicular to the centerline) 

 
(d) Wave forces 

 
Fig. C.4.13 Internal Earth and Water Pressures Acting on Caisson Walls 

2) Bottom Slab 
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--

(1) For the bottom slab fixed with the outer walls and partition walls, the bottom reactions, 

hydrostatic pressure, uplift, weight of filling, weight of concrete lid, weight of bottom slab, and 

surcharge shall be considered as the external forces. 

(2) Footings 

The bottom reaction, weight of footing with buoyancy considered, and surcharge on the footing shall 

be considered as the external forces acting on the footing. 

(3) Bottom Slab 

a) The distribution of the composite load often takes an irregular shape. For design purposes, 

however, the irregular distribution can be modified as an equivalent uniform or triangular 

distribution. 
 

b) Bottom reaction 

The characteristic bottom reaction should be calculated according to equations (C.4.3) and 

(C.4.4) (see Fig. C.4.14). The value e is calculated using equation (C.4.5) 
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Where:  

p1 : characteristic reaction at the front toe (kN/m2) 

p2 : characteristic reaction at the rear toe (kN/m2) 

V : characteristic vertical resultant force per unit length (kN/m) 

H : characteristic horizontal resultant force per unit length (kN/m) 

e : eccentricity of resultant force of V and H (m) 

b : width of bottom (m)  

b’ : distribution width of bottom reactions in case of e > b/6 (m) 

Mw : characteristic moment for point A by the vertical resultant force (kN.m/m) 

Mh : characteristic moment for point A by the horizontal  resultant force (kN.m/m) 

c) Hydrostatic pressure 

The hydrostatic pressure acting on the bottom slab should be considered at the design tide 
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level. 

d) Uplift pressure 

When wave forces act on the caisson, the uplift pressure should be considered. For 

calculating the uplift, Part II, 5.4 Wave should be referred to. 

 
Fig. C.4.14 Bottom Reaction 

e) Weight of filling 

The specific weight of the filling material is normally determined by the tests of the material to 

be used. 

f) Weight of concrete lid 

The weight of the concrete lid should be the dry weight without influence of buoyancy. For 

design calculations, the characteristic secific weight can be set as 22.6 kN/m3 for plain concrete 

and 24.0 kN/m3 for reinforced concrete. 
 

g) Weight of bottom slab 

The weight of the bottom slab should be the dry weight without influence of buoyancy. For 

design calculations, the characteristic specific weight can be set as 24.0 kN/m3 
 

h) Surcharge 

The weight of soil on top of the caisson and superimposed load should be considered for the 

surcharge acting on the bottom slab. However, when the concrete lid or concrete crown is 

placed so tightly above the caisson, the effect of the surcharge on top of the concrete lid or 
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concrete crown upon the bottom slab through the filling can be neglected. 

(4) Footing 
 

a) The design loads acting on the footing should be determined with respect to the load 

distributions as shown in Fig. C.4.15 

b) Bottom reaction 

The bottom reactions acting on the footing should be the values calculated according to 

equations (C.4.3) or (C.4.4). 

c) Weight of footing 

The weight of footing is the submerged weight with   buoyancy   considered.   The   

characteristic value of the  specific weight of footing in air can be set as 24.0 kN/m3. 

d) Surcharge 

The weight of wave-dissipating concrete blocks of breakwaters, the weight of overburden soil 

and/or surcharge of quaywalls should be considered for the surcharge acting on the footing 

 
Fig. C.4.15 Design Load of Footing 

3) Partition Walls and Others 

(1) Partition Walls 
 

a) In the examination of dislodging of an outer wall from the partition walls due to tensile failure, 

the earth pressure of filling and the internal water pressure acting on the outer wall shall be 

considered, assuming that they act in the joint between the partition walls and the outer wall. 

b) In the examination of dislodging of the bottom slab from the partition walls, the following loads 

shall be considered: 

- weight of filling 
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- surcharge 

- weight of bottom slab 

- weight of concrete lid 

- bottom slab reaction 

- uplift pressure 

- hydrostatic pressure 

(2) When a load is possibly generated due to the unevenness of the ground bearing capacity, it 

shall be examined. 

a) The design load to examine dislodging of an outer wall from the partition walls should be 

determined with respect to the load distribution shown in Fig. C.4.16. 

b) The design load to examine dislodging of the bottom slab from the partition walls should be 

determined with respect to the load distribution shown in Fig. C.4.17 
 

c) Partition Wall 

The load sharing divisions are based on those for ordinary slab supported by beams. 

 
Fig. C.4.16 Design Load to Examine Dislodging of Outer Wall from Partition Walls. 
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Fig. C.4.17 Design Load to Examine Dislodging of Bottom Slab from Partition Walls 

d) Examination  of  External  Load  by  Unevenness  of  Ground Bearing Capacity 

When examining the external load by the unevenness of ground bearing capactiy, the caisson 

can be assumed as a canti- lever beam with the span equivalent to 1/3 of the length or width of 

the caisson (see Fig. C.4.18). 

 
Fig. C.4.18 Examination on the Unevenness of Ground Bearing Capacity 

C.5.  Design of Members 
1) Outer Wall 

(1) An outer wall should be designed as a slab fixed on three sides and free on one side. 

(2) The span used in calculations is the central interval. 

(3) The covering of main reinforcements should not be less than the following values in principle:  

Outer side:  7 cm 

Inner side:   5 cm 

2) Partition Wall 

(1) The partition wall should be designed as a slab fixed on three sides and free on one side. 
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(2) After installation, safety in the ultimate limit state should be verified for dislodging failure of outer 

walls or bottom slab from partition walls. 

(3) The span used in calculations is the central interval. 

(4) The covering of reinforcements should not be less than 5 cm. 

3) Bottom Slab 

(1) The bottom slab surrounded by outer walls and partition walls should be designed as a slab 

fixed on four sides. 

(2) The covering of main reinforcements should not be less than the following values in 

principle: 

Outer side:  7 cm 

Inner side:   5 cm 

(3) Footing should be calculated as a cantilever slab. 

(4) The span of bottom slab used in calculation should be set on the central interval (see Fig. 

C.5.2). 

The cross section used to examine bending of footing should be the front surface of the outer 

wall (see Section A-A of Fig. C.5.2). The cross section for examining shear of footing should 

be located at the distance equivalent to 1/2 of the foot- ing height from the front of the caisson. 

To calculate the height of footing, a part of the haunch with the gradient steeper than 1:3 

should be disregarded. 

 
Fig. C.5.2 Span Used to Design Bottom Slab and Footing 

4) Others 

The whole caisson should be examined as a simple beam when lifted with jacks for transportation or 

when making analysis for differential settlement after installation. 

C.6.  Design of Hooks for Suspension by Crane 
The load acting on the hooks shall appropriately be calculated by considering the weight of the caisson 

and the bonding of the bottom slab to the floor of caisson fabrication yard. 
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Annex D. Upright Wave-absorbing Caissons 

 
 

D.1.  General 
 
The provisions in this annex shall be applied to the design of upright wave-absorbing caissons used 

for quaywalls, breakwaters, and revetments. The limit state design method shall be used. 

1) Upright wave-absorbing caissons having slits in the front wall and internal water retaining 

chambers with wave dissipating function are now being used for constructing quays and 

breakwaters. Various shapes and types of construction are now available for wave-absorbing 

caissons, but they can be roughly divided into permeable and impermeable types. As to the slit 

shape, the vertical slit type is the most widely used. In addition, there are the horizontal slit and 

perforated wall types. The general design method for these upright wave-absorbing caissons has 

not been fully established. In designing the structural members, the characteristics of various 

structures should be fully surveyed, hydraulic model experiments suited to the conditions should 

be performed, and then appropriate design should be carried out. 

2) Upright wave-absorbing caissons can be designed in the sequence given in Annex C, C.1 General 

3) The names of members of the relatively common vertical slit caisson are shown in Fig. D.1.1. 
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Fig. D.1.1 Names of Vertical Slit Caisson Members 

D.2.  External Forces Acting on Members 
 
The following external forces acting on the members of wave-absorbing caissons shall be taken 

into consideration for each limit state as necessary. 

(1) Earth pressure 

(2) Earth pressure of filling 

(3) Residual water pressure 

(4) Wave force 

(5) Uplift pressure 

(6) Collision force from drifting objects 

(7) Weight of caisson and filling 

(8) Weight of superstructure 

(9) Surcharge 

(10) Reaction from fender 

(11) Bottom reaction 

(12) Loads during execution 

Of these, seismic effects may be ignored when calculating the earth pressure of filling, wave force, 

uplift pressure, reaction from fender, and external forces during execution. 

Wave forces acting on the members of slit caissons vary significantly, depending on the structure of the 

water chamber and whether or not it has a ceiling slab. Therefore, as well as referring to past cases of 

implementation, appropriate hydraulic model experiments are recommended in accordance with the 

individual conditions prior to design. 

1) Load combinations and load factors are the same as described in Annex C, C.4.1 
Combination of Loads and Load Factors. 

2) Part II , 5.4.12.4 Wave Force on Upright Wave-Absorbing Caisson should be referred to for 

external forces acting on structural members. 
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3) If the top of the water chamber is completely sealed by the ceiling slab, an impulsive pressure may 

be generated by the compression of the air trapped woth the top at the instant when the front of 

incoming wave shuts off the slits or perforations. 

Provision of ventilation holes with a suitable opening ratio in the ceiling slab can reduce impulsive 

pressure due to air compression. The opening ratio of these holes should be carefully designed. 

If too great, the wave surface collides directly with the ceiling slab, and this could produce a greater 

impulsive uplift pressure than that of no ventilation. 

4)  Figure D.2.1 shows an example of changes in the uplift pressure intensity pe1 when the opening 

ratio of ventilation holes ε1 is changed in a model experiment. Normally, the air pressure acting on 

the ceiling slab can be reduced by 30% to 50% compared with that on an unventilated slab by 

providing ventilation holes with the opening ratio of around 0.5% to 1.0%. 

 
Fig D.2.1. Experimental Results on Changes in Uplift Pressure due to Opening Ratio of 

Ventilation Holes 

5) Table D.2.1 lists the external forces taken into account when designing the members of the water 

chamber of wave-absorbing caisson. 
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Table D.2.1. External Forces for Design of Members of Water Chamber of Wave-absorbing 

Caisson 

Member Member 
number 

Design load 
 

Fr
on

t w
al

l 

Slit 
column 

① Water pressure while afloat 

Wave pressure (parallel/perpendicular to centerline)  

Impact force from driftwood and other drifting objects  

Axial force transmitted from upper beam 

Partition 
slit 

column 

② Wave pressure (including wave force transmitted from partition 

wall) 

Sidewall 
slit 

column 

③ Water pressure while afloat (including wave force transmitted 

from sidewalls) 

Wave pressure ( ditto ) 

Upper 
beam 

④ Vertical loads from above and below 

Water pressure while afloat (reaction transmitted from slit 

column) 

Wave pressure (wave force acting on the beam itself and 

slit column reaction) 

Lower 
beam 

⑤ Water pressure while afloat (reaction from slit column and lower 

wall, load acting on the beam itself) 

Wave pressure (ditto) 

Lower 
wall 

⑥ Water pressure while afloat 

 Wave pressure 

Sidewall 
⑦ Water pressure while afloat 

 Wave pressure 

Partition 

⑧ Design wave pressure acts on both sides separately in the 

direction parallel to centerline 

Fender reaction 

Rear wall 
⑨ Wave pressure 

Earth pressure, residual water pressure 

Bottom slab 
⑩ Bottom reaction, bottom slab weight, water head difference, 

and water pressure while afloat in various cases of loads. 

Ceiling slab 

⑪ Wave pressure (upwards, downwards)  

Surcharge 

Deadweight 

Note:  Member numbers are those shown in Fig. E.1.1 
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D.3.  Design of Members 
1) The span used in calculations is the distance between the centers of support members. 

2) The covering of main reinforcements should not be less than the following values in principle:  

Parts washed by seawater: 7 cm 

Other parts: 5 cm 
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Annex E. Armor Stones and Blocks 

 

E.1.  Required Mass of Armor Stones and Blocks on Slope 
1) General 

The armor units for the slopes and a sloping breakwaters are placed to protect the rubble stones inside; 

it is necessary to ensure that an armor unit has a mass sufficient to be stable so that it does not scatter 

itself. This stable mass, required mass, can generally be obtained by hydraulic model tests or 

calculations using appropriate equations. 

2) Basic Equation for Calculation of Required Mass 

It shall be standard to calculate the mass of rubble stones or concrete blocks necessary to cover the 

front slope of a sloping structure that is subject to wave forces, by means of appropriate hydraulic 

model experiments or the following equation 

 

(E.1.1) 

Where: 

M : minimum mass of rubble stones or concrete blocks (t) 

r : density of rubble stones or concrete blocks (t /m3) 

H : wave height used in the stability calculation 

Ns : stability number 

Sr : specific gravity of rubble stones or concrete blocks relative to sea water. 
The equation was derived for seaward armour stability in conditions when the crest of the structure is 

high enough to prevent major overtopping. The formula should not be used for a low crest breakwater. 
The armor layer for the slope of a rubble mound breakwater protects the rubble stones in the inside, 

and so it is necessary to ensure that an armor unit has a mass sufficient to be stable against wave 

actions so that it does not scatter itself. The mass required to produce such stability can be calculated 

using a suitable calculation formula. For example, for the armor units on the slope of a rubble mound 

breakwater, the required mass was calculated in the past by Hudson’s formula with an appropriate 

coefficient (KD value), but recently it has become common to use Hudson’s formula with a stability 

number. The latter is more general in that it can also be applied to other cases, such as the armor 

units on the mound of a composite breakwater. 

(1) Hudson’s Formula 

The required mass of armor units on a slope can be expressed using the Hudson formula with a 

stability number (this is also referred to as the generalized Hudson formula) (see equation 

(E.1.1) 

(2)  Stability Number and Nominal Diameter 

The stability number directly corresponds to the necessary size (nominal diameter) of the armor 

stones or concrete blocks for a given wave height. In other words, by introducing the nominal 
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diameter Dn = (M /r)1/3 and the term  = Sr - 1 and substituting them into equation (E.1.1), the 

following relatively simple equation is obtained: 

H / (Dn) = Ns (E.1.2) 

It can be seen that the nominal diameter is proportional to the wave height with the constant of 

proportionality being 1/  Ns 

(3) Design Wave Height 

The design wave height H was based on model testing using regular waves. There is no simple 

method of comparing the results of laboratory tests carried out using regular and random waves. 

Laboratory studies have shown that the equivalent regular wave height can range between the 

significant wave height Hs of a random wave train and higher values such as H1/10, the mean of 

the highest one-tenth of wave heights. 

Current opinion is that, for non-breaking conditions, H1/10 at the site of the structure should be 

used in equation (E.1.1). For conditions where the H1/10 waves would break before reaching the 

breakwater, the wave height used for preliminary design should be Hb (the breaking wave 

height) or Hs, whichever has the more severe effect. 

(4) Parameters Affecting the Stability Number 

As shown in equation (E.1.1), the required mass of armor stones or concrete blocks varies with 

the wave height and the density of the armor units, and also the stability number Ns. The Ns 

value is a coefficient that represents the effects of the characteristics of structure, those of armor 

units, wave characteristics and other factors on the stability. The main factors that influence the 

Ns value are as follows: 

(a) Characteristics of the structure 

- Type of structure (rubble mound breakwater, breakwater covered with wave-dissipating 

concrete blocks, composite breakwater, etc.) 

- Gradient of the armored slope 

- Position of armor units (breakwater head, breakwater trunk, position relative to still water 

level, front face and top of slope, back face, berm, etc.) 

- Crown height and width, and shape of superstructure 

- Inner layer (its coefficient of permeability, thickness, and degree of surface roughness). 

(b) Characteristics of the armor units 

- Shape  of  armor  units  (shape  of  armor  stones  or  concrete  blocks;  for  armor  stones,  

their  diameter distribution) 

- Placement of armor units (number of layers, regular laying or random placement, etc.) 

- Strength of armor material 

(c) Wave characteristics 

- Number of waves acting on armor layers 

- Wave steepness 

- Form of sea bottom (bottom slope, existence of reef, etc.) 
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- Ratio of wave height to water depth (as indices of nonbreaking or breaking wave condition, 

breaker type, etc.) 

- Wave direction, wave spectrum, wave grouping characteristics. 

(d) Extent of damage (damage rate, damage level, relative damage) 

- Consequently, the Ns value used in design must be determined appropriately based on 

hydraulic model experiments in line with the respective design conditions. By comparing the 

results of regular wave experiments with those of irregular wave experiments, it was found 

that the ratio of the height of regular waves to the significant height of irregular waves that 

gave the same damage ratio (within the error of 10%) varied in the range of 1.0 to 2.0 

(depending on the conditions). In other words, there was a tendency for the irregular wave 

action to be more destructive than the action of regular waves. It is thus better to employ 

irregular waves in experiments. 

(5) Hệ số ổn định Ns và giá trị KD 

In 1959, Hudson published the so-called Hudson formula, replacing the previous Iribarren -

Hudson formula. Hudson developed equation (E.1.1) by himself using KD cot α instead of Ns, i.e: 

Ns
3 = KDcot (E.1.3) 

where : 

 : angle of the slope from the horizontal line( o) 

KD : constant determined primarily by the shape of the armor units and the damage ratio. 

The Hudson formula was based on the results of a wide range of model experiments and has 

proved itself well in usage in the prototype design. In the past, this formula (i.e., the one using the 

KD value) has thus been used in the calculation of the required mass of armor units on a slope. 

However, the generalized Hudson formula that uses the stability number (equation (E.1.1)) has 

been used for quite a while for calculating the required mass of armor units on the mound of a 

composite breakwater (to be discussed later), and is also used for the armor units of other 

structures such as submerged breakwaters. It is thus now more commonly used than the old 

formula with the KD value, and so the generalized Hudson formula with the stability number can 

be considered as being the standard equation for calculating the required mass of armor units 

on a slope. 

The stability number Ns can be derived from the KD value and the angle α of the slope from the 

horizontal line by using equation (E.1.3.) There is no problem with this process if the KD value is 

an established one and the slope angle is within a range of normal design. However, most of the 

KD values obtained up to the present time have not sufficiently incorporated various factors like 

the characteristics of the structure and the waves. Thus, this method of determining the stability 

number Ns from the KD value cannot be guaranteed to yield economical design always. In order 

to calculate more reasonable values for the required mass, it is thus desirable to use the results 

of experiments matched to the conditions in question, or else to use calculation formulas 

(calculation diagrams) that include the various relevant factors as described below. 
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(6) Van der Meer’s Formula for Armor Stones 

In 1987, van der Meer carried out systematic experiments concerning the armor stones on the 

slope of a rubble mound breakwater with a high crown. He proposed the following calculation 

formula for the stability number, which considers not only the slope gradient, but also the wave 

steepness, the number of waves, and the damage level. Note however that the following 

formula has been slightly altered in comparison with van der Meer’s original one in order to 

make calculations easier. For example, the wave height H2% for which the probability of 

exceedance is 2% has been replaced by H1/20 

 

(E.1.4) 

(E.1.5) 

(E.1.6) 

Where : 

Nspl : stability number for plunging breakers  

Nssr : stability number for surging breaker 

Ir : Iribarren number (tan /Som
0,5) (also called the surf similarity parameter) 

Som : wave steepness (H1/3/L0) 

Lo : deepwater wavelength (L0 = gT1/3
2 / 2 , g = 9,81 m/ s2) 

T1/3 : significant wave period 

CH : modification factor due to wave breaking [ = 1,4 / (H1/20 / H1/3)] ( = 1,0 in the region 

where wave breaking does not occur) 

H1/3 : significant wave height 

H1/20 : highest one-twentieth wave height (see Fig E.1.1) 

 : angle of slope from the horizontal line (0) 

Dn50 : nominal diameter of armor stone = (M50/ r )1/3) 

M50 : 50% value of the mass distribution curve of an armor stone (required mass of an 

armor stone) 

P : permeability coefficient of the inner layer (see Fig E.1.2) 

S : deformation level (S = A /Dn50
2) (see Table E.1.1) 

A : erosion area of cross section (see Fig E.1.3) 

N : number of waves (in storm duration) 

The wave height  H1/20 in Fig. E.1.3.1 is for a point at a distance 5 H1/3 from the breakwater, 

and H0' is the equivalent deepwater wave height. 

The deformation level S is an index that represents the amount of deformation of the armor 

stones, and it is a kind of damage ratio. It is defined as the result of the area A eroded by 

waves (see Fig. E.1.3) being divided by the square of the nominal diameter Dn50 of the armor 

stones. As shown in Table E.1.1, three stages are defined with regard to the deformation level 

of the armor stones: initial damage, intermediate damage, and failure. With the standard 

design, it is common to use the deformation level for initial damage for N = 1000 waves. 
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However, with design where a certain amount of deformation is permitted, usage of the value 

for intermediate damage can also be envisaged. 

Table E.1.1 Deformation Level S for Each Failure Stage for a Two-layered Armor 

Slope Initial damage Intermediate damage Failure 

1 : 1.5 

1 : 2 

1 : 3 

1 : 4 

1 : 6 

2 

2 

2 

3 

3 

3 ~ 5 

4 ~ 6 

6 ~ 9 

8 ~ 12 

8 ~ 12 

8 

8 

12 

17 

17 

(7)  Stability Number for Armor Concrete Units of Rubble Mound Breakwater 

Van der Meer has carried out model experiments on several kinds of precast concrete blocks, 

and proposed the formulas for calculating the stability number NS. However, it should be noted 

that these are based on the results of experiments for a rubble mound breakwater with a high 

crown. 

(8) Stability Number for Concrete Units of the Wave-Dissipating Block Mound in Front of Upright 

Walls (horizontally- composite breakwater) 

The wave-dissipating concrete block mound of a horizontally-composite breakwater may have 

various cross- sectional forms. In particular, when all the front face of an upright wall is covered 

by wave-dissipating concrete blocks, the stability is higher than for the normal case of armor 

concrete units covering a rubble mound breakwater because the permeability is high. In Japan, 

much research has been carried out on the stability of breakwaters covered with wave-

dissipating concrete blocks. Takahashi et al have proposed the following equation for wave-

dissipating concrete blocks that are randomly placed in the mound covering the whole of 

upright wall. 

Ns = CH {a (N0 / N0,5)0,2 + b} (E.1.7) 

where : 

No :   relative damage (a kind of damage ratio that represents the extent of damage: it is 

defined as the number of concrete blocks that have moved within a width Dn in the direction 

of the breakwater alignment, where Dn is the nominal diameter of the concrete blocks: Dn = 

(M/Pr)1/3 , where M is the mass of a concrete block) 

CH : modification factor due to wave breaking; CH = 1,4(H1/20 / H1/3) (in the region where 

wave breaking does not occur, H1/20 / H1/3 = 1,4 and so CH = 1,0) 

a,b : coefficients that depend on the shape of the concrete blocks and the slope angle (for 

concrete blocks with the KD value of 8.3, a = 2.32 and b = 1.33, if cot α = 4/3; a = 2.32 and 

b = 1.42, if cotα = 1.5) 

Takahashi et al. have further presented a method for calculating the cumulative relative damage 

(the expected relative damage) over the lifetime of a breakwater. In the future, reliability design 
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methods that consider the expected relative damage will become important in the advanced 

design methodology. 

In the region where wave breaking does not occur, if the number of waves is 1000 and the 

relative damage N0 is 0.3, the design mass as calculated using the method of Takahashi et al. is 

more-or-less the same as that calculated using the KD value in the past. The value of N0 = 0.3 

corresponds to the conventionally-used damage ratio of 1% 

(9) Breakwater Head  

Waves attack the head of a breakwater from a whole angle of directions, and there is a greater 

risk of the armor units on the top of the slope falling not so much forward but rather toward 

the rear side. Stones or concrete blocks to be used at the head of a breakwater must thus 

have a mass greater than the value given by equation (E.1.1). Hudson suggested to raise the 

mass by 10% in the case of stones and 30% in the case of concrete blocks. However, it is 

thought to be insufficient. It would be desirable to use the mass at least 1.5 times the value 

given by equation (E.1.1) for both stones and concrete blocks. 

 
Fig. E.1.1 Ratio of H1/20 to H1/3 (H1/20 Values are at a Distance 5H1/3 from the Breakwater) 

(Draft)



TCVN XXX-6: 2015 
 

 
 

99

 

 

 

Fig. E.1.2 Permeability Coefficient P Fig. E.1.3 Erosion Area A 
(10)  Submerged Armor Units 

Since the action of waves on a rubble mound breakwater is weaker mid water than around the 

waterline, stones or concrete blocks of reduced mass may be used at depths more than 1,5 H1/3 

below the still water level. 

(11) Effect of Wave Direction 

The extent to which the incident wave angle affects the stability of the armor stones has not 

been investigated sufficiently. Nevertheless, according to the results of experiments carried 

out by van de Kreeke in which the wave angle was changed between 0º (i.e., direction of 

incidence is perpendicular to the breakwater alignment), 30º, 45º, 60º and 90º, the damage 

ratio for a wave direction of 45º or smaller is more-or-less the same as that when the wave 

direction is 0º; when the wave direction is more than 60º, the damage ratio drops. Based on 

these results, it is considered that when the wave angle  (see Fig. 5.4.28. in Part II, 

5.4.12.1) is 45º or less, the minimum mass should not be corrected for wave direction. 

(12) Integrity of Concrete Blocks 

With a precast concrete block, it is necessary not only to ensure that the block has a mass 

sufficient to be stable against the design waves, but also to confirm that the block itself has 

sufficient structural strength. 

(13) Armor Units in Reef Area 

In general, a reef rises up at a steep slope from the relatively deep sea, and forms a relatively flat 

and shallow sea bottom. Consequently, when a large wave arrives at such a reef, it breaks 

around the tip of the reef, and then the regenerated waves propagate over the reef in the form 

of surge. The characteristics of waves over a reef are strongly dependent on not only the 

incident wave conditions but also the water depth over the reef and the distance from the tip 

of the reef. The stability of wave-dissipating concrete blocks situated on a reef also varies 
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greatly for the same reasons, making the situation more complicated than that in general cases. 

The stability of wave-dissipating concrete blocks situated on a reef must thus be investigated 

based either on model experiments matching the conditions in question or on field experiences 

for sites having similar conditions. 

(14) Armor Units of Low Crest Breakwater 

For a rubble mound breakwater with a low crown, it is necessary to note that the concrete 

blocks around its crown (in particular on the shoreward side) are easily damaged. For example, 

for detached breakwater composed of wave-dissipating concrete blocks, unlike a  caisson 

breakwater covered with wave-dissipating concrete blocks, there is no supporting wall at the 

back and the crown is not high. This means that the concrete blocks near the crown (in 

particular at the rear) are easily damaged, and indeed such cases of block damage have been 

reported. 

(15) Effect of Steep Slope Bed  

When the bottom slope is steep and waves break in plunging form, a large wave force may act 

on concrete blocks, subject to their shapes. It is thus necessary to carry out appropriate 

investigations while considering the possibility of large wave force (see Takeda et al.) 

(16) High-density Blocks  

The minimum mass of blocks that are made of high-density aggregate may also be determined 

using the Hudson formula with the stability number (equation (E.1.1)). As shown by the equation, 

high-density blocks have a high stability, so a stable armor layer can be made using relatively 

small blocks of high density. 

(17) Effect of Placement  

The stability of wave-dissipating concrete blocks also varies with the method of placement 

(random placement or regular placement etc.). According to the results of experiments carried 

out to compare the random placement over the whole cross section and that of regular two-

layer placement upon a stone core, the stability of the regular placement with well-interlocking 

was markedly improved for most of the cases tested. Moreover, the stability is also affected 

by the crown height and width of the mound of wave-dissipating concrete blocks. According 

to the results of a number of experiments, for example, there is a tendency of greater stability 

when the crown is high and wide. 

(18) Standard Method of Hydraulic Model Experiments 

The stability of concrete blocks is influenced by a very large number of factors, and so it has 

still not been sufficiently elucidated. This means that it is necessary to carry out studies using 

model experiments for the design of prototype breakwaters, and it is needed to progressively 

accumulate the results of such experiments. The following points should be noted when 

carrying out studies using model experiments. 

(a) It is standard to carry out experiments using irregular waves. 
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(b) For each particular set of conditions, the experiment should be repeated at least three 

times (i.e., with three different wave trains). However, when experiments are carried out by 

systematically varying the mass and other factors and a large amount of data can be acquired, 

one run for each test condition will suffice. 

(c) It is standard to study the action of 1000 waves in total of three runs for each wave height 

level. Even for the systematic experiments, it is desirable to apply more than 500 waves or so. 

(d) For the description of the extent of damage, in addition to the damage ratio which has been 

commonly used in the past, the deformation level or the degree of damage may also be used. 

The deformation level is suitable when it is difficult to count the number of armor stones or 

concrete blocks that have moved, while the degree of damage is suitable when one wishes to 

represent the damage to wave-dissipating concrete blocks. The damage ratio is the ratio of 

the number of damaged armor units in an inspection area to the total number of armor units in 

the same inspection area. The inspection area is taken from the elevation of wave runup to the 

depth of 1.5H below the still water level or to the bottom elevation of the armor layer (take a 

shallower depth), where the wave height H is inversely derived from the Hudson formula with 

the mass of armor units as the input. However, for the deformation level and the degree of 

damage, there is no need to define the inspection area. For evaluating the damage ratio, an 

armor unit is judged to be damaged if it has moved over a distance of more than about 1/2 to 1.0 

times its height. 

(19) KD Value Proposed by C.E.R.C. 

Table E.1.3 shows the KD value of armor stones proposed by the Coastal Engineering Research 

Center, C.E.R.C., of the United States Army Corp of Engineers. This value is proposed for the 

breakwater trunk, parts other than the breakwater head, in the 1984 Edition of the C.E.R.C.’s 

Shore Protection Manual. In the table, the values not in parenthesis are based on experiment 

results by regular waves, and it is considered that those corresponds to 5% or less of the 

damage rate due to action of random waves. The values in parentheses are estimated values. 

For example, the value (1.2) for rounded rubble stones which are randomly placed in two-layer 

under the breaking wave conditions is given as the value which is half of 2.4, because the KD 

value of two-layer angular rubble stones under the breaking waves condition is 1/2 that under 

the non-breaking wave conditions. 

However, in cases where the wave height of regular waves corresponds to the significant wave 

height, the wave which is close to the maximum wave height of random waves acts continuously 

under the breaking wave condition in the regular wave experiments. Therefore, the regular wave 

experiment under the breaking wave condition falls into an extremely severe state in 

comparison with that under the non-breaking wave conditions. In random waves experiments, 

as described previously, it is considered that so long as the significant wave height is a 

standard, as the breaking wave conditions gets severe, conversely, KD has a tendency to 
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increase. Thus, at least it is not necessary to reduce the value of KD under the breaking wave 

conditions. 

Table E.1.2 KD Value of Rubble Stones Proposed by C.E.R.C 

 

   “ * “ shows estimated values. 

(20) Effect of size on strength of units. 

The design of large armour units should take into account the fact that the intrinsic strength of 

units decreases with increasing size. Major failures have occurred with complex shaped units, 

and all aspects of design, manufacture and placing should be considered very carefully before 

proceeding to construction.  

(Draft)



TCVN XXX-6: 2015 
 

 
 

103

 

Fig E.1.4 Examples of concrete armour units 
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Concrete armour units are subjected to the following load conditions. 

(a) Construction loads. These occur during manufacture, transport and placing. Cracks 

resulting from stresses arising during manufacture (e.g. shrinkage or thermal cracks in large 

units) or other conditions can significantly reduce the capacity of the unit to resist loads applied 

subsequently. 

(b) Static loads. These are due to self-weight and interlocking forces, support of overlying units 

and jamming of units caused by settlement of core and underlayer. 

(c) Hydraulic loads. These are due to wave breaking, uprush and downrush and can be 

transferred by bearing contact to another unit. 

(d) Dynamic loads. These are due to rocking and displacement of units resulting in impact on 

other units, and are probably the most significant, although they are not necessarily the highest 

loads imposed on units. Repeated loading due to rocking can result in breakage due to fatigue 
32) 

More fundamental research is required to enable the loads to be quantified more accurately. 

There is at present insufficient information for stresses in concrete armour units to be calculated 

with confidence. 

Hydraulic model tests have been carried out using instrumented units to measure various 

parameters but at present this is not a normal laboratory test. 

Full scale dynamic loading tests can be carried out on site. These can take the form of drop 

tests in which a unit is dropped from varying heights at particular attitudes onto a concrete or 

rubble surface. Impact tests on a fixed unit have also been used. Relatively few examples of this 

type of testing are available to date. Results from these tests have shown that flexural strength 

may be reduced by 60 % after 6 impacts to 10 impacts.  

Tabe E.1.3 KD Value of Armor blocks 

No. Armor blocks Placement Number of 

layers 

Kd Note 

1 Concrete cube Regular placing 2 ≤ 5 fully covered 

2 Cube modified Regular placing 2 5 ÷ 7.5 fully covered 

3 Tetrapod Regular placing 2 6 ÷ 8.3 fully covered 

4 Tribar Regular placing 2 

1 
6 ÷ 10 

9 ÷ 15 

fully covered 

5 Dolos Regular placing 2 10 ÷ 12 fully covered 

6 Stabit Regular placing 2 10 ÷ 12 fully covered 

7 Quadripod Regular placing 2 6 ÷ 8.3 fully covered 

8 Hexapod Regular placing 2 6 ÷ 9 fully covered 

9 Antifer block Regular placing 2 6 ÷ 8 fully covered 

10 Accropode Regular placing 2 10 ÷ 12 fully covered 
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Tabe E.1.4 KD Value of Armor blocks type rakuna-iv 

Type of works Placement Wave KD 

Rubble Mound Sloping 

Breakwater 

2 layer placing All kinds 10.80 

Upright Breakwater/casson All kinds 

H0/L0 > 0.04 11.71 

0.04    H0/L0    0.02 9,44 

H0/L0 < 0.02 6.35 

Note: H0 is wave height and L0 is wave length in deep waters. 

E.2.   Required Mass of Armor Stones and Blocks in Composite Breakwater Foundation Mound 
against Waves 
1) It shall be standard to calculate the mass of armor stones or concrete blocks for the foundation 

mound of a composite breakwater, by means of appropriate hydraulic model experiments or the 

following equation: 

 

(E.1.1) 

Where : 

M : minimum mass of rubble stones or concrete blocks (t)   

r : density of rubble stones or concrete blocks (t/m3) 

H : wave height used in the stability calculation 

Ns : stability number 

Sr : specific gravity of rubble stones or concrete blocks relative to sea water 

2) The mass required for an armor unit covering the foundation mound of a composite breakwater 

varies according to the wave characteristics, the water depth, the shape of the mound (thickness, 

berm width, slope angle, etc.), and the type of armor unit, its placement method, and its position 

(breakwater head, breakwater trunk, etc.). In particular, the effects of the wave characteristics and the 

mound shape are more pronounced than those in the case of the armor units covering the surface of 

sloped breakwater in E.1. It is thus necessary to appropriately determine the mass, considering the 

results of past studies, research, and actual experience in the field, and carrying out model 

experiments if necessary. Moreover, it is necessary to take sufficient heed of the effects of wave 

irregularity. 

Note however that the stability of the armor units covering the foundation mound of a composite 

breakwater is not necessarily determined purely by their sizes. Depending on the structure and the 

layout of armor units, it may be possible to achieve stability even when the armor units are relatively 

small. 

(1) Generalized Hudson’s Formula for Calculating the Required Mass 
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Similarly with the stable mass of armor units on a slope, the required mass of armor units 

covering the foundation mound of a composite breakwater can be calculated using the 

generalized Hudson formula (the Hudson formula with the stability number), i.e., equation 

(E.1.1). Ever since Brebner and Donnelly used it as the basic equation for calculating the 

required mass of the armor stones of the rubble mound for an upright wall, the generalized 

Hudson formula has been used widely, and in Japan it is also known as the Brebner-Donnelly 

formula. Because it has a certain degree of validity even from a theoretical standpoint, the 

generalized Hudson formula may also be used as the basic formula for calculating the 

minimum mass of armor units for the breakwater. Note however that the stability number NS 

varies not only with the water depth, the wave characteristics, the shape of the mound, and 

the characteristics of the armor units, but also with their position of the placement (breakwater 

trunk, breakwater head, etc.). It is thus necessary to assign the stability number NS 

appropriately through model experiments corresponding to the design conditions. Moreover, 

the wave height used in the design calculation is generally the significant wave height, and 

the waves used in the model experiments should be irregular. 

(2) Stability Number for Armor Stones 

The stability number NS can be determined using the method of Inagaki and Katayama, 

which is based upon the work of Brebner and Donnelly and past experience of damage. 

However, the following formulas by Tanimoto et al. are based on the flow velocity near the 

mound and allow the incorporation of a variety of conditions, and they have been extended 

by Takahashi, Kimura, and Tanimoto to include the effects of wave direction. The extended 

Tanimoto formulas have thus been made the standard formulas 

(a) Extended Tanimoto formulas: 

 

(E.2.8) 

(E.2.9) 

(E.2.10) 

(E.2.11) 

where :  

h' :  water depth on top of rubble mound foundation (excluding the armor layer) (m) (see Fig. 
E.2.1) 

l :   in the case of normal wave incidence, the berm width BM (m) 

In the case of oblique wave incidence, either BM hoặc BM' which ever gives the larger value of 

(K2)B see Fig. E.2.1 

L : wavelength corresponding to the design significant wave period at the water depth h' (m) 

 :  correction factor for when the armor layer is horizontal (= 0,45) 
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 :  incident wave angle (see Fig E.2.2) 

H1/3 : design significant wave height (m) 

The validity of the above formulas have been verified for the breakwater trunk for oblique 

wave incidence with an angle of incidence of up to 60º 

 

Fig. E.2.2 Standard Cross Section of a Composite Breakwater and Notations 

(b)  Stability Number When a Certain Amount of Damage is Permitted  

Sudo et al. have carried out stability experiments for the special case such that the mound is low 

and no wave breaking occurs. They investigated the relationship between the number of waves 

N and the damage ratio, and proposed the following equation that gives the stability number NS* 

for any given number of waves N and any given damage ratio DN (%). 

 
(E.2.12) 

where NS is the stability number given by the Tanimoto formula when N = 500 and the damage 

ratio is 1%. In design it is necessary to take N = 1000 considering the progress of damage, 

while the damage ratio 3% to 5% can be allowed for a 2-layer armoring. If N = 1000 and DN = 

5%, then NS* = 1.44NS. This means that the equired mass decreases to about 1/3 of that 

required for N = 500 and DN = 1% 

Phía 
bờ 
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Fig. E.2.3 Shape of the Breakwater Alignment and Effects of Wave Direction 

(3) Stability Number for Concrete Units 

 The stability number NS for concrete blocks varies according to the shape of the block and the 

method of placement. It is thus desirable to evaluate the stability number by means of hydraulic 

model experiments. When carrying out such experiments, it is best to employ random waves.  

Based on the calculation method proposed by Tanimoto et al., Fujiike et al.newly introduced 

reference stability number, which is a specific value for blocks, and separating the terms which 

is determined by the structural conditions of the composite breakwater etc., and then, presented 

the following equation regarding the stability number for armor blocks in cases where wave 

incidence is perpendicular. 

 

(E.2.13) 

Refer (E.2.9) 

Refer (E.2.10) 

(E.2.14) 

Where: 

NS0 : reference stability number 

A : constant determined based on wave force experiments ( = 0.525) 

(4) Conditions for Application of Stability Number to Foundation Mound Armor Units 
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In cases where the water depth above the armor units on the mound is shallow, wave breaking 

often causes the armor units to become unstable. Therefore, the stability number for foundation 

mound armor units shall be applied only when h’/H1/3>1, and it is appropriate to use the stability 

number for armor units on a slope of a slope structure when h’/H1/3 ≤1. The stability number for 

armor stones in the Tanimoto’s formulas have not been verified experimentally in cases where 

h’/H1/3 is small. Accordingly, when h’/H1/3 is approximately 1, it is preferable to confirm the 

stability number by hydraulic model experiments.  

On the other hand, Matsuda et al.carried out model experiments in connection with armor 

blocks, including the case in which h’/H1/3 is small and impulsive waves act on the blocks, and 

proposed a method that provides a lower limit of the value of κ corresponding to the value of αI 

in the case where the impulsive breaking wave force coefficient αI is large. 

(5) Armor Units Thickness 

Two-layers are generally used for armor stones. It may be acceptable to use only one layer 

provided that consideration is given to examples of armor units construction and experiences of 

damaged armor units. It also may be possible to use one layer by setting the severe damage 

rate of 1% for N=1000 acting waves in equation (E.2.12). One layer is generally used for armor 

blocks. However, two layers may also be used in cases where the shape of the blocks is 

favorable for two-layer placement or sea conditions are severe. 

(6) Armor Units for Breakwater Head 

At the head of a breakwater, strong currents occur locally near the corners at the edge of the 

upright section, meaning that the armor units become liable to move. It is thus necessary to 

verify the extent to which the mass of armor units should be increased at the breakwater head 

by carrying out hydraulic model experiments. If hydraulic model experiments are not carried out, 

it should increase the mass to at least 1.5 times that at the breakwater trunk. As the extent of 

the breakwater head in the case of caisson type breakwater, the length of one caisson may be 

usually adopted. The mass of the armor stones at the breakwater head may also be calculated 

using the extended Tanimoto’s formula. Specifically, for the breakwater head, the velocity 

parameter κ in equation (E.2.9) should be rewritten as follows: 

 

(E.2.15) 

(E.2.16) 

 
Note however that if the calculated mass turns out to be less than 1.5 times that for the 

breakwater trunk, it is preferable to set it to 1.5 times that for the breakwater trunk. 

(7) Armor Units at Habor Side 

It is preferable to decide the necessity and required mass of armor units at the harbor side, not 

only referring to past examples, but also performing hydraulic model experiments if necessary 
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and considering the waves at the harbor side, the wave conditions during construction work and 

wave overtopping etc. 

(8) Reduction of Mass of Armor 

The equations for calculation of the required mass of armor units are normally applicable to the 

horizontal parts and the top of slope. In cases where the mound thickness is minimal, armor 

units of the entire slope have the same mass in many cases. However, in cases where the 

mound is thick, the mass of armor units places on the slope in deep water may be reduced. 

(9) Foundation Mound Armor Units in Breakwaters Covered with Wave-dissipating Blocks 

In the case of breakwaters covered with wave-dissipating blocks, the uplift pressure acting on 

the armor and the current velocities in the vicinity of the mound are smaller than those of 

conventional composite breakwaters. Fujiike et al. carried out model experiments in connection 

with the stabilities of both the armor units of the conventional composite breakwaters and the 

breakwaters covered with wave-dissipating blocks, and proposed a method of multiplicating 

equation (E.2.17) by the compensation rate. Namely, 

 
(E.2.17) 

Where: 

CR : breakwater shape influence factor, it may be used 1.0 for conventional composite 

breakwaters approximately 0.4 for breakwaters covered with wave-dissipating blocks. 

(10)  Flexible Armor Units 

Use of bag-type foot protection units which consist of synthetic fiber net filled with stones as the 

armor units on the foundation mound has various advantages: large stones are not required, 

and mound leveling is not virtually needed because they have high flexibility and can adhere to 

the irregular sea bed. 

E.3.   Required Mass of Armor Stones and Blocks against Currents 

1)  General 

The required mass of rubble stones and other armor materials for foundation mounds to be stable 

against water currents may be generally be determined by appropriate hydraulic model experiments or 

calculated using the following equation. 

 

(E.3.1) 

Where: 
M : stable mass of rubble stones or other armor material (t) 

ρr : density of rubble stones or other armor material (t/m3) 

U : current velocity of water above rubble stones or other armor material (m/s) 

g : gravitational acceleration (m/s2) 
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y : Isbash’s constant, for embedded stones, 1.20; for exposed stones, 0.86 

Sr : specific gravity of rubble stones or other armor material relative to water 

θ : slope angle in axial direction of water channel bed (º) 

This equation was proposed by the C.E.R.C. for calculation of the mass of rubble stones required to 

prevent scouring by tidal currents and is called Isbash’s formula. As also shown in the equation, 

attention should be given to the fact that the required mass of armor units against currents increases 

rapidly as the current velocity increases. The required mass also varies depending on the shape and 

density of the armor units etc. 

2) Isbash’s Constant 

Equation (E.3.1) was derived considering the balance of the drag force of the flow acting on a spherical 

object on a slope and the friction resistance force. The constant y is Isbash’s constant. The values of 

1.20 and 0.86 for embedded stones and exposed stones, respectively, are given by Isbash. It should be 

noted that, because equation (E.3.1) was obtained considering the balance of forces in a steady flow, it 

is necessary to use rubble stones with a larger mass in the place where strong vortices will be 

generated. 
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Annex G. Bearing Capacity for Eccentric and Inclined Loads 

 
 

The circular arc analysis is used as a standard method when examining the bearing capacity for 

eccentric and inclined loads acting on a foundation of gravity type structures. The circular arc analysis 

based on the simplified Bishop method shall be used in this case. The safety factor calculated by the 

following equation shall have an appropriate value in view of the characteristics of the structure. The 

strength constants of the ground as well as action formats of external forces and loads shall be 

determined as appropriate in view of the structural characteristics of facilities. 

 

(G.0.1) 

Where: 
Fs： safety factor against circular failure according to the simplified Bishop method 

W： total weight of slice element per unit length (kN/m) 

α： angle at which the bottom of a slice element intersects the horizontal plane (º) 

R： radius of circular arc slip circle (m) 

H： horizontal external force acting on soil inside the circular slip surface (kN/m) 

a： arm length from the center of circular slip surface to the acting position of horizontal 

external force H (m) 

c： undrained shear strength in clayey ground, or apparent cohesion under drained condition 

in sandy ground (kN/m2) 

b： width of a slice element 

W’： effective weight of a slice element per unit length (sum of soil weight and surcharge) (the 

submerged unit weight when submerged) (kN/m) 

： internal friction angle under drained condition for sandy ground (º); the value is 0º for 

clayey ground 

Gravity type quaywalls and breakwaters are subject to external forces such as the deadweight, earth  

pressure, seismic force, and wave force. The combined result of these forces usually yields an 

eccentric and inclined load. Therefore, for calculating the bearing capacity of foundations, the effects of 

eccentric and inclined loads should also be taken into consideration. The eccentric and inclined loads 

mean that the load inclination ratio is equal to or greater than 0.1. 

Normal gravity type structures are supported with a two-layered system such that a rubble mound layer 

is set on the foundation ground. Thus the method of calculating the bearing capacity should fully reflect 

the characteristics of two-layer system. It is known that the circular arc calculation based on the 

simplified Bishop method can well evaluate the bearing capacity of this type of foundation. This has 
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been proved by a series of researches including laboratory model experiments, in situ prototype 

experiments, and case studies on existing breakwaters and quaywalls. 

G.1.  Analysis of Bearing Capacity by Circular Arc Calculation Based on the Simplified Bishop 
Method 

 Analysis through circular arc calculation based on Bishop method is more precise than the analysis 

based on the modified Fellenius method, except when a vertical load acts on horizontally layered sandy 

ground. Therefore, this method is applied under the condition that eccentric and inclined loads act. As 

shown in Fig. G.1 (a), the start point of the slip surface is set symmetrical about the acting point of 

resultant load to one of the foundation edges that is closer to the load acting point. In this case, the 

vertical load acting on the rubble mound is converted into a uniformly distributed load acting on the 

width 2b as specified in Fig. G.1 (b) and (c). The horizontal force is assumed to act at the bottom of 

structure. When calculating the bearing capacity during an earthquake, seismic force is assumed not to 

act on the rubble mound and the ground. 

G.2.  Safety Factor 

The safety factor is expressed as the ratio of the resisting moment due to shear resistance to the sliding 

moment due to external forces and soil weight, as in the other cases of circular arc analyses. See  

Annex H. Stability Analysis Using Circular Slip Surface Method. Standard values of the safety 

factor are listed in Table G.1 
Table G.1. Safety Factors for Bearing Capacity for Eccentric and Inclined Loads (Simplified 

Bishop’s Circular Arc Method) 

 Quaywalls Breakwaters 

Ordinary condition 1.2 or greater - 

During an earthquake 1.0 or greater - 

Under storm waves - 1.0 or greater 

When subgrade reaction has a trapezoidal distribution;  
 

When subgrade reaction has a triangular distribution;  
 

 
Fig G.1.  Analysis of Bearing Capacity for Eccentric and Inclined Actions 
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G.3.  Strength Parameters for Mound Materials and Foundation Ground  

1) Mound materials  

Model and field experiments on bearing capacity subject to eccentric and inclined loads have verified 

that high precision results can be obtained by con-ducting circular arc analyses based on the 

simplified Bishop method, applying the strength parameters obtained by triaxial compression tests. 

Large-scale triaxial compression test results of crushed stone have confirmed that the strength 

parameters of large diameter particles are approximately equal to those obtained from similar 

gradation materials with the same coefficient of uniformity. Therefore, triaxial compression tests using 

samples with similar grada- tion should be conducted in order to estimate the strength parameters of 

rubbles accurately. If strength tests are not conducted, the values of apparant cohe- sion cd =20 kN/m2 

and internal friction angle d = 35  are applied as the standard strength parameters for  rubbles  

generally  used  in  port  construction works. 

The above standard values have been obtained on the safe side consideration based on the results of 

large-scale triaxial compression tests of crushed stones and the bearing capacity analysis of existing 

breakwaters and quaywalls. It should be noted that the strength parameter for cohesion cd = 20 kN/m2 

is the apparent cohesion, taking account of changes of the internal friction angle d of crushed stones 

due to the confining pressure. Figure G.2 shows the result of triaxial compression tests on various 

types of crushed stones and rubbles. It shows that as the confining pressure increases  d0 d0 

decreases due to particle crushing. The continuous solid line in the figure represents the value under 

the assumption that the apparent cohesion is 20 kN/m2 and the internal friction angle is d =35 . Here, 

the dependency of d0 on the confining pressure is well described by taking the apparent cohesion into 

account. These standard values can be applied only to the stone material with an unconfined 

compressive strength in the parent rock of 30 MN/m2 or more, according to the past studies. If weak 

stones with a compressive strength of less than 30 MN/m2 are used as a part of the mound, the 

strength parameters will be around 20 kN/m2 and d =35 . 

 
Fig. G.2. Relationship between d0 and Lateral Confining Pressure 3 and Apparent Cohesion 
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2) Foundation ground  

Foundations subject to eccentric and inclined loads often cause shallow surface slip failure. In these 

cases, it is important to evaluate the strength near the surface of foundation ground. If the foundation 

ground is sandy, the friction angle d is usually estimated from the N-value. The estimation formulas 

employed up to now have tended to underestimate d in case of  shallow sandy grounds. This is 

because no correction has been made regarding the effective surcharge pressure in situ. Fig. G.3 
collates the results of triaxial compression tests on undisturbed sand in Japan (dotted points) and 

presents a comparative study of the formulas proposed in the past. Even the N-values are less than 

10, internal friction angles of around 40º have been obtained. In many cases, the bearing capacity for 

eccentric and inclined loads is problematic for design not under normal conditions but under dynamic 

external forces such as wave pressure and seismic force. Based on the results of bearing capacity 

analysis of the structures damaged in the past, the values given below are applied as the standard 

values of d in foundation ground. 

Sandy ground with N-value of less than 10: d = 40º 

Sandy ground with N-value of 10 or more: d = 45º 

If the ground consists of cohesive soil, the strength may be determined by the method indicated in Part 
2, 6.2.3.3 Shear Characteristics. 

 
Fig. G.3. Relationship Between N-value and d Obtained by Triaxial Tests of Undisturbed Sand 

Samples 
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Annex H. Stability Analysis Using Circular Slip Surface Method 

 
 

Depending on the ground characteristics, slope stability shall be examined by circular arc analysis 

using the modified Fellenius method as shown in the following equation, or else by an appropriate 

method in accordance with Annex G. Bearing Capacity for Eccentric and Inclined Loads. In the 

analysis as described above, the safety factor shall maintain an appropriate value taking account of 

the characteristics of the ground and structure. 

 


 



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Wcb
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
 (H.0.1) 

where:  

FS: safety factor against circular slip failure according to the modified Fellenius method 

R: radius of slip circle (m). 

c: undrained shear strength of cohesive soil, or apparent cohesion of sandy soil in 

drained condition (kN/m2) 

 : length of base of a segment (m) 

W ’: effective weight of a segment per unit length (the sum of soil self weight and 

surcharge; for submerged part, use the submerged unit weight) (kN/m) 

 : angle of segment base to the horizontal (0) 

 : 0 for cohesive soil, or angle of internal friction of sandy soil in drained condition (º). 

W: total weight of a segment per unit length (the sum of soil self weight, water weight 

and surcharge) (kN/m) 

x: horizontal distance between the center of gravity of a segment and the center of slip 

circle (m). 

H: horizontal external force acting on a soil mass inside a slip circle (water pressure, 

seismic force, wave force and others) (kN/m) 

a: arm length of horizontal external force H with respect to the center of a slip circle (m) 

b: width of segment (m) 

In slope stability analysis, slip failure may be caused by self weight of soil, surcharge, water pressure, 

wave pressure, seismic force and others. Resistance to slip failure is the shear resistance of soil, 

counter weight and others. A safety factor against slip failure of slope is defined as the ratio of the shear 

strength of soil to the shear stress arising on an assumed slip surface. When assuming a circular slip 

surface, it is calculated as the ratio of resisting moment to overturning moment around the center of the 

slip circle. 

In the slice method used for the circular arc analysis, the soil mass inside the slip circle is divided into a 

number of segments by vertical planes. The shear stress and resistant stress of soil on the base of 
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each segment are then calculated. Summing up the stresses all over the segments, a safety factor is 

obtained. For the slice method, the statically determinate condition has to be assumed in order to solve 

for the forces in equilibrium between the segments. Various methods have been proposed depending 

on the assumption used. Generally the modified Fellenius method and the simplified Bishop method are 

used in many cases. 

H.1.  Stability Analysis Method Using Modified Fellenius Method  

Various calculation methods have been proposed for the slice method. They vary in their assumptions 

on the forces acting on the vertical planes between the segments. The modified Fellenius method 

assumes that the direction of resultant force acting on vertical planes between the segments is parallel 

to the base of the segments. This method is also referred to as the simplified method or Tschebotarioff 

method. When a circular arc and a segment are as shown in Fig. H.1, a safety factor according to the 

modified Fellenius method can be obtained using equation (H.0.1). 

For conducting slope stability analysis, the center of a slip circle is set first of all. Of the slip circles that 

take this point as their center, the one that gives the  minimum safety factor is sought for. This safety 

factor then becomes the safety factor for that center point. The safety factors for the other centers are 

then found using the same method. The minimum value obtained via contours for safety factors is 

defined as the safety factor against slip failure of the slope. 

 
Fig H.1. Circular Arc Analysis Using Modified Fellenius Method 

H.2.  Safety Factor 

A safety factor in slope stability problems is the ratio of the shear strength of soil to the shear stress 

arising on an assumed slip surface. As the value of safety factor differs from an assumed slip surface to 

another, the safety factor against slip failure of the slope is the smallest of those obtained by assuming 

different slip surfaces under the given conditions. As a standard, a safety factor more than 1.30 for 

ordinary conditions should be maintained in slope stability analyse for design puposes. However, a 

safety factor between 1.10 and 1.30 may be acceptable under the condition that the design parameters 

are thought to be highly reliable based on the actual performance in the similar subsoil conditions, and 

that construction works are carried out with detailed monitoring of displacements and stresses of the 

ground. 

(Draft)



TCVN XXX-6: 2015 
 

 
 
118

Annex I. Friction Coefficient  

 

The values shown in Table I.1 are values used to verify the stability of facilities against sliding, and 

cannot be used for purposes such as for determining the friction coefficient between the surface of a 

pile and the soil when calculating the bearing capacity of a pile, or the friction coefficient for verifying the 

stability of a sloping breakwater, or the friction coefficient used to calculate the launching of a caisson 

on slope, or the friction angle of a wall to calculate earth pressure. The values shown in Table 9.1 are 

the static friction coefficients when a static actions occur, but there are no appropriate references for 

when dynamic motions occur, such as through seismic forces, so in fact these values are also used in 

such cases.  

Table I.1 Characteristic Values for the Static Friction Coefficient 

Concrete and concrete 0.5 0,5 

Concrete and base rock 0,5 

Underwater concrete and base rock 0,7 đến 0,8 

Concrete and rubble 0,6 

Rubble and rubble 0,8 

Timber and timber 0,2 (wet) to 0,5 (dry) 

Friction enhancement mat and rubble 0,75 

Note 1: Under standard conditions the value 0.8 may be used for the case of underwater concrete and base rock. However, in 

situations such as if the bedrock is brittle or has many cracks, or if there are places where the movement of the sand 

that covers the bedrock is significant, the coefficient can be lowered under such conditions to about 0.7. 

Note 2: Can be referred to for the friction coefficient in the performance verification of cellular blocks. 

Friction Coefficient for Friction Enhancement Mats: if a material such as a bituminous material or rubber 

is used as a friction enhancement mat then the friction coefficient may be taken as 0.75, as shown in 

Table I1. 
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