	Report
	Blockwork Wall Tool Design Methodology
	
	Client:	Haskoning

	

	Reference:	PCXXXX-RHD-XX-XX-RP-X-0001

	Status:	S0/P01.01

	Date:	17 February 2026






Project related

[image: ]
[image: Logo Haskoning including the slogan: Enhancing Society Together]

	17 February 2026	     	PCXXXX-RHD-XX-XX-RP-X-0001	1
	



	Haskoning UK Ltd.
	4th Floor
15 Bermondsey Square
London
SE1 3UN
United Kingdom
Water & Maritime
VAT registration number: 792428892

	Phone: +44 0207 222 2115
Email: info@uk.haskoning.com
Website: haskoning.com

	Document title:	Blockwork Wall Tool Design Methodology

	Subtitle:	

	Reference:	PCXXXX-RHD-XX-XX-RP-X-0001

	Your reference	Click or tap here to enter text.

	Status:	S0/P01.01

	Date:	17 February 2026

	Project name:	XXXX

	Project number:	PCXXXX

	Author(s):	Greg Jackson

	Drafted by:	Greg Jackson

	Checked by:	

	Date:	

	Approved by:	

	Date:	

	Classification:	Project related


 
Unless otherwise agreed with the Client, no part of this document may be reproduced or made public or used for any purpose other than that for which the document was produced. Haskoning UK Ltd. accepts no responsibility or liability whatsoever for this document other than towards the Client.

Please note: this document contains personal data of employees of Haskoning UK Ltd.. Before publication or any other way of disclosing, this report needs to be anonymized, unless anonymisation of this document is prohibited by legislation. This document may have been prepared with the assistance of artificial intelligence (AI); all AI-generated content has been reviewed and validated by our experts.



[image: Logo Haskoning including the slogan: Enhancing Society Together]


Project related


Table of Contents
1	Codes, Standards, and Guidance	1
2	Design Values	2
2.1	Self-Weight of Concrete Blocks	2
2.2	Water	2
2.3	Soil	2
2.4	Surcharge	2
2.5	Bollards	3
2.6	Seismic	3
3	Design Methodology	4
3.1	General	4
3.2	Sliding Check	5
3.3	Overturning Check	5
3.4	Bearing Check	6
4	Design Loads	7
4.1	Design Loads	7
4.2	Design Load Combinations	7
5	Design Factors	8
5.1	Partial Factors on Actions	8
5.2	Partial Factors on Soil Properties	9
5.3	Combination Factors	9
6	Design Loads Methodology	10
6.1	Concrete	10
6.1.1	Self-Weight	10
6.1.2	Inertia	10
6.2	Hydrostatics	10
6.2.1	Tidal Lag	10
6.2.2	Uplift/Downthrust	10
6.2.3	Horizontal	11
6.3	Hydrodynamics	12
6.3.1	Landward	12
6.3.2	Seaward	12
6.4	Earth Pressure	12
6.4.1	Static	12
6.4.2	Seismic	14
6.5	Surcharge	14
6.5.1	Uniformly Distributed Load	14
6.5.2	Patch Load	15
6.5.3	Stacked Load	16
6.6	Bollard Loading	16

Table of Tables
No table of figures entries found.
Table of Figures
Figure 1: Sliding Check Visualisation	5
Figure 2: Overturning Check Visualization	5
Figure 3: Bearing scenario (left), e ≤ B/6 (middle), e > B/6 (right)	6
Figure 4: Bearing Check Visualisation	6
Figure 5: Scenario for submerged weight method. Visualisation of Hydrostatic method: Uplift (red), Downthrust (green)	11
Figure 6: Convention for angles in formulae for calculating the earth pressure coefficient (BS EN 1998-5: E.1)	13
Figure 7: Patch surcharge loading diagram. Piling Handbook, 9th edition (2016), revision 2022 Fig 4.2	15

Appendices
No table of contents entries found.




	17 February 2026	     	PCXXXX-RHD-XX-XX-RP-X-0001	1
	



[bookmark: _Toc194043560][bookmark: _Toc195187450][bookmark: _Toc224755370]Codes, Standards, and Guidance
The maritime structures are designed in accordance with the BS 6349 Maritime Works suite of standards, which in turn implement the Eurocode standards for structural design. This approach provides a consistent design basis which explicitly considers marine structures:

	Ref. Number
	Reference
	Title

	1
	BS 6349-1-2:2016+A1:2017
	Maritime works – Part 1-2: General — Code of practice for assessment of actions

	2
	BS 6349-2:2019
	Maritime works – Part 2: Code of practice for the design of quay walls, jetties and dolphins

	3
	BS EN 1992‑1‑1:2023
	Eurocode 2 — Design of concrete structures Part 1-1: General rules and rules for buildings, bridges and civil engineering structures

	4
	BS EN 1992‑1‑1:2004
	Eurocode 2 — Design of concrete structures Part 1-1: General rules and rules for buildings

	5
	BS EN 1997-1:2004
	Eurocode 7: Geotechnical design – Part 1: General Rules

	6
	NA to BS EN 1997-1:2004
	UK National Annex to Eurocode 7: Geotechnical design – Part 1: General rules

	7
	BS EN 1998-5:2004
	Eurocode 8: Design of structures for earthquake resistance —
Part 5: Foundations, retaining structures and geotechnical aspects

	8
	OCDI
	Overseas Coastal Area Development Institute of Japan: Technical Standards and Commentaries for Port and Harbour Facilities in Japan

	9
	Piling Handbook, 9th edition (2016), revision 2022
	Arcelor Mittal Piling Handbook, 9th edition (2016), revision 2022
















[bookmark: _Ref175051455][bookmark: _Toc194043566][bookmark: _Toc195187451][bookmark: _Toc224755371]Design Values
[bookmark: _Toc194043567][bookmark: _Toc195187452][bookmark: _Toc224755372]Self-Weight of Concrete Blocks
	Property
	Value
	Unit

	Unreinforced Unit Weight
	-
	kN/m3

	Reinforced Unit Weight
	-
	kN/m3

	Reduction for Lifting Holes
	-
	%

	Reduction for Gaps Between Blocks
	-
	%


[bookmark: _Toc194043568][bookmark: _Toc195187453][bookmark: _Toc224755373]Water
	Property
	Value
	Unit

	Unit Weight
	-
	kN/m3

	Landward Level
	-
	m

	Seaward Level
	-
	m


[bookmark: _Toc194043569][bookmark: _Toc195187454][bookmark: _Toc224755374]Soil
	Property
	Value
	Unit

	Dry Unit Weight
	-
	kN/m3

	Wet Unit Weight
	-
	kN/m3

	Angle of Shearing Resistance, 
	-
	°

	Angle of Friction, 
	
	°


[bookmark: _Toc194043570][bookmark: _Toc195187455][bookmark: _Toc224755375]Surcharge
	Property
	Value
	Unit

	Uniform: Live Load
	-
	kN/m2

	Patch: Live Load
	-
	kN/m2

	Patch: breadth (parallel with quay)
	-
	m

	Patch: width (perpendicular with quay)
	-
	m

	Patch: x (location of patch, parallel with quay)
	Varies per Block
	m

	Patch: y (location of patch, offset from back of wall, perpendicular with quay)
	-
	m


[bookmark: _Toc194043571][bookmark: _Toc195187456]
[bookmark: _Toc224755376]Bollards
	Property
	Value
	Unit

	Capacity
	-
	kN

	Spacing
	-
	m



[bookmark: _Toc224755377]Seismic
	Property
	Value
	Unit

	r
	-
	-

	kh
	-
	m/s2

	kv
	-
	m/s2




































[bookmark: _Toc194043575][bookmark: _Toc195187457][bookmark: _Toc224755378]Design Methodology
[bookmark: _Toc224755379]General
The Blockwork Quay Wall design has been carried out in accordance with the requirements of BS EN 1997-1:2004+A1:2013, BS EN 1998-5:2004, and BS 6349-2:2019. Serviceability and Ultimate Limit State design methodology detailed in these codes and guides were followed to check that the structure was satisfactory. These limit states include:

· SLS – Serviceability Limit State
· ULS EQU (Set A) – Equilibrium Limit State
· ULS STR/GEO DA1C1 (Set B) – Structural and Geotechnical Limit State
· ULS STR/GEO DA1C2 (Set C) – Structural and Geotechnical Limit State
· ULS SEISMIC – Seismic Limit State

The partial factors and combination factors associated with each of these limit states are detailed in Sections 5.1 to 5.3. As an initial step, the relevant partial factors were applied to the relevant ground properties. Each action on the structure was then calculated in isolation such that for each block, there existed a set of forces and moments about its seaward base edge (toe) relating to each action. When assessing a block, actions on the block as well as on all blocks above were considered. The partial factors and combination factors were applied to the forces and moments calculated, and the factored actions were then used when designing against the principal modes of failure, which were chosen from the same codes and guides. These principal modes of failure include:

1. Sliding
2. Overturning 
3. Bearing
4. Block-on-block toppling

Block-on-block toppling (EQU limit state) was checked by using Equation 1, BS EN 1997-1 (2.4), which states that the design value of the effect of destabilising actions, Edst;d, should be smaller than or equal to the design value of the effect of stabilising actions, Estb;d. Sliding, overturning and bearing (STR/GEO limit states) were checked by using Equation 2, BS EN 1997-1:2004 (2.5), which states that the design value of the effect of actions, Ed, should be smaller than or equal to the design value of the resistance, Rd. These equations are then used to give a utilisation factor – a value of 1 indicates that all of the partial factors of safety have been met, a value greater than 1 means that there is residual capacity in addition to the required partial factors of safety.





The partial factors associated with the limit state of static equilibrium (EQU) are applied to limit states relating to stability without failure of the ground or structural elements such as block on block toppling. Partial factors associated with the limit state of rupture/excessive deformation of either the ground or the structural elements (STR/GEO) are applied to modes of failure where this occurs such as in bearing, overturning and sliding.

[bookmark: _Toc194043578][bookmark: _Toc195187460][bookmark: _Toc224755380]Sliding Check
For each block, both Ed and Rd were calculated, and Equation 2 was verified. For sliding checks, Ed and Rd refer to the sum of the horizontal forces in the seaward or landward directions, respectively. Vertical forces that cause an anticlockwise or clockwise moment about a block’s toe are added to Ed and Rd, respectively, after being factored by the coefficient of friction, , between blocks, or the angle of shearing resistance, , between the base block and the foundation. Considering  in accordance with BS EN 1997-1:2004 clause 6.5.3 (10), prior to factorization these coefficients were set to  and .
[bookmark: _Toc224755409]Figure 1: Sliding Check Visualisation
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[bookmark: _Toc194043579][bookmark: _Toc195187461][bookmark: _Toc224755381]Overturning Check
For each block, both Ed and Rd were calculated, and Equation 2 was verified. For overturning checks, Ed and Rd refer to the sum of the moments acting in the anticlockwise or clockwise direction about a block’s toe, respectively.
[bookmark: _Toc224755410]Figure 2: Overturning Check Visualization
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[bookmark: _Toc194043580][bookmark: _Toc195187462][bookmark: _Toc224755382]Bearing Check
For the base block, both Ed and Rd were calculated, and Equation 2 was verified. For bearing checks, Ed refers to the maximum bearing pressure, qmax, at the interface between the base of the block and the footing, B, and Rd refers to the bearing resistance of the footing. Additionally, the eccentricity, e, of the resultant of the vertical and horizontal actions was limited to 1/6 of B such that there was no uplift present at the base. This middle third check was also employed for all the other interfaces between block (block-on-block toppling) in the EQU case as this case deals with toppling specifically. The methodology of the bearing check was as follows:















[bookmark: _Toc224755411]Figure 3: Bearing scenario (left), e ≤ B/6 (middle), e > B/6 (right)
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[bookmark: _Toc224755412]Figure 4: Bearing Check Visualisation

 
 
 
 
 
[bookmark: _Toc194043588][bookmark: _Toc195187463][bookmark: _Toc224755383]Design Loads
[bookmark: _Toc194043590][bookmark: _Toc195187465][bookmark: _Toc224755384]Design Loads
The loads and their combinations used for the design of the blockwork wall are listed in the tables below:

	Load
	Symbol
	Stability

	Self-Weight of Concrete
	CW
	Rd

	Dynamic Inertia of Concrete
	CI
	Ed

	Hydrostatic Uplift: Overhangs
	WU, O
	Rd*

	Hydrostatic Uplift: Interfaces
	WU, I
	Rd*

	Hydrostatic Downthrust: Underhangs
	WD, U
	Rd

	Hydrostatic Pressure: Landward
	WLS
	Ed

	Hydrostatic Pressure: Seaward
	WSS
	Rd

	Hydrodynamic Pressure: Landward
	WLD
	Ed

	Hydrodynamic Pressure: Seaward
	WSD
	Ed

	Soil Pressure: Horizontal
	SH
	Ed

	Soil Pressure: Shear
	SS
	Rd

	Uniform Surcharge: Horizontal
	SUU, H
	Ed

	Uniform Surcharge: Shear
	SUU, S
	Rd

	Patch Surcharge: Horizontal
	SUP, H
	Ed

	Patch Surcharge: Shear
	SUP, S
	Rd

	Stacked Surcharge: Vertical
	SUS, V
	Rd

	Stacked Surcharge: Horizontal
	SUS, H
	Ed


* Stabilising due to effective stress principal. These actions are subtracted from Rd so are effectively subtracted from Cw and CI.
[bookmark: _Toc224755385]Design Load Combinations
	Combination Reference
	Combination Description
	Load Combinations

	1
	Permanent + UDL
	CW + CI + WU, O + WU, I + WD, U + WLS + WSS + WLD + WSD + SH + SS + SUU, H + SUU, S + B

	2
	Permanent + Patch
	CW + CI + WU, O + WU, I + WD, U + WLS + WSS + WLD + WSD + SH + SS + SUP, H + SUP, S + B


* Where “+” implies “to be combined with”
[bookmark: _Ref175036316]

[bookmark: _Toc224755386]Design Factors
[bookmark: _Toc194043591][bookmark: _Toc195187466][bookmark: _Toc224755387]Partial Factors on Actions
In accordance with BS 6349-1-2 Table 1, the following partial factors have been applied:

	Load
	SLS
	EQU
	DA1C1
	DA1C2
	SEISMIC*

	
	U
	F
	U
	F
	U
	F
	U
	F
	U
	F

	C
	1
	1
	1.05
	0.95
	1.35
	0.95
	1
	1
	1
	1

	W
	1
	1
	1.05
	0.95
	1.35
	0.95
	1
	1
	1
	1

	S
	1
	1
	1.05
	0.95
	1.35
	0.95
	1
	1
	1
	1

	SUU**
	1
	1
	1.50
	0
	1.50
	0
	1.30
	0
	1
	1

	SUP**
	1
	1
	1.35
	0
	1.35
	0
	1.15
	0
	0
	0

	SUS**
	1
	1
	1.35
	0
	1.35
	0
	1.15
	0
	0
	0

	B***
	1
	1
	1.3
	0
	1.3
	0
	1.15
	0
	0
	0


* BS 6349-1-2:2016 Table 2 states that no partial factors, γ, are to be used in the Seismic case.
** SUU is conservatively taken as Cargo, and SUP & SUS as Equipment.
*** B taken from BS 6349-1-2:2016 Table 8 – Rated Capacity & Accidental Condition

The single source principal described in BS EN 1997-1:2004 states that “Unfavourable (or destabilising) and favourable (or stabilising) permanent actions may in some situations be considered as coming from a single source. If they are considered so, a single partial factor may be applied to the sum of these actions or to the sum of their effects”. This principal was utilised in this design and the favourability of each source is detailed in the Table below:

	Load
	Favourability

	C
	F

	W
	U

	S
	U

	SUU
	U

	SUP
	U

	SUS*
	F

	B
	U


[bookmark: _Toc194043592][bookmark: _Toc195187467]* SUS set to U in bearing.
[bookmark: _Toc224755388]Partial Factors on Soil Properties
Certain soil parameters are also factored in accordance with BS EN 1997-1:2004 Annex A. These factors are applied by multiplying the inverse of the factor with the tangent of the parameter. For example, the design shearing resistance, , is equal to , where  is the factor applied:
	Parameter
	SLS
	EQU
	DA1C1
	DA1C2
	SEISMIC

	Design Shearing Resistance, *
	1
	1.1**
	1
	1.25
	1.25

	Design Angle of Friction, ***
	1
	1.1**
	1
	1.25
	1.25


*  is used in block to foundation friction
** Taken from NA to BS EN 1997-1:2004 Table A.NA.2
***  is used in both wall friction and block to block friction
[bookmark: _Toc224755389]Combination Factors
Following the combination of actions methodology in BS 6349-1-2 Table 2, and in accordance with the values in BS 6349-1-2 Table 3, the following combination factors were applied to the following accompanying variable actions:

	Load
	SLS
	EQU
	DA1C1
	DA1C2
	SEISMIC

	SUU*
	0.7
	0.7
	0.7
	0.7
	0.3

	SUP*
	0.75
	0.75
	0.75
	0.75
	0

	SUS*
	0.75
	0.75
	0.75
	0.75
	0

	B
	0.5
	0.5
	0.5
	0.5
	0


* SUU is conservatively taken as Cargo, and SUP & SUS as Equipment.


[bookmark: _Toc212023815][bookmark: _Toc224755390][bookmark: _Toc194043593][bookmark: _Toc195187468]Design Loads Methodology
This section provides a breakdown of how each action listed in Section 4.1 was calculated. Seismic acceleration is taken into account in these actions by:

· Utilising BS EN 1998-5 Annex E (E.2) to calculate a seismic value of Ka (The calculation of dynamic soil pressures is discussed in Section 6.4.2).
· Multiplying all densities and surcharge magnitudes by (1-kv) to emulate the inertia caused by a downward seismic acceleration in accordance with BS EN 1998-5 Annex E (E.1)
· Including the additional actions of block wall inertia & hydrodynamic effects
[bookmark: _Toc224755391]Concrete
The blockwork wall will be constructed using a reinforced cope and unreinforced precast concrete blocks.
[bookmark: _Toc224755392]Self-Weight
[bookmark: _Toc194043594][bookmark: _Toc195187469]The weight of each block was found by subtracting the volume of its chamfers from the volume of the block idealised as a cuboid and multiplying by the density of concrete. A percentage reduction to the weight due to lifting points and gaps between blocks was then applied to the bocks not cast in situ. Finally, the favourable partial load factor was applied. This action was stabilising so was added to Rd, and a cumulative weight with a cumulative centre of gravity (CoG) was used in the sliding and overturning checks for each block.
[bookmark: _Toc212023818][bookmark: _Toc224755393]Inertia
This action is only non-zero in the seismic case. The horizontal inertia of each block idealised as a cuboid was found by multiplying the density of each block by its volume to get its mass, then multiplying by kh. The chamfer inertia is calculated in a similar manner and is subtracted from this value to get the horizontal inertia for each block. Finally, the unfavourable partial load factor was applied. The density of the blocks was not multiplied by (1-kv) for this action as horizontal inertia relies purely on mass and horizontal acceleration. This action was destabilising so was added to Ed, and a cumulative inertia with a cumulative centre of gravity (CoG) was used in the sliding and overturning checks for each block.
[bookmark: _Toc212023819][bookmark: _Toc224755394]Hydrostatics
[bookmark: _Toc212023820][bookmark: _Toc224755395]Tidal Lag
Characteristic tidal lag was modelled by setting the water on the landward side to 1.17mCD (HAT) and the water on the seaward side to 0.17mCD (MSL). This high water combination gave results with a lower utilisation than the low water combination so only the high water combination was used in the results. BS 6349-1-2:2016 Table 3 states that the tidal lag combination factor should be 0 in the seismic case, so the landward and seaward water height were both set to 1.17mCD (HAT) for the seismic case.
[bookmark: _Toc212023821][bookmark: _Toc224755396]Uplift/Downthrust
The standard procedure to take into account the buoyant effect of a submerged structure is to subtract the weight of the water displaced by the structure from the weight of the structure, which adheres to the effective stress principal in calculating the effective weight of the structure. In this way, the action of the water is joined with the action of the structure’s self-weight, and the combination is considered stabilising and added to Rd with a favourable partial load factor being applied to the combination since C is favourable. Given that buoyant effects usually act to destabilise a structure, the unfavourable partial load factor should be applied to its actions which makes this method nonconservative for buoyancy.

This method is usually quite simple and accurate, however when dealing with structures such as blockwork quay walls, there are some scenarios in which this method becomes more complicated and loses accuracy as shown in Figure 5, such as when the water levels are different or do not reach the same block, or the blocks are overhanging / underhanging. Note that Figure 5 shows the effect of ‘tidal lag’ where the water level is different on the landward and seaward sides of the wall.

Seaward
Landward
Overhang
Underhang
Interface
















[bookmark: _Toc224755413]Figure 5: Scenario for submerged weight method. Visualisation of Hydrostatic method: Uplift (red), Downthrust (green)


An equivalent method to account for buoyancy that splits up the hydrostatic actions caused by overhangs, interfaces, and underhangs was utilised, and is shown in Figure 5. The red pressures indicate destabilising uplifts, and the green pressures indicate stabilising downthrusts. These pressures were calculated by multiplying the unit weight of water by the water height. When assessing a block, all pressures acting on the block and on the blocks above were considered.

Overhangs and underhangs were assigned rectangular distributions since their pressure heads do not change across their surface, and interfaces triangular/trapezoidal distributions depending on if there was a water head on the other side, since their pressure heads vary across their surface. It was assumed that the water permeates the whole block/block interface to allow for full hydrostatic uplift as BS 6349-2 section 6.2.5.6 states. At interfaces above the base of the block being assessed, the uplift and downthrust were equal and cancelled out so were not calculated. At the block’s base interface, only uplift is considered as the downthrust acts on the block below. Chamfers were treated as rectangular corners so were assessed as either overhangs or underhangs.

Both uplift and downthrust were added to Rd being that their overall action was subtracted from C in Rd which is in line with the effective stress principal. This method also allows for an unfavourable partial load factor to be applied, in line with the single source principal, in order to be conservative.
[bookmark: _Toc212023822][bookmark: _Toc224755397]Horizontal
Horizontal hydrostatic pressures on the structure were calculated by multiplying the unit weight of water by the water height. For each block being assessed, the water height was taken as the distance between the level of the water and the base of the block. If the level of the water was below the block, horizontal hydrostatic pressure was not considered. The overall action caused by water was considered destabilising in line with the single source principal; therefore, an unfavourable partial load factor was applied to both landward and seaward actions even though the landward action was stabilising. The landward action was added to Rd and the seaward was added to Ed in line with their stabilities.
[bookmark: _Toc212023823][bookmark: _Toc224755398]Hydrodynamics
The hydrodynamic forces on the wall were calculated in accordance with the methodology outlined in BS EN 1998-5:2004.
[bookmark: _Toc212023824][bookmark: _Toc224755399]Landward 
The landward hydrodynamic thrust is calculated using Equation 20, BS EN 1998-5:2004 (E.17). This relates to the thrust caused by the water in the dynamically pervious soil layers during an earthquake. It is taken as a point load at a depth below the top of the saturated layer equal to 60% of the height of such a layer in accordance with BS EN 1998-5:2004. The factor r in this instance was taken as 1 as there is no explicit mention in these codes of taking the r value as 2 for the landward hydrodynamic thrust. Since this is a point load, its magnitude does not change for each block, however its lever arm increases as the toes of subsequent blocks are further away from the point of application. This increases the moment on subsequent blocks. This action was destabilising so was added to Ed.


[bookmark: _Toc212023825][bookmark: _Toc224755400]Seaward
The seaward hydrodynamic thrust is calculated using Equation 21, BS EN 1998-5:2004 (E.18). This relates to the thrust caused by the water on the seaward side of the wall during an earthquake. Since earthquakes are oscillatory, this thrust can be positive or negative, however it is assumed to be destabilising in order to be conservative. The seaward hydrodynamic thrust is given as a pressure distribution with respect to the distance from the seaward water level. This distribution was integrated to find an expression for the force at depth, shown In Equation 22, and the lever arm of this force was found by applying the principal of the centre of mass of a lamina as shown in Equation 23. r in this instance was taken as 2 as stated in the codes mentioned above. This action was destabilising so was added to Edst;d.




[bookmark: _Toc212023826][bookmark: _Toc224755401]Earth Pressure
[bookmark: _Toc212023827][bookmark: _Toc224755402]Static
The overall action caused by the soil was considered destabilising in line with the single source principal; therefore, an unfavourable partial load factor was applied to both horizontal and shear earth actions even though the shear action is stabilising. The horizontal action was added to Ed and the shear was added to Rd in line with their stabilities.

The vertical earth pressure distribution, , was calculated by multiplying the unit weight of earth, , by the height of the earth, . The horizontal earth pressure distribution,  was then found by multiplying  by the active earth pressure coefficient, , which was calculated using Equation 26, BS EN 1998-5:2004 (E.2):






[image: ][bookmark: _Toc224755414]Figure 6: Convention for angles in formulae for calculating the earth pressure coefficient (BS EN 1998-5: E.1)


 represents the inclination angle of the back of the wall from the horizontal line as shown in Figure 6. In this design,  is calculated for each block by finding the angle between the top right of the block being assessed and the top right of the block beneath.  represents the inclination angle of the backfill surface from the horizonal line and is set to 0.  is also set to 0 in the static case.

The resultant earth force, , on each block was then found by taking an average of  at the top, , and bottom, , of the block being assessed and multiplying by the thickness of the block, . Due to the soil having a non-zero  (the design value of the friction angle between the earth and the wall), and the wall having a non-zero , the resultant force was resolved into horizontal, , and shear (vertical),  actions in accordance with OCDI Part II Chapter 4 (2.2.7) & (2.2.8) by applying a  and  factor, respectively. Applied to the Eurocode convention, these equations are shown as Equations 28 and 29:





The convention for  in OCDI is ‘from the vertical’ with a forwards lean defined as positive, whereas BS EN 1998-5 defines  as ‘from the horizontal’, meaning 90° has no lean. This is why  is used in OCDI and  is used in BS EN 1998-5.
[bookmark: _Ref211948488][bookmark: _Toc212023828][bookmark: _Toc224755403]Seismic
The calculation of the earth pressure in the seismic case was in line with BS EN 1998-5 Annex E and the brief methodology outlined in BS EN 1998-5 clause 7.3.2.3 (3) which states that “The design force should be considered to be the resultant force of the static and the dynamic earth pressures”. In this way, both the static and dynamic earth pressures were required to be calculated. The static earth pressures were calculated following the procedure outlined in Section 6.4.1 with θ set to 0. The static + dynamic earth pressures were calculated following the same procedure, with θ determined by BS EN 1998-5 E.6 and E.16, Equations 30 and 31, for soil above and pervious soil below the water table, respectively:


Note that using calculated values of θ gives the static + dynamic earth pressures. Although the static and dynamic pressures are both taken into account, the way they are combined is not reflective of the earth pressure distribution in the seismic case according to BS EN 1998-5:2004 7.3.2.3 (4)P which states that “The point of application of the force due to the dynamic earth pressures shall be taken to lie at mid-height of the wall”. In this way, the form of the dynamic earth pressures should be assumed rectangular and this distribution is called the seismic increment in some literature. This seismic increment is calculated by calculating the static + dynamic and the static forces in each block, subtracting them to get just the dynamic forces, summing these dynamic forces up, and dividing by the height of the soil layers. This gives a rectangular pressure distribution with a point of application at the mid-height of the wall. This distribution is added to the static distribution to get the seismic earth pressure distribution, which was used to calculate the forces and moments in each block.
[bookmark: _Toc194043599][bookmark: _Toc212023829][bookmark: _Toc224755404]Surcharge
The overall action caused by the surcharge was considered destabilising in line with the single source principal; therefore, an unfavourable partial load factor was applied to both horizontal and shear surcharge actions even though the shear action is stabilising. The horizontal action was added to Ed and the shear was added to Rd in line with their stabilities. The opposite is true for stacked loads except in bearing when they are treated as unfavourable.
[bookmark: _Toc194043600][bookmark: _Toc195187475][bookmark: _Toc224755405]Uniformly Distributed Load
The live uniformly distributed vertical surcharge pressure, , was multiplied by  as defined in Equation 32 to find the live uniformly distributed horizontal surcharge pressure, . When assessing a block, all pressures acting on the block and on the blocks above were considered. For each block, the average  along the block, which due to its rectangular distribution was always , was multiplied by  to get the resultant uniform surcharge force, . This was resolved into horizontal, , and shear (vertical),  actions as described in Equations 34 & 35.








[bookmark: _Toc212023831][bookmark: _Toc224755406]Patch Load
This action is applied directly behind the back of the first block. The methodology for patch loading was taken from the Piling Handbook, 9th edition (2016), revision 2022, clause 4.9.15:











[image: ]Where  represents the pressure distribution caused by the patch load,  the change in vertical earth pressure, and  the change in horizontal earth pressure. They are defined as changes since this method uses the principal of superposition; the change to the earth pressure distribution caused by surcharges can be isolated and added to the set of all actions. The other variables are defined below:[bookmark: _Toc224755415]Figure 7: Patch surcharge loading diagram. Piling Handbook, 9th edition (2016), revision 2022 Fig 4.2


To allow for dissipation of the load at increased depth, the handbook suggest employing the Krey method which provides an envelope that  should be limited to, :





When assessing a block, all pressures acting on the block and on the blocks above were considered. Since the distribution of  was nonlinear, for each block this distribution was found and integrated across  to find the resultant patch surcharge force, . This was resolved into horizontal, , and shear (vertical),  actions as described in Equations 44 and 45. In order to calculate the moment associated with the horizontal force, the COG of the distribution of  in the direction of depth needed to be found which was to be used in calculating the lever arm for the horizontal force, . This was achieved by employing the use of COG equations for a lamina. The lever arm for the shear force, , was taken as the distance from the toe to the back of the block.








[bookmark: _Toc212023832][bookmark: _Toc224755407][bookmark: _Toc194043602]Stacked Load
Stacked loads encompass all loads applied to the top surface of the cope. Vertical stacked loads are simply summed into a force per meter on the cope with their point of application as an average of all the loads. Horizontal loads are also summed into a force per meter but their lever arm is always the distance from cope level to the toe of the blocks.
[bookmark: _Toc212023833][bookmark: _Toc224755408]Bollard Loading
The bollard loading was calculated by dividing the bollard capacity by the spacing between bollards. The mooring line was assumed horizontal as this created the largest destabilising moments so was the most conservative scenario. The bollard loads were found to be destabilising so an unfavourable partial load factor was applied to them and they were added to Ed.
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