Evolution Group 7 - Pile Design

Summary of UK Design for Pile Movements - Chris Raison

1. Introduction

In the UK there are no specific requirements given in the National Annex covering
calculation of pile settlement or horizontal movement. Focus is on determination of
the ULS design actions to check bearing capacity or pile stresses due to horizontal
load.

Pile design in the past to superceded British Standards was based on use of Factors
of Safety (FoS), either a single factor applied to the total pile capacity, or two factors
applied independently to the pile shaft capacity and the end bearing capacity. Values
adopted for FoS were generally high to cater not only for limited data, uncertainties
and variations in the ground conditions and pile construction, but also to provide a
degree of control over pile settlement. This has meant that the accurate prediction
of pile settlement has not been a main priority and pile load testing has been the
primary confirmation of acceptable behaviour.

Neither was horizontal load design adequately covered by the old British Standards.
High FoS were usually adopted again as a means of keeping horizontal movements
small. However in this case, load testing is extremely rare and limited to projects
where determination of horizontal load behaviour is more important.

EC7 has attempted to separate uncertainties related to the ground or the piling from
SLS pile behaviour by applying smaller partial factors to the known uncertainties, but
increasing the requirements for the Designer to investigate SLS behaviour. However,
although pile settlement and horizontal movement has been identified as important
SLS behaviour, neither are adequately covered by EC7 or by the UK NA.

2. Current UK Practice

There are three main approaches adopted in the UK for determining pile behaviour;
load testing; empirical methods; calculation methods.

2.1.Load Testing

An example of the typical output from a high quality computer controlled pile
load test is given in Figure 1. This is a preliminary extended three cycle proof
load test taken to peak loads of 1,600kN, 2,400kN and then 5,200kN on a
600mm diameter Cfa pile. To be of maximum benefit and to allow extrapolation
of the test results to cover variations in pile length, diameter and local ground
conditions, it is necessary to carry out detailed back-analysis of the load test. An
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example is shown in Figure 2 based on the CEMSET method and computed
shaft and end bearing resistances as shown in Figure 3.

The major disadvantage of pile load testing as a means of both design and
verification of settlement performance is the complexity of dealing with variations
in ground conditions, pile diameter and length across a particular project. To
investigate all possible arrangements would be extremely expensive, uneconomic
and impractical on most sites.

It is also possible to carry out horizontal load tests. Particular disadvantages are
that most piles are installed in groups which provide significant head fixity and a
combined axial load and lateral load. Testing groups of piles under representative
conditions is barely feasible. As such, most lateral load tests are carried out as
free headed without axial load.

2.2.Empirical Methods:

Empirical methods are based on experience and the observation that pile shaft
friction is normally mobilised at a movement equal to about 1% of the pile
diameter and end bearing at a movement equal to about 10% of the pile
diameter as illustrated in Figure 4. Based on an estimate of the shaft friction
and end bearing, it is possible to create an approximate load settlement
relationship. This approach is good for understanding behaviour but is not
rigorous.

Empirical methods for horizontal load are not commonly available in the UK.
2.3.Settlement Calculation:

There are a number of computational approaches for assessing pile settlements
available as computer programs in regular use in the UK as follows:

PIGLET Closed form elastic continuum equations
Randolph (1980)

CEMSET Simplified hyperbolic functions for the pile base and shaft
Fleming (1992)

PILSET Iterative approach based on Mindlin equations
Poulos & Davis (1980) - Oasys Limited

REPUTE Based on boundary elements - PGroupN
Basile (1997) - Geocentrix Limited

Examples of pile settlement calculations based on all four methods are attached
in Appendices A to D.
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2.4.Horizontal Movement Calculation:

There are a number of computational approaches for assessing pile horizontal
movements available as computer programs in regular use in the UK as follows:

PIGLET Closed form elastic continuum equations
Randolph (1980)

ALP Iterative approach based on beam elements and soil-structure
interaction using Winkler springs - Oasys Limited

REPUTE Based on boundary elements - PGroupN
Basile (1997) - Geocentrix Limited

WALLAP Iterative approach based on beam elements and soil-structure

interaction using Winkler springs - Geosolve Limited

Examples of pile settlement calculations based on the first three methods are
attached in Appendices E to G.
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SUFFOLK WfE FACILITY - WASTE BUNKER

Figure 2
Preliminary Test Pile PTP1
SINGLE PILE SETTLEMENT CALCULATION
See A new method for single pile settlement prediction and analysis.
Fleming, W.G.K. (1992). Geotechnique 42, No 3, 411-425
CALCULATION DATA
Ds 0.600 m SHAFT DIAMETER
Db 0.600 m BASE DIAMETER
Us 3123 kN SHAFT CAPACITY
Ub 2262 kN END BEARING CAPACITY
L 20.60 m PILE LENGTH
Lo 2.00 m LOW FRICTION LENGTH
Lf 18.60 m FRICTION TRANSFER LENGTH
Ms 0.006 SHAFT FLEXIBILITY FACTOR
Eb 110000 kPa YOUNG'S MODULUS OF SOIL BENEATH PILE BASE
Ec 20000000 kPa CONCRETE YOUNG'S MODULUS
Ke 0.45 EFFECTIVE COLUMN LENGTH FACTOR
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TC250/SC7 Rai son Fost er Job No. Sheet No. Rev.
Evolution Group 7 Associ at es C12/ 001 Figure 3
SUFFQK B WFAQ LI TY - WASTE BUNKER Dg Re.
600mm CFA PRELI M NARY TEST PI LE VTG o o Trecked
Shaft Beta 0.8 - Enhanced base e CAR e21- Feb- 13 aF’TPl—CKF’L ecke
Pl LE BEARI NG CAPACI TY

Pile System Cfa bored D ameter 600 nmm
Soi | Top Soi | Shaft Stress Shaf t
Descri ption Level Type Top Base Friction
(mOoD) (kPa) (kPa) (kN)
Granul ar BACKFI LL 9. 40 Dr ai ned 0 6 6
Very soft PEAT 8. 40 Undr ai ned 15 15 28
Dense gravel |y SAND 7.40 Dr ai ned 11 44 234
Struct urel ess CHALK 2.90 Chal k 50 114 1223
Very weak CHALK -5.00 Chal k 114 165 1632
Pile Toe Level -11.20 nOD NEGATI VE SHAFT FRI CTI ON 0 kN
Base stress 8000 kPa SHAFT CAPACITY 3123 kN
END BEARI NG CAPACI TY 2262 kN
ULTI MATE CAPACI TY 5385 kN
Mai ntai ned | oad test to ultinmate capacity EC7 Model Fact or 1.2
Characteristic Shaft Resistance Rsk 2603 kN
Characteristic End Bearing Resistance Rok 1885 kN
Characteristic Pile Resistance Rk 4487 kN
Settlement verified by |oad test EC7 Resi stance Factors
Shaft Fact or 1.4
End Beari ng Factor 1.7
Shaft Tensi on Factor 1.7
UK Nat i onal EC7 DESI GN RESI STANCE Rcd 2968 kN
Annex to EC7 EC7 DESI GN TENSI ON RESI STANCE Rtd 1531 kN
Factor Set R4 Pl LE LENGTH 20.60 m
Program KPI LE v2. 0- ECY (c) Gris Raison Assoc. 2013 Fle PTP1-C H4 Page
File bearing capacity cal cul ation Witten 21-Feb-13 Tine 9:19



250 Figure 4

TOTAL
1000 /w""’ —
- / SHAFT
LOAD (kN)500 é WORKING LOAD
- BASE
250

0 5 10 15 20 25 30 35 40 45 50
SETTLEMENT (mm)

1250

TOTAL

1000

750 = SHAFT

LOAD (kN
(KN) WORKING LOAD

°00 s BASE

0 5 10 15 20 25 30 35 40 45 50
T SETTLEMENT (mm) T

1% Diam 10% Diam



PIGLET Pile Settlement Computation

Pile Properties

Appendix A

Pile axial load P, 2000 kN
Pile shaft diameter D, 600 mm
Pile base diameter Dy 600 mm
Pile length L 20.60 m
Low friction length L, 2.00 m
Friction transfer length L 18.60 m
Concrete modulus E, 20000 MPa
Pile shaft radius ro 0.300 m
Pile base radius o 0.300 m
Soil Properties

Young's modulus at ground level E, 10.68 MPa
Young's modulus gradient dE/dz 5.34 MPa
Young's modulus beneath pile base E, 110.00 MPa
Poissons's ratio v 0.20
Shear modulus at ground level G, =E/2(1+V) 4.45 MPa
Shear modulus gradient m = dG/dz 2.22 MPa
Shear modulus at depth L G =G+ mxL, 45.83 MPa
Effective pile length for shear modulus L. based on iteration 18.60 m
Equivalent shear modulus at depth L. G =G+ mx L, 45.83 MPa
Average shear modulus at depth L./2 G,e = Gt mx L/2 25.14 MPa
Shear modulus beneath pile base G, 45.83 MPa
Calculation Factors

Eta n=ry/re 1.00000

Xi £€=G,/G, 1.00000

Rho p = G,./G, 0.54854
Lamda A=E,/G, 436.36411
Radius of influence rm=00.25+(25p (1 -v) -0.25) x €] x L, 20.40581 m
Zeta C=1In(ry/r,) 4.21979

Mu M =sqrt(2/Tx A)/r, 0.10986

Mu x L uL, 2.04332

exp (Mux L) et 7.71619

exp (-Mu x L) et 0.12960
Tanh (Mu x L) Tanh(pL,) 0.96696
Cosh (Mu x L) Cosh(uL,) 3.92290

4 Eta / (1-v) Xi 4n/(1-v)x ¢ 5.00001

2 PiRho / Zeta 21p/7 0.81677
Tanh (MuxL)/(MuxL)xL/r, [Tanh(uLy)/(KL)] x (L/1,) 29.34035

Load settlement ratio P./G r W, 26.16440

Pile base load to total load ratio P./P, 0.04400

Unit shaft compression of free length Le/EA, 0.00035 mm/kN
Unit pile settlement 1/Grow; 0.00278 mm/kN
Unit pile head settlement 0.00313 mm/kN
Pile axial load P; 2000 kN
Pile shaft load P, 1912 kN
Pile base load P, 88 kN
Pile head settlement W, 6.27 mm




SUFFOLK WfE FACILITY - WASTE BUNKER

600mm Preliminary Test Pile PTP1

See A new method for single pile settlement prediction and analysis.
Fleming, W.G.K. (1992). Geotechnique 42, No 3, 411-425
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Job No. Sheet No. Rev.
TC2501SC7 Oasys Ltd.
Evolution Group 7 C12/001 Appendix C1
SUFFOLK EfW FACILITY - WASTE BUNKER Drg. Ref.
600mm CFA PRELIMINARY TEST PILE
Shaft Beta 0.8 - Enhanced base g:ge by bate Checked
Pile Stress [kPa]
-7353. -2451. 2451. 7353.
12.00 Limiting shaft skin friction
Shaft skin friction
Pile stress
Pile displacement
Solid circular piln
10.00 k[) Diameter = 0.60 m
Granular BACKFILL /,\
K =1.00 Delta = 35.00 deg
Very soft PEAT* °
8.000 | Cu@top = 25.00 kPa Cu@base = 25.00 kPa a
Dense gravelly SAND .
K '=1.00 Delta = 35.00 deg
6.000 .
4.000
Structureless CHALK °
Beta = 0.80 .
2.000
5 0 .
Q .
£
5 o
>
[0}
- -
-2.000
-4.000 - / /
Weak CHALK* .
Beta = 0.80
-6.000 °
-8.000 © \
-10.00 . \/\
- \
-12.00
*-Horz. eff. stress not calculated as K is unavailable.
-171.5 -57.18 57.18 171.5
-6.789 -2.263 2.263 6.789
Scale x 1:198 y 1:147
Skin friction [kPa]
Displacement [mm]
PTP1 back analysis - settlement.pls : Loads and displacments Increment - 1000 : Total Increment load = 2000 [kN]
Program Pile Version 19.4 Copyright © 2000-2013 Page 1
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TC250/SC7 Oasys Ltd. Job No. Sheet No. Rev.
Evolution Group 7 C12/001 Appendix C2
SUFFOLK EfW FACILITY - WASTE BUNKER Drg. Ref.
600mm CFA PRELIMINARY TEST PILE
Shaft Beta 0.8 - Enhanced base g:ge by Date Checked

Analysis Options

Datum type Elevation based
Effective stress profile Calculated
Rigid boundary level -20.00 mOD
Poisson's ratio of soil 0.25

Young's modulus of soil above toe level of pile 50000.00 kPa
Young's modulus of soil below toe level of pile 110000.00 kPa
Number of pile elements 30

Increment type: Both loads and displacements
Number of load & displacement increments 1000

Increment results would be printed once every 1000 increments
Include effect of soil above pile base in base displacement Yes

calculation

Pile Properties

Pile type Solid
Pile cross-section Circular
Under-ream No
Young's modulus of pile 20.000E+6 kPa
Calculation profile Single
Pile length 20.600 m
Cross-section Shaft

diameter

[m]

Cross-section 1 0.60000

Undrained Materials - General Data

No. Material Bulk Cu Top Cu Base Cu
description unit material
weight factor
[kN/m?] [kPa] [kPa]
1 Very soft 17.000 NA 25.000 25.000
PEAT

Undrained Materials - Skin Friction Data

No. Material Skin friction Alpha ds ds,lim

description computation
Top Base Spec. Value
[kPa] [kPa] [kPa]
1 Very soft Alpha specified 0.60000 NA NA No NA
PEAT

Undrained Materials - End Bearing Data

No. Material End bearing Nc dp db,lim

description computation
Top Base Spec. Value
[kPa] [kPa] [kPa]
1 Very soft Nc specified 9.0000 NA NA No NA
PEAT

Undrained Materials - Material Factors (Code Based)

No. Material Qs factors Nc factors Qb factors
description

M1 M2 M1 M2 M1 M2

1 Very soft PEAT N.A. N.A. 1.0000 1.0000 N.A. N.A.

Drained Materials - General Data

No. Material Bulk Tan (3)
description unit material
weight factor
[kN/m?*]
1 Granular 19.000 NA
Program Pile Version 19.4 Copyright © 2000-2013 Page 1
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Job No. Sheet No. Rev.
TC250/SC7 Oasys Ltd.
Evolution Group 7 i
P C12/001 Appendix C3
SUFFOLK EfW FACILITY - WASTE BUNKER Drg. Ref.
600mm CFA PRELIMINARY TEST PILE
Shaft Beta 0.8 - Enhanced base g:ge by Date Checked
No. Material Bulk Tan (3)
description unit material
weight factor
[kN/m?1
BACKFILL
2 Dense 20.000 NA
gravelly SAND
3 Structureless 20.000 NA
CHALK
4 Weak CHALK 20.000 NA
Drained Materials - Friction Data
No. Material Skin friction Beta Delta Coefficient ds ds,lim
description computation (8) of earth
pressure K
Top Base Spec. Value
[Deg] [kPa] [kPal [kPal]
1 Granular Earth pressure NA 35.000 1.0000 NA NA No NA
BACKFILL
2 Dense Earth pressure NA 35.000 1.0000 NA NA No NA
gravelly SAND
3 Structureless Beta specified 0.80000 NA NA NA NA No NA
CHALK
4 Weak CHALK Beta specified 0.80000 NA NA NA NA No NA
Drained Materials - End Bearing Data
No. Material End bearing Ng Phi' PhiD Phicv' Ir dp db,1lim Ng-Phi
description computation curves
Top Base Spec. Value
[Deg] [Deg] [Deg] [kPa] [kPa] [kPa]
1 Granular Ng specified 45.000 NA NA NA NA NA NA No NA NA
BACKFILL
2 Dense Ng specified 75.000 NA NA NA NA NA NA No NA NA
gravelly SAND
3 Structureless gb specified NA NA NA NA NA 1000.0 1000.0 No NA NA
CHALK
4 Weak CHALK gb specified NA NA NA NA NA 8000.0 8000.0 No NA NA
Drained Materials - Material Factors (Code Based)
No. Material Qs factors Ng factors Qb factors
description
Ml M2 M1l M2 M1 M2
1 Granular N.A. N.A. 1.0000 1.0000 N.A. N.A.
BACKFILL
2 Dense gravelly N.A. N.A. 1.0000 1.0000 N.A. N.A.
SAND
3 Structureless N.A. N.A. N.A. N.A. 1.0000 1.0000
CHALK
4 Weak CHALK N.A. N.A. N.A. N.A. 1.0000 1.0000
Soil Profiles
Soil Profile 1: Soil Profile 1
No. Level Material description Contribute to
negative skin
friction
[mOD]
1 9.4000 Granular BACKFILL No
2 8.4000 Very soft PEAT No
3 7.4000 Dense gravelly SAND No
4 2.9000 Structureless CHALK No
5 -5.0000 Weak CHALK No
Soil Profile - Groundwater Map
No. Soil Profile Groundwater
1 Soil Profile 1 Groundwater Profile 1
Applied Loads & Displacements
Program Pile Version 19.4 Copyright © 2000-2013 Page 2
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Displacement Radii
No. Radius

[m]
1 25.00

Convergence Control Data

Maximum number of iterations 1000
Tolerance for displacement 0.01 mm
Tolerance for skin friction 1.00 kPa
Damping coefficient 1.00
Ultimate pile base pressure 0.00 kPa

Calculated Limiting shaft skin friction
Soil Profile 1: Soil Profile 1
Cross Section 1

Level Limiting shaft
skin friction

[mOD] [kPa]
9.40 0.00
8.40 6.44
8.40 15.00
7.40 15.00
7.40 11.48
2.90 43.62
2.90 49.84
-5.00 114.30
-11.20 164.90

SETTLEMENT RESULTS
Soil Profile 1: Soil Profile 1

Results for Length 20.60 [m] Cross-section 1 Load & Displacement increment 1000

Load applied to pile = 2000.00 kN
Converged at iteration number = 3

Maximum displacement = 6.53 mm at node 1
Displacement error = 0.00 mm
Skin friction error = 0.22 kPa

Stresses and Displacements along Pile

Level Shaft skin Pile Pile
friction stress displacement

[mOD] [kPa] [kPa] [mm]
9.06 2.21 7068.49 6.53

8.37 15.00 7029.09 6.28

7.68 15.00 6960.43 6.04

7.00 14.36 6893.22 5.81

6.31 19.27 6816.24 5.57

5.62 24.17 6716.80 5.34

4.94 29.08 6594.92 5.11

4.25 33.98 6450.59 4.89

3.56 38.89 6283.81 4.67

2.88 50.03 6080.29 4.46

2,19 55.63 5838.44 4.25

1.50 61.24 5570.93 4.05

TC250/SC7 Oasys Ltd. Job No. Sheet No. Rev.
Evolution Group 7 C12/001 Appendix C4
SUFFOLK EfW FACILITY - WASTE BUNKER Drg. Ref.
600mm CFA PRELIMINARY TEST PILE
Shaft Beta 0.8 - Enhanced base g:ge by Date Checked

No. Soil Profile Groundwater

Level Applied Prescribed soil Load factor
load displacement Al A2

[mOD] [kN] [mm]
9.40 2000.00 0.00 1.00 1.00

Program Pile Version 19.4 Copyright © 2000-2013
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TC250/SC7
Evolution Group 7

Oasys Ltd.

SUFFOLK EfW FACILITY - WASTE BUNKER
600mm CFA PRELIMINARY TEST PILE
Shaft Beta 0.8 - Enhanced base

Job No. Sheet No. Rev.
C12/001 Appendix C5
Drg. Ref.

Made by Date Checked

CAR

Base pressure =

Level Shaft skin

friction

[mOD] [kPa]
0.82 66.84
0.13 72.44
-0.56 74.38
-1.24 61.92
-1.93 57.49
-2.62 53.69
-3.30 50.61
-3.99 48.03
-4.68 45.85
-5.36 44 .04
-6.05 42.56
-6.74 41.41
-7.42 40.62
-8.11 40.26
-8.80 40.45
-9.48 41.72
-10.17 42.48
-10.86 78.46

1131.78 kPa

Pile
stress
[kPa]

5277.
4958.
4622.
4310.
4037.
3783.
3544.
3318.
3103.

Vertical Displacements in Soil

Pile
displacement

Level Distance in [m] from pile center
25.00
[mOD] [mm]
9.06 0.08
8.37 0.08
7.68 0.08
7.00 0.08
6.31 0.08
5.62 0.08
4.94 0.08
4.25 0.08
3.56 0.08
2.88 0.08
2.19 0.08
1.50 0.08
0.82 0.08
0.13 0.08
-0.56 0.08
-1.24 0.07
-1.93 0.07
-2.62 0.07
-3.30 0.07
-3.99 0.07
-4.68 0.06
-5.36 0.06
-6.05 0.06
-6.74 0.05
-7.42 0.05
-8.11 0.05
-8.80 0.04
-9.48 0.04
-10.17 0.04
-10.86 0.03
-11.20 0.05

NDNONNNNDNDNDNNNDNDNDNDNDWWWWWW

Base displacement
Ultimate base pressure has not been entered. Base pressure calculated by Pile should be checked against
ultimate base pressure.

= 2.04 mm

Program Pile Version 19.4 Copyright © 2000-2013
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TC250/SC7 - EG7

Project
Property Value
Name TC250/SC7 - EG7
Description Example Settlement

Calculation

Suffolk EfW Facility - Waste

Bunker

600mm Cfa Preliminary Test

Pile
Project number C12/001
Revision
Made by Chris Raison
Date 2013-02-21
Client
Company Raison Foster Associates
Piles
Pile Length Diameter Coordinates Rake

Embedded Free Shaft Internal Base X Y XZ Yz
1 18.600 m 2.000m 0.600m 0.0m 0.600 m 0.0 m 0.0 m 0.0 deg 0.0 deg
Layers
Layer Type Thickness Axial soil modulus Lateral soil modulus
At top Gradient At top Gradient

1 Drained Layer 18.600 m 10.700 MPa 5.340 MN/m3 10.700 MPa 5.340 MN/m3
2 Drained Layer 5.000 m 110.000 MPa 0.0 MN/m3 110.000 MPa 0.0 MN/m3
3 Rigid Layer
Loads
Load Vertical Axis Horizontal X-Axis
Case ForceV X Position Y Position Force H Moment M
1 2.000 MN 0.0 m 0.0 m 0.0 MN 0.0 MNm

Young's modulus
Axial
20.000 GPa

Poisson's ratio

0.200
0.200

Horizontal Y-Axis
Force H v

0.0 MN

Appendix D1

Lateral
20.000 GPa

Below water table

yes
yes

MomentM
0.0 MNm



Appendix D2

Options

Parameter Value

Analysis 2-dimensional/linear
No of load increments 1

No of elements per pile 15

Repute v1.60 ©2002-7 Geocentrix Ltd. All rights reserved.
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TC250/SC7 - EG7

Key results
Pile cap

Action
Effect

Pile

Vertical Z-Axis Horizontal X-Axis

Force/Displacement Force/Displacement Moment/Rotation
2000.0 kN 0.0 kN 0.0 kNm

6.081 mm 0.0 mm 0.0 x10 “3rad

Vertical Z-Axis Horizontal X-Axis
Force at head Force at head Moment at head
2000.0 kN 0.0 kN 0.0 kNm

PGroupN v1.71 Part of Repute ©2002-7 Geocentrix Ltd. All rights reserved.

T:\Raison Foster Associates\TC250-SC7 - EC7 Evolution Group - Piling\CAR documen

Horizontal Y-Axis

Force/Displacement

0.0 kN
0.0 mm

Horizontal Y-Axis
Force at head
0.0 kN

Appendix D3

Moment/Rotation
0.0 kNm

0.0  x10 “3rad

Moment at head
0.0 kNm

2013-02-21



Appendix D4

TC250/SC7 - EG7

Pile loads
Pile 1
Element Force at top of element Moment at top of element
Z-Axis X-AXxis Y-Axis X-Axis Y-Axis
0 2000 kN 0 kN 0 kN 0 kNm 0 kNm
1 2000 kN 0 kN 0 kN 0 kNm 0 kNm
2 1971.9 kN 0 kN 0 kN 0 kNm 0 kNm
3 1901.8 kN 0 kN 0 kN 0 kNm 0 kNm
4 1810.5 kN 0 kN 0 kN 0 kNm 0 kNm
5 1702.3 kN 0 kN 0 kN 0 kNm 0 kNm
6 1582.1 kN 0 kN 0 kN 0 kNm 0 kNm
7 1453.9 kN 0 kN 0 kN 0 kNm 0 kNm
8 1320.6 kN 0 kN 0 kN 0 kNm 0 kNm
9 1184.2 kN 0 kN 0 kN 0 kNm 0 kNm
10 1046.1 kN 0 kN 0 kN 0 kNm 0 kNm
11 906.7 kN 0 kN 0 kN 0 kNm 0 kNm
12 765.4 kN 0 kN 0 kN 0 kNm 0 kNm
13 620.2 kN 0 kN 0 kN 0 kNm 0 kNm
14 466.9 kN 0 kN 0 kN 0 kNm 0 kNm
15 298.8 kN 0 kN 0 kN 0 kNm 0 kNm
Bearing Force
Pile toe 58.0 kN

PGroupN v1.71 Part of Repute ©2002-7 Geocentrix Ltd. All rights reserved.
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Appendix E
Derivation of Maxiumum Pile Moment and Movement/Rotation 21/02/2013

Based on Randolph's (1981) Elastic Continuum Method

Pile Information

Pile diameter (mm) 600 mm
Pile modulus, E, 20 GPa
Pile head fixity (Free/Fixed) Free

Applied Loads
Applied horizontal load, H

Soil Information

o

Poisson's ratio, p 0.2

Shear modulus at pile cut off level, G, 2000 |kPa

Rate of increase of shear modulus with depth, dG/dz 1440 |kPa/m

Derived critical length, |, 5.804 Im 9.7 Diameters
Derived characteristic modulus, G, 7105 |kPa

Derived homogeneity factor, p, 0.66 |m

Maximum moment is given by : 109.8 |kNm

[If negative, moment is a fixing moment at pile cut off level]

Maximum movement is given by : 7.8 mm 1.30% [Diameters
Maximum rotation is given by : 0.17 |degrees
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600mm CFA BEARING PILES - 125kN Horizontal

. Made by Date Checked
SLS Analysis CAR 21-Feb-2013
14.00
/ \/ / \ / \/ \/ / \ \/ \/ \ V446 goUN \/ / \/ \
10.00kN/m? 11
12.00 Lt
] [2]
10.00
8.000
6.000
4.000 I
T 3]
2.000
L[] [4]
.0
______ Calc Displacements L1 (5]
‘ L
-15.00 -10.00 -5.000 .0 5.000 10.00 15.00
Scale x 1:140 y 1:140 Displacement [mm]
Output for load increment 1
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600mm CFA BEARING PILES - 125kN Horizontal

. Made by Date Checked
SLS Analysis CAR 21-Feb-2013
Shear [kN]
-150.0 -100.0 -50.00 .0 50.00 100.0 150.0
14.00
/ \/ [ \ / \/ \/ \/ \ \/ \/ \ \/ 1:1:0 Kl \/ \/ / \/ \
12.00 10.00kN/m? [—— [1}
\ il
T [2]
10.00
8.000
6.000
4.000
] [3]
2.000 A\
] [4]
.0
__ BhearForce L1 (5]
Bending Mpment mE
-150.0 -100.0 -50.00 .0 50.00 100.0 150.0
Scale x 1:140 y 1:140 Bending [kNm]
Output for load increment 1
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T:\Raison Foster Associates\TC250-SC...\EG7 horizontal movements-SLS - free head.alw

Printed 21-Feb-2013

Time 16:03



TC250/SC7 RAISON FOSTER ASSOCIATES Job No. Sheet No. Rev.
Evolufion Group 7 C12/001 Appendix F3
SUFFOLK EfW FACILITY - ZONES 6 & 7 Drg. Ref.
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. Made by Date Checked
SLS Analysis CAR 21-Feb-2013
14.00
A A— L LV v VW V42600 %NV AR 8 T A
10.00kN/m2 11
12.00 Lt
] [2]
10.00
8.000
6.000
4.000
/] [3]
2.000
] [4]
.0
__ WaterTable Ll (5]
-150.0 -100.0 -50.00 .0 50.00 100.0 150.0
Scale x 1:140 y 1:140 Pressure [KN/m?]
Output for load increment 1
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TC250/SC7 RAISON FOSTER ASSOCIATES2eb No. Sheet No. Rev.
Evolufion Group 7 C12/001 Appendix F4
SUFFOLK EfW FACILITY - ZONES 6 & 7 Drg. Ref.
600mm CFA BEARING PILES - 125kN Horizontal =

: Made b Date hecked
SLS Analysis CAR 21-Feb-2013
Notes
General Data
Nunber of increnents =1
I ncrenent applied | oads only
Geometry and Initial state
Node Level Soil El Di anmeter \Water Soi

Pressure Disp
[m [ kNm2] [m [kN'n?] [
1 12.5 1 125000. 0. 600 0.0 0.0
2 12.0 1 125000. 0. 600 0.0 0.0
3 11.5 1 125000. 0. 600 0.0 0.0
4 11.0 1 125000. 0. 600 0.0 0.0
5 10.5 2 125000. 0. 600 0.0 0.0
6 10.0 2 125000. 0. 600 0.0 0.0
7 9. 50 2 125000. 0. 600 0.0 0.0
8 9. 00 2 125000. 0. 600 0.0 0.0
9 8. 50 2 125000. 0. 600 4.90 0.0

10 8. 00 2 125000. 0. 600 9.80 0.0

11 7.50 2 125000. 0. 600 14.7 0.0

12 7.00 2 125000. 0. 600 19.6 0.0

13 6. 50 2 125000. 0. 600 24.5 0.0

14 6. 00 2 125000. 0. 600 29.4 0.0

15 5.50 2 125000. 0. 600 34.3 0.0

16 5. 00 2 125000. 0. 600 39.2 0.0

17 4,50 2 125000. 0. 600 44,1 0.0

18 4,00 2 125000. 0. 600 49.0 0.0

19 3.50 3 125000. 0. 600 53.9 0.0

20 3. 00 3 125000. 0. 600 58.8 0.0

21 2.50 3 125000. 0. 600 63.7 0.0

22 2.00 3 125000. 0. 600 68.6 0.0

23 1.50 4 125000. 0. 600 73.5 0.0

24 1.00 4 125000. 0. 600 78.4 0.0

25 0.500 4 125000. 0. 600 83.3 0.0

26 0.0 4 125000. 0. 600 88.2 0.0

27 -0.500 5 125000. 0. 600 93.1 0.0

28 -1.00 5 125000. 0. 600 98.0 0.0

29 -1.50 5 125000. 0. 600 103. 0.0

30 -2.00 5 125000. 0. 600 108. 0.0
Soil Properties
El astic-plastic soils
Factor on soil E value: 0.80
No. Top E Uni t Phi Kq Kc c(top) dc/ dz

node Wt .
[kN' n?] [kN n#] [deg] [kN'n?] [kKN n?/ M
1 1 15000. 20.0 35.0 - - 0.0 0.0
2 5 37500. 20.0 35.0 - - 0.0 0.0
3 19 40000. 20.0 35.0 - - 0.0 0.0
4 23 50000. 20.0 35.0 - - 0.0 0.0
5 27 60000. 20.0 35.0 - - 0.0 0.0
Calculated Ky and K¢ Values
Node Z/D Kq Ke
1 0.0 7.03 8.93
2 0.833 8.56 20.7
3 1.67 9.93 30.2
4 2.50 11.2 38.0
5 3.33 12.3 44.5
6 4.17 13.3 50.1
7 5.00 14.3 54.8
8 5.83 15.1 59.0
9 6.67 15.9 62.6

10 7.50 16.6 65.8

11 8.33 17.3 68.7

12 9.17 17.9 71.3

13 10.0 18.5 73.6

14 10.8 19.1 75.7

15 11.7 19.6 77.6

16 12.5 20.1 79.3

Program Alp Version 19.1.1.10 Copyright © Oasys 2000 - 2012 Page 1
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TC250/SC7 RAISON FOSTER ASSOCIATESteb No. Sheet No. Rev.
Evolution Group 7 C12/001 Appendix F5
SUFFOLK EfW FACILITY - ZONES 6 & 7 Drg. Ref.
600mm CFA BEARING PILES - 125kN Horizontal =

: Made b Date hecked
SLS Analysis CAR 21-Feb-2013

17 13.3 20.5 80.9

18 14.2 21.0 82.4

19 15.0 21.4 83.8

20 15.8 21.7 85.0

21 16.7 22.1 86.2

22 17.5 22.5 87.3

23 18.3 22.8 88.3

24 19.2 23.1 89.3

25 20.0 23.4 90.2

26 20.8 23.7 91.0

27 21.7 23.9 91.8

28 22.5 24.2 92.6

29 23.3 24.4 93.3

30 24.2 24.7 93.9
Loads
No. Node Force Monent

[kN] [ kNnj
1 1 125. 0.0
Surcharges
No. Level Pressure
[n  [kNn#]
1 12.5 10.0
Convergence Control
Maxi mum nunber of iterations = 300
Maxi mum di spl acement error [mj = 0.00100
Maxi mum pressure error [KN n?] = 0.100
Danpi ng coefficient 1.00
Maxi mum i ncrenental deflection [nj = 2.00
Output for load increment 1
Iteration Max at Di sp Pressure
Inc node error error
Di sp
[m] [kN n?]
6 8.11 1 0. 0006 0.01
Node Level Def | Rot ati on Soil Pressure Bending Shear
[yl [mi [ rad] [kN'n®] [ kN [kN
1 12.5 -8.11 -0.00343 1 -87.9 0.0 0.0 P
1 12.5 0.0 -125
2 12.0 -6.42 -0.00331 1 -128. 55.9 -92.6
3 11.5 -4.83 -0.00302 1 -96.5 92.6 -58.8
4 11.0 -3.42 -0.00260 1 -68.4 115. -34.1
5 10.5 -2.24 -0.00212 2 -112. 127. -7.09
6 10.0 -1.30 -0.00162 2 -65.1 122. 19.4
7 9.50 -0.607 -0.00116 2 -30.4 107. 33.8
8 9.00 -0.126 -774.E-6 2 -6.29 88.1 39.3
9 8.50 0.179 -461.E-6 2 8.97 68.0 38.9

10 8.00 0.348 -227.E-6 2 17. 4 49.2 34.9

11 7.50 0.418 -62.4E-6 2 20.9 33.1 29.1

12 7.00 0.421 43.9E-6 2 21.0 20.1 22.9

13  6.50 0.382 105.E-6 2 19.1 10.2 16.8

14 6.00 0.322 132.E-6 2 16. 1 3.26 11.6

15 5.50 0.254 135.E-6 2 12.7 -1.32 7.24

16 5.00 0.189 125.E-6 2 9.44 -3.98 3.92

17 4.50 0.131 106.E-6 2 6. 54 -5.23 1.52

18 4.00 0.0830 84.7E-6 2 4.15 -5.50 -0.0820

19 3.50 0.0461 63.3E-6 3 2.46 -5.15 -1.07

20 3.00 0.0193 44.1E-6 3 1.03 -4.43 -1.60

21 2.50 0.00146 28.0E-6 3 0.0777 -3.56 -1.76

22 2.00 -0.00929 15.5E-6 3 -0.495 -2.67 -1.70

23 1.50 -0.0146 6.40E-6 4 -0.976 -1.86 -1.48

24 1.00 -0.0162 239.E-9 4 -1.08 -1.19 -1.17

25 0.500 -0.0153 -3.59E-6 4 -1.02 -0.684 -0.857

26 0.0 -0.0129 -5.70E-6 4 -0.859 -0.332 -0.575

27 -0.500 -0.00975 -6.67E-6 5 -0.780 -0.109 -0.330

28 -1.00 -0.00632 -6.98E-6 5 -0.506 -0.00288 -0.137

29 -1.50 -0.00281 -7.03E-6 5 -0.225 0.0275 -0.0271

30 -2.00 697.E-6 -7.02E-6 5 0.0557 0.0242 -0.00167

Program Alp Version 19.1.1.10 Copyright © Oasys 2000 - 2012 Page 2
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TC250/SC7 RAISON FOSTER ASSOCIATESdeb Ne. Sheet No. Rev.
Evolution Group 7 C12/001 Appendix F6
SUFFOLK EfW FACILITY - ZONES 6 & 7 Drg. Ref.
600mm CFA BEARING PILES - 125kN Horizontal

: Made b Dat Checked
SLS Analysis car 21-Feb-2013 eere

- The letter "P' next to a result indicates that the effective earth pressure is greater than 0.99 tines the
passive limt, but within the convergence pressure limt.

EXTREME values so far:-

Def | ecti ons Rot ati ons Monent s Shear s
M n Max M n Max M n Max Mn Max

[(mi [mm]  [rad] [rad] [kNm [kNmj [kN  [kN
-8.11 0.421 -0.00343 135.E-6 -5.50 127. -125. 39.3

RESTRAINT FORCES

No. Node Lateral Monent

force
[kN  [kNm
Program Alp Version 19.1.1.10 Copyright © Oasys 2000 - 2012 Page 3
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TC250/SC7 - EG7

Project

Property
Name
Description

Value
TC250/SC7 - EG7

Example Horizontal
Movement Calculation

Suffolk EfW Facility - Waste

Bunker
600mm Cfa Bearing Piles
Project number C12/001
Revision
Made by Chris Raison
Date 2013-02-21
Client
Company Raison Foster Associates
Piles
Pile Length Diameter Coordinates Rake
Embedded Free Shaft Internal Base X Y Xz YZ
1 14.500 m 0.0m 0.600m 0.0m 0.600 m 0.0 m 0.0 m 0.0 deg 0.0 deg
Layers
Layer Type Thickness Axial soil modulus Lateral soil modulus
At top Gradient At top Gradient
1 Drained Layer 1.750 m 15.000 MPa 0.0 MN/m3 15.000 MPa 0.0 MN/m3
2 Drained Layer 7.000 m 37.500 MPa 0.0 MN/m3 37.500 MPa 0.0 MN/m3
3 Drained Layer 2.000 m 40.000 MPa 0.0 MN/m3 40.000 MPa 0.0 MN/m3
4 Drained Layer 2.000 m 50.000 MPa 0.0 MN/m3 50.000 MPa 0.0 MN/m3
5 Drained Layer 1.750 m 60.000 MPa 0.0 MN/m3 60.000 MPa 0.0 MN/m3
6 Drained Layer 5.000 m 70.000 MPa 0.0 MN/m3 70.000 MPa 0.0 MN/m3
7 Rigid Layer
Loads
Load Vertical Axis Horizontal X-Axis
Case ForceV X Position Y Position

Young's modulus
Axial
19.650 GPa

Poisson's ratio

0.200
0.200
0.200
0.200
0.200
0.200

Horizontal Y-Axis

Appendix G1

Lateral
19.650 GPa

Below water table

yes
yes
yes
yes
yes
yes



Options

Parameter

Analysis

No of load increments
No of elements per pile

Force H X
0.0m 0.125 MN
Value
2-dimensional/linear
1
24

Repute v1.60 ©2002-7 Geocentrix Ltd. All rights reserved.

T:\Raison Foster Associates\TC250-SC7 - EC7 Evolution Group - Piling\CAR documents & presentations\07 - 27-Feb-2013 -

Pile movements\REPUTE horizontal movement calculation.rpx1

Moment M X
0.0 MNm

Force H y
0.0 MN

Appendix G2

Moment M y
0.0 MNm

2013-Feb-21 16:19:38



TC250/SC7 - EG7

Key results
Pile cap

Action
Effect

Pile

Vertical Z-Axis Horizontal X-Axis
Force/Displacement Force/Displacement Moment/Rotation
0.0 kN 125.000 kN 0.0 kNm

0.0 mm 5.995 mm 0.0 x10 ~3rad

Vertical Z-Axis
Force at head
0.0 kN

Horizontal X-Axis
Force at head Moment at head
125.000 kN 0.0 kNm

PGroupN v1.71 Part of Repute ©2002-7 Geocentrix Ltd. All rights reserved.

T:\Raison Foster Associates\TC250-SC7 - EC7 Evolution Group - Piling\CAR documen

Appendix G3

Horizontal Y-Axis

Force/Displacement Moment/Rotation
0.0 kN 0.0 kNm

0.0 mm 2.569 x10 “3rad

Horizontal Y-Axis
Force at head Moment at head
0.0 kN kNm

2013-02-21



TC250/SC7 - EG7

>
X,
0

Pile loads
Pile 1
Element Force at top of element

Z-Axis X-Axis Y
0 0 kN 125.0 kN 0
1 0 kN 125.0 kN 0
2 0 kN 63.8 kN 0
3 0 kN 29.7 kN 0
4 0 kN 15.7 kN 0
5 0 kN -27.0 kN 0
6 0 kN -37.4 kN 0
7 0 kN -35.7 kN 0
8 0 kN -28.8 kN 0
9 0 kN -20.7 kN 0
10 0 kN -13.4 kN 0
11 0 kN -7.8 kN 0
12 0 kN -3.8 kN 0
13 0 kN -1.3 kN 0
14 0 kN 0.1 kN 0
15 0 kN 0.8 kN 0
16 0 kN 0.9 kN 0
17 0 kN 0.8 kN 0
18 0 kN 0.7 kN 0
19 0 kN 0.9 kN 0
20 0 kN 0.2 kN 0
21 0 kN 0.0 kN 0
22 0 kN 0.2 kN 0
23 0 kN -0.2 kN 0
24 0 kN -0.3 kN 0

Bearing Force
Pile toe 0 kN

4 PGroupN v1.71 Part of Repute ©2002-7 Geocentrix Ltd. All rights reserved.

)

kN
kN
kN
kN
kN
kN
kN
kN
kN
kN
kN
kN
kN
kN
kN
kN
kN
kN
kN
kN
kN
kN
kN
kN
kN
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Moment at top of element

X-Axis

o

[eNeNeNeNelNelNeNoNolNolNolNolNolNolNolNeoNolNolNoNolNolNolNoNo)

kNm
kNm
kNm
kNm
kNm
kNm
kNm
kNm
kNm
kNm
kNm
kNm
kNm
kNm
kNm
kNm
kNm
kNm
kNm
kNm
kNm
kNm
kNm
kNm
kNm

Y-Axis

57.0
85.3
99.0
95.6
76.2
54.1
34.6
19.6
9.3
2.9
-0.6
-2.1
-2.5
-2.2
-1.7
-1.2
-0.8
-0.3
0.1
0.2
0.2
0.2
0.1

Appendix G4

kNm
kNm
kNm
kNm
kNm
kNm
kNm
kNm
kNm
kNm
kNm
kNm
kNm
kNm
kNm
kNm
kNm
kNm
kNm
kNm
kNm
kNm
kNm
kNm
kNm

2013-02-21



Gy, G; shear

‘: j, modulus
| '
! N
| 1
1 I
pile 7] —— ' 2
|
i
i i
‘ 1
1 ! 1
depth depth
ep v o= G P
G,
E & GI/Gb
(a) Floating pile (b) End-bearing pile

Figure 4.17 Assumed variation of soil shear modulus with depth

Pile Settlement 1




. This differential equation may be solved to yield w, in terms of hyperbolic
~cosine and sine functions of z. Substituting in the appropriate boundary
conditions at the pile base yields an expression for the load settlement ratio
~of the pile head of

4n 27z_ptanh(ul) i

P, (A=w& § M 1
Grow, 1 4y tanh(ul) [
a1l —v)¢ ul rg

Pile Settlement 2

(4.43)




128 PILING ENGINEERING

where, summarizing the various dimensionless parameters,

n=ry/ro (ratio of underream for underreamed piles)
£ =Gy/G, (ratio of end-bearing for end-bearing piles)
p=G/G, (variation of soil modulus with depth)
A=E,/G, (pile—soil stiffness ratio)

{=1In(r,/ro) (measure of radius of influence of pile)
= J2/Ca(r,) (measure of pile compressibility)
Figure 4.19 shows the variation of the load settlement ratio with slenderness
ratio, l/ry, for n=¢=1,v=0.3.
The load at the pile base is given by
4n 1
P, _ (1 — v)¢ cosh(ul) (4.44)
P, 4n + 2mp tanh (ul) I
r=v¢ & u r

Y He T T R T Y Y B4 A I

Pile Settlement 3
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T



Horizontal Movement 1

DESIGN OF SINGLE PILES 155

pile G e G*
Ic/4 Big/2
gt | c »
'y
leraf-=-

le lerof---

4

*
Ge= G/y/2
= G G
¥ Pc 10/4/ c

- 277
lg = 2rglEp/Ge)

Figure 4.39 Definition of p, and G,

It is helpful to cast the solution in terms of an equivalent solid pile of the
same cross-sectional area and the same bending rigidity as the real pile. For
an equivalent pile of radius r,, the appropriate Young’s modulus may be
calculated as

E, = (EI),/(nr§/4) 4.71)

where (EI), is the bending rigidity of the actual pile.
The critical pile length is now defined by

I, =2ro(E,/G) 4.72)

The form of this equation is similar to equation (4.65), with an exponent of



Horizontal Movement 2

156 PILING ENGINEERING
This gives a revised estimate of the critical pile length of
I.=2x03x(3 x10%/27.00*" =4.45m. 4.75)

Further iteration yields final values of I, = 4.63m, G, = 23.6 MN/m?2.

The concept of a characteristic shear modulus G, and a critical pile length
I, may be used to write expressions for the ground level deformation of the
pile. Thus the lateral deflection, u, and rotation, 6, are given by

1/7 -1 -2
u= ﬂ?— [0.2711 (;) +0.30M (%) ] (4.76a)
pC c
1/7 -2 -3
0= %— [0.3011' (;) +0.80,/p.M (%) ] (4.76b)
X

These expressions have been derived from a large number of finite element
analyses (Randolph, 1981). The similarity with those obtained from the
subgrade reaction approach (equations (4.66a and b)) is evident.

Generalized profiles of deflection and bending moment down the pile may
be drawn for piles subjected to shear force loading H or moment loading
M. These profiles are shown in Figures 4.40 and 4.41. The maximum moment
for a pile under a lateral load of H, occurs at a depth between [./4 (for
homogeneous soil) and /3 (for soil with stiffness proportional to depth). The
value of the maximum moment may be estimated as

M,..=0.1/p)HI, (4.77)

For piles within a group, the pile cap may prevent rotation of the head of
the pile. For such ‘fixed-headed’ piles, equations (4.76a and b) may be used
to find the fixing moment M ;. Setting 6 = 0, the fixing moment is given by

M, = —[0.375/(p)""*1H1,/2 4.78)

The resulting deflection of the pile head may then be calculated from
equation (4.76a)

(E,/G)'"

Up=-——"

PG,
This is approximately half what it would have been for a free-headed pile. .

[0.27 — 0.11/(p.)*/*1H (%>_ 1 (4.79)
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