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Contents - Thermal Pile Experience Includes:-

1. Specifications and Contracts
= GSHPA Thermal Piles Standard

2. Design Tools
= Tools and Back Analysis

3. Design Stages
= Preliminary and Detalled

4. Thermal Pile Construction
= Bored piles, CFA , Others

5. Thermal Walls
= Induced moments in walls.

6. Operational Experience
= |nstrumentation on ground side of GSHP




E)Specification and Contract Experienc!

Ground Source Heat Pump Association
Thermal Pile Standard (2012)

_

'Fl;t?e GSHPA Standard combines UK experience for Thermal
les.

(In UK Cementation has Trademark on “Energy Piles”)

_ ?
To be updated, — any feedback” ARUP



GSHPA -Thermal Pile Standard (2012)
= Contents List

= Secl Preamble (as BHS) - 1.2 Definitions

= Sec?2 Regulatory & Government Agency Requirements $aBHS)

= Sec3 Contractual Responsibilities

= Sec4 Training Requirements

= Secb5 Design

= Secb6 Thermal Response Testing Thermal Pile

= Sec7 Pipe Materials and Jointing Methods Design, Installation &

= Sec 8 Thermal Pile Concrete Materials Standards

= Sec9 Loops Installation

= Sec 10 Pressure Testing iy

= Secll Indoor Piping / Values (as BHS)

= Secl2 Thermal Transfer Fluids (as BHS)

= Sec1l3 Design Drawings g&!;!ml?‘

= Secl4 Monitoring and Checking ST

= Sec 15 Alterations ““’“"%ﬁ%«""“‘“’"
Free Downloadwww.gshp.org.uk o




Section 3 - Contractual Responsibilities -Piling

= Many contractual parties — _
clear division of responsibilities Ice

ICE specification for piling
and embedded retaining walls

= |CE Specification for Piling and
Embedded Retaining Walls
(SPERW) is the starting point:

= Engineer design
= Contractor design

Institutien of Civil Engineérs




Contractual Responsiblilities — Engineer Design

Employer

Engineer
(Pile Designer)

Piling
Contractor

Concept Design, Design Pile Construction, Trimming &
Development, Tender Groundworks

(RIBA Work Stage A-H) (RIBA Work Stage J onwards)
Denotes parties with responsibilities set < Contractual links
out in SPERW (2007) DA Possible non-contractual links

How to educate the desiin team???



Section 5 — Building Design Interactions
Thermal effects complicate traditional pile design

' FoS

M&E - —> GSHP — —> Pile (eg LDSA
Designer Designer Designer Guidance
notes)

Constraints:

» Heating/ cooling * Heat demand » Load requirements
requirement » Heat transfer » Settlement assessment
(thermal load » Heat storage » Temperature range agreed
profile) * Pile/soil interface temp. with GSHP Designer

» Ground heat agreed with Pile Designer  Cyclic effect of large At
storage  Pile/concrete thermal  Shatft friction

properties e Limiting concrete stress




Geotechnical Pile Design Issues

Normal pile design Additional thermal pile design

considerations Bqumg‘Load considerations

ULS ULS

 Stratigraphy and soill AHI AT » Thermal effect on soll strength.
properties h * OC soils - small

» Shear / radial — * NC soils - large (—ve skin
stresses v v friction).

« End bearing A || Cu @

» ULt. pile load — NIR N SLS
settlement 10% pile » Axial and radial pile expansion.
dia. A A c, @, | Pile head fixity.

» Factor of Safety » Thermally induced axial stresses.

A A » Cyclic effects of thermal loading.

SLS | | » Dalily / seasonal cycles

* Pile settlement '

- Differential TTAT Cus ¥
settlement

e Concrete stress
* Negative skin friction



*

2) Design Experience —
Design Tools and Back Analysis

_

ARUP



Design Tools - Experience

1. Thermal Design - Preliminary stage
= GDA
= EED
= Case histories — 35W/m

2. Pile Design- Detailed stag:
= Additional stress in pile  OASYS “PILE”

3. Raft/ Pile / Soll interaction — Detailed stage
= Thermo/ Hydro/ Mechanical (THM) models - DYNA

4. Back Analysis — Validate programs




Back Analysis Experience

Combined load and thermal test
Lambeth College, London (2007)
Bourne-Webb et al, (2009) Geotechnique

= Pile loading test
= Thermal Response Test (TRT)
= Cyclic thermal loads

= |nstrumentation
= Fibre Optics —temp and strain.

= Vibrating-wire strain gauges (VWSG).
= Extensometers.
= Thermistors.

11 ARU P



Lambeth College - Test Layout
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Ultimate load test 4000

Lambeth College - * £
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Lambeth College - Back Analysis
PILE and LS DYNA - Input parameters

= Made Ground / Terrace Gravel: Mohr Coulomb material,
¢@'= 36°, drained behaviour.

= London Clay: undrained behaviour, strength profile:
= 4m to 18m bgl: cu,top = 60 kPa; cu,bot= 184 kPa;
= 18m to 30m bgl, cu,top = 184 kPa; cu,bot = 194 kPa
a=0.5, E/(, =600,v=0.5,N.= 9
Pile Design:
" gs=0U G,
. qb = Nc Cu

= Pile : Elastic, E=40GPa

= Thermal expansion coefficient of pile = 0.85x10




OASYS “PILE” T -S model

Pile Head Load
(Free or fixed head)

|

Thermal expansion
of piles

—

Vertical settlement T
(Mindlin) /

Limiting shear
= 0a.Cu

F E A DT

equiv — -€therm Econcrete M pile -

L+ + + +




Back analysis — Oasys “PILE” Model

Axial Load (kN)
Axial Load (kN)

0 1000 2000 3000
-500 0] 500 1000 1500
0
-5
—#=—Free Headed -10 === Fixed Headed
=== Fixed Headed == Free Headed
== Measured == Measured
-15
-20

Cooling Phase Heat Phase




Impact on Structural Design
Settlement

= Pile head fixity
= 9 of thermal piles in the scheme

= Additional |
settlement due
to thermal

Maximum settlement
due to thermal effects

Legend

Structural load only

Structural load and pile heated

Structural load and pile cooled

effects

= Cyclic
movement due
to heating &
cooling

Pile head settlement (mm)

<

Maximum cyclic
settlement due
to thermal effects

Loading cycles




Legeng '

Thermal Cyclic Fodel Piles
Loading

i Field Tests
" 1 8 ® Faled Groufed File —
“ CorIT]parISbC)In Wlth qﬂ“ 02 H:I‘ Faled / (Maurcy :1‘1 asi, 1985]
& Failed Grouted Section Tests
gyc IC Sta F! Ityl E fa Nz’r Failed mr Ealcaraniﬁ'aﬂ:ﬂpauﬁs, 1988]
lagram (Poulos) : |
& " actor of Safety =2.0
= Annual Cycle g AN d
- 2 600 Unstable "2,
= Daily Cycle e L Fig

.

P, = Cyclic load % s?f{;?//)/
P ﬁiaﬂ.iﬂad fiiiizaﬁffii//

i

F.g Failed at 28 cycles -
o [lose to Faillure at 2000 cycles

% Mot Faled at 2000 cycles

Circled results are for 4% cemented soil

| 1

//////»

P, = Static lpad capaﬁ?y 0L

1]
Maormalized

Mean Luad Fa #By
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Normally / Over Consolidated Solls

= Effects of heating soil | e solls:-
= Strength and stiffness reduces —  _y 0" .

9 M il — little settlement ~ Settlement
from reduction in preconsolidation , /
pressure (quasi-creep effect) —aaies

= Consolidation regains the strength  ° ' CTOVAN
= OC soils — less effect 1
. ® 4ol o6, reduces _
: Undralned 510 WFith higher \ qs:_c
= EXcess pore pressures 2 L temperature 52\\A
= Drained §2o Jp\
= Consolidation — regains soil streng
(increased strength when cooled) . |
10 100
o DYNA THM mOdel Vertical pressure, kPa

) Erik , 1989
= Used on OC soils. (Eriksson, 1989)

ARUP




Comparison: LS DYNA — Oasys PILE

Top 5m of pile
has diamete
610mm

Remainder of pile
has diameter
550mm




Comparison DYNA and PILE

= Same problem has been modelled in DYNAesults
are compared below:

Axial Load (kN) Axial Load (kN)

500 0 500 1000 1500 . 0 500 1000 1500 2000 2500 3000
N T T T T T 1
COOLING HEATING
-5
-10 }{
-15
20 —#—Free Headed - PILE
—4—Free Headed - PILE ree Headed -
—>=Free Headed -LS DYNA =>e=Free Headed - LS DYNA
25 -25

ARUP




Temperature Change in Soll

TEMPERATURE
: / Rel t=.000000000
. .
4l . " i 2000
-17.50

o 1500

= 1280 |

4
- L 1000 |
(I'
- 750
o £.00
o -250
e 0.01
7z
1
A 1 2.50
b 5.00
- b
2l 7.50
B
S 10.00
v y
v
@

f; A B
Near start Mid-way

End of Near start End of

of cooling through cooling of heating heating
coolin




Pore Pressure Change — (Undrained)

After reload End of cooling End of heating

SOLID_EXTRA_1 SOLID_EXTRA_1 S0LID_EXTRA_1
Rel t=.000000000 Rel t=.000000000 ’ Fel t=.000000000

-75.0 -75.0 -75.0
-50.0 -50.0 -60.0
-45.0 -45.0 450
-30.0 -30.0 l!ll | -300
-15.0 -15.0 E .' -150
0.0 0o ll 0.0
150 15.0 H B 150
0.0 30.0 II il _ 30.0
450 450 lll : 450
B0.0 B0.0 === . _ B00
75.0 75.0 }%H il 750
80,0 0.0 iﬁ= 800
105.0 1050 in 105.0
1200 1200 |[[|= 120.0
i

Stresses in kPa, relative to initial stress state.

Positive numbers mean that the pore
pressure has increased (more compressive)
compared to the initial stress state

z
YL x

11.699919

Z
Yo

9.299960

z
Y x

2999997

Model: /data3/rsturt/ENERGY_PILES/LAMBETH_JAN2012/ACURVE_SLIP/Lambeth_12_AwCur.key
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Vertical Effective Stress Change (Undrainefl

After reload End of cooling End of heating
GLOBAL Z DIRECT_STRESS GLOBAL Z DIRECT_STRESS GLOBAL Z_DIRECT_STRESS
Rel t=.000000000 Rel t=.000000000 Rel t=.000000000
-100.0 -100.0 -100.0
-90.0 -90.0 -80.0
-80.0 -80.0 -B0.0
-70.0 -70.0 -70.0
-R0.0 -B0.0 -R0.0
-50.0 -50.0 -50.0
-40.0 -40.0 -40.0
-30.0 -300 il -30.0
-20.0 -20.0 = -20.0
-10.0 10.0 *:ji_,,,.__.,.—r 10.0
0.0 0.0 =11 oo
.'L—'—"‘_"f
10.0 L oo
z20.0 e zZ0.0
30.0 i 300
Stresses in kPa, relative to initial stress state.

Positive numbers mean that the stress has
become more tensile compared to the initial
stress state

z z
¥ o Yo

9.299960 11.699914

z
Y%

2999997

Model: /data3/rsturt/ENERGY_PILES/LAMBETH_JAN2012/ACURVE_SLIP/Lambeth_12_AwCur.key

ARUP
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3) Design Stage Experience

_

Preliminary Design - Feasibility

Detailed Design — for Construction

ARUP



Preliminary Design

M&E - Thermal loading — Monthly estimate
= Generally very crude and an over estimate.
= Are heating and cooling loads balanced over the year?

Consider geology Previous experience

Assume max heating/cooling 35W/m of pile (Brandl)
Review pile layout.— Need pile lengtl

Pile types -thermal pile options?

Run thermal heat pump model - long term temp?
= EED — <600mm piles - <2 loops
= GLD

Additional pile loads - thermal expansion — PILE

ARUP



Detailed Design

= Thermal loads —Evolve - pile interface > 4 degree C
= Consider hottest pile -Use OASYS PILE

= Large Piles or Piled raft —Use DYNA

= Pile thermal expansionand contraction

= Slab design — manifold locations

= Thermal cyclic loading

= NC clays - ?

27 ARU P



London Piled Raft - DYNA model

1.5 m diameter pile

1.8 m diameter pile
| London Clay

Terrace Gravel
Scour

London Clay

Lambeth Clay

Lambeth Sand
Thanet Sand

Lambeth Clay

Thanet Sand

Piles 55m long
Founding in Thanet Sand

Figure E1.5.3
FE mesh — sid

ARUP




Predicted Temperature - Summer




Temperatures — Actual pile grid
= DYNA predictions

D3PLOT: Node data

18.000

1 1 1 ; 1 l
11 e | I i | e e | [ e | e e | e | —
|

(A5 e A4 NG 74, Nty B4\, N Ao\ N Sy Utspot ")
= ' ‘ """" ‘ """ ‘ """" 1¥cold spdtce)

8000 T F-F-~———=-=-="="4-—=4 - - m - e - S e e e - - - - - —
¥ 1 1 1 1 1

TEMPERATURE

—

6.000 i i i i i i
0.000 10.000 20.000 30.000 40.000 50.000 60.000 70.000
TIME (Months)

Pile Node 2268887 Temperature { / 30.0 (x))
Point A Node 374887 Temperature ( /30.0 (x))
Point B Node 374171 Temperature { /30.0 (x))




TEMPERATURE (Deg C)

DYNA — Temperatures - Pile and soll

20

18

16

14

12

10

' } + + } } + + + } } }
JAM  FEB MAR APR MAY  JUM O JUL AUG SEP OCT MOY  DEC
Year 2

o

6 S

, . | . ; . Ea_rth Energy Designer (EED)
1 : L T L : Fluid temperature

i : : : : j Preliminary design

° 12.0 14|.O 16I.0 18|.0 20.0 22|.0 24[.0

MONTHS

Soil 3m Node 66609 Temperature DYNA —_— TH M

Pipe Node 78491 Temperature

~——— Edge of pile Node 78901 Temperature P|pe temperatu re
— Spil 2m Node 84260 Temperature . . .
= Pile Centre Node 97458 Temperature Soil / Pile Interface —Z less then pipes

ARUP







Header Pipes and Manifold Chambers

\:\ @ ? 13 |.. (4.8 IT {5, I®Ib ° (7 7)1a2) @ (10) m 12 |;.‘.| (f}

| ~ 74 1/ Manifold Chamber

[
I
~ - TS016 L TSO16 . TS017. . TSO18 . TSO19 . TS020 f ) ,iim, R .| B !7 S 4@

Ts031 TS032

i

g

)

- il [

Key regarding thermal pile as-built condition

Four loops installed as two per circuit

@ Three loops installed; two in one
circuit, one in a second circuit

() Two loops installed in a single circuit

s srese s mrame: mos e pEmces el = - . All four loops damaged; pile removed
\ / L . from GSHP system




Thermal Response Test (TRT)

InStrumentatlon Edge of borehole
Pile TS 0037 % i

Thermal fluid out

Pile reinforcement cage

W ;
PZ4/1 (-22.0 mOD, = 1 :
24.9 mbTOC) \ '
SG4/1 (-21.1 mOD,

24 mbTOC)

DT4 (-22.5 mOD,
25.4 mbTOC)

SG4/3 (-21.1 mOD,
24 mbTOC)

Thermal fluid in —

Legend

~—=  Flow direction through energy loop

(i\ Vertical vibrating wire strain gauge
PZ4/1 (-22.0 mOD,

Reinforcement bars 24.9 mbTOC)

Bar marks used as a cage reference \ $GA4/4 (-21.1 mOD
-21.1 mOD,

24 mbTOC)  Figure A4
As built thermal
instrument confi
@ Fibre optic thermistor Plaii vl of &
-21.1mO0OD, 24w
top of cage [mbT

Geothermal loop

® ® oo

Fibre optic strain gauge

' Pore water pressure transducer (set into concrete block spacer)

=}~ Horizontal vibrating wire strain gauge

ARUP




TRT — Comparison - g e

with DYNA ol ——
V}TI#/ \_ﬁ

)
=
=

Temperature

/

10.0

00 ! !
117272013 1222013 1272013 127122013 1271720013 12/22/2013 127272013 1712014 1462014 11172014 1/16/2014

' ' ' ' ' ' ' '

Time

4.0E-05

24.0m bTOC

2.0E-05
===Dvna SG41

=Sre 5G40

12772013 (271272005 127072003 12222003 122772013 1120104 62014 L2014 116201

Time

00170

LE2772013 12:2:2013

-2.0E-15

-4.0E-03 \
-6.07-05 \

Vertical strain increment

&.0E 05 \w
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4) Construction Experience

How to make construction cheaper ?

_

In UK the GSHP installations are reducing
Housing — ASHP / Solar PH /
Buildings — Cooling dominated — Insulation very good.

Bored piles - Short cages

CFA Piles — Max installation depth
ARUP



West end Greer- Bored piles- Short cage
_,—) To central GSHP

28mOD .
reem .Brlckearth
+25.5m A-A
A A
V= A4
. -
River Terrace -
Deposits >
—_
> —
> @ Geothermal pipe
+20mOD . “a  Reinforcement bars
m i
London Clay ®
T Lantern spacers
—
B-B
B B




Scratch Test Trial — Freefall Concrete (2010)

Test set-up Photos from test

/— +33.2mOD

~—_ | +32.4moD

Tremie length = 6m

Loops restrained by

| barweights

— Pipe bottom +4.0mOD

Concrete =3.45mOD

Pile bottom -5.4mOD AR Ao ALY N

L}

Lower pipe after test

Upper pipe after test

ARUP




Scratch Depth

= Assessment of damage
= Par off pipe until scratch just disappears
= Measure pared width (2C)
= Calculate scratch depth

il

2C — chord length (mm) - measured;
T — Depth of the scratch (mm) - calculated
R — radius of the pipe — measured

Protect to 1.5m above U-bend




= CFA piles (600mm dia)
150 No up to 25m depth

= Loops - 4 pipes x 32mm dia AR
= Pushed with 1 x T32

= Heating - 188kW
= Cooling - 117kW

ARUP
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5) Thermal Walls

Thermal Effect on Moments and

I Prop Forces” ]

Crossrall

Thermal expansion of soil — increased earth
pressures

Diaphragm walls
Secant piles

Sheet pile systems
ARUP



Thermal Walls —
Crossrall Dean Street Box

Crossrail

s

| : I o Thermal
Central line 1| N U wallls
tunnels — ‘r Thermal
\ piles

Existing. l 1t




No Long Term Effect on Force and Movement

WTT T T T T T o

Elevation(m)

= Soga et al,

500 100 200 300 400 500 600 700 800 900 500 100200 300400 500600 700800900 v om s

a) No GSHP
. Horizontal Total Stress(kPa) Horizontal Total Stress(kPa) = = Slabs
b) Wlth G S H P (a) No GSHP operation (b) with GSHP operation

Figure 19 Changes in the horizontal total stress acting on the wall from the soil side

— M Fud of Comstruction
—— 22 Year 1 Winter cycls
03 Yoar 1 Summer cycle
=€ Yoar 2 Winter cycle
=875 Year 7 Summer cycle
—+—30. Yea 5 Winler cycle
—4—: Year 5 Summer cycle
=40 Year 10 Winter cycle
—+— 1. Year 10 Summar cycle
== 60: Yoar 20 Winter cycle

Very small effect
On:_ 120

120}

E €110
Earth pressures.: e
E —— 23 Year 1 Summer cycle

B 100f=F =5 N

—6— 24: Year 2 Winter cycle
t r u t O rC e S —&— 25 Year 2 Summer cycle
—— 30: Year 5 Winter cycle
=+ 31 Year 5 Summer cycle

—%— 40 Year 10 Winter cycle

90
—%— 41 Year 10 Summer cycle

DISp|aCe mentS . 3252151050051152253 -32?5&-1?5%-0%5 0 0?5 1 1%5 2 2?5 gl

Relative displacemet(mm) Relative displacemet(mm) == = Slabs

(a) No GSHP operation (b) with GSHP operation
_ Figure 20 Changes in the lateral displacements of the wall




Impact on Long-term Bending Moments

= Significant
iInduced Wall Moment (No Operation)

Wall Moment (With Operation)

momentdueto . | | TTTT TT T
Internal wall . ~Im . I N DY~ - W I O
temp gradient. {0 T T . A winee |-

—21: End of Construction
—22: Year 1 Winter cycle |
"""""""""""""" —23: Year 1 Summer cycle == [Posssavmtuusupuvon

——24: Year 2 Winter cycle -
——25: Year 2 Summer cycle
"""""""""""""" ——30: Year 5 Winter cycle [™77"" " Ly R

100+
a) NoGSHP ™ ot e e e e
b) With G S H P "l :—-g};b::ear 20 Summer cycle

——41: Year 10 Summer cycle \
8300-1500-1000 500 © 500 1000 1500 2000 %00 -1500 - 1000 -500

——60: Year 20 Winter cycle

500 1000 1500 2000

Mid-Slab Moment(kNm) Moment(kNm) Wall

(a) No GSHP operation (b) with GSHP operation
Figure 21 Changes in the bending moment profile with time




Secant anoSheetpile Thermal Walls
Temperature after 100 hours
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6) Operational Defects

_

Defects
Instrumentation

ARUP



Operational Defects

= Access difficult.

= Electro fusion welding
defects — Header pipe
leaks.

= System overheats
overcools.

* |[nadequate
Instrumentation.

ol e

Defective Saddle conhectibﬁ - Pressure test

Plate 12 — Shows dye penetrant emerging from the void in the longitudinal axis



Conclusions (1) - Thermal Pile Experience:-

1. Specification and Contract
= GSHPA Thermal Piles Standard — Responsibilities clear.
= Complex organisation — Lack experience working together.
= Standard to be revisedAny feedback?

2. Design Tools
= Tools OK -
= Temperature- EED,
= Pile loads - OASYS Pile,
= Raft/ pile/soill — THM -DYNA (NC case?)
= Back analysis of field trials very important.

3. Design Stages
= Preliminary and Detailed design stages.
= Need for balanced seasonal heating and cooling.
= Short piles = Lack of seasonal heat storage.

ARUP



Conclusions (2) - Thermal Pile Experience:-

4. Thermal Pile Construction

GSHP systems - Other systems are cheaper.

Housing — Insulation improving — solar PV, Air source heat pump
Buildings — Thermal piles — offer season heat storage

Installation costs - Bored piles, CFA , Header piping?

5. Thermal Walls

Analysis shows GSHP does not effect earth pressures move
* Induced moments if Wubes only on outside of wall

6.  Operational Experience

GSHP systems can over heat /over cool with time.
Maintenance people do not understand systems.

More instrumentation on ground side of Heat Pump.
Leaks in electro fusion joints — hard to isolate in manifolds.

ARUP



Thank you for your Attention

Any questions’




