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Motivation: High Energy Usage by Buildings

Industry| 43% of U.S. Carbon Emissions
377 mmTC| Buildings
5%)| 658

39% of U.S. Primary Energy Consumption

53% of U.S. Natural Gas
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Heat Pump-Ground Loop Connection

Reversing Building
——_valve, Air handler

Exchanger
coil

Geothermal

foundation Hot water
heater/floor
coils Compressor

Heating Mode

Cold Expansion  Hot
refrigerant valve refrigerant

Typical entering ground loop fluid temperatures:
Building heating: -1 to 4 °C
Building cooling: 20 to 35 °C
Ground temperature: 10 to 15 °C
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Presentation Overview

* Background on Thermo-Mechanical Response of Drilled
Shaft Foundations used as Heat Exchangers (Energy Piles)

¢ Thermo-Mechanical Analyses and Issues to Consider
— Finite element analysis
— Thermal load-transfer (T-z) analysis

* Case History 1: US Air Force Academy Building
* Case History 2: Denver Housing Authority Building

* Case History 3: Centrifuge Modeling of Energy Piles in Sand
and Unsaturated Silt

* Calibration of Load Transfer Analysis for Design Purposes
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Concept of Ground Source Heat Pumps (GSHPs)

* GSHPs exchange heat between condmaing
itioning loop
the ground and a building i}
* Do not generate energy, but f |
move it from one place to Refrigerant
loop
another \
Ground loop
* Exploit the heat pump cycle (Antifreeze-
water
* Can function in any location if solution)
designed properly and used
properly (slower response) [
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Conventional Borehole-Type GSHPs

Require drilling of
boreholes

* Require space
outside building
footprint

T -

« Additional excavation
of trenches below
frost depth

* May require an
exterior vault

* Must link loop field
with building
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Energy Piles Thermal Design of GSHP Systems

& (Brand! 2006) ‘ « Goals of GSHP system design:

— Install sufficient length of heat exchanger so that
heat pulses can be absorbed by the surrounding
soil via conduction

— Avoid thermal overlap with other heat exchangers
* GSHP system design rules of thumb:

— 1 thermal ton = 1200 BTU = 0.35 kWh

— 3 to 4 thermal tons per 100 m2 of building footprint

— 150 m of heat exchanger per thermal ton

(Ooka et al. 2007) (Amis 2009)
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Conductive Heat Transfer in Energy Piles Thermal Response Testing of Energy Piles
Concmte (Growd N Thermal Conductivity _ Densi Heat Capacity
. Material Win'c) gy O 559
s T g 1&:}?'& 236 ;ggg §;g Energy O Steady-state Thermal  ______ Heat transfer, Wm
teel Reinforcement ; i Joadis
N Hopn kA 14 by £ 200 piles ATransient onding Cooling mode __Heating mode
‘Water 0.58 1000 4180 ) (shorter Transient 70120 5085
Fee % 5 Ethylene Glycol 025 1097 2470 2 and Steady-state pgpr P
o 150 wider)
k]
Natesal Thermal Conductivity 2 Tt |
R R+ g R+ By (W/m°C) . i 200 Boreholes T
= R+ Rna R+ Ry , Dry Sand 0308 Challenge: = outlet
A A Dry Gravel 03-0.4 selection of ¥ 50
Dry ClaysSi 0410 heat pulses *
ry Clay/Silt 4-1. !
5| comean ] Saturated Clay/Silt 0923 '?‘ge.ls:.ma“ve 0
¢ Saturated Gravel 1.62.0 orbuilding 0 50 100 150 200 250 300 .
a Claystone/Siltstone 1135 heating/cooling Pile L/D ratio, - Q = ATywiaV Priuia Criuia
Saturated Sand 1.5-4.0 requirements %
> 1351
— Bourne-Webb 2013 &
e
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Thermo-Mechanical Design of Energy Piles Thermo-Mechanical Soil-Structure Interaction
» Heating and cooling will lead to thermally-induced
displacements l l T T
. . H H : i Sign Conventions y
Restraint prowded by soil and overlying structure will (+)—9—SMSS: o l T l T l T Location of
lead to axial stresses (+) Strain: Contraction point of zero
. ) (+) Side shear: Upward thermal axial
« Thermo-mechanical design goals: (+) Displacement: Downward T l T l T l "'(Sp'ﬁme’.“f)’“
i o L. null poin
— Ensure axial stresses are within reasonable limits T T l l
(i.e., with reference to the capacity of the pile and
the strength of concrete) Heating: Foundation Cooling: Foundation
- . Expands and is Contracts and is
— Ensure displacements will not cause structural or Restrained by Mobilized  Restrained by Mobilized
. Side Shear Stresses Side Shear Stresses
architectural damage and End Conditions and End Conditions

McCartney 2
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Soil-Structure Interaction for Floating Energy Piles Influence of Top and Bottom Boundary Conditions
Axial Stress  Axial iln Axial Stress Axial Stress  Axial Stress  Axial Stress Dartial cestraint Mo restraint st Strong restraint at
atheadandtoe  head, strongattoe head, none at toe
Bourne-Webb Increased Potential for i Axial stress Axial stress Axial stress Most drilled shaft
et al. (2009) compressive tensile stress L
stress Fr | T I foundations have
Lln.pm Depth Depth ‘ Depth Depth I)n.p\h end_beanng
Loadm5 Heating  Loading+ Heating Loading  Cooling L\..:m Cooling i l i bottom boundary
Shear Stress  Shear Stress — Shear Stress Shear Stress Shear Stress  Shear Stress T T conditions with
e e I
Unloading l Loading & sdeshearstiess S shearsugss  Side shear stress strong restraint
: I at toe
_ |
lLoadlng i Unloading ! T |
! .
Depthyy  Depib | 1"""’v Depth Depth Depth ' T l T (':sllop;)l?;l
Loading  Heating  Loading*Heating Loading  Cooling  Loading+Cooling (Amatya et al. T T displacement) may
Summer (Heat Injection)  Winter (Heat Extraction) 2012) F : ? : shift up or down
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Thermo-Mechanical Analysis Options Thermo-Hydro-Mechanical FEA
+ Coupled thermo-hydro-mechanical finite element models o ;;s;ffnp;ﬁ:esses el o ssowan g
— Require thermo-mechanical soil and concrete properties + But, many complex soil iREi " 1B I
. . properties (for water flow, heat 1 Foandaon
— Require an interface model flow, volume change, etc.) and 1 |
: : e soil-pile interface R | B
— Potentially complex geometry that must be simplified characteristics are needed to ¥l ]
» Thermo-mechanical load transfer (T-z) analyses calibrate the madel T
— Require an estimate of the ultimate capacity of the pile (i.e., / v | - 2| Moot | o
distribution of ultimate side shear resistance and end ) ) ot
bearing capacity), which may be affected by temperature ! A 4 \ f !
— Requires nonisothermal T-z and Q-z curves pooe 2 ' |
— Should consider the potential effects of radial thermal . o A ———
expansion of the energy pile on the ultimate capacity Wang et al. (2014) " fre

JACOBS SCHOOL OF ENGINEERING. 17 JACORS SCHOOL OF ENGINEERING 18
Load Transfer (T-z) Analysis Thermal Load Transfer Analysis
« Discretization of energy pile into elements ,
— Represented by linear springs Q Soil Spring Mechanical
» Soil-foundation displacements 4
— Represented by non-linear sprlngs
— Ulti pile capacity and thermal T-z

and Q-z curves are required
* lterative approach

Pile Spring
— Ensure equilibrium and compatibility of strains in
the soil and foundation

. = "

Outputs [~y

— Predicted load-settlement curve ERA

— Mobilized side shear with depth ) Knellwolf et al. (2011)

— Axial thermal stress/strain distribution Chen and McCartney (2016)

McCartney 3
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Boundary Conditions: Location of Null Point

=0ATz,,
=8, Ky = aATzy Ky
Equilibrium:
Q=Q,
Null Point ATz, Ky = aAT(L - 2K,
Loz Zp =LK/ (Ky + Ky)

K, 8= aAT(L-2z,)
Q, = 5K, = 0AT(L - z,p)K;

mmml's\gm
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Lambeth College (UK) Case Study
Axial load (kN)
Fill 500 0 500 1000 1500 2000
0 s R
Terrace
5
London z
Clay =10
(high £
OCR) Sis
20 <+ Loading
~+Loading and Heating
25 +Loading and Cooling
Heating from 20 °C to 40 °C
Cooling from 20 °C to -6 °C
o 1t . (Bourne-Webb et al. 2009; Amatya et al. 2012)

Structural Enginéering.

7A€ SO0 Of BTG .

Thermal Deformations of Energy Piles
(During Load-Control Proof Tests)

50 30 ~

Note: Vertical displacement

Note: Vertical displa

e 4.5 isat surface of 25.5 m deep P
Utmae ag st : 40 st radialdisplacementis [ 25§
w0y B ata depthof 16 m at the Eh
Il loading fest 2 E3s outside face of the 0.5 m k)
+ 20F = radius shafl F202
2 230 2
n 1000 g B Vertical displacement &
., cooing resting, £25 - Radialdisplacement [ 15 §
£ 220 “%-Temperature change S
£ -2 A\ Q_ 10 g
£ m 154 H
£ Plecooing e pover 2 1.0 s E
7 e ety ok, 2
B oy o 05 4 £
Eoph ot T 5
& Ry okn Bhn Tl A A 0.0 T T ? 7 T 0=

0 5 10 15 20 25 30
UK: Bourne-Webb et al. (2009) Time (days)

~2 mm for AT =20 °C over 23 m Switzerland: Laloui et al. (2006)
foundation ~4.5 mm for AT = 20 °C over 25 m foundation
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Thermal Load Transfer Results (Semi-Floating)

Low K;, => Free head movement

Plaseied (2011) High K;, => Constrained head movement

Axial Strain, e, Axial Stress, 6; (kPa)
-175 -180 -185 -190 -195 -200 -205 0 50 100 150 200 250
0 . - 0 :
2 2 P=500kn i
P =500 kN ", A=113m? i
T4 As113mt T4 /
= aT=20°C 5
s s
g8 ]
8 ]
10 - % =00160s { 10
K= 056 H
12176+ 100p L 12
— K= 10GPa . —K,= 10GP
1 1 3 a

Stiffness of the spring at the foundation head (K) is key to predict thermal
axial stress and strain profiles > Hard to define

« Displacement at bottom of foundation is associated with Q-z curve

« Possible changes in radial stress and side shear distribution during heating

EPFL (Switzerland) Case Study

Axial stress (MPa)

0.0 0.0
v , 0 1 2 3 4 5
Zi Allovial soil o Optical fibers
Eso i 50 ] (SMARTEC)
- « Extensometer 5
[ 100 Rz 501 (TELEMAC) E10
B —Radial optical fibers =
B (M Pile (SMARTEC) E5
F"'" - 150-) _ Load cel ]
ELEMAC]
. o Senbgy Y ) 20 “+Load 10 1300 kN
[-20000 more} 200
L BT 25 ~+Thermal Only
F 250 ﬂ; O wons 2501 ~+Thermal and Mechanical
'Z" m ) 30
sse
Bubere ey & Heating AT = 20 °C

(Laloui et al. 2006; Laloui and Nuth 2006)

itk
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Case History 1: US Air Force Academy Project

Murphy, K.D., McCartney, J.S., and
Henry, K.S. (2015). “Evaluation of
. thermo-mechanical and thermal

| behavior of full-scale energy
foundations.” Acta Geotechnica.
10(2), 179-195.

Eight 15.24 m-deep energy piles with different heat exchange
configurations under a new shower/shave facility
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Site Investigation Details USAFA Building Layout
27.4m
Depth to Gravimetric . @ ®) (0] @)
bottom of Material SPT N-value R Dry unit Heat Exchanger Configurations:
Layer (blows/300 weight Foundation 1-4: 2 loops Key: i
stratum encountered content 5 Foundation 5: 3 individual loops @ :Energy Foundation
mm) (kN/m?) Foundation 6: 3 continuous loops
Foundation 7: 1 loop [#] :Thermistor String
sandy fill with silt 5 Foundation 8: 1 “retro-fit’ loop
and gravel . m 2] L [
n 2 denas:dszradvsélsilt, 35 7 192 Exlemrsa;l"mem 457m 457Tm
n 12+ silty sandstone  50/25.4 mm N/A N/A 35m Manifold
A 122m 74 -
. . 6 & @ 18]G
Drilled shaft construction method: Dry hole approach Zm 11“7@?17.
Potential Problem: Difficulty in cleaning out toe Murphy et al. (2015) =2l AT

JACORS SCHOOL OF ENGINEERING. JACOBS SCHOOL OF ENGINEERING

Energy Pile Heat Exchanger Pictures Lifting Reinforcement Cage

JACOBS SCHOOL OF ENGINEERING

Lowering Reinforcement Cage into Hole

McCartney S
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Pump

NOTTO SCALE

WITITLTY

N[0 Eonas

Embedded Vibrating Wire Strain Gauges Finished Foundation System

O-ring Sealed End Block hermistor Pluck & Read Cols'

Etpermal = [(€ = €0)B + (T, = To)ow]

£=— sz (Geokon 2011)

£,: Mechanical strain e S
¢: Axial strain B: Batch factor ~ 1 o
G: Gauge factor =3.304 x 10° T = Temperature
f: Resonant frequency of wire a,: steel coeff. thermal exp.

7A€ SO0 Of BTG - IAeoR ScHoRL o ENGECEANG o

Current Status Seasonal Ground Temperature
and Axial Strain Profiles

Temperature (°C) Axial strain (pe)

0 5 10 15 20 250 25 50 75 100 125
0 . + . 0 . A . : .
2 2
3 4] emsm 4
2 6 E
£ "3 -2 g6
s R ~7/182012
~124/13 & ~12/122012
10 s 12412013
2127113 HIAED
12 s . 2272013
14 4 >0/18/13 14 +Mechanical strain

Axial strain (pe)

Depth of major fluctuations in Mechanical stress corresponds to
temperature: 5m axial load of 833 kN (E = 30 GPa)

McCartney
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Thermo-Mechanical Characterization Fluid Temperature Rise Curves
ogml [l o8mf[[ o8milgal 2 60 10 0
L 23m & 18m H ;‘"r;i === 18 E — 14
[l 23m| |l i g0 == 1w e = 5
26m| |H B 1sm L on 5»‘" / ti: / .-E
fe| 29m| [ b ; T N 3 ) —talt 40 —wa $4 8
] Ll 1sm[|[]] C . z 2 —owe 1, w1,
29 T
"l Ml 17m L \ B T '\“" ”/' N 210 P i %% o w0
el 15m b s el 158 Eh:mcd Time (hours) Elapsed Time (hours)
37m||[] ] (1] ) | = ] Foundation 1 Foundation 2
— H iemlH Floops 3 indiidual Reterence
| 3oml |4 [l Toops L 0 10 » "
o el j e - p—
37mH=| 24m| (7] *H ot ) £Y 65 ~— lez
L =4 vsm] |4 oy £ . 2 3
(L] (1 Ly ftat an 4 £ —alet 40 ém - 40
Foundation 1 Foundation 3 Foundation 4 0 el 5 10 “ 12
Foundation 3: Corner pile — lower head stiffness due to corner location % 200 400 Py % o w0 w0
and due to expans|0n Of adjacent foundatIOnS Elapsed !lm.s.‘ (hours) Elapsed !'um'.klwur\l
Foundation 4: Interior pile — more head restraint from grade beam Foundation 3 Foundation 4
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Mean Fluid Temperature Rise Curves Thermal Conductivity Estimates
. 24 120
50 Q = ATVpauid Cruid ola
‘ 22 1 T 110 =
—~ “1 7 Water-glycol ratio 5:1 ) 20+ st P10 %
Q40 f 2 i v — E st o E
= 5 D ol. heat cap. (J/molK) 98 = — 5 z
E 35 2 Mol. weight (g/mol) 30 sl “*\\ 1 T 80 i
g0 —Foundation1 | 5 sp. heat cap. (I/kgk) | 3267 14§ A=-0021H,+2012 7 {70 =
30 —Foundation 2 . Density (2/m) Toos R®=0.853 2
—Foundation 3 Elapsed time (log seconds) y (8, - 12 + 1 60 5
25 4 = g
‘Foundation 4 » 0 dr -1 1.0 4 ; y ; 4 50
20 . ; ; a=i[ dr la=gT D) 0 5 10 15 20 25 30
0.1 1 10 100 4nl [d(Int) Horizontal Runout Length, H,, (m)
Elapsed Time (hours) Q = ATVpruaCouia All four energy piles have identical heat exchanger
uis uis ] .
configuration (2 loops)

“ JACORSSCHOGL OF ENGIEEANG "
Thermal Response Test Summary Comparison of TRT Results to Previous Studies
Hamada et Ookaet Gaoet Lennon Brettmann
— Case al(2007) al. al. etal. and Amis USAFA
Foundation # 1 2 3 4 (2007) (2008)  (2009)  (2011)
Run-out Iength, Hm (m) 27.4 183 6.1 8.4 Fwndaﬁ(‘?"pe 26xD.P. 2xD.S.  1xD.S. 4xD.P. 3xA.C.LP. 8xD.S.
Effective length, L(m) | 426 | 335 213 23.6 gt i B mmom
Flow rate (ml/s) 109 119 137 106 diameter (mm) 300 1500, 600 G55 3004500 610
a(w) 3133 | 269 2180 2081 ExchimLoops Diap 8 131 2 13
Q/L (W/m) 735 80.5 102.3 88.2 TRT Analysis NA NA Num.  Line Line Line
d1/d(Int) 401 | 396 4.10 4.05 Therma pehod S Sous—_Sawes
xa (W/mK) 1.5 1.6 2.0 1.7 Ct(l;l\tl‘l;:“c:ié;ty N/A N/A 58-60 24-2.6 2.5-2.6 (Foﬁn(’i, '|_4) -
0-120
2.3 corrected (W/m K) 2.0 2.0 2.1 1.9 Heat ll":::ehlnge 5468 (ext) ]?rej‘.)z 57-1_08 - 73_?0 7299 (rej.)
» QJL represents system response and ranges from 73.5 to 102.3 (W/m) ‘z:xff (ej) () (Found. 14)
W/m, which is consistent with trends in the literature (L/D = 25) ) - ) -
happarent FEPresents system thermal conductivity ¥Rl Hon rejection into founation Ext: Heat extracton rom il
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= Borehole 4 »
(1.2 m from foundation, inside) (12 m from foundation, ouside)
35 35
Depth below 08 m Depttbelow 031 —26m
30 am: —3.0m 30 de beam: —4-4 m m
o erade beam: 30m | A2 wadebeam: T34 700
s s Z109m —12.8m & Depthc ~06m —18m Depth: 0.6m —18m
2 e 3 T Heating —37Im —73m Heating “37m 8 m
PN %20  Heating | 8 —lhtm o Hoating [ ~98m —146m
g 0 0
g5 25 P T N R
] g Elapsed time (hours) Elapsed time (hours)
=10 =10 20 T 25 o
N . i . orehole 3 Borehole 6
5 | Heating Foundation 3 5 L tleating | Foundation 4 (2.4 m from foundation, inside) | {24 m from foundation, utside)
0 0 ) ’
————
0 500 1000 1500 2000 0 500 1000 1500 2000
Elapsed time (hours) Elapsed time (hours) Depth: —0.6m  —18m
5 —37m =73 . Depth: ~0.6 18
Heating Tmo ~73m St Heating | 37m —73m
e, —98m —146m " —98m —146m
0 0

0 500 1000 1500 2000 500 1000 1500 2000
Elapsed time (hours) Elapsed time (hours)
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o . . Energy Pile Temperatures During TRT
Thermal Conductivity from Conduction Analysis 8y P - g
(Revisited)
BT D7 Elapsed time ()] +*
epth: 7.3 m ~lapsed time (hrs) . Depth: 7.3 m +Borehole 4

— : S100 %35 B ' *Borehole 5 * Depth below 0.8 m 33 Depth below 08 m —2.6m
9 s . 200 s, 53 grade beam: ~30m | 530 grade beam: —34m ~39m
2 PN . 52 —oim | 5% —109m —12.8m
N P \\E: B L
g = g 2 5}
300 H . H 3 520 gb g £

5 T st = —2mndl co s

; Under slab «—— Not under slab Q=-2m ar 5 | Heating Foundation 3 5 foHeating Foundation 4

1.0
3 02 4 0 1 2 3 01000 2000 300 400 500 60C 0 0 ’
Radial dist. from perimeter of shaft (m) Elapsed time (hours) 0 500 1000 1500 2000 0 500 1000 1500 2000
Elapsed time (hours) Elapsed time (hours)
Less heat is transferred to the subsurface outside of
the building footprint (insulating effect of slab
enhances heat transfer)

e
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Energy Pile Thermal Axial Strains During TRT Mobilized Coefficient of Thermal Expansion
o Mobilized coef. of thermal exp. (ue/° C)
s 5 _ 2 -0 8 6 4 2 0
g Depth  —0.&m —30m g Depth  0.8m ~2fm 0 + + + + +
é-lSU below _som —91m s 2130 i below “_j‘;m ’s ?m
£-125 gade _13g3m —t4bm| @125 gate Tiogn Tgm 21
§ beam:
-100 = -100 beam _j4.6m ~ 4+
® g § - R
E i Foundation 3 a7 Foundation 4 0 o o5 o0 x o 6F
=50 4 :qu g 50 — AT(C) a,
o - . 5 3
E <25 4 i g s E:;: Depth below grade beam 8 8 T eFoundation |
]2 4 g 0 Fitesting R e Tl 10 + #Foundation 3
+ + + 2 —+ + -+ Z o i
0 S0 1000 1500 2000 0 S0 1000 1500 2000 g 12 4 +Foundation 4
Elapsed time (hours) Elapsed time (hours) i 14 +
F 0 Foundation 4
2 — - o
o ‘ZWC')S w2 Ogoncrete — Oree-expansion — -12 ug/ c

McCartney 8
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USAFA Foundation Temperature Profiles
Temperature (° C) Temperature (° C)
0 10 20 30 40 10 20 30 40
0 \ \ \ 0
2 / /' / AT (°C) 2 AT (°C)
4 (¢ <Initial 4 *Initial
E \ .6 E -6
= 6 =12 =z 6 =12
53 +18 g8 *19
-] -]
10 =12 10 =12
o6 -6
12 12
14 dation 3 14 . Foundation 4|
JACOBS SCHOOL OF ENGINEERING. 51
USAFA Thermal Axial Stress Profiles
Thermal axial stress (MPa) Thermal axial stress (MPa)
0 23 4 5 6 0 23 4 5 6
0 0 :u |
2 4 AT(°C) 2 AT (°C)
a4 °6 4 6
B =12 | E =12
=6 a8 | 2 ° +19
5 87 =12 | 58 =12
Sio 1 6 | S0 26
12 12
14 Foundation3| 14 Foundation 4
Othermal = E(Sthermal - aconcreteAT)
- = o -
Olconcrete = afree-expansion =-12 ug/ C and E = 30 GPa

USAFA Thermal Axial Displacement Profiles

Relative displacement (mm)

Relative displacement (mm)

0.0 0.5 Lo L5 20 X 0.5 1.0 1.5 2.0

0 0

2 2 AT(C)
- —_ 6
O arcop g o
Z6 - =6
23 =12 B g ;}Z
a .18 =)

10 12 10 6

12 6 12

14 Foundation 3 14 Foundation 4

1
Stherm,i = Otherm,i-1 + E(Etm,i—l + &m,) Al

(displacements are relative to unknown toe displacement)

McCartney

2/9/2018

Enaincenng
JACOBS SCHOOL OF ENGINEERING 50
USAFA Thermal Axial Strain Profiles
Thermal axial strain (jic) Thermal axial strain (&)
0 -50 2100 <150 <200 0 50 2100 -150 200
0 0 ; ;
24 AT (O) 2 AT(*C)
4 .6 4 6
z =12 7 =12
‘5’ 6 +18 ,‘5’ 6 ~19
2 g4 812 E3 =12
S0 =6 S0 <6
12 12
14 Foundation 3 14 Foundation 4
Ethermal = €measured ~ €mechanical + us|eeIAT
Enaincenng
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USAFA Mobilized Side Shear Stress Profiles
Mobilized side shear stress (kPa)
-200 -100 0 100 200
0 + t +
2 £AT=18°C <Foundation 1
#Foundation 3 R
g 4 1 +Foundation 4
5 61
.l
[a]
10
12 +
F Or =0y,
14 4 fs,m(z,)=j—r( a0
i 4z T2

Structural Engi
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Evaluation of Head Displacement Data

Tolerable
Stauctus Dirtontacn, Bjerrum (1963)
curcular steel tank with a fixed top | 1125 | tanks have flexible base
curcular steel tank with a foatmg| 1500 10| dwto
top 1333 /L ~ 1/6000
tacks for overhead cranes 1333 meavured along the length of the (NO problem)
mack
[l srucrures i [ )
I e pipe 167 <ha Pt ot & joint
steel me warchowses wath| 11167 1o | conde separately  over-head
flexible walls 1128 cranes. forklift mucks. utility lines

Wo|ue lager vale if setticment
occun before comtruction of the
more brittle elements

1o uve lwger value if setthement

wirustion of the

‘one or fwo viory howses with brck | 1500
walls 17333

stractures with bratthe fimashes lke | 11000
plavter, omamental stone, snd tile | 1/500

occuns before

| more brinl n

Texible buildings Wit mensitive | 1500 aately
wall finisbes  like dry wall. 1333
movesble pancs. and glaw paoeh

beavy multstory stuchare on 41667
rigid concrete mat

coauder wall famhes separately
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Case History 2: Denver Housing Authority (DHA)

*Denver Housing Authority Senior
Center Facility

*Includes a conventional geothermal
system to provide heating/cooling

«2 drilled shafts converted to energy
piles

*Groundbreaking: Sept. 27, 2010

*Completion: January 2012

Murphy, K.D. and McCartney, J.S. (2015).

“Seasonal response of energy foundations during

building operation.” Geotechnical and Geological
Engineering. 33(2), 343-356.

McCartney, J.S. and Murphy, K.. (2017).
“Investigation of potential dragdown/uplift effects
on energy piles.” Geomechanics for Energy and
the Environment. 10(June), 21-28. DOL:
10.1016/.gete. 2017.03.001.

Building Foundation Plan

Energy Piles

60 Drilled Shafts
L>14m

Diameters from
0.46t0 0.91 m

Minimum 1.6 m socket
into bedrock

36 m

Energy piles chosen for

proximity to mechanical
room and large

diameter (0.91 m)

T
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DHA Temperatures during Heat Pump Operation

40

35

30

25
9 . IJ
<1s
2 10

5

Q = ATV pr1iaCriuia
Flow rate of 20 ml/s was
estimated
20% methanol solution was

0 used
1'2 :};';,;t  High values in spring/fall are
) Difference ‘ due to stagnant water flow in

ik AN the system, leading to

increases in ambient fluid
temperature

Similar response for A and B
so only A is discussed here

> > € e
\10;\ b\"’%\ \rf\\ %\-,jl\ \.Le\ %\1b\m\16\ %\1‘;\1\1}\ e\f’\ \11\

Interior Foundation A
Q/L,,. =91 W/m

McCartney
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Conventional GSHP System at the DHA Building

40 conventional geothermal boreholes installed in the parking lot
« Depths: 470 ft

« Diameters: 4 inch boreholes, 1.75 inch PEX tubing

< Backfill: Sand-bentonite grout

« Total thermal energy to heat pump: 75 thermal tons (263.5 kW)
« Design fluid temperatures: 32.2 °C (cooling) 1.7 °C (heating)

Structural Engineeting
JACOBS SCHOOL OF ENGINEERING.

DHA Heat Exchange Tubing & Soil Profile

FINISHED GRADE
w5 N= 7|uwawslsonmm
[} ‘gﬂx 2 G w=1010 13%,
20l £2 ustado s Foyndation A:
EH ines conte
EJ B Plasticity index of fines = 24 3 Ioops
Iz SAND AND GRAVEL
@ N=1st028 owssoomm 14,8 M deep
1 w=1108%
091 m 7a=18.1 10 19.2 kN/m®
dia Fines content = 2 to 16% S #7verteal 0ot
1 diameter heat rebar dlameTe-v
e g omars e
1§ o)
20m § CLAYSTONE 93¢
13 (Denver Blue Shale)
e N = 50 blows/200 mm
31m
Vibrating Wire
— Strain Gage |
Locations
At
JACOBS SCHOOL OF ENGINEERING 60
Pile Temperatures with Depth
40
35 « Temperatures
30 ™ u range from 10 to
25 ™ Ak i \ W 30 °C
— 20 y o\ | \ \
Y1519 ‘-\ IR 'Y, 'y L e Temperatures are
219 Y v relatively
5 3Depth consistent with
0 below —1.1 —3.2 depth
1‘2 grade =53 7.5 « Temperatures
Jedm - 96 —117 trends follow heat
exchanger fluid
\\’\\’\\6\6\\\&\\\\’
\9 \ W o el by \’%:\fi}\ \'f‘J o temperatures

10
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Pile Changes in Tem

perature with Depth

20
1 AT range is about
Sk B R 20°C
1] ™M M M i i |+ Initial cooling
Lo AT 4| followed by a
CRLE I R B Ly | \ significant
= 1k \ , ! f ! ( .
< 11 W i al ] W) heating event
03 W“ ! fl (not balanced
= Deptnpsew L a2 s . gb?:luetszz:z)similar
] gade(m) 75 96 117 4
-10 i ~  overeach year
ol el A6 el 22,318 but depend on
ALY \%\ \" DAy \“»” i dormas
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Energy Pile and Fluid Temperatures

45mm- 47vertal 091 me

20 diameterheal  repar  ciameter
exchanger  elements reinforcing
- pies cage

Temperature (°C)
B e NN oW
S GhoSn8
;
£<
823
23

5
0 )
. * Bulk energy pile
— Energy Pile A Average temperature is up to 4°C
10 — Outlet Fluid Temperature different from the fluid
-15 e

temperature

5> AT A1 182 Y D B2 L2 L8O 130

nm\ o \»a\ \11\ K \1%\ ot \1‘3\ i 1“"\1\11‘ « This will cause
differential strains across
the pile area

)
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DHA Thermal Axial Strains
E /,M « Thermal strains are
g 1503 Mg 96 expected to follow
=100 W w/ “wf e the sinusoidal
T 503, i 117 temperature trends
2 037 ¢ { « Strains near the
% 503 * bottom of the pile
T-100 4757 indicate that there
E ot may be compressive
[T . .
£ 2003 epth bélow —1.1 —5.3 7.5 strains developing
550 grade (m) 9 6 11 7 over time
B 7 e \’ " superimposed atop
rga\ ‘b\ ’L"\ ST rf)\ 1 D«\ q}\ the thermal strains
L o\ AR \ ol 6\
(dragdown...)
Ethermal = €measured — Emechanical + usieelAT

ATORS SCHOOL OF ENGINEERING:
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Mobilized Coefficient of Thermal Expansion
ATy (°C)
250-6 420 2 4 6 8 101214 16 18
— 0] pepth | —11 —s3 (-) Expand | * Hysteresis loops
Bl 75 96 are generally
= 1501 below . g .
c 11.7 linear (expected
= grade (m) . 1.1 .
£ -1003 for thermo-elastic
2 501 i
T 117 materials)
ECE + However, a
g 509 downward shift is
g 1004 observed over
£ E - !
150 (+) Contract time
200

Mobilized Coefficient of Thermal Expansion

-13-12-11-10-9 -8 -7 -6 -5

Ave. mobilized coef. of thermal exp. (ne/°C)

-4 -3 -2 -1 0 « Closed markers

are the slopes of
the g,1 vs. AT
curves for the
cooling seasons

the slopes of the
g7 VS. AT curves
for the heating
seasons
Variations do not
show a significant
temporal effect

3 0 E Heating Cooling
g ALY =123 =161
S 49 Sand and +9/7/13  +10/17/13
> .1 . Gravel +7/22/14  +3/5/15 + Open markers are
3 6 = =5/8/15  +10/30/15
g [ PR P AT g~ ——————
< E
8 101
= 12 Claystone
14 3
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Extreme Heating/Cooling Events

McCartney

T () T (€1
41510 5 0 510 15 20 25 30 35 4 41510 5 0 5 10 15 20 25 30 35 4
B 29 <7/11/12 £ 2 ~2/9/12
= =9/8/12 E
3z 4 3 4] e31112
| § ] eom
5 6] -onm s ey
$ 8] wrsa 2 8] s
| e i
LIPS I 8 Should
Should 123 ~10/3/16 AT, =115°C - AT, =-33°C £ onl
expect only expect only
4 Thermal axial train () Thermal aial train (ic) positive
negatlve 250 -200 -150 -100 50 0 50 100 150 250 -200 -150 -100 50 O 50 100 150 "
(expansion M =115 °C AT, =-33°C (cor?tracme
? = 2} -
strains) £ {T000F 22 s strains)
i S s
B e I R
L3 2 63 w1227/12
§ 8ie7811a § 8 -vam
£ 1o =9r81a 5 o] #3515
& -0 2
1231053716 () s expansion “ )is expansion
Extreme Heating Extreme Cooling
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Dragdown Strain Evaluation

Axial strain ()
50

« Evaluate the difference in the RN 225
thermal axial strains after = j
several years of extreme :;» .
heating to the same | T I\
temperature B san

 The difference in thermal axial s exponsion
strain can be attributed to 2502001150 300 o B 50 100 450
dragdown _ Z Slen =200

+ This dragdown strain can be I
subtracted from the thermal HE R
axial strains during cooling to I R
verify the observed trend Sx ——

Structural Engineering
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Thermal Axial Displacements

Thermal axial displacement (mm)

* Nonlinear
0’2'0 -1].5 ’l,'o '0,'5 0;0 0;5 10 distribution in
AT, (°C) displacements is

E2314 noted with depth
b -12 .
FEERSU * Magnitude of
& =8 thermally-induced
267 =6 di .
2 -4 isplacements is
28192 relatively small and
210 1 *?2 is not sufficient to
/A ~4 ) cause architectural

12 1 a5 (-)isupward damage

Structural Engineering
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Case Study 3: Centrifuge Modeling

* Measure empirical parameters for soil-structure interaction analyses
for different boundary conditions

* Properties of scale-model piles and soil layers can be carefully
controlled and independently characterized

« Different configurations can be considered for lower costs that full-
scale testing in the field

* Incorporation of dense instrumentation arrays to capture thermo-
mechanical effects in the energy pile as well as thermo-hydro-
mechanical effects in the surrounding soil

* Scale-model energy piles can be loaded to failure to destructively
characterize the effects of temperature on the load-settlement curve
to back-calculate the ultimate side shear resistance and end bearing

* Effects like unsaturated soil conditions can be considered

McCartney
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Thermo-Mechanical Axial Stresses

. . Axial stress (kPa)
Isolation of the dragdown strains -15000 -10000 -5000 5000 10000 15000

permits a rational interpretation of 0 AT i =11:5°C
the total thermo-mechanical stresses 29 AT,vecooling = 3.3 °C
in the pile due to mechanical
loading, heating effects, and
dragdown effects

43 = Mechanical
6~ Thermal (Cooling)
— Thermal (Heating)

= Dragdown

Depth below grade (m)

Dragdown will not occur in all soil
deposits, but it should be carefully
considered as it adds stress to the pile

0
< Total (Cooling)

23+ Total (Heating)

Othermal = E(Einermal = %concreteAT)
Oconcrete = Olfree-expansion =-13 “SloC and E = 30 GPa

cydragdcwn = Egdragdown
Ototal = 0-dragd::ywn + Gthermal + Gmechanical

Stuctural Engineeing
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" Bourne- USAFA bHA
Laloui etal. McCartney and
Case Webb etal. | Murphy et
(2006) 2009) al. (2014) | Murhy (2012);
B Murphy (2013)
Load mechanism at foundation o Load control Building -
hend Building dead load | ~*f “o% dond loy | Building dead load
Foundation diameter (m) 0.88 0.56 0.61 0.91
Foundation length (m) 25.8 23 15.2 14.8 (A), 13.4 (B)
Maximum mechanical load 0,1300 1200 400 | 3840 (A), 3640 (B)

during heating test (kN)
Range of AT (°C) +21, 413 -19t0 +29 +22 5to+14
Depth of max. thermal axial

stress during heating (m) 210 7.0 16 16
Maximum 'h&'P"'a;" axial stress 2100 800101900 | 5200 210 4500
Maximum increase in thermal
axial stress with temperature 104 192 252 265

(kPa/°C)

Estimated range in head 42, n0t
displacement (mm) (negative is o 4.0t0-2.0 -1.75 0.8to0-1.5

measured

upward)

Structural Engincering
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Heat Flow in Stiff Soils in the Centrifuge

= Pespex mold

s Thermocouple (TC)
© Thermal peobe o
® Screw » i

s x 3z 8 sy

w e ws

Krishnaiah and Singh (2004)
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Scaling Conflict Centrifuge Modeling of Soil-Structure Interaction

* Temperature distribution is the same regardless of g-level
Temperature

¢ Geometric similitude indicates that the time for heat flow in the | control

centrifuge will be N2 times faster in the centrifuge aystem
* Strategies to overcome conflict: Frame
— Perform numerical simulations in model scale
! . ) Insulated
— Use quasi steady-state results in prototype scale and consider the results as c'('):“:a‘::‘ir
representing a worst-case scenario | —
* Heat flow has a larger zone of influence comparing the centrifuge n
prototype to a real system in the field Testing Phases:
Thi that h | effects (st iated with 1. Evaluate impact of temperature Centrifuge
Is means that any thermal etfects (S resses associated wi on strain distribution and basket

constrained thermal expansion, thermal expansion/contraction, etc.) deformation
will be greater in the centrifuge prototype 2. Evaluate impact of temperature
* Perform tests after reaching steady state foundation temperature on ultimate capacity

Structural Engineering Structunl Engineering
JACOBS SCHOOL OF ENGINEERING. 75 JACOBS SCHOOL OF ENGINEERING 76
Temperature Control System Scale-Model Energy Pile
485
a7 5 MM
3 3 PFA heat
pd exchange loops
S 0D 3.175 mm
_*LJ L ID 1.588 mm
___________________ 8
= gl Strain gauges
pistol = E| ¢ bonded to N=24¢
Pipe plug = % o steel tabs.
hermocouples| = S| T
Foundation o Thermocouples Dp =15m
Inlet/outlet flow valve Insu'l'le};ed PFA 2
manifolds Centrifuge 09 2 Steel wire hardware L =84m
arm - cloth reinforcing cage p =S
3 (12.7 mm opening)

mm
Instrumentation cables

PFA heat
exchanger
tubes.

Not To Scale

SR oK 28 L
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Calibration of Strain Gages Bonded to Steel Tabs Energy Pile Characterization
o Il:,xml strain (ui()' w0
70 600 0 -
Equilibrium n Egee = 200 GPa - Axial
60 3 under =-11.8Mpa [ 400 g e
<, 1 applied Oy =-13 pePC E 200 = 200 e
850 stress| / ! a ‘s 250 ] o
0o Z g e
E 40 A = 400 § 702
g E 200 £ E=33GP
530 9 s 0
& E -400 £
5 20 1 2 P
= —Temperature | -600 £ et
10 14 ) Raw strain E-800 S
0 E'xpanlsionI TCorrected su"ain -1000
0 100 200 30%;050(55)00 600 700 800 B ead S DURTI
weight i A >

McCartney 13
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Thermocouple
profile probes

2/9/2018

Building load
iy LVT Container

Percent passing 09 _
2 &5 &8 g 8

-

' o on
Puriclesire (mem)

g

oo IO 005
poserries D, S 011 mm
I, S 0,16
| pasingNo.200Sieve 0
pecfegaiys, 20
- | ectveficionangie,§ 3>
e nitalvoidretio,e, 075
LVDTs and.
o [Satiratedydrauliéconducaisyke 1 x 10* /s
poern T Themalconductviy 025

Materials: Bonny Silt Testing Sequence

* Low plasticity silt P = 4 Average AT=18°C
) . foundation -
* High fines content temperature AT=12°C
. . AT=7°C
* Unit weight = 17 kN/m3
) . Ambient
* Gravimetric water molen Elapsed time
- 0,
content =12.5% Axial load at
. . f foundation Load to
Prepared usmg cor.'npactlon rond Tlure
in 38.1 mm-thick lifts
Seating

Elapsed time

# T Probe depth fom  Foundation Time (5) Time (5
4] surfacem) R=0.0mm 0 1000 2000 3000 4000 0 2000 4000 6000 8000
5 091 0 3000 0 it 3000
35 =305 Soil (R =2.20 m) Soil (R =220 m)
£ 415 g3 Soil (R =3.05 m) =0 g3 Soil (R=3.05m) =0
H —5.18 E z - z
g . o Foundation” 20005 £ Foundation 2000
£ . l =1 z settlement 3
H H settlement 1500 3 F e 1500
. 21 i 3 £ =12° E
20 Ambient Foundation -5.18 3 Ambient 1000 % E N Axial 1000 %
- Fi
15 15 R00mm 132 204 Avial 500 20 { load \ 00
0 1000 2000 3000 4000 2000 4000 6000 8000 loud
Time (5) Time (5) 2 0 2 0
. Time () Time (s
5 Torobe depth from  Foundation Foundation 0 2000 4000 6000 3000 0 2000 4000 ¢ )wnu 8000
401 surface (m) R=0.0mm 40 {R=00mm 0 B 3000 0+ . - 3000
s 0. o e
o <35 Probe depth from| Soil (R =2.20 m) 2500 Soil (R =2.20 m)
g 35 g surface (mm) 2 5 Soil (R =3.05 m) s z s Soil (R =3.05 m) B0
230 g0 —:z; £ Fou.lndauon” 20004 £ Foundation—"| 2000 %
2 -3 z setllement 3 z s 3
% 25 525 s H . 1500 £ g settlement 1500 &
= ) =18 L AT=7°C E g5 AT=18°C 1000
o AT=18°C =3, & il 1000 & 1 H
Is L 20 4 load \ 500 2 \ 500
0 2000 4000 6000 8000 0 2000 4000 6000 8000
Time (s) ‘Time () 25 0 25 0

McCartney 14
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Axial Strain Time Series

AT=0°C 100 Probe depth from

s0 surface (m)

0
50
-100
150
200
4l -250
73 300 AT=12°C
350
0 1000 2000 3000 4000 0 2000 4000 6000 8000
Time (5) Time (5)

Probe
depth from
Surface (m)

g
E
z

Probe
depth from
,,,,,, surface (m)

AT=7°C

Probe
depth from

fa
) surfce (m)

30
41
2

AT=18°C
0

0 2000 4000 6000 8000
Time (5)

0 2000 4000 6000 8000
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0 . I
e expansion strain is shown at
: j kel a depth of zero (gee = 0 AT)
€ o » Thermal axial strains are
£ o very close to free expansion
il strain
Z ; . .
gio * Relatively uniform with depth
12 « Little soil-structure interaction

Thermal Axial Strain Profiles

« Head is free to expand so
theoretical free thermal

Thermal axial strain (s)
50 -100 -150 -200 -250 -300 -350

o

in dry sand with semi-floating
boundary conditions

Thermal Axial Stress Profiles

Thermal axial stress (kPa)

500 1000 1500« Nearly triangular

<

_ K distribution in thermal

£2 axial stress with some

£ 41 variability

Z 6 A(GTC»; » Thermal stresses are

£ -7 relatively small compared

EUE =12 to those observed in the

] +18 ) .

12 field for end-bearing

conditions

o, = Ele, —aL_AT)
o, =-16 pe/°C and E = 33 GPa

Structural Engineering
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89

Depth from surface (m)

Thermal Axial Displacement Profiles

‘Thermal axial displacement (mm)

L0 0:9 0005 L0 LS. pigplacement at foundation

0 head is known from LVDT

29 measurements

4 1 / * Thermal axial strains are
) integrated and subtracted

¢ / fTC) from the head

8 3 +7 displacement

103 =12  Null point is displacement

2] =18 of zero thermal axial

displacement
* Null point shifts upward

1
8= S+ e+ e o -2, with temperature

! 2

Load-Settlement Curves for Energy Piles in Dry Sand

Axial load (kN) * Noincrease in axial
0 500 1000 1500 2000 2500 capacity was observed
0 X , \ . ;
—~— AT with temperature

« Loads were applied to the
capacity of the system
« Approximately reaches
Davisson’s criterion
« Displacement was less
than 0.1 of the pile
5 diameter
« Negligible radial
expansion effects

Head settlement (mm)

2
.
5

90

McCartney

Prototype settlement (mm)

Load-Settlement Curves for Energy Piles in Unsaturated Silt

* Anincrease in capacity

Prototype load (kN) seems to be observed

0 500 1000 1500 2000 2500

0 . in the results

AT, at N

loading ()| ¢ However, this is likely
3 —0 due to thermally-
10 3= \\___}g induced water flow
IR away from the soil-pile
15 4 interface
* This leads to an
20 ] . ) .
increase in effective

25 stress and interface

shear strength

15
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musu:o?ﬂm 91 JACOBS SCHOOL OF ENGINEERING 92
Reasons for Increase in Capacity for Energy Piles in Load Transfer Calibration using Centrifuge Data
Unsaturated Silt
10
N McCartney and Rosenberg (2011) o0
w0
2, Chen and McCartney (2016) §o7
B i i 808 So-slo) =
e ) - Ultimate End Bearing: g os
2125 - =03
: _ o2 ———
TZ Qb.max - f(¢v Shape) E o1 e i et 387
0 5000 10000 15000 20000 0o 0 0 100 150 20 iy
Time(® " .
P e v o - Ultimate Side Shear: s ispcement ()
° y 510
,g“‘ 1 00% o 00 Qs,max = l?’Ast gzg: =
gss o E Z o g B = Side shear reduction factor g%
2 30 ] mioncm) 5 H o =tand'[K, + (K, — Ko)xer freel §05 11 Junioasne ”
ERTE Bt o2 H e & = Weighting factor (close to 0) $os 10
o —1778 < 2 < . . ¥ -=Hyperbolic Loading Approx.
ST Sae—| -15% = -15% e11ree = Free radial thermal strain = arAT i —Reese and O'Neill 1987
Linear Unloading Appros
15 2.0% 1s 2.0% K, = Coefficient of passive earth pressure E“" ; o e
0 5000 10000 15000 0 5000 T"JW"J' 15000 20000 K. = Coeffici Tip Displacement (mm)
Time (s) ime (s) o oefficient of earth pressure at rest
JACOBS SCHOOL OF ENGINEERING. 93 JACOBS SCHOOL OF ENGINEERING 9
T-z Curves to Use in Analysis Load Transfer Analysis: Drained Soils
il Stess, o, () oS
Boltto Inlet/outlet 0 300 600 90 1200 1500 4150 160 170 180 190 200
connect to exchanger Normal ° foramm H N B
loading rods fluid couplings stress 2 {acinm i 2 ot
+13.6kPa 5 R s == : —enr
Yoke used to Copper heat «18.1 kPa S : T [ —s
ensure vertical ex:‘\;:s(ev %226 kPa E? s - " g s
distribution to . 10 - / 10 \ Pescom
the two shoes Loading. e / \ b
traps ~_ o " ) g e / 2 \ s
T ——
‘tubing ::) Toasc 1o MoSRmd Sl Shaar St G P Thermo Mechanil Dipoamar, ()
reinforcing Y o ° R
— cage Norm 2 f 2 “ o
priiy e IR Eofrmm (( N -
+18.1 kPa ‘§ N AT=20"C A g s
%22.6kPa S el Q S it W\ Chen and
Thermal Borehole Shear Device oo m o >0 o g e . et . Mﬁzcarg;ey
(Murphy and McCartney 2014) Displacement (mm)

Load Transfer Analysis: Undrained Soils Parametric Evaluation Examples
Al Stres, o (kPa) Al i z
w0 % 0 w0 o e %0 w0 H
0 :
T4 g = 800 _._m,amem”:‘ <O+ (Undrained], ;.
e 4 € 700 1 2 iy i
is £ FIEVRE | - —
. : o s00 i
; g
: £
@ ) ey £ 300
o 5 %0 2200 § pa—
N ° P & w % 100 ¥
N N 2 N fotyrod i § 2 0 I

E ) £ g 001 23 4 5 6 7 8 910

£° 3 g8 e Head Stiffness, K, (GPa)

s‘: L i Chen and g 20 1 Chen and
» P v McCartney 2% McCartney
1. y 1T — (2016) o001 001 o1 1 (2016)

@ @ Parsmeter of Gz Curve, a,

McCartney 16
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Parametric Evaluation Examples

. - (Drained)O, - (Undrained)O, yrymp P =500 KN
T 800 I o (rainedio, 1, O~ (Undrained)o, p,  A=L13
£ 700 3 & (orinedlo, -+ (Undrained)ay, . AT=20°C

Chen and
0 lgadialég ansi(a)g Para:wgter k50 McCartney
P g (2016)

n
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Load Transfer Analysis Results

Chen and McCartney (2016):
Semi-Floating Energy Pile in Nevada Sand Results from Goode
and McCartney (2015)

et Thermal Axial Displacement (mm)
hermal AvialStrain (uc) s 1 065 0 05 - s
100 200 300

400

0 B ° P s
g, i
g £a
£ H 5
H s
e £ %
! Ze aT(e
£ steo £ P
g s go
210 7 a 12
012 12 25
12 s 18 Thermal Axial Stress (kPa)
o 500 2000 1500
0
£,
]
X >
s
= AT
£, .7
So
2
2 Iy

ATORS SCHOOL OF ENGINEERING: 101

Calibrated Parameter Evaluation

1200 71—k, =1000 MN/m T=20°C
@ Murphy et al. (2015) -Sand

& Goode and McCartney (2015) - Sand
© Goode and McCartney (2015) - Silt
X Stewart and McCartney (2013) - Silt

1000 A

800 4 A Ngetal. (2015) - Sand
@ K, in case study
600 A 500
g,
400 A hﬂe,::c?:/,,g
e
...... s,

AN

K, =0 MN/m

200 A

Head Thermal Force, Q} ; (kN)

0 Chen and
0 1 2 3 4 5 6 McCartney
Head Thermal Displacement, p,*; (mm) (2016)

McCartney

L il
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Bepth (T

Load Transfer Analysis Results

Chen and McCartney (2016):
Air Force Academy Pile 4 Calibration Results
from Murphy et al. (2015)

Relative Displacement (mm)

Thermal Axial train (1e) 00 05 10 15 20
° 50 00 150 200 o
2 " AT(Q)
AT(Q) g4 .
.6 6 .12
2 gs a9
s19 10
2
‘Thermal Axial tress (MPa)
o 1 2 3 4 5 & " Foundation 4
Foundation 4

AT('C)
.6
.12
a19

Depth (m)

Foundation 4

Load Transfer Analysis Results

Chen and McCartney (2016):
End-Bearing Energy Pile in Bonny Silt Results from Stewart and
T McCartney (2013) e Dsgcemas vm)

Thermal Axial Stress (kPa)
20 400 0 800

Depth from Surface (m]

102

Final Comments

Implementation of energy piles is a potential strategy to

decrease installation costs for GSHPs

Energy piles can provide the base thermal load for a

building without causing major structural issues:

«  Thermo-mechanical stresses are less (5-10 MPa) than
compressive strength of concrete (~21 MPa)

«  Thermal deformations should be well characterized, but are not
expected to have a major impact on buildings (angular
distortions less than 1/5000)

Impacts of heat exchange on soil behavior should be

carefully considered, as they may lead to:

« Change in heat transfer

« Change in capacity or deformation response (dragdown)

17
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Effects of Temperature on Soil Properties
1.00
o [ 1
hond PN -
post N |-785'F124.7'c, | cul
° o2 AN Tet00eF (@7 770 | £
S N o T 4%
50 T=124 5 (514 1|
0.88 £
2 os ®
~ os Q g 15
0.8: — |
b NS §o
0.78- === &£ 5 |
15 2 3 45 78910 ' Uiy we N oo
Consolidation Stress, 6" (kg/cm?) (x100 kPa) Tempacature [
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Thermal Evaluation of Soil Properties
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Impact of Temperature on Soil Volume Change:
Saturated Compacted Silt
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Impact of Temperature on Isotropic Volume Change:
Unsaturated Soils
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Temperature Effects on Soils: Anisotropy
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