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Development of the use of geothermal energy in Switzerland

@ e.g. 2003: produced heat energy 1110 GWh
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Heat exchanger piles

Constructions using thermal piles (more than 300 in Europe):

 The new Main Tower for Helicon (Frankfurt am Main)
112 bored piles with diameter of 150 cm, 30 m in depth

 Reha-Zentrum Bad Schallerbach (Austria)
175 bored piles with diameter of 120 cm

+ In Switzerland:
*Finkernweg (75 thermal piles)
Lidwil (120)
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Geothermal structures — Heat exchanger piles

———

» These structures permit the exchange of heat from the ground to
satisfy the warming need in winter and the cooling need in summer.
They have two main functions :

- Static: to transfer building loads into the ground,;

- Energetic: to serve as a heat exchanger with the ground (and
usually linked to a heat pump); Production of recoverable energy.

Main Tower - Frankfurt

 Temperature up to about 70 °C (usually 0<DT<30°C)

/—§
Heat pump

« How does temperature modify the
behaviour of geostructures?

=

"~ |

Layer 2

* |s it possible to predict such effect?

\Y \Y \Y
Heat exchanger piles
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Heat exchanger piles

Heat exchanger piles may be driven or
bored reinforced concrete piles.

Plastic tubes are embedded in the pile in
which the heat exchanger fluid is flowing.

The inflow and return tubes are mounted
along the reinforcing cage.

Usual characteristics:

e diameter: 30 to 150 cm
e active length: 10 to 30 m
e Spacing: 3to 10 m
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State of geotechnical knowledge

@ What are the thermal fluctuations (DT = 30°C) long term
effects on the bearing capacity of the foundation soil?

@ What are the limit temperatures in the piles from which
bearing capacity of friction piles starts to decrease? Is there
along term fatigue effect ?

@ Can a -3°C fluid temperature inside the pile have a long term
effect on the concrete resistance if the latter has no sufficient
porosity due to special design mixture formula ?
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In-situ load test: Experimental setup

Pile of a building at the EPFL has
been tested
Diameter 88 cm - length 26 m

* The pile is equipped with a pipe
system and:

- 28 vibrating-wire extensometers
and temperature-gages

- 29 fiber-optic extensometers

- 1 load cell (HCV-TELEMAC)

London, May 1st, 2008
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IN-SITU LOAD TEST
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IN-SITU LOAD TEST : Thermo-mechanical loading
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IN-SITU LOAD TEST : Initial results

D [mm]
e Integrity test (PIT) X
Section of the pile =10 |
A =7200 to 10800 cm? 5
o0
» Cross-hole ultrasonic transmission 30

(three 2" steel tubes)
¢ = 23000 MPa ---> Epie = 23900 MPa. (at T=11°C)

Date Température moyenne Ebeton [M Pa] Ebeton [M Pa]
dansle pieu [°C] (n=0) (n=0.16)
24/02/98 23 28068 26357
25/05/98 35 27206 25547
03/06/98 24 31097 29201
25/05/99 19 31948 30000
London, May 1st, 2008 5@!1{!!@ Energetic geostructures
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Thermal behaviour of the heat exchanger pile
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In-situ measured strains and temperatures

Axial strain [x10°]
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TEST RESULTS : Thermo-elastic behaviour of the pile

180.0
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Strains were not uniform and depended on the friction at the soil-pile interface
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Displacement [mm)]

Heat exchanger pile uplift
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TEST RESULTS : Mechanical load

Qsm [KN]

* The static load is imposed by the dead weight of the building under
construction
* Qq, Is the static load deduced from measurement at the top of the pile

* Q,, Is the load repartition versus depth
Qn(2) = € (Z) xA(2) XE e

Test
kN
0 2 4 6 8 10 -1200 -800 Qm [ ]-400 0
0 : : 0
15
400 - _
1 10E
-800 - 11509
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1200 - —x—Test4
—&— Calcul —e— Test5
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-1600 30
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In-situ test: thermally induced load in the pile

* The added load in the pile due to thermal solicitations is

Q(2)= Eye Xn- 1)xb 50T xA(z)

Qr [KN]
e T Y. e ltis well-known that the
TEST 2 1 50 Induced mechanical load is
100E  important at the top and
t 1508 diminishes with depth
Egiij(g | 200 * The thermally induced load is
—e—DT43 | 2 more uniform. It strongly
2 solicits the toe.
I CPF
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TEST RESULTS : Induced loads

Qr [KN] Load [kN]

-3000 -2000 -1000 0 4000 -3000 -2000 -1000 0
‘ ‘ 0.0 \ ! ! 0.0
+ 5.0 5.0
1§ B =
10.05 10_0%
1 o —
—a— T2 DT=14.1°C 15'08 150 &
“TEERI g0 Qron\ \Qrmex - @m\ | 500
——T5 DTf15.9 :C, 25 0
S Torasa Test 7 250
= 30.0 30.0
Maximum thermal loads Load caused by the building

weight, the maximum thermal
surcharge (DT=13.4 °C) and the
total load thus obtained
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In-situ test: mobilisation of the lateral friction

M ohilised lateral friction

Defarmation [mim]

Heating has a strong influence of the lateral
friction mobilisation
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Thermo-Hydro-Mechanical coupled approach

Heat conduction Heat convection Water and Gas flow
Thermal conductivity

Specific heat

Fluid density
Fluid viscosity

Stress-Strain
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Constitutive laws

Fourier’s law Darcy’s law

* Thermal conductivity * Permeability (T)
* Heat capacity « Storage coefficient (T)

» Elastic parameters (Young modulus)

 Hardening parameters (preconsolidation pressure) (T)
» Plastic parameters (friction angle)

* Thermo-elastoplastic parameters (T)

W~

Thermo-mechanical
triaxial system

Thermo-(visco)plastic law

.(I)fl. Energetic geostructures

London, May 1st, 2008 ECOLE POLYTECHNIQUE
L. Laloui et al./ 24 FEDERALE DE LAUSANNE



Advanced Constitutive Model for Environmental

Geomechanics — Temperature (ACMEG — T Model)

(Laloui-et al., 2005)

A ot oIy
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| A"/ y
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I
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Thermo-mechanical triaxial system
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"A novel triaxial apparatus for thermo-mechanical testing of soils". Geotechnical Testing
Journal, Vol. 28, issue 2, 2005

= AT

'.‘5/- GDS Controllers

London, May 1st, 2008
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Constitutive laws

Fourier’s law Darcy’s law

* Thermal conductivity * Permeability (T)
* Heat capacity » Storage coefficient (T)

» Elastic parameters (Young modulus)

 Hardening parameters (preconsolidation pressure) (T)
» Plastic parameters (friction angle)

* Thermo-elastoplastic parameters (T)

In-situ thermal
response test

Thermo-(visco)plastic law

.(I)fl. Energetic geostructures

London, May 1st, 2008 ECOLE POLYTECHNIQUE
L. Laloui et al./ 28 FEDERALE DE LAUSANNE



Outline

1. Heat exchanger geostructures

2. State of geotechnical knowledge
3. Experimental and modelling tools
4. Numerical simulations

5. Conclusion

(gl

London, May 1st, 2008 ECOLE POLYTECHNIQUE
L. Laloui et al./ 29 FEDERALE DE LAUSANNE

Energetic geostructures



Numerical modeling

e — 005 7m
e ™. 1 >
u Assumptions: N~ 19
- A single pile is modeled LAYERAL
- Pile diameter 1 m ; length 26 m bile {55
Prager thermo-elastoplastic law
- Concrete: impervious and 112 %
thermo-elastic behaviour
- Fully saturated ground PILE AYER B
Soil
Simulation tools: | 5o
- Coupled THM model LAYERC
- GEFDYN FE code 158> |
P —
—— LAYER D
\/ _ M52m
e LI,
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Numerical modeling

Material Parameters Parameter Range Material
K [MPa] 122 layer Al
u Mechanical parameters (K,G, @ ,c) 17381 concrete
deterrlnln?d frotrrr]\ tg\axléal t%sté rur_1I on = G [MPa] 113 layer Al
samples from the A, B an SO o
layers (3 confining pressures for 5 14313 concrete
each layer) o P [°] 23 layer B
2 30 layer Al
u Thermal parameters (A, pc, B, ¢ [KPa] 3 layer A2
estimated on the basis of 20 layer C
geotechnical characteristics AWmPC] 1.1 layer D
_ o 4 2.1 concrete
u Horizontal permeabilities measured 3 pc[Im3°C] 2.0 108 layer D
In situ via geotechnical investigations 3 6
(De Cérenville 1997). Assumption of 3 2.4 10 layerAl
isotropic permeability — B [°C1] 106 layer D
104 layer B
K* [m/s] 7 107 layer A2
2 10° layer Al
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Numerical modeling

o

Test 1 (thermal load only) and test 7 ﬁ
. . S ‘.\Numerically i
(thermo-mechanical loading) are 5 imposed
simulated: _. 10} temperatures ¥ ]
= A )
‘o TEﬁTG % ,\C_,/ A5 Experimentally . o 1
= Q T measured O
HERI B ol TS PS
3 TEST 1TEST 2 TEST TEST 4 TEST 6 TEST 6TEST 7 ngm 4T AA "E
3 Eif I B [T H B . ]
% B sT3 | ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ " Coom‘g( ay ‘8) | He‘atmg (d‘ay 12)
e srz?' \ 0 5 10 15 20 25 30
= Et.0 Temperature variation in the pile, DT(°C)
TESTO TEST1 |
| | | = ol Heating |
2 /\
S 15 /o 1
. . . .g 10 F iX/ \L
u Imposing temperature variation in > / . Cooling
the pile (heating cooling cycle, Z 50/ T~
DTmax = 21°C, 12 days of heating S . |
followed by 16 days of cooling) 5
-5 | | | | |

0 5 10 15 20 25 30

Qg —=
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Numerical modeling

Thermal fields

u Constant temperature at the top
surface

u Imposed incremental temperatures
in the concrete pile

u Heat flux is supposed null along
the axis of symmetry

Temp. variation [°C]

52 m

21
l 18.667
16.333

- 14

- 11.667
- 9.3332
- 6.9999

4 GBES
2.3331
1]

Normalised mesh : isothermal
values at the end of the heating
period (day 12) Y
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Numerical modeling

Thermal effect on the mechanical behaviour of the pile
(Test 1)

0 \ \ 600
S5 7 —~ 500 7
\ £
~ 10 . E 400 1
E X .|~ DT=21°C Exp =
< 15 . | ~ | ™ DT=21°C Num ‘® 300 a
% X A ©--DT=3°C Exp i
\ —eo— DT=3° —
| o0l ¢ A DT=3°C Num T 200 |
‘ ge]
‘ %
'25 [ B 100 -
Cooling Heating
_30 | | | | | |

0 0.5 1 1.5 2 2.5 3 3.5 0 5 10 15 20 25 30
Vertical strain (x10%) Time (days)

(Depth 16 m)
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Numerical modeling

Thermal effect on the mechanical behaviour of the pile

(Test 1)

Heating

—— DT=0°C (Initial state)
~— B DT=21°C (12 days)
—<— DT=3°C (28 days)

0 o 0
P
e
5 R 1 10 -
~—~~ - = _ ~~ '20 [
E E
~ ( ~ _ L
5 -15 - g —o— Numerical 1 o 30
8 ¢ —+— Experimental 8
Q L
o -40
20 ¢ i
ke
ﬁ% 50 -
-25 ’ {*****777—771J 7
! ! ! ! ! ! -60
-3 3 25 -2 -15 -1 -05 0 -5

Vertical stresses in pile, DT=13.4°C

Vertical stress in the pile (MPa)

-4 -3 -2 -1 0
Vertical effective stress (MPa)
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Numerical modeling

Thermal effect on the mechanical behaviour of the pile
(Test 1)

5 I I I
—O— Simulation
4 —e— Levelling
—&— Extensometers

—— Optical fibers

¥-D splacenets
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c

(D)
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% 3r i - 0 0037003
[ I 0 0032436
2 0 0027864
o 2r N - 00022295
-c% - 0 001E721
o - 00014-49
< 1- - - 0 00JS5773
< 0 00220056
g I 4 333Ee-05
g.) 0 '//f”( | | | | | | | | -0.CO041374

0 4 8 12 16 20 24 28 32
Time (days)
Vertical displacements Normalized mesh

.(I)fl. Energetic geostructures

London, May 1st, 2008 ECOLE POLYTECHNIQUE
L. Laloui et al./ 36 FEDERALE DE LAUSANNE



Numerical modeling

Thermo-mechanical behaviour of the pile
(Test 7 = Test 1+ dead weight of building on pile head)

0 \ \ \ \ T T T 0 i
ST i 5t  Mech+Ther.o = |
a0l ol z>-/.
£ Mech. ‘s
£ 15 e g | u
& Ther. g_ 15 L
B 20 A ¥
) 20 - .R
25 "Mech.+Ther. -25 - g
_30 | | | | | | | -30 ‘ ‘ ‘ ‘ ‘ ‘ ‘
35 3 -25 -2 -15 -1 05 0 05 5 3 25 2 15 1 05 0 05

Experimental vertical stresses (MPa) Numerical vertical stresses (MPa)

(gl

Energeti r r
London, May 1st, 2008 SCOLE POLYTECHNIQUE ergetic geostructures

L. Laloui et al./ 37 FEDERALE DE LAUISANNE



Conclusions

The heating-cooling process of the building foundations induces
significant modifications in the soil-structure interactions
behaviour:

» Additional stresses in the piles

* Decrease of the lateral friction

» Creation of gap between the pile (thermo-elastic) and the soil
(thermo-plastic), ...

To improve the industrial-oriented development of this new
technology, we developed several design tools:

 Advanced THM simulation codes including dynamical behaviour
(earthquake aspect)

 Advanced experimental equipments (thermo-mechanical triaxial
test, TRT, ...).
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Cyclic stress-strain behaviour at 22 °C

: : 300
Undrained cyclic =
shear tests ~3
n 200
7]
. . L
* During the first cycle, 17
significant plastic strain % 100
was created. =
a
* The subsequent cycles 0
retained practically the 600
same shape. T 500 - o el ]
= e Wy Sy
« Good reproducibility of the o 400 [ s e 7
results. 5 300 - -
)
_ o Q 200 — ¥ | e S2-T13| —
e Cyclic mobility is reached g 100 ——S2-T14
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0 | | |
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Deviator stress [kPa]

Cyclic stress-strain behaviour at 22 °C

300 e AT Y >0
‘s 400 — —
o
200 — =
© 300 _
>
9] .
) 2
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u 1 a
100 o et §2.T13
S 100 ——S2-T14
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0 100 200 300 400 500 600 700 0O 2 4 6 8 10 12 14
Mean effective pressure, p' [kPa] Number of cycles, N [-]

 An increase in pore pressure until the stress cycle almost met
the line of perfect plasticity
 Material failure occurred after about 8-12 cycles
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Cyclic stress-strain behaviour at 90 °C

Undrained cyclic
shear tests

* During the first cycle,
significant plastic strain
was created.

* The following cycles were
much more steeper.

 Failure of the sample was
observed after about 60-70

cycles at axial strain of 12%.
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Cyclic stress-strain behaviour at 90 °C

3 Undrained cyclic
shear tests
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Cyclic mobility occurs after about 70-120 cycles
at axial strain of about 12-15 %.
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Comparison of cyclic shear tests at 22 °C and 90 °C

» Axial strain e Pore pressure
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@ The material exhibits a substantially increased resilience to cyclic loading
after the heating

@ Clearly, the pore pressure developed per single cycle is much smaller
@ Number of cycles to failure increases from nearly 10 at 22 °C to 100 at 90 °C
@ In both cases, failure occurred at an axial strain of about 15 %
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