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Abstract OThe papepresents a studyf ¢he thermemechanical behavior of energy diaphragm
wall. A physical modelyhich consists of amallscaleconcrete diaphragm wall equipped with

a heating exchange pipe, was used. A heating test was performed where hatbateCiwas
circulated througla heat exchange piger 75 h. The results show that the temperatures in the
wall and in the soil increased quickly during the first 20 h and reached stabilization at the end of
the experimentHeatinginduced increase of axial stmain the wall and earth pressure at the
soil/wall interface.In addtion to the experiment,a numerical model, using finite element
analysis was used to predict the behavior of the wall during this experiment. The good
agreement between the numerical #mel experimental results allows the main phenomena that
took placeto be explainedheating induces thermalxpansionof the wall that results in the
modification in stress in the wall and at the soil/wall interface. In addition, since the pipe was
locatedcloser to one side of the wall, the therreapansiorof the wall was not homogenous,
andthe wall bent during heating.

Keywords: Thermemechanical behavior; Energy diaphragm wall; Physical model; Numerical

simulation
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1. Introduction

A thermaoactive (or energy) geostructure is reewstyle Groud Source Heat Pump (GHSP)

system that consists of conventional geostructwespile foundation, tunnel lining, diaphragm

wall) with individual or several pipe circuits (higlensity polyethylene pipes, HDPEY
primary circuitembedded within t@nable heat exchange with the surrounding grddhdin

winter, heat is extracted from the ground for fhepose ofheatingandin summer heat is
injected into the grountb providecooling. Energy geostructisare consideed an interesting

and promising technology to tackle the increasing energy denfantieating and coolingf
buildings and other infrastructieby making use of it as a local and sustainable source.
However, there are stitoncerns abouthe thermal exchange, between the structure and the
ground, which may induce variation in the stress/strain behavior of the geostructure and, as a
consequenceje a threat to its safety and performance. Thus, several research works have been
focused on the thero-mechanical behavior of energy geostructures in order to better understand

its stress/strain behavior under combined thermal and mechanical loz&ing [

However, most of the exisg studiesarerelated to the thermmechanical behavior of energy

piles. The methods used include in situ experimeft§2], laboratory tests [3-23] and
numerical simulations f29]. It hasbeen reported that there are significant chamgestress
distribution andshaft resistanceue to constraints on the thermal expansion/contra¢86h

Although these phenomena are not expected to lead to detrimental consequences, they should be

taken into consideration at the design stage.
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Few studies ofthe thermemechanicalperformance of energy diaphragm walls have been
publishedhowever[31, 32]. It has been suggested that thermallyuced strains and stresses

also develop in energy wall8F]. However,their effects are less predictable than in energy piles
because of their greater complexity in terms of geometry. Sétrpil. [32] performed 3D
thermemechanicalFinite ElementAnalyses(FEA) and concluded that the thermally induced
effects on the struate were not negligible and could be observed partly as additional
displacements, partly as variations of the internal actions. BMaid et al. [31] also
performed numerical simulations and found that changes to the wall mechanical response were

dominatd by seasonal temperature changes.

The most important function of the diaphragm wall isgayund supporand seepageontrol If
there is crackn the wall,the deformation caused by thernexipansionzontractionand lateral
soil pressureanay aggrava the damage. Sonwaphragmwalls are also applied for bearing
purpose as a result, thehermallyinduced strains and stressase thus important tobe
investigatel. Numerical analysit©vave demonstratean increase of radial contact pressures on
the soitpile interfacedueto temperaturénduced expansion of the pile3334]. For energy pile,
this increas of radial contact pressuresuldonly increase theoil-pile frictional resistanceBut

for diaplragm wal, due tothe existence of excavaticat one side of the walthe pressure
change may cause additamleformation after Stergt al.[32]. However, théoending moment

caused by heatimgassmall and overwhelmed by tledfect ofenvironmental thenal boundary
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conditions through numerical analysis ByurneWebbet al.[31].

This paper presents a study to evaluate the thenexahanical response ahenergy diaphragm

wall by using physical and numerical modeling. A sksathle energy diaphragm wall was
installed in dry sand. Its behavior under thermal loading was monitored using strain, stress and
temperature sensors embedded inside/on the wall amdnalke surrounding soil. At the same
time, its behaviowas predicted by usindrinite ElementAnalyses(FEA). The combination of

the two methods allows better understanding the then@achanical behavior cn energy

diaphragm wall when its temperatuseviaried.

2. Physical model

The schematic view of the physical model is shown in Figure 1. A stalk concrete
diaphragm wall (2.00 m high, 1.80 m wide, and 0.20 m thick) was installed insigelaox
and the bottom of the wallasin contact withthe bottom of the boxThe internal height and
width of the box are similar to those of the wall. The thickness of thevadix and flooris 25
mm with other 30 mnygrillage structure outsigdevhich is largeenough to consider that the box
is rigid. The box was exposed the indoor airwith a controlledtemperature of 1062 and
the heat convection between the surésaed air is natural convection. Prior to the experiment,
the box was filled with dry sand layers of0.2-m thicknesswvhich wereconmpactedto a density

of about1.62 Mg/n? (corresponding to eelative density 0B0% andvoid ratio of 0.63) The

control of density by layer enmsits uniformity throughout the test specimenhis physical



99 model can be considered representative ofvib# below the internal excavation level. As a

100 result, the effect of the thermal boundary conditions on the themachanical behavipr

101 identified in othestudies B0, 31], will not be captured.
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104 Fig. 1. Schematic view of the experimental setup; 3R) view of the physical modetith the
105 details of the pipe and strainmete(ls) Horizontal section at Z = 1.00;nfc) Section AA E
106 \ertical section at X =1.00 m
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108 The soil temperature was measured at variogations locatedn a plane af-m depth (see
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Figure I). At this depth, the temperature sensors were distributed in three lines, two on the
left-hand side and one on the rigidnd side (see Figurd)l This allows the soil temperatute

be measureat different distances from the diaphragm wall surfaces at the same depth. The
diaphragm wall was equipped with higlensity polyethylene pipes (10 mm in external diameter

and 8 mm in internal diametet) distribute the heating fluidgnd various sensors toeasure

earth pressure, temperature and strain. The details are shown in Figures 1. The pipes were
distributed on a plan located at 0.05 m from the-Heftd side surface of the wall and the
distance between the pipess0.17 m (see Figure 1b, c). The ai&t of the pipe arrangement

are shown in Figuréa. To measure the earth pressure at the soil/wall interface, 12 sensors were
used. These sensors were distributed at three depths (0.33 m, 1.00 m, and 1.67 m) (see Figure
1c). At each depthtwo sensors werlocated on eackide of the wall (see Figureb)l Several
strainmeters were tied to the rebars, as shown in Fitgjréo measure the strain at various
locations inside the wall. Note that the strainmeters and the earth pressure transaueers
integraed with thermistorsto measure the temperature. The characteristics of the sensors used
are shown in Table @andthe calibration and correction for the temperature were done by the
producers and considered in the data proces3ing wall wasfabricatedoutside of the box.

After 30 days of curing, it watheninstalled inside the box and the earth pressure and soil

temperature sensors were installed during the compaction of dry sand to fill the box.

Table 1. Detailed information of sensors

Sensor Market model No. Specification Capacity  Sensibility Error




Earth pressure cell JTM-V2000 Vibrating wire 300kPa 0 0.24kPa 0 1kPa

Strainmetefembedment) BGK-4200 Vibrating wire 3000 O 1 0 ” 0

Temperature sensor Pt100 Thermalresistance 0-300 ” 0.3

129

130 After the installation of the experiment, heating was applied to thehbyadlirculatingwater

131 through the pipeata temperature of 50 °@ndwith a flow rate of 0.03 fith for a period of75

132 h. Beside the temperature evolution which was measured at various locations inside the wall and
133 in the soil, earth pressures at the soil/wall interface and strains inside the wall were also

134  recorded.

135 3. Numerical model

136 In order to predict the mechanidaehavior of the wall during this experiment, Finite Element

137  Analysis(FEA) (usingANSYS) wasunder takenThe 2D mesh, plotted in Figug represents

138 the section shown in Figurec.lPlane strain conditions were applied correspondnghe

139 boundary conditions of the experiment. The horizontal displacements at tharidfside and

140 the righthand side were restrained. The vertical displacement at the bottom of the mesh was
141  also restrained while the stress applied to the top of the wasmull. The downward vertical

142  displacement of the base of the wall was restrained but the horizontal displacement was not.
143  According to the experimental results, the thermal boundary conditions on thardfside and

144  right-hand side have only smallfinence on the temperature distribution. For ti@asonthe

145 thermal boundary conditions on these two sidese supposed to bedeabatic Heat flux was



146  equally supposed to be negligible at the bottom bound@ry the top of the model, thermal
147  convectionboundarywas set with an air temperature of 10 anda convective heat transfer

148  coefficient of 2.5W/(m?K)([31]), as itwasopen to the air.

Free, Convection boundary

Heat source

Heat source

|

Horizontally fixed, Adiabatic
Horizontally fixed, Adiabatic

Section A

149

150 Fig.2 Finite element mesh and boundaries conditions used for the numerical simulations.

151

152 The governing lawsised in this study are summarized as follows:o0ly conductionwas

153 considered for heat transfeii;)) (the mechanical behavior of the wadaslinear elastic while that

154  of the soilwaselasteplastic withthe DruckerPrager yield criterion;ii{) the trermomechanical

155 behavior of the wall and soivaslinear elastic. The material parameters used for the simulation

156 are shown in the Table 2. Among the parameters, the density, thermal conductivity and specific

157 heat of cement mortar and sand used in the ®&#€re measured by specialized equipment and

158 DOVR FDOLEUDWHG E\ RQH GLPHQVLRQDO ILQLWH GLIIHUHC

159 modulus and &isson's ratio of cement mortarere measured by elastic modulus test machine.
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Other parameters of cement mortad aandweretakenfrom the literatures ([35-37]). It should

be statal that the coefficient of linear expansiovaes chosenat 0.6x10°> ™ from literature

[35], which gives a typical linear thermal expansion coefficient for dense quartzose sands from
0.6x10° ' to 2.0x10° . The lowest value was chos¢a examine the effects of soil
thermal expansion on the theramakchanical behavior of the walor the friction angle, there

are literatures which give 386 e from loose sand to dense san@,[338] Ewe chose 3@ as it§
density may not easy to compacted to the design stage of the lower Aeptinding to
literature review 36], the dilation angle of dense sand and loose sand are fiidhe @nd G10°,

resgectively. It was chosen at 4° asiatermediatevalue in the present study.

Table 2. Materials parametarsedfor simulation

Parameter Cement mortar Dry sand
Thermal conductivity (W/(m.K)) 1.20 0.32
Density (Mg/n?) 1.55 1.62
Specific heat (J/(kg.K)) 736 700
Young$ modulugMPa) 12,000 50
Poisson's ratio-) 0.20 0.23
Coefficient of linear expansion @ ) 10 6
CohesionkPg 22 0.1
Friction angleg g h 22 30

10
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Dilation angleg g h 22 4

In order to simulate the heating phase performed in the experiment, the temperature of the pipes
(the vertical line located inside the wall, see Figd)revas imposed. The initial temperature of

the whole system was first fixed at 10 °C (following the expental observation). To start the
heating phase, the temperature of the pipe was increased Grtitnto 48.5°C following

function(1):

207x 11615

1)
0.0414% 0.12323

wheret is elapsed timandT is temperatureThis choice allows fitting the experimental data of

the temperature measured by the sensor that is closest to the pipes (0.03 m from the pipe axis, on
the lefthand side).

4. Result

In this section, the results obtain']dm physicaltestand numericabnalysisare comparedn

the same figures

Figure 3 shows the temperature measuvathin the wall on the lefhand side in the plane of

the wall panel athreedifferent deptls (0.33 m, 1.00 m and 1.67 m) and on the rigand side at
mid-plane (x= 1.00 m Fig.1l)versus elapsed time (the origin corresponds to the start of the
heating phase). The symbols represent the experimental data (EXP) and the continuous lines
represent thenumerical results (NUM). Note that in the experiments, more than one sensor

existsfor onedistancgsee Figure 1b). As an exampleyad.92m on the lefthand side (Figure

11



190

191

192

193

194

195

196
197

198
199

3) within the wall there arethree sensorson each depth (0.33 m and 1.67.nfje results
obtained by thestreesensorgshowing an increase of temperature from 10 °@58C) havea
difference ofabout 34 °C at the end of the heating phas$his difference can be explained by

the gradual cooling of the fluid while circulating anthe pipe which represents an ordinary

characteristic condition of energy diaphragm wall.
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0 x=0.28 m (EXP)
< x=1.00 m (EXP)

A x=1.72 m (EXP)

Temperature (°C)

—Heat source (NUM)
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200

201 (©)
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& 1.67 m depth (EXP)

Temperature (°C)

—Heat source (NUM)

RHS mid-panel —y=1.02 m (NUM)
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202 Elapsed time (h)

203 (d)

204  Fig.3. Temperature versus elapsed timiehin the wall on the lefhand sidealong the x

205 coordinateatdepth of (a) 0.33 mand (b)1.00 m and (c) 1.67 m and on the rifjlaind side at
206  x=1.00 mfor various depth&d)

207

208 Figure4 shows the temperature for each single line of sensors embedded in thEhgand.
209 agreement between the experimental data and the numerical cesfilisthat he numerical

210 2D finite elemenimodelis suitable to predict the heat transfer in sand in this experiment.
211

13
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Fig.4. Temperature versus elapsed timéhe sand mass at various distances from the pipes axis:
(a) on the lefthand side at x 0.44 m (b) on the left hand sid&t x=1.56 m (c) and on the
right-hand side at x 1.00 m

Figure5 shows the temperature profile measured at various moniegen be seen that at a
given time, the temperature at a location closer to the pipe is higher. This plot tallmwsnes
to be distinguishednside the wall, the temperatugeadientis smallerthan in the soilThatcan
be explained by the thermalraductivities of these materiaésnd the boundary conditionthe
wall, made of cement, is more conductthan the sand and therefotke temperature gradient

is then smaller.
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Fig.5 Temperature versus distance from the pipe at various elapseditities middle of the

panel (z=1.00 m)

The numerical results shown in Figu@st and5 are in good agreement with the experimental
results. That confirms, in this experiment, heat transfer is mainly governed by heat conduction
(as considered in the numelicgimulation). This agreement confirms also that the thermal
boundary conditions used in the simulation are acceptable. In addition, as a 2D mesh was used
in the simulation, the numerical results should be compared with the mean values obtained in the
expagiments with various sensors located at the same distaree.nonuniform of the
temperature distribution along the X direction (observed from the experiments) can be ignored

in the numerical model.
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Figure6 shows the vertical strain (Z direction, see Figure 1a) measured at vwagoosdinates

by the strainmetar Note that all the strainmeters on the-tedind side (Figuréa, 6b and6c) are
located 0.03 nfrom the pipe. The results show similar treridr all sensors; @aapidincrease of

strain during the first 20 h (corresponding to the increase of fluid temperature during the
experiment) folloved by amorestable phase. The final strain is in the range 6f 50 0 H[FHSW
one sensor at 0.38 depth). Thethree sensors located at Gu:33depth show largestrain
variationthan those at 1.6/ depth there is only one sensor located at In®@epth.On the
right-hand side (Figuréd), only one sensor was used for each depth. Note that these sersors
located 0.06 nto the righthand side of the pipes. The results obtained by these sensors are quite
similar showing a quick increase during the first 20 h and stabilization at 55 0 7KHVH
discrepancies in strains can be directly linked to the heterogeriggmperature distribution of

the wall shown in Figure 6.
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Fig.6. Vertical strain and stress veralapsedime onthe lefthand side at (2=0.28 m; (b) x

=1.00 m; (c) x=1.72 m; (d) and on the right haratx=1.00 m

The vertical strainpredicted by the numerical analysite also shown in the Figuée(positive
strain corresponds to expansio®n the lefthand sidethe numerical analysis show thegating
induced a quickexpansionat 0.33m depth folloved E\ VWDELOL]DWLRQ DW
similar to that obtained by the experiment. However, for the other depth (1.@emymerical
analysis showsa contraction during the first hours. This contraction was then followed by
expansiorand the final alues are also similar to the experimental ones. The trend of the vertical

strains on the righhand side shows a good agreement between the numerical and the

experimental results.

(d)
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The following mechanisms can be mentioned to explain these resultds(sdiecavertical stress
variation plotted in the Figur®). The high value of vertical stress is related to the temperature
gradient in the walthickness(see Figure 1)When the temperature of the wall increases, the
vertical strain increases by the timal expansionAs the boundary condition at base of the
domain was vertically fixedthe deformation of the wall could only expand upwabt the
left-hand side, the heating rate is higher (so during the first 20 h), thexpahsionon the
left-hand sideis higher than the rigktand side. This therma&xpansionin the lefthand side

was then "restragd’ by the righthand side of the wall. At the same time, the vergoglansion

of the wall mobilizes the shaft friction along its interface in contact with the soil mass. That
mobilized shaft friction tends to prevent the wall vertiegbansionincreasing then the vertical
stress inside the wall. On the other hand, the sensoasetb@t larger depths (1.67 m) are
subjected to higher increase of vertical stress. That explains the compression of the wall during

the first hours on the lefiand side at large depths and tensile stress on thehagttside.

Figure 7 shows the normastresson soilwall interfaceversus elapsed time at various locations.

The initial value of thdateral earth pressuie approximagly 1 kPa at 0.33 m depth, lPa at

1.00 m depth and 9 kPa at 1.67 m def@h.the lefthand side (Figur&a), at 0.33m depth,

there is only one transducer. The measurement shows a quick increase of the earth pressure
following the heating phase, and the value at stabilization is approxindaidha. At 1.00m

depth, there are two sensors both showing a quick increase ehtth pressure and the final

values are approximatelyl kPa. The discrepancies between the two sensors are around 1 kPa.

20



296 The sensors at 1.6% depth show similar trend with the final values closd@kPa. As a
297 conclusion, for the lefhand side, theariation of earth pressure is more significangegater

298 depthduring heating

299
300 (@
301

302 (b)

303 Fig.7 Stressversuselapsedime atvarious depthsnthe lefthand side (a) and on the

304 right-hand side (b)

305
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The general trend observed on the Agand side iglifferentat the start of heatin@igure 7b).

At 0.33m depth, the two earth pressure sensors show quick increase with the heating and the
final average value equals 6 kPa, with a discrepantgssfthan 0.&kPa. At 1.06m depth, both
sensors show firg decrease of the earth pressure during the first hours of heating. These values
increase and reach aroufickPa at the end (with a discrepancy of 1 kPa). For the sensors at
1.67-m depth, the earth pressure increases with the heating and ré&eh@&Pa at the endt

could be seen there are still increase of pressure on both side at end of the test, this may due to

minor problemwith the measurement.

The numerical results correspondit@ythe sensors at.00m and 1.67m depths show good
agreement with the experimental ones for both sides. Even the decrease of the earth pressure at
1.00m depth on the righhand side was well predicted. However, the numerical results
corresponding to lower depth (0.33 mre significantly different from the experimentalues

On the lefthand side, the numerical simulation shows a decrease of earth pressure during the
first hour, which was not observed in the experiment. On the-ngynd sidethe earth pressure
spikesduring the first hourwhich was not observed in the experiment. These problems would

be explained byhe mechanical behaiof the sandn higher G H A H F[86LR]QiMler low

stress levethat could not be well predicted by FEAThis could also explaimhy was there

reasonable accord before heating
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In order to better understand the results on the change of earth pressure (shown if),Rigeire
deformed mesh (5 h after the starting of the heating) is shown in Fgueating induces
thermalexpansio of the wall. That tends to increase the earth pressure at the sdiveetce
However, as the pipes were located closer to theh&ft side, the temperature distribution is
nortuniform. With the temperature on the ldfand side incre@sg more quickly than that on
the righthand side. Tis induces a bending of the wall that can be seen cleathe Figure 9.
This bending contributes also to the modification of the earth pressure. Besides the increase of
earth pressure related to the waklkpansion the wall bending decreases the earth pressure
(mostly on the top) on the lefftand side and increases that on the #igiitd side. That explains
why the increase of earth pressure at 938epth on the rightand side is higher than those at
higher depth and the order is opposite on theHaftd side. In addition, the bending of the wall
also explains the decrease of earth pressure observed ah 1épth on the righhand side

during the first few hours.
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Fig.8 Deformed mesh at 5 houfthe color represents the sum of Y and Z displacement

vectors).

5. Discussion

In the present worla 1-g physical model was used to study the themaxhanical behavior of
anenergy wallpanel Strainmeters were used to capture the axial strain ittegdeall and earth
pressure transducers were used to capture the normal stress at the soil/wall interface. This
approach has been used in various studies to investigate the mechanical behavior of
geostructures40-42]. The results obtained in the preserdrkvshow that this method could be

also used to investigate the thermechanical behavior of energy geostructures.

As far as the numerical model was concerned, the present studyplaed atrair2D FE model

thatapproximateshe conditions of the experiment. Even if this model could not capture the 3D
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heterogeneity of the temperature distribution, related to the difference between the inlet and
outlet temperatures, a generally good agreement between the numerical and tineeaigder
results can be observedhis confirms also that the boundary conditions and the constitutive
laws used in this model are suitable for this case. Note that, for studying the thermal behavior of
energy geostructures, usually only heat condudi@onsidered for heat transfer in the soil and

in the reinforce concrete $2 30, 43] unless ground water flow is presert p4, 45]. Heat
convection in heat exchange pipe was discussed in the litef@2jrend the heat transfer
mechanism between tHid and the pipe is more complex to be simulaté@, 47]. The
hypothesisof elastic deformations usually used for gravel soils in numerical simulation
because it is in agreement with experimental observatiah£9248, 49]. In some cases where
clayey soils were considered, more complex constitutive lavaybe required p0-53]. As
mentioned aboveo simplify the model, the heat exchange pipeften represented by a line

with controlled temperaturf26]; The thermemechanical behavior of the sailas assumed to

be elastic and the effect of temperature on the soil mechanical properties was ignored.

Both numerical and experimental results obtained in the present work evidence that heating the
diaphragm wall inducethermalexpansionand this increases thateral earth pressure applied

on the wall surface. fie lateral earth pressumuld bethree timedarger than the initial stress

value under low stress level. This variation seems to have a significant contribution to the

vertical stress within the wallPrevious stugks on energy pileindicate that radial contact
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pressures typically increase less than 5 kPa along 20 m depth of the pile under an in@®ase of
of the pile temperature 8 34]. In real scale structuref)e heightto width ratio could be much
higherthan the ratio in this physical stu¢gqual t010). As a resultthe increase of lateral earth
pressure might be negligible with respect to the variasar vertical stresss.However, foran
energy pile, the increasd this pressure is almost homogenous because the layout of théspipe
usually symmetric. For diaphragm walthe behavior is more complex and strongly depends on
the distribution of the heat exchange pipes inside the wall.eEbentricposition of tle heat
exchanger loop caudea temperature gradiemicrossthe wall thicknesswhich lead to wall
bending.This phenomenon exists also in the wall that is not fully embedgifd §ince the
temperature condition on the soil side is different from the temperature condition on the
excavation side. This represents an additional contribution to therimdllged vertical strains

that are not uniform on the two sides of the wall.

6. Conclusions
The thermemechanical behavior of energy walanelduring heating was investigated using

both physical and numerical models. The following conclusions can be drawn:

- Heating induces thermaxpansionof the wall. The vertical thermaxpansionmobilizes

the shaft friction between the soil and the wall and then medifeceaxial stresstateinside

the wall. Horizontal expansionincreases the earth pressuatehe soil/wall interfaceand
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393 thus increases the mobilized shaft friction along th# emdthe vertical stress inside the

394 wall.

395 - As the pipe layout was not symmetric, therneapansionbends the wall resulting in

396 different stress/strain response between the two sides.

397 - A shortterm heating of the wall shows a significant temperature gradmossthe wall

398 thickness As a result, significargtress/straivariationis generatedvithin the wallduring

399 the firstfew hours.

400 - The numerical model using an elastic law for the themmeehanical behavior of soil is

401 appropriate to predict the behavior of the wall under thermal loadiimgre ishowever

402 some discrepancy between experiment and numerical results that requires a deeper
403 investigationi.e. soil behavior at low stress leveDffect in the numerical model, etc.

404 - In spite of the temperature difference between the outlet and inlet fluid temperature, that
405 induced anonuniform temperature distribution inside the wall, a 2D numerical model
406 seems appropriate to predict the main featurethefpanelf thermemechanical behavior

407 observed by physical model.
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