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Geothermal heat exchangers buried in diaphragm walls as an alternative of remewable energy
sources can be quite competitive with shallow geothermal resources. The thermal response of a
diaphragm wall embedded in the sand foundation under thermomechanical coupling conditions was
followed in laboratory centrifuge tests. The model of exchanger tubes enclosed in the diaphragm wall
embedded in the sand foundation accounts for lateral loading on the wall simulated by 1 and 50 g
acceleration conditions in the centrifuge. Thermal loading, mechanical unloading, and thermo-
mechanical coupling tests were carried out separately. The temperature, deformation, and soil
pressure on the wall were monitored. The deformation and thermal stress along the cantilever wall
were verified by numerical simulation. The thermal stress on the wall was revealed to be larger than
the excavation-induced one. The maximum thermal stress was observed near the bottom of the wall.
Though the wall was embedded in surrounding soil, heating caused accumulation of thermal stresses
induced by temperature variations, which should be seriously considered in the heat exchanger
design for cantilever walls of building structures.

Keywords: cantilever diaphragm wall, thermal stress, centrifuge model, deformation, dry
sand.

Introduction. Shallow geothermal energy is an environmentally friendly form of
renewable energy that can provide an alternative source of energy for heating/cooling
buildings. The heat exchangers can be buried in piles, diaphragm walls and basement slabs.
A fluid is circulated within the buried closed tubes to transport the heat stored in the soil to
the heating/cooling system in the building above [1]. Xia et al. [2] investigated the heat
transfer performance of geothermal heat exchangers installed in diaphragm walls in the
Shanghai Museum of Natural History. Hamada et al. [3] embedded heat exchange pipes in
friction piles for use in air-conditioning systems in offices and other civil buildings in
Japan. Laloui et al. [4] conducted an in situ test of a heat exchanger pile under actual
conditions at the Swiss Federal Institute of Technology in Lausanne. Stewart and
McCartney [5] used a centrifuge model to investigate the mechanical behavior of an
end-bearing pile subjected to cyclic heating. Goode et al. [6] used centrifuge models to
investigate how thermal influenced the ultimate capacity of piles embedded in dry medium
dense sand. Centrifuge models were also used to assess energy piles subjected to heating
and cooling cycles in clay [7] and the heating effects of piles embedded in saturated sand
[8], they found that shaft resistance of a pile increased as the temperature increasing, and
toe resistance increased more rapidly than shaft resistance due to a larger downward
expansion of the pile at higher temperature increment. The current understanding of
thermomechanical (TM) interaction between wall and soil under elevated temperatures is
still quite limited. Due to field studies are expensive and complicate, centrifuge modeling
was used to study the TM coupling process. This approach provides a better understanding
of the geotechnical design for safety control. In this study, the exchanger tubes enclosed in
a diaphragm wall (Fig. 1) are designed and carried out in a dry sand foundation. The major
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Fig. 1. Skeleton of the geothermal heat exchanger embedded in a cantilevered diaphragm wall.

objectives are to investigate thermal response of cantilevered diagram wall in TM coupling
conditions. Moreover, related TM interaction between wall and soil under heating condition
was also studied.

1. Test Models and Procedure.

1.1. Centrifuge Modeling. To physically model the heat exchange in the diaphragm
wall embedded in sand, a 1/ N sized model of the prototype diaphragm wall was placed in
a centrifuge and the heat diffusion processes were accelerated N 2 times compared with
those in the field because the heat transfer rates were N times faster under N—g
conditions. The other relevant scaling laws are summarized in Table 1.

Table 1
Relevant Scaling Ratio ([9, 10])
Parameter Model—prototype ratio Parameter Model—prototype ratio
Length 1/N Strain 1
Temperature 1 Energy density 1
Density 1 Energy 1/N3
Mass /N3 Stress 1
Acceleration N Force 1/N?
Velocity 1 Heat diffusion 1/N?
Displacement I/N

1.2. Model Box Setup. The geo-centrifuge at Tsinghua University has a maximum
acceleration of 250g, a maximum load of 50g-ton, an effective radius of 2 m, a
0.8 0.7 % 0.6 m nacelle, and a 0.6 X0.2 X0.55 m model casing (Fig. 2). To simulate the
thermal response of the diaphragm wall in the sand foundation in TM coupling conditions,
all of the tests were performed under 50g. The cantilevered diaphragm wall was made of
copper, and was 30 cm high, 20 cm wide, and 1.4 cm thick (the prototype was
15%10x%0.7 m). The excavation depth was 10 cm, which corresponded to a 5 m deep
prototype excavation. A semiconductor chilling plate (40 X 40 X 3.9 mm) was used to heat
the wall from the ambient temperature to around 50°C. The model was wrapped in foam
plastic for thermal insulation.
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Fig. 2. Geotechnical centrifuge and model casing.

1.3. Measurements. Six strain foils were affixed to the middle of the wall at depths of
10, 15, and 20 cm to monitor the vertical deformation of the wall. Soil pressure sensors
were situated on both sides of the wall at depths of 10 and 20 cm to monitor the soil
pressure. Twelve thermocouple temperature sensors were used to monitor the temperature
distribution in the model, and one was used to monitor the ambient temperature. Six
sensors were installed on each side of the wall (Fig. 3). A camera was used to monitor the
movement of the soil.
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Fig. 3. Arrangement of the gauges in the testing model: (a) strain foil, (b) temperature sensor.
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1.4. Testing Program. Copper model energy cantilever tests with different
temperatures and loading sequences were carried out in dry medium sand. The test program
is summarized in Table 2. (i) Sensor calibration measurements were conducted under a lg
gravity field and an ambient temperature of 28°C (summer in Beijing), and the results were
used as a reference. (i) A thermal coupling test was conducted under 50g with no
excavation and the wall was heated to 50°C to analyze the thermal effect on the soil
pressure, with the thermal loading denoted as ¢. (iii) Mechanical tests were conducted
under 50g with the wall excavated and a constant ambient temperature of around 28°C to
determine the influence of mechanical unloading on the mechanism of the wall, with the
mechanical loading denoted as m. (iv) Finally, TM tests were conducted under 50g with the
wall excavated on one side and heated to 50°C to achieve a TM coupled field (denoted as
tm). Overall, the tests aimed to simulate the geothermal energy circulating in the absorber
tubes enclosed in the diaphragm wall embedded in the sand.

Table 2
Test Program
Test Gravity field Temperature (°C) Loading sequence
i g 28 none
i 50g 50 t
iii 50g 28 m
v 50g 50 tm

2. Interpretation of the Test Results.

2.1. Thermal Loading Simulations under 50g. The centrifuge tests were performed at
50g, and the scaling relationships are listed in Table 1. As shown in Fig. 4, the temperature
close to the wall drops quickly. In contrast, due to the heat transfer, the temperature of the
soil (50 cm distance) slightly increases.

The unacceptably high strain on the wall might have been induced by the large
expansion of the copper, which had a thermal expansion coefficient (18.9-10_6 °C_1),
twice that of concrete (9-10_6 °C_1).The strain shows a downtrend as the temperature
decreases (Fig. 5).
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Fig. 4. Temperature distribution along the wall with the time.
Fig. 5. Strain distribution along the wall with the time.
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Figure 6 shows the increased stress induced by the heating of the wall and the average
thermal stresses at the depths of 100 and 200 mm. Overall, the thermal stress increased with
the depth and the stress recovered as the temperature decreased closer to the wall (Fig. 6).
Note: tensile stress is defined as positive, compressive stress as negative.
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Fig. 6. Thermal stress distribution along the wall with the time.

2.2. Mechanical Unloading Simulation under 50g. Under the constant ambient
temperature of about 28°C (Fig. 7), the strain changed smoothly due to the mechanical
unloading (Fig. 8). Compressive strain was observed at points 3 and 6, which were
constrained by the soil.
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Fig. 7. Temperature distribution along the wall with the time.
Fig. 8. Strain distribution along the wall with the time.

The increased stress induced by the excavation and the average stress at the depths of
100 and 200 mm are shown in Fig. 9. Compressive stress could be observed at the bottom
of the wall and there was a greater distribution of stress on the excavated side than on the
reverse face. Note: tensile stress is defined as positive, compressive stress as negative.

2.3. TM Coupling Simulation under 50g. After the wall was heated to 50°C and a
steady temperature was attained, the heating instrument was disassembled. During the test,
the temperature dropped quickly close to the wall, but increased slightly in the soil (50 cm
from the wall), as is shown in Fig. 10.

Figure 11 shows that the strain decreased with the depth, while strain on the excavated
side of the wall was higher than that in the corresponding point of its reverse side.
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Fig. 9. Thermal stress distribution along the wall with the time.
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Fig. 10. Temperature distribution along the wall with the time.
Fig. 11. Strain distribution along the wall with the time.
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Fig. 12. Thermal stress distribution along the wall with the time.

Unacceptably high levels of strain were induced by the difference between the thermal
expansion of copper (189- 1076 ° C_l) and that of the concrete (9- 1076 ° C_l). During the
test (30 min), the strain recovered as the temperature decreased (Fig. 11).

Figure 12 shows the increases in thermal stress and the average thermal stresses at the
depths of 100 and 200 mm under the TM coupling conditions. The thermal loading had a
distinct effect on the distribution of the increases in stress. However, the stress recovered as
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the temperature decreases (Fig. 12). Note: tensile stress is defined as positive, compressive
stress as negative.

2.4. Comparison. Comparison of the average stress distributions on the wall at the
depths of 100 and 200 mm shows that the stress induced by the thermal transfer in the wall
was greater than the excavation-induced stress (Fig. 13). The thermal expansion coefficient
of copper (1 89-107% ° C_l) was twice as large as that of concrete (9- 1076 ° C_l), which
might have caused the unacceptably high stress in the wall.
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Fig. 13. Comparison of the thermal stress distributions in the wall at depths of 100 and 200 mm with
the time.

Conclusions. In this study, centrifuge tests were performed on four models to
investigate the thermal-excavation coupling mechanism of a cantilevered wall embedded in
sand. The preliminary experimental tests show that the thermal stress in the wall was
greater than the excavation-induced stress. The thermal stress was not uniformly distributed
in the wall, with the maximum values observed near the bottom of the wall. The thermal
stress was affected by the increased temperature in the wall and the constraining effects of
the surrounding soil.

Acknowledgments. The authors are grateful for the funding provided by the National
Nature Science Foundation of China (51774021), and the ‘Geo-energy systems simulator:
from building scale to city scale’ of the Low Carbon Energy University Alliance of
Tsinghua—Cambridge University—-MIT LCEUA (20123010002). The first author gratefully
acknowledges the financial support from China Scholarship Council (201706465003).

1. H. Brandl, “Energy foundations and other thermo-active ground structures,”
Geotechnique, 56, No. 2, 81-122 (2006).

2. C. C. Xia, M. Sun, G. Z. Zhang, et al., “Experimental study on geothermal heat
exchangers buried in diaphragm walls,” Energ. Buildings, 52, 50-55 (2012).

3. Y. Hamada, H. Saitoh, M. Nakamura, et al., “Field performance of an energy pile
system for space heating,” Energ. Buildings, 39, No. 5, 517-524 (2007).

4. L. Laloui, M. Moreni, and L. Vulliet, “Comportement d’un pieu bi-fonction, fondation
et échangeur de chaleur,” Rev. Can. Geotechnique, 40, 388—402 (2003).

5. M. A. Stewart and J. S. McCartney, “Centrifuge modeling of soil-structure interaction
in energy foundations,” J. Geotech. Geoenviron., 140, No. 4, 04013044 (2014), doi:
10.1061/(ASCE)GT.1943-5606.0001061.

6. J. C. Goode III, M. Zhang, and J. S. McCartney, “Centrifuge modelling of energy
foundations in sand,” in: C. Gaudin and D. White (Eds.), Physical Modelling in

Geotechnics (Proc. of the 8th Int. Conf. on Physical Modelling in Geotechnics,
January 14-17, 2014, Perth, Australia), CRC Press (2014), pp. 729-735.

78 ISSN 0556-171X. IIpobnemu miynocmi, 2019, Ne 1



Centrifuge Simulation of the Thermal Response ...

7. C. W. W. Ng, C. Shi, A. Gunawan, and L. Laluoi, “Centrifuge modelling of energy
piles subjected to heating and cooling cycles in clay,” Geotech. Lett., 4, No. 4,
310-316 (2014).

8. C. W. W. Ng, C. Shi, A. Gunawan, et al., “Centrifuge modelling of heating effects on
energy pile performance in saturated sand,” Can. Geotech. J., 52, No. 8, 1045-1057
(2015).

9. C. Savvidou, “Centrifuge modelling of heat transfer in soil,” in: J.-F. Corté (Ed.),
Centrifuge 88 (Proc. of the Int. Conf. on Geotechnical Centrifuge Modelling, April
25-27, 1988, Paris), Balkema, Rotterdam (1988), pp. 583-591.

10. R. N. Taylor, Geotechnical Centrifuge Technology, CRC Press, London (2004).

Received 15. 03. 2018

ISSN 0556-171X. Ipoonemu miynocmi, 2019, No 1 79




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 1200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


