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Chapter 8 

Energy GeoStructures in Unsaturated Soils 

8.1. Introduction 

Because the performance of near-surface geotechnical systems is closely related 
to water flow arising from environmental interactions, most geotechnical design 
guides for fill-type systems attempt to minimize the impact of water by using free-
draining backfill soils [SAB 97; ELI 01]. However, this can lead to high 
construction costs, especially in areas where such backfills are not available. In 
addition to poor drainage, compacted backfills with high clay content are avoided in 
geotechnical systems because their strength and stiffness tend to decrease with 
increasing water content (or decreasing suction) during environmental 
interactions[ZOR 94; MIT 95; ZOR 95]. Silts are avoided for similar reasons and 
because of their susceptibility to frost heave. However, if these soils remain in 
unsaturated conditions, these detrimental impacts on the performance of fill-type 
geotechnical systems with poorly draining backfills may be minimized. It is well 
known in unsaturated soil mechanics that suction plays an important role in the 
effective stress state [KHA 98; LU 06; NUT 08]. An increase in effective stress in 
unsaturated soils can lead to significant improvements in their engineering 
properties including shear strength and stiffness. A novel way of maintaining 
unsaturated conditions in poorly draining backfills is to engineer the mechanically 
stabilized earth (MSE) wall so that thermally induced water flow away from 
embedded heat exchangers causes drying of the backfill.  

An example of a thermally active geotechnical system in unsaturated soil 
involves placement of heat exchangers into the compacted backfill of a MSE wall. 
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The heat exchangers can be placed at intermediate lifts between the reinforcements, 
so that the geosynthetics may serve as permeable pathways for thermally induced 
water flow. To serve this purpose, the geosynthetic reinforcements may be either 
permeable woven geogrids or nonwoven geotextiles. In this case, the geosynthetics 
will not only serve their conventional, passive roles (reinforcement, separation, 
drainage), but will also serve an active role by providing a boundary condition for 
thermally induced water flow. A schematic of a thermally active MSE wall is shown 
in Fig. 8.1(a). The spacing and location of heat exchangers is not only important for 
uniform soil-geosynthetic composite improvement, but also to create a thermal 
gradient between the backfill and atmosphere, which will in turn drive water from 
the system. A strategy for routing of heat exchange tubing is shown in Fig. 8.1(b). 

 

Figure 8.1.Thermally active MSE wall: (a) Elevation section; (B) Plan view  

Thermally active geotechnical systems have the added benefit of enhancing the 
energy efficiency of heat pump systems for cooling of buildings or in rejection of 
excess heat from power plants or industrial facilities. Cooling needs are typically 
defined in terms of equivalent tons of cooling, defined as the heat rejection in 
cooling 12 liters/minute by 5 °C [DRB 96]. Buildings typically require 0.82 tons of 
cooling (4396 W) per 100 m2of floor area [NRE97] while a 700 MW power plant 
can require as much as 100,000 tons of cooling [DRB 96]. As heat is rejected 
through conduction, the inlet fluid temperatures, heat exchanger lengths/spacing, 
and fluid circulation rates are the important design variables that can be varied to 
reach a heat rejection goal. The entering water temperature typically ranges from 50 
to 80 °C in typical cooling applications [OME 08]. 

This chapter includes a critical review and synthesis of data presented in the 
literature on the different impacts of temperature on the thermo-hydro-mechanical 
behavior of unsaturated soils, as well as a discussion on the implications of 
temperature on the behavior of geosynthetic reinforcements.  
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8.2.Thermally Induced Water Flow 

Thermally induced water flow in soils is the main driver for maintaining 
unsaturated conditions in the backfill of thermally active geotechnical systems. A 
significant body of work has been assembled on this topic in the area of vadose zone 
hydrology, including definition of governing equations for water flow in liquid and 
vapor forms [PHI 57], analytical and numerical solutions [CAR 62A; CAR 62B, 
TAY 64; MIL 82], and field experiments [MIL 96]. The governing equations have 
been incorporated into commercial finite element programs, such as VADOSE/W 
[WIL 94], while the impact of volume change has been evaluated in advanced 
models [THO 95A, 95B, 96]. Although analysis of thermally induced water flow 
under a heat exchanger boundary condition is important, the role of atmospheric 
boundary conditions on the flow of heat and water into and out of the system must 
be considered. The prediction of atmospheric interaction in soil layers has been 
investigated in landfill cover analyses [MCC 04; ZOR 05; SCA 02; OGO 08]. 

Two experimental studies of thermally induced flow away from an axisymmetric 
line heat source in unsaturated soils are shown in Fig. 8.2. For a temperature of 
90 °C applied to a sand-bentonite mixture, Yong and Mohammed [YON 96] noted a 
decrease in degree of saturation of 0.5 near the heat source after 3 days, with a 
drying zone of influence of about 40 mm. For a temperature of 70 °C applied to 
sand, Ewen and Thomas [EWE 89] observed a drying over a zone of influence of 
20 mm. Although the zones of influence observed in these two examples are small, a 
greater zone of influence and faster response is expected for silts or low plasticity 
clays due to their greater hydraulic conductivity over a range of water content. 

 

Figure 8.2.Thermally-induced water flow in clay [YON 96] and sand [EWE 89] 

The affected zone and magnitude of thermally induced water flow are functions 
of the initial degree of saturation (S), hydraulic conductivity for saturated conditions 
(ks), thermal conductivity (), and porosity (n). Coccia and McCartney [COC 13] 
observed a greater decrease in saturation at the location of a heat exchanger for silt 
with lower initial S [Figure 8.3(a)]. Further, soils with lower ks tended to have a 
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smaller zone of drying [Figure 8.3(b)]. Thermally induced water flow is also  
affected by coupled changes in the thermal conductivity of soil, which may decrease 
by a factor of about 10 as S approaches zero, with a lower limit of 0.25 to 0.5 
W/m°C depending on density and mineralogy [FAR 81].However, Smits et al. [SMI 
13] observed nonlinear changes in thermal conductivity for sands during drying 
under temperatures above 55 °C, with a peak value at a saturation of 0.1.  

  
(a) (b) 

Figure 8.3.(a) Decrease in saturation at the location of heat exchange with time; (b) 
Thermal saturation profile as influenced by hydraulic conductivity 

8.3. Thermal Volume Change in Unsaturated Soils 

An important side effect of soil heating is the possibility for excess pore water 
pressure generation that may lead to additional flow of water away or toward the 
heat exchanger, as well as a decrease in undrained shear strength. Campanella and 
Mitchell [CAM 68] found that positive excess pore water pressures are induced in 
saturated normally consolidated soils due to differences in the relative expansion of 
the water and soil skeleton during heating. Specifically, the coefficient of thermal 
expansion of pore water is approximately 7-10 times that of most soil particles 
[MCK 65; MIT 05]. If these excess pore water pressures are permitted to drain, time 
dependent, irrecoverable (elasto-plastic) contraction or expansion will occur 
depending on the soil structure and stress history. Saturated normally consolidated 
soils tend to contract plastically during drained heating, then contract elastically 
during cooling. Saturated soils with overconsolidation ratios (OCRs) greater than 1.5 
to 3 tend to expand and contract elastically during drained heating and cooling, 
respectively. This behavior is summarized in Figure 8.4(a) for different soils. Soils 
with a greater plasticity index show more volume change during heating [SUL 02]. 
This behavior has been incorporated into constitutive models based on the Cam-
Clay model [HUE 90A; HUE 90B; CUI 00; LAL 03; FRA 08; CUI 09]. 

Different from saturated soils, fewer studies have focused on the thermal volume 
change behavior of unsaturated soils [SAI 90; SAI 91; SAI 00; ROM 03; ROM 05; 
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FRA 05; TAN 08; TAN 09; UCH09]. Of these studies, all but two were performed 
on expansive clays, which would be unsuitable as backfills. Saix et al. [SAI 00] 
performed drained heating tests on clayey silt specimens at a constant suction of 
4.5 kPa, and observed plastic contraction during heating. Uchaipichat and Khalili 
[UCH 09] performed constant water content (undrained) heating tests on compacted 
silt, and measured a decrease in matric suction of 50% during heating from 25 to 
60 °C. The pore water likely expanded and filled more voids, leading to the decrease 
in suction. A re-evaluation of drained thermal volume change data for unsaturated 
silt from Uchaipichat and Khalili [UCH 09] as a function of the OCR calculated 
using the effective stress definition of Khalili and Khabbaz [KHA 98] is shown in 
Figure 8.4(b). The trends are similar to those for saturated soils, confirming the 
importance of stress state. However, the reasons for this behavior are different from 
saturated soils. For the low OCR specimens, it is possible that the change in 
temperature led to a decrease in the preconsolidation stress and the associated yield 
function, which may lead to a tendency for an unsaturated soil having a stress state 
near the yield function to collapse during heating. The trends for unsaturated silt are 
also confirmed by studies on compacted bentonite [ROM 03; TAN 08]. 

 
(a) (b) 

Figure 8.4.Gradient of drained thermal volumetric strain (v,T) with temperature 
changes (T) for: (a) Saturated soils (Silty clay [TOW 93], Pontida clay [BAL 88], 

Kaolinite [CEK 04], Illite[PLU 69], Bangkok clay [ABU 07A], Sand-Bentonite 
[GRA 01], Boom clay [SUL 02]; (b) Unsaturated compacted silt[UCH 09] 

8.4. Thermal Effects on Soil Strength and Stiffness 

Temperature generally does not have a significant effect on the engineering 
properties of most saturated and unsaturated soils. Campanella and Mitchell [CAM 
68] studied the compression behavior of saturated soils under different temperatures, 
and found that the compression index was independent of temperature. This has 
been confirmed by other studies on saturated soils [DEM 82; GRA 01] and 
unsaturated soils [SAI 00; UCH 09]. Soils which do show temperature-dependent 
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compression indices are typically expansive clays [DEL 00; ROM 03], which are 
not suitable for use as backfills. Cekeravac and Laloui [CEK 04] summarized data 
from the literature indicating that temperature does not have a significant impact on 
the friction angle. This is supported by studies that found that the critical state line is 
independent of temperature for saturated soils [FIN 51; KUN 95; GRA 01; ABU 
07B; ABU 09] and unsaturated soils [UCH 09]. However, Hueckel et al. [HUE 09] 
hypothesized that the critical state line may be sensitive to the stress history and 
drainage conditions during heating for some soils, and proposed alternative 
explanations for data presented in the literature.  

Temperature primarily affects the shear strength and stiffness of soils through 
volume change and changes in the shape of the plastic yield surface. For saturated 
normally consolidated (NC) clays, the volumetric contraction after dissipation of 
thermally induced positive excess pore water pressure has been found to correspond 
to an increase in strength and stiffness [HOU 85; HUE 92; ABU 07B; ABU 09]. 
Saturated overconsolidated (OC) soils show a decrease in strength after heating due 
to volumetric expansion [PAA 67; PLU 69]. During mechanical loading of saturated 
soils after heating, a lower preconsolidation stress is observed for OC clays. For 
unsaturated soils, suction causes a hardening effect and an increase in the apparent 
preconsolidation stress [ALO 90]. Similar to saturated OC soils [ERI 89; TID 89], 
mechanical loading of soils after heating indicates that the soil has a lower 
preconsolidation stress [UCH 09]. The data in Figure 8.5(a) from different studies 
confirm this trend. Saix et al. [SAI 00] observed that this decreasing trend may not 
be general for all temperatures. The effect of a lower preconsolidation stress is 
typically a more ductile stress-strain curve, as shown in the data from Uchaipichat 
and Khalili [UCH 09] in Figure 8.5(b). Comparison of the relative impacts of 
temperature and suction on the shear strength of unsaturated soils indicates that 
suction has a more significant effect. 

  
(a) (b) 

Figure 8.5.Impact of heating on the:(a) preconsolidation stress of silts [SAI 00; FRA 
05; UCH 09]; (b) stress-strain curves of unsaturated silt [UCH 09] 
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The trends observed in Figure 8.5 may not hold for the high suction magnitudes 
that may be encountered in thermally active geotechnical systems. Preliminary work 
by Alsherif and McCartney [ALS 12] indicates that temperature does not have a 
significant impact on the shear strength of compacted silts under high suction 
magnitudes. The stress-strain curves in Figure 8.6(a) for specimens having an initial 
suction of approximately 100 MPa under the same net mean normal stress but 
different temperatures were similar, with a relatively brittle shape. The suction-stress 
characteristic curves derived from failure envelopes for specimens at different initial 
suctions and different temperatures in Figure 8.6(b) indicate similar behavior.  

  
(a) (b) 

Figure 8.6.Shear strength of compacted silt under high suctions and high 
temperatures: (a) Stress-strain curves (e0 = initial void ratio, Pnet = net normal stress, 

 = suction, T = temperature); (b) Suction-stress characteristic curves 

8.5. Thermal Effects on Hydraulic Properties of Unsaturated Soils 

A linkage between the effective stress in unsaturated soils and the soil-water 
retention curve (SWRC) has been observed in many studies[VAN 96; NUT 08; 
KHA 98]. Khalili and Khabbaz [KHA 98] found that the role of suction in the 
effective stress is strongly dependent on the ratio of the suction to the air entry 
suction. The air entry suction is an important point on the SWRC. Lu et al. [LU 10] 
derived an equation that integrates the SWRC directly into the effective stress: 

        nnn
wawaa uuuuu

1
1'


   [8.1] 

where ′ and  are the effective and total stresses, ua and uw are the pore air and 
water pressures, and n and  are the parameters of the van Genuchten [VAN 80] 
SWRC model. Eq. 8.1can be used to interpret the shear strength of both unsaturated 
and saturated soils, as this equation reduces to the classic definition of effective 
stress for saturated conditions. The impact of temperature on the effective stress in 
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unsaturated soils can be evaluated through the SWRC, as the water retention of 
unsaturated soils decreases with temperature [NIM 86; HOP 86; GRA 96; ROM 01; 
BAC 02; SAL 07; UCH 09]. Specifically, the interface tension and soil-fluid contact 
angle, variables important in the Kelvin model for suction, are temperature 
dependent. The interface tension of pure water decreases at a rate of 0.2%/°C [GRA 
96], and the fluid-solid contact angle can decrease by as much as 0.26°/°C [BAC 
02]. SWRCs for soils defined under constant temperatures are shown in Figure 
8.7(a). Temperature has a greater impact on the suction magnitude with decreasing 
degrees of saturation [GRA 96]. The reduction in suction of 100 kPa observed for 
the compacted silt at a degree of saturation of 0.4 is substantial, indicating that 
temperature may affect the effective stress. Grant and Salehzadeh [GRA 96] and 
Salager et al. [SAL 07] developed incremental-form models for temperature effects 
on the SWRC that use Kelvin’s equation for suction and consider the relative 
thermal expansion of soil and water, but do not incorporate common SWRC 
equations. An area of continued research is the impact of temperature on the SWRC 
at high suction magnitudes. Alsherif and McCartney [ALS 13] developed a new 
thermal triaxial cell with suction control using the vapor circulation technique [LIK 
03]. The relatively constant relative humidity (Rh) for different temperatures (T) in 
Figure 8.7(b) reflects the feasibility of maintaining constant high suctions during 
elevated temperatures with this device.  

  
(a) (b) 

Figure 8.7.(a) Thermal effects on SWRCs of clay [ROM 03], silt [UCH 09], and 
sand [EWE 89]; (b) Thermal effects at high suctions on compacted silt [ALS 12] 

8.6. Thermal Effects on Soil-Geosynthetic Interaction 

Woven geotextiles or geogrids and nonwoven geotextiles are primarily used for 
reinforcement of poorly draining backfills because extruded geogrids do not interact 
well with fine-grained soils. Recent studies on reinforcement of poorly draining 
backfills have focused on measurement of the effects of suction on soil-geosynthetic 
interface shear strength [HAT 08; SHA 98; HAM 09; KHO 10]. These studies used 
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a two stress-state variable approach to interpret the effects of suction on shear 
strength [Figs. 8.8(a) and 8.8(b)]. However, the results from the previous section 
indicate that the impact of temperature may be easier to interpret when the shear 
strength is interpreted using effective stress. The SWRC of this soil [Fig. 8.8(c)] 
indicates that the interface shear strength can be interpreted well using a single-value 
effective stress [Fig. 8.8(d)]. This confirms that the shear strength of unsaturated 
soil-geosynthetic interfaces is strongly dependent on the matric suction in the soil.  

  
(a) (b) 

  
(c) (d) 

Figure 8.8.Unsaturated interface shear strength of soil-geosynthetic interfaces 
[KHO 10]: (a) Impact of suction on soil (′ is soil friction angle); (b) Impact of 
suction on soil-geosynthetic interface (′ is soil-geosynthetic interface friction 

angle); (c) SWRC; (d) Interface shear strength using effective stress 

An added complexity in thermally active geotechnical systems is that the tensile 
stress-strain behavior of geosynthetics is sensitive to temperature, a feature that has 
been exploited to accelerate the creep process using the stepped isothermal method 
[THO 98; ZOR 04; BUE 05]. The results from unconfined thermal creep tests in Fig. 
8.9(a) indicate a linear increase in creep strain with temperature, which reflects the 
potential impacts of temperature on the stress-strain behavior. Despite this observed 
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behavior, confinement of the geosynthetic in soil may reduce the impact of 
thermally induced creep by preventing geometric distortion of the geosynthetic 
structure [MCG 82]. The data in figure 8.9(b) show that confinement not only leads 
to a lower initial tensile strain during application of a relatively high fraction of the 
ultimate tensile strength Pult, but a lower rate of creep strain over time [FRA 11]. 
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(a) (b) 

Figure 8.9. (a) Thermally induced creep strain () of a geotextile [ZOR 04]; (b) 
Impact of confining stress on creep of a nonwoven geotextile ( = confining stress, 

P = tensile stress, Pult = ultimate tensile strength) [FRA 11] 

8.6. Conclusions 

Some of the key issues involved in the development of thermally active 
geotechnical systems in unsaturated soils are summarized in this chapter. Additional 
research is required to synthesize the thermo-hydro-mechanical processes in the 
unsaturated soils, and to understand the interaction between unsaturated conditions 
and thermally induced creep deformations of confined geosynthetics. Nonetheless, 
the results from the literature indicate that the strategy to maintain unsaturated 
conditions in soil systems using thermally induced water flow will enable, under the 
right conditions, use of a broader class of backfills than currently permitted in fill-
type geotechnical applications. Further, although temperature may have some 
negative impacts from the perspective of thermal soil improvement, the positive 
effects of increased suction due to thermally induced water flow may be sufficient to 
compensate for these effects. An added benefit of thermally active geotechnical 
systems is that they can dissipate spurious heat generated by buildings or industry. 

8.7. Acknowledgements 

The author appreciates the support of the National Science Foundation grant 
CMMI-1054190. The views in this paper are those of the authors alone. 



Chapter 8 : Energy GeoStructures in UnsaturatedSoils11 

8.8. References  

[ABU 07A] ABUEL-NAGA, H., BERGADO, D., BOUAZZA, A., RAMANA, G., “Volume 
change behavior of saturated clays under drained heating conditions: experimental results 
and constitutive modeling.” Can. Geotech. J. vol. 44 no. 8, 2007, 942–956. 

[ABU 07B] ABUEL-NAGA, H., BERGADO, D., LIM, B. “Effect of temperature on shear 
strength and yielding behavior of soft Bangkok clay.” Soils and Found. vol. 47, no. 3, 
2007b, 423–436. 

[ABU 09] ABUEL-NAGA, H., BERGADO, D., BOUAZZA, A., PENDER, M., “Thermo-
mechanical model for saturated clays.” Géotechnique. vol. 59, no. 3, 2009, 273–278. 

[ABD 81] ABDEL-HADI, O., MITCHELL, J. “Coupled heat and water flows around buried 
cables.” J. of the Soil Mech. and Found. Eng. Div. vol. 107, no. 11, 1981, 1461–1487. 

[ALO 90] ALONSO, E., GENS, A., JOSA, A., “A constitutive model for partially saturated 
soils.” Géotechnique. vol. 40, 1990, 405–430. 

[ALS 12] ALSHERIF, N., MCCARTNEY, J. “Nonisothermal shear strength of soils under 
high suctions.” 2nd European Unsaturated Soils Conf.  Napoli, June 21-22, 2012. 8 pg. 

[ALS 13] ALSHERIF, N., MCCARTNEY, J., “Triaxial cell for nonisothermal shear strength 
of compacted silt under high suction magnitudes.” 1st Pan-American Conference on 
Unsaturated Soils. February 20-22, 2013. Cartagena de Indias, Colombia. 

[BAC 02] BACHMANN, J., HORTON, R., GRANT, S., VAN DER PLOEG, R., 
“Temperature dependence of water retention curves for wettable and water-repellent 
soils.” Soil Sci. Soc. Am. J., vol. 66, 2002, 44-52.  

[BAL 88] BALDI, G., HUECKEL, T., PELLEGRINI, R., “Thermal volume changes of the 
mineral-water system in low-porosity clay soils.” Can. Geotech.J.,vol. 25, 1988, 807–825. 

 [BUE 05] BUENO, B., COSTANZI, M., ZORNBERG, J., “Conventional and accelerated 
creep tests on nonwoven needlepunched geotextiles.” Geosynthetics Int. vol. 12, no. 6, 
2005, 276-287. 

[CAM 68] CAMPANELLA, R., MITCHELL, J. “Influence of temperature variations on soil 
behavior.” J. of the Soil Mech. and Found. Eng. Div. vol. 94, no. SM3, 1968, 709–734. 

[CAR 62A] CARY, J., TAYLOR, S., “The interaction of the simultaneous diffusions of heat 
and water vapor.” Soil Science Soc. of America Proc., vol. 26, 1962, 413-416. 

[CAR 62B] CARY, J., TAYLOR, S. “Thermally driven liquid and vapor phase transfer of 
water and energy in soil.” Soil Science Soc. of America Proc. vol., 26, 1962, 417-420. 

[CEK 04] CEKEREVAC, C., LALOUI, L., “Experimental study of thermal effects on the 
mechanical behavior of a clay.” Int Journal for Numerical Analytical Methods in 
Geomechanics. vol. 28, 2004, 209–228. 

[COC 13] COCCIA, C., MCCARTNEY, J., “Impact of heat exchange on the thermo-hydro-
mechanical response of reinforced embankments.” GeoCongress 2013, ASCE. San Diego, 
CA. March 3-5, 2013.10 pg.  



12McCartney, Coccia, Alsherif, Stewart 

[CUI 00] CUI, Y., SULTAN, N., DELAGE, P. “A thermomechanical model for clays.” Can. 
Geotech. J. vol. 37, no. 3, 2000, 607–620.  

[CUI 09] CUI, Y., LE, T., TANG, A., DELAGE, P.,  LI, X.. “Investigating the time-
dependent behaviour of Boom clay under thermo-mechanical loading.” Géotechnique. 
vol. 59, no. 4, 2009, 319–329. 

[DEL 00] DELAGE, P., SULTAN, N., CUI, Y., “On the thermal consolidation of Boom 
clay.” Can. Geotech. J. vol. 37, 2000, 343–354. 

[DEM 82] DEMARS, K., CHARLES, R., “Soil volume changes induced by temperature 
cycling.” Can. Geotech. J. vol. 19, 1982. 188–194. 

[DRB 96] DRBAL, L. WESTRA, K., BOSTON, P., Power Plant Engineering, 1st Edition. 
Springer. New York. 1996. 

[ELI 01] ELIAS, V., CHRISTOPHER, B., BERG, R., Mechanically Stabilized Earth Walls 
and reinforced Soil Slopes: Design and Construction Guidelines. Report No. FHWA-
NHI-00-043.2001. 418 pg. 

[ERI 89] ERIKSSON, L., “Temperature effects on consolidation properties of sulphide 
clays.” Proc. of the 12th Int. Conf. on Soil Mech. and Found. Eng. Rio de Janeiro, vol. 3, 
1989, 2087–2090. 

[EWE 89] EWEN, J., THOMAS, H., “Heating unsaturated medium sand.” Géotechnique. vol. 
39, no. 3, 1989, 455-470. 

[FAR 81] FAROUKI, O., Thermal Properties of Soils. US Army Corps of Engineers, CRREL 
Monograph 81-1. 1981. 

[FIN 51] FINN, F., “The effects of temperature on the consolidation characteristics of 
remolded clay.” Symposium on Consolidation Testing of Soils. ASTM STP 126: 1951, 
65–72. 

[FRA 11] FRANCA, F., BUENO, B. ZORNBERG, J., “Esaios confinadoes e aceleradoes de 
fluencia em geossinteticos.” Findacoes and Obras Geotecnicas. 2011, pp. 56-63.  

[FRA 05] FRANCOIS, B. SALAGER, S., EL YOUSSOUFI, M.S., UBALS PICANYOUL, 
D., LALOUI, L., SAIX, C., “Compression tests on a sandy silt at different suction and 
temperature levels.” GSP 157: Computer Applications in Geotechnical Eng. 2005, 10 pg. 

[FRA 08] FRANCOIS, B., LALOUI, L., “Unsaturated soils under non-isothermal conditions: 
Framework of a new constitutive model.” GeoCongress 2008. ASCE, New Orleans, LA. 
2008, 1077-1083. 

[GRA 01] GRAHAM, J., TANAKA, N., CRILLY, T., ALFARO, M. “Modified Cam-Clay 
modeling of temperature effects in clays.” Can. Geotech. J. vol. 38, no. 3, 2001, 608–621. 

[GRA 96] GRANT, S., SALEHZADEH, A., “Calculations of temperature effects on wetting 
coefficients of porous solids and their capillary pressure functions.”Water Resources 
Research. vol. 32, 1996, 261-279.  



Chapter 8 : Energy GeoStructures in UnsaturatedSoils13 

[HAM 09] HAMID, T., MILLER, G., “Shear strength of un-saturated soil interfaces.”Can. 
Geotech. J., vol. 46, 2009, 595-606.  

[HAT 08] HATAMI, K., KHOURY, C., MILLER G., “Suction-controlled testing of soil-
geotextile interfaces.” GeoAmericas 2008.Cancun, Mexico, 2008. 10 pg.  

[HOP 86] HOPMANS, J., DANE, J., “Temperature dependence of soil hydraulic properties.” 
SSSA Journal. vol. 50,1986,  4-9.  

[HOU 85] Houston, S., Houston, W., Williams, N., “Thermo-mechanical behavior of seafloor 
sediments.” Journal of Geotechnical Engineering. vol. 111, no. 12, 1985, 1249-1263.  

[HUE 90A] HUECKEL, T., BALDI, M., “Thermoplasticity of saturated clays: experimental 
constitutive study.” Journal of Geotechnical Eng. vol. 116, no. 12, 1990, 1778–1796. 

[HUE 90B] HUECKEL, T., BORSETTO, M., “Thermoplasticity of saturated soils and shales: 
constitutive equations.” Journal of Geotechnical Eng. vol. 116, no. 12, 1990, 1765–1777. 

[HUE 92] HUECKEL, T. PELLEGRINI, R., “Effective stress and water pressure in saturated 
clays during heating-cooling cycles.”Can. Geotech. J. vol. 29, 1992, 1095-1102.  

[HUE 09] HUECKEL, T., FRANÇOIS, B. LALOUI, L., “Explaining thermal failure in 
saturated clays.” Géotechnique. vol. 59, no. 3, 2009, 197–212. 

[KHA 98] KHALILI, N., KHABBAZ, M.H. (1998). “A unique relationship for the 
determination of shear strength of unsaturated soils.” Géotechnique. vol. 48, 681–688. 

[KHA 04] KHALILI, N., GEISER, F., BLIGHT, G., “Effective stress in unsaturated soils, A 
review with new evidence.” Int. J. Geomech. vol. 4, no. 2, 2004, 115–126. 

[KHO 10] KHOURY, C., MILLER, G., HATAMI, K., “Shear strength of unsaturated soil-
geotextile interfaces.” GeoFlorida 2010. Advances in Analysis, Modeling and Design. 
GSP 199. 2010, 307-316. 

[KUN 95] KUNTIWATTANAKUL, P., TOWHATA, I., OHISHI, K., SEKO, I., 
“Temperature effects on undrained shear characteristics of clay.” Soils and Found. vol. 
35, no. 1, 1995, 147–162. 

[LAL 03] LALOUI, L, CEKEREVAC, C., “Thermo-plasticity of clays: an isotropic yield 
mechanism.” Computers and Geotechnics. vol. 30, no. 8, 2003, 649–660. 

[LIK 03] LIKOS, W., LU, N. “Automated humidity system for measuring total suction 
characteristics of clay.” Geotechnical Testing J. vol. 26, no. 2, 2003. 

[LU 06] LU, N., LIKOS, W., “Suction stress characteristic curve for unsaturated soil.” 
Journal of Geotechnical and Geoenvironmental Eng. vol. 132, no. 2, 2006, 131-142. 

[LU 10] LU, N. GODT, J., WU, D., “A closed-form equation for effective stress in 
unsaturated soil.” Water Resources Research. vol. 46, 2010,14 pg. 

[MCC 04] MCCARTNEY, J., ZORNBERG, J. “Use of moisture profiles and lysimetry to 
assess evapotranspirative cover performance.”  5thInt. PhD Symp. in Civil Eng. Delft, the 
Netherlands.  2004, 961-969. 



14McCartney, Coccia, Alsherif, Stewart 

[MCG 82] MCGOWN, A., ANDRAWES, K., KABIR, M., “Load-extension testing of 
geotextiles confined in soil.” 2nd Int. Conf. on Geotextiles. Las Vegas, 1982, 793-798. 

[MCK 65] MCKINSTRY, H., “Thermal expansion of clay minerals.” The American 
Mineralogist, vol. 50, 1965, 212–222. 

[MIL 82] MILLY, P., “Moisture and heat transport in hysteretic, inhomogeneous porous 
media: A matric head-based formulation and a numerical model.” Water Resources 
Research. vol. 18, no. 3, 1982, 489-198. 

[MIL 96] MILLY, P., “Effects of thermal vapor diffusion on seasonal dynamics of water in 
the unsaturated zone.” Water Resources Research. vol. 32, no. 3, 1996, 509-518. 

[MIT 05] MITCHELL, J., SOGA, K. Fundamentals of Soil Behavior. John Wiley & Sons, 
Inc., 3rded., New Jersey. 2005.  

[MIT 95] MITCHELL, J., ZORNBERG, J., “Reinforced soil structures with poorly draining 
backfills. Part II: Case histories and applications.” Geosynthetics Int. vol. 2, no. 1, 1995, 
265-307. 

[MIL 07] MILLER, G. HAMID, T.“Interface direct shear testing of unsaturated soil.” 
Geotechnical Testing Journal.vol. 30, no. 3, 2007. 

[NRE 97] NRECA, Geothermal Heat Pumps: Introductory Guide.RER Project 86-
1A.National Rural Electric and Cooperative Association.2007,99 pp.  

[OME 08] OMER, A., “Ground-source heat pumps systems and applications.”Renewable and 
Sustainable Energy Reviews. vol. 12, no. 2, 2008, 344-371. 

[NIM 86] NIMMO, J., MILLER, E., “The temperature dependence of isothermal moisture vs. 
potential characteristics of soils. SSSA Journal. vol. 50, 1986, 1105-1113.  

[NUT 08] NUTH, M., LALOUI, L., “Effective stress concept in unsaturated soils: 
Clarification and validation of a unified framework.” Int. J. Numer. Anal. Methods 
Geomech. vol. 32, 2008, 771–801. 

[OGO 08] OGORZALEK, A., BOHNHOFF, G., SHACKELFORD, C., BENSON, C., 
APIWANTRAGOON, P. “Comparison of field data and water-balance predictions for a 
capillary barrier cover.” Journal of Geotech. and Geoenvironmental Eng. 134, no. 4, 
2008, 470-486. 

[PAA 67] PAASWELL, R. (1967). “Temperature effects on clay soil consolidation.” Journal 
of the Soil Mechanics and Foundation Engineering Division, vol. 93, no. 3, 1967, 9–22. 

[PHI 57] PHILIP, J., DE VRIES, D., “Moisture movement in porous materials under 
temperature gradients.” Transactions of the American Geophysical Union. vol. 38, no. 2, 
1957, 222-232. 

[PLU 69] PLUM, R., ESRIG, M., Some Temperature Effects on Soil Compressibility and 
Pore Water Pressure. Highway Research Board, Washington, DC. Report 103, 1969, 
231–242. 



Chapter 8 : Energy GeoStructures in UnsaturatedSoils15 

[ROM 01] ROMERO, E., GENS, A., LLORET, A. “Temperature effects on the hydraulic 
behavior of an unsaturated clay.” Geotech. and Geological Eng. vol. 19, 2001, 311-332. 

[ROM 03] ROMERO, E., GENS, A., LLORET, A. “Suction effects on a compacted clay 
under non-isothermal conditions.” Géotechnique. vol. 53, no. 1, 2003,  65–81. 

[ROM 05] ROMERO, E., VILLAR, M., LLORET, A., “Thermo-hydro-mechanical behavior 
of heavily overconsolidated clays.” Engineering Geology. vol. 81, 2005, 255-268. 

[SAB 97] SABATINI, P., ELIAS, V., SCHMERTMANN, G., BONAPARTE, R., 
Geotechnical Engineering Circular Number 2: Earth Retaining Systems. FHWA. 
Washington, D.C. 1997.  

[SAI 90] SAIX, C., JOUANNA, P., “Appareil triaxial pour l’étude du comportement 
thermique de sols non saturés.”Can. Geotech. J. vol. 27, 1990, 119–128. 

[SAI 91] SAIX, C., “Consolidation thermique par chaleur d’un sol non saturé.” Can. Geotech. 
J. vol. 28, 1991, 42–50. 

[SAI 00] SAIX, C., DEVILLERS, P., EL YOUSSOUFI, M., “Element de couplage 
thermomechanique dans la consolidation de sols non satures.”Can. Geotech. J. vol. 37, 
2000, 308-317. 

[SAL 07] SALAGER, S. EL YOUSSOUFI, M., SAIX, C., “Influence of temperature on the 
water retention curve of soils: Modelling and experiments.” Experimental Unsaturated 
Soil Mechanics. Schanz, T. ed. 2007, 251-258. 

[SCA 02] SCANLON, B., CHRISTMAN, M., REEDY, R., PORRO, I., SIMUNEK, J., 
FLERCHINGER, G., “Intercode comparisons for simulating water balance of surficial 
sediments in semiarid regions.” Water Resources Research, vol. 38, no. 12, 2002, 1323. 

[SHA 07] SHARMA, J., FLEMING, I., JOGI, M., “Measurement of unsaturated soil-
geomembrane interface shear strength parameters.” Can. Geotech. J. vol. 44, 2007, 78-88.  

[SMI 13] SMITS, K., SAKAKI, T., HOWINGTON, S., PETERS, J., AND 
ILLANGASEKARE, T., “Temperature dependence of thermal properties of sands across 
a wide range of temperatures (30–70°C). Vadose Zone Journal. vol. 12, no. 1, 2013, 8 pg.  

[SUL 02] SULTAN, N., DELAGE, P., CUI, Y., “Temperature effects on the volume change 
behavior of Boom clay.” Engineering Geology. vol. 64, 2002, 135-145. 

[TAN 08] TANG, A., CUI, Y., BARNEL, N., “Thermo-mechanical behavior of a compacted 
swelling clay.” Géotechnique. vol. 58, no. 1, 2008, 45-54. 

[TAN 09] TANG, A., CUI, Y.. “Modelling the thermomechanical volume change behaviour 
of compacted expansive clays” Géotechnique. vol. 59, no. 3, 2009, 185–195. 

[TAY 64] TAYLOR, S., CARY, J., “Linear equations for the simultaneous flow of water and 
energy in continuous soil system.” Soil Sci. Soc. of America Proc. vol. 28, 1964, 167-172. 

 [THO 96] THOMAS, H., HE, Y., SANSOM, M., LI, C., “On the development of a model of 
the thermo-mechanical-hydraulic behavior of unsaturated soils.” Engineering Geology. 
vol. 41, 1996, 197-218. 



16McCartney, Coccia, Alsherif, Stewart 

[THO 95A] THOMAS, H., HE, Y., “Analysis of coupled heat, moisture, and air transfer in a 
deformable unsaturated soil.”Géotechnique. vol. 45, no. 4, 1995, 677-689.  

 [THO 95B] THOMAS, H., SANSOM, M., “Fully coupled heat, moisture, and air transfer in 
an unsaturated soil.”Journal of Engineering Mechanics. vol. 12, no. 3, 1995, 392-405.  

[THO 98] THORNTON, J., ALLEN, S., THOMAS, R., SANDRI, D., “The stepped 
isothermal method for time-temperature superposition and its application to creep data on 
polyester yarn.”6th Int. Conf. on Geosynthetics, Atlanta, 1998, 699–706. 

[TID 89] TIDFORS, M., SÄLLFORS, G., “Temperature effect on preconsolidation pressure.” 
Geotech. Testing J. vol. 12, no. 1,1989, 93–97. 

[TOW 93] TOWHATA, I., KUNTIWATTANAKUL, P., SEKO, I., OHISHI, K., “Volume 
change of clays induced by heating as observed in consolidation tests.” Soils and Found. 
vol. 33, no. 4, 1993, 170–183. 

[UCH 09] UCHAIPICHAT, A., KHALILI, N., “Experimental investigation of thermo-hydro-
mechanical behaviour of an unsaturated silt.” Géotechnique, vol. 59, no. 4, 2009, 339–
353. 

[VAN 96] VANAPALLI, S., FREDLUND, D., PUFAHL, D., CLIFTON, A., “Model for the 
prediction of shear strength with respect to soil suction.” Can. Geotech. J. vol. 33, 1996, 
379–392. 

[VAN 80] VAN GENUCHTEN, M. “A closed-form equation for predicting the hydraulic 
conductivity of unsaturated soils.” Soil Sci. Soc. Am. J. vol. 44, 1980, 892–898. 

[WIL 94] WILSON, G., FREDLUND, D., BARBOUR, S., “Coupled soil-atmosphere 
modeling for soil evaporation.” Can. Geotech. J. vol. 31, 1994, 151-161. 

[YON 96] YONG, R., MOHAMED, A., “Evaluation of coupled heat and moisture flow 
patterns in a bentonite-sand buffer material.” Engineering Geology. vol. 41, 1996, 269-
286. 

[ZOR 04] ZORNBERG, J., BYLER, B., AND KNUDSEN, J. (2004). “Creep of geotextiles 
using time-temperature superposition methods.” Journal of Geotechnical and 
Geoenvironmental Eng. vol. 130, no. 11, 2004, 1158-1168. 

[ZOR 95] ZORNBERG, J., CHRISTOPHER, B., MITCHELL, J., “Performance of a 
geotextile-reinforced slope using de-composed granite as backfill material.”2ndBrazilian 
Symposium on Geosynthetics, São Paulo, Brazil, July, 1995, 19-29. 

[ZOR 05] ZORNBERG, J., MCCARTNEY, J., “Evaluation of evapotranspiration from 
alternative landfill covers at the Rocky Mountain Arsenal.” Experus 2005.  Trento, Italy. 
27-29 June 2005. Balkema, Rotterdam. 

[ZOR 94] ZORNBERG, J., MITCHELL, J., “Reinforced soil structures with poorly draining 
backfills. Part I: Reinforcement interactions and functions.” Geosynthetics Int. vol. 1, no. 
2, 1994, 103-148. 

 




