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ABSTRACT: It is well established that the processes of heat transfer, water flow and
mechanical behavior of soils are closely linked, with potentially different effects
depending on the thermo-hydro-mechanical paths followed. This white paper focuses
on two key fundamental research challenges in understanding soil behavior
encountered at the intersection between geotechnical systems and thermal energy
applications. The first is understanding the mechanisms behind changes in
preconsolidation stress and effective stress due to heating, cooling, or degree of
saturation changes, and the second is understanding the mechanisms behind thermal
volume change in saturated or unsaturated soils under different stress states.
INTRODUCTION
Many studies over the past 50 years have investigated the thermo-hydro-mechanical
response of saturated and unsaturated soils for a variety of reasons. Early studies in
soil physics focused on coupled heat transfer and water flow processes in soils
associated with temperature fluctuations at the soil surface (Philip and DeVries 1957).
Subsequent studies in soil physics and geotechnical engineering found that the
thermal conductivity of soils follows a nonlinear decreasing trend with the degree of
saturation (e.g., Farouki 1981), but also that water vapor flow under elevated
temperatures may lead to convective heat transfer that may lead to an increase in heat
transfer (Smits et al. 2013). Early studies in geotechnical engineering focused on
understanding the impact of temperature changes after sampling on the drained
thermal volume change of saturated soils, and the possible effects on temperature
change on disturbance (Paaswell 1967; Campanella and Mitchell 1968). It was
observed that temperature does not have a major effect on the compression index of
soils, but that contraction may be observed in normally consolidated clays during
heating. In the 1980’s the thermal instability of soils drew interest due to the need to
bury high voltage electrical cables in soils (Brandon et al. 1989), which raised
attention to impact of the increase in positive pore water pressure observed during
undrained heating of soils. Also at this time, questions regarding the disposal of
nuclear waste in soft clays or compacted bentonite barriers led to an investigation of
thermally-induced excess pore water pressure in saturated soils (Houston et al. 1985;
Baldi et al. 1988). These studies also found that the undrained shear strength
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increased after drainage (Houston et al. 1985). These studies established that stress
history plays an important role, and observed that during drained heating
overconsolidated soils generally expand while normally consolidated soils contract
(Baldi et al. 1988; Hueckel and Baldi 1990; Cekeravac and Laloui 2004). Despite the
different trends in drained thermal volume change, Abuel-Naga et al. (2007) found
that positive pore water pressures are generated during undrained heating both
normally consolidated and overconsolidated soils, and Ghaaowd et al. (2015) found
that the initial effective stress and porosity control the magnitude of excess pore water
pressure generation during undrained heating of soils as the overconsolidation ratio
(OCR) increases. Burghighnoli et al. (2000) and Towhata et al. (1993) found that the
path of preparation of overconsolidated specimens (unloading or reloading) may lead
to potential contraction of overconsolidated soils as well. Subsequent studies have
established that the role of stress history also applies to unsaturated soils as well as
saturated soils (Salager et al. 2008; Uchaipichat and Khalili 2009; Alsherif and
McCartney 2015, 2016; Coccia and McCartney 2016a).
The role of stress history in observations from the literature encouraged the
development of thermo-elasto-plastic models, where temperature is expected to cause
changes in the preconsolidation stress (Hueckel and Borsetto 1990; Cui et al. 2000;
Laloui and Francois 2009). Although these models have been used successfully to
capture the observations from element-scale tests, they unfortunately may cover up
the underlying mechanisms of temperature effects on soils. In particular, two
important challenges are the prediction of the role of temperature variations in
changes in the preconsolidation stress of soils and in changes in volume of soils.
Further, the role of unsaturated conditions in answering both of these challenges
poses additional questions that must be answered. An improved understanding of the
underlying mechanisms that govern these phenomena along with the development of
modeling strategies will help to better predict the performance of soils in
nonisothermal conditions. A better understanding of these two topics may help to
better understand the impacts of cyclic heating and cooling that have been observed in
some studies (Burghignoli et al. 2000; Vega and McCartney 2015) and on the role of
anisotropic stress states (Coccia and McCartney 2012). Specifically, both of which
have important effects on the impacts of geothermal heat pumps incorporated into
civil engineering infrastructure.
CHANGES IN PRECONSOLIDATION STRESS DURING HEATING
An underlying feature of the thermo-elasto-plastic models mentioned above is the
impact of temperature on the preconsolidation stress in soils. A summary of the trends
in normalized preconsolidation stress after heating several soils is shown in Figure
1(a). A clear decreasing trend is observed. These preconsolidation stress values were
assessed by reloading of soils after heating. Although the slope of the compression
curve is not affected by temperature, the trends indicate that plastic strains initiate at
an earlier stress. The softening effect due to heating may not be permanent, and
limited sets of data show that cooling may lead to an increase in preconsolidation
stress, as shown in Figure 1(b). Despite these observations, the underlying cause
behind the change in preconsolidation stress with temperature is not understood.
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FIG. 1: (a) Change in preconsolidation stress of normally consolidated clays
after a change in temperature (Coccia and McCartney 2016b); (b) Change in
compression response of normally consolidated soils after heating and
cooling (Plum and Esrig 1959)
The interaction between softening mechanisms due to the heating of soils with
hardening effects have been observed to lead to interesting soil behavior, as shown in
the shear strength results of Alsherif and McCartney (2015) in Figure 2(a). These
results show that the path of heating and suction application can lead to changes in the
apparent cohesion. The role of temperature and suction on the effective stress in
unsaturated soils is another important issue to consider. The interplay between the
effective stress and preconsolidation stress during application of high suction
magnitudes for a specimen at room temperature is shown in Figure 2(b). Some soils
exhibit different rates of increase in effective stress and preconsolidation stress with
suction, which may lead to metastable structures that are susceptible to collapse
(Khalili et al. 2004). It is expected that the soil-water retention curve (SWRC) will
shift downward to reflect lower water retention at higher temperatures due to a
decrease in surface tension and soil-particle contact angle, which is expected to affect
the effective stress state. Different path-dependent increases in the preconsolidation
stress for unsaturated soils under different temperatures is shown in Figure 2(c).
Although the underlying mechanism behind the changes in preconsolidation stress
and the path effects is not well understood, empirical models for the preconsolidation
stress such as those shown in Figure 2(c) are useful to determine trends in the
overconsolidation ratio. An understanding of the effective stress permits trends in the
thermal volume change of unsaturated silt measured by Alsherif and McCartney
(2016) to be reconciled with the thermal volume change of saturated silt measured by
Vega and McCartney (2015).
When considering the behavior of unsaturated soils, it is important that constitutive
models to capture the volume change response consider the role of changes in degree
of saturation during changes in void ratio. Mun and McCartney (2016) found that the
model of Zhou et al. (2012) can provide a good means of considering the role of
changes in degree of saturation on the compression curve in terms of effective
stresses.
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FIG. 2: Thermo-mechanical behavior of compacted silt (Alsherif and McCartney
2015; 2016): (a) Changes in shear strength due to changes in suction and
temperature; (b) Changes in preconsolidation stress, effective stress, and
OCR with suction; (c) Path dependent changes in preconsolidation stress of
unsaturated soils; (d) Thermal volume change trends with OCR
THERMAL VOLUME CHANGE OF SOILS
It is well established that during undrained heating of soils, positive pore water
pressures will be generated (Campanella and Mitchell 1968; Houston et al. 1985;
Baldi et al. 1988; Ghaaowd et al. 2015). The conventional explanation of thermal
volume change for normally consolidated soils is the dissipation of these excess pore
water pressures, which has been incorporated into numerical simulations (Britto et al.
1989). However, several sets of data have shown that this explanation may not work
in all cases. First, the magnitude of excess pore water pressures during undrained
heating has not been linked to a volumetric strain expected after drainage, even
though Delage et al. (2000) showed that the process still follows a time dependent
process similar to consolidation. Further, Burghighnoli et al. (2000) and Towhata et
al. (1993) found that preparation of overconsolidated specimens by unloading will
lead to thermal expansion upon heating, while preparation by reloading from a very
high OCR leads to contraction. As the thermally-induced excess pore water pressures
during undrained heating are expected to be positive in all soils, the dissipation of
pore water pressures is not a sufficient explanation.
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The possibility for the thermal volume change to be due to thermally-accelerated
creep is an issue that has been proposed in several previous studies (Campanella and
Mitchell 1968; Houston et al. 1985; Burghignoli et al. 2000). Following these studies,
Coccia and McCartney (2016b; 2016c) proposed a new model that assumed that the
coefficient of secondary compression C may be sensitive to the temperature. This
means that the secondary compression expected under the previously-applied
increment of effective stress may be enhanced, as shown in Figure 3(a). This
mechanism may reflect the ease of clay particles to rearrange into the direction of
shear at elevated temperatures, or potentially a time-dependent change in the diffuse
double layer due to temperature changes.
The thermal volume change of unsaturated soils also presents a complex scenario to
explain using the dissipation of thermally-induced excess pore water pressures.
Specifically, heating is expected to lead to expansion of the pore water, which should
lead to an increase in degree of saturation, decrease in suction, and decrease in
effective stress, all of which should lead to thermal expansion. However, in many
unsaturated soils a contractive behavior is noted. This permanent contraction has been
satisfactorily explained by Coccia and McCartney (2016c) using the thermal creep
mechanism. However, a collapse mechanism related to the decrease in
preconsolidation stress with temperature may be an alternate mechanism, as shown in
Figure 3(b). Heating of a normally consolidated soil will lead to a decrease in the
preconsolidation stress, which will mean that the soil is in an unstable state requiring
permanent collapse to the stable preconsolidation stress.
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FIG. 3. Alternate mechanisms of thermal volume change: (b) Thermallyaccelerated creep (Coccia and McCartney 2015); (a) Thermal collapse
CONCLUSIONS
This white paper summarizes some of the different issues involved in the thermal
behavior of soils that may be encountered in energy geotechnics applications.
Changes in the preconsolidation stress and effective stress in saturated and
unsaturated soils may have significant effects on the mechanical response of soils,
and the interplay between softening mechanisms due to heating with other hardening
mechanisms needs to be carefully considered in future studies. The underlying
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mechanisms behind changes in preconsolidation stress with temperature and suction
may help explain thermal volume change, and may help identify if creep or collapse
mechanisms should be used to simulate thermal volume change behavior.
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ABSTRACT: Three aspects of coupled thermo-chemo-mechanical processes are
simulated either in the lab experiment or numerically: thermal fracturing/failure via
hydro-shearing, in Enhanced Geothermal Systems (EGS), thermal drying cracking
and chemically enhanced crack propagation.
INTRODUCTION
Thermo-mechanics of soils is experiencing a period of renewed interest and intense
innovation today, because of the needs of new technologies. After an initial sporadic
interest there was a period of a testing activity, starting with tests by Campanella and
Mitchell, 1968 on heating of marine sediments, for the sea-bottom nuclear waste
disposal, and buried electric cables. The 1980-2000s have seen experimental and
constitutive modeling in thermo-mechanics, mainly for continental clays (Hueckel
and Baldi, 1990, Hueckel and Borsetto, 1990, Laloui and Moderassi, 1992).
Main lessons from this period were about the temperature dependence of
preconsolidation pressure, or thermal softening, irreversible thermal consolidation
strain (negative expansion) at low or no overconsolidation, the role of the
undersaturation in generating suction and its effect on the preconsolidation pressure,
and finally a possibility of thermal failure induced by the pressure of thermally
expanding water in a low permeability or otherwise undrained medium.
Yet another, and more general lesson from that work is that a complete
consideration of thermo-mechanical phenomena, especially in clays, requires multiphysics and multi-scale analyses of the material behavior. In particular, it was learned
that thermally activated physical and chemical processes and reactions such as soil
water evaporation, clay mineral transformations, or dissolution and/or precipitation
alter mechanical and hydraulic properties and processes at different scales. In brief,
multi-physics couplings and inter-scale variable conversion became an important
component of thermo-mechanical analyses.
The current interest and challenges are related to the present and potential
applications in today’s technologies, and resulting peculiarities of thermal soil
behavior in the particular conditions: (intermediate depth (600-1500m) enhanced
geothermal energy retrieval; residential heat storage/retrieval (thermal piles, wells…);
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nuclear waste disposal; methane hydrate fuel production; mineral sequestration of
CO2; unconventional oil and gas production, landfill settlements due to reaction of
organic decomposition, operating each in a different specific range of temperature and
pressure, and saturation. However, there are common fundamental aspects that these
technologies share and that constitute a common challenge. We shall focus on three
such aspects: one is thermal fracturing/failure via hydro-shearing in Enhanced
Geothermal Systems (EGS) used as an alternative to fracking (mode II). EGS aims at
widely present low temperature heat reservoirs at depth of 500m to 1500m with
temperatures in the range 100-150ºC.; the second aspect is thermal drying cracking;
the third is chemically enhanced crack propagation. Each of these problems is used,
or confronted with in many energy technologies, from EGS, to unconventional oil and
gas exploitation, to radioactive refuse disposal, to CO2 mineral sequestration.
THERMAL HYDRO-SHEARING
Hydro-shearing is a process of intentional or unintentional, either mechanical or
thermal pressurization of rock fluid leading to an effective stress reduction, and in the
presence of shear stress, to possible shear failure/fracturation. The problem has been
first identified during so-called “thermal failure” of clays and shales, arising around
heat sources, as nuclear waste canisters (Hueckel and Pellegrini, 1991, 1992, Hueckel
et al. 2009). Saturated natural clay samples loaded to a total in-situ stress, heated
slowly undrained develop shear failure, when the pore pressure grows at a constant
principal stress difference and the effective stress path reaches the critical state at
about 74ºC. The results for Boom clay are shown in Fig. 1. All the tested rocks: high
porosity plastic Boom clay (Belgium), highly fractured stiff Pasquasia shale (Sicily),
Sasamon clayey shale responded similarly. For an interpretation of the thermal failure
within thermo-plasticity theory, see Hueckel and Borsetto, 1990, Hueckel et al., 2009.

FIG. 1. Pore pressure vs axial strain during
undrained heating (Hueckel, Pellegrini 1991)

FIG. 2. Growth in hoop stress
at crack tip from 100 to 700h

There are visible differences between the thermal failure and EGS hydro-shearing.
In the heating process in hydro-shearing only a part of the pore pressure boost comes
from the constrained heating of the cooler injected pore water (Chaborra et al., 2011).
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A comparable boost comes from the injection pressure. There is also a difference in
heat exchange between rock and water. The rock in hydro-shearing is cooling as the
proceeds. That means that the rock shrinks. Hence, the pore pressure increase is
magnified by the collusion of two thermally driven processes: water expansion and
rock shrinkage. It is thus clear that the assessment of the amount of pressure boost and
activation of the critical shear depends on our understanding of water expansion
(highly non-linear with temperature) and thermo-plastic deformation of rock. For a
thermo-plasticity theory for rocks, see Hueckel et al., 1994.
In EGS hot water is retrieved through the extraction boreholes when it reaches the
required temperature, while a corresponding volume of cold water is supplied via
injection well. The cooled rock after the extraction undergoes subsequent re-heating
by the adjacent rock mass, and a corresponding reduction of pore pressure, while the
new cooler water is being mixed with the departing hot water. At this stage the heated
rock is thermally expanding. Notably, cyclic heating/cooling most likely creates
dilatancy (Hueckel and Pellegrini, 1992) associated with a progressive damage. This
suggests also that the pressure required to inject water at an n-the cycle should be
considered taking into account the amount of the accumulated damage.
The two above-discussed processes while bear similarities, are different in detail
and require careful testing and analysis. Consequently, the science needed to develop
the technologies is more basic than linked to specific technological solutions.
THERMAL DESICCATION CRACKING
Thermal desiccation cracking is a superposition of several parallel and coupled
processes: thermal expansion or contraction, depending on stress; drying shrinkage or
straining, depending on kinematic constraints, air entry connected with water, vapor
and air mass transport, heat transport, and the driving phenomenon of evaporation.
Cracking is highly undesirable in soil from both mechanical strength and hydraulic
points of view, usually degrading engineering soil quality. It may adversely affect
integrity of soil in energy production/storage related projects, such as nuclear waste
container barriers, storage/retrieval of heat from thermal pile environment.
Desiccation cracks arise in an absence of external forces. Hence, either selfequilibrated stresses resulting from kinematic incompatibilities, or reaction forces at
the constraints appear as a cracking cause, when reaching tensile strength. At a mesoscale tubular drying pores are modeled (Hu and Hueckel, 2013) in the vicinity of a
random imperfection, inducing a stress concentration, in the presence of significant
suction. This model uses the effective stress analysis, which away from the stress
concentration point yields a criterion paradox: compressive effective stress in the
field, a physically incompatible criterion for tensile crack. Experiments on clusters of
grains suggest that an imperfection of an air entry deep into the medium penetrates
over 4 to 8 radii of a typical pore that yields a tensile effective stress concentration at
the air entry finger tip, sufficient for crack propagation, Hueckel et al., 2014.
CHEMICALLY ENHANCED CRACK PROPAGATION

Subcritical crack propagation resulting from a spontaneous or engineered change in
the rock chemical environment is of relevance in several energy technologies, among
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which are unconventional oil and gas recovery, and enhanced geothermal systems.
The enhancement consists of a combination of fluid pressure and injection of acids.
Acid chemically softens the material, which occurs relatively quickly, especially in
carbonate rocks. The main question is to correlate the chemical flux to the rate of
crack propagation. Hu and Hueckel (2013, 2014) addressed the effect of mineral mass
removal on the material strength, via coupled chemo-plasticity approach. The
chemical part of the processes being explicitly rate dependent, requires plasticity to be
treated incrementally and iteratively. Simplified calculations with Extended Johnson
approximation (all fields are axially symmetric round crack tip point) allow to follow
the stress evolution as minerals are dissolved.
In a related work the effect of coupling of chemicals on elasticity in the
vicinity of a crack subject to acidizing was studied (Hu and Hueckel, 2016), at the
moment in isothermal conditions. The release of mineral mass into liquid phase
affects solute diffusion, while the rate of mass release is dependent on local acidity.
Most importantly, when a fraction of mass is removed from a stressed solid, a further
strain is induced. This induced strain is assumed to be proportional to the mass
removal, with the proportionality (chemical deformation) coefficient, likely
dependent on the material damage. In the obtained deviatorically coupled solution,
using an adapted Airy function the main effect is a dramatic increase of hoop stress in
front of the crack tip associated with the shrinkage of the chemically affected zone,
Fig.2. Other scenarios and their possible combinations still await suitable solutions.
CONCLUSIONS
Effect of heat, or combined heat, physical processes and chemical reactions result in a
dramatic change in both stress and strain and damage field near the source and/or
local points, but mechanisms of interaction are still poorly recognized. The obtained
solution can validate experimental results obtained in laboratory conditions.
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ABSTRACT: Thermal geotechnics is applicable to ground improvement, soilclimate interactions, energy recovery, and landfill engineering. In particular, elevated
landfill temperatures are negatively impacting the behavior and performance of waste
containment systems. This paper presents new and pressing research challenges in
thermal geotechnics, e.g., identifying the complex and interdependent interactions
among hydrological, chemical, thermal, biological, and mechanical processes in
landfills with temperatures above 100ºC. Current research also indicates that the
service life of geosynthetics is significantly reduced at elevated temperatures, thus
creating a need for novel barrier systems that can the extreme heat and gas-leachate
byproducts. Future geotechnical engineering education should explore curriculum
collaborations with mechanical (heat transfer, mechanics), chemical (mass and energy
balance), and environmental sciences.
INTRODUCTION
Thermal energy has played a significant role in geotechnical engineering research
and practice. Two of the first books on thermal energy include Thermal Soil
Mechanics and Thermal Geotechnics, which were published by A.R. Jumikis in 1966
and 1977, respectively. These references, and in particular research at that time,
focused on thermal problems of freeze-thaw for roads, culverts, and foundations.
With time thermal energy in geotechnical engineering expanded to diverse
applications, e.g., heating and freezing ground improvement techniques (Mitchell and
Jardine 2002). In nuclear waste disposal, the soil barrier is exposed to the decay heat
so thermal-hydro-mechanical (THM) models are necessary to model volumetric strain
and desiccation at high temperatures (Hueckel and Baldi 1990; Gens 2010). Soils
buried around high-voltage cables or other installations may be subjected to long-term
elevated temperatures (Brandon and Mitchell 1989). Integrity of pavement-soil
systems depends on seasonal and daily cycling changes of temperature. Soils may
also be exposed to a significant temperature rise when it is involved in geothermal
energy (Knellwolf et al. 2011) or enhanced oil recovery (Morgenstern 1981). Finally,
landfill waste mechanics and performance of engineered barriers are influenced by
the thermal energy.
Leachate, gas, and heat are the three most common byproducts of organic waste
decomposition in landfills. Landfill monitoring has shown that temperatures in MSW
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landfills are usually within the mesophilic range of 38 to 54°C (Yesiller et al. 2005).
As a result, most research on landfills, e.g., desiccation of geosynthetic clay liners and
cover systems, service life of geomembranes, thermal-chemical-biological modeling,
waste mechanics and shear strength, contaminant transport, and in situ monitoring,
are focused primarily on temperatures below 65ºC. Recent landfill case studies
indicate that extremely high temperatures can develop and negatively impact the
behavior and performance of waste containment systems. This white paper provides a
summary of current research in elevated temperature landfill engineering and
identifies pressing challenges for future research in thermal energy geotechnics.
BACKGROUND
Elevated temperatures have been documented in municipal solid waste (MSW)
landfills, construction demolition debris landfills, industrial waste fills, and sanitary
dumps. Several factors can lead to elevated landfill temperatures (i.e., exceeding
65°C), including aerobic decomposition, partially extinguished surface fires,
exothermic chemical reactions, spontaneous combustion, and smoldering combustion.
For example, the amphoteric reaction of aluminum dross with water produces
hydrogen gas and heat (Calder and Stark 2010). Observed temperatures of MSW
landfills undergoing aluminum reactions range from 88°C to 110°C (Stark et al. 2012;
Jafari et al. 2014a). However, the most common mechanism causing elevated
temperatures is the introduction of ambient air into a landfill during gas collection and
control operations, thus increasing waste temperatures to 80°C. The introduction of
oxygen in the waste mass and accumulation of heat via aerobic biodegradation or
another exothermic process, provides the necessary conditions to initiate and sustain
subsurface combustion of MSW (Martin et al. 2013). Smoldering combustion has
been documented to persist within a solid waste landfill between 100°C and 120°C
(Ettala et al. 1996). In other cases, smoldering combustion temperatures observed in
MSW landfills have ranged from 200 to 300°C and as high as 700°C (Ruokojarvi et
al. 1995).
Techniques, such as gas wellhead monitoring, geophysical methods, infrared
imagery, and surface elevations, are used to detect elevated temperatures (Martin et
al. 2013). Jafari (2015) shows the initiation and expansion of elevated temperature
results in a sequence of indicators that delineates the location, boundary, and
movement. These indicators follow the systematic progression: (1) changes in landfill
gas composition (decreasing ratio of CH4 to CO2 and elevated carbon monoxide and
hydrogen levels; (2) increased odors; (3) elevated waste and gas temperatures, e.g.,
wellhead temperatures increased from below the NSPS threshold of 55°C to ~90°C;
(4) elevated gas and leachate pressures that cause leachate outbreaks; (5) increased
leachate volume and migration; (6) slope movement; and (7) unusual and rapid
settlement. Although the global behavior and indicators of elevated temperature
events have been defined, fundamental research questions relating to thermal
geotechnics still remain. The pressing challenges are developing numerical models
that can capture the progression of indicators (specifically, landfill slope instability
and settlement), evaluating the efficacy of heat extraction for renewable energy and
containment of elevated temperatures, and development and performance of novel
engineered barriers.
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SLOPE STABILITY AND SETTLEMENT
Slope instability and movement have occurred at landfills with elevated
temperatures, gas, and leachate pressures (Stark et al. 2012; Jafari et al. 2013;
Hendron et al. 1999). The failure described by Stark et al. (2012) resulted in over 6 m
of displacement and waste being located outside of the permitted landfill boundary. In
general, slope movement is preceded and accompanied by forceful gas and leachate
outbreaks (see Fig. 1(a)). Mechanisms for slope instability usually include elevated
gas pressures, perched leachate surfaces, and/or reduced MSW shear strength (Stark
et al. 2010). For example, the interconnecting plastics and other reinforcing materials
that contribute to the high shear strength of fresh MSW are mostly consumed,
degraded, burnt, and/or decomposed at elevated temperatures (see Fig. 1(b), which
shows charred waste).

(a)
(b)
FIG 1. Example of (a) leachate geyser of 2 to 4 m high from MSW landfill side slope,
(b) thermally degraded (combusted) waste from 100 mm diameter rotosonic sample
Fig. 2 shows the energy balance inside a landfill subjected to elevated temperatures,
slope movement, and settlement. In this schematic, heat is generated by three
processes: (1) aerobic decomposition caused by air intrusion into the waste mass from
cracks in the soil cover or damaged wellheads; (2) anaerobic decomposition of
organic matter by methanogenesis; and (3) smoldering combustion of MSW. Several
mechanisms are shown to result in heat loss in the system, but the gas collection and
leachate removal systems are likely the most influential. Fig. 2 also shows the
possible thermal energy transfer due to elevated temperatures. Heat generated in the
smoldering front can induce a thermal gradient inside the landfill. This heat also
drives moisture away from MSW (see blue arrows in gas and heating fronts in Fig. 2)
and thermally degrades the waste via pyrolysis/combustion, which produces large
quantities of gas (CO2, H2, and CO) and results in excessive and rapid settlement
beneath the smoldering front and combustion/pyrolysis zones (see Fig. 2). As
illustrated by elevated leachate and gas pressures in Fig. 1, the propagation of
smoldering combustion and other heat generating processes is leading to slope
instability and settlement via heat transfer (conduction, phase change, and
convection), movement of leachate and gas from hotter regions to cooler areas near
the side slopes and surface, and changes in biological and chemical nature of waste.
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Researchers, such as Nastev et al. (2001) and El-Fadel et al. (1996), have developed
numerical models to capture generation and transport of gas and heat in landfills. To
date, numerical models that capture the heat and gas generation of smoldering
combustion, settlement and slope movement, fluid (gas, steam, leachate) flow, and
gas-leachate contaminant transport at elevated temperatures has not been investigated,
and hence is a pressing challenge for future research. Another challenge is measuring
the properties of waste required for input in the numerical models. These inputs
include thermal, compressibility and permeability relationships, shear strength, gas
production potential, and leachate generation.

FIG 2. Schematic of elevated temperature landfill showing energy balance and heat
transfer mechanisms
HEAT EXTRACTION FOR ENERGY
Another challenge is isolating and containing elevated temperatures from normal
operating areas. In recent cases, landfill owners, design engineers, and environmental
regulators have lacked proven containment alternatives, such as vertical barrier walls,
ground source heat pumps, and injection of coolants, to isolate and contain heating
events. For example, a U-tube heat exchanger system has been installed at a facility to
isolate/contain an elevated temperature event. Future research should investigate the
design of ground source heat pumps to extract heat from elevated temperature
landfills, which otherwise escapes from the gas collection system, for energy
applications.
ENGINEERED BARRIERS
Sustained elevated temperatures can degrade and compromise gas extraction,
leachate collection, and barrier systems. For example, Jafari et al. (2014b) evaluate
the time-dependent antioxidant depletion and stress cracking to predict high-density
polyethylene (HDPE) geomembrane service life. Using time-temperature history of a
liner system, they conclude that HDPE geomembrane service life can decrease from
several hundred years to less than a decade. As a result, there is a need to develop
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novel barrier systems for industrial waste leachates, elevated temperatures, and
hazardous air pollutants. In particular, future research on novel barriers should
investigate the mechanisms of contaminant migration, changes in mechanical
properties, bentonite desiccation, polymer chemistry, and degradation.
CONCLUSIONS
The presence of elevated temperatures can impact the integrity of the landfill cover
and liner systems, leachate quality, gas composition, slope stability and differential
settlement, odor mitigation, and containment operations. This paper highlights several
pressing challenges in landfill engineering that require fundamental concepts of
thermal energy applied to coupled numerical models, renewable energy, and
innovative barrier systems. To solve these pressing challenges, geotechnical
engineering curriculums a need to incorporate thermodynamics, energy balance
computations, and fluid flow due to thermal gradients in unsaturated media. These
topics compliment other topics in soil mechanics, and can initiate multidisciplinary
teaching from mechanical, chemical, and civil engineering.
REFERENCES
Brandon, T.L., and Mitchell, J.K. (1989). “Factors influencing thermal resistivity of
sands.” J. Geotech. Engrg., 115(12), 1683-1698.
Calder, G.V., and Stark, T.D. (2010). “Aluminum reactions and problems in
municipal solid waste landfills." J. Hazardous, Toxic, and Radioactive Waste
Management, 15(1), 1-8.
El-Fadel, M., Findikakis, A.N., and Leckie, J.O. (1996). “Numerical modelling of
generation and transport of gas and heat in sanitary landfills: II Model application.”
Waste Management & Research, 14, 537-551.
Ettala, M., Rahkonen, P., Rossi, E., Mangs, J., and Keski-Rahkonen, O. (1996).
“Landfill fires in Finland.” Waste Management & Research, 14, 377-384.
Gens, A. (2010). “Soil-environment interactions in geotechnical engineering.”
Geotechnique, 60(1), 3-74.
Hendron, D.M., Fernandez G., Prommer P.J., Giroud J.P., and Orozco L.F. (1999).
“Investigation of the cause of the 27 September 1997 slope failure at the Doña
Juana landfill.” Proc. Sardinia‘99—7th Int. waste management landfill symposium,
Cagliari, Italy.
Hueckel, T., and Baldi, M. (1990). “Thermoplasticity of saturated clays: Experimental
constitutive study.” J. Geotech. Eng., 116(12), 1778–1796.
Jafari, N.H., Stark, T.D., and Merry, S.M. (2013). “The 10 July 2000 Payatas landfill
slope failure.” International Journal of Geoengineering Case Histories, 2(3), 208228.
Jafari, N.H., Stark, T.D., and Roper, R. (2014a). “Classification and reactivity of
aluminum production waste.” J. Haz., Toxic, Radioactive Waste, 18(4), 1-11.
Jafari, N.H., Stark, T.D., and Rowe, K. (2014b). “Service life of HDPE
geomembranes subjected to elevated temperatures.” J. Haz., Toxic, Radioactive
Waste, 18(1), 16-26.
Jafari, N.H. (2015). Elevated temperatures in waste containment systems. Ph.D.
Dissertation, University of Illinois at Urbana-Champaign.

Page 5

Jafari, N.

Jumikis, A.R. (1966). Thermal soil mechanics. Rutgers University Press, 267 pages.
Jumikis, A.R. (1977). Thermal geotechnics. Rutgers University Press, 375 pages.
Knellwolf, C., Peron, H., and Laloui, L. (2011). “Geotechnical analyses of heat
exchanger piles.” J. Geotech. Geoenviron. Engrg, 137(10), 890-902.
Martin, J.W., Stark, T.D., Thalhamer, T., Gerbasi-Graf, G.T., and Gortner, R.E.
(2013). “Detection of aluminum waste reactions and associated waste fires.” J. of
Haz., Toxic, and Rad. Waste, 17(3), 164-174.
Mitchell, J.M., and Jardine, F.M. (2002). A guide to ground treatment. CIRIA
Publication, 260 pages.
Morgenstern, N.R. (1981). “Geotechnical engineering and frontier resource
development.” Geotechnique, 31(3), 305-365.
Nastev, M., Therrien, R., Lefebvre, R., and Gelinas, P. (2001). “Gas Production and
migration in landfills and geological materials.” J. Contaminant Hydrology, 52,
187-211.
Ruokojarvi, P., Ruuskanen, J., Ettala, M., Rahkonen P., and Tarhanen, J. (1995).
“Formation of Polyaromatic Hydrocarbons and Polychlorinated Organic
Compounds in Municipal Waste Landfill Fires.” Chemosphere, 31(8), 3899-3908.
Stark, T.D., Akhtar, K., and Hussain, M. (2010). “Stability analyses for landfills
experiencing elevated temperatures.” Proc. GeoFlorida 2010, 1-8.
Stark, T.D., Martin, J.W. Gerbasi, G.T., and Thalhamer, T. (2012). “Aluminum waste
reaction indicators in an MSW landfill.” J. of Geotech. Geoenvir. Engrg., 138(3),
252-261.
Yesiller, N., Hanson, J., and Liu, W. (2005). “Heat generation in municipal solid
waste landfills.” J. Geotech. Geoenviron. Eng., 131(11), 1330–1344.

Page 6

Vahedifard, F.

Non-Isothermal Shear Strength of Soil: A Critical Parameter for Geotechnical
Engineering in the Face of New World Challenges
Farshid Vahedifard1, M.ASCE, Ph.D., P.E.; Joe D. Robinson2, S.M.ASCE
1

Assistant Professor, Dept. of Civil and Environmental Engineering, Mississippi State
University, Mississippi State, MS 39762. email: farshid@cee.msstate.edu
1
Geotechnical Engineer, Terracon Consultants, Inc., 51 Lost Mound Dr., Suite 135,
Chattanooga, TN 37406; Formerly Graduate Student, Dept. of Civil and Environmental
Engineering, Mississippi State University, Mississippi State, MS 39762, USA. email:
Jody.Robinson@terracon.com
ABSTRACT: Climate Change and Energy are considered two major new World
challenges. It is prudent to explore ways to strengthen the role that geotechnical
engineering can play to cope with these challenges. Both challenges pose multi-physics
problems involving non-isothermal processes in soil. To properly address these
challenges, fundamental geotechnical research is needed to improve our understating
about the soil behavior under non-isothermal conditions. Among others, nonisothermal shear strength of soil is a critical parameter that controls the performance of
existing structures as well as the design of future structures. While progress has been
made in understanding the unsaturated soil behavior to changes in soil moisture, the
impacts of concurrent soil moisture and temperature changes remain uncertain. This
paper introduces a new analytical framework, Non-Isothermal Soil Strength Analysis
(NISSA), which quantifies changes in the non-isothermal soil effective stress, and the
associated shear strength, resulting from concurrent soil moisture and temperature
changes. Formulation, analytical derivational, and validation are presented and
thoroughly discussed by Robinson et al. (2016). The framework is then implemented
into a regional-scale model to quantify the impact of California’s record-setting
drought (2012-2015) on spatial variations in the non-isothermal shear strength of the
soil.
INTRODUCTION
Climate Change and Energy are considered two major new World challenges. While
several large-scale studies have been conducted to evaluate various aspects of Climate
Change, there is a clear gap in the state of our knowledge in terms of assessing the
1
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resilience of critical geotechnical infrastructure (natural and engineered) to extreme
events (e.g., protected drought, extreme precipitations etc.) under a changing climate.
To quantify such impacts, we need to properly quantify the impact of climate change
on both factors governing the soil behavior and the response of geotechnical
infrastructure to climate extremes: supplies (e.g., shear strength and compressibility of
soil) and demands (e.g., loadings imposed to the structure due to climate extremes and
natural hazards) (e.g., CACC 2015; Vahedifard et al. 2015a, 2016a; Robinson and
Vahedifard 2016). One the second challenge (Energy), there have been several
emerging applications which pose a new class of problems in geotechnical engineering.
Several applications such as geological storage of radioactive waste, ground source
heat exchangers (GSHEs) and energy piles, and carbon sequestration in soil fall under
this category (e.g., McCartney et al. 2016).
All of the aforementioned emerging applications pose multi-physics problems
involving thermo-hydro-mechanical (THM) processes in soil. To properly cope with
these challenges, fundamental geotechnical research is needed to improve our
understating about the soil behavior under multi-physics conditions. Among others,
non-isothermal shear strength of soil is a critical parameter that controls the
performance of existing structures as well as the design of future structures. For sands,
it is shown that the shear strength typically exhibits a non-monotonic trend versus
saturation (e.g., Lu and Godt 2013). That is, the shear strength of sand significantly
decreases under too dry or too wet conditions. For fine-grained soils (e.g., clay and
silt), the impact of soil temperature is more pronounced, which is attributed to the
existence of intermolecular physico-chemical forces in such soils. Elevated soil
temperatures and low soil moisture levels can lead to reductions in the effective stress
and corresponding shear strength (e.g., Uchaipichat and Khalili 2009, Alsherif and
McCartney 2015).
While progress has been made in understanding the unsaturated soil behavior to
changes in soil moisture, the impacts of concurrent soil moisture and temperature
changes remain uncertain. In this paper, a new analytical framework, Non-Isothermal
Soil Strength Analysis (NISSA), is introduced which quantifies changes in the nonisothermal soil shear strength resulting from concurrent soil moisture and temperature
changes. Formulation, analytical derivational, and validation are presented and
thoroughly discussed by Robinson et al. (2016). The framework is then implemented
into a regional-scale model to quantify the impact of California’s record-setting
drought (2012-2015) on spatial variations in the non-isothermal shear strength of the
soil.
NISSA: NON-ISOTHERMAL SOIL STRENGTH ANALYSIS
A major research gap in geotechnical engineering is understanding the soil response
to concurrent space-time variations in soil moisture and temperature. To quantify this
response, we (Robinson et al. 2016) recently developed a Non-Isothermal Soil Strength
Analysis (NISSA), which is a new analytical framework, derived based upon heat
transfer mechanisms in soil. The NISSA framework considers conductive, convective,
and latent heat transport (i.e., isothermal and non-isothermal) mechanisms to better
characterize soil-atmosphere interactions and their impacts on shear strength.
2
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Furthermore, NISSA accepts that all surface fluxes in soil are absorbed or released at
the surface and, thus does not consider variations in fluxes with depth. By quantifying
a non-isothermal shear strength, we can also identify an intrinsic temperature
sensitivity. This can be used to effectively demonstrate that mechanistic processes in
soils can be intrinsically temperature sensitive. Doing so will help to advance our
current state of knowledge regarding the shear strength response in, for example,
geothermal energy applications, which have gained a considerable amount of research
interest over the past decade.

FIG 1. Underlying physics associated with the non-isothermal soil strength
analysis (NISSA) (Robinson et al. 2016).
We then implemented NISAA into a regional-scale model to quantify the impact of
California’s record-setting drought (2012-2015) on spatial variations in the nonisothermal shear strength of the soil. Figure 1 schematically illustrates the underlying
physics associated with NISSA. The water balance model (a) demonstrates the
components incorporated in NISSA that are controlled by atmospheric forcing,
including condensation, evaporation, infiltration, precipitation, radiative exchange, and
3
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surface runoff. The physical soil models (b) are used to generalize the opposing physics
associated with drought-stricken soil systems and partially saturated soil systems. The
representative elemental volume (REV) is used here to represent the general shape of
soil particles and various particle to particle interactions. Numbers 1 and 2 listed in (a)
correspond to the drought stricken and partially saturated REVs and text boxes
provided in (b), respectively. As demonstrated, a drought-stricken REV has limited,
disconnected water films available around soil particles and, thus heat transfer in the
soil is limited. This results in decreased heat flow paths between particles. The ensuing
consequence is little to zero suction stress, leading to an effective stress that is equal to
the total stress of the system. In contrast, a partially saturated REV maintains greater
heat flow paths with more moisture availability. This induces greater thermal contacts
between particles, resulting in suction stress greater than zero. The outcome is a greater
effective stress and shear strength in the soil matrix. Figure 2 shows the conceptual
model of NISSA. The area of study is depicted on the left-hand side of the schematic,
along with the input climate and soil data. The output non-isothermal shear strength
maps are shown in the bottom right-hand corner. The maps depicted here are intended
for illustration purposes only and do not represent the actual results obtained from this
study.

FIG 2. Conceptual model of the non-isothermal soil strength analysis (NISSA)
(Robinson et al. 2016).
4
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FIG 3. Spatio-temporal distributions in the non-isothermal soil shear strength
in 2011 (wet and cool year) and 2015 (warm and dry year). The spatio-temporal
distributions are presented for the spring (a – b; March, April, May (MAM)),
and summer (c – d; June, July, August (JJA)) seasons (Robinson et al. 2016).
It is well known that the strength and volume change characteristics of unsaturated
soil is primarily controlled by effective stress. The proposed framework basically
calculates non-isothermal suction, and the corresponding suction stress, and effective
stress, and from there, the induced changes in the soil shear strength. The current
NISSA formulation only considers temperature from the perspective of its role on the
flow of water (and suction) in unsaturated soil. It should be noted that that temperature
also affects the shear strength independently from changes in suction. In most cases,
heating of unsaturated soils leads to a decrease in the peak shear strength, but less of a
change in the critical state shear strength (e.g., Alsharif and McCartney 2015). Another
assumption made to develop the NISSA is the use of one-dimensional model of heat
transport mechanisms in unsaturated soils. Such assumption, while can be considered
a limitation, is needed for developing a closed from solution and implementing into a
regional-scale model. One-dimensional heat and flow models are legitimately used in
similar regional-scale studies (e.g., Fayer 2000; Baum et al., 2002). Further, the impacts
of temperature on the soil water characteristic curve (SWCC), vegetation, and
desiccation cracking are not included in the current study. With all of the
aforementioned assumptions and limitations, the proposed NISSA model can still
provide an instructive tool, particularly considering the fact that we are more interested
5
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in relative changes in the shear strength due to drought rather than the absolute value
of shear strength. The current model can be considered as the first step and the
abovementioned factors can be further investigated and incorporated in future studies.
NISSA APPLICATION TO CALIFORNIA DROUGHT
We applied the developed NISSA algorithm to evaluate soil shear strength in
California during a wet and cool year (2011) relative to dry and hot years (2012-2015).
NISSA integrates soil moisture and temperature data, soil hydraulic and mechanical
properties, as well as surface energy fluxes, from the Noah land-surface model
available through the NASA’s North American Land Data Assimilation System project
phase 2 (NLDAS-2) (Kumar et al. 2006). We obtained climate and soil data at a
monthly time resolution from 2008 to 2015, for six counties in the Sacramento-San
Joaquin Delta (Delta). We used soil data provided by the National Resource
Conservation Service (NRCS), representing a wide range of United States Department
of Agriculture (USDA) soil textures within the area of study. Figure 3 displays spatiotemporal distributions in the non-isothermal shear strength of soil. Distributions in the
non-isothermal soil shear strength are computed here at a depth of 100 centimeters (z
= 100 cm) below the ground surface in 2011 (wet and cool year) and 2015 (warm and
dry year). The spatio-temporal distributions are presented for the spring (a – b; March,
April, May (MAM)), and summer (c – d; June, July, August (JJA)) seasons. The
distributions show that depleted soil moisture and high temperature levels during 2015
contributed to substantial reductions in the non-isothermal shear strength.

FIG 4. Trends of percent (%) change in the non-isothermal soil shear strength.
Trends are computed for the spring (a – d; March, April, May (MAM)) and
summer (e – h; June, July, August (JJA)) seasons from 2012 through 2015
relative to 2011 for Delta region in California (Robinson et al. 2016).
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Evaporation at the surface contributes to higher matric suction and suction stress and,
thus higher shear strength. However, low moisture and high temperatures hamper the
water transport, thus dampening evaporation rates. Dry conditions in California during
2012-2015 led to substantial reductions in soil moisture and increases in soil
temperature (Shukla et al. 2015; AghaKouchak et al., 2015; Vahedifard et al. 2016a).
Water scarcity impedes a soil’s shear strength and, thus its ability to bear compressive
loads. This can adversely impact the performance of existing slopes and earth structures
(Vahedifard et al. 2015b, 2016b,c; Vahedifard and Robinson 2015), and can increase
the failure probability of a foundation structure (Lu and Likos 2004, 2006) a. Figure 3
shows that the non-isothermal shear strength was hampered by the severe hot and dry
spells in spring and summer seasons. In fact, the shear strength throughout parts of the
Delta decreased as much as 95.3 and 75.5% during the spring and summer seasons,
respectively (see Figure 4). These reductions in shear strength were unquestionably
exacerbated by lower- and higher-than-average soil moisture and temperature levels,
respectively.
Figure 4 displays the percent change in the non-isothermal shear strength. Here, the
percent change is computed for spring (a – d; March, April, May (MAM)), and summer
(e – h; June, July, August (JJA)) seasons from 2012-2015 relative to spring and summer
2011. In Figure 3, the bright red regions in the spring maps display the largest percent
changes (between -60 and -95%) in shear strength during the severe hot and dry spells
in spring and summer seasons. As can be seen, other areas still exhibited rather severe
reductions in shear strength (approximately -40 and -60%) during spring and summer
seasons. Notably, the regions showing the largest percent changes in shear strength
during spring and summer (Figs. 4c and 4g) experienced vertical displacements as large
as -5 centimeters between May and November 2014. These areas comprise
predominately of fine-grained soils. The elevated soil temperature and low moisture in
these areas, along with suppressed surface fluxes, inevitably diminished the physicochemical and mechanical inter-particle forces contributing to the shear strength of these
fine-grained soils. In Figure 4, the area (Colusa County) displaying the smallest
variations in shear strength is comprised predominately of coarse-grained soil. The
impacts of low soil moisture levels and elevated temperatures in this area are not as
significant in these soils. This is because the intermolecular physico-chemical forces
contributing to a major portion of the shear strength are absent in these soil types. In
spring 2015, it can be seen that the non-isothermal shear strength was restored in some
areas (Contra Costa and Yolo Counties). However, conditions in spring and summer
2015 show that the shear strength persisted to feel the effects of the ongoing severe hot
and dry spells.
It is noted that California’s Delta region has been historically undergoing major land
subsidence due to microbial oxidation and compaction of organic-rich soils resulting
from extreme temperatures and groundwater extraction (Mount and Twiss 2005;
Brooks et al. 2012; Vahedifard et al. 2016a). Recent results from a long-term remote
sensing study showed that land subsidence in parts of the Delta reached historical rates
of around 5 centimeters per month in 2014 and 2015 (Farr et al. 2015). Shear strength
variations govern soil stability (Vahedifard et al. 2015b, 2016b) and settlement (Lu and
Likos 2004). Our results (Figures 3-4) show that the shear strength reductions could be
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features causing a distinguished amount of the historical subsidence occurring
throughout the Delta.
CONCLUDING REMAKRS
Shear strength of soil is a crucial parameter controlling the design and analysis of
geotechnical structures. Climate Change and Energy, as two major new World
challenges, have introduced a new class of geotechnical engineering problems which
necessitate considering the shear strength under non-isothermal conditions.
Fundamental geotechnical research is needed to improve our understating about the
soil behavior under non-isothermal conditions.
This paper introduced Non-Isothermal Soil Strength Analysis (NISSA), which is a
new analytical framework, derived based upon heat transfer mechanisms in soil. The
NISSA framework considers conductive, convective, and latent heat transport (i.e.,
isothermal and non-isothermal) mechanisms to better characterize soil-atmosphere
interactions and their impacts on shear strength. We employed NISSA to explore the
extent to which soil-atmosphere interactions during California’s extreme drought
influenced non-isothermal soil shear strength variations. Our results suggest that
atypical soil-atmosphere interactions during extreme droughts can lead to
unprecedented concurrent variations in soil moisture and temperature and the
corresponding soil shear strength. Our study highlights that contemporaneous soil
moisture and temperature changes during droughts should be considered when
analyzing and monitoring drought impacts on infrastructures and infrastructures
interfacing with soil. This is currently a major gap in design and maintenance codes
of major infrastructures like levees. We argue that because of the expected climate
change and variability, the science and engineering communities should work together
and develop frameworks to account for shear strength response to extreme weather and
climate events.
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