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ABSTRACT

An improved understanding of the thermo-hydro-meate behavior of unsaturated soils
under elevated temperatures and high suction malgstis needed to interpret the behavior of
thermally-active geotechnical systems where veyycdnditions may be encountered. Examples
of relevant thermally-active geotechnical systentdude ground-source heat exchangers, energy
foundation systems, heat dissipation embankmentgamment systems for nuclear waste, or
backfills for buried electric cables. Important reétes governing the performance of these
systems include the change in volume and sheamngstreof a soil element during changes in
suction or temperature. Further, the role of effecstress under high suctions and temperatures
needs to be established to understand if it isiplesso extend thermo-hydro-mechanical
constitutive models developed for saturated soilsnsaturated soils.

A new triaxial cell was developed in this studyunderstand the effects of heating and
cooling on the volume change and shear strengtlunsfaturated silt under high suction
magnitudes. The triaxial cell incorporates the vafmwv technique of Likos and Lu (2003) to
control high suction magnitudes, and builds upamcepts developed by Uchaipichat and Khalili
(2009) for elevated temperature testing includingetiof resistance heaters in the cell, a glass
cell, cell fluid circulation, and redundant apprbas to measure specimen volume change. Three
series of triaxial compression tests were performedspecimens of compacted silt under the

same high suction magnitude but following differésnperature application paths. The testing



series involved ambient temperature conditions/iegpon of a change in temperature before
application of suction, and application of a chamgsuction before application of a change in
temperature.

The results from isothermal tests on the compasiédvere used to evaluate the role of
effective stress state at high suctions. Furthey there used to interpret the role of suction-
induced hardening in unsaturated soils. A britttess strain curve was observed in all tests
performed on unsaturated silt under high suctidnsharp decrease in shear stress was observed
after reaching the peak shear strength and it wapassible to reach critical state conditions at
larger displacements. As expected, the tests oraturaded silt under high suctions had
significantly higher shear strength than the smder saturation conditions for the same
consolidation stresses. In this case, applicatibrsuxtion likely led to an increase in the
preconsolidation stress of the soil, and the pé&aaisstrength values were used to estimate the
change in preconsolidation stress using establistoedtitutive relationships for unsaturated
soils. The stress state in the unsaturated spesinvas successfully described using the single-
value effective stress principle using the sucBtmness characteristic curve predicted from the
shape of the soil water retention curve (SWRC). Sietion stress characteristic curve (SSCC)
was observed to increase significantly with incimegssuction, and did not tend toward an
asymptotic value for the range of suctions inveddd in this study. This confirms that the
application of high suctions can have a major impac the effective stress state and the
associated shear strength of the soil. The resultscate the importance of carefully
understanding the shape of the SWRC before estim#ie SSCC.

The results from nonisothermal tests indicate thatpath of testing has a major impact on

the volume change and shear strength of compadtednsler high suction magnitudes. The



change in temperature led to an increase in sheagsh when it was applied after the change in
suction, which was contradictory to observationstésts on compacted silt under low suctions
reported in other studie¥he reason for the contradictory behavior is likdlye to the lower
degree of saturation of the specimens tested follgwhe S-T path, and it is hypothesized that
the degree of saturation has a different effecthenstress state at high suction magnitudes near
residual saturation conditions than for nearly-seted soils. When a high suction magnitude was
applied after a change in temperature, a lower rsb#angth was observed than the tests
performed under ambient temperature, which is pbssiue to a greater amount of softening
occurred during heating at low suction values. &licyheating-cooling test performed on a soil
that was brought to suction equilibrium before mgpindicates that the shear strength after
cooling was greater than that of the ambient teatpeg test. The effects of testing paths were
attributed to relative effects of hardening durisgction application and softening during
heating, and thermo-elasto-plastic constitutive et®dvere used to explain the effects of

temperature on the peak shear strength of unsatusails.
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1. INTRODUCTION
1.1.Motivation and Problem Statement

An improved understanding of the thermo-hydro-meate behavior of unsaturated soils
during application of elevated temperatures andh Isigction magnitudes is needed to interpret
the behavior of thermally-active geotechnical systdocated above the water table that may
experience very dry soil conditions. These inclgdeund-source heat exchangers (Preene and
Powrie 2009), energy foundation systems (Brandl6200aloui et al. 2006; Adam and
Markiewicz 2009; Bourne-Webb et al. 2009; McCartrad Murphy 2012), heat dissipation
embankments (McCartney 2012; Coccia and McCartr@3p soil-borehole thermal energy
storage systems (Sibbitt et al. 2012; McCartnegl.eR013a); containment systems for nuclear
waste (Gens et al. 1998; Kanno et al. 1988Y backfills for buried electrical cables (Abdel-
Hadi and Mitchell 1981; Brandon et al. 1989). Whieese thermally-active geothermal systems
are operated in heating mode, thermally induce@mfaw will cause the soil nearest to the heat
exchangers to dry, potentially to the point thatyvénigh suction magnitudes may be
encountered.

The shear strength and volume change behavior séturated soils under high suction
magnitudes due to changes in temperature remajaljauncertain due to the lack of supporting
experimental data in the literature. Several stid@ve been performed to understand the effects
of high suction magnitudes on the isothermal bedraof unsaturated soils (Blatz and Graham
2000; Nishimura and Fredlund 2000; Lloret et al020 and experimental procedures and
advanced triaxial testing devices have been deedlofp evaluate the shear strength of
unsaturated soils under high suction values (Detdgd.1987; Cui and Delage 1996; Blatz and

Graham 2000; Cunningham et al. 2003; Nishimura Bretllund 2003). Other studies have



evaluated the non-isothermal behavior of unsatdratéls subjected to low suction magnitudes
in terms of shear strength (Uchaipichat and Kha0ld9) and volume change (Saix 1991; Saix et
al. 2000; Romero et al. 2003; Tang and Cui 200%difichat and Khalili 2009; Gens 2010).
However, none of these studies have directly deglt testing of unsaturated soils under high
suction magnitudes and elevated temperatures. édthalata is available on the thermo-hydro-
mechanical response of compacted silt under loiguenagnitudes (Uchaipichat and Khalili
2009), the behavior of compacted silt under higttisns may differ. Specifically, the pore water
under very low degrees of saturation (less than Bf&y have different effects on the effective
stress state and the thermal volume change respgbaseunder higher degrees of saturation.
Small changes in volume of the pore water duringperature changes may lead to large
changes in suction at the tail-end of the soil-waggention curve (SWRC), and the soil may
retain less water under high suction magnitudesarfGand Salehzadeh 1996; Romero et al.
2003). Further, the role of suction and degreeatiirsition in the definition of effective stress at
high suction magnitudes and nonisothermal condstisruncertain, as most studies linking these
variables involved verification using results fraasts involving suction magnitudes less than
500 kPa (Lu et al. 2010). Due to the lack of expental data on shear strength and volume
change under high suctions and nonisothermal donditthe suitability of extending effective
stress-based thermo-elasto-plastic constitutivatioglships developed for saturated soils to
unsaturated conditions has not been assessed.

Constitutive models for saturated soils indicatat temperature will lead to a change in
volume that is sensitive to the initial stressest&pecifically, normally consolidated, saturated
soils generally experience a contraction in voludwging heating, likely due to the greater

coefficient of thermal expansion of pore water caneg to that of the soil skeleton (Campanella



and Mitchell 1968). During heating, both the weadad particles expand, but the water expands
approximately 7 to 10 times more (McKinstry 1965jtdflell and Soga 2005), creating a

pressure gradient that leads to consolidation amchgnent contraction. Overconsolidated soils
typically experience expansion during heating, las tole of the pore water becomes less
relevant for the tightly packed arrangement of iplas typical of overconsolidated soils. The

impact of temperature on the shear strength of seijenerally believed to be due to changes in
the preconsolidation stress and yield functionhef $oil with temperature (Houston et al. 1985;

Eriksson 1989; Hueckel et al. 1990; Cui et al. 200@eckel et al. 2009). In most saturated soils
and unsaturated soils under low suction magnitudasjncrease in temperature leads to a
decrease in the preconsolidation stress if theisgecis subsequently loaded (Tidfors and

Séllfors 1989). The effects of the reduction in greconsolidation stress on the shape of the
yield surface may lead to a decrease in the pea&@arsbktrength for some stress states
(Uchaipichat and Khalili 2009). However, the crilictate shear strength is typically unaffected
by temperature.

At high suction magnitudes, several aspects area®d to play a different role than under
low suctions. The role of pore water in the thenmechanical response of soils may be different
under high suction magnitudes than under saturatedlitions or low suction magnitudes.
Specifically, the volume change of the pore wataird) heating will likely not lead to changes
in degree of saturation or changes in suction &y \dry conditions. However, the pore water
should still play an important role in the interdpee interactions and corresponding effective
stress. Similar to low suction magnitudes, tempeeatmay have an impact on the
preconsolidation stress for high suction magnitudescordingly, a difference in the overall

thermal response of unsaturated soils under highl@m suction magnitudes is expected. The



van der Waals attraction forces are expected tg pla important role in the inter-particle
stresses in fine grained soils under low degreesatidiration (Lu and Likos 2006). Several
studies have found that the shear strength of saits be significantly greater in the residual
saturation range than that in the funicular rangkatgz et al. 2002; Nishimura and Fredlund
2000). This is confirmed by a reduction in volunred ebehavior similar to overconsolidated,
saturated soils or even rock in the case of vegh lsuction values. It is well established that
saturated soils with a high overconsolidation ré@&€R) will expand elastically during heating,
while saturated soils with a low OCR may contraetnpanently during heating (Baldi et al.
1988; Cekeravac and Laloui 2004). However, the miestress state under high suction
magnitudes is not well understood. Although it ¥pected that application of high suction
magnitudes will lead to an increase in effectiveess as well as an increase in the
preconsolidation stress, the relative increase=ach of these values will lead to different OCR
values.
1.2.0bjectives of the Study

The primary objective of this research project asunderstand the nonisothermal shear
strength and deformation behavior of unsaturatdt wnder high suction magnitudes.
Specifically, this study will involve an investigam of the effects of temperature changes on the
soil-water retention curve (SWRC), volume changeapeters, shear-stress strain curves, and
shear strength failure envelope parameters forturegad soils under high suction magnitudes.
An understanding of the inter-relationships betwdéleese variables also helps improve our
understanding of the effective stress in unsatdratéls under different conditions, and helps to
develop nonisothermal elasto-plastic constitutieéations for unsaturated soils. Although a

range of constitutive relationships have been dpes for saturated soils (Hueckel and Baldi



1990; Cui et al. 2000; Laloui and Cekerevac 2003y&l-Naga et al. 2009; Hueckel et al. 2009),
the behavior of unsaturated soils in nonisothermahditions has not been thoroughly
investigated. Accordingly, more research is neededunderstand if these constitutive
relationships can be extended to soils under highia magnitudes.

1.3 Approach

To accomplish the objective of this study, a newaxial cell was developed to measure the
shear strength of unsaturated soils under eleviaegeratures and high suction magnitudes.
Specifically, the vapor flow technique developedLlikos and Lu (2003) was employed in the
triaxial cell to control high suction magnitudesidaa temperature control system to apply
elevated temperatures. The vapor flow techniquesed to control the total suction in a soill
specimen by modulating the relative humidity witlairsilt specimen using a mass flow control
system with relative humidity feedback. This systaires water-saturated and dry air to a given
proportion, after which this air is passed througke soil specimen until reaching relative
humidity equilibrium. Further, the details of thaakial cell were defined based on the
experience of Uchaipichat and Khalili (2009), irdihg the use of a set of resistance heaters
within the triaxial cell, a glass pressure cell] deid circulation, and redundant approaches to
measure specimen volume change.

The experimental program includes performing twis & anisotropic consolidated-drained
triaxial tests under different temperatures. Thestfiset is a set of isothermal anisotropic
consolidated-drained triaxial tests that was peméd on compacted silt specimens under
different combinations of total suction and netmal stress. The results from the triaxial tests
are used to investigate the effective stress i@an unsaturated soils through the concept of

the suction-stress characteristic curve (SSCC).cifpally, these results were analyzed to



examine the applicability of predicting SSCC ugpragameters from SWRC models fitted to data

defined at low suction magnitudes. The second $eests is divided into two groups of

nonisothermal anisotropic, consolidated-drainedxtal tests which were performed following
two different testing paths to investigate theusfice of temperature and high suction on the
shear strength and volume change parameters ofusatel soils during shearing. Finally, one
test was performed under nonisothermal conditiath Wweating cooling cycle to investigate the
effects of temperature cycle on soil volume chaogjgavior.

The research program involves the following magsks:

1. Design, calibrate, and verify the performance tifiaxial apparatus for testing shear strength
properties of unsaturated soils under high sustiagnitudes and elevated temperature.

2. Perform a comprehensive experimental program testigate the influence of temperature,
high suction and net normal stress on the peakr gteength parameters, volume change
parameters and soil water retention curve parasefarnsaturated silt.

3. Evaluate the effective stress in compacted siltispens under low degrees of saturation and
assess the implications of using a single SWRCecawer the full range of saturation.

4. Evaluate the role of temperature on the shapesoS#WRC under high suction magnitudes.

5. Understand the nonisothermal shear strength anofrdafion behavior of unsaturated silt
under high suction magnitudes in terms of the va@urhange curves during suction and
temperature application, the shear stress-strawesyand the shear failure envelopes.

6. Use constitutive models available in literaturevi@ter retention, effective stress, and elasto-

plastic stress-strain behavior to evaluate the raxygatal results.



1.4. ThesisOrganization

The structure of the thesis is as follows: A litara review focused on the experimental and
theoretical investigations relating to the effeatstemperature and suction on soil behavior is
presented in Chapter 2. The vapor flow techniguedus control high suction magnitudes in
unsaturated soils, as well as the effects of teatpex on the vapor equilibrium technique, are
also reviewed in this chapter. The effects of hsgletion and elevated temperature on the soil
water retention curve (SWRC) of unsaturated sodsatso reviewed. As an understanding of the
stress state in unsaturated soils is critical terpretation of the triaxial test results, a disiois
on the principle of effective stress is presentddng with a discussion on how the effective
stress is linked with the SWRC. Next, a reviewvofume change behavior of soils due to
suction and temperature change is considered,lendftects of suction and temperature on the
shear strength of unsaturated soils are reviewadlly, constitutive models that have been
proposed in the literature for capturing the eleat temperature and suction on the volume
change and shear strength behavior of unsaturatisdase presented.

The geotechnical properties of the soil used irs tsiudy, Bonny silt, is described in
Chapter 3. These include the grain size distriloyt@mmpaction characteristics, saturated shear
strength parameters, hydraulic properties, thegoatuctivity, air permeability, and isothermal
volume change properties. Details of the thermardwydechanical triaxial cell and suction
control system developed as part of this researdjeg are provided in Chapter 4. The
experimental equipment and an assessment of thersupplication are described first. Next,
detailed description of the calibration tests iggented, including thermal calibration test

performed to account for thermal volume change lué triaxial cell with its different



components, and relative humidity calibration testrformed to account for the relative
humidity.

The experimental program and test procedures fekbwn this research program are
described in Chapter 5. The sample preparationtf@mgdample set up are described first. Then,
the experimental procedures followed for performbugh isothermal and non-isothermal tests
are presented in addition to showing all measurésneluring all testing stages. Finally,
corrections to triaxial data are presented alonth wihe analysis steps. The results of the
experimental investigation on effects of high smetand elevated temperature on soil behavior
are presented in Chapter 6. The experimental sefuwlin isothermal anisotropic consolidated-
drained triaxial tests are presented first, folldvay the experimental results from nonisothermal
anisotropic consolidated-drained triaxial tests.

The results obtained from the isothermal and ndhésoal anisotropic consolidated-drained
triaxial tests to evaluate the soil water retentonve and effective stresses relationship at high
suction magnitudes are discussed and analyzed apt€&h7. A theoretical assessment of
constitutive models available in literature usirge texperimental results is provided in this

chapter. The main conclusions of this researchtedi@ summarized in Chapter 8.



2. LITERATURE REVIEW

2.1.Introduction

The first section of this chapter includes a sunyr@r the vapor equilibrium technique
(VET), which is the basis of the vapor flow techuegused to control suction in the new triaxial
cell in this study. This section also discusseslitingations and relevant laboratory apparatus
used for application of the VET. Next, the rolenogh suction and elevated temperature on the
soil water retention curve (SWRC) of unsaturatedssare reviewed in Section 2.3. As an
understanding of the stress state in unsaturattdisaritical to interpretation of the triaxiaddt
results, a discussion on the principle of effecswess is presented in Section 2.4, along with a
discussion on how the effective stress is linkethwihe SWRC. A review of volume change
behavior of soils due to suction and temperatusmngh is considered in Section 2.5, the effects
of suction and temperature on the shear strengimsdturated soils are reviewed in Section 2.6.
This includes a discussion of a preliminary tesgmmggram performed by the author (Alsherif
and McCartney 2012) to understand this behaviayns@tutive models that have been proposed
in the literature for capturing the effects of tesrgture and suction on the volume change and
shear strength behavior of unsaturated soils @&epted in Section 2.7.
2.2.Vapor Equilibrium Techniquefor Control of High Suction Magnitudes
2.2.1 General

The vapor equilibrium technique has been usedverséstudies to control the total suction
in unsaturated soils (Tessier 1984; Delage et @81 Romero 1999; Delage and Cui 2000;
Villar 2000; Blatz et al. 2008). This technique ahves the use of saturated salt solutions to
control the relative humidity of the air within &sed chamber. If a soil specimen is suspended

above the air within the chamber, the relative Hiyi within the chamber will cause



evaporation or condensation of water from the poiles. The basis of the vapor equilibrium
technique is Kelvin's law, which relates the tatattion in the soil with the relative humidity of
the air in closed environmental chamber contaiseigirated salt solutions, as follows:

w=p|(”/|—m|n(&)

w

Eqg. 2.1

wherey is the total soil suction (kPaR is the universal (molar) gas constant, equal t4432
JimolK, T is the absolute temperature in KelWhy is the molecular mass of water vapor equal
to 18.016 g/molp,, is the density of water (kgffy and R is the relative humidity of the pore air
in decimal form. The relative humidity is relatem the total suction in the soil, not the matric
suction. The matric suction is associated with Iy effects in the soil, while the total suatio
incorporates the effects of both capillarity anchoic potential.
2.2.2 Laboratory Equipment for Vapor Equilibrium Application

The vapor equilibrium technique has been originaftigorporated into laboratory test
equipment to measure the mechanical propertiemséturated materials under various stress
paths and initial conditions. Oedometers have bmedified to control high total suction in the
wetting condition by many researchers to examiree SWwelling behavior of unsaturated clay
(Jenning and Burland1962; Matyas and Radhakrist8@8;1Fredlund and Morgenstern1977;
Esteban 1990). In these studies, suction was mettti controlled, where the specimen was
placed in the oedometer in initial unsaturated @i and wetted until the metric suction is
equal to zero. An improvements to the testing agdparhave been achieved by many others to
control the suction applied and overcome the linmtaof the testing technique (Escario1969;
Escario and Saez 1986; Belanteur et al. 1997; ViB99; Cuisinier and Masrouri 2004; and
Hoffman et al. 2005). Due to difficulties in coritnog the stress state in oedometer tests, several

other studies have incorporated the vapor equilibriechnique into triaxial cells for application
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of high suctions (Blatz and Graham 2000; Nishimaral Fredlund 2003). The suction was
applied in this triaxial cell by either circulatiragr vapor through the pedestal base porous stone
as shown in Figure 2.1, where vapor exchange tpksse between the specimen and the

circulating air, or by placing the entire cell wiita relative humidity control chamber.

Top Cap Drainage g
et Y ‘? LVDTs

lonic Solution

Figure 2.1: Triaxial equipment with vapor equiliom technique for suction control (Blatz and
Graham 2000)

Although the vapor equilibrium technique using theturated salt solutions is a simple
approach to control the total suction in thesdrgsapparatus, it may be time consuming due to
the slow rates of evaporation and condensatioraddition, the change in the salt solution
concentration and the solubility of the salt dugaimperature increase over time would change
the target suction applied to the soil specimerst Tesults obtained using this technique have
shown a sensitivity to air temperature (Tang and ZD05). Tang and Cui (2005) performed a
calibration tests for several saturated salt smhstito account for the effect of temperature on the

relative humidity and consequently on the sucti@pliad. They found that changes in
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temperature from 20 to 8@ can lead to changes in suction from 82 to 184 kdPa saturated
solution of Mg(NQ).. This increase in suction due to increasing teatpee and their coupled
effect on the shear strength of unsaturated saleumhigh suction values was pointed out by
Alsherif and McCartney (2012) and they suggesteithéu investigation.

To speed up the rate of evaporation, a circulasistiem was used to force the air to flow
through the soil specimens using an air flow pu@pnnhingham et al. 2003; Nishimura and
Fredlund 2003; Blatz and Graham 2003). The effécisong the circulation system on the target
suction applied was assessed by Pintado et al9j2@¥ing the same odometer apparatus that
used by Lloret et al. (2003). Their test resultdicate that the time needed to reach equilibrium
can be shortened from weeks to days by using asulation. They also stated that necessary
precautions should be taken because equilibriurticsucould differ from the applied suction
due to the gas pressure difference between thedaoes. They suggested some precautions
such as keeping the air pressure difference snthldgr 10 kPa between boundaries to improve
the accuracy of results and using soils with higiparmeability to help reducing this differential
pressure. Soils having high air permeability woeiésily allow the forced air to go through the
soil and the pressure difference between the botiach top of the soil specimen will be at
minimum level. Greater values of air permeabildy Eompacted soils occur for lower values of
initial degree of saturation, or by drying the sgplecimen to a low degree of saturation before
placement in the testing device.
2.2.3.Vapor Flow Technique

Due to the issues noted with the use of satura#dsslutions to independently control the
temperature and suction in soils, an alternativer@gch involving vapor flow control may be

more appropriate. The suction control system pregosy Likos and Lu (2003) shown in
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Figure 2.2,is particularly suited for this application. Thegwloped a system to control 1
relative humidity of pore air flowing through a kepecimen by using mass flow controllers
mix watersaturated and dry air to a known propor for the measurement of total sucti
characteristic curve of unsaturated ¢ The equilibrium water content of soil samy placed on
anelectronic balance in the controlled humidity eadiment is measured as wi is adsorbed or

desorbed the “humid” gas.
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Bubbler Balance

Heat Tape Temperature Controller

Figure 2.2Vapor flow technique for control of high sucticLikos andLu 2003

Likos and Lu (200Bproved the validity of tt test technique by comparing their test res
with results obtained from tests using -contact filter paper technique performed on thees
clay as shown in Figure 2.3. This figure shows greement between results obtained by |
testing techniqueThe advantages of the new system over existingiosuagneasuremer
techniques are that it is fully automated, has ahruroader measurement range and is caj
of determining both wetting and drying characté&ssin significantly less tim However, this

technique has been employed only in measuremetdtailf suction characteristic curve un
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isothermal conditions, and yet not used to asdessthermo-hydro-mechanical properties of

unsaturated soils in the relatively high suctiomge
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Soil water content, \M%o)
Figure 2.3Comparison of non-contact filter paper measuremamiisautomated humidity

system measurements for Wyoming smectite and Gae&egilinite (Likos and Lu 2003)
2.3.50il Water Retention in Unsaturated Soils at High Suctions
2.3.1.General Comments

The amount of water stored in a soil system anckltdion to the applied matric suction is an
important aspect to define soil condition. The tietsship that relates the degree of saturation or
water content to the matric suction is describethassoil water retention curve (SWR®@)pints
on the SWRC be defined by relating the equilibrisuction with the gravimetric water content
or degree of saturation at equilibriuPoints on the SWRC in the low suction range arallsu
defined, using the axis translation techniquehaseqjuilibration degree of saturation at which no
more water can be extrapolated from the soil systeater particular applied matric suction.
Points on the SWRC in the high suction range afmeld using vapor equilibrium technique by

converting the equilibrium relative humidity to absuction usindelvin’'s equation (Eq. 2.1).
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The gravimetric water content following the vapquiibrium testing technique in defining
points on SWRC is calculated after each periodnoé tas follows (ASTM D6836):

M, —M, Eqg. 2.2
+—
PV

W =W,

1 (0}

where wis the gravimetric water content correspondingh®i™ measurement of suction o\
the gravimetric water content for the first suctmeasurement, Mis the mass of the specimen
for the first suction measurement (kg), M the mass of the specimen for tfe suction
measurement (kghyg is the dry density at which the specimen was pegpékg/mi), V is the
volume of the specimen fin The degree of saturation corresponding to theasmed
gravimetric water content is calculated as follows:

w Eq. 2.3

where S is the degree of saturatiogjshe specific gravity angl, is the water density (kgfn
During the equilibration process, it is important haintain the temperature constant, as the
relative humidity is particularly sensitive to teempture. The equilibrium state can be achieved
when there is no further change in the degree nfra@on along with no further change in
relative humidity for two or three following measurnents at the ambient temperature.

Brooks and Corey (1964), van Genuchten (1980), Eratilund and Xing (1994) have
developed constitutive relationships to represést ¢thange in water storage of soils as a
function of suction. They proposed various equatiozach with set of fitting parameters, to
match as smoothly and accurately the experimerdtd goints as possible. van Genuchten
(1980) proposed a hyperbolic function with twoiritf parameters,c and Ng to characterize

the SWRC of a soil in terms of degree of saturatiyven as follows:
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S.+(S, -S.) Eq. 2.4
(1+ [Ofvcsl//]NvG )PNTG

Sr:

where $is the degree of saturationes3s the residual degree of saturation agdiSequal to 1,

vy is suction applied, and N and a,c are empirical parameters used to fit the SWRC to
experimental datau,g is typically considered to be the inverse of aitrg suction and M is a
parameter related to the pore size distribution thedslope of the SWRC for suctions between
the air entry suction and the residual degree tiragon. An example of the soil water retention
curve by Sillers et al. (2001) showing the entirfedent saturation regions is presented in
Figure 2.4. This figure presents the variation augation with increasing suction and how to

define the air entry suction value.
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Figure 2.4: SWRC defined for the entire range atism under isothermal condition showing
the regions of de-saturation (Sillers et al. 2001)
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2.3.2. Influence of Temperature on SWRC

The effect of temperature on the SWRC of compasteld under high suction magnitudes
has been investigated in several studies. This)ymitant to consider as changes in the SWRC
may affect the mechanical Behavior of unsaturatels §Romero et al. 2001; Uchaipichat and
Khalili 2009). Early studies in the area of soilyplts by Grant and Salehzadeh (1996) and She
and Sleep (1998) observed that an increase in tatupe leads to a decrease in degree of
saturation for a given suction. They attributeds tBhift to changes in the soil-water contact
angle, a reduction in the interfacial tension betmvair and water, and thermal expansion of air
entrapped within the soil pores. They observedttimthange in contact angle primarily led to a
reduction in the air entry suction. A shift in t88VRC to lower degrees of saturation for elevated
temperatures was also reported in studies thathiadocontrol of the stress state and
measurement of volume change as shown in Figuraerzlbiding Romero et al. (2001), Salager
et al. (2007), and Uchaipichat and Khalili (2008) fow suction values and Olchitzky (2002),
Romero et al. (2003), Imbert et al. (2005), Tand &ui (2005), and Villar and Gomez (2007)
for high suction values. Romero et al. (2003) fothmat the density of the soil does not affect the
SWRC at low degrees of saturation. Olchitzky (206@npared his results with a prediction
based on a reduced interfacial tension, and fobnatlthis reduction was not sufficient to explain
the change in water retention with temperature.difsbhat and Khalili (2009) observed that the

SWRC under different temperatures is independestress level for low suction magnitudes.
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Figure 2.5: Soil water retention curves for Booryc[Romero et al. 2003), sand (Thomas et
al. 2001) and compacted silt (Uchaipichat and Kin20i09) at different temperatures

2.4.Stress State in Unsatur ated Soils

Many of the previous studies on the principle déetive stress in unsaturated soils used the
axis translation technique to characterize therssigangth or volume change of soil specimens
having relatively high degrees of saturation (Klhali al. 2004; Lu and Likos 2006; Khalili and
Zargarbashi 2010; Alonso and Romero 2011). At thresatively high degrees of saturation,
typically greater than 0.5, the water phase is liisaannected through the specimen. Khalili and
Khabbaz (1998), Lu and Likos (2006), Kayadelenl.e2®07), and Lu et al. (2010) have shown
experimentally and analytically that the soil-watetention curve (SWRC) and the effective
stress are functionally related, and these relakips are assumed to hold over the whole range
of saturation. Lu et al. (2010) proved that the @Ganuchten (1980) SWRC model can be used to
define the effective stress in both unsaturatedsand clays, and derived analytical expressions
for clays that show that effective stress increasenotonically with increasing suction for the

case of constant net normal stress.
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Despite the strong evidence supporting a relatipnbletween the SWRC and effective
stress, this relationship has not been fully vedifat high suction magnitudes (or low degrees of
saturation) where the water phase is not continublus is a critical gap in the literature because
it is common practice to extrapolate the shapenef SWRC fitted to data at high degrees of
saturation to the entire range of degree of saturaEven when SWRC data is defined at high
suctions using separate tests, the uncertaintyeimata may be particularly high due to specimen
variability, changes in volume, large changes ictisa with relatively small changes in relative
humidity of the pore air, and issues with definthgrmodynamic equilibrium (Blatz et al. 2008;
Delage et al. 2008).

Bishop (1959) formulated a relationship for theeefive stress in unsaturated soils that
incorporated a soil-specific effective stress patamy to account for the impact of the amount

of pore water, as follows:

o' =(o-u)+ Au-u,) Eq. 2.5

where the difference between the total normal siseand the pore air pressurgis referred to

as the net normal stresg and the difference between the pore air pressiaiad the pore water
pressure i is referred to as the suctign andy is referred to as the effective stress parameter.
Skempton (1961) defined a general equation foeffextive stress in unsaturated soils building
upon the relationship of Bishop (1959) that considbe relative compressibility values of the

soil skeleton and soil particles and the effectsatfiration:
C Eqg. 2.6
o = 0—(1—?]81%

wherec’ is the effective stresss s the compressibility of the grains, c is the poessibility of

the granular skeleton,us the pore water pressure, andisSa scaling parameter for saturation
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defined using the value used in Bishop’s (1959) definition of efigetstress. Skempton (1961)
used this equation to evaluate the need for consgl¢he role of pore water pressure in stiffer
materials like rock and concrete. This equationcatgs that the definition of a single-value
effective stress for both saturated and unsaturateld requires knowledge of the material
properties of the soil.

Difficulties were encountered in selecting an appide definition of the effective stress
parameter due to issues such as hysteresis anchealbange (Blight 1967). In attempting to
overcome these issues, while also eliminating tbeessity to define the effective stress
parameter, Lu and Likos (2006) referred to the sdderm in Equation 2.6 as the suction stress
os, @ material relationship that is a function of tsut or the degree of saturation, Su and
Likos (2006) definedss as a macroscopic stress that collectively incafasr the effects of
capillarity, soil- and pore fluid-specific forceach as van der Waals forces, electrical double-
layer repulsion forces, and the net attractiondsrarising from chemical cementation at the
grain contacts. The functional relationship betwsantion stress and suction for a given soill
under a certain stress state was referred to asutiten stress characteristic curve (SSCC).

Lu and Likos (2006) proposed an empirical approtcidetermine the SSCC using shear
strength failure envelopes defined from drainedasls¢rength tests performed on saturated and
unsaturated soil specimens under controlled vatde®matric suction as shown in Figure 2.6.
Although the failure envelopes are plotted as ation of net normal stress in this figure, they
still represent effective failure envelopes as tshguld be defined from drained tests. Lu and
Likos (2006) assumed that the suction stresat a given suction is equal to the apparent
tensile strength, which could be calculated from ititercept of the failure envelopes with the

normal stress axis as follows:
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. cC Eq. 2.7
Oy =—-
tan(4")

where c is the apparent cohesion of the soil dubecaeffects of suction and’ is the effective
friction angle. To define the SSCC shown in theesahtic in Figure 2.6, the apparent cohesion
for saturated soils tested under drained conditisressumed negligible, which is the case for
uncemented soils, and the friction angle is assuimd constant with confining stress. Further,
it is assumed that the friction angle does not ghamhen different suction values are applied to
the soil (Escario 1980; Nishimura and Fredlund 200@is assumption may only be valid for
the case of rigid soils that do not change in vauwtaring changes in matric suction (e.g., sands,
silts, and clays of low plasticity). Changesstandthe effective stress paramejawith suction
have been evaluated for different soils using thgr@ach similar to that shown in Figure 2.6

(Khalili and Khabbaz 1998; Lu and Likos 2006; Khensret al. 2012).
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Figure 2.6 Schematic showing the definition of $hketion stress vs. matric suction
relationships using shear strength failure envedqpéter Lu and Likos 2006)
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It is a common assumption that the effective stpgmmmeter is related to the degree of
saturation when interpreting the shear strengtloas (Bishop and Donald 1961; Oberg and
Sallfors 1997) and in elasto-plastic constitutietationships (Hassanizadeh and Gray 1990;
Houlsby 1997; Gray and Schrefler 2001; Gallipoliaet2003; Wheeler et al. 2003; Tamagnini
2004; Nuth and Laloui 2008; Alonso and Romero 20Th)s assumption may not work well for
some soils, and relatively large discrepancies leen observed in some early studies (Bishop
and Blight 1963). Other studies have used the &¥fesaturation [$= (S-Se9/(1-Sed] as the
effective stress parameter successfully to evaltteshear strength and elastic modulus of
unsaturated soil (Vanapalli et al. 1996; Lu et24110; Khosravi and McCartney 2012). More
complicated functions of degree of saturation halg® been proposed (Toll and Ong 2003;
Sheng et al. 2008), while some studies have shbetility of empirical relationships. Khalili
and Khabbaz (1998) defined the effective stresamater as a power-law relationship involving
the ratio of the suction and the air entry suctwhijch has been applied in constitutive models
(Loret and Khalili 2002) and in re-examining datanh the literature (Khalili et al. 2004). Khalili
and Khabbaz (1998) introduced a unique relationsbtpreeny and a ratio known as the suction
ratio, ratio of matric suction over the air entaeBon,yaey as follows:

Eq. 2.8

-0
;(=g//{ L4 } » V = Yaey

whereQ is a fitting parameter. A value 6f of 0.55 was found to fit most experimental data
from the literature (Khalili and Khabbaz 1998). Kihand Zargarbashi (2010) performed staged
triaxial tests on unsaturated soil specimens dunatiing, and observed that the effective stress
parameter is sensitive to hydraulic hysteresistheuny they found that the use of an effective
stress parameter equal to the degree of saturatiy not be suitable for all soils during

hydraulic hysteresis. Nonetheless, Khosravi and dt@y (2012) found that the effective stress
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parameter defined as the effective saturation pésmits reasonable assessment of changes in
shear modulus during hydraulic hysteresis. It $ gdossible that application of net stresses may
also affect the effective stress parameter, asnwelohanges may affect the shape of the SWRC
especially at low suction magnitudes (Ng and P&app

A closed-form equation for the suction stress wappsed by Lu et al. (2010) by employing
the effective saturation as the effective stresamatery. This permits integration of the van
Genuchten (1980) SWRC into the definition of thetsun stress. The suction stress can be
predicted by combining Equation 2.4 with Equatidb, 2s follows (Lu et al. 2010):

o = (u,—u,) - A Eq. 2.9

1+ [ore (1, —u, ) ) e

where Ng and a,g are the parameters fitted to experimental SWRG@ g@aints. Further, by

substituting Equation 2.9 into Equation 2.5, thieafve stress can be defined for unsaturated
soils as follows (Lu et al. 2010):

- Eq. 2.10
(ua uW) N L&' U\NZO q

1+ [ (U, —u, )V ) e

!

o'=(c-u,)+

Lu et al. (2010) validated Equation 2.10 for bo#imds and clays using suction stress values
obtained from shear strength tests using Equatiah albeit primarily for low suction
magnitudes (up to 1500 kPa) and relatively highreleg of saturation (in the range of 1.00 to
0.35). They found that the predicted SSCC for atryeased monotonically with suction, while
the predicted SSCC for sand increased to a maxinvaloe, then decreased back to zero. Lu et
al. (2010) also proved that fine-grained soils lgk and clay should experience a monotonic
increase in inter-particle stresses when the varu@den (1980) model parametejsNs greater

than 2. Khosravi et al. (2012) and Lu et al. (20aBp observed an increasing trend in suction
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stress with suction for a sand-silt mixture andag,crespectively, verifying this prediction for
low suctions. However, the suitability of extragolg the analytical expression for effective
stress in Equation 2.10 to high suction magnitudesnot been evaluated.

Evaluation of the SSCC equation of Lu et al. (20ib@jcates that the suction stress at high
suction magnitudes is very sensitive to the valull\@. A parametric analysis of the impact of
Ny on the shapes of the SWRC and SSCC for a conesmé ofoyc = 0.60 kP fitted to
experimental results obtained from this study iswah in Figures 2.7(a) and 2.7(b) in terms of
the SWRC and SSCC, respectively. The results isetfggures indicate that relatively small
changes in I can have a significant impact on the amount oewsatored in the soil as well as
the magnitude of suction stress at high suctiom&cically, larger values of ¥ lead to a
decrease in the volume of water stored in theasivell as a lower suction stress. The results in
Figure 2.7(a) indicate that soils with higheycN/alues will experience a significantly greater
increase in suction stress with suction comparehd soils having only slightly smaller values of
Nve.

Similar parametric analysis of the impactog§ on the shapes of the SWRC and SSCC for a
constant value of )¢ = 1.60 fitted to experimental results obtainedrfrthis study is shown in
Figures 2.8(a) and 2.8(b) in terms of the SWRC &8 C, respectively. The results in these
figures indicate that changes g can have the same significant impact on the madeaiof
suction stress at high suctions. Increasing theevaf a,c led to shift the SWRC into a smaller
air entry suction value, and thus reduction ofybkime of water stored in the soil as well as a

lower suction stress.
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2.5.Volume Change Behavior of Unsaturated Soils

2.5.1.Effects of Suction on

The volume change

Volume Change Behavior of Unsaturated Soils

behavior of unsaturated soils been studied by a number of

investigators. Rahardjo et al. (2003) performed &id CW triaxial tests on residual soil from
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the Jurong sedimentary formation. Results from stisly showed thatompacted specimens at

high matric suction relative to net confining stresxhibit post-peak softening and dilatancy

behavior similar to the behavior of overconsolidaseils. However, the behavior of compacted
soil under low matric suctions relative to the o@tfining stress is controlled by the effect of net
confining stress, which induces the characterigifas normally consolidated soil. Estabragh and

Javadi (2012) performed constant suction isotrgpitsolidation triaxial tests on compacted silt

to investigate the suction effect on the comprédsilof unsaturated soils. The results indicated

thatthe air entry value and yield point have importasie in the behavior of unsaturated soils
and dilation depends on the value of suction avengconfining pressure where higher suctions
cause more dilatancy.

2.5.2.Effects of Temperature on Volume Change Behavior of Soils
Thermal effects on the volume change behavior ¢firaked and unsaturated soils are

complex due to coupling between temperature, sucéind stress history. Accordingly, the
approaches used by investigators include an evatuaf soil behavior during changes in the
temperature of a specimen under a constant efeectivess state, or evaluation of the soil
mechanical behavior at various temperatures urstghermal conditions. A summary of the
conclusions drawn from the different studies on ithpact of temperature on the behavior of
saturated soils is as follows:

e The compression index of soils is not sensitiveetoperature for saturated soils (Campanella
and Mitchell 1968; Eriksson 1989; Graham et al. )0@nd unsaturated soils (Saix et al.
2000; Uchaipichat and Khalili 2009)

e Heating of normally consolidated or lightly oversotidated soils under constant effective

stress and drained conditions leads to volumewidraction (Paaswell 1967; Campanella
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and Mitchell 1968; Plum and Esrig 1969; Baldi et #088; Hueckel and Baldi 1990;
Towhata et al. 1993; Boudali et al. 1994; Delagalef000, 2004), and thus a reduction in
the void ratio. A greater amount of contractionnsted with increasing plasticity index
(Demars and Charles 1982).

e Heating of heavily overconsolidated soils under stant effective stress and drained
conditions leads to volumetric expansion (Demard @tarles 1982; Baldi et al. 1988;
Hueckel and Baldi 1990; Belanteur et al. 1997; Delat al. 2000, 2004; Sultan et al. 2002;
Cekeravac and Laloui 2004), although heating o$¢hsoils above a threshold temperature
may lead to contraction (Hueckel and Baldi 1990taDe et al. 2000, 2004; Cekeravac and
Laloui 2004). A summary of the impact of OCR on thermal volumetric strain for different

types of soils is presented in Figure 2.9

0.05 .
=Silty clay (T = 20 to 90C)
0.04 +Pontida silty clay (T = 20 to 900)
O 0.03 ~-Kaolinite (T = 22 to 50C)
L <lllite (T = 24 to 50 C)
S\i 0.02 -+Sand-Bentonite (T = 28 to 100Q)
z 0.01 -+-Boom clay (T = 25 to 100C)
- Contraction
5 0.00
<.0.01
0.0 Dilation
_0.03|'"'I""I'"'I""I""I""I'lll

1 3 5 7 9 11 13 15
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Figure 2.9: Influence of OCR on the thermal volumeeitrain by Towhata et al. (1993); Baldi et
al. (1988); Cekerevac and Laloui (2004); Plum ardd=1969); Graham et al. (2001); Sultan et
al. (2002), respectively as in the legend in tigerie
e Coccia and McCartney (2013) observed that anismrepess states may lead to thermal

expansion and contraction in different directionghie same soil specimen. For a specimen
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of saturated Bonny silt, expansion was observeatierdirection of greater overconsolidation
ratio (lower stress), while contraction was obsdrven the direction of lower
overconsolidation ratio (greater stress).

Multiple cycles of heating and cooling may leadatagyradual accumulation of permanent
volumetric contraction in soils regardless of tlress history due to thermal creep or kinetic
thermal hardening (Campanella and Mitchell 1968yrdBignoli et al. 1992; Vega and
McCartney 2014).

For most soils, an increase in temperature leads softening effect corresponding to a
reduction in the apparent preconsolidation (or djiestress as shown in Figure 2.10
(Campanella and Mitchell 1968; Habibagahi 1973; Bemand Charles 1982; Eriksson
1989; Tidfors and Sallfors 1989; Hueckel and Ba@90; Boudali et al. 1994; Graham et al.,
2001; Francois et al. 2007; Uchaipichat and Khaip9).

Heating then cooling of normally consolidated soilay cause an increase in the apparent
preconsolidation stress (Plum and Esrig 1969). hay indicate that the thermal softening

observed in other studies may not be permanent cpoling.

w w b
o U1 O

o O O
] 1

- 9\9
250 - B\B\a
200 :‘%\. --Sion silt (s = 50 kPa)

b -e-Sion silt (s = 300 kPa)
150 ] -o-Clayey silt (s = 4.9 kPa)
100 - -=-Compacted silt (s = 0 kPa)

1 -#-Compacted silt (s = 100 kRa)

-=Compacted silt (s = 300 kRa)

Preconsolidation stress (kPa)

a1
O O
1

40 60 80 100 120
Temperature°C)
Figure 2.10: Influence of temperature on the preotidation stress of Sion silt (Francois et al.
2007) and compacted silt (Uchaipichat and Khabid2)

N
o -’

29



The volume change behavior of unsaturated soilsnguneating has been investigated in
several studies (Romero et al. 2003; Francois.€204l7; Salager et al. 2008; Tang et al. 2008;
Uchaipichat and Khalili 2009). Tang et al. (2008rfprmed thermo-mechanical tests on
unsaturated, heavily-compacted MX80 bentonite Withgy a wetting path from an initial suction
of 110 MPa to a target suction of 9 MPa. The restribm tests at constant confining stress
showed that heating led to expansion under lowegsbf confining stress and high suction, and
led to contraction at high values of confining str@nd low suction as presented in Figure 2.11.
This indicates that stress history also plays apontant role in the thermal response of
unsaturated soils. Uchaipichat and Khalili (200®rfprmed drained heating tests on silt
specimens at matric suctions up to 300 kPa andardining stresses up to 200 kPa, and found
that heavily overconsolidated specimens experienoekrsible thermal expansion with
introducing larger irreversible thermal contracti@nlower overconsolidation ratio as shown in
Figure 2.12. Further, for a given net mean stréss,amount of thermal contraction increased

with increasing suction.
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Figure 2.11: Thermal volumetric strain versus terapge during heating (Tang 2008)
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2.6.Shear Strength of Unsaturated Soils
2.6.1.General

The drained shear strength of saturated soils msnmoonly described by Mohr-Coulomb
failure criterion, incorporating the effective stse as follows:

r=oc'tang’ Eg. 2.11

wheret is the shear strengtl, is the effective stress defined using Eq. 2.1@ an is the
drained friction angle. An extension of the Mohru@omb equation to represent the shear
strength of unsaturated soils can be obtained bgtguting Eqg. 2.10 in Eq. 2.11, as follows (Lu
et al. 2010):

Eq. 2.12

r=|(c-u,)+ (U, —u) tang’

el -0

A similar equation could have been developed utliegeffective stress definition of Khalili and

Khabbaz (1998). Other shear strength equations bese developed for unsaturated soils using
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the assumption of independent stress state vasigbledlund and Morgenstern 1977; Vanapalli
et al. 1996; Alonso et al. 1990; Sheng et al. 2068a). However, these equations have the issue
that they require different shear strength pararadte saturated and unsaturated conditions.
2.6.2.Stress-Strain Characteristics for Unsaturated Soils

The shear strength characteristics of unsaturaiés is terms of stress-strain curves under
isothermal conditions have been studied by mangstigators (Chen 1984; Thu et al. 2006; Oh
et al. 2008; Blatz 2002). Research on the effecuation and net confining stress on the shape
of the stress-strain curves and consequently oar dteength reveal that the net confining stress
in comparison with the suction applied contribwdedlrte brittle failure mechanisms. Chen (1984)
performed tests under confined conditions and foilmad brittle failure occurs either when the
specimen sheared under zero confining stress, enwte confining stress applied is higher than
the current suction value. Blatz (2002) observeat the shear strength of unsaturated clay is
controlled by the confining stress rather than itigal suction. Thu et al. (2006) performed
constant water content triaxial tests on staticadljnpacted silt specimens under matric suctions
up to 200 kPa and confining stresses up to 350 kRair test results showed evidence of strain
softening at low confining stresses, and observetherease in stiffness and shear strength with
increasing net confining stresses. The same caonalusas drawn by Oh et al. (2008), who
performed triaxial tests on kaolin clay compacteg af optimum. Strain-softening stress-strain
curves were observed for specimens whose confistngss is much lower than the initial
suction. Hydraulic hysteresis may also affect theas stiffness of unsaturated soils. For small
strain conditions, Khosravi and McCartney (2012urfd that the shear modulus increases
nonlinearly with suction during drying from satwdt conditions, but remains high during

subsequent wetting due to suction-induced hardening
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2.6.3.Experimental Assessment of Suction Effects on Unsaturated Soil Shear Strength

Many studies have evaluated the role of suctiorihenshear strength of unsaturated soils.
Most of the testing has been performed under isothleconditions with low suction magnitudes
controlled using the axis translation techniquegiil (1967) conducted consolidated-drained
(CD) triaxial tests for specimens of unsaturatdédasid he has found that the shear strength of
the soil increases with increasing the suction iadphnd increasing the net normal stress.
Escario (1980) performed suction-controlled dirgotar tests on unsaturated soil and found that
the slope of the failure envelope, (the tangenthef drained friction angle) is independent of
suction. This implies that the slope of the fail@mvelope defined under saturated conditions

should be the same as at different suction magestuals indicated in Figure 2.13.
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Figure 2.13: Shear strength versus confining messtfor unsaturated Madrid gray clay
(Escario 1980)
Many other studies have focused on evaluating lilearsstrength of unsaturated soils under
high suction magnitudes. Nishimura and Fredlund0@0conducted isothermal triaxial
compression tests on silty soil under high suctiagnitudes. They found constant values of

shear strength with increasing suction after thkereached residual saturation, and that the rate
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of increase in peak shear strength with net nomstraiss was similar to the effective internal

friction angle for saturated conditions. Blatz (2D@xamined the effect of high suction and high

confining pressure on the behavior of a compactadi$entonite by performing a series of

undrained triaxial tests. Their test results shomoalinear increase in the strength and stiffness

with increasing suction as indicated in Figure 2Tl4ey also suggested that the increase in shear

strength was probably due to the correspondingeas®s in density rather than the effect of

suction on the shear resistance. A ring shear apmaadapted with suction control using the

vapor equilibrium technique was used by Vaunarale{2007) and Merchan et al. (2008) to

investigate the effect of high magnitudes of ta@attion on the residual shear strength of low

plasticity clay, and an increase in strength wasahavith increasing suction.
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Figure 2.14: Peak strength versus mean stresgwaeféor lab and in-situ sets experiments
at varies suction values (Blatz 2002)

2.6.4.Effects of Elevated Temperature on the Shear Strength of Soils

6

The influence of temperature change on the sheamgth and stress-strain characteristics of

saturated soils have been studied by several igatsts. Sherif and Burrous (1969) performed
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unconfined compression tests on saturated, nornwhsolidated clays and found that an
increase in temperature led to a reduction in th@rained shear strength of the soil. However,
this was likely due to thermally-generated exces® pvater pressures that were not permitted to
drain. Houston et al. (1985) performed consolidabedirained tests on saturated, normally
consolidated specimens of lllite clay at differégmperatures, and observed that the pore water
pressure increased and effective stress decreasedy cheating. However, after drainage and
subsequent thermal consolidation, the peak sheamgih of the soil was greater than at low
temperatures. Hueckel and Baldi (1990) performedingd triaxial compression tests on
overconsolidated specimens of Pontida silty clayl @bserved a decrease in peak shear strength
with temperature. This was attributed to a redurctio the size of the vyield locus (and
consequently a reduction in the overconsolidataiioy, but it may also be related to the increase
in void ratio during heating of the overconsolidhs®il.

The uniqueness of the critical state line (CSL) va#so investigated and confirmed by
Hueckel and Baldi (1990) and Graham et al. (199H)ese studies also observed that
temperature has a negligible effect on the critstake line. However, Cekeravac and Laloui
(2004) observed a slight increase in the slopehef dritical state line with temperature for
saturated kaolinite clay. Houston et al. (1985p aldserved an increase in the slope of the
critical state line with temperature for saturat#ite clay, although substantial increases were
only noted in tests performed at very high tempeest above 100 °C. Hueckel et al. (2009)
showed examples of how the effects of temperaturé¢he shear strength of soils could be
explained using either increase in the slope ofctitecal state line with increasing temperature
or a decrease in the preconsolidation stress witheasing temperature, and noted that the

suitability of the modelling approach may dependios particular soil. Uchaipichat and Khalili
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(2009) evaluated the shear strength and volumegehahunsaturated compacted silt under non-
isothermal conditions for suction magnitudes léemt300 kPa. For a given suction magnitude,
they observed a decrease in peak shear strengthingteasing temperature as illustrated in
Figure 2.15. However, the shear strength at clitst@te conditions was unaffected by

temperature. They observed that changes in maicitos led to greater changes in the peak and
critical state strength values than changes in &atpre. Similar reductions in peak shear
strength and increases in shear strength with@uetere observed by Wiebe et al. (1998) and
Ghembaza et al. (2007b). Wiebe et al. (1998) pezpapecimens of sand-bentonite at different
degrees of saturation using compaction at diffengater content, which could have led to

different soil structures, but Ghembaza et al. {&)0Oincorporated the vapor equilibrium

technique into a triaxial cell to perform triaxiabmpression tests on normally consolidated,

unsaturated sandy clay under a temperature of 8a8Ca suction value of 8.5 MPa.

T 350

g

6’300:

&'250

c

CI3200

%150

2}

@ 100 T=25C —
D gy T=40°C —-
g ] T=60°C -
.g 0 rrrrrrrrirrrrrrrrreihrrrrrry T
= 0 5 10 15 20 25 30

Axial strain,e.. (%)
Figure 2.15: Suction- and temperature-controlleaveational compression shear tests at initial

mean effective stress of 100 kPa (Uchaipichat analiK 2009)
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2.6.5.Effects of Elevated Temperature on the Shear Strength of Soils at High Suctions

Although interesting lessons were learned from eéhiests on low suctions, there has not
been a thorough study on the impact of temperataréhe strength of unsaturated soils under
higher suction magnitudes. Most research on thaamnpf high suction magnitudes has focused
on the impact of suction on the shear strengthod$,sand the impact of temperature has not
been thoroughly investigated. Alsherif and McCaytif2012) performed a preliminary set of
tests to assess the roles of suction and temperatuthe effective stress and shear strength of
unsaturated compacted silt. They found that thek pseear strength increases slightly for
compacted silt under high suction magnitudes wititraasing temperature, which is
contradictory to the observations of Uchaipichad &alili (2009) for low suction magnitudes,
confirming the importance of further investigatioio the impacts of temperature on the shear
strength of compacted silts under high suction ragdas.

Alsherif and McCartney (2012) focused on measurénwénthe peak shear strength of
compacted silt using constant water content trlaiests under higher suction magnitudes
controlled using saturated salt solutions. The saitteused in this study was investigated by
Alsherif and McCartney (2012), and more detailshi$ soil will be presented in Chapter 3. The
triaxial tests were performed on specimens broughsuction equilibrium at temperatures
ranging from 24 to 65 °C. Results from these testgate that increased temperature leads to an
increase in the peak shear strength of soils hawiognstant initial suction.

The silt was first oven-dried at a temperature 1C7for 24 h, ground using a rubber pestle,
then screened through a sieve No. 40. Next, itcgasfully wetted with a spray gun to a water
content of 14.5%, and placed in a sealed plasti tbacure for 24 h for allowing the water

content to homogenize. Compaction was performethriee equal lifts in a mold of 35.5 mm
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diameter using a manual press to reach a dry wighw of 16.8 kN/m. This corresponds to an
initial void ratio of 0.53. For each lift, the sailas compressed to a thickness of 24.2 mm. To
avoid the presence of weak zones within the samphes interface between the layers was
scarified. A manual press was used to push theimpacdownwards to remove the specimen
from the mold.

The testing procedures involved bringing the speaisnto equilibrium with high suction
magnitudes using the vapor equilibrium techniquditi¢rent temperatures (Delage et al. 2008),
then measuring the shear strength of the soil s in constant water content triaxial tests.
This is a preliminary testing program as the surcaod temperature were not controlled within
the triaxial setup itself. Saturated salt solusievere prepared in glass desiccators by dissolving
the salt in distilled water until precipitated sedtmains visible. The specimens were suspended
above the salt solution on a porous disc to allomater exchange between the liquid and vapor
phases in the container headspace. The desiccammplaced within a temperature controlled

chamber, shown in Figure 2.16.

Figure 2.16: Desiccator and temperature controintiea showing soil specimen
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A strip heater and a temperature controller weexlus maintain a target temperature. The
relative humidity and temperature were recordedrligousing a combined sensor-data logger
from Lascar Electronics. This sensor can measum@éeatures ranging from -35 to +80 with
an accuracy of 0% and relative humidity values ranging from 0 t®@%®with an accuracy of
+3%. The change in gravimetric water content of siel with increasing soil suction was
measured by weighing the specimen every three dliaysit reaches a constant mass. This step
was performed in less than 15 seconds after takkingspecimen out of the desiccators. This
duration was found to be short enough so that wataporation during the weighing process
was negligible. Four target total suction valuesre&gponding to four relative humidity values
were implemented using four different salt solusicat temperatures of 24, 45, and €5 as

shown in Figure 2.17.
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Figure 2.17: Relative humidity change with temperatfor different salt solutions

The equilibration times required when imposing efiéint total suction magnitudes using

different salt solutions are shown in Figure 2.)8{dese results indicate that a shorter time is
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needed to reach equilibrium at a room temperat@ird4o°C as the total suction increased.
Similar trends were noted for higher temperatuststén Figure 2.18(b). The soil specimens at

high temperatures reach equilibrium faster thancispens at room temperature for suction

values applied by the same salt solution.
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At equilibrium under the applied values of suctamd temperature, the soil specimens were
placed in the triaxial cell and an isotropic nenfiwing pressure value ranging from 0 to 200 kPa
was applied. Atmospheric air pressure was maindaatethe top and bottom of the specimen
while increasing the cell pressure and during shgaand no access to water was permitted. The
compacted specimens were relatively stiff so Intdume change was noted during this process.
Placement of the specimen in the triaxial cell wagormed in less than 2 minutes to minimize
changes in water content and temperature of theirmpa. The specimens were then sheared
until reaching a peak value of principal stres$edénce (occurring at a strain of 1.5 to 3%) at a
rate of 0.127 mm/min. After shearing the specimenfailure, the final water content was
measured.

The SWRC was defined by converting the equilibrivgtative humidity to total suction
using Kelvin’s equation. The SWRC of the silt iosim in Figure 2.19(a), obtained using the
axis translation technique to evaluate the airyesiiction and the vapor equilibrium technique to
define the tail of the SWRC, and the impact of temafure on the SWRC at high suctions is
shown in Figure 2.19(b). The van Genuchten (18®RC model was fit to each set of data,
with the fitting parameters,c and Ng reported in the figure. The fitted SWRCs indicttat
temperature leads to a shift in the SWRC to thie(ief., less water retention for a given suction
value), which is consistent with results obtaingdRomero et al. (2003) and Uchaipichat and

Khalili (2009).
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isothermal condition, (b) High suction range undethermal and non-isothermal conditions

The failure envelopes for specimens sheared uraen temperature are shown in Figure
2.20. The results show an increase in the sheamgttr of the soil with increasing suction and
increasing net confining pressure. Because thesexpere water pressure generation in the
unsaturated soil is expected to be negligible duiné low degrees of saturation, the total stress

envelopes from constant water content triaxialstegtould be close to the effective stress
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envelopes for these suction conditions. The frictamgle for the silt specimens under high
suction is larger{(=43) than that from tests on saturated s¢i-86°). The difference may be

attributed to the differences in consolidation bé tunsaturated specimens from that of the
saturated specimens tested in the consolidatedaumedt triaxial test. The total suction has
similar effects on the failure envelopes to thadseobserved by Nishimura and Fredlund (2000)

for high suction magnitudes.
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Figure 2.20: Effective stress failure envelopedaturated silt along with total stress failure
envelopes for unsaturated silt at constant roonpégature of 24C (not to scale)

The failure envelopes defined for different saltuons and temperatures are shown in
Figure 2.21. Similar to the isothermal failure elopes in Figure 2.20, the slope of the failure
envelopes does not change with either increasimtjosuor temperature. Due to the use of
saturated salt solutions, it was not possible tentaen constant suction values and increase the
temperature, so the differences in the intercegueg between the failure envelopes in

Figure 2.21 can be attributed to both temperatodesaction.
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Figure 2.21: Failure envelopes for silt at diffdreaction values and temperatures

The results in Figure 2.21 show a combined effédemperature and suction on the shear
strength. Accordingly, to better interpret the tesshown in Figure 2.21 the concept of the
suction stress characteristic curve (SSCC) maydsel o separate the effects of suction and
temperature on the constant water shear strengtt, the slope of the failure envelope along
with the apparent cohesion values for unsaturatedpecimens in Figures 2.20 and 2.21 were
used to back-calculate the suction stresef the soil at temperatures of 2@ and 65°C using
Equation 2.7. The SSCC defined using Equation @r7different temperatures is shown in
Figure 2.22. The experimental results indicate alinear increase in suction stress by up to
approximately 30 kPa as the total suction increageso 223 MPa. This interpretation of the
results in Figures 2.20 and 2.21 reflects that peak shear strength increases slightly for
compacted silt under high suction magnitudes wititraasing temperature, which is

contradictory to the observations of Uchaipichad &alili (2009) for low suction magnitudes.
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This may be due to the impact of temperature onntagnitude of excess pore water pressure

generation during shearing in low and high suctamges.
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Figure 2.22: SSCCs defined for compacted siltraperatures of 24C and 65°C

In this preliminary set of tests, the specimensen@rought to equilibrium outside of the
triaxial cell, and then were quickly transportedhe triaxial setup for shearing. Further, volume
was not tracked during compression of the air vaideng application of the cell pressure, or
during shearing. Accordingly, these tests onlyvite an approximation of the effects of
coupling between temperature, suction, net sti@sd,void ratio. In addition, the issues noted
with the use of saturated salt solutions to inddpetly control the temperature and suction in
soils indicates that an alternative approach inmglwapor control may be more appropriate.

The results from Alsherif and McCartney (2012) cade that the total suction has a greater
impact on the peak shear strength of soils thapeéeature. However, increased temperature was
found to lead to a slight increase in the peak sk&@ngth of unsaturated soils under high
suction magnitudes, which is contradictory to tHeseyved impact of temperature for low

suctions. This emphasizes the importance of fuitherstigation into the impacts of temperature
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on the shear strength of compacted silts under &igition magnitudes using more advanced
testing approaches.
2.7.Thermo-Hydro-Mechanical Constitutive Modelsfor Soils

Heating will affect many aspects of unsaturated kehavior, including the shape of the
SWRC (which may affect effective stress in unsdagaoils), volume change, and elasto-plastic
stress-strain behavior. Constitutive relationstipse already been developed for each of these
effects, although they may not be extended to theditions representative of unsaturated
conditions or more specifically high suction magdds.
2.7.1. Temperature-Dependent SWRC Models

With respect to the details of the temperature-ddppt SWRC model, Grant and
Salehzadeh (1996) defined an incremental relatiprishevaluate the change in suction in a soll
for a given change in temperature, as follows:

dy  dT Eq. 2.13
Al

wherey is the suctionf;= 1, andBo is a parameter associated with temperature-depéefidal
properties. They integrated this relationship it van Genuchten (1980) model:

(1) Eq. 2.14

p:

1
po+T, )|
+ r
Pc(r-t,) |+
Bo +T;

where T, is a reference temperatur§; is an observational temperature in Kelvinjs the

ezer +(95_0r)

volumetric water content (dimensionless), (P~!) and A (dimensionless) are empirical

parameters. The observed that the valu@qoivas approximately -400 Kelvin for silty soils.
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Similarly, Salager et al. (2007) developed an im@etal equation which accounted for the

relative thermal expansion coefficients of the w@teand solids:

Eq. 2.15
d. = Fd+| Eow(B - p)+-29% stang 92 lar o |[ S|~ B e
lo} dT o

. dar S, 1+e)

wheres is the suctiony is the gravimetric water content, ks the slope of the SWRE,is the
void ratio, ¢ is the fluid-solid contact angle, and is the surface tension. Both studies obtained
a good match with experimental SWRC data.
2.7.2.Thermo-Hydro-M echanical Constitutive Modelsfor Soils

Many thermal constitutive models for saturated slagive been developed by incorporating
thermal yield surfaces into to the original CamyChaodel (Hueckel and Borsetto 1990; Cui et
al. 2000; Laloui and Cekeravac 2003). The yielduboequation from the original Cam-clay

model can be expressed as follows:

, Eqg. 2.16
(__d +In(2'718pJ—1=0 q

!

Pe
wheref is the yield locus fuction, g is the principal ssalifference, M is the slope of the critical
state line, pis the mean effective stress, antipthe preconsolidation (or yield) stress. Priynar
consideration was given to the prediction of thearges in preconsolidation stress with
temperature using empirical relationships, as plaisameter governs changes in the size of the
yield locus. Earlier, Hueckel and Borsetto (199@swone of the first studies to incorporate the
effect of temperature changes on the preconsabatiress g, as follows:

Eq. 2.17

PL = Pk exr{% (1-aAT )1+ %)«ﬂ + AaAT +a,AT?)
—K

where pco is the initial preconsolidation stress before hegtih. andk are the slopes of the

isotropic virgin compression and recompression esyvespectively;oas the initial void ratio;
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the coefficients @ a, & are constants ang’ is the plastic volumetric strain. The last termtioa
right-hand side of Equation (2.17) represents lileenhal softening function.

Laloui and Cekeravac (2003) proposed an expres&ioriemperature effects on the
preconsolidation stress similar to Eq. 2.17, bdidated that their equation provides a better fit

for isotropic thermo-mechanical paths. Their expi@sis given as follows:

. 1+¢ AT Eq. 2.18
Pc = Peo exp[/i . 12 ey j{l— I |09(1+ T—Oﬂ

wherey is a material parameter that is recomended todoalego 0.4 for silty soils. (fis a
reference temperature, and the same difintions dduieckel and Borsetto (1990) model were
used for, k, ey ands,’.

Cui et al. (2000) built upon the model of HueckatdaBorsetto (1990) and defined a
series of three yield functions that governed clkang the preconsolidation stress with
temperature (the load-yield or LY curve), the tenapare at which plastic thermal strains would
occur for normally consolidated soils (the tempamtyield or T-Y curve), and the temperature
at which overconsolidated soils may transition frehastic expansion to plastic contraction
during heating (the heating-contraction or HC clirv@ui et al. (2000) used a simplified form of
Equation 2.17 to define the load yield locus (LY)ne that characterizes the effects of
temperature on the preconsolidation stress, asaell

Per = Péoexp (- a,AT) Eq. 2.19
where pPcois the initial preconsolidation stress before hegtdefined by the intersection of the
LY curve with the p axis which functions as a hardening parameter, @ngé a parameter

governing the curvature of the LY curve, which resgrom 0.005 to 0.1.
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Baldi et al. (1990) observed that lightly overcdigated soils have a transitional
behavior from elastic expansion only to a comboratiof elastic expansion and plastic
contraction as the OCR decreased. To simulate bi@isvior, Cui et al. (2000) suggested a
thermal vyield locus, called the thermal yield (T¥wrve, which was activated when the
temperature reaches a certain threshold vajuasifollows:

Ter = (Te —To)exp (- fp')+ T, Eq. 2.20
where T is a reference temperaturey i5 the initial temperature, anglis a new hardening
parameter governing the shape of the TY curve énTith g plane. Cui et al. (2000) noted that
the magnitude o can range from 0.4 to 800.

Cui et al. (2000) proposed their third yield fuocti(the HC curve) to represent the point
at which an initially overconsolidated soil spechmeould change in behavior from expansion to
contraction during heating, as observed by Hueakdl Baldi (1990) and Cekeravac and Laloui
(2004). It is given as follows:

P'=c,pl,exp (c,AT) Eq. 2.21
where g is the intersection of the HC line with the jaxis and gis a shape parameter.

Below the TY curve, a soil has purely thermo-etasiehavior, and will expand during
heating. The incremental elastic volumetric strafirsaturated soil during either mechanical or
thermal loading in terms of drained reversible il contraction for normally consolidated

(NC) soils was modeled by Cui et al. (2000) asoioH:

P ﬂ Eq. 2.22
l+e, ) P’

des = a,dT +[

However, an increase in temperature is expectechtise irreversible, plastic thermal

volumetric contraction of saturated soil. When demin the mean effective stress are applied to

49



a soil that has been heated, it will encountertigagrains after reaching the preconsolidation
stress defined from the LY curve in Eq. 2.19, d®ies:

dp’ Eq. 2.23
dqu'p = al?p,

Cui et al. (2000) developed the following expresdio predict the plastic volumetric contraction

which can be encountered when the temperature @sdhk TY curve:

_ _ Eq. 2.24
del :[ % J{exp{ % ATj—a}dT A
l1-a l1-a

wherea; is a soil constant, andis a shape parameter close to unity that is iraratpd to better

predict the soil behavior at high temperatures (@ual. 2000). It is clear from this formulation
that the plastic thermal volumetric strain is engail; and is not derived from work-based
principles like the plastic volumetric strain iretCam-Clay model. This is an issue that deserves
further study in future research. Cui et al. (2008jined a new set of volumetric thermal plastic
yield curves that allows for the prediction of piasstrains at higher OCR values. They paid
specific attention to the coupling and hardeningrmena related to the combined effects of
stress and temperature.

For overconsolidated (OC) soils, Cui et al. (2090ygested that the thermal volumetric
contraction varies with OCR, and that this value ba defined by determining the slope of the
curve parametar, using the HC curve at which the total incrememtalimetric strain is zero, as

follows:
deh = ap[exr(apAT)— a]dT Eq. 2.25

Schematics of the LY, TY, and HC curves are shawhigure 2.23. Beneath any of these yield
surface, thermo-mechanical elastic strains will drecountered, while thermo-elasto-plastic
strains occur when reaching and expanding the giefthces.
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Figure 2.23: Yield loci in thd—p’ plane. LY, loading yield; TY, thermal yield; HC,g/d limit
to change the expansion of overconsolidated saitsdontraction due to heating

Recently, Hueckel et al. (2009) evaluated differfailure conditions of saturated clays at
elevated temperatures using the thermal modifiech-Clay models mentioned in this section.
Hueckel et al. (2009) hypothesized that the in@eastemperature may not only lead to a
decrease in the preconsolidation stress, but msy affect the increase on the slope of the
critical state line M. Hueckel et al. (2009) alsdicated that the evolution of both the yield locus
and failure is critically dependent on the histofghermo mechanical loading. They showed that
as the shape and characteristic dimensions ofidie pcus are controlled by two independent
functions of temperature, the peak strength onvargstress path may vary non-monotonically,
first decreasing and then increasing, and remaiaveakhe critical line, which was studied earlier
by Hueckel et al. (1998), as shown in Figure 2Dy explained this change in strength mode
as a result of changing the yield point from thaistsoftening side to the strain-hardening part
of the locus ones temperature applied past thearialue. With subsequent triaxial loading at

that temperature, strain-hardening allows the Idougrow until it reaches the current critical
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line at Myy, and hence possibly shear strength much highen tha strength at critical

temperature. The important conclusion by Hueckedle{2009) is that there is no single yield
surface that can be attributed uniquely to a gitemperature, and the yield limit generated
during the same heating phase depends on confstiegs, OCR, and the response during

thermoplastic heating.
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Figure 2.24: Evolution of peak strength q with tergture: (a) for peak strength at the softening
part, q > @i, the strength can decrease with temperature, whdoe the yield locus it shrinks
below g~ < g, and the ultimate strength is reached throughr@eming process always at the

value of the stress path intersection with theemircritical state line M{(T); (b) corresponding
stress—strain curves; (c) theoretical variatiostofngth with temperature. Note that for a
constant M value the shear strength remains conatay;; (Hueckel et al. 2009)
Although several thermo-hydro-mechanical modelsehlagen proposed in order to predict
the behavior of unsaturated soils in non-isotherooalditions (Uchaipichat 2005; Francgois and
Laloui 2008a; Dumont et al. 2011; among others)y tiee modified Cam-Clay-type models for
unsaturated conditions developed by Uchaipicha®%20s reviewed due to its incorporation of
suction and effective stress state into the yialdfage. The influence of temperature on
unsaturated soils can be incorporated into therapat yield surface by implementing a

temperature functiorf(T), and a suction functioffy) to define the influence of temperature on

p’c in unsaturated soils as follows:
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foo= P — FoexBe’)- 1 (1) £(T) £q.2.26
where o is the current mean effecti
stressg,” is the plastic volumetric strain due to loadingd #nis a soil parameteThe steady-
state boundary surface (SSB@)responding to this equatiin the normalize mean effective
stress-temperature-suctispace is shown in Figure 5. The shape of this surfe indicates that
an increase in temperatunell cause a decrease the mean effective preconsolidatistress,
while an increase in thenatric suctionwill cause an increasen the mean effectiv
preconsolidation stresStress states located beneath the SSBS will enaiatpurel-elastic soil
response due to either changes in net stress,cnsaiction, nd/or temperature. Plastic yieldil
will begin once the stress state makes contact thithSSBS causing both a shift in the yi

surface as well as irrecoverable volumetric str

Mean Effective Stress

Figure 2.25: Steadgtate boundary surface in the normaliz”: T : y space

Uchaipichat (2005)modelec the vyield locus for unsaturated siltsing the following

expression:
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(0 -(oirr)  *, d Eq. 2.27

(@-2/0)p"+ (pe/r))  (@-a)Mp+(alr)MpL)*

wherer is a spacing ratior (= p’'J/p’csL), anda is a dimensionless parameter ranging from 0 to1l.
Uchaipichat (2005) found that the smaller valuea pfovide better modeling to the behavior of
frictional materials, and a trial and error fittipgocedure was followed to obtained this value.
The evolution of the yield locus with temperatunerease and matric suction for silt used in
Uchaipichat (2005) is shown in Figure 2.26, anduammary of their model parameters is
presented in Table 2.1. The results in Figure th@&ated that temperature led to a shrinkage in
the yield locus, and thus a reduction in the efecpreconsolidation stress, while the increase in
matric suction resulted in expanding the yield kcand thus an increase in the effective
preconsolidation stress. The temperature and suetifects on the effective preconsolidation
stress by Uchaipichat (2005) can be modeled asvisl|

ot ~Nor,  Aor, =K In pL. + v,er Eqg. 2.28
Asr — K Asr — kK © g -k

S, S,

In p. =

where N, Ast are the parameters of the compression curve diosus and elevated
temperature Tv, is the initial specific volume. N, Ao 1o are the parameters of the compression

curve at saturated condition and reference temyorer ;.
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Figure 2.26: Evolution of yield locus with tempena at different matric suction: (a) O kPa
(saturated); (b) 300 kPa (Uchaipichat 2005)

Table 2.1: Summary parameters of thermo-elastistiglanodel (Uchaipichat 2005)

Param

eters Value at T=25°C

M

-k < X >

1.17
0.09
0.006
0.25
0.7
1.85
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3. PROPERTIESOF TESTING MATERIALS
3.1 Introduction

Silt obtained from the borrow source for the Bordgm near the Colorado-Kansas border
was used in this experimental study. The grain dig#&ibution for this silt is shown in Figure
3.1. The plasticity index for this soil is 4, soclassified as ML according to the Unified Soill

Classification Scheme. A summary of the index proge of the soil is given in Table 3.1.
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Figure 3.1: Grain size distribution for Bonny silt
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Table 3.1: Geotechnical index properties of Boniity s

Parameter Value
Liquid limit, LL 25
Plastic limit, PL 21
Plasticity index, Pl 4
Specific gravity, G 2.65
Standard Proctor optimum gravimetric water conteny 13.6%
Standard Proctor optimum gravimetric dry densityma | 16.3kN/m®
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3.2 Compaction Characteristics

Because statically compacted silt was used in shisly, modified and standard Proctor
compaction tests were performed on Bonny silt fellg ASTM D 698 to provide a frame of
reference. The compaction curves along with the aérvoids (ZAV) line are shown in Figure
3.2. The maximum dry unit weights of the silt a@6LkN/nT and 19.1 kN/mfor specimens
compacted using the standard and modified Proctonpaction efforts, respectively. The
optimum water content for the standard Proctorrefoapproximately 14%, while that for the

modified Proctor effort is approximately 11%.
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Figure 3.2: Modified and standard Proctor compactiorves for Bonny silt

3.3 Shear Strength Parameters

The effective shear strength parameters of satuir8tenny silt were determined by
performing a set of consolidated undrained triag@hpression tests on back-pressure saturated
soil specimens with an initial void ratio of 0.68daa compaction water content of 10.5% under

different mean effective stresses of 100, 200 &@kKPa with pore water pressure measurement,
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following ASTM D4767 for consolidated-undrained (Cldaxial compression testing. The shear
stress-strain curves are shown in Figure 3.3(a) thedexcess pore water pressure (PWP)

response is shown in Figure 3.3(b).
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Figure 3.3: Shear strength results for saturatedispgens subjected to different net confining
stresses (a) Principal stress difference vs. axiain (b) Pore water pressure vs. axial strain

The results in Figure 3.3(b) indicate that the dwyl of the pore-water pressures increases as

the shearing developed and continue to increase efaching the maximum principal stress
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difference. This means that the effective stressealso continued decreasing and the soll
specimens are contracting.

The stress paths in the mean effective stressaptoshown in Figure 3.4. The results in this
figure indicate that during shearing of the soie@men under all values of net confining
stresses, the stress paths are consistent wightpes representative of normally consolidated to
lightly overconsolidated clays (contractile), aead toward the same critical state line having a
slope of M = 1.23. The points of failure were definusing the stress path tangency failure
criterion (maximum principal stress ratio). Thisluea of M was used to define the drained

friction angle of the silt, which was calculatedi® 31°.
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Figure 3.4: Critical state analysis for saturat@shi®y silt at different net confining pressure
values with the effective stress paths in the nedtattive stress plot
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3.4 Hydraulic Properties of Bonny Silt

The flexible-wall permeameter setup developed byChlttney and Znidé&r¢ (2010) was
used to define points on the soil water retentiorve for Bonny silt at high saturation. In this
test setup, they incorporate the axis translagahrique for suction control and a flow pump is
used to draw water from the bottom of the specimestages. The use of the flow pump permits
careful measurement of the volume of water extthdtem the specimen, which used to
calculate the degree of saturation and volumetatewcontent. The change in suction during
operation of the pump was monitored using a difféad pressure transducer.

The vapor equilibrium testing setup was developgdlisherif and McCartney (2012), who
provide a summary of the method to control différaigh suction magnitudes and monitor
equilibrium times. An interesting feature of thetad@oints on the SWRC obtained using the
vapor equilibrium technique is that the volume loéd tompacted specimens tended to decrease
under application of the high suction magnituddssTmplies that data points for high suctions
and low suctions do not necessarily have the sanukratio.

The hydraulic conductivity of the saturated silesipnen was also measured in the flexible-
wall permeameter device by applying different floates across the saturated specimen and
measuring the pressure gradient with the diffeaénpiressure transducer. The hydraulic
conductivity was calculated from this informatiosing Darcy’s law. Further, the outflow data
during each of the suction equilibration stagesenesed to determine points on the drying-path
hydraulic conductivity function (HCF) using Gardisef1958) method.

The van Genuchten (1980) SWRC relationship was irs#ds study to provide a functional
relationship for the SWRC data from the axis tratish and high suction tests. The fitting

process used involved the conventional regressppnoach of least squares minimization. This
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approach was done deliberately despite the issudsiexperimental SWRC data noted earlier
in this section, as this is the approach typica#igd in engineering practice.

The drying-path soil water retention curve (SWR@)Bonny silt compacted to a void ratio
of 0.68 was measured using a flexible-wall permeaanaevice for low suction magnitudes, and
using the vapor equilibrium technique for high suttmagnitudes. The suction equilibration
points on the SWRC are shown in Figure 3.5(a) asdel 3.2. An interesting feature of the data
points on the SWRC obtained using the flexible-wadrmeameter device is that the points
started to flatten after drying the specimen taegrde of saturation of approximately 0.65. This
occurred because the water phase in the silt dtadebecome discontinuous, making it
impossible to withdraw further water from the speen with the pump. This behavior was also
observed by Khosravi and McCartney (2012) for tAme soil but under different initial void
ratios. A comparison between the HCF data and H@#ecpredicted from the SWRC using the
van Genuchten-Mualem model (van Genuchten 1988hasvn in Figure 3.5(b). The results in
this figure indicate that HCF predicted from the B®/underestimates the HCF data. The HCF

curve that best fits the experimental HCF datdss ashown in the figure.

61



S
|
o

o Experimental data at T=2G
— Fitted van Genuchten (1980)
SWRC (,s=0.60 kP&, N,g=1.3

O
oo
I I N T |

|Axis translatio
technigue

Degree of saturation,
o o
o
| |

0.2 A G
Vapor equilibriu
technigue o
OO T TITI T DOy T DTy T T T T T 1 Ty 11
9, 4o ]0-0 ]OQO ]000 ]000 ]0000
(@) Suction,y (kPa) ‘0

»1E-06 o k-measured
‘E’l.E-O7 — vG-k data,=0.18, Ng=1.5
X - - VG-SWRC,0,5=0.60, Ng=1.3
21.E-08
>
S 1.E-09 3
© ]
S 1.E-10 3
© ]
2 1.E-11 1
-} 3
S 1E-121

1.E-13 +———rrrmr——rrrr——

0.1 1 10 100 1000
(b) Suction,y (kPa)

Figure3.5: Hydraulic properties of Bonny silt: @il water retention curve; (b) Drying curve
HCF with the HCF predicted from the SWRC

62



Table 3.2: Equilibrium Points on the SWRC for Borsily

Suction Experimental results
(kPa) Volumetric water Degree of saturation
content
0.1 0.39 1.00
1.31 0.34 0.89
2.66 0.30 0.78
4.01 0.29 0.74
5.38 0.27 0.71
6.80 0.26 0.68
8.72 0.26 0.67
9.86 0.26 0.67
11.39 0.26 0.66
162000 0.086
291000 0.064

The thermal conductivity of saturated Bonny siltswaeasured using a new approach
developed by McCartney et al. (2013b) to measuee thiermal conductivity of soils in a
modified triaxial cell by inserting a thermal needhto the specimen through the top platen. The
thermal conductivity and degree of saturation dyantest involving saturation then drainage of
silt is shown in Figure 3.6. The results in thiguiie indicate that the initial thermal conductivity
for this particular silt in as-compacted conditioftene of zero) is 1.34 W/mK, while after
saturation it is equal to 1.55 W/mK. As the degpésaturation is decreased during the drainage
test to 0.94, the thermal conductivity decreasaedndtm 1.45 W/mK. All of the triaxial tests in
this study start from as-compacted conditions agtddger, so the value of thermal conductivity
of 1.34 W/mK measured at the beginning of the &mst corresponding to 0.41 initial degree of
saturation is the upper limit on the thermal conhity expected during the triaxial tests. The
change in thermal conductivity corresponding to ¢hange in degree of saturation is shown in

Figure 3.7.
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3.5 Air Permeability
The air permeability of the soil is a critical \aie to the success of the new triaxial device
as it uses vapor flow to apply the suction to theceamen. The air permeability is defined as the
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ability of a soil to conduct air by convective flpim which case the movement of air occurs due
to a gradient of gas pressure across the specidm@mwledge of the air permeability of the soill
used in testing program is useful in selecting @prapriate flow rate applied at the bottom of the
specimen. The air permeability is expected to bersely related to soil water content, the pore
size distribution, and the connectivity of the ogpemes in the soil.

Air permeability for a completely dry soil is codsred to be equal to the intrinsic

permeability of the soil. The intrinsic permealyildan be calculated as follows:

K‘M Eq. 3.1
A

where kis the intrinsic permeability (fiy K is saturated hydraulic conductivity to watev/§), pt
is dynamic viscosity of water (kg/m-g),is density of water (kg/f), g is gravitational constant
(m/s). The typical relationship between air permeapitind intrinsic permeability is expressed

as follow:
k:K .Ka Eq. 3.2

where k is the air permeability ang, ks the relative permeability to air. Brooks andr€o
(1964) developed an expression for relative periigato air based on Burdine’s solution, as

follows:

241 Eqg. 3.3
kra:(l_se)2|:1_8eﬂ} !

where S is the effective degree of saturation, definedas

—* ) is the Brooks-Corey pore

Sy

size distribution index, which is equal to 1.82 ®onny silt. All values of the parameters are

presented in Table 3.3.
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Table 3.3: Summary of parameters for air permegtihlculation

Parameters Value at T=23°C
ksas (M/min) 7.56x10°
Sees 0.064
A 1.82
pw, (kg/nT) 997.62
t » (kg/m-mirf) 0.000933
g, (m/mirf) 3600

Combining Equations 3.1 and 3.3 into Equation 8siilts in the following expression:

212 Eqg. 3.4
kra = (1_ Se)2|:1_ Se}b :| Kﬂ

The theoretical change in air permeability of unssted Bonny silt compacted to initial void
ratio of 0.68 as a function of the degree of saiomais shown in Figure 3.8. The air permeability
is observed to increase by 7 orders of magnitudtheffull range of degree of saturation for

Bonny silt.
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Figure 3.8: Theoretical values of air permeabitityunsaturated Bonny silt compacted to initial
void ratio of 0.68.
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The intrinsic permeability can also be written atardance with Darcy’s law as follows:

_(Qa L ,darcy Eq. 3.5
ka_(AP A”]x(ld P ]

where k is the intrinsic air permeability (Darcyfin Qav is the average gas flow rate¥(s), AP
is the differential pressure across soil specinkéta), L is the height of the specimen (m), A is
the cross-section area{nu is the dynamic viscosity of the gas (kPa-s). EignaB.5 is used in
this study to evaluate the experimental value oparmeability through soil specimens. Results
regarding air permeability from this study are prged in Chapter 6.
3.6.1sothermal and Nonisother mal Volume Change Properties

The compression properties of saturated and uragatuBonny silt were measured using a
standard oedometer test following the proceduresSmM D2435, although loading increments
were applied only until reaching the end of primaognsolidation at each stress level. The
compression curve for a specimen compacted toatyett condition used in this experimental
study as described later in Section 5.2 is showigare 3.9. The results in Figure 3.9(a) show
the compression curve with the parameters for tresalidated test performed on saturated soil
specimen, and the results in Figure 3.9(b) showctmpression curve with the parameters for
the consolidated test performed on unsaturatedspeitimen. Results in this figures indicate that
the value of preconsolidation pressure is 90 kR fan saturated specimen and 390 kPa for
unsaturated specimen. A comparison between theasatuand unsaturated test results is
presented in Figure 3.10. A summary of test pararmeand the converted Cam-Clay model

parameters are presented in Table 3.4.
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Table3.4: Summary of the compression curve paras&ethe saturated and unsaturated
Bonny silt specimens, along with the interpretethpeeters for the Cam-clay model

Parameters Value at T=23°C

Pcsat(kPa) 90

Ce sat 0.186

C sat 0.018
Asat 0.08
Ksat 0.02

P’c unsa{KPa) 400
CC unsat 025
CI’ unsat 001
)\unsat 0 11
Kunsat 0.03

The impact of cyclic heating and cooling on therthally induced volume change of
saturated compacted Bonny silt under differentsstitates was measured using a temperature-
regulated oedometer with back-pressure control bga/and McCartney (2014). The permanent
thermal axial volume change as a function of OCReach of the heating-cooling cycles is
shown in Figure 3.11, which clearly reveals an upshift in the curves at low OCRs with
increasing numbers of heating-cooling cycles. Tsalts in this figure indicate that the normally
consolidated silt specimens were observed to sh@asmanent contraction while the
overconsolidated silt specimens were observeddw gxpansion. In addition, during additional
heating and cooling phases, the specimens all shawsnall amount of additional contraction,
regardless of the stress state. The normally categet specimen showed the greatest amount of

additional permanent contraction.
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4. THERMO-HYDRO-MECHANICAL TRIAXIAL EQUIPMENT
4.1 Introduction

In this chapter, details of the new triaxial cekkveéloped for characterization of the
nonisothermal shear strength of unsaturated saikemhigh suction magnitudes are presented.
This includes a discussion of the individual comgrus, as well as an assessment of the thermal
response of the system without soil. Specificallyletailed description of the control systems in
the triaxial setup is presented in Section 4.2 amckvaluation of the triaxial wall and seal and
the suction implementation described in Sectiors a&hd 4.4, respectively. The calibration
procedure and results are discussed in Sectiorendl.3.6.
4.2 Testing Appar atus
4.2.1.Triaxial Cell

A new triaxial cell was designed to accommodateakd temperatures and the application
of high suction magnitudes to a soil specimen u#firmgvapor flow technique. A drawing of the
new triaxial cell with its different componentsshown in Figure 4.1. Duran Borosilicate glass
tubing having an outer diameter of 180 mm, a watikness of 9 mm and a length of 381 mm is
used as the pressure vessel for the triaxial Thls material is selected because the ultimate use
of the triaxial cell is to evaluate the nonisothatmshear strength of soils under high suction
magnitudes. Duran Borosilicate glass has a higlteese to thermal shock, a low coefficient of
thermal expansion, low creep potential, and higénaical resistance. However, a shortcoming of
this material is that internal pressures are lichite 630 kPa. A picture of the triaxial cell is

shown in Figure 4.2.
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Figure 4.2. Picture of thermo-hydro-mechanicaial system

4.2.2 Suction Control System

The upper and lower platens in the triaxial celfevdesigned to allow unrestricted gas flow
through initially unsaturated soil specimens. Utrieted gas flow will only occur in soils at an
initially low degree of saturation (approximatelgss than 50%), where the gas phase is
continuous. The gas flow system was designed teipeautomated control of the relative
humidity of the pore air being supplied to the ba$ehe soil specimen (and consequently
control of the total suction applied to the soiesppnen) while making sure that the temperature
of the gas stream is the same as that within theisyen to avoid condensation. A schematic and
picture of the automated humidity-control systemstsown in Figures 4.3(a) and 4.3(b),
respectively. During application of a total suctivalue, N2 gas is passed from a pressure-
regulated bottle through 6.3 mm-diameter PFA (perfbalkoxy) tubing. The flowing gas is split

into two separate streams through a pair of commmaetrolled mass-flow valves (MKS
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Instruments, Type 1179A). These valves can reguledlow of each gas stream between zero
and 3.3x10-6 m3/s based on a control voltage segly a National Instruments LabView data
acquisition program. The first gas stream is vagaitrated by bubbling it upward through a tank
filled with distilled water that is resting on athplate. The second gas stream is dried to zero
relative humidity by passing it through a Hammomtincler filled with color-indicating drierite
desiccant media (calcium sulfate, >98% CaS04, >28|2). The two gas streams (wet and dry)
are then reintroduced into a mixing chamber. Thelwoed gas stream, which has a relative
humidity that is a direct function of the ‘wet’ tdry’ (w/d) gas flow ratio, is then passed through
the soil specimen within the triaxial cell. The blibhg chamber, Hammond cylinder, and mixing
chamber are all contained within an insulated bdrose temperature is controlled by the hot
plate and is the same as that imposed on themsireen. The top of the specimen is connected
to an insulated flask that is vented to atmosphlaraddition, all the 6.35 mm perfluoroalkoxy
(PFA) tubing connected to the system is insulatedetiuce loss of temperature. For the tests
performed in this study, the N2 gas pressure wag™0at the base of the specimen and 0 kPa at
the top of the specimen.

A differential pressure transducer (DPT) connettethe top and bottom of soil specimen is
used to monitor the differential pressure acrossstiecimen, which can be used to assess when
steady-state conditions have been reached. Aferhieg steady-state gas flow through the
specimen at a combined flow rate of 3.3x10-6 mib#s,relative humidity of the gas is adjusted
using a feedback-control system that involves noomg of the relative humidity and
temperature at the bottom of the specimen withabe@rModel HMT330 from Vaisala, Inc.).
This probe is connected to the bottom of the spédcsmen through the platen allowing for

continuous measurement and monitoring during tgsTihis probe can be pressurized up to 407
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kPa. It was observed to work well for all valueg@ative humidity under temperatures ranging
from -70 to +180°C, and also has a high resistance to corrosiongid porous disk separates
the bottom of the specimen from the head of théb@rto avoid the issue of any possible
influence of the sensor on the mechanical perfoomar the specimen. The probe is connected
to a transmitter that transfers the recorded aathd LabView control program. Signals from the
humidity probe provide feedback for automated ragoh of the ‘wet’ to ‘dry’ gas flow ratio
using the two mass-flow controllers. A second reéathumidity sensor is placed within the
insulated flask connected to the top of the specitoemonitor the relative humidity of the gas
passing out of the specimen. When the relative ditynvalues of the N2 gas at the inlet and
outlet of the specimen are the same, the totai®suab the specimen can be calculated using
Kelvin's law. This assumption is based on the idhed constant relative humidity is applied to
the bottom of soil specimen and the flow of gathrsugh one axial direction from bottom to top
of specimen. This means that the decrease invelatimidity over time is in the axial direction

to the top of the specimen until equilibration ascu

Relative
l—\ humidity probe
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transducer specimen
Nitrogen A
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Figure 4.3. Vapor flow technique for suction coht{a) Schematic; (b) Picture
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4.2.3 Temperature Control System

The temperature in the fluid within the triaxiallds imposed using three heating elements
in a triangular array around the specimen. A termpee control unit from Omega Instruments is
used to control the temperature and rate of heading uses a thermocouple installed through the
top of the cell for feedback. A pump (Model TS5 ¥5ffom TopsFlo Inc.) is used to circulate
the pressurized water inside the cell to ensuréotmitemperature distributions. The pump is
capable of operating under pressures up to 100@kBaemperatures up to 100 °C.
4.2.4 Mechanical Loading System

A Brainard-Kilman Model S-600 triaxial load frameasvadapted to operate in either load-
control or displacement-control conditions. In natroperation, this load frame can be used to
apply constant displacement rates to shear aedimen in displacement-controlled conditions.
A pneumatic piston was incorporated into the tomnbeof the load frame to apply load-
controlled conditions to the specimen. Load-contatditions should be applied during suction
application or during temperature changes so tmatspecimen can deform freely in the axial
direction while maintaining a constant axial lodtie pneumatic piston can be locked off so that
the soil specimen can be sheared in displacementetied conditions. In either configuration, a
load cell is used to record axial loads, and aalilyevariable differential transformer (LVDT) is
used to track axial displacements. The volume chasfgthe soil specimen during changes in
suction, temperature, or shearing is also monitémgedecording the water level in a graduated
burette connected to the water supply line of tel pressure using a differential pressure

transducer.
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4.2.5 Computer Program

All components of the system including the loadl,ceVDT, temperature and relative
humidity probe and the differential pressure trargd were connected to the computer through
data acquisition system. A LabVIEW program was usedontrol the target relative humidity
applied and consequently control the suction imelet®d to the soil specimen in addition to
recording the percentages of the dry and wet N#mogas corresponding to each relative
humidity measured. A picture of the front screentloé LabVIEW program is shown in

Figure 4.4.
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Figure 4.4. Picture of the main screen of the L&bWVIprogram used for controlling and
monitoring suction and temperature application

4.3 Triaxial Cell Wall and Seal Assessment
After the triaxial cell components were connected] asealed and before starting the
calibration tests, the material used for the cedlllvand all sealing and connections were

assessed to ensure that it withstand the appleskpres at elevated temperatures. A pressure up
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to 500 kPa was applied first to the triaxial célt@om temperature, and then the temperature was
raised up to 70C and kept constant for two days a long with chegkihe bottom sealing
surround the relative humidity probe. No adverdeot$ of the temperature on the performance
of the glass cylinder or the sealing were detected.
4.4 Suction Application Assessment

An assessment of the best procedure for suctiofemmgntation was achieved by performing
two preliminary tests on soil specimens at roomperature. The first test was performed by
connecting the nitrogen gas flow line to the bottofrthe soil specimen for implementing the
desired relative humidity and monitoring the relathumidity at the top to reach equilibrium
condition. The second test was performed by coimmgthe nitrogen gas flow line to the top of
the soil specimen for applying the desired relabivenidity and monitoring the relative humidity
at the bottom to reach equilibrium condition. Theil sspecimens are assumed to be in
equilibrium when the measured values of relativenigity at the top and bottom of the soil
specimen are the same. The results from the twe &8 presented in Figures 4.5(a) and 4.5(b),
respectively. The results in these figures indic#tat the best procedure for suction
implementation was by applying suction through #pplication of relative humidity at the

bottom of the soil specimen and wait the top ofdhecimen to reach the same value.
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Figure 4.5. Measurements of relative humidity ardgerature over time showing: (a)
Hydration by applying suction on bottom of the sgkcimen, (b) Hydration cyclic during
application of suction on top of the soil specimen

It is clear from the results in Figure 4.5(a) ttta flow of Nitrogen gas through the bottom
of the soil specimen where the relative humiditglqe is located allows shorter time to reach
constant value of relative humidity (target valugpwever, when the gas flow through the top of

the specimen instead of the bottom, higher pergentd dry Nitrogen was applied for longer

time at the top of the specimen in order to thebprat the bottom to reach the target relative
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humidity value, which resulted in drying the toptbé soil specimen to lower relative humidity
value than the target value. This condition forttess automated humidity system to push more
moisture air to the top to recover the drop intreéahumidity as shown in Figure 4.5(b), which
resulted in applying suction cyclic and consequemtbn homogenous distribution of the
volumetric water content and suction.

The suction implemented to the soil specimen wassa®d at elevated temperatures imposed
to the triaxial cell before covering the humidityseem with insulation box. The test was
performed by controlling the relative humidity hetbottom of a course pore stone specimen and
applying thermal loading cyclic. The tests begamapplying the target relative humidity to the
bottom of specimen at room temperature and wait th relative humidity reach a constant
value in approximately two hours. Then, the degreemperature was raised inside the cell to
the target value and the corresponding change lative humidity was recorded using the
relative humidity probe. The results from testsfgmned to assess the target relative humidity
values of 25, 50, and 75% are shown in Figuresa}.e(.6(b) and 4.6(c), respectively. In all
figures, the results indicated a drop in the re&tiumidity and an increase in suction due to a
temperature increase. In addition, regardlesseifrtthtial relative humidity at room temperature,

the drop in relative humidity stabilizes at a vatdied0% at a temperature of 70 °C in these tests.
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The explanation of the drop in relative humiditytla¢ time of 25 hours in Figure 4.6(a), 7
hours in Figure 4.6(b) and 9 hours in Figure 4.6¢cyelated to the temperature difference
between the triaxial cell and the automated humidigstem, which was exposed to room
temperature, a thermo-dynamic problem was creatddlee Nitrogen gas applied to the bottom
of the specimen was not able to hold higher peaggntof moisture in order to recover the
relative humidity drop and keep it constant witbreasing the degree of temperature. In order to
resolve this issue, a closed box made of thernllation that was covered on the inside with
hard aluminum foil was used to bring the suctiontad system to the same temperature as that
of the triaxial cell. A temperature-controlled hagtplate was placed within the insulated box to
control the temperature.

4.5 Calibration of M easurement Devices

The measurement devices used in the new triaxialpetent including the differential
pressure transducers (DPT), the temperature sethgothermocouple, the load cell transducer
and the linearly variable differential transforn{&€DT) individually were calibrated prior to
the start of the testing program to ensure itiefficy in measuring the correct data. Calibration
data for DPTs connected to soil specimen and wetet in the graduated burette are shown in
Figures 4.7(a) and 4.7(b), respectively. Also, dkerall test equipment response to the increase
in temperature was calibrated and corrections ® rtieasured values were presented. Two
different set of calibration tests were performig first type of calibration tests was performed
to report the applied and measured relative hugnidiationship, and the second set of
calibration tests were performed to account fortdmperature effect on the thermal expansion

of the whole system components.
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Figure 4.7: Calibration results of differential psere transducers connected to: (a) top and
bottom of the soil specimen to measure differeqiabsure; (b) Measurements from graduated
burette connected to the cell pressure used toureaster inflow or outflow from the cell
4.6 Relative Humidity Calibration Tests
4.6.1.Relative Humidity Calibration Test Procedure
The controlled relative humidity using the autondateimidity system was also calibrated by
performing two relative humidity calibration tests a specimen consists of a set of coarse pore

stone which was used for the propose of speedinth@equilibrium time. The first test was

performed under room temperature by applying theerelé relative humidity (Ry) to the course
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pore stone specimen and monitoring the correspgnailative humidity (R pottony recorded by
the probe until it reaches equilibrium, and alscorded the wet and dry Nitrogen gas
percentages corresponding to each relative humrditprded. Then repeat the same steps at
different target relative humidity values and th&omated system adjusts the wet and dry
Nitrogen gas percentages to new values. The sash&vés repeated at elevated temperature of
60 °C to evaluate the effect of increasing tempeeadn the relative humidity applied. This test
began by increasing the degree of temperaturearstap up to 60 °C in both the triaxial cell and
the insulation box and waiting until the temperattgached equilibrium. Then the target relative
humidity was applied and the corresponding relativenidity was recorded using the relative
humidity probe at the base of the specimen.
4.6.2.Relative Humidity Calibration Test Results

The results from the relative humidity calibratitest at room temperature on specimen of
course porous disks are shown in Figure 4.8. Tigigd shows the relative humidity recorded
from the relative humidity and temperature probehat bottom of the specimen at ambient
temperature over time in addition to the relativenidity values at the top of the specimen (R
top) tracked using Lascar data logger. The resultsvsh@ood match between the applied and
recorded relative humidity particularly at 50% tela humidity and the corresponding top
relative humidity was also following application dfe target relative humidity. However, a
difference between the top and bottom relative laitjhvalues was observed initially, so time
was permitted for these to reach a similar valderkeapplying the next target relative humidity
value. The corresponding total suction appliedaocherelative humidity with respect to time is
shown in Figure 4.9. The results in this figureicade the wide range of total suction can be

applied to unsaturated soils using this triaxialge
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Figure 4.9: Relative humidity and correspondingltstiction values applied to the specimen
with respect to time

In order to insure that the target relative hurgiditatching the applied relative humidity to
the soil specimen, the target relative humidity waspared to the equilibrium relative humidity
recorded using the relative humidity probe, as showFigure 4.10. A difference up to 9% was

recorded at the bottom of the specimen from thgetaralues.

85



H
(@)
o

>
5 ] Ry, = 0.8R+9.3
£  80-
: -
O~
2 60 -
g
® ¢
80:5 40 -
5 -
@ 20 -
()
2 -
O T T T T T T T T T T

0 20 40 60 80 100
Target relative humidity, R (%)
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The relative humidity recorded from the relativentdity calibration test at elevated
temperature with respect to time is shown in Figudel. The results show that after using the
insulation box, the automated system was capablmaihtaining constant relative humidity
value during the heating cooling cycle. Howeverjntaaning constant relative humidity at high
temperatures does not mean maintaining constartiosuaccording to Kelvin's law. An
adjustment to the value of target relative humigtpuld be made to maintain a constant suction

into soil specimens, as shown in Figure 4.12.
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4.6.3 Thermal Calibration Test Procedure
The thermal expansion of the different componeritshe triaxial cell including porous

stones, piston, drainage lines, and the watendilthem due to a temperature increase may affect

the volume change measurements of the unsaturatiedpgcimen measured using the LVDT
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and cell water inflow or outflow. In order to calate the actual volume change of the soil
Specimen during temperature changes, it is negessaerform a thermal calibration tests. A
solid aluminum cylinder having a diameter of 35.Brand a height of 71 mm, having a known
value of coefficient of volumetric thermal expansiof 6.9x10° m/m°C was used to assess the
thermal expansion of the triaxial cell.

After placing the aluminum specimen inside thexiahcell and applying the target value of
confining pressure (100 kPa, 200 kPa and 300 kirh)the piston closed, the pressure regulator
was adjusted to maintain an anisotropic conditioth W, equals to 0.5. The next step after
opening the piston and placing the LVDT on topta$ito increase the temperature by one step
up to 65 °C over the course of approximately 6 Baamd monitoring the temperature at the
bottom of the aluminum cylinder using the tempeamatprobe until it reaches constant value.
Then, reduce the temperature to room temperatutdearthe system cool. Through the heating
and cooling process, the overall volume changeestimated using DPT connected to the water
level in graduated burettes connected to the cmgfinell pressure. The same procedures were
also followed to calibrate for temperature effegircreasing temperature on stages. the increase
in temperature were performed in three steps ob85and 65 °C, and enough time was allowed
for water level in graduated burette to equilibrafter each step of temperature increase.

4.6.4 Thermal Calibration Test Results

In order to insure that the cell temperature maitghie soil specimen temperature, the
controlled degree of temperaturecTpplied to the water inside the triaxial cell ngsithe
temperature controller was compared to the equilibrtemperature degree{Jlrecorded using

the temperature probe. Less tha@ Hifference was observed between the temperappied
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to the temperature controller and the measureddeatyre at the bottom of the specimen using

the probe as shown in Figure 4.13.
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Figure 4.13: Controlled temperature versus meaderagerature

The axial deformation due to temperature changgffarent confining pressure was tracked
using the LVDT and corrections should be appliethwaxial deformation in order to accurately
calculate the axial strain. The observed axial me&tion due to thermal dilatation and shrinkage
of the piston was corrected for the known valuexdél thermal expansion and shrinkage of the
metallic sample during the heating. The correctibrihe axial deformation was calculated by
subtracting the known axial deformation of the alwm specimen from the total measured

axial deformation as follow:

AH =AH, ~HATe, Eq. 4.1

Thernmmachine™ alum

where AHthermmachine IS the axial deformation correction for the pistdoe to temperature
increase to be subtracted from triaxial tests ohspecimen;AH; is the total axial deformation;
Hois the original height of the aluminum specimemmbient temperatur@T is the increase in

temperature from the room temperature; agg, is the linear thermal coefficient of expansion,
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equal to 23x18 /°C at 21°C. Typical results of measured and cbed values of thermal axial
deformation for machine deflection and aluminumcgpen for heating on one stage and heating
and cooling on stages tests are presented in Bigutd(a) and 4.14(b), respectively. Results of
the axial deformation correction from calibratioests performed in one step increase in
temperature up to 65C are shown in Figure 4.15. The results in thisifggshow the axial

deformation corrections as a function of tempertirange for various confining pressures.
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The observed volume change due to thermal dilstatal shrinkage of the drainage system
was corrected for the known value of volumetrianh@ expansion and shrinkage of the metallic
sample during the heating cooling cycles respdgtivéhe known volume change of the

aluminum specimen was subtracted from the totaomea volume change, as follows:

AV, = AV~ ATA Eq. 4.2

Thernmachine alurr

whereAV therm machindS the corrected volume change for the triaxidll parts due to temperature
increaseAV: is the total volume change Vs the original volume of the aluminum specimen at
ambient temperature; afidumis the volumetric thermal coefficient of expansmwialuminum,
equal to 23x18 /°C at 21°C . The calibrated volume change wispeet to testing temperature
change and confining pressure of 100 kPa for tpetformed in three steps of increase in
temperature is shown in Figure 4.16(a). The ax@ébunation corrections for the same test are

shown in Figure 4.16(b). The calibrated volume ¢eamvith respect to testing temperature
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change and the axial deformation corrections afimoig pressures of 200 kPa and 300 kPa are

presented in Figures 4.17(a), 4.17(b), 4.18(a),4ah8(b), respectively.
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5. EXPERIMENTAL INVESTIGATION AND PROCEDURES
5.1. Overview

In this chapter, a detailed description of the stéplowed for performing desaturated
consolidated-drained compression triaxial testprssented. The soil specimen preparation
procedures are explained in Section 5.2, followmedidtails of how the soil specimen is placed
inside the triaxial cell in Section 5.3. A desdapt of the procedures followed in performing the
isothermal and nonisothermal shear strength tedsgh suctions is presented in Section 5.4.
This section presents the details of differentrtie@mechanical testing paths investigated in this
study, including tests where temperature is applied before suction application, and tests
where suction is applied before temperature appica Finally, the procedures to apply
machine deflection corrections to the measurem@nota the triaxial setup are explained in
Section 5.5.
5.2. Specimen Preparation

The specimens evaluated in all tests in this stwdye prepared using static compaction.
Prior to compaction, the soil was oven-dried atraferature of 110C for 24 h, ground using a
rubber hammer, and screened through a No. 40 diewas then carefully wetted with a spray
gun to an initial water content of 10.5% and plaited sealed plastic bag to cure for 24 hours so
that the water content could homogenize. A compaactiater content of 10.5% corresponds to a
water content that is 8% dry of optimum. The reafwrselecting such a low compaction water
content was to prepare specimens with a low enaigal degree of saturation such that their
air permeability would be high enough to permitidagas flow through the specimen in the
vapor flow technique, leading to faster suctionildgpation. The soil, having a specific gravity

of 2.65, was compacted using a mechanical preggeae lifts having thicknesses of 24 mm in a
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35 mm-diameter mold to a dry unit weight of 15.7/iRland initial degree of saturation of 0.41.
This corresponds to an initial void ratio of 0.6®. avoid the presence of weak zones within the
samples, the interfaces between lifts were scdrifigh a blade. The sample was then weighed
and the dimensions were measured using a Verrlipeca

5.3. Specimen Set Up

After preparing a soil specimen and before pla¢hmegsoil specimen on the top platen, the
relative humidity probe and thermocouple were cateteto the bottom and top caps of the cell,
respectively. Then, a coarse porous stone andex phper having the same diameter as the
specimen were placed atop the lower platen of ribial cell. The specimen was placed atop
this assembly. Another filter paper, coarse posiose and the top platen were placed atop the
specimen. A 0.635 mm-thick latex membrane was plaseund the soil specimen. Two “O”-
rings were placed around the latex membranes otofhand bottom platens to provide a reliable
seal at low confining stresses. Next, the gladsna placed between the top and bottom caps of
the triaxial cell, and the cell was filled with d&ed water at room temperature and placed on the
load frame. An LVDT was mounted to the piston tonmhar axial displacements.

The differential pressure transducer used to moritie air pressure gradient across the
specimen was attached to the top and bottom pmttsetspecimen. The ports for the automated
humidity system were connected to the cell. At gtage the water circulation pump was started
and the desired confining stress was applied totribgial cell. The pump operation was not
affected by the increase in pressure within thé aald the pump did not affect the cell volume
change measurements. A constant axial load wasgedgplthe top of the soil specimen using the
Bellofram piston at the same time as the cell pressvas applied by opening the air pressure

valve connected to the piston at the same timgplyiag the cell pressure. The change in cell
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volume and the change in height were monitorednduthis process using the cell volume
burette on the pressure panel and the LVDT attatihéuk triaxial cell piston, respectively. The

pictures in Figure 5.1 illustrate the steps forfttieexial assembly.

(e) V)
Figure 5.1: Pictures present the triaxial assen{blyPlacing the relative humidity probe; (b)
Covering the specimen by double latex membraneSéa)ing the specimen; (d) Placing the
glass cell and piston on top of specimen; (enfijlthe cell with deaired water (f) Placing the
triaxial cell in the loading frame and connectihg piston to the load cell and LVDT
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5.4.Testing Procedures

After assembly of the triaxial cell, all of the tesperformed in this study start with
application of a confining stress (100, 200 or 88@) and K consolidation under as-compacted
conditions, using a value ofgkof 0.5 that corresponds approximately with theugatalculated
from Jaky’s equation and the friction angle of dmenpacted silt. The average air pressure in the
specimens is approximately 20 kPa, so the net mimigfistress values were 20 kPa smaller than
the cell pressure. Next, tests following four diffiet paths were performed to understand the
effects of suction and temperature on the volumangh and shear strength behavior of
compacted Bonny silt. The different testing paths ilustrated in Figure 5.2. The first set of
tests was performed by applying a high suction ntade to soil specimens under ambient
laboratory temperature (approximately 23 °C), aswshin Figure 5.2(a). This set of tests
provides a baseline case for the behavior of Bailhyinder high suction values. The second set
of tests were performed by heating soil specimersstarget cell fluid temperature of 65 °C in a
single stage under as-compacted conditions, thglyiag a high suction magnitude as shown in
Figure 5.2(b). Tests following this procedure agtemred to as T-S (temperature-suction) path
tests. The third set of tests were performed byyappa suction magnitude to the soil specimens
under ambient temperature, then heating them aethtages to target cell fluid temperatures of
35, 50, and 65 °C, as shown in Figure 5.2(c). Tedlswing this procedure are referred to as S-
T (suction-temperature) path tests. Finally, attotype of test was performed following the S-T
path but was cooled back to ambient temperatues h#ating, as shown in Figure 5.2(d). After
following any of the testing paths, the soil spesi® were sheared at a constant displacement
rate of 1.27x10 m/min. During shearing, the pore air was permittedrain freely. The suction

control system continued to operate during sheardgch means that the tests were performed
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at a constant relative humidity. It was assumed éxaess pore water pressure generation is
negligible under these low degrees of saturatiod, the measured relative humidity values at
the top and bottom of the specimen did not chasget was assumed that these tests represent

drained conditions.
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Figure 5.2: Testing paths followed in this study). $uction applied under isothermal
conditions; (b) Suction applied under nonisotheraaeiditions (T-S path); (c) Suction applied
under isothermal conditions followed by thermaldiog (S-T path); (d) Suction applied under

isothermal conditions followed by thermal loadingaading

5.4.1.Test Procedures under | sothermal Conditions

In this set of triaxial compression tests, the tursded soil specimens were brought into

suction equilibrium at room temperature under wsimet confining stresses then sheared to
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failure. After following the stages mentioned incéen 5.3 for assembly of the triaxial cell, the
automated humidity control system was utilizedpplg a specified value of total suction to the
specimen by applying a target relative humiditythe bottom of the specimen. Time was
permitted for suction equilibration, defined as timee required for the relative humidity at the
top and bottom to reach the same value. Two hoers weeded for the relative humidity at the
bottom to reach the target value, while an avefgevo weeks were needed for the relative
humidity at the top to reach the same target vaiiier the target relative humidity at the top of
the specimen was attained, at least six additiboaks were allowed for uniformity of total
suction throughout the soil specimen. This peribtime is matched with Likos and Lu (2003)
test results where they indicated that 2 to 5 hawere the time needed to reach constant water
content and they allowed time from 9-12 hours lovalwater content uniformity.

After this, the soil specimen was assumed to begunlibrium under the externally applied
stresses and internally applied suction when th& @eformations, recorded using the mounted
LVDT, remained constant for at least 24 hours. Afte soil specimen reaches equilibrium, the
load frame was switched from load-control condsidon displacement control conditions. A
constant displacement rate of 1.27%¥8/min was applied to shear the soil specimen. Tatis
was found to allow drained conditions during sh&g(i.e., no change in relative humidity at the
boundaries was noted). The unsaturated specimeslsa¢ed in this study have degrees of
saturation of less than 0.11, which is very closahie residual degree of saturation. It is not
expected that there is sufficient water in the pdie become pressurized during the shearing
process. Further, the relative humidity controlteys was operated during shearing to ensure
that the suction remained constant during sheaAftgr shearing, the final water content of the

soil specimen was measured and recorded.
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5.4.2.Test Procedures under Nonisothermal Conditions

Three different testing paths were followed to stigate the influence of temperature on
unsaturated silt behavior as shown in Figure 5.8e Tirst testing path was to increase
temperature in one step up to a target value diB&fter applying the confining pressure, and
then use the vapor flow technique to impose suabiorthe soil specimen (T-S Path, ABCD).
The second testing path was to bring the soil spewi to suction equilibrium at room

temperature, and then start increasing the temperaip to a target value in stages (S-T Path,

ABEFGD).

\
Points B through D for each testing path are on the
same horizontal plane of suction versus temperature

On, (kPa)

(T—S Path) ABCD
(S—T Path) ABEFGD
(S—T Cycle Path) ABEFGDGFE

Figure 5.3: Testing paths investigated for sucéind temperature control

In either testing path, the automated humidity rmrdystem was used to apply a specified
value of total suction to the specimen following same procedure described in Section 5.4.1.
For tests following the T-S path, the temperaturéhe soil specimen was increased up to the
target value 65 °C in one step and sufficient timas allowed for thermal equilibration
(approximately 6 hours), before applying the targdative humidity at the bottom of soil
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specimen. Then, an average of 1 to 2 weeks wawedl®o ensure equilibration and uniformity
of total suction throughout the soil specimen unther target temperature and no changes in
axial strain measurements for at least 24 hoursre@sded. The soil specimen at this point was
assumed to be in equilibrium under the externgtigliad stresses and internally applied suction
and target temperature, and the specimen was sheader the same constant displacement rate
used in the isothermal tests.

For the S-T path in Figure 5.3, suction was applisihg the same procedure described in
Section 5.4.1.Next, the temperature was increassthges before finally shearing the specimen
at point D. The axial strain is measured continlyou3ne thermal cyclic loading was performed
in this study following the same procedure for afh tests with the exception that after the soil
specimen reached thermal equilibrium at the tagaperature of 65 °C, thermal unloading was
applied in the same steps of 65, 50, 35 and 25€fGré finally shearing the specimen at room
temperature.
5.5.Correctionsto Testing Program Data
5.5.1.Correctionsto | sothermal Volume Change Measurements

The volume change measurements due to suctioncapph recorded from triaxial tests
performed at room temperatunave been affected by the temperature fluctuatiside the lab.
Using the cooling calibration data from the calthma tests, a correction factor was applied to

volume change values as shown in Figure 5.4 faouarconfining stresses, as follows:

_247AT, . +10€ Eq. 5.1

ambient

AVeq

I,correction:
whereAV el correciionS the volume of water that should be subtractethfthe cell water outflow
to account for room temperature fluctuations, &TQ@mpient IS temperature change in ambient

room temperature from a reference temperaturesdbelginning of the test.
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5.5.2.Corrections to Nonisothermal Axial Displacement and Volume Change Data

The measurements of axial deformation and cell magflow under elevated temperatures
were corrected using the calibration test resultse axial deformation of soil specimen is
calculated as follows:

AH g =AH i —AH Eq. 5.2

Thernmachine

where AHoa IS the total measured axial deformati@tHtherm machinelS the axial deformation
correction from the calibration tests. Results pplging calibration corrections to the axial
deformation of soil specimens that heated in oap at various confining stresses are presented
in Figure 5.5, and results of applying calibraticorrections to the axial deformation of soil
specimens that heated in steps at various confisiregses are presented in Figure 5.6. The
correction to the cell water outflow was appliecc&bculate soil volume change as follow:

AV Eqg. 5.3

Thernmmachine

AV, =AV,

total
where AViqiy is the total measured cell water outfloV therm machinelS the cell water outflow

correction from the calibration tests. Results pplging cell water outflow corrections to tests

data at various confining stresses are presentejine 5.7.
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5.5.3.Correctionsto Triaxial Compression Test Data

Corrections should be applied to the triaxial coespron data in order to obtain accurate
results. Standard corrections to account for thectsf of the double membrane and the change in
area during shearing were considered in this shadyause of its significant magnitudes (ASTM
D4767, BR5755). The corrected cross-sectional afethe specimen is calculated using the

following equation:

_ Eqg. 5.4
A:[l EVJAO q

l1-¢,
where Ao is the initial cross-sectional area of sppecimen, andv andea are volumetric and

axial strains respectively for the given axial l@adl can be obtained from:

AV Eq. 5.5
& =T——

VO

AH Eq. 5.6
Eyg=—

HO

in which, AV and AH are the changes in volume and height of the samf® and Ho are the
initial volume and height of the soil specimen. Thembrane correction to be subtracted from

the measured principal stress difference is catedlay the following equation:

No,~0,)=4E £,/ D Eq. 5.7
where D is the diameter of specimen, Em is the Y&modulus for the membrane material,
and tm is the thickness of the membrane. Due toshearing stage in the triaxial tests was
performed under drained condition, it is necessamgorrect the cell volume using the following

equation:

Vell—corr:Vcell_(AHXAb) Eq.5.8

C
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where Vcell-corr is the corrected cell volume, Vasglthe cell volumeAH is the displacement

reading from loading frame, and Ap is the areéhefgiston.
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6. ANISOTROPIC CONSOLIDATED-DRAINED TRIAXIAL TEST RESULTS
6.1.Introduction

In this study, three different groups of tests waeeformed to fully characterize the effects
of suction and temperature on the shear strengtlvalnme change behavior of unsaturated silt.
Isotropic consolidated, undrained triaxial testseygerformed on saturated specimens of Bonny
silt at three different effective confining stresde define the effective failure envelope. This
failure envelope provides a baseline case to etahh@ results from tests on specimens at high
suction magnitudes, and it can also be used toel¢fie critical state line. In addition, two sets
of isothermal anisotropic consolidated, draine@dxial tests were performed on unsaturated
specimens at suction values of 162 and 291 MPaggoonding to degrees of saturation of 0.11
and 0.06, respectively) under confining stressel00f 200 and 300 kPa. The ratio of vertical to
radial stress in these tests was 0.5, which iscxopiately equal to the at-rest coefficient of earth
pressure calculated using Jaky’s equation<KL — sinJ). Results from tests performed at room
temperatures on saturated and unsaturated specarepsesented in Section 6.2. Also, two sets
of nonisothermal anisotropic consolidated, draitreakial tests were performed on unsaturated
specimens at suction value of 291 MPa following thifferent testing paths. Results from tests
performed at elevated temperatures on unsaturpesinsens are presented in Section 6.3.
6.2.1 sother mal Anisotropic Consolidated-Drained Triaxial Test Results
6.2.1.Results of Relative Humidity and Suction Equilibration

The relative humidity and temperature at the bottord top of the specimen during suction
equilibrium is shown in Figure 6.1. Two hours wereeded for the relative humidity at the
bottom (R votton) t0 reach the target value{Rye), While an average of one to two weeks were

needed for the relative humidity at the top (§J to reach the same target value. Figure 6.1(a)
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presents a typical relative humidity and tempermtaeasurements at top and bottom of the soil
specimen for target relative humidity of 30%, andufe 6.1(b) presents a typical relative
humidity and temperature measurements at top amwbnboof the soil specimen for target
relative humidity of 12%. Figure 6.1(c) shows tle@responding suction at top and bottom of
soil specimens to each target relative humidity.
6.2.2.Axial Strain and Volume Change Measurements during I sothermal Tests

The axial deformation during all testing stages wesorded with time using the LVDT
placed on top of the piston, and the axial defoilongtwere converted to axial strain by dividing
by the original height of the specimen. The resolsaxial strain over time due to suction
implementation corresponding to changes in reldtiwaidity at the top of the soil specimen for
confining stresses of 100 kPa, 200 kPa, and 300a&®@ahown in Figures 6.2(a), 6.2(b) and

6.2(c), respectively.
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The void ratios of the specimens before shearirg, (after equilibration under the net
confining stress and after application of high gEucimagnitudes for the unsaturated specimens,
and after consolidation under the effective comgnstress for the saturated specimens) are
shown in Figure 6.3. The confining stress was a&pplio the unsaturated specimens before
application of the target suction value. The resshown in Figure 6.3 indicated that the void
ratio decreased with increasing suction and nefiiog stress, and a greater reduction in void
ratio was observed when applying high suctions gecenens under an initially high net
confining stress. It is possible that a differemecehe equilibrium void ratio may have been
different if high suction magnitudes were appliedthe specimens before application of the
confining stress, as the stiffness of the soil egsected to change significantly after application

of high suction magnitudes.

0.80 1 -y = 0 MPa (saturated)
0.751 4 y =162 MPa
0.701 » vy =291 MPa
© 0.65 A \k
9o i
5 0.60 1 e
5 0.55 1 T
$0501 ... g T TT-2
0.45 -
0.40 - Ui
035 — 1. r. 1 1 1.1 1.1 Tt Tt 1 T 1 T T T 1
0 100 200 300 400
Net confining stressy;-u, (kPa)

Figure 6.3: Initial void ratios of the silt specingebefore shearing under different net confining
stress values (i.e., after consolidation and dayiuim under the applied suction)
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6.2.3.Results of Triaxial compression during I sothermal Tests

The stress—strain curves for the saturated andiwrasad specimens are shown in Figures
6.4(a) to 6.4(c) for the three different confinisfyess values. The results in Figure 6.4 clearly
indicated that the maximum principal stress diffeeand axial strain at failure increased as the
suction value and the confining stress increasadhér, a brittle failure mode was observed in
the stress-strain curves for the specimens undgh Buction magnitudes, which differed
significantly from the relatively smooth stressasircurves of the saturated specimens.

In Figure 6.4(c), the stress—strain curve corredpanto 162 MPa suction showed hardening
at the beginning of the test due to the brief aamdidl application of a fast shearing rate to the
specimen when checking the contact of the loadisigpp and specimen before the actual start of
shearing at the conventional rate. Although théns$s from this test was not reliable, the
results from this test still showed reasonable maar strength behavior. Because of the brittle
failure mechanism noted in the unsaturated spedmemwas not possible to reach critical state
conditions. Accordingly, only the peak shear stthnglues from the consolidated drained tests
on the unsaturated specimens were used in thesanaly

The volumetric strain results of the tests perfatroa specimens at high total suction values
of 162 and 291 MPa are shown in Figures 6.5(a)@bdb), respectively. Both figures show a
clear dilation during shear for the specimens ghhsuction magnitudes. This difference in
behavior between the saturated and unsaturatedrepewas likely due to the reduction in void
ratio during application of the high suction valwesl also likely due to an increase in apparent

preconsolidation stress with increasing suction.
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It can also be observed from Figure 6.5(a) thataim®unt of dilation increased with net
confining stresses for the range of net confinitigsses evaluated in this study. This was
different from the decrease in the amount of dilatwith net confining stress observed in

Figure 6.5(b) for the specimens at the higher sactalue.
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The drained failure envelopes for the saturated @wmghturated specimens sheared under
room temperature are shown in Figure 6.6(a) in $esfmet confining stress. The results showed
an increase in the shear strength of the solil initheasing suction and net confining stress. The
fact that the unsaturated specimens still had anease in shear strength with increasing
confining stress indicated that they still behasgefractional materials (i.e., that application of
high suction magnitudes did not cause them to belike cemented materials). Because it was
assumed that unsaturated specimens have negligdiess pore water pressure generation
during shearing, the failure envelopes from the t@Bxial tests represented drained failure
envelopes even when plotted as a function of nehalbstress. This trend was similar to the total
suction failure envelopes reported by Nishimura dmedlund (2000) for high suction
magnitudes. The peak friction angle for the sikgmens at high suction magnitudes sheared
under drained condition® & 51°) was larger than the effective friction angle dedl from tests
on saturated silt specimengs € 31°) corresponding to critical state conditions. Taegér peak
friction angle for the unsaturated specimens at Bigction magnitudes may have been due to an
increase in preconsolidation stress and the shajpleeosteady state boundary surface due to
suction application, and to the large decreaseaitnal void ratio before shearing induced by
application of the high suction magnitude. The veitio at failure as a function of the maximum
principal stress difference for both the saturatad unsaturated specimens at different suction
values are shown in Figure 6.6(b). The resultshis figure indicate that the shear strength
increased with decreasing void ratio at failure #rad the results from saturated and unsaturated
specimens followed the same nonlinear trend. Tteeahincrease in maximum principal stress
difference decreased more substantially at very Bigction values. A summary of the initial

conditions from the compression triaxial tests osaiurated specimens at ambient temperature
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is presented in Table 6.1. A summary of the restiten compression triaxial tests on

unsaturated specimens at ambient temperaturessries in Table 6.2.

Table 6.1: Summary of the initial conditions fronetcompression triaxial tests on unsaturated
specimens at ambient temperature

Conf. Rel. Initial Initial | Initial | Average | Axial Initial Temp. at
. Temp. . . mean
hum. at | Suction deg. of | Void air stress at bottom
stress at| bott at X i | net heari
consol. ottom bottom | 5% ratio pressure| consol. | | shearing
O3 Rh 4 T Sr €0 Us Ga Pret T
(kPa) (%) (MPa) (°C) (kPa) (kPa) (kPa) (°C)
100 30.5 162 22.7 0.41 0.68 20 200 113 22.7
200 30.6 161 22.8 0.41 0.68 20 400 247 22.8
300 29.8 165 23.8 0.41 0.68 20 600 380 23.8
100 12.0 289 22.9 0.40 0.69 20 200 113 22.9
200 11.8 292 23.2 0.42 0.66 20 400 247 23.2
300 12.0 289 22.6 0.41 0.68 20 600 380 22.6
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Table 6.2. Summary of the results from compressiarial tests on unsaturated specimens at
ambient temperature

Temp. VOI.d Princ. Exp. Initial Initial Mean Mea_n Final Final
) at ratio i mean net effective )
Suction suction shear . void degree
bottom at stress effective | stress at| stress at .
. . stress stress ratio of sat.
shearing| shear | diff. stress peak peak
v T € 0,703 Os o P Pn p' €¢ S
(MPa) (°C) (kPa) (kPa) (kPa) (kPa) (kPa (kPa
162 22.7 0.572 1965 202 100 128 73" 937 0.576 0
161 22.8 0.503 2679 202 200 261 107 1276 0.507 1 Ol
165 23.8 0.508 3364 202 300 390 140 1603 0.513 2 0|
289 22.9 0.48 2392 263 100 128 877 1140 0.49
292 23.2 0.49 3142 263 200 261 122 1490 0.b1
289 22.6 0.39 3563 263 300 390 146 1731 0.40
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Figure 6.6: Results from triaxial tests on satwtated unsaturated silt specimens at a constant
temperature of 23 °C: (a) Effective and total stedlure envelopes for saturated and
unsaturated silt (not to scale); (b) Void ratidaalure versus principal stress difference for
different suction magnitudes
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6.3.Nonisother mal Anisotropic Consolidated - Drained Triaxial Test Results
6.3.1.Results of Relative Humidity and Suction Equilibration

An example set of relative humidity and temperatagasurements at the bottom and top of
the specimen during suction equilibrium for testsf@rmed at elevated temperatures following
the T-S testing path for a target relative humidiftyl5% is shown in Figure 6.7(a) and the
corresponding suction at the top and bottom ofstiiespecimen is shown in Figure 6.7(b). The
temperature at the bottom of the specimen{k) was very stable during suction application,
and was 64 °C for the test following the T-S paththough the temperature at the top of the
specimen was not measured, the temperature ofathdéaving out of the top of the specimen
(Toutiow) Was measured within the insulated flask. Dedpiéeinsulation of the flask, the outflow
temperature was sensitive to the room temperatueetd the presence of the vent. For the
example test shown in Figure 6.7, the outflow terapge stabilized at 61 °C after the relative
humidity of the outflow gas stabilized. At this pbithe outflow rate is also stable. In all tests,
approximately two hours were needed for the retaltivmidity at the bottom (Roton) t0 reach
the target value (Rage), While an average of one to two weeks was neddedhe relative
humidity at the top (Rip to reach the same target value.

The target relative humidity for the tests follogithe T-S path in this study was slightly
different than the tests following the S-T pathduexe the total suction calculated using Kelvin’s
law is sensitive to temperature. Although the targection was 291 MPa for all of the
nonisothermal tests, the suction in the testsvofig the T-S path was 317 MPa due to difficulty
in reaching the exact target relative humidity tbatresponds the target suction. Nonetheless,
both suction values are within residual saturatonditions for Bonny silt, so it is assumed that

they are close enough for comparison. After thgetarelative humidity at the top of the soil
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specimen was attained and the differential presaaress the soil specimen was constant, the
suction was maintained for at least six additiomalirs to ensure uniformity of total suction

throughout the specimen.
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6.3.2.Axial Strain and Volume Change Results during Suction application

The measurements of axial strain as a functionnaé during suction equilibration at room
temperature following the S-T testing path andexaed temperature of 64°C following the T-S
testing path are shown in Figures 6.8(a) and 6.8@ésgpectively. Approximately 2 days was
required for equilibration for the S-T path whikss$ than a day was required for the T-S path.
The faster equilibration at higher temperaturdiedy due to the effect of vaporization of water

in the specimen under higher temperatures.
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Figure 6.8: Axial strain over time for various cmg stresses due to suction application at: (a)
Room temperature of 25°C (S-T path); (b) Elevagsdperature of 65°C (T-S path)
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Following S-T Path, The volume change measurememtesponding to changes in total
suction at the top of the soil specimen over tigrecbnfining stresses of 100 kPa, 200 kPa, and
300 kPa are illustrated in Figures 6.9(a), 6.9 &.9(c), respectively. The results in these
figures indicate that the volumetric strain incesasvith increasing suction applied up to 300

MPa and confining stresses up to 300 kPa.
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Figure 6.9: Change in volumetric strain during éfration of total suction recorded at top of
soil specimen following S-T Path at confining ssesof: (a) 100 kPa; (b) 200 kPa; (c) 300 kPa
6.3.3.Axial Strain and Volume Change Results during Heating
The volumetric strains as a function of the chaimgeell fluid temperature for different

testing paths and confining stresses are presemtéigure 6.10. When following the T-S path,
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the soil specimens were heated in a single stage @nstant heating rate of 10.5 to 11.5
°C/hour. The thermal axial strains for the unsaadailt specimens following this path shown in
Figure 6.10(a) indicate that the specimen tend®iract more with increasing confining stress.
Similar trends are observed in the thermal volummedtrains for these specimens in Figure
6.10(b), albeit with a more uniform contraction lwiemperature. The soil specimens in the tests
following the S-T path were heated under the aspamted conditions (initial $f 0.41) before
application of suction. In this case, heating hkelauses generation of excess pore water
pressure, which drained and resulted in permarmrttaction. The slight axial expansion of the
specimens tested under lower confining stresseshanay occurred due either transient drainage
effects or heating of the lightly overconsolidatgagecimens above the contraction threshold
temperature observed by Hueckel and Baldi (1990¢. difference in the trends in thermal axial
and volumetric strains with the change in tempeeatuay have occurred due to the effects of
the anisotropic stress state as observed by CaadidicCartney (2013). Specifically, the trend
in the thermal axial strains is similar to lightlyerconsolidated conditions while the trend in the
thermal volumetric strain is similar to normally nsmlidated conditions. The thermal axial
strains following the S-T path shown in Figure §d@iffer from those following the T-S path,
and show expansion during staged heating similae&wvily overconsolidated soils heated below
the contraction threshold temperature (Hueckel Battli 1990; Delage et al. 2000, 2004;
Cekeravac and Laloui 2004). Similar trends in vadtme expansion are also observed for these
specimens, as shown in Figure 6.10(d). After appbn of high suction magnitudes, these
specimens have a degree of saturation of approgiyn@t06 prior to heating, so it is unlikely
that there is significant generation of excess puager pressures. Application of high suction

magnitudes likely results in an increase in med@céfe stress, as well as an increase in mean
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preconsolidation stress. If the increase in precligetion stress is greater than the effective
stress, this would lead to an increase in the O@&sing the silt to behave like a heavily
overconsolidated soil. Further, application ofthguction values lead a reduction in volume
(which will be discussed later). Despite the reli low water content of the soils following the
S-T path, the results in Figures 6.10(c) and 6.)ld{dicate that stress history still plays an

important role in the thermal volume change of tursded soils under high suction magnitudes.
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Figure 6.10: Thermal strains as a function of terafuee change at various net confining stresses
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The thermal volumetric strains during a changeeingerature of 41°C for test performed at
300 kPa confining stress following S-T Path witheameating cooling cycle are presented in
Figure 6.11. The same expansion reported in Figur@(b) was observed in Figure 6.11 due to
the increase in temperature. However, further ogobf the soil specimen led to permanent

contraction, which is similar to the behavior obveer by Vega and McCartney (2014).

Cooling
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71 Heating
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Temperature changa&T (°C)
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o o

Figure 6.11: Thermal volumetric strain over tempa®change at confining stress of 300
kPa for test following S-T Path with a heating-agoglcycle

6.3.4.Results of Air Permeability during Suction and Temperature Application

Typical results of air permeability calculated @skqg. 3.5 during application of high suction
values are shown in Figure 6.12. The results is flgure present the differential pressure
between top and bottom of the soil specimen ovee tand the corresponding air permeability.
The data in this figure indicates that the diffél@pressure between soil boundaries was high at
the beginning of suction application and then desed as the soil dried, and thus increasing the

air permeability until it reaches a constant valtisuction equilibrium.
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Figure 6.12: Measurements of differential presswress the specimen and air permeability due
to suction application

The effect of a change in temperature from roompenature of 23° up to 64°C on the
differential pressure between top and bottom ofl sgecimen over time along with
corresponding changes in Nitrogen gas viscosityillisstrated in Figure 6.13(a). The
corresponding change in air permeability due topemture change is presented in Figure
6.13(b). The results in Figure 6.13 indicate tha¢ increase in temperature increases the
differential pressure and gas viscosity, and tlegsiction in air permeability. A Summary of air
permeability at different net confining pressureotigh stages of confining, suction, and heating

for the test following the S-T Path is shown inu¥ig 6.14.
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Figure 6.14: Summary of air permeability of unsated Bonny silt over different test stages for
tests following the S-T Path
6.3.5.Results of Triaxial Compression Testing during Nonisothermal Tests
The stress-strain curves for the soil specimens bzal reached thermal equilibrium

following different testing paths are shown in Fig®.15. The shear stress-strain curves for the
specimens tested at ambient temperature and vasooBon magnitudes and at elevated
temperature following different testing paths fail gressures of 100, 200, and 300 kPa are
shown in Figures 6.15(a), 6.15(b), and 6.15(cpeesvely. A brittle failure mode was observed
in the stress-strain curves for all specimens urniigih suction magnitudes regardless of the
temperature. This failure mode differed signifidarftom the relatively ductile failure mode
observed in tests on saturated conditions testetsatropic consolidated-undrained triaxial
compression tests shown in Figure 6.4. Becauseedbtittle failure mode, it was not possible to
shear the specimens tested under high suction toagsito critical state conditions and that was

confirmed by the slip failure observed in all speens tested in this study regardless of
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temperature. The results in Figure 6.15 indicatd the peak shear strength of the specimens

tested following the T-S path was consistently $enathan those tested under ambient

temperature conditions, while the peak shear stineofjthe specimens tested following the S-T

path was greater. A Summary of the initial condiidrom the compression triaxial tests on

unsaturated specimens at elevated temperature’ ©f 6Ad different testing paths are presented

in Table 6.3. A summary of the results from thextial compression tests on unsaturated

specimens at elevated temperature of 64°C, aner€iff testing paths are presented in Table 6.4.

The temperatures measured using the relative htyrpdobe below the specimen were slightly

lower than the target cell fluid temperature, whigs 65 °C.

Table 6.3. Summary of the initial conditions frone tcompression triaxial tests on unsaturated
specimens at elevated temperature of 64°C forrdiftetesting paths

Initial . - Conf. Axial | Initial Rel. Temp.
Tem Initial | Initial | Average stress | mean | hum at
- deg. of | Void air stress " | Suction
at . t at net at bottom
Test | p sat. ratio | pressure a .
ottom consol. | stress| bottom shearing
consol.
path
T Sr € U, p Ca Pn Rh A4 T
(°C) (kPa) (kPa) (kPa)| (kPal (%) (MPa) (°C)
23.1 0.41 0.67 20 100 200 113 12.6 317 64,0
T-S 23.0 0.41 0.67 20 200 400 247 12.6 317 64,0
23.8 0.42 0.67 20 300 600 380 13.p 311 63,9
24.1 0.42 0.67 20 100 200 113 14.9 291 63/9
ST 23.5 0.41 0.68 20 200 400 247 15.0 290 63/9
23.1 0.41 0.68 20 300 600 380 15.1 289 63/9
S-T 23.7 0.42 0.67 20 300 600 380 18.p 23% 25)2
Cycle
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Table 6.4. Summary of the results from the triag@hpression tests on unsaturated specimens
at elevated temperature of 64°C, and differenirtggiaths

Temp. at VOI_d Princ. Exp. | Initial Initial Mean Meaf‘ Final | Final
. ratio . mean net effectiv .
Suction | bottom suction | shear . void | deg. of
shearin at stress stress | stress effective | stress | e stress ratio sat
Test 9| shear| diff. stress | at peak| at peak '
path
1\ T €s 01-03 Os do P'o Pn p' e S
(MPa) (°C) (kPa) | (kPa) | (kPa) (kPa) (kP& (kP4
317 64.0 0.56| 223§ 235 104 128 825 1060 0.56 0/o6
T-S 317 64.0 0.52| 2984 235 20( 261 1175 1410 Q.53 0{06
311 63.9 0.48| 3408 235 30d 390 1416 1651 0.49 0{06
291 63.9 0.53| 2707 313 104 128 982 1295 054 004
ST 290 63.9 0.47| 348( 313 20( 261 1340 1653 Q.47 0{03
289 63.9 0.36| 413§ 313 30d 390 1658 1971 Q.37 004
S-T 235 25.2 0.39| 3699 263 30d 390 1513 1716 0.39 0{07
Cycle
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The volumetric strains during shearing of the umsded specimens at various net confining
stresses following the T-S path and the S-T paéhsiwown in Figures 6.16(a) and 6.16(b),
respectively. The black points correspond to thentpoof peak shear strength. The results
indicate that specimens tested following both th® dnd S-T paths dilate during shear, and that
the amount of dilation increases with increasingficong stress for specimens tested following
the T-S path tests. The specimens sheared follotiagS-T path tests experienced a similar

amount of dilation for all three normal stresses.
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A summary of the void ratios at different stagesests performed at ambient temperature is
shown in Figure 6.17(a) for comparison. The voidioras observed to decrease during
application of confining stresses, as well as dyapplication of a suction of 291 MPa. A small
amount of dilation is observed after shearing. Amary of the void ratios at different stages of
the tests following the T-S path is shown in Fig@rg7(b). In these tests, a similar reduction in
void ratio is observed during application of thenftoing stress. A slight reduction in void ratio
during heating corresponding to the thermal voluimetontraction of less than 1% shown in
Figure 6.10(a) is then observed. The specimensamiet further during application of a suction
of 291 MPa, and dilated slightly during shearindheTsummary of the void ratio values at
different stages of the tests following the S-Thpat different confining stresses is shown in
Figure 6.17(c). The results in this figure clearidicate that the void ratio was sensitive to the
confining stress and applied suction, similar ® tésults in Figure 6.17(a). However, heating of
the specimen after it was in equilibrium at a suttof 291 MPa led to expansion of the soll
specimens, which was followed by further expansthre to dilation during shearing. A
comparison of the void ratio values prior to shegrin Figure 6.17(a), 6.17(b) and 6.17(c)
indicates lower void ratios for the tests followitige S-T path than those for the tests at ambient
temperature and those following the T-S path. Tindg/ partially explain the greater peak shear
strength values observed for the tests following 83T path. The void ratio of the specimen
which experienced a heating and cooling cycle attaching suction equilibration is shown in
Figure 6.17(c). Although there is a slight varidgpicompared to the other test performed at a
confining stress of 300 kPa, the void ratio at steaur for this test reflects a net contraction the

specimen after cooling back to ambient temperature.
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The impact of temperature on the void ratio atufalas a function of the peak principal
stress difference for different testing paths isvah in Figure 6.18. Overall, the data points
follow a similar trend, which confirms that the geshear strength is sensitive to the density of
the soil at failure. However, it should be notedttthe void ratio at failure for the saturated
specimens at ambient temperature were at critteé £onditions, while the void ratio at peak
failure conditions for the unsaturated specimeniiglt suction magnitudes were not at critical

state conditions due to the brittle failure mode.
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Figure 6.18: Void ratio at failure versus princigéldess difference for different suction
magnitudes and temperatures following differentingspaths

The shearing results for the 300 kPa confiningsstitest following S-T Path with heating
cooling cycle are presented in Figure 6.19. Sintiba6-T Path results, a brittle failure mode is

observed in Figure 6.19(a) and dilation is obsemdeigure 6.19(b).
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7. ANALYSISAND DISCUSSION OF TRIAXIAL TEST RESULTS
7.1.0verview

This chapter focuses on an analyses of the resblimned from the shear strength tests
performed on Bonny silt at various suction and terafure values. First, an evaluation of the
linkage between suction stress characteristic cy88CC) and soil water retention curve
(SWRC) at ambient temperatures, along with an pmé&tation of the shear strength of compacted
silt in terms of mean effective stress at room terafure is discussed in Section 7.2. Next, an
interpretation of the effective stress of the unssted silt at elevated temperatures and high
suction magnitudes and an evaluation of the tenteraeffects on soil behavior using
constitutive modelling are discussed in Section h8luding an evaluation of the impact of
temperature on the SWRC and SSCC, the preconsohdsttress, and volume change behavior.
7.2. Analysis of Isothermal Test Results

The objective of the analysis in this section wag\aluate the effective stress principle for
compacted silt specimens at low degrees of saturatnd assess the implications of using a
single SWRC curve fitted to data obtained at lowtismm magnitudes to predict the effective
stress state over the full range of saturation.s&€htopics are relevant as it is possible to
encounter fundamental changes in the inter-parsitckesses in the transitions between the three
saturation ranges of the primary drying-path SWRC &nd Likos 2004). The first range is the
saturated range within which the soil can be carsid fully saturated, which extends from zero
suction up to the air entry suction. In this rane, negative water pressure can be incorporated
directly into Terzaghi’'s definition of effectiveress §' = o — u,). The second range is the
funicular range within which air enters the porédhe soil and displaces water. A significant

decrease in the degree of saturation is observéisrange. In the funicular region, the shear
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strength (Blatz and Graham 2000; Rahardjo et @42@jdari et al. 2010) and elastic moduli
(Ng et al. 2009; Khosravi and McCartney 2012) okfgrained soils increase significantly. The
third range is the pendular or residual saturatemmge within which the pore water resides as
isolated pendular menisci. In this range, van deal&/attraction forces play an important role in
the inter-particle stresses in fine grained sdils &and Likos 2006), and several studies have
found that the shear strength of soils can be Bogmtly greater than that in the funicular range
(Nishimura and Fredlund 2000; Blatz et al. 2002)e Transition from the funicular to pendular
ranges occurs at different degrees of saturatiodifterent soils, and it is typically necessary to
use vapor equilibrium techniques to change the m@iptent of the soil beyond this point. The
residual saturatiodes can be defined as the irreducible saturation athvivater is bonded to
the soil particles hydroscopically and can onlyé&®oved using oven drying (Brooks and Corey
1964).
7.2.1.Evaluation of Linkages between the Suction Stress Characteristic Curve and Soil Water
Retention Curve at High Suction Magnitudes

To evaluate the effective stress principle in unsded, compacted silt under low degrees of
saturation, the SSCC calculated from the failureepes of the soil was compared with the
SSCC obtained from the predictive approach invgime SWRC proposed by Lu et al. 2010.
First, the slopes of the drained failure envelofpeshe unsaturated specimens shown in Figure
6.6(a) were used to back-calculate two values ofi@u stressss using Eqg. 2.7 in Section 2.4. A
third point on the SSCC was defined at the origirvistue of the fact that the effective failure
envelope for the saturated soil passes througlotigen of the Mohr—Coulomb diagram. This
experimentally-derived SSCC could then be compasgth the SSCC obtained from the

predictive approach involving the SWRC proposed bt al. (2010) in Eq. 2.9.
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The experimental SSCC is shown in Figure 7.1(@na@with the predicted SSCC obtained
from Eg. 2.9 with the fitting parameters,c and Nyg defined from the fitting of the van
Genuchten (1980) SWRC model to the experimental SWRFigure 3.5(a). Although there are
only two SSCC data points, the experimental SSQficates a nonlinear increase in suction
stress with increasing suction. The predicted SS@€ found to overpredict the suction stress
measured in the experiments by a significant amotlihts behavior was attributed to the
sensitivity of the suction stress to the valudNgf observed in Figure 2.7(b). Specifically, small
variations in the van Genuchten (1980) fitting paeters due to the experimental issues with the
SWRC data shown in Figure 3.5(a) may have sigmficaffects on the predicted SSCC.
Accordingly, a second fitting of the van Genuch{@880) SWRC model to the experimental
SWRC data was performed to account for the ermuged in the axis translation technique near
the point where the water phase becomes disconts(approximately 0.65). The results of this
fitting are shown in Figure 7.1(b) (dashed lindpng with the original fitted SWRC (solid line).
The new fitted SWRC still provided a reasonablddithe experimental SWRC data, but in this
case it provided a much better prediction of theeedxnental SSCC data in Figure 7.1(a) (dashed
line). This fitting exercise emphasizes the impocof careful and informed characterization of
the SWRC when predicting the SSCC at high suctiagnmitudes from SWRC data obtained at

lower suction ranges.
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Figure 7.1: SWRCs and SSCC:s fitted to the experiaheiata (different values of,c and Ng):
(a) SSCCs; (b) SWRCs

One of the possible reasons for the overprediatibsuction stress using the SWRC curve

fitted to the data at low suctions might be theuagstion that stresses arising from capillarity
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may still have a major contribution to the suctstress in the pendular range of saturation. Also,
it is important to notice that the application ofgth suctions using the vapor equilibrium
technique has a major impact on the void ratichefdilt specimens evaluated in this study. The
results in Figure 6.3 in Section 6.2.2 clearly shvwarge decrease in void ratio as the suction
increase, which means that a SWRC defined using fdiam high and low suction values will
not be for a constant void ratio. This means thmatisting the SSCC from a SWRC with points
having different void ratios can lead to inaccuiatedictions in effective stress.
7.2.2.Evaluation of the Critical State Linefor High Suction Magnitudes at Room Temperature

The effective stress paths for the CU triaxialggsrformed on saturated and CD tests on
unsaturated specimens are shown in Figure 7.2. &ffective stress paths for saturated
specimens presented in this figure show behavioilai to normally consolidated soils where
the effective stresses continue to decrease dstiegring due to the increase in the pore-water
pressure and specimens experienced a contractidhdspecified range of normal stresses. The
effective stress paths for the unsaturated specamare calculated by plotting the measured
values of principal stress difference versus theammeffective stress calculated using
Equation (2.10) using the experimentally-fittedCESparameters from Figure 7.1(a) and the
suction values back-calculated from the relativenitiity measured at the bottom of the soll
specimen during the shearing process. The effestiéss paths for the unsaturated specimens
shown in Figure 7.2 have a slope of 1:3, whichhis same as the theoretical slope of the
expected effective stress path in a drained tridgg&t. This indicates that negligible excess pore
water pressures were generated during shearingeafinsaturated specimens at low degrees of

saturation. To better interpret the values of éffecstress, the van Genuchten (1980) SWRC
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parameters fitted to the experimental suction stoeda in Figure 7.1(a) were used to calculate

the effective stress according to Equation (2.10).
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Figure 7.2: Critical state and peak shear streag#lysis for Bonny silt at different suction

values obtained using the experimental SSCC paemdiffective stress paths obtained using
suction stress values calculated from the suctumtied to bottom of the specimen

An evaluation of the critical state line (CSL) rms of mean effective stress is shown in
Figure 7.3. Different from the Moh€oulomb failure envelopes shown in Figure 6.6(d)pfa
the shear strength values converge on a single glezde strength failure envelope when the data
is interpreted in terms of mean effective stresth\ai slight shift to the left. It is clear that the
peak shear strength failure envelope for the unsttd specimens has a greater slopg.{M
than that of the CSL defined from the shear sttengsts on the saturated specimens (MCSL).
This was expected, as the application of high euastito the specimens was expected to cause
the specimens to behave like heavily overconsddiaoils, which by definition have a peak
shear strength that is greater than the sheargstrext critical state. Because the stress—strain
curves for the specimens exhibited a brittle shé@pgas not possible to characterize the critical

state shear strength of the unsaturated specifem&theless, the fact that the shear strength of
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the unsaturated specimens tested at different oxhal stresses and high suction magnitudes
had peak shear strength values that convergedsomgke failure envelope reflected the validity

of the effective stress principle at high suctioagmitudes.
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Figure 7.3: Critical state analysis for Bonny aildifferent suction values obtained using the
experimental SSCC parameters: Mean effective splessvith mean effective stress obtained
using the experimental SSCC
Another interesting observation from the resultsigure 7.3 is the fact that the specimens
exhibited a clear linear relationship between pgladar strength and mean effective stress. This
indicated that the effective stress definition &R®pton (1961) in Eqg. 2.6 in Section 2.4 is not
necessary to describe the effective stress statesaturated silt under low degrees of saturation.
In other words, the compressibility of the soil Igken, which increased significantly during
application of the high suction magnitudes, is ligkstill much greater than that of the soill
particles. This conclusion may have been differestiction was applied to the specimens before

the application of the net normal stress valuecihs a topic that deserves further study in the

future.
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7.3.Analysis of Nonisothermal Test Results
7.3.1.Evaluation of the Critical State Line for High Suction and High Temperature

The drained failure envelopes for the specimentedeat ambient temperature and those
tested following the T-S and S-T paths are showrrigure 7.4(a). The peak shear strength
increases linearly with net confining stress, amtotal friction angle appears to not be affected
by temperature or suction. However, the apparehésion in this total stress plot was affected
by changes in both temperature and suction. Debpitang a slightly greater suction magnitude,
the specimens following the T-S path consistentlyena lower peak shear strength than the
specimens tested at ambient temperature and aosufi291 MPa. This may imply that the
softening effect due to heating at a relativelyhhipgree of saturation was greater than the
hardening effect associated with suction applicati®his behavior is consistent with the
observations of Hueckel and Baldi (1990) for thée@k of temperature on the peak shear
strength of saturated, heavily-overconsolidated.clhe specimens tested following the S-T
path consistently have a greater peak shear shrethgin the specimens tested at ambient
temperature. Although the results in Figure 9 far tests following the S-T path and the ambient
temperature tests indicate that there is some hiityain the void ratio at the end of suction
application, the specimens tested following the Bath should ideally have a slightly greater
void ratio due to the thermal expansion. The mdifergnce between these tests was the lower
degree of saturation for the tests following th& $ath due to drying during heating. If the
effective saturation were used as the effectivesstparameter, as assumed by Lu et al. (2010),
this should lead to a lower effective stress amomaer shear strength. The results from the S-T
tests indicate that the degree of saturation mag lize opposite effect on the effective stress at

high suction magnitudes and high temperatures thanexpected at low suction magnitudes.
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Heating of a soil under relatively dry conditionayrcause the water in adsorbed films to expand

and collect around the particle contacts for grepgeticle interaction. For the test performed

with a heating-cooling cycle, the peak shear stitemgas found to be slightly higher than that

from the test performed at the same net confiningss and suction that had not experienced

heating. This gain in peak shear strength cantoiéwatied to the slightly greater decrease in void

ratio during suction application, as well as thghdl permanent contraction upon cooling.
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As the soils appear to still show a frictional r@sge under high suctions, the principle of
effective stress can be investigated for these itiond. The effective stress was defined
following similar procedure to the one followeddeafining the effective stresses in Figure 7.3. It
is assumed that the suction stress values caldufaben each of the failure envelopes and
reported in Tables 6.2 and 6.4 fall onto differ&8CCs that depend on the temperature and
testing path. Despite the high suction magnitudassidered in this study, the magnitudes of
experimental suction stress listed in Tables 624 are on the same order of magnitude as the
mean net stress at the beginning of shearing,atdig that it is reasonable for the soil to exhibit
the frictional response observed in Figure 7.4{de peak shear strength values plotted as a
function of the mean effective stress calculatedgithe experimentally-derived suction stress
values are shown in Figure 7.4(b). Regardlessetdmperature and testing path, the peak shear
strength values define a single peak failure empeslmaving a slope of M = 2.1. The critical state
line (CSL) extrapolated from the tests on saturapecimens tests in isotropic consolidated
undrained tests are also shown in Figure 7.4(bjs klear that the peak failure envelope is
steeper than the CSL, confirming that the britddufe mechanism prevented the specimens
from reaching critical state. Nonetheless, the thett the shear strength of the unsaturated
specimens tested at different net normal stresseéd@h suction magnitudes and temperatures
have peak shear strength values that convergesongie failure envelope reflects the validity of
the effective stress principle at high suction miagies and high temperatures. The behavior of
the specimens at high suctions is consistent wighbiehavior of heavily overconsolidated soils,
which reach a peak shear strength value when thetieke stress path intersects the steady-state

boundary surface.
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To better interpret the impact of testing path loa behavior of unsaturated specimens tested
following the T-S and S-T paths, the secant moduln axial strain of 0.5%, which is assumed
to represent elastic conditions, were calculatethfthe shear stress-strain curves in Figure 6.15.
The change in secant moduli for the specimens stlaander elevated temperature with respect
to the moduli for the specimens tested at a sinmédrconfining stress and ambient temperature
is shown in Figure 7.5. In general, specimens Were heated after application of high suction
(S-T path) experienced an increase in secant msdulhile those that were heated under as-
compacted conditions followed by application of thiguction do not experience a significant
change in secant modulus except at low net corgistnesses. This increase in secant modulus
may be attributed to the further removal of poreéevauring heating in the tests following the S-
T path, which generally had a degree of saturatian was 3% lower than the other tests. This
explanation indicates that a reduction in the degfesaturation when heating soils near residual

saturation induces hardening and an increasefiness.
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7.3.2 Constitutive Modelling of Temperature Effects on Soil Behavior

7.3.2.1 Impact of Temperature on SWRC and SSCC

As the suction stress concept was found to be Lgefinterpreting the shear strength of the
specimens tested under different temperatures @iwving different paths, linkages between
the SWRC and SSCC for high suctions and tempematwere first explored using the

nonisothermal SWRC model of Grant and Salehzad@®6)1 Their model is given as follows:

(st Eq. 7.1
_ Sr _Sr,res _ 1
=S porT. [
Aasl/ (1-T,) B +T +1
0 f

The values of Tand T in this equation should be defined in Kelvin. Auaof 3, of -400 K
was used in this analysis as Grant and Salehzd®86) and She and Sleep (2008) observed that
this was a reasonable value for silts during digenalhe results of this model for an initial
temperature of 1= 296 K and final temperatures of ¥ 296 K (ambient temperature tests) and
337 K (elevated temperature tests) are shown iar€ig.6(a). The Grant and Salehzadeh (1996)
model corresponds well with the SWRC points at ambtemperature from Figure 3.5(a) in
Section 3.4. For elevated temperatures, the Gradt $alehzadeh (1996) model predicts a
decrease in the air entry suction, and an ovemlindvard shift in the SWRC in the direction of
lower degrees of saturation. The model is not &bleonsider the decrease in the residual water
content with temperature that is observed in tha.dau et al. (2010) assumed that the suction
stress was equal to the product of the effectiveraon and the suction, so the effective
saturation from Eqg. 7.1 can be used to predict38&C from the shape of the Grant and

Salehzadeh (1996) SWRC, as follows:
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Vos1) Eq. 7.2

The SSCCs predicted using the Grant and Salehz§t@®6) SWRC model and the
parameters reported in Figure 7.6(a) are presentédgure 7.6(b). The suction stress points
defined from the peak shear strength envelopes showables 6.2 and 6.4 are also shown in
this figure for comparison. The SSCC predicted froime Grant and Salehzadeh (1996)
corresponds well with the points from the ambiemperature tests. The lower values of degree
of saturation predicted using the Grant and Sal#tz41996) model at elevated temperatures
lead to a decrease in suction stress, albeit byeatgy amount than that observed in the
experiments. Alternatively, the suction stress a0 be characterized using the effective stress
parameter of Khalili and Khabbaz (1998) using E§.i& Section 2.4, as follow:

Eq. 7.3

-055
aszyj{l//} » ¥ = Yaev

The SSCCs predicted with Equation 7.3 using theratiry suction values from the Grant and
Salehzadeh (1996) SWRC curves shown in Figure )f&@@also shown in Figure 7.6(b). This
model has a slightly different trend in suctionest with increasing suction, and generally

provides a better fit to the ambient temperatuk Bt$ path data.
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A comparison between the experimental suction stredues with those predicted using
Equation 7.3 with the air entry suction values fréiigure 7.6(a) is shown in Figure 7.7.
Although Equation 7.3 provides a good match for ghecimens tested at ambient temperature
and following the T-S path, it is clear that it @nestimates the suction stress for the specimens
tested following the S-T path. A possible explamatis that the specimens tested following the
S-T path may have experienced a reduction in the pize distribution during the volumetric
contraction associated with application of hight&uwcmagnitudes, leading to an increase in the
air entry suction (Ng and Pang 2000). Further ckangay have occurred due to drying during
heating, leading to a greater air entry suctiom tabambient temperature. A greater value of air
entry suction of 1.17 kPa was found to provide adjfit to the experimental suction stress value
for the S-T path tests using Equation 7.3. Thisdadint is also plotted in Figure 7.7. More
research is required to understand that effectsthiganonisothermal testing path may have on

the shape of the SWRC.
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Figure 7.7: Comparison of measured suction strakses and values predicted from the model
of Khalili and Khabbaz (1998)
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7.3.2.2 Impact of Temperature on the Preconsolidation Stres

The thermo-mechanical constitutive model developgdJchaipichat (2005) was used to
interpret the impact of temperature on the yieldasie and the preconsolidation stress for the
compacted unsaturated silt specimens evaluatddsrstudy. As test results in this study can be
interpreted well in terms of mean effective streks, constitutive relationships for saturated and
unsaturated conditions are expected to be simBasummary of the parameters used for
modelling the yield locus and preconsolidation sges for saturated and unsaturated compacted
Bonny silt is presented in Table 7.1. The valueMfwas defined from isotropic triaxial
compression tests on saturated specimens, andatbhesvof)i and k were defined from the
oedometer compression tests reported in Figureb3.i@( Section 3.6. The preconsolidation
stresses at failure for the different triaxial copgsion tests performed in this study were defined
by assuming that the measured values of peak siwgrgth define points on the steady-state
boundary surface (g Ppeay. Specifically, all three tests on specimens hgtire same suction,
temperature and testing path are expected to fialhe same steady-state boundary surface. The
preconsolidation stresscpgan be estimated by fitting the model of Uchaipic(R005) to the
experimental data points. The value qfqan be defined by satisfying the equality of E2B32.
The parameter M was assumed to be the value frensdturated, isotropic CSL, the spacing
ratio parameter r is equal toJp’'cs. and the value oft was selected to be 0.7 to fit the
experimental data. The value afis close to the value of 0.7 recommended by Uatiagb

(2005) for frictional soils.
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Table 7.1: Summary of the parameters for the ymtds of Uchaipichat (2005) and the Cam-
clay model parameters for compacted Bonny silt

Parameter Value
McsL 1.23
o 0.6
r 14
A 0.11
K 0.03
Ninitial 2.33
Viinitial 1.86
Nsucti on-TS 2.54
Ve-suction-TS 1.82
Npeat-st 2.5
Ve heat-ST 1.76

The effects of suction on the yield locus and ponding preconsolidation stress for tests at
ambient temperature are shown in Figure 7.8(anqgh the shape of the yield surface is not
particularly sensitive to the preconsolidation s$réor low net stress values, the data points fit
relatively well with the model. The yield locus reases in size with an increase in suction from
162 to 291 MPa. The effects of temperature on tieéd ylocus using Equation 8 for soll
specimens tested following the T-S and S-T patlessaown in Figure 7.8(b). Assuming that
temperature primarily controls the preconsolidatgress, the results of this analysis indicate
that the yield locus shrinks with increasing tenapeare for specimens tested following the T-S
path and expands with increasing temperature fecisgens following the S-T path. Because all
of the tests define a single peak failure envelape,hypothesis of Hueckel et al. (2009) that

temperature could affect the value of the slop#efCSL was not considered.
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As mentioned in the discussion of Figure 6.10 ircti®a 6.3.3, suction application is
expected to have an effect on the effective stegsb the preconsolidation stress. Using the
predictive equations for effective stress (Equatidhusing an air entry suction of 1.17 kPa) and
preconsolidation stress (analysis in Figure 718, dhanges in effective stress, preconsolidation
stress as a function of suction are shown in Figu®éa) for a specimen tested following the S-T
path at a confining stress of 200 kPa. The resulEsgure 7.9(a) indicate that during application
of a suction of 291 MPa, the increase in precodatibn stress is much greater than the increase
in the mean effective stress. The OCR for the saltulated as the ratio of preconsolidation
stress to mean effective stress is also showngar€i7.9(a). The OCR is observed to increase
nonlinearly during application of suction. It istnmossible to assess the change in OCR of the
specimen during heating following the T-S path lbseathe preconsolidation stress before
suction application is not known, and is expectella lower than the value of 400 kPa measured
in the oedometer test due to the effects of thesutiening. However, the effects of suction on
the preconsolidation stress for different tempeestus shown in Figure 7.9(b). As only a simple
point was measured on the curves for the T-S amdg8&ths, the shape of the curve was assumed

to be the same as that at ambient temperature.
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7.3.2.3 Impacts of Temperature and Suction on the Volumangk Behavior

Using the understanding of the effective stressnsaturated soil, along with the changes in
the preconsolidation stress with suction and teatpeg, the effects of suction and temperature
on the effective stress path in specific volumerersus the natural logarithm of the mean
effective stress can be explored. In this analythis, slopes of the CSL, recompression line
(RCL), and virgin compression line (VCL) are assdnte be independent of temperature in
effective stress space, but the VCL may shift ® lgft or right depending on path-dependent
hardening or softening mechanisms. The paramefetiseoCSL, RCL, and VCL used in this
evaluation are summarized in Table 7.1. The effecsitress paths for a test following the T-S
path performed at a confining stress of 200 kPshmvn in Figure 7.10(a). In this figure, the
change in the specific volume was calculated usfiegvoid ratios from Figure 6.17, while the
effective stress was calculated using the suctiess calculated using the Khalili and Khabbaz
(1998) effective stress parameter in Equation F®.the specimen following the T-S path, a
small volumetric contraction without a change ifeefive stress was observed during drained
heating, which was followed by an increase in affecstress and a large volumetric contraction
during suction application. A small dilation wassebved during shearing, along with an
increase in the mean effective stress during ddainaxial compression. Although the decrease
in effective stress due to temperature effectshenSWRC is likely the reason for the lower
shear strength in the T-S path test, it is alseipbs that a greater amount of softening on the
preconsolidation stress occurred due to the latggree of saturation for these tests.

The effective stress path for a specimen following S-T path performed at a confining
stress of 200 kPa is shown in Figure 7.10(b). Teciic volume was calculated in the same

way as in Figure 7.10(a), but the effective stneas calculated by assuming that the air entry
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value for the specimen following the S-T path ir@ed. The effective stress path indicates that
the specimen following the S-T path experienced eastic contraction during initial
confinement followed by a large plastic contractoring suction application. Application of a
high suction also results in an increase in themedtective preconsolidation stress, as shown in
Figure 7.9. A small dilation was observed duringaing, along with an increase in the mean

effective stress during drained triaxial compressio
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Figure 7.10: Effective stress paths during difféisgages of testing for specimens at a confining
stress of 200 kPa: (a) T-S path, (b) S-T path
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The estimated values of effective stress and psadmlation stress at failure were used to
estimate the overconsolidation ratio (OCR) of thesaturated specimens. This permitted
evaluation of the role of stress history on théoraft the thermal volume change during heating
to the change in temperatuke('/AT) for unsaturated Bonny silt, as shown in Figurkl7 The
data for saturated Bonny silt reported by Vega BluCartney (2014) for multiple cycles of
heating and cooling are shown in this figure fomparison. The trend in the saturated and
unsaturated data for Bonny silt is consistent, alsd follows the trends of the thermal volume
change data of Uchaipichat and Khalili (2009) fompacted silt that was reinterpreted in terms
of OCR by Stewart et al. (2014). During drained timgp the saturated and unsaturated
specimens of Bonny silt expand under low mean gffecstresses (high OCR), and contract

under higher mean effective stresses (low OCR).
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Figure 7.11: Impact of OCR on the thermal axiaiss normalized by the change in
temperature for compacted silt under saturateduasdturated conditions
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8. SUMMARY AND CONCLUSIONS

Isothermal and nonisothermal anisotropic drainedxi@ compression tests were
performed using a new triaxial cell following diféat testing paths to investigate the influence
of high suction and temperature on the shear dfmemgd volume change behavior of
unsaturated, compacted silt. The vapor flow teammideveloped by Likos and Lu (2003) was
shown to be an effective approach to reach highiuenagnitudes in a relatively short period
of time, and the temperature control system wasmesl to lead to uniform changes in
specimen temperature. A modified mechanical loadiggtem into triaxial testing was used
successfully to assess the volume change behatisiltaduring application of high suction
magnitudes and elevated temperatures. The speamificlusions regarding the behavior of
compacted silt under high temperatures and suctimaiscan be drawn from this study are as
follows:

e The SWRC model parameters obtained by fitting téR® to data from axis translation
tests at low suctions were found to overestimagestiction stress by a significant amount.
This was proposed to be due to the large changeithratio observed during application of
high suction magnitudes. An alternative fittingtbé SWRC model was found to provide a
better prediction of the SSCC while still providiageasonable fit to the SWRC data at low
suctions, reflecting the importance of careful eleéerization of the SWRC when predicting
the SSCC at high suctions.

e The suction stress interpreted from the peak failenvelopes in mean net stress space
permitted definition of a single peak effectiveess failure envelope that represented the
shear strength behavior of the compacted silt iffierdint temperatures, suctions, and

following different testing paths. Although a clgseak failure envelope in terms of effective
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mean stress was observed, the brittle stress sttawves did not permit evaluation of
effective stresses at critical state for unsatarafgecimens under high suction magnitudes.
However, the slope of the peak failure envelopgetM= 2.1) was greater than the M value
for critical state conditions (M:..cs.= 1.23) defined using the consolidated undraimiectitl
tests on saturated specimens. This behavior wassistent with that of heavily
overconsolidated soils, which have a higher peaasistrength than the shear strength at
critical state. This indicated that applicationhah suction magnitudes leads to a significant
increase in preconsolidation stress in additiothéoreduction in initial void ratio.

Regardless of temperature, the shear stress-stuaues for all of the specimens tested at
high suction magnitudes show a brittle failure netbm that differed significantly from the
shear stress-strains of the same soil sheared satleated conditions. Because of this brittle
failure mechanism, the unsaturated soil specimeuaklmot be sheared until reaching critical
state conditions.

A substantial increase in shear strength wlaserved with total suction for the unsaturated
soils under high suction magnitudes. A 30% increassirength of the unsaturated soil was
observed corresponding to an increase in totalsuetlue of 129 MPa.

If a suction value was imposed after heating, themas strength was observed to decrease by
10% during a change in temperature of approximatelyC. If a suction value was imposed
before heating, the shear strength was observetttease by 20% during the same change
in temperature.

Silt specimens heated under as-compacted condibefare application of a high suction
value experienced thermal softening that led toelopeak shear strength values than those

measured in tests on specimens at high suction imdgs performed under ambient
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temperature. This behavior was consistent with thapected in the literature for
overconsolidated soils.

Greater peak shear strength values and greatentsewaduli values were observed for
specimens that were heated under high suction rtuatps than those observed for tests on
soils at high suction magnitudes under room temperaconditions. This unexpected
behavior was attributed to the lower degree ofraséitan of the specimens tested following S-
T path, and it is hypothesized that the degreatfration has a different effect on the stress
state at high suction magnitudes near residuataatn conditions than for nearly-saturated
soils.

The thermal volume change was found to be deperatettte initial overconsolidation ratio
of the unsaturated silt specimens prior to heatihgsaturated silt specimens heated prior to
suction implementation (T-S path) had an initialgw overconsolidation ratio and
experienced thermal contraction during heating. dilmsited silt specimens heated after
reaching suction equilibrium (S-T path) had a higlerconsolidation ratio prior to heating,
and experienced thermal expansion during heating.

The data obtained from tests on specimens at highios magnitudes indicated a shift the
SWRC to a lower degree of saturation with elevé¢saperatures. The nonisothermal SWRC
model of Grant and Salehzadeh (1996) also indicatehift in the SWRC to a lower degree
of saturation, although not at high suction magites: The model also indicated a reduction
in the air entry suction with temperature, whiclks len important effect on the effective
stress.

Different approaches were used to predict the chamguction stress with temperature. The

approach of Khalili and Khabbaz (1998) to define Huction stress that uses the air entry
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suction as a key parameter was observed to pravigeod fit to the suction stress for the
specimens sheared at ambient temperature and fofotve T-S path. The approach using
the effective saturation to define the suctionsstralso provided a good fit. Neither approach
was suitable to predict the increase in suctioesstifor specimens following the S-T path.
However, a possible explanation is that suctiorliegiion at ambient temperature followed
by further drying during heating may have led tohange in the pore size distribution that
caused an increase in the air entry suction condgarthe ambient temperature tests.

The preconsolidation stress inferred from the pgadar strength values and the shape of the
Uchaipichat (2005) yield surface for soil speciméested under high suction magnitudes
was found to increase with temperature for tedteviang the S-T path and decrease when
following the T-S path. It was also observed toseasitive to the initial confining stress
applied to the specimens. Although the change ihaer may be better explained using the
possible changes in effective stress due to shiftise SWRC, these results indicate that it is
possible that a greater amount of softening duhagting occurred at low suction values
following the T-S path.

The thermal axial strains for saturated and unasgdrsilt specimens normalized by the
change in temperature were observed to have simiagnitudes and follow a similar
decreasing trend with the overconsolidation rastineated using the calculated effective

stress and preconsolidation stress values.
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