A new approach to ther mo-mechanical modelling of the
behaviour of unsaturated soils

A.Ahangar-Ast’, A. A. Javadi, N. Khalili®

"School of Architecture, Computing and Engineeridgiversity of East London, UK
“College of Engineering, Mathematics and Physic@@mes, University of Exeter, UK
3School of Civil and Environmental Engineering, Usrisity of New South Wales, Australia

A.Ahangar-asr@uel.ac.ulh.A.Javadi@exeter.ac.ul.Khalili@unsw.edu.au

Abstract

A new data mining approach is presented for mauglbf the stress-strain and volume
change behaviour of unsaturated soils considerggpeérature effects. The proposed
approach is based on the evolutionary polynomigiession (EPR), which unlike some other
data mining techniques, generates a transparergtardured representation of the behaviour
of systems directly from raw experimental (or flelthta. The proposed methodology can
operate on large quantities of data in order tadwapnonlinear and complex relationships
between contributing variables. The developed nwdibw the user to gain a clear insight
into the behaviour of the system. Unsaturated ialaest data from literature was used for
development and verification of EPR models. Theettgged models were also used (in a
coupled manner) to produce the entire stress plathaaial tests. Comparison of the EPR
model predictions with the experimental data rex@ahe robustness and capability of the
proposed methodology in capturing and reproducimg ¢onstitutive thermo-mechanical
behaviour of unsaturated soils. More importanthg tapability of the developed models in
accurately generalising the predictions to unsesa dases was illustrated. The results of a
sensitivity analysis showed that the models deesloffom data are able to capture and
represent the physical aspects of the unsaturaiédbehaviour accurately. The merits and

advantages of the proposed methodology are alsastied.



I ntroduction

Over the past decades thermal effects in soils haee the focus of much interest. The basic
soil parameters like liquid limit, plastic limitpscific gravity, and compaction characteristics
are considered to be affected by temperature vamst Temperature effects on liquid and
plastic limits were first investigated by Yousséefe(1961). Similar investigations were also
conducted by Lagurous (1969), Wang et al (1990) Bonthata et al (1994). Hogentogler
(1936) performed compaction tests in the laboratorygeveral predominantly clay soils and
reported that as the temperature increases ancesahs optimum moisture content to
decrease, the maximum dry unit weight increasesrdiogyly. Burmister (1964) also reported
similar results.

The effects of temperature on the volume changebetr of saturated soils have been
investigated by e.g. Campanella and Mitchell (1968ym and Esrig (1969), Habibagahi
(1973), Demars and Charles (1982), Houston et @85}, Eriksson (1989), Hueckel and
Baldi (1990), Towhata et al (1993), Boudali et H494), Tanaka (1995), Crilly (1996), Fox
and Edil (1996), Delage et al (2000) and Grahaal €001). It has been shown that heating
normally consolidated and lightly overconsolidateoils under constant effective stress
induces volumetric contraction; whereas, coolinggsame type of soil causes swelling; (e.qg.
see Paaswell (1967); Campanella and Mitchell (1,988 m and Esrig (1969); Baldi et al
(1988); Hueckel and Baldi (1990); Towhata et al93)® Boudali et al (1994); Delage et al
(2000)). Experimental results have indicated thatrate of consolidation of clays increases
with the increasing temperature (e.g. Paaswell {19 nd Towhata et al (1993)). Paaswell
(1967) showed that in a given effective stress itmmg the greater the increase in
temperature, the greater the volumetric contractible showed that the volumetric

contraction decreases with increasing overconsaidaratio and turns into expansion at



large overconsolidation ratios. Similar results evalso reported by Plum and Esrig (1969);
Baldi et al (1988); Hueckel and Baldi (1990); Towhat al (1993); Delage et al (2000).

The behaviour of normally consolidated soils undgcles of heating and cooling was
investigated by Campanella and Mitchell (1968)nPnd Esrig (1969), Demars and Charles
(1982), Hueckel and Baldi (1990) and Towhata €1893). The experimental results showed
that the volumetric contraction of normally condalied soils caused by heating under
constant effective stress could not be recoveredgubsequent cooling. Investigations by
Campanella and Mitchell (1968), Plum and Esrig @96louston et al (1985), Towhata et al
(1993), and Fox and Edil (1996) also revealed ttemhperature affects the primary
consolidation as well as the secondary compression.

Temperature-induced pore water pressure was igeatsti by a number of researchers (e.g.
Campanella and Mitchell (1968); Plum and Esrig @9&lueckel and Baldi (1990); Hueckel
and Pellegrini (1992); Tanaka (1995) and Grahamad €2001)). General results have shown
that the pore water pressure increases with inereasemperature and decreases when the
temperature drops. Heating induced failure in saééal soils was also investigated by
Hueckel and Baldi (1990).

Some studies have focused on the effects of teryseran the shear strength and the stress
and strain characteristics of saturated soils. Exyntal results reported by Hueckel and
Baldi (1990) and Graham et al (2001) showed thaptrature had no effect on the critical
state line in the deviator stress/mean effectixesstplane. Lingnua (1993) and Houston et al
(1985) studied the uniqueness of the critical stiae in the deviator stress/mean effective
stress plane and reported a small shift in thecatistate line with changes in temperature.
The shrinkage of yield locus with increasing tenap@re was observed in the experimental
results of Hueckel and Baldi (1990), Tanaka etl8B7), Cui et al (2000) and Graham et al

(2001).



Sherif and Burrous (1969) and Maruyama (1969) stlithe effects of temperature on shear
strength in unconfined compression tests on noyntalhsolidated saturated clays. Lagurous
(1969) also carried out unconfined compressiors tastlifferent temperatures on compacted
soil specimens at optimum moisture content. Hueekel Baldi (1990) conducted drained
triaxial tests on overconsolidated Pontida siltgycéamples, which had been heated under
drained condition. The results showed that an as@en temperature lowered the peak shear
strength and reduced the dilation of the samplesrds the critical state. Lingnau et al
(1995) performed consolidated undrained triaxial mpeession tests on lightly
overconsolidated sand-bentonite specimens. Kurtawakul et al (1995) also conducted
several consolidated undrained triaxial tests aftiffgrent heating and consolidation paths.

A number of hydro-thermo-mechanical models havenl@eposed over the past decades to
represent the behaviour of unsaturated soils. g?aid De Vries (1957) introduced a model
representing the coupled heat and moisture tramsfggid porous media under the combined
gradients of temperature and moisture. De Vrie$&)9ncluded moisture and latent heat
storage in the vapour phase, and the advectioremdilsle heat by water in their previous
model. Sophocleous (1978), Milly (1982), Thomas Kty (1991) and Thomas and Sansom
(1995) modified the Philip and De Vries (1957) mlodewen and Thomas (1989) and
Thomas and Li (1997) validated the theory presehte@hilip and De Vries (1957) both in
the laboratory and in the field, revealing reastmadgreement between the theoretical
analyses and the laboratory/field results.

Geraminegad and Saxena (1986) developed a modalideoimg the effect of matrix
deformation on moisture, heat and gas flow throtighporous media. Similar formulations
were also presented by Thomas and He (1997), Getveh(1995), and Zhou et al (1998).
Booker and Smith (1989) and Britto et al (1989)eistgated the consolidation of soil and

distribution of pore-water pressure around hotragirs buried in saturated clay.



Khalili and Loret (2001) presented an alternativeory for heat and mass transport through
deformable unsaturated porous media. They extetigad previous work (Loret & Khalili,
2000) on fully coupled isothermal flow and deforioatin variably saturated porous media
to include thermal coupling effects. Wenhua et 2004) presented a thermo-hydro-
mechanical (THM) constitutive model for unsaturaseds. The influences of temperature on
the hydro-mechanical behaviour in unsaturated seeise considered in this model. Francois
and Laloui (2008) introduced an unconventional tarts/e model for unsaturated soils.
Bishop’s effective stress framework was adoptedl ittduded a number of intrinsic thermo-
hydro-mechanical connections to represent thessstage in the soil.

Another thermo-hydro-mechanical (THM) model for atsated soils was proposed by
Dumont et al (2010). In this research the effecsitress concept was extended to unsaturated
soils with the introduction of a capillary streds.thermo-elastic-plastic model was also
suggested by Uchaipichat (2005) for unsaturateld saised on the effective stress principle
by taking the thermo-mechanical and suction cogpéffects into account. Uchaipichat and
Khalili (2009) published the results of an expenma investigation on thermo-hydro-
mechanical behaviour of unsaturated silt. They ootetl an extensive array of isothermal
and non-isothermal tests including temperature roletl soaking and desaturation,
temperature and suction controlled isotropic cddatibn, and suction controlled thermal
loading and unloading tests. Khalili et al. 2010wk an expression for the skeletal thermal
expansion coefficient of homogenous porous mediayhowed that the porous skeleton as
a whole experiences the same thermal strain asthia¢ solid grains.

In this paper a data mining approach is presentednfodelling of thermo-mechanical
behaviour of unsaturated soils. Models are develppased on evolutionary polynomial
regression (EPR) to predict the coupled thermal mvegdhanical behaviour of unsaturated

soils. The results from the experimental invesioyet on compacted samples of silt using



triaxial apparatus at different temperatures (Ugichiat & Khalili, 2009) were used for
developing and evaluating the EPR models. The ingarameters of the model were
considered to be the over consolidation ratio, maetnstress, initial suction, temperature,
initial degree of saturation, axial strain, deviastrain and volumetric strain and the models
were developed to predict the stress-strain sté#ttise soil in response to an increment in the
axial strain.

The developed models were validated using caseltaf that had been kept unseen to the
EPR during the modelling process, in order to itigate the generalisation capabilities of
the developed models. Proposed models were couplededict the entire stress paths for
unseen cases that were not used in the trainigg stthe model development process. The
EPR model predictions were compared with experialaneasurement to evaluate the model
performance in predicting the stress-strain behawid soils and the level of accuracy of the
predictions. A sensitivity analysis was conductednvestigate the effects of contributing
parameters on the developed EPR model predictanmto examine the consistency of the
performance of the models with general engineanimgerstanding of the thermo-mechanical

behaviour of unsaturated soils.

Evolutionary polynomial regression

Evolutionary polynomial regression (EPR) is a daténing technique that integrates
numerical and symbolic regression. The strategg psé/nomial structures to take advantage
of their favourable mathematical properties. The kdea behind the EPR is to use
evolutionary search for exponents of polynomialrespions by means of a genetic algorithm
(GA) engine. This allowdi) easy computational implementation of the algoritHim
efficient search for an explicit expression, &ng improved control of the complexity of the
expression generated (Giustolisi & Savic, 2006)RER a data-driven method based on

evolutionary computing, aimed to search for polyrarstructures representing a system. A



physical system, having an output y, dependent get af inputs X and parametéxscan be

mathematically formulated as:

y =F(X,0) (1)

where F is a function in an m-dimensional spacerarid the number of inputs. To avoid the
problem of mathematical expressions growing rapidlylength with time, in EPR the

evolutionary procedure is conducted in the way thatearches for the exponents of a
polynomial function with a fixed maximum numbertefms. During one execution it returns
a number of expressions with increasing numberermfhs up to a limit set by the user to
allow the optimum number of terms to be selectdte general form of expression used in

EPR can be presented as (Giustolisi & Savic, 2006):

m
y=2 F(X,f(X),a;)+a 2)
j=1
where vy is the estimated vector of output of thecpss; gis a constant; F is a function
constructed by the process; X is the matrix of ingariables; f is a function defined by the
user; and m is the number of terms of the targptession. The first step in identification of

the model structure is to transfer equation 2 th&following vector form:

YNXl(H’Z):[INﬂ Zlilxm]x[ao a‘1 am]T:ZNXdXQ;irﬂ (3)

where Yx1(0,2) is the least squares estimate vector of tharlyet valuesfq x1is the vector
of d=m+1 parameters and a (07 is the transposed vector); anggis a matrix formed by |
(unitary vector) for biaspaand m vectors of variableg. Zor a fixed j, the variables Zre a

product of the independent predictor vectors ofitapX = <X X5 ... Xi>.



In general, EPR is a two-stage technique for canstrg symbolic models. Initially, using
standard genetic algorithm (GA), it searches ferlikst form of the function structure, i.e. a
combination of vectors of independent inputs=X k, and secondly it performs a least
squares regression to find the adjustable paramétdor each combination of inputs. In this
way a global search algorithm is implemented fahlibe best set of input combinations and
related exponents simultaneously, according touder-defined cost function (Giustolisi &
Savic, 2006). The adjustable parametgrsara evaluated by means of the linear least sguare
(LS) method based on minimization of the sum ofasgd errors (SSE) as the cost function.
The SSE function, which is used to guide the seprobess towards the best fit model, is:

N
> (Ya—Yp)?

- 4
SSE =2 @

where y and y are the target experimental and the model piiedictalues respectively.
The global search for the best form of the EPR &oguias performed by means of a standard
GA over the values in the user defined vector gbogrents. The GA operates based on
Darwinian evolution which begins with random creatof an initial population of solutions.
Each parameter set in the population representsnm@somes of the individuals. Each
individual is assigned a fithess based on how wederforms in its environment. Through
crossover and mutation operations, with the prditigisi Pc and Pm respectively, the next
generation is created. Fit individuals are seleétednating, whereas weak individuals die
off. The mated parents create a child (offspringhva chromosome set which is a mix of
parents’ chromosomes. In EPR integer GA coding witigle point crossover is used to
determine the location of the candidate expondaitssfolisi & Savic, 2006).

The EPR process stops when the termination cnitefdhich can be either the maximum

number of generations, the maximum number of temtke target mathematical expression



or a particular allowable error, is satisfied. Aital flow diagram for the EPR procedure is
illustrated in Figure 1.

Database

Results from triaxial experiments on samples ofiasaturated soil reported by Uchaipichat
and Khalili (2009) were used to develop the EPRetlamodels. These experiments were
conducted at constant suction, constant temperatudeconstant water content stress paths
including: i) temperature and suction controlled isotropic logdiests,ii) temperature
controlled desaturation tesis,) suction controlled thermal loading test®, constant water
content thermal loading tests, an)demperature and suction controlled shear stretegts.

The tests were performed on silt samples compawttte laboratory. The soil samples were
obtained from the Bourke region of New South Wakasstralia. The index properties of the
soil are presented in Table 1.

Data preparation

Results from 27 temperature- and suction-contrdlieckial shear tests were used to develop
models to predict the shear and volumetric behawabuhe considered unsaturated soil. All
the tests were conducted in modified triaxial eqept (Uchaipichat & Khalili, 2009). The
temperature and matric suction values varied fréno260°C and 0 to 300 kPa, respectively.
Cell pressures of 50, 100 and 150 kPa were usttkiaxperiments. The implemented testing
procedure was consolidated drained and the deidadtness was applied by increasing the
axial stress while the cell pressure was kept eonst

The total number of cases in the database wasadivito training and testing datasets. From
the created database 22 cases (approximately 8@%6) wged to train and develop the EPR
models while the remaining 5 cases (about 20%) Wwep# unseen to EPR during model

construction and were used to validate the develapedels. It was checked to make sure



that all parameter values in the testing data wete within the range of data chosen to be
used for training and developing the EPR modeb/tmd extrapolation.

A statistical analysis was performed on the dataelect the most statistically consistent
training and testing sets to be utilized in theadepment of the presented models. The aim of
the analysis was to ensure that the statisticgeptees of the data in each of the subsets were
as close to the others as possible and thus repeelsthe same statistical population. The
mean and standard deviation values were calcufateelvery single contributing parameter
and for the training and testing datasets for eamhbination and the one for which these
statistical values were the closest in the trai@ng testing data sets was chosen to be used in
training and testing stages in the EPR model deweémt process.

EPR models

A typical scheme to train most of the data miniragdd material models for soils includes an
input set providing the model with information g to the current state units (e.g., current
stresses and strains) and then a forward passgtinittie model that yields the prediction of
the next expected state of stress or strain retet@aman input strain or stress increment
(Ghaboussi, et al., 1998). Due to the incremenddiline of soil stress—strain modelling in
practical applications, this scheme has been edlin this research. The EPR models have
nine input parameters as summarized in Table 2alAstrain, volumetric strain and deviator
stress are updated independently and incremertating the training and testing stages of
the model development process based on the ougdatsg to the previous increment of the
axial strain. The output parameters are deviatesstand volumetric strain corresponding to

the end of the incremental step.

Two separate models were developed for deviat@sst(q) and volumetric straing).

Constraints were implemented to control the stmectf the models in terms of the length

and complexity, type of implemented functions, nembf terms, range of the exponents



used and also the number of generations to compieteevolutionary process. As the
modelling process progressed the accuracy levavaty stage was evaluated using the

coefficient of determination (COD) as the fitnegsiaion (Eg. 5).

2 (YY)
cop=1-—1"

2z

N

(5)

where Y, is the actual output value;,Ys the EPR predicted value and N is the number of
data points on which the COD is computed. If thalatditness is not acceptable or the other
termination criteria (in terms of maximum numbergainerations and maximum number of
terms) are not satisfied, the current model shgaldhrough another evolution in order to
obtain a new model.

After completion of the modelling process, modekyavdeveloped for deviatoric stress and
volumetric strain. From among the developed modelse did not include all the defined
parameters as inputs to the equations (the paresnitat are known to affect the thermo-
mechanical behaviour of soils) and hence were rexshoVhe remaining were considered and
compared in terms of the robustness of the equatibased on the coefficient of
determination, sensitivity analysis and also thesll@f complexity of the equations and the
best models satisfying all these criteria were ehoas final models. Equations 6 and 7

represent the selected EPR models for deviatassstned volumetric strain respectively.
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Figures 2 to 4 show deviator stress-axial straid wolumetric strain-axial strain curves

predicted using the EPR models (Equations 6 arab@inst the experimental results for the
data used in training of the models with Figurd@vging the worst predicted data case. After
training, the performance of the developed EPR isodeas verified using 5 sets of

validation data which had not been introduced tdREdring training. The purpose of

validation was to examine the generalisation cdppaisi of the developed models to

conditions that were not seen by the model durigyttaining phase. Figures 5 to 7 show
predictions made by the developed EPR models agtdirsexperimental data for testing

datasets. The COD values of the EPR models ara giv€able 3.

The results show the remarkable capabilities of dbeeloped EPR models in capturing,

predicting and also generalising the shear andnwelahange behaviour of unsaturated soils
considering temperature effects.

Predicting entire stress paths using developed EPR models

The EPR models (equations 6 and 7) were also useuredict the entire stress paths,

incrementally, point by point, iq:&, ande, : £, spaces. The results from three different sets

of (testing) data (that were unseen to EPR dutiegnodel development stage) were utilized



to evaluate the ability of the developed modelpredict the complete thermo-mechanical

behaviour of unsaturated soil during the entiresstrpaths. The values of overconsolidation
ratio, confining stress, initial suction, temperatand initial degree of saturation were kept
constant throughout the tests. The other contniguparameters were updated at each
incremental step of axial strain, considering theugs corresponding to the previous
increment and the outputs of the models in resptmdke axial strain increment. Figure 8

illustrates the procedure followed for updating thput parameters and building the entire
stress paths for the shearing stage of a triagg&tl For a prescribed increment of axial strain,

Ag, , the values ofy,,, &,,, are calculated using the EPR models. For the iner@ment, the

values ofe,; ,q andg, are updated as:
G =G

&

Vi

=&

v,i+l
ga,i = ga,i + A‘ga

In this way the second points on the curves aréigedl. The incremental procedure is
continued until all the points on the curves aedpmted and the curves are established.
Figures 9 toll show the comparison between the ttoenplete curves predicted using the
EPR models following the above incremental procedurd the actual experimental data. It
should be noted that the data for these tests n@rentroduced to EPR during the model
development process.

The predicted results are in a very close agreemattt the experimental results and
considering the fact that the entire curves hawnlpredicted point by point and the errors of
prediction of the individual points are accumulatédcan be easily seen that EPR models

were able to predict the complete stress pathsavitigh degree of accuracy which can be an



indication of the robustness of the developed ER&néwork for modelling thermo-
mechanical behaviour of unsaturated soils.

Sensitivity analysis

A parametric study was carried out on a validasenhof data to evaluate the response of the
models to changes in input parameters. All the tigauameters but the one being examined
were kept constant and the model predictions fierethlifferent values (within the maximum
and minimum values of the parameter in the databdtbén the available range of data) of
the parameter under study were investigated.

Figures 12 to 15 show the results of the paramsttidy conducted to investigate the effect
of changes in confining pressure, suction, degresaturation and temperature on the
developed models.

As expected, any increase in the values of theimiogf pressure and suction in the soil
sample causes the shear strength of the soil andla volumetric strain to increase (Figures
12 and 13). Any increase in the degree of saturaif the soil will cause the soil suction to
decrease and will result in lower shear strengthaso expansion in the soil. This effect was
also correctly predicted by the presented EPR nsodegure 14). The developed model for
deviator stress also correctly predicted the aiitstate shear strength (Figure 15a) which was
expected to be independent of temperature (Ba@B®@), Graham et al (2001)). The slight
effect of temperature on the volumetric strainlgo gredicted by the developed EPR model
(Figure 15b).

The results of the parametric study indicated thatdeveloped EPR models have been able
to capture and predict the underlying physicalgrat of soil thermo-mechanical behaviour.
Discussion and conclusions

Evolutionary Polynomial Regression was used to ligvenodels to predict shear and

volumetric behaviour of unsaturated soils considgrthe temperature effects. In the



developed methodology, EPR provides more than ondemfor complex behaviour of
materials and systems. This allows the user tostite best possible models on the basis of
their complexity and performance in predicting tiepected behaviour of the material.
Predictions made by EPR models based on unseenatatalso an unbiased performance
indicator of generalization capabilities of the poeed models.

Experimental triaxial test data was used to develog verify the proposed models in this
study. After training, the generalization capala$tof the developed models were evaluated
by verification of their performance against unsesetts of data. The results revealed the
efficiency and robustness of the proposed methggolm successfully capturing and
accurately predicting the highly complicated thesmmechanical behaviour of unsaturated
soils. Furthermore, it was shown that the develapedels are also able to accurately predict
the entire stress paths in a triaxial test, poiapbint and by following an incremental
procedure.

A parametric study was conducted to assess thatisgnsof the developed models to
variations of the individual contributing paramestefhe results showed that the EPR models
were capable of capturing and predicting the pastef soil thermo-mechanical behaviour
and the effects of the contributing parameters floong pressure, suction, initial degree of
saturation and temperature) on the shear and valienbehaviour of unsaturated soils.
Another interesting feature of EPR approach is #wmtmore data becomes available, the
quality of the model predictions can be improveddtyaining with the more comprehensive

set of data.
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Table 1. Index properties of the silt used in the tests (Bourke silt)

Properties Values
Liquid Limit (%) 20.5
Plastic Limit (%) 14.5
Specific Gravity 2.65
Air Entry Value (kPa) 18
Maximum dry unit weight from standard proctor test

3 18.8
(KN/m?)
Optimum moisture content from standard proctor test
(%) 125

Table 2. Parameters involved in the developed incremental EPR models’

Contributing parameters Model output
qi +1
OCR, Pyet, Suy, T, Sty, €4, Qi €vis A€,
£v,i+1

* OCR =overconsolidation ratio ; P,. =mean net stress (kPa); Su; =initial suction (kPa);
T =temperature (°C); Sr;=initial degree of saturation; e, =axial strain; q;=deviator stress
(kPa); ey;=volumetric strain; Ag,=axial strain increment; q;,,= deviator stress corresponding

£ —

to the next increment of axial strain (kPa); ““i*' ~ volumetric strain corresponding to the next

increment of axial strain.

Table 3. Coefficient of determination values for the presented models
COD values for COD values for
training (%) testing (%)
Deviator stress 99.85 99.44

Volumetric strain 99.99 99.86

Equation
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Figure 1: Flow diagram for representing the evolutionary polyial regression procedure
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