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ABSTRACT: The assessment of moisture flux boundary conditairthe ground surface has proved to be impoidarihe analysis of “real

world” geotechnical engineering problem. There seeeral components that must be quantified in cieetermine the net moisture flux
entering the soil at the ground surface includipigecipitation, runoff, actual evaporation and trregion. Preferred methodologies are
becoming apparent for calculating each of the corepts that lead to the calculation of the net moésflux at the ground surface. The
purpose of this paper is to set out general engimg@rotocols for the assessment of the net m@dtux at the ground surface. Examples
are presented to illustrate the applications ofstooe flux at the ground surface for geotechnicgiieering problem; the examples include:
i.) movement of slabs built on grade or at shallepths below ground surface, ii.) triggering ofpeldnstability as a results of water

infiltration, and iii.) design and performance oflsover systems.

1. INTRODUCTION

There are two types of boundary conditions that @emonly
associated with water seepage problems in soil améct; namely,
the Dirichlet type boundary condition (i.e., theinpary variable
specified is hydraulic head), and the Neumann tiypeindary
condition (i.e., the derivative of the primary \arle or the moisture
flux is specified). Prior to the advent of the tidicomputer, the
Neumann boundary condition was generally restricted the
condition of zero moisture flux (i.e., an imperviolbooundary).
However, geotechnical engineers are well aware thatearth’s
surface is subjected to continuously changing remgalistributed
flux boundary conditions. This paper will primarifpcus on the
assessment of net moisture flux at the ground ceirfa

The advent of the digital computer has brought &lboenewed
awareness that many geotechnical engineering pnsblean be
addressed in a more refined and accurate mannen Wie net
moisture flux at the ground surface is quantifiend aused for
analysis purposes. A number of typical geotechnaajineering
examples are briefly described later in this papereach case, it
becomes clear that the ability to quantify themetsture flux at the
ground surface opens the way for a more rigorous @turate
assessment of questions commonly poised to theedwmutal
engineer.
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Figure 1. Primary components of a typical near-gtbaurface
geotechnical engineering problem.

Thousands of weather stations around the worldcallecting
data relevant to energy and moisture transferegtbund surface.
The weather information provides the basic infororatnecessary
for the calculation of the net moisture flux at tund surface.
The weather data has become of great value foropagof weather
forecasting; however, it has largely been a resotirat has not been
fully utilized for geotechnical engineering purpsse

This paper illustrates some of the ways in whiah dssessment
of ground surface moisture flux boundary conditipnavides a tool
for the analysis of “real world” geotechnical erggning problems.
The solution of these “real world” engineering desbs generally
involves the numerical modeling of saturated-unsaéd soil
conditions. There are several components that brisfuantified in
order to determine the net moisture flux enterihg soil at the
ground surface (e.g., precipitation, runoff, actesbporation and
transpiration) as shown in Fig. 1. Preferred methogies are
becoming apparent for calculating each of the corepts that lead
to the calculation of the net moisture flux at greund surface. This
paper sets out general engineering protocols feragsessment of
the net moisture flux at the ground surface.

The scope of this paper is restricted to illushgtithe
quantification of net moisture flux at the groundrface and its
application to several engineering problems. Thenciples
described are applicable to a wide range of neaurgl-surface
geotechnical engineering problems.

2. BOUNDARY VALUE CONTEXT FOR SOLVING SOIL
MECHANICSPROBLEMS

The analysis of most geotechnical engineering problinvolving
saturated-unsaturated soil systems can be forndulaiéhin the
context of a “boundary value” problem (Fig. 2). Boundary-value”
context suggests that there are common elementdvet in the
solution of a wide variety of engineering problefibe “boundary
value” approach suggests that geotechnical engme@roblems
can be solved provided appropriate measured antmagst
information is input to the computer. The groundfate and the
stratigraphic interfaces form the geometric boumdarfor the
problem at-hand. Usually there are also two vdrtmaundaries
outside the immediate problem area being analyzedvell as a
lower limit boundary.

The “boundary value” approach suggests that targplgsical
processes within the boundaries can be studied idadvthe
processes can be mathematically described. Thacahysocesses
are generally described in the form of a partiffiedéntial equation
(PDE), derived for a Representative Elemental VolufR&EV)
within the soil continuum. It is also necessaryiriput saturated-
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Context of a Boundary Value Problem
|

Geometry and Stratigraphy

I
Mathematics of the Physical Process forthe REV
(i.e., generation ofa PDE)
|
Characterization of Saturated-Unsaturated Soil
Property Functions
|

Boundary Conditions Particularly at the Ground
Surface (Net Moisture Flux)
]

Initial Conditions to Commence Modelling
|
Solution ofthe Numerical Modelling Formulation
|
Interpretation of Computer Results

Figure 2. Steps associated with the solution dfaihdary value”
problem.

unsaturated soil properties for each of the mdseivolved. Most
analyses involving unsaturated soils are highlylinear and as a
result, it is necessary to provide starting orahistate conditions for
the problem being analyzed.

Most geotechnical engineering problems can be \dea® the
solution of a partial differential equation. Thdwimn of the PDE is
performed using the finite element approach. Thentjfication of
the net moisture flux at the ground surface camst#t information of
primary importance. The climate parameters (e.gecipitation,
temperature, relative humidity, wind speed, andiatazh) that
contribute to the boundary condition at the grousudface are
typically input as daily values. Assumptions must made
regarding the application of the climate data sith@ethe variables
being calculated are required on a finer time scht@ example,
precipitation should be recorded on an hourly dr-lsourly basis in
order to compute the separation between infiltratamd runoff.
Some present software packages can accept hondys(é-hourly)
time data, leading to increased accuracy in peifagrthe numerical
simulations. Higher resolution data input leads teduced
convergence issues and increased accuracy in thputed results.
The simulation time steps that are part of the migakmodeling
can be fractions of a minute and the total timagoemay be in
excess of 10 years. Consequently, each computedatioru may
take considerable time to run.

The characterization of the unsaturated soil ptoggerforms
another important piece of input information. Reskamto the
behavior of unsaturated soils over the past fewades has
produced numerous procedures whereby saturatedpsmplerties
can be extended to embrace unsaturated soil behaVius
extension is generally accomplished through usthefrelationship
between the water content in the soil and soilisndtnown as the
soil-water characteristic curve, SWCC. The unsatdras®il
properties are generally estimated from the SWCCakelthe form
of nonlinear soil property functions. Nonlinearityf the soil
properties, in turn, gives rise to nonlinearity the numerical
modeling process. Solving nonlinear PDEs bringa@lchallenges
associated with “convergence” of the solution.

3. GEOMETRY AND STRATIGRAPHY

The ground surface may be a natural terrain or @made ground
surface. Most commonly, the ground surface has beatrolled by
the activities of humans as is the case for soilecosystems

associated with mining activities and solid wasispdsal. For
example, the ground surface of mine waste mateigalasually

controlled by the waste disposal methodology. mg#i wastes may
have a relatively flat surface whereas a waste mlk often has
steep side slopes. Steep side slopes make theeprahbre difficult

to analyze. Both waste rock piles and tailings diegpame three-
dimensional structures; however, design consideratiare often
limited to a one-dimensional analysis correspondma relatively

flat surface. Two- and three-dimensional analysesnaore realistic
and may sometimes be used for the simulation efsidpe regions;
however, the analyses may become extremely timetroimg.

The one-dimensional modeling of a cover system avagnally
solved using the SoilCover computer code (Universiy
Saskatchewan, 2000) based on the Soil-Atmosphersufation
proposed by Wilson (1990). Two-dimensional analyafesovers on
a sloping surface were later performed by Bussiéck Aubertien
(2003). And more recently, a quasi three-dimendjamet radiation
approach has been developed by Weeks and Wilsdib)2Many
geotechnical engineering problems can be solvedgusi one-
dimensional analysis; however, there are situatignere two- and
three-dimensional analyses should be taken intsideration. The
SVFlux software developed and maintained by SoibrisSystems
Ltd., has the capability of solving one-, two-, ahdee-dimensional
coupled heat and water mass flow problems. Thentestadies by
Weeks (2006) have shown that the computations bévegporative
flux from the soil surface can differ significantlepending upon
the angle of the sun's rays and the orientatioth@fsurface of the
ground. Quasi three-dimensional analysis were pmed by
combining a large number of one-dimensional analysdgo a
network with only the net radiation being variedrir one location
to another.

The geotechnical engineer also needs to be awate tiie
ground surface may not be level and that there jotantial for
runoff and “ponding”. The unevenness of the grosndface can
also result from differential settlement of the ariging materials.
The ground surface conditions might vary signifitarfrom one
location to another with the result that it is iiffit to perform
realistic moisture movement simulations by usingimple one-
dimensional analysis.

4. THE PHYSICS OF SATURATED-UNSATURATED
WATER FLOW FOR THE REPRESENTATIVE
ELEMENTAL VOLUME

A Representative Elemental Volume (REV) must be setewithin

each of the continuum soil layers. It is necessamnathematically
describe the physics of saturated-unsaturated wlaterthrough the
REV while satisfying the conservation of mass regmuint. The
substitution of the constitutive behaviour for wallew and water
storage, into the conservation of mass equatiomltsesn the
derivation of a partial differential equation, PDf®r saturated-
unsaturated seepage. The saturated-unsaturatedfivatd®DE can
be written for the two-dimensional case as follows:
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whereh is the hydraulic headsy’ andky' are the coefficients of

permeability of the soil inx- andy- direction, respectivelymy’ is

the water storagey, is unit weight of water; antlis time. Equation
(1) is referred to as a “head based” formulatiorth&f unsaturated
seepage partial differential equation. The “mixefdirmulation
which designates water storage in terms of volumetater content
has been found to provide greater accuracy in teaihghe
calculations for water balance (Celia and Boulout880).

The variable that must be determined from the PBBhe

hydraulic headh. In order to solve the PDE seepage equation it is

necessary to have information on two soil propsrtiamely, the
2
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coefficient of permeabilityk,, of the soil and the water storage,

my’ , of the soil. Unfortunately, both of the soil pespes are

nonlinear functions of the soil suction (Fredlutcile 1994).
Equation (1) can be solved if the soil propertleand my’ are

known. However, these variables are a functionhef pore-water
pressure (or matric suction) in the soil. The peeter pressure term
of matric suction constitutes one component of aytic head,h
(i.e.,h = u/K + Y whereu,, is the pore-water pressure, and the
elevation head). In other words, Eq. (1) has thmeknowns and is
nonlinear.

The nonlinearity requires that the soil propertifist be
estimated while the hydraulic heads are computdéenTthe soll
properties must be adjusted to obtain more reasewahies and the
hydraulic heads are once again computed. This psoicerepeated
until the equation has converged. Convergence mehas
reasonably accurate soil properties have been wgeeh the
hydraulic heads were computed.

The iterative process associated with solving tB& Phay need
to be repeated many times if the soil propertieshighly nonlinear.
It is also possible that the nonlinear PDE may neaehieve
convergence. It is also possible that even when RBX¥E has
converged, the convergence may not correspond doctirect
values for hydraulic head. Consequently, the satutid highly
nonlinear PDEs has become an area of researchtirematics and
computing science. Geotechnical engineers shouliMaee that the
solution of highly nonlinear PDEs is a specializzda of study that
is extremely relevant to solving unsaturated spitsblems. Some
software packages make use of PDE solvers thatspeeially
designed for the solution of highly nonlinear PDEkis constitutes
an important feature when solving problems invajvimsaturated
soils.

The permeability and water storage functions amedatity more
complex than what are shown in Fig. 3 since botittions exhibit
hysteresis. There is actually one set of relatigpsskhorresponding
to drying conditions and another set of conditidthat apply for
wetting conditions as shown in Fig. 4 (Pham et28i03). While
hysteresis is known to exist in all sails, its effes often not taken
into account during computer simulations. Thisust jone of several
approximations made in many design analyses assdciaith
unsaturated soils.
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Figure 3. Typical soil-water characteristic cur{88VCCs) and
permeability functions for two soils.
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Figure 4. Effect of hysteresis upon drying and ingtof a soil.

The properties of the soil at the ground surfacg ateange with
time because of environmental influences. The @iy crack as a
result of wetting/drying and freeze/thaw. Furthereadhe growth of
vegetation creates a network of root holes, fissuaed cracks.
There may also be microbial contamination and obf@fintrusions
that affect soil structure.

Changes in the soil structure can significantly geathe soil-
water characteristic curve (SWCC). Figure 5 illustsathe type of
changes that might occur to the drying portion daf@ical SWCC
that contains clay. The SWCC may take on a bimodalacher and
the saturated hydraulic conductivity may increageséveral orders
of magnitude. Consequently, numerical modeling tmns based
on the properties of originally intact materialsndae considerably
different from the soils that develop near the gobsurface with
time.
5. DETERMINATION OF
CHARACTERISTIC CURVE

The SWCC can be defined as the relationship betweemmount
of water in a soil and the suction in the soil. Ehare two
components to soil suction; namely, matric suctiop- u,), where
U, IS pore-air pressure ang, is pore-water pressure, and osmotic
suction,z. The sum of matric suction and osmotic suctionaited
total suction. There are two distinctive featuréa 8WCC; namely,
the air entry value and the residual point. The aitry value
designates the point at which the largest void¢hen soil start to
desaturate. The residual point is the point wherebécomes
extremely difficult to further extract water froinet soil.

The SWCC is required for defining water storage aodtlie
estimation of the permeability function for modedjiwater flow in
a saturated/unsaturated soil system. The SWCC céwer elie
estimated from soil classification properties oraswed in the
laboratory. The estimation of the SWCC is generatlgcuate for
preliminary analysis, while the measured SWCC is irequfor
detailed design of an engineering project. In gainenly the drying
curve (i.e., desorption curve) is measured or ed#dh It is also
possible to estimate a SWCC that is midway betweenitying and
wetting SWCCs.

There are three procedures that have been suggkstatie
estimation of an appropriate SWCC: i) through databaming of
previously measured test results, ii) though egtonaof the SWCC
from grain-size distribution curves (Fredlund et &002), and iii)
from correlations with soil classification propesi(Zapata et al.,
2000).

THE SOIL-WATER
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Figure 5. Effect of cracking that may occur assalteof weathering
of near-surface soils.

Figure 6. Pressure Plate Apparatus used at GAkkerciates
(Saskatoon) for the measurement of the Soil-Water&titeristic
Curve, SWCC.
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Figure 7. Typical drying SWCCs for three soils teste®Golder
Associates (Saskatoon).

There are a number of laboratory testing technigbas have
been proposed and used for the measurement of WHeCS The
SWCC can be divided into two broad soil suction rangemely,
the matric suction range with suctions less thad01&Pa, and the
total suction range with suctions greater than 15kPa.
Consequently, the apparatuses used in the laboratangasure the
SWCC either apply matric suction or total suction afiow the soil
to come to equilibrium with the applied suctionual The matric
suction portion of the SWCC is measured by usingspresplate
cells, while the total suction portion is usuallyeasured using
vacuum desiccators.

Figure 6 shows a dissembled Pressure Plate cell wilaa
designed in the Golder office in Saskatoon, Can&adder, 2010).
This new pressure plate cell is a significantly @ifred device
when compared to previously used Pressure Plate. déle new
cell has only two independent parts, and has a tégiign factor of
safety against breakage due to high air pressutes. easy to
operate and is less technician or operator depénden

Example laboratory results of measured SWCCs are rshiow
Fig. 7 for clay, silt and sand. These SWCCs were uredsusing
the new Pressure Plate cell shown in Fig. 6. Thasoed data were
best-fit using the Fredlund and Xing (1994) equafar the SWCC.
The results show that the tested clay had an &iy galue of about
150 kPa and a residual suction of about 20,000 KRea.silt proved
to be quite similar to the clay soil. The sand hadair entry value of
3.5 kPa and a residual suction of about 10 kPghduld be noted
that a ceramic disk of 500 kPa air entry value wasd for the
testing program. The SWCC portion in the high tstadtion range
was not tested for these soils.

6. QUANTIFICATION OF THE GROUND SURFACE
MOISTURE FLUX

Analyses to compute net moisture flux conditionstret ground
surface were not part of historical soil mechanidswever, the
calculation of ground surface moisture fluxes basedlimatic data
is now becoming an integral part of unsaturated smwchanics
developments. It should be noted that the cal@naif net moisture
flux at the ground surface involves numerous assiomp and
approximations. Some of the inherent difficulties anentioned in
the following sections. Other factors such as tHéeces of
freeze/thaw and wetting/drying are often not adegjyaaken into
account during the analysis; however, their constiten is outside
the scope of this paper.

The ground surface forms a flux boundary that axtes with the
atmosphere. Water is either entering the grounfhsaiboundary as
a result of precipitation or it is leaving the gnolusurface through
(actual) evaporatiorAE, or transpiration]. Water may also be shed
across the ground surface through run@ffor intra-layer drainage.
The components of moisture flux at the ground serfare described
by the following equation.
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Figure 8. Typical weather station record showirgydhily precipitation and the cumulative rainfalbgparticular site in Canada.

Net Infiltration (I) = Precipitation (P) - Actual Eaporation (AE)
- Transpiration)(TRunoff (R) 2)

Or in an abbreviated form, the net infiltrationgabund surface
can be written,
I=P-AE-T-R )

The quantification of ground surface moisture faonditions is

precipitation can take on a variety of shapes déipgnon the
distribution of precipitation within the year asosin in Fig. 8. Even
though the total precipitation in any two years Imige the same,
the response of the underlying soil may be quiferdint depending
upon the distribution of precipitation throughobetyear and the
respective antecedent moisture conditions. Consglgueit is
generally necessary to perform modelling simulatiosing several
years of recorded climatic data.

An unsaturated soil can only accept water at a th&t is

a new analysis in soil mechanics. There has nat bdeng history dependent mainly upon the hydraulic conductivitg amater storage
of calculating ground surface moisture flux coratis because it is a capabilities of the surface soil. It is possible foe surface soil to
complex problem and many assumptions must be magmd of accept water at a rate in excess of the saturatettatilic
the computational procedure. Considerable effostlieen extended conductivity because of the effect of storage. Hmweit is likely
in trying to refine the calculations associated hwitetermining that the intensity of rainfall during a storm magceed the ability of
actual evaporationAE; however, the runoff and the transpirationthe soil to accept water. When the intensity ohfal exceeds the

variables need to also be further studied.
The physical processes associated with the detatimim of

potential evaporationPE, need to be fully understood prior to

attempting to calculate actual evaporatidR, Potential evaporation
occurs from the ground surface when there is anlesypply of
water while actual evaporation can be thought ofeeaporation
from a ground surface and transpiration from vetg@iacan be
visualized as resisting or holding back evaporatioansequently,
actual evaporation requires that the effect of swdtion near ground
surface be taken into account.

Each of the components contributing to net infiitla must be
assessed in order to determine the moisture egtexinground
surface. The components of net moisture flux argt filiscussed
along with a brief description of the calculatiom®d main
assumptions required when performing calculatidhe assessment
of most variables related to net infiltration is deausing average
soil conditions and average imposed moisture fladsk.
Temperature, relative humidity, wind speed andfadlimre usually
the basic variables measured by an elementary emesition.

6.1 Precipitation

Precipitation can take the form of rainfall and \sfail. Its
magnitude should be measured at or
consideration. The daily measurements of precipitatnay have
been measured over a period of many years. Eachojetata can
be considered as an independent record and useslichs for
analysis purposes. An accumulated annual predgoitatcord can
be plotted for each year (Fig. 8). The accumulatthual

infiltration capacity at the ground surface, thenainder of the
water becomes runoff or “ponding” on the groundaue.

The conventional collection of precipitation dafeen does not
allow for the moisture flux variation during a storevent to be
quantified. In other words, rainfall gauges areenfset to measure
the precipitation once per day resulting in a sitmawhere it is
impossible to determine whether a storm was 10 teilong or 10
hours long. A daily rainfall record will show altgxipitation events
as being spread out over most of the day and assaltrthe
precipitation will appear to infiltrate the soilh& desire to reduce
the data collection schedule to a daily resolutiomost likely due
to weaknesses in database systems used to manateemstation
data. It should be noted, however, that it is gmesto program
some weather stations such that an hourly (or suinhy) record of
rainfall intensity can be measured. Even if houdgords are kept
for one year, these results provide valuable infdiom for the
quantification of potential runoff.

6.2

Runoff can be calculated as the water that canrinteggrance into
the soil when it falls to the ground. The amountmfisture leaving
the ground surface by actual evaporation must bésdaken into

Runoff

near the siterunaccount. As well, the slope of the ground surfacsstrbe taken into

consideration when distributing the (vertical) falhonto a sloping
surface. Figure 9 shows a simulation of infiltrati@and runoff
performed using SVFlux software (SoilVision, 20@6jtirana Jr. et
al, 2005).
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6.3 Potential Evaporation

The quantification of potential evaporation frone thround surface
can be estimated using equations describing thecteffof net
radiation and “mixing”. Numerous studies have besmducted
since the 1920s with the intent of predicting “pui&l evaporation”
from the ground surface. It is; however, the “at&eaporation” and
“evapo-transpiration” that are of primary interést geotechnical
and geo-environmental engineering.

Potential evaporation is the amount of water rerdokg the
atmosphere through evaporation if water is freelgilable at the
ground surface. In general, about 80% of the eneeguired for
evaporation comes from the sun (in the form ofradtation) while
wind (in the form of a mixing term) and the vapa&fidit of the air
forms a second important component contributingetaporation.
“Pan Evaporation” measurements (i.e., an open vwatgace) can
also be used to measure “potential evaporation”.

Researchers have attempted to develop empiricahematical
equations that embrace the primary variables cthingathe rate of
evaporation from a free water surface (i.e., péémvaporation).
Each proposed “potential evaporation” equation usescific
weather-recorded data. The calculation of “potérgizaporation”
can be presented in units of mm/day. While the fithovaite (1948)
equation is generally used to assess climatic tiongi of aridity
and humidity, it is the Penman (1948) equation ithgenerally used
in geotechnical engineering for estimating potdmi@poration.

Penman (1948) incorporated a number of variablesnoonly
collected at weather stations (e.g., relative hityidir temperature,
wind speed, and net radiation) into the predictafh potential
evaporation.

+
PE:M (4)
r+n
where: PE = potential evaporation in mm/day, = slope of
saturation vapour pressure vs. temperature cuRaf®, Q, = net
radiation at the water (or saturated ground) serfaem/day,; =
psychrometric constant, kP&, E, = 2.625(1 + 0.148/)
U3 —ud"y | mmiday,W, = wind speed, km/hru@" = vapour
pressure in the air above the water (or saturatedngl) surface,
kPa, and udy
temperature, kPa.
The Penman equation shows that the vapour pregsadient

parameters and therefore, it is sometimes necessargtimate net
radiation values based on the latitude of thewgitdger consideration
as well as other variables. The second term ingdliéxing” of the
air above the water or the drying power of the air.

The vapour pressure in the air above the waterttamdaturated
vapour pressure at the water surface are the domwexiables
driving evaporation. The saturated vapour pressueefunction of
temperature while the actual vapour pressure imathés related to
the relative humidity. The two variables on the tbot of the
Penman equation are also related to vapour pressure

When solving the Penman (1948) equation, it is s&ay to
know the minimum and maximum values for variableghs as
temperature and relative humidity for each day.a&sumption can
then be applied with regard to the variation ofsthevariables
throughout a 24 hour period.

The potential evaporatiof,E, calculation provides the engineer
with an understanding of the maximum evaporati@t ¢ould occur
from a water saturated surface. In the case ofilaasoground
surface, the soil may be holding onto the waterlevttie sun and
wind are attempting to pull the water upward. Thardggle”
between the climate and the soil gives rise to wefoactual
evaporationAE, from the ground surface.

6.4 Actual Evaporation

The actual evaporationAE, from a soil surface might be
considerably less than the potential evaporati®®E. The
geotechnical engineer is most interested in cdioglaactual
evaporation,AE, in order to compute the water-balances (or net
infiltration) at the ground surface. Two equati@re presented that
can be used for calculating actual evaporatidg, from a soil
surface under varying soil suction conditions. Bedluations are the
outcome of research by Wilson (1990) who used ewdjon from
thin soil layers and sand column drying tests taifyethe
fundamental physical relationships used to extelmel Penman
(1948) equation for the calculation of actual evagion, AE.

Wilson’s (1990) first proposed equation takes thenf of a
modified Penman equation. The modification takesto in
consideration the reduced relative humidity (Mapour pressure in
the soil at ground surface), in the denominatorttef Penman-
Wilson equation (Wilson et al, 1994, 1997).

air soil
v v

+
E= rQn ’7Ea (5)
I +nA
where: AE = actual evaporation in mm/day,
. uair uair .
E, = 035(1+ 015A,, )ud" | - V0| " mm/day,ud" = water

vapour pressure in the air above ground surface, Higmu) =

saturated vapour pressure at the mean air temperatum Hg,
us®! = vapour pressure in the soil at ground surface, iy, I =
slope of saturation vapour pressure versus temperaurve, mm
HgPC, Q, = net radiation at the water surface, mm/day=
psychrometric constant, mm H@/, W,, = wind speed, km/hr. The

relative humidity in the soil at ground surfade, is equal to
uso!/udl and the relative humidity of the aihy, is equal to

air

= saturated vapour pressure at the mean aitS"' /udj .

The ratio of actual evaporation to potential evation, AE/PE
can be understood using the thermodynamic equiliori

between the water surface and the air above therwacomes the relationship between relative humidity and negatpere-water

primary driving mechanism for evaporation. There @vo terms in
the numerator of Eq. (4). The first term involvimgt radiation
characterizes the power of the sun to evaporaterwidet radiation
quantifies the net effect of short and long wawdiaton from the
sun, surface reflectance (albedo) and surface temype. Net
radiation values are not as commonly measured lar ateather

pressure (or total suction) (Edlefsen and Ander$643).

soil

v
air
Vo

(UWVWO% )
PwORT

=-exp (6)
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where:h, = relative humidity in the unsaturated soil void%r =

saturated air vapour pressure, kBé?” = vapour pressure in the

soil at ground surface, kPa,, = pore-water pressure, kPa, =

molecular weight of water, 0.018 kg/mel,, = specific volume of
water,g = gravity acceleration, m/g, = temperature’K. Equation
[6] can be re-arranged and used to compute theuwgpessure in
the soil at ground surface.

UnVwo @y ]

soil _  air [ PwIRT
wo =ud"er v

@)

Another equation was proposed by Wilson et al (19997) for

the soil surface (Tratch et al, 1995) (Figure Tkanspiration from
plants can be considerably higher than actual ewaipa.
Therefore, it is important to take the ground stefaegetation into
consideration. However, experientially the effettvegetation has
proven to be quite difficult to determine. Evapasgiration is
primarily a function of the root uptake zone and tbaf area index,
LAI, of the plants. The growing season for the tatien must be
assumed and nutrients must be available in thete@lstain plant
growth. The long-term sustainability of plant grbvitas also proven
to be a problem in some situations.

Numerical
assumptions with regard to vegetation effects aede assumptions
can have a significant effect on the outcome ofathaysis. It is fair
to say that more research is necessary with redardthe

calculating actual evaporatioAE. The equation takes the form of acharacterization of the effects of vegetation amav fthe results

“limiting function” between zero and potential ewagtion
depending on the vapor pressure in the soil atrgt@urface. The
AE is scaled in accordance with Lord Kelvin's equatiorhe
“limiting function” equation is written as follows.

AE = PEN _”Valr ®)
Uyp ~ Uy
where: AE = actual evaporation in mm/daypE = potential

evaporation in mm/dayy, = actual vapour pressure at the soil
= saturated vapour pressure at the soil surfac

surface, Uy,

temperature, anad" = vapour pressure in the air above the soi

surface. Assuming that the air, water and soil tEnajpres are
approximately equal allows temperature to cancdlBg. (8) to be
written in terms of the relative vapour pressure. (i relative
humidity) of the air above the evaporating soil amater surfaces
and Lord Kelvin's total potential equation.

f )

AE =PE Pwd tvo ©)
air
uV
g

where: ud" /udl =

h,;) of the air. Soil suction at the ground surfaceokigained by
combining either Eq. (8) or (9) with the partiaffefential equation
that models liquid and vapour flow in the soil. Tkembined
solution is referred to as a “soil-atmospheric ntbde

Wilson (1990) developed a Soil-Atmospheric modehtth
combines heat and mass transport in the soil redahd ground
surface and Lord Kelvin's equation relating vapptessure to total
suction. The water flow partial differential equesti(i.e., liquid and
vapour flow) predicts the total soil suctions a¢ #jround surface.
The total suction predictions then make use of L#telvin's
equation to yield the relative humidity (i.e., sedpour pressure) at
the ground surface. The vapour pressure in the povides an
indication of the tenacity with which the soil i®ling onto the

relative vapour pressure (or relative humidity,

should be incorporated into a vegetation moistutex fmodel
(Tratch et al, 1995).

T TTTTIT T T TTTTI T TTTI
Air temperature = 20° C ‘ ‘ HH‘
(AR
|8 \ /R.H. of Air = 20%
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als 5 _ W]
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Figure 10. Actual evaporation rate from sand,aiktlay soil
surfaces as a function of the soil suction at gdosurface.

Principles of Transpiration

Atmosphere = 100,000 kPa

(50% RH at 22 °C)
o et :
Evaporation ( ,Jﬂ . | \L‘ﬁ'ai'c = 1500 kPa
(the driving force)
H,0;

Cohesion
(in xylem)

=500 kPa
Water Uptakgl Y Root =200 kPa

(from the soil) / ol “
; N

Soil = 20 kPa

water. Actual evaporatioAE, from the ground surface starts to be Figure 11. Concepts associated with transpiratiom fregetation.

noticeably reduced from potential evaporati®t when the soil
suction in the soil at ground surface becomes greifian about
3000 kPa.

Wilson (1990) showed that it is the soil suctiontla ground
surface that primarily controls the actual rate exfaporation.
Consequently, the soil type at ground surface isanabntrolling
factor when assessing the actual rate of evapaoréfig. 10).

6.5 Transpiration

Plants can be viewed as small pumps that removerwabre
efficiently from the soil than can be done throwaporation from

7. NET MOISTURE FLUX AT THE GROUND SURFACE

Each of the components that influence the net masfiux at the
ground surface has been described. Once the infiormeelated to
the net moisture flux at the ground surface boundgarcomplete,
then it is possible to proceed with the calculaion infiltration of

water into the soil. However, it needs to be unmed that the
above-mentioned calculations for moisture flux mo¢ independent
of modeling soil infiltration. The actual evapomtj AE, is

dependent upon knowing the total suction at graaunthce. Actual
evaporation is computed in the infiltration modeldaas a result

7

modelers are called upon to make numerous
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there is a “coupling effect” between the infiltati model and the
calculation of the moisture flux boundary condisostated another
way, the calculations combine the climatic groundace moisture
flux conditions with the solution of the nonlingaartial differential
equation of unsaturated soil seepage. The combmatif the
unsaturated soil moisture flow and the climatic fbary conditions
is called a “soil-atmospheric model”.

The soil-atmospheric model will need to be solvadio elapsed
time scale that might be in the order of a few rteésuEach day is
modelled and the time scale is continued for théresryear.
However, one year may not be sufficient for desigrthe cover
system. Rather, it may be necessary to perform taesalations for
as much as 10 years or more. Needless to saygrmamd-surface
simulations of moisture flow are computationallyndnding. As
well, the high nonlinearity of the partial diffetéad moisture flow
equation makes convergence of the solution a aigsle

Figure 12 shows the cumulative effects of precijoitg actual
evaporation, and runoff for a portion of one yélne net effect is
called “net flux” or “net infiltration” at the soilsurface. The
magnitude of “net infiltration” provides an indiga of the amount
of water that is likely to pass below groundsurfacto the
underlying materials. There are many assumptiodscaiculations
that have gone into the calculation of infiltration

1.5 ‘ |
. Poorly graded Rainfall = 0.953
£ 1| gravelwith sand e
and silt -
: 0.5 "]
- Jf =
& o = Runoff = 0.001 |
@ | A
.
Z s — i il Net Flux = 0.179 _|
5 e
E T
E ——
> \ iy
O 5 | | NetFlux (Evaporation) = i
’ 179 mm
l PE =-1.659
-2 ‘
0 100 200 300 400
Time (days)

Figure 12. Net infiltration computed after the gndwsurface
moisture flux has been applied to the soil-atmosphmaodel.

8. EXAMPLES OF NEAR-GROUND-SURFACE SOIL
MECHANICS PROBLEMS

The primary factor influencing the long-term perfance of
engineered structures is changes in soil suctiomesr-ground-
surface soils. Soils change volume and shear streagya result of
changes in the net infiltration or the net moistflue at the ground
surface. There are a wide range of applications tan be
considered; however, mention will only be made ¢ examples
such as: i.) the movement of slabs built on gradeatoshallow
depths below ground surface, ii.) the triggeringslmipe instability
as a results of moisture infiltration, and iii.) ethdesign and
performance of soil cover systems.

8.1 ExampleNo. 1 Slab-on-Ground

The movement of slabs-on-ground results in enormeoost to
households in many countries of the world. It igenfa soil
mechanics problem that consulting engineers detireavoid

because of the high risk. However, the analyticalls are now
available to perform numerous computer simulatiohsonditions
that could occur. Figure 13 shows a slab-on-grabhatlis subjected
to continuously changing environmental conditiofise edge of the
slab moves upward as the underlying soil swell andves
downward when the underlying soil shrinks or driesit.

Consequently, the concrete slab is subjected tondilg moment
that can produce cracking at some distance frometlge of the
slab. The variables required for the design of dfab are: i.) the

possible amount of upward and downward movemert,ignthe
distance from the edge of the slab where movemenikely to
cease.

The engineering design solution involves the sitotaof two
physical processes; namely, i.) the movement oEmiat or out of
the soil underlying the edge of the slab, and ihg stress-
deformation modelling of soil movement as the strefate in the
soil changes. Consequently, there are two partidferdntial
equations that need to be solved in order to prede movements
that are likely to occur in the soils underlying thlab. The entire
process is driven by the climatic and ground serfaonditions
surrounding the slab-on-ground.

Figure 14 presents a hypothetical case of a slagrate used to
illustrate the response of the system to the enwmiental changes
(Fredlund and Vu, 2004).

Figure 15 shows a plot of matric suction profiléstee edge of
the slab for various time when an upward moistlue fi.e., the
evaporation) of 10 mm/day was applied at the uneaeground
surface. Most of suction change took place neaunrgtcsurface, and
advanced deeper with time.

Deformation due to Drying (Edge Drop Mode) |

Evaporation ~ Flexible Impervious Cover ~ Evaporation

IR Sl

Lower houndary

Deformation due to Wetting (Edge Lift Mode) |

Infiltration Infiltration
Flexible Impetrvious Cover
Datum

Lowerboundary

Figure 13. lllustration of the soil response toeemal loads and
changes in matric suctions (after Post-tensiormsgjtute, 1996).

. Specified suction
Flexible cover or concrete sllab /7 or boundary flux

— Flux=0 " 4
1 Flux =0 —]

€

o

Depth, m

¥

e

s Constant suction = 400 k:”a OE

0 3 6 9 12
Distance from centre of cover or slab, m

Figure 14. lllustration of the slab-on-ground exédenproblem,
boundary conditions for seepage and stress-defmmanalysis.
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Figure 15. Matric suction profile at the edge & tthab for various
elapsed times of evaporation.
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Figure 16. Vertical displacements (i.e., settlerspnérsus depth
at the edge of the slab for various elapsed timesaporation.
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Figure 17. Vertical displacements at ground surfacearious
elapsed times of evaporation.

Vertical displacements versus depth are presentddgure 16
for various times after the evaporation commendésst of the
settlements took place near ground surface wherecttange in
matric suction is large. Figure 17 presents théicardisplacement
at ground surface for various times after the eramn
commences. Differential settlement took place rikaredge of the
slab. This example problem illustrated that thelfmted response of
the soil moisture flux boundary conditions are dstemt with those
generally observed in the field.

8.2 Example No. 2 A Derailment Caused by a Prolonged
Rainfall Event

This example problem shows the results of a pastamt
numerical investigation associated with a trainadeent that
occurred after an extended period of rainfall aita in Alberta,
Canada. The trigger mechanism for the derailmentrelased to the
net infiltration of water at ground surface (Vuakt 2005).

The embankment of the derailment’s location is &l3om high
and has 2:1 horizontal to vertical slope. The weattonditions

45
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. ! —=— Vauxhall North
R F + ...... ] —-«—- |ddesleigh
€30 | ! | ---m-- Suffield A
= ' ‘
E e
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815 | "1 08May2003- 2350 MST
\
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0

1 2 3 4 5 6 7 8 9
Date (May 2003)

Figure 18. Variation of precipitation near the dlenant site in May
2003.
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Figure 19. Distribution of suction versus depthhvitne after the
commencement of infiltration.

leading up to the derailment were analysed. Fid@&eresents the
10 day variations of precipitation intensities @tif weather stations
near the derailment site. A comparison to climatiemal indicated
above average rainfall and snowfall in the montt\pfil for most
stations. The results of climate evaluations atsite suggested that
direct infiltration into the subgrade soil occurrextior to the
derailment event.

The matric suction conditions and flow patterns hinit the
railway embankment play an important role in thefgrenance of
the embankment. Increased water content and decreastric
suction, reduces shear strength and increase cesilpiity of the
subgrade material. As a result, the railway embarknibecomes
less stable and the rail deflection becomes greatefer train
loading. Not all subgrade deflection is elastic ardoverable; a
portion is plastic and leads to cumulative permarsettlement of
the track. Different rail settlement is a factoattttontributes to an
uneven track.
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Figure 20. lllustration of the effect of infiltrath to the soil suction, subgrade bearing capaedtjcal displacement (i.e, settlement) and
slope factor of safety of the railway embankment.
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Figure 21. Concept of “Store and Release” used inlésggn of Alternative Cover systems (after Shackd|f2005).

Saturated/unsaturated flow modelling of the deraiitnsection
was undertaken to evaluate the potential impadt ititensity and
duration of the rainfall events could have on thbegsade suction
conditions. Soil suction is an important variabieconsideration of
slope stability, bearing capacity and stress dedfition conditions
under train loading.

Figure 19 shows the changes in soil suction insthié profile
with time. It can be seen that the first two daysndiltration had
little effect, but then the wetted front migrateelatively quickly
into the subgrade, reaching a depth of 0.75 mtimosubgrade on
day 3 and 1.5 m on day 5. This 1.5 m depth is @efit to
accommodate development of a bearing capacity réailn the
subgrade.

Figure 20 presents a summary of the bearing capanilysis,
stress deformation analysis, and slope stabiliglyas that were
conducted for the site. As shown in this figuree #mbankment
failure was a result of reduced subgrade strengtised by the
prolonged infiltration and repetitive dynamic traifoading.
Infiltration into the subgrade softened the embaakirby reducing
soil suction in the soils. The reduction of soicon reduced the
bearing capacity of the subgrade, reduced the taope factor of
safety, and increased deformation of the rail-tragktem. Uneven
track produced large deformation of the track systesulting in a
high impact factor under dynamic train loading.

Softening of the embankment subgrade would
approximately 2 days after the infiltration evemmnunenced and
would become pronounced 5 days after the infittratarted. The
degree of subgrade softening would increase witte tiluring the
precipitation process. Prolonged and heavy pretipit was the
critical condition leading to instability of theatrk structure.

staft”

8.3 Example No. 3 Store and Release Soil Cover System

The engineering design of a "Store and Release'csvir system
involved the application of unsaturated soil medtsgrprinciples

(Fig. 21). A cover can change its degree of satmawith time and

function in a manner that compensates for envirariaie
fluctuations. Reductions in the degree of saturatieduce the
coefficient of permeability of the cover system@sg as the surface
soil does not crack due to desiccation. The redodt degree of
saturation increases the storage capacity of thercamil. The intent
is for the cover to buffer the extreme climate fogcfactors by

storing water during wet periods and releasing ackb to the

atmosphere during dry periods.

The covers can consist of a variety of soil typed aften make
use of sand and silt soils. The covers are desigmethe basis of
water storage and water release (i.e., a watenbaldesign). There
must be sufficient capability for the annual préeifion to be
removed from the cover on an annual basis. In oftads, the
cover must be in an area that tends towards beidgtéowever, an
arid environment is not a sufficient criterion. Ttwver design must
also take into consideration the distribution ofegipitation
throughout the year as well as the distributiothefthermal energy
required to drive evapotranspiration. Stated amotfey, the cover
material must be able to provide sufficient watemage capacity
d water release capacity to accommodate the tatimgeather
patterns that are likely to be imposed on the caveny time of any
year.

It is necessary to test the functionality of theeroby subjecting
the proposed design to several years of past dtimanditions. The
cover may be subjected to 10 or more years of sitiauls through
use of past climatic record data. The computer lsititmns may be
reduced to time steps in the order of minutes aa aesult the

10
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analysis becomes computationally intensive. Theee aso other
factors that make the design analysis demandingtizse will be
later discussed. While the concept of “Storing” evatand
“Releasing water” throughout the year is simple, talysis
becomes dependent upon the assessment of manilearas well
as several nonlinear unsaturated soil propertytiomns.

9. SUMMARY

There are many assumptions that need to be magara®f the
analysis and design procedure for engineered sresgtthat are
close to the ground surface. The soil conditions change with
time due to the effects of weathering with the lethat the soil
properties become far from the initially measured assumed
values. The changes can prove to differ by ordensamnitude from
initial compacted or placement conditions. This do®t make a
realistic design impossible but simply shows thacimgreater care
and detail must be given to the assessment of isaturated soil
properties.

The climatic quantification that provides the "mebisture flux"
at ground surface has utilized many broad assumgmtidhe
tendency may be to focus the analysis on averagalitaans;
however, the engineer needs to understand thahyt lme extreme
weather conditions that may have the greatest teffger time.
Extreme events may also lead to other processds asi@rosion
during significant water runoff.

The effect of cracks forming in soils near to theumnd surface
can significantly change the response of the serfaoils to
infiltration and exfiltration. Unsaturated soil jperties are highly
nonlinear and may even change to be bilinear imadher. These
extreme conditions need to be given more atterdioh may even
turn out to constitute a controlling factor.

Modeling ground surface moisture flux conditions lpaoven to
be one of the most challenging analytical procesluie soil
mechanics. However, the benefits associated widityaimg ground
surface moisture flux problems have proven to bgreht value in
geotechnical engineering practice. While greatdstihave been
made in analyzing moisture flux problems there se¢d be
increased verification and monitoring studies ircr@ase the
engineer’s confidence in the analyses being peddrm
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