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•  Stress	
  effects	
  	
  
•  Confining	
  stress	
  s/ffening	
  effects	
  on	
  MR	
  
•  Deviator	
  stress	
  soJening	
  effects	
  on	
  MR	
  

•  Moisture	
  effects	
  
•  Compac/on	
  moisture	
  effects	
  on	
  MR	
  
•  Drying	
  profile	
  history	
  (limited	
  /me	
  dura/on)	
  
•  Drying	
  (post-­‐compac/on	
  moisture)	
  effects	
  on	
  MR	
  (s/ffening)	
  

•  Layered	
  system	
  
•  Subgrade	
  only	
  
•  S/ff	
  base	
  over	
  soJ	
  subgrade	
  
•  S/ff	
  base	
  over	
  s/ff	
  subgrade	
  

•  Individual	
  LWD	
  device	
  details	
  
•  Plate	
  diameter	
  
•  Plate	
  rigidity	
  
•  Contact	
  area	
  stress	
  distribu/on	
  
•  Loading	
  rate	
  
•  Deflec/on	
  measurement	
  type	
  and	
  loca/on(s)	
  

Stamp	
  and	
  Mooney	
  (2013)	
  

On	
  soil	
  
On	
  plate	
  

Recap	
  on	
  One	
  of	
  the	
  Key	
  Issues	
  in	
  LWD	
  study	
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BVT:	
  Beam	
  Verifica/on	
  Tester	
  
	
  
To	
  assess	
  the	
  reliability	
  of	
  the	
  test	
  equipment	
  using	
  the	
  linear	
  elas/c	
  material	
  
To	
  assess	
  whether	
  full	
  spectral	
  analysis	
  is	
  required	
  for	
  field	
  data	
  	
  

Study	
  Overview	
  

Ø  A	
  simply	
  supported	
  beam	
  assembly	
  with	
  known	
  and	
  adjustable	
  sta/c	
  s/ffness.	
  
	
  
Ø  The	
  known	
  sta/c	
  s/ffness	
  of	
  the	
  linear	
  elas/c	
  beam	
  (ks-­‐beam)	
  was	
  compared	
  to	
  LWD	
  

measured	
  s/ffness	
  (kpeak).	
  
	
  
Ø  Hoffman	
  	
  (2004)	
  found	
  that	
  kpeak	
  produces	
  significant	
  systema/c	
  error	
  in	
  BVT	
  sta/c	
  

s/ffness	
  Es/ma/on.	
  
	
  
Ø  Hoffman	
  proposed	
  spectral	
  analysis	
  of	
  data	
  to	
  calculate	
  ks.	
  
	
  
Ø  Our	
  studies	
  showed	
  a	
  very	
  good	
  agreement	
  between	
  kpeak	
  and	
  ks	
  for	
  all	
  the	
  three	
  devices	
  

in	
  contrary	
  to	
  Hoffman	
  (2004)	
  study.	
  

4	
  

Study	
  Overview	
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Methodology	
  

𝑘(𝑡)= ​𝑓(𝑡)/𝑥(𝑡) 	
   𝐾(𝑓)= ​𝐹(𝑓)/𝑋(𝑓) 	
  

m ​𝑥   (t) + c​𝑥 (t) + kx(t) = f (t)	
  

K( f ) = k[(1-β2) + 2 iβ]	
   β= ​𝑓/​𝑓↓𝑛  	
   = ​𝑐/​4𝜋𝑚𝑓↓𝑛  	
  ​𝑓↓𝑛 = ​1/2𝜋 √​𝑘/𝑚 	
  

Ø  To	
  reduce	
  the	
  effects	
  of	
  experimental	
  noise	
  and	
  variability,	
  a	
  spectral	
  average	
  technique	
  was	
  used.	
  

𝐾(𝑓)= ​​𝐺↓𝑥𝑓 (𝑓)/​𝐺↓𝑥𝑥 (𝑓) 	
   ​𝐺↓𝑥𝑓 (𝑓)=one-sided cross-spectral density function 
​𝐺↓𝑥𝑥 (𝑓)=  one-sided auto-spectral density function	
  

Ø  Quality	
  of	
  the	
  measurements	
  and	
  validity	
  of	
  the	
  linearity	
  assump/on	
  via	
  the	
  coherence	
  func/on	
  

​𝛾↑2 (𝑓)= ​​​|𝐺↓𝑥𝑓 (𝑓)|↑2 /​​𝐺↓𝑥𝑥 (𝑓).𝐺↓𝑥𝑥 (𝑓) 	
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BVT	
  Test	
  Results	
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BVT	
  Test	
  Results	
  

Span	
   ks	
   Zorn	
  300	
  
Dyna	
  
300_6"	
  

Dyna	
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Dyna	
  
300_4"	
  

Dyna	
  
150_4"	
  

Olson	
  
300-­‐1/2	
   Prima100	
  Hoffmann	
  

[cm]	
   [kN/mm]	
   [kN/mm]	
   [kN/mm]	
   [kN/mm]	
   [kN/mm]	
   [kN/mm]	
   [kN/mm]	
   [kN/mm]	
  
70	
   0.9	
   0.834	
   0.707	
   0.732	
   0.767	
   0.810	
   	
  	
   3.400	
  
60	
   1.5	
   1.159	
   1.038	
   1.082	
   1.288	
   1.305	
   	
  	
   2.670	
  
50	
   2.4	
   1.848	
   2.099	
   2.215	
   2.519	
   2.678	
   1.982	
   2.170	
  
40	
   5.0	
   3.457	
   4.693	
   4.748	
   5.234	
   5.360	
   3.872	
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Conclusion	
  

Overall,	
  in	
  contrary	
  to	
  Hoffman	
  (2004,)	
  it	
  was	
  found	
  that	
  the	
  conven/onal,	
  peak-­‐based	
  
method	
  of	
  backanalysis	
  produces	
  correct	
  es/mates	
  of	
  the	
  sta/c	
  s/ffness	
  of	
  the	
  BVT.	
  

The	
  spectral-­‐based	
  data	
  interpreta/on	
  method	
  could	
  enhance	
  the	
  results	
  marginally	
  for	
  
Dynatest,	
  but	
  was	
  deficient	
  for	
  Olson	
  LWD.	
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Standardizing	
  the	
  Lightweight	
  Deflectometers	
  for	
  Modulus	
  
Determina=on	
  and	
  Compac=on	
  Control	
  of	
  Unbound	
  Material	
  

June	
  2	
  -­‐	
  3,	
  2015	
  
University	
  of	
  Maryland	
  College	
  Park	
  

Parametric	
  Study	
  of	
  Soil	
  Drying	
  
in	
  the	
  Field	
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Objec9ve	
  
•  Inves=gate	
  the	
  factors	
  that	
  affect	
  moisture	
  change	
  in	
  the	
  field	
  
•  Develop	
  a	
  simple	
  tool	
  for	
  predic=ng	
  moisture	
  changes	
  due	
  to	
  drying	
  aOer	
  

placement	
  and	
  compac=on	
  of	
  soil	
  
•  Establish	
  a	
  reference	
  to	
  specifying	
  the	
  amount	
  of	
  drying	
  based	
  on	
  field	
  condi=ons	
  
•  U=lize	
  the	
  predicted	
  moisture	
  profile	
  aOer	
  drying	
  for	
  interpre=ng	
  LWD	
  modulus	
  

measurements	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Ini=al	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  4	
  days	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  8	
  days	
  

Analysis	
  Approach	
  

•  Iden=fy	
  the	
  physical	
  process	
  of	
  evapora=on	
  from	
  soil	
  to	
  atmosphere	
  

•  Iden=fy	
  the	
  appropriate	
  soil	
  proper=es	
  and	
  variables	
  which	
  control	
  evapora=on	
  	
  

•  Iden=fy	
  the	
  theore=cal	
  framework	
  to	
  describe	
  evapora=on	
  from	
  soil	
  

•  Find	
  the	
  prac=cal	
  soOware/code	
  available	
  to	
  model	
  the	
  evapora=on	
  	
  

•  Model	
  the	
  one	
  layered	
  subgrade	
  and	
  two	
  layered	
  base	
  on	
  subgrade	
  systems	
  

•  Validate	
  the	
  results	
  based	
  on	
  available	
  laboratory	
  measurements	
  

•  Compare	
  predicted	
  vs.	
  measured	
  moisture	
  contents	
  in	
  the	
  test	
  pits	
  

•  Demonstrate	
  the	
  applicability	
  of	
  modeling	
  to	
  prac=cal	
  field	
  situa=ons	
  

Clay	
  
No	
  Drainage	
  

Granular	
  Base	
  

Free	
  Drainage	
  

Granular	
  Base	
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Flow	
  Equa9on	
  

•  System	
  of	
  equa=ons	
  for	
  describing	
  soil	
  to	
  atmosphere	
  evapora=on	
  (Wilson,	
  1990)	
  :	
  

–  Evapora=on	
  
	
  

	
  

E=f(u)(eS − ea )

E=    Vertical vapor flux into the atmosphere, (mm/day)
f(u)= A function depending on wind speed, 
         surface roughness and atmospheric stability
eS =  Vapor pressure at the soil surface, kPa
ea =  Vapor pressure in the air above the soil, kPa

Warmer end 

Water	
  
drained	
  

Vapor	
  
flow	
  

Flow	
  Equa9on	
  

•  System	
  of	
  equa=ons	
  for	
  describing	
  soil	
  to	
  atmosphere	
  evapora=on	
  (Wilson,	
  1990)	
  :	
  

–  Moisture	
  Flow	
  

	
  	
  	
  	
  	
  	
  

–  Heat	
  Flow	
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hw = Total hydraulic head, m
Cw

1 ,Cw
2 =Coefficient of consolidation

kw =Coefficient of permeability
DV =Coefficient of vapor diffusion
pV = Partial Vapor pressure

CVρs = Volumetric specific heat
T = Temperature,  C
λ = Termal conductivity
pV = Partial Vapor pressure
LV = Latent heat of vaporization, J/Kg.
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SoAware	
  Evaluated	
  

•  HYDRUS	
  
•  UNSAT-­‐H	
  Code	
  
•  Flux	
  Fortran	
  code	
  
ü SoilVision	
  SVFlux	
  

HYDRUS	
  Valida9on	
  

•  Clay	
  
•  Top	
  soil	
  

vapour and liquid water flow model for predicting evaporation
from a sandy soil. The model requires the input of environmental
conditions such as temperature and humidity to predict the poten-
tial evaporation rate. The prediction of the actual evaporation
rate from a soil surface requires a precise knowledge of the
soil-water characteristic curve or the water content – suction
relationship for the soil. The authors’ experience with the
model indicated that slight deviations of the critical portions
of the soil-water characteristic curve, such as the air entry
value, from the actual or true value can have significant impact
on the accuracy of the predicted evaporation.

The above overview suggests that the prediction of evapo-
ration for geotechnical engineering applications, such as the
design of soil covers, can be enhanced by well-conceived labo-
ratory experiments. Laboratory evaporation measurements are
easy to implement and can yield useful information for field
applications, if the appropriate climatic or environmental con-
ditions (for example, temperature, humidity, and radiation) can
be adequately simulated in the laboratory. This paper presents
laboratory experiments (Choo 1996) conducted to measure actual
evaporation rates from candidate soils used in the construction
of covers for mitigating acid drainage from reactive sulphide-
bearing mine waste. Four of the soils had actually been pre-
viously used in multi-layered covers installed on reactive
sulphide-bearing mine tailings at the decommissioned Waite
Amulet tailings site near Rouyn-Noranda, Quebec (Yanful and
St-Arnaud 1991). In addition to the evaporation rates, water
content and temperature profiles were also measured in the
present study. The evaporation rates from the various soils are
compared with one another and with the rate observed from a
free water surface. The dynamics of moisture movement in the
columns are discussed in relation to the prevailing environ-
mental conditions. The utility of the evaporation data is illus-
trated with a numerical modelling of moisture movements in
a typical soil cover placed over mine tailings.

Materials and methods

Test soils
The soils used in the evaporation tests comprised a varved
clay, a fine sand, a coarse sand, and a top soil. The varved clay
and sands were obtained from the vicinity of the Waite Amulet

tailings site and are similar to those used in the construction of
the multilayered soil covers described by Yanful and St-Arnaud
(1991). The clay is a silty clay with a grain size composition of
approximately 55% clay and 45% silt. Geotechnical and other
soil properties have been described by Yanful and St-Arnaud
(1992) and Yanful (1993). The fine sand consisted of >80%
particles finer than 0.2 mm with no gravel size particles, while
the coarse sand contained only 8% particles finer than 0.2 mm
and about 20% gravel size particles. Machibroda et al. (1993)
have measured and reported geotechnical and hydraulic prop-
erties of the clay and sands.

The top soil used in the present study was obtained from
the Brescia College field, at The University of Western Ontario.
It was sampled at an approximate depth of 0.30 m from the
ground surface. The geotechnical properties of the dark brown
top soil, presented in Table 1, were determined using standard
laboratory procedures (Bowles 1986). The grain size distribu-
tion consisted of 22% clay, 71% silt, and 7% fine sand. The
liquid limit was determined to be 32.5% and the plastic limit 21%.
Compaction parameters, determined with the Harvard miniature
apparatus, were 1.75 Mg/m3 for themaximum drydensity and 16%
for the optimum water content. This method of compaction pro-
vides kneading action similar to field compaction (Wilson 1970).

Evaporation tests

Sample preparation

The clay and top soil used in the evaporation tests were air
dried and lightly pulverized with a rubber pestle to decrease the
size of clods so that a consistent water content and density
could be achieved during packing. The pulverized soil was
then sieved through sieve No. 20 (850 µm) to obtain a near
uniform grain size distribution. Since the soils were predomi-
nantly silty clays (Table 1), the sieving process did not alter the
original soil composition. The clay and top soil were packed in
small lifts at 2% wet of the optimum water content using the
Harvard miniature compaction technique. The sands were pre-
pared to a desired water content by adding the appropriate
amount of water.

Column design and installation

A specially designed cylindrical column was fabricated from a
6.4 mm thick, ABS pipe with an internal diameter of 101.6 mm
and a height of 209.6 mm. A circular Plexiglas base plate with
a diameter of 133 mm and a thickness of 9.5 mm was glued to
the bottom of the column. The columns were drilled with
twelve 1.61 mm and six 2.38 mm holes to accommodate
probes and thermocouples to measure water contents and tem-
perature, respectively, as illustsrated in Fig. 1. The centre line
of the thermocouples holes was 90° from that of holes drilled
to house water content probes. Similar column tests were per-
formed by Gardner and Hillel (1962) and Wilson (1990).

To determine the water content and temperature of the
evaporating soils, the soils were packed in lifts to accommo-
date the placement of probes and thermocouples. Volumetric
water content was determined along the soil profile using a
Tektronix Model 1502B time-domain reflectometry (TDR)
metallic cable tester. The TDR technique for measuring water
content is discussed in detail by Fellner-Feldegg (1969) and
Davis and Chudobiak (1975) and is only briefly summarized
here. An electromagnetic pulse is sent from the cable tester

Property Clay Top soil

Specific gravity 2.70a 2.64

Grain size

% fine sand 0a 7

% silt 10a 71

% clay 90a 22

Atterberg limits

Liquid limit 63.9%b 32.5%

Plastic limit 30.9%b 21.0%

Plasticity index 33.0%b 11.5%

Compaction test

Optimum water content 25% 16.2%

Maximum dry density 1.58 Mg/m3 1.75 Mg/m3

a From Yong et al. (1991) and Yanful and St-Arnaud (1991).
b From Machibroda et al. (1993).

Table 1. Soil geotechnical properties.
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temperature fluctuated in a similar manner to the open labora-
tory during days 23 to 45. The difference in temperature be-
tween the two environments was estimated to be 1.5°C. No
significant differences in relative humidities (Fig. 9) were ob-
served between the laboratory and environmental chamber
conditions. The environmental conditions (air temperature and
relative humidity) reported in Figs. 8 and 9 are similar to those
observed at mine sites such as Waite Amulet, Quebec, and
Kidd Creek, Ontario (St-Arnaud and Woyshner 1993).

The potential rate of evaporation averaged over the first 20 days
was 6.5 mm/day and may have been influenced by the flow of
air from the fan placed in the chamber. This air flow, which
was measured to be 4 m/s at a distance of 25 cm, most likely
increased the potential rate of evaporation.

Actual rates of evaporation
The rates of evaporation from the coarse and fine sands were
similar to that measured in the water column during the first 4
to 5 days, as shown in Figs. 4 and 5. By the sixth day, the
surfaces of the coarse and fine sands looked dry, as they had a
lighter colour compared with the initially darker wet soil. A
thin crust of finer grained soil was observed on the surface of
the sands. This material may have been deposited on the sur-
face of the sand by the evaporating water. After this time, the
rate of evaporation decreased and was independent of the en-
vironmental conditions. The initial rate of evaporation in the

clay and top soils was relatively high but lower than the poten-
tial rate of evaporation.

Water content profiles
Figures 10 to 13 show the volumetric water content profiles
measured in the soil columns. Generally, relatively high rates
of evaporation occurred in the first 4 days of the tests. The
measured water content was assumed to be the average water
content of the cylindrical soil sample defined by the pair of
TDR probes. The water content was therefore specified at the
midpoint of the two probes.

The initial water content profiles in the sands (Figs. 10 and 11)
show a distinct difference in water content in the upper part of
the soils. Despite covering the soils for one day prior to the
“start” of the test, it appears that some evaporation occurred
before the soils were uncovered at the beginning of the tests.
When the plastic cover over each of the soils was removed, it
was observed that some water had condensed on the side of
the plastic near the soil surface. The water content profiles also
show a drying front that progressed deeper into the soil during
the first 4 to 5 days when evaporation rates were high. After
10 days, when the evaporation rate was relatively low, the
moisture content profiles in both the coarse and fine sands
were nearly uniform.

The respective water content profiles for the clay and top
soil are shown in Figs. 12 and 13. In contrast to the sands, the
volumetric water content profile in the clay was essentially

Fig. 12.Water content profile for clay.
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conductivity and the soil-water characteristic curve of the soil.
Unsteady conditions exist when the rate of evaporation is not
influenced by atmospheric conditions but by the hydraulic

properties of the soil. In Phase II, the first falling-rate phase,
the rate of evaporation decreases with time as the soil hydraulic
properties limit the maximum rate of evaporation, unlike in the

Fig. 14. Temperature profile for coarse sand.

Fig. 15. Temperature profile for fine sand.

Fig. 16. Temperature profile for clay.

Fig. 17. Temperature profile for top soil.
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served between the laboratory and environmental chamber
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surfaces of the coarse and fine sands looked dry, as they had a
lighter colour compared with the initially darker wet soil. A
thin crust of finer grained soil was observed on the surface of
the sands. This material may have been deposited on the sur-
face of the sand by the evaporating water. After this time, the
rate of evaporation decreased and was independent of the en-
vironmental conditions. The initial rate of evaporation in the

clay and top soils was relatively high but lower than the poten-
tial rate of evaporation.

Water content profiles
Figures 10 to 13 show the volumetric water content profiles
measured in the soil columns. Generally, relatively high rates
of evaporation occurred in the first 4 days of the tests. The
measured water content was assumed to be the average water
content of the cylindrical soil sample defined by the pair of
TDR probes. The water content was therefore specified at the
midpoint of the two probes.

The initial water content profiles in the sands (Figs. 10 and 11)
show a distinct difference in water content in the upper part of
the soils. Despite covering the soils for one day prior to the
“start” of the test, it appears that some evaporation occurred
before the soils were uncovered at the beginning of the tests.
When the plastic cover over each of the soils was removed, it
was observed that some water had condensed on the side of
the plastic near the soil surface. The water content profiles also
show a drying front that progressed deeper into the soil during
the first 4 to 5 days when evaporation rates were high. After
10 days, when the evaporation rate was relatively low, the
moisture content profiles in both the coarse and fine sands
were nearly uniform.

The respective water content profiles for the clay and top
soil are shown in Figs. 12 and 13. In contrast to the sands, the
volumetric water content profile in the clay was essentially

Fig. 12.Water content profile for clay.
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constant during the first 2 days of relatively high evaporation.
After 2 days, distinct drying fronts that progressed into the soil
were evident. Up to 41 days, the drying front in the clay de-
veloped only to the middle of the soil profile (Fig. 12), while
relatively constant water content profiles were observed in the
top soil (Fig. 13). The dry zone that developed in the clay
around 0.1 m depth after the third day could have been due to
the development of a shrinkage crack at the contact between
two lifts. It was not possible to see the crack because of the
opaque nature of the ABS column used.

Temperature profiles
Temperature profiles for the evaporating soils are presented in
Figs. 14 to 17 using the same times that were selected for the
water content profiles. The temperature profiles in all the soils
exhibited common trends. The sands showed slightly lower
temperatures than the fine-grained soils at the start of the test.
In the initial stage of the test, the temperature decreased after
1 day and then began to increase to a temperature close to that
observed at the start of the test, which was similar to the cham-
ber temperature. The temperatures in the soils at the later
stages (ie. beyond 10 days) were relatively constant in the soil
profile and higher than the initial temperature. Wilson (1990)
observed a similar trend when the rate of evaporation decreased in
an evaporating soil column. Lower temperatures were evident
near the surface of the soil because of the consumption of
energy for latent heat of vaporization (Wilson 1990).

A comparison of Figs. 12 and 16 suggests an interesting
relationship between the temperature and water content ob-
served in the clay. At an elevation of approximately 0.1 m, a
distinct drying front was observed. Similarly, in this region,
lower temperatures were recorded. This confirmed that lower
temperatures were an indication of the loss of water and heat
due to evaporation.

Analysis and discussion

The rate of evaporation over time from a soil surface generally
occurs in three phases (Hillel 1971 and Wilson et al. 1994), as
shown in Fig. 18. In phase I, the constant-rate phase, the rate
of evaporation is essentially constant with time. In the steady-
state experiments reported by Gardner (1959), it was found
that the rate of evaporation was initially limited by external
environmental factors rather than by the soil hydraulic proper-
ties. If the external conditions remained constant, the water
content at the surface gradually decreased to a value that was
at equilibrium with the pressure in the atmosphere. The length
of time during which phase I evaporation persisted was de-
pendent on the initial constant rate of evaporation. Gardner
(1959) and Gardner and Hillel (1962) noted that slower initial
rates continued for a longer period of time than higher initial
rates of evaporation. On the other hand, Wilson et al. (1994)
used a transient numerical flow model to show that the length
of phase I drying was controlled by the unsaturated hydraulic

Fig. 13.Water content profile for top soil.
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conductivity and the soil-water characteristic curve of the soil.
Unsteady conditions exist when the rate of evaporation is not
influenced by atmospheric conditions but by the hydraulic

properties of the soil. In Phase II, the first falling-rate phase,
the rate of evaporation decreases with time as the soil hydraulic
properties limit the maximum rate of evaporation, unlike in the

Fig. 14. Temperature profile for coarse sand.

Fig. 15. Temperature profile for fine sand.

Fig. 16. Temperature profile for clay.

Fig. 17. Temperature profile for top soil.
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around 0.1 m depth after the third day could have been due to
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exhibited common trends. The sands showed slightly lower
temperatures than the fine-grained soils at the start of the test.
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near the surface of the soil because of the consumption of
energy for latent heat of vaporization (Wilson 1990).

A comparison of Figs. 12 and 16 suggests an interesting
relationship between the temperature and water content ob-
served in the clay. At an elevation of approximately 0.1 m, a
distinct drying front was observed. Similarly, in this region,
lower temperatures were recorded. This confirmed that lower
temperatures were an indication of the loss of water and heat
due to evaporation.

Analysis and discussion

The rate of evaporation over time from a soil surface generally
occurs in three phases (Hillel 1971 and Wilson et al. 1994), as
shown in Fig. 18. In phase I, the constant-rate phase, the rate
of evaporation is essentially constant with time. In the steady-
state experiments reported by Gardner (1959), it was found
that the rate of evaporation was initially limited by external
environmental factors rather than by the soil hydraulic proper-
ties. If the external conditions remained constant, the water
content at the surface gradually decreased to a value that was
at equilibrium with the pressure in the atmosphere. The length
of time during which phase I evaporation persisted was de-
pendent on the initial constant rate of evaporation. Gardner
(1959) and Gardner and Hillel (1962) noted that slower initial
rates continued for a longer period of time than higher initial
rates of evaporation. On the other hand, Wilson et al. (1994)
used a transient numerical flow model to show that the length
of phase I drying was controlled by the unsaturated hydraulic
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An initial comparison to the results obtained by Wilson (1990) was performed by Gitirana (2004) 
using the FlexPDE solver used by SVFLUX. The FlexPDE formulation presented by Gitirana included 
full coupling of the temperature partial differential equations. The results of this work are presented 
in Figure 20. 

 
Figure 20 Results of Gitirana (2004) as compared to Wilson (1990) 

 
Three approaches are available to calculate the actual evaporation: Wilson-Penman AE (Wilson, 
1994), Limiting-Function AE (Wilson, Fredlund, and Barbor, 1997), and Empirical AE (Wilson, 
Fredlund, and Barbor, 1997). Each approach can be simulated with fully coupled water flow and 
heat using SVFlux and SVHeat. However this benchmark only presents uncoupled evaporative 
simulations using Svflux package. Please see the SVHeat Verification Manual for the results of the 
fully coupling simulations.  
 
NOTE: 
 1. The model is required to set the “Apply Surface Suction Correction” option in the

Suction tab of SVFlux model settings dialog, and 
2. The correction factor is set to be –1.8. 
 

2.1.6.2 Material properties  
The material properties in Wilson’s thesis are presented as follows. The ksat value used in the 
numerical modeling is presented as 3e-5 m/s. The unsaturated hydraulic conductivity and 
gravimetric water content values calculated using the Brooks and Corey estimation method are 
presented in Table 6.2 (p. 252). In the “FLUX” code developed by Wilson the Brooks and Corey 
method of representing the SWCC and unsaturated hydraulic conductivity function. General 
hydraulic properties of the Beaver Creek sand are presented in Table 4.1 (p. 115). 
 
In this benchmark the soil water characteristic curve (SWCC) is approximated with Fredlund and 
Xing (1994) approach based on the Wilson’s measured data. The parameters for SWCC and 
hydraulic conductivity are presented inTable 1, Figure 21 and Figure 22. 
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–  Solar	
  Radia=on	
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•  Parametric	
  analyses	
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  ar=ficial	
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