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Field Testing of a Model for Water
Flow and Heat Transport in Variably
Saturated, Variably Frozen Soil
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The imulta neous heat and water (SHAW) model was tested with
soil willer content and temperature profile data for a soil located
near Rosemount, Minnesota. The predicted frost-thaw depth, soil
water content, and temperature at depths of 10, 20, and 80 cm
are compared with measured values. The results indicate that the
prediction of frost depth and temperntme profile agrees well with
measured field data, whereas agreement between measured and
predi cted liquid ·oil water content i fair . T he model was applied
to a hypothetical case of a paved oil to asses the impact of the
pre ence of the pavement on fro 1 penetration into the oil profile.
lt was fo und th at the frost front penetrates deeper into the unde rlying soil in the ca ·e of a paved soil urfac_e in contra t to tbc
case of an unpaved soil.
Seasonal freezing and thawing of soil occurs in a large part
of the earth's land mass. Freezing-thawing phenomena affect
many natural processes and have a significant influence on
many human activities. The study of heat and water transfer,
freezing, and thawing has been involved in many disciplines
including agriculture , hydrology, civil engineering , e nvironment , and geology . Extensive reviews of current knowledge
associated with heat and mass transfer and th e effects on soil
physical properties were prepared by Czurda (J) , Kay ;incl
Perft<ct (2), and Lundin (3) . Since the early 1970s, numerous
papers have been written on the modeling of simultaneous
transport of heat and water in soils subjected to freezing and
thawing (3-18).
The fre ezing-thawing process influences many soil properties including hyd raulic , thermal, and physical strength
properties , and therefore the process affects not only the
transport of heat and water but also the strength of the soil.
In the natural environment , the freezing-thawing process affects the partitioning between infiltration and runoff of snowmelt and rainfall (3) , and therefore it h as a major impact on
runoff generation and soil erosion (15,19). The process also
influences the redistribution of soil water (20,21) during the
winter months and will thereby affect the magnitude and temporal distribution of groundwater recharge.
The processes of soil freezing and thawing can dramatically
affec t the stability of manmade structures such as building
found a tions , re taining walls and highway pavements (22 ,23).
Although the freezing of the soil can increase the mechanical
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strength of the soil, frost heaving might accompany the freezing process resulting in severe structural damage (24) . Even
when frost heaving does not occur, the thawing of a previously
frozen soil can drastically reduce the mechanical strength of
the soil during the thawing period .
The modeling of simultaneous heat and water transport in
soils subjected to cycles of freezing and thawing temperatures
can improve the understanding of the effects of soil and climate parameters on th e water and temperature status of soils .
The modeling process facilitates the prediction of trends in
the outcome for the system prior to construction of the system
and therefore can provide alternative strategies for establishing design criteria (25).
One model of simultaneous water and heat transport that
incorporates freezing/thawing conditions is the SHAW model
presented by Flerchinger and Saxton (15). This model is a
physically based model originally designed for application in
an agricultural field, soil-crop, residue-snow system, and is
capable of predicing soil temperature, liquid soil water content, ice content, soil solutes distribution, and freezing and
thawing depth . Because of its physical basis and flexibility for
muut!l input parameters, the model may be applied to other
conditions like highway pavement.
The objectives of the study are to (a) test and evaluate the
SHAW model with measured field data and (b) apply the
model to the condition in which a pavement is present to
assess the effect of the pavement on the frost and thaw depth
in soil.

GOVERNING EQUATIONS FOR MASS AND HEAT
TRANSPORT
For an unsaturated soil under freezing conditions, three phases
are present in the system , including solid (soil particles and
ice), Liquid (unfrozen water) , and gas (air and water vapor) .
The time-de p nde nt tatu of each of the phases can be described by equations for conservation of mass and energy
along with constitutive relations describing fluxes of heat and
mass. The flow of water occurs in two phases, the liquid and
vapor phases. For the flow of water in each of the two phases ,
the driving forces consist of both the hydraulic gradient and
the temperature gradient (26,27). The temperature gradient
induces the flow of wa te r both in liquid water and in vapo r
phases. The flowing liquid water and water vapor carry heat
and thereby affect the temperature gradient.
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Early work regarding the mathematical description of coupled flux Jaws for water and heat was done by Philip and de
Vries (26), de Vries (27), and Taylor and Cary (28). These
works have led to the definition of two distinct approaches
for deriving the constitutive relations for coupled water flow
and heat transport in porous media. Hillel (29) refers to these
approaches as the mechanistic approach represented by Philip
and de Vries (26), and the irreversible thermodynamic approach represented by Taylor and Cary (28). The main difference between these two approaches lies in the definition
of the coefficients appearing in the constitutive relations.
The SHAW model has essentially adopted the mechanistic
approach to simulate heat and water transport in freezing soil.
In deriving the governing equations, it is assumed that
the change in fluid storage because of the compressibility of
the soil and water is negligible compared to that because
of the change in saturation of the soil (which is true for natural
flow conditions), and that liquid water transport in response
to thermal and osmotic gradient is negligible. The water balance equation for a variably saturated, variably frozen, vertical soil profile is Equation 1, and the heat balance is Equation 2, after neglecting the heat content change caused by the
sensible heat flux by vapor flow (14).
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the soil. Similarly, the governing equations for water flow and
heat transport in the snowpack and in the crop residue layer
were developed and solved using the same numerical method.

Boundary and Initial Conditions

The conditions at the upper boundary drive the flow of water
and transport of heat within the soil profile. The heat and
water fluxes between the atmosphere and the soil system are
calculated on the basis of energy and mass balance between
the atmosphere and the soil system. The heat balance at the
upper boundary is composed of heat conduction into the surface, latent heat, and sensible heat transfer into the atmosphere. The water balance for the upper boundary is composed
of precipitation, snowmelt, water flux into the surface by
infiltration, evaporation, and surface runoff. Therefore, the
heat and water balance at the upper boundary contains the
coupled processes of water flow and heat transport. The heat
and water balance can be derived with commonly available
weather data.
For a paved surface, the vapor flux from the surface to the
air or water flux from the air into the surface is small because
of the low hydraulic conductivity of the pavement. Because
of this low flux rate, the energy consumption by the latent
heat flux will be insignificant.
In the SHAW model, the lower boundary conditions for
the heat and water equations are taken to be specified temperature and soil water content, respectively. These specified
values can be either a constant with time or varying with time.
The initial conditions for the SHAW model are specified temperature and soil water content in the soil profile for the heat
equation and water equation, respectively. Weather variables
are applied on hourly basis.

SHAW MODEL INPUT-OUTPUT FILES

where

e,

= volumetric liquid water content, m 3 /m 3 ;

t = time, sec;
p; = density of ice, kg/m 3 ;
p1 = density of liquid water, kg/m3;
0; = volumetric ice fraction, m 3 /m3;
k = unsaturated hydraulic conductivity, m/sec;
'11 m = soil matric potential, m;
z = depth from soil surface, m;
q. = flux of water vapor in the z direction, kg/m 2-sec;
Sw = source or sink term for liquid water, kg/m 3 -sec;
C = apparent volumetric heat capacity of soil, J/m 3 -°C;
T = soil temperature, °C;
L 1 = latent heat of fusion , J/kg;
Lv = latent heat of vaporization, J/kg;
Pv = density of ice, kg/m 3 ;
A. = thermal conductivity of the soil, W/m-°C;
c, = heat capacity of liquid water' J/kg-°C;
q, = flux of liquid water in z direction, kg/m 2 sec; and
Sh = heat source or sink term, W/m 3 •

Flerchinger (14) used the finite difference method with the
Newton-Raphson iterative technique to solve the simultaneous heat and water equations given by Equations 1 and 2 for

Because of model availability and its physical basis, the SHAW
model was selected for testing with the measured field data
in this study. The model requires input data for the following
five files: (a) the description of input and output data files;
(b) hourly weather data including air temperature , wind speed,
relative humidity, olar radiation and precipitation; (c) soil
temperature profile; (d) rhe ·oil water content profile· and
(e) description of the ite characteristics. For the third !Ind
fourth files at least two profiles are required for the initial
profile and for the profile at the end of the imulated period.
The site characteristic file require · information including
the simulation period, location, slope, and aspect of the study
site, albedo of dry soil, and some aerodynamic roughness
parameters. It also facilitate specification of up to 20 layers
for the . oil, and corre ponding soil texture and other physical
properties for each layer. If snow, crop-residue , or a solute
are present in the system, additional information is required
for each of their corresponding properties.
Output of the SHAW model yields nine files including (a)
general output information and hourly or daily temperature,
soil water, and olute profiles; (b) side-by-side predicted and
measured soil water and temperature profiles; (c) predicted
temperature profiles; ( d) predicted soil water profiles; (e)
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water balance summary; (f) frost/thaw depth and ice content
profile; (g) summary of energy flux at the upper boundary;
(h) total solute concentration profiles; and (i) solute concentration of soil solution.
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In this study, the SHAW model was tested using a set of
measured field data includi.ng weather data, oil property data,
and measured liquid soil wat~r cunlent and temperature profile for an agricultural experimental field located in Ro emount, Minnesota. Then using the same weather data and
soil profile data, two simulations were performed, one for a
paved surface and the other for an unpaved surface. Results
are presented in the form of three simulation runs. Run 1 is
for an instrumented agricultural field with a bare soil surface;
this run is referred to as the unpaved field site. The lower
boundary conditions for soil temperaure and soil water content in Run 1 are measured soil temperature and measured
soil water content at a depth of 1 m. The simulation results
in Run L were used to compare profile of soil temperature,
liquid oil water content and frost-thaw dept h predicted with
the SHAW model with field measurements of the ame
variables.
All information for Run 2 was the same as in Run 1 except
the lower boundary was defined at a depth of 10 m, where
soil temperature was considered as constant over a year. Soil
water coutent was also specified to be a constant throughout
the period of simulation at this depth. Run 3 i for the hypothetical highway pavement profile , which differs from Run
2 in replacing the top 40 cm of soil in the unpaved soil profile
with 25 cm of concrete and 15 cm of base coar e material.
The pavement and subsurface conditions in Run 3 are similar
to the conditions at an instrumented field site near Faribault,
Minnesota. The simulated results presented by Runs '2 and 3
are used to assess the effect of the paved surface on frostthaw depth.

Unpaved Field Site Description

The data acquisition site for the field testing of the SHAW
model is located at the Agricultural Experiment Station in
Rosemount, Minnesota. The slope of the land is essentially
zero. The land is cultivated and the top 20 cm was considered
as the tilled layer. There was no crop residue cover on the
soil surface during the period of data acquisition. A plan view
of the site is shown in Figure 1. A weather station at the site
measured incoming solar radiation, precipitation, air temperature, relative humidity, and wind speed. Total soil water
content was measured with the neutron scattering method ,
while liquid soil water content was measured wi th the method
of time domain reflectometry (TDR) (30,31). Soil temperature was measured with copper-constantan therm couples.
The sensors for mea uring temperature and liquid oil water
content were installed at depths of 2.5, 5, 10, 20, 30, 40, 60,
80, and 100 cm.
The requ ired initial oiJ water content and temperature
profi les for Run l \\!ere mea ured and are shown in Figure 2.
The required lower boundary condition at l-111 depth for

COOLER CONTAINING
TDR CABLE TESTER

~3M
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INSTRUMENT
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FIGURE 1 Plan view of the site for acquisition of weather
data, soil temperature profile data, and soil water content
profile data located at the Rosemount Experiment Station.
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FIGURE 2 Initial water content and temperature profile on
Novem ber 5, 1989, at the fie ld site.

temperature and soil water content for Run 1 are shown in
Figure 3.
Soil properties data required by the SHAW model are profiles of properti s including :.;uil Lex lure , dry bulk density,
water retention curve parameters, and saturated hydraulic
conductivity. Soil texture data and soil bulk density data were
measured directly from soil samples. The procedures for estimating soil hydraulic and thermal properties from texture
and bulk density data are described in the following
paragraphs.
The total porosity of the soil was estimated by assuming a
particle density of 2.65 g/cm 3 • The soil hydraulic parameters
including pore size di tribution index b, air entry potential
'¥_, and saturated hydraulic conductivity Ks were estimated
from soil bulk density and soil texture. Campbell (32) presented empirical equations for calculating b, '¥., and K 5 on
th basis of the geometric mean particle size, d8 (mm) and
geometric standard deviation, a 8 (mm). These geometric
properties were calculated from the following equations.
d8 = exp(x)

(3)

and

a 8 = exp(y)

(4)
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FIG URE 3 Temperature and total water content specified at the lower
boundary of 1-m depth fo r the SHAW model simulations.

in which

x = mcln(0.001) + ms;ln(0.026) + ms.In(l.025)

(5)

TABLE 1 MEASURED AND ESTIMATED
PROPERTIES FOR THE SOIL AT THE
EXPERIMENTAL SITE LOCATED AT THE
ROSEMOUNT EXPERIMENT STATION
p,

Depih

y

[mc(ln 0.001)

+ ms;(ln 0.026)

2

+ ms,,(ln 1. 025) 2

-

(cm)

2

+

0.2ag

Sll1

Clay

b'

"':
(cm)

Ks

b'

"':
(cm)

(cm/h)

Ks'
(cm/hr)

(6)

x 2 ] 112

and m 0 msi• and msa are the mass fractions of clay, silt, and
sand, respectively .
With these parameters, the pore size distribution index b
can be calculated from
b = -2'1'es

Sand

(g/cm3)

(7)

2.5

1.016

0.19

0.58

0.23

8.24

-8

4.82

4.42

-6

5.0

1.012

0.19

0.58

0.23

8.24

-8

5.03

4.42

-6

1.42
1.45

I0.0

1.112

0.19

0.58

0.23

8.24

-14

1.83

4.42

-8

0.84

20.0

1.204

0.19

0.58

0.24

8.44

-22

0.75

4.49

-II

0.50

30.0

1.270

0.15

0.64

0.22

8.41

-31

0.38

4.29

-13

0.34

40.0

1.261

0.15

0.64

0.22

8.41

-29

0.41

4.29

-13

0.35

60.0

1.275

0.19

0.59

0.22

8.09

-29

0.44

4.33

-12

0.40

80.0

1.345

0.31

0.50

0.19

7.07

-29

0.45

4.20

-11

0.51

100.0

1.536

0.25

0.57

0.18

7.20

-60

0.11

4.05

-17

0.21

where
(8)

The equations from Campbell (32) for estimating air entry
value and satmated hydraulic conductivity are as follow :
0 67b

'{I
e

= o/es
g (

.££..

(9)

1.3 )

a coefficient of -0.5. The other set was calculated from the
same equation but with a coefficient f - 0.2, which was used
by Flcrchinger (14). Both set · of soil parameters were used
for input to the SHAW model.
The SHAW model evaluates the thermal conductivity of
the soil on the basis of the de Vries (32) equation, which can
be written as,
(11)

ks

=

14.4 (

l~~

1.3/J
)

exp[ - (6 .9mc + 3.7ms;)]

(10)

where
air entry value, m;
bulk density, g/cm 3 ;
g
acceleration of gravity, 9.8 m/sec2 ; and
K, = saturated hyd raulic conductivity, cm/hr.

'l',
Pb

On the basis of these equations, the soil parameters for
hydraulic properties were calculated and are presented in Table
1. This table includes two sets of parameters for pore size
distribution, air entry potential, and saturated hydraulic conductivity. One set was calculated from Equation 8, which has

where
~1 =

weighti ng factor for the jth soil consti tuent ,

A.1 = thermal conductivity of the jth soil constituent, and

Vi = volumetric fraction of the jth ·oi l constituent.
For the thermal conductivity of soil minerals, the value of
7.5 was used on the basis of a weighted average of approximately 78 percent quar tz ( and and si lt) with a thermal conductivity of 8.8 W/m-°C , and 22 percent clay minerals with a
thermal conductivity of2.9 W/rn-0 • The thermal conductivity
of water, ice, and air were taken as 0.57, 2.2, and 0.025 WI
m-°C, respectively (29). The weighting factors were determined as 0.20 for soil solids, 1.0 for water, 0.51 for ice, and

304

TRANSPORTATION RESEARCH RECORD 1307

1.47 for air, based on de Vries (33), by assuming spherical
solid particles.

Hypothetical Paved Condition

20

E

-

10

F'AEDICTED
MEASURED
AIR (MEAN)

LU
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The only difference between the paved and the unpaved soil
condition is the presence of the base coarse material and the
pavement. For the pavement condition , the concrete pavement is 25 cm thick and the base coarse material is 15 cm
thick. The soil below the base coarse material is the same soil
present in the unpaved soil at the depth of 40 cm and below.
The bulk density of the concrete is taken as 2.30 g/cm 3 and
the saturated hydraulic conductivity is assumed to be 0.001
cm/hr. The albedo of the concrete is prescribed as 0.20. For
the base coarse material , the bulk density is prescribed as 1.8
g/cm 3 and the saturated hydraulic conductivity is 1.8 cm/hr.
The temperature at the lower boundary of 10-m depth is
specified as 5.6°C and the soil water content is specified as
0.3 .

RESULTS AND DISCUSSION
The primary interest of the current modeling exercise is in
testing the ability of the SHAW model to predict observed
liquid soil water content and soil temperature profiles . Therefore, solute transport in the soil is not con ·idered although
the SHAW model has the facility to predict solute transport.
The simulation was started at the date of November 5, 1989,
and ended on March 31, 1990, the period of measured data.
Simulations were performed using both soil parameter data
sets presented in Table 1, but only the simulated results from
the soil parameter set derived with the Flerchinger (14) coefficient are presented because these were in best agreement
with field observations.

Run 1

Temperature Profile
The comparison between the measured and predicted field
temperature at a depth of 10 cm is shown in Figure 4. Except
for large disagreements on Days 318 to 328 and 345 to 358,
the measured and predicted temperatures are in good agreement. The lowest temperature is about - l4°C for both measured and predicted values . The measured minimum occurs
on Day 356, whereas the predicted minimum occurs on Day
351 . The predicted temperature values appear to be more
responsive to variations in air temperature than the measured
temperature, at least for the first part of the period of observation. Fluctuations in both the observed and predicted
temperatures appear to be similar after Day 350.
Figure 5 shows the predicted and measured temperature
for the 20-cm depth . The overall trend of the temperature
variation at the 20-cm depth is similar to that of the 10-cm
depth. However, the curves for both predicted and measured
temperature have been smoothed and the magnitude of the
peaks observed at the 10-cm depth have been reduced at the
20-cm depth. The minimum measured temperature is about

I-

<
a:

LU

":E

·10

LU

I-

·20

·30'--~-'---'~-'---'-'--'-~'---'--'---'-~...__.__.___.~..._~

~00

320

340

360

380

400

420

440

460

10/27

11/16

12/6

12/26

1/15
DAYS

2/4

2/24

3/16

4/5

FIGURE 4
omparison of temperature predicted by the
SHAW model with measured temperature at the 10-cm depth.
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FIG RE 5
omparison of tempcrnfnre predicted by the
HAW model with measured temperature at the 20-cm depth.
-12.5°C, which occurs about 2 days later than at the 10-cm
depth . The minimum predicted temperature is about - l1°C.
For the period followi11g the minimum temperature, the predicted and measured temperatures are in good agreement.
The predicted and measured temperatures for the 80-cm
depth are shown in Figure 6. Both the predicted and measured
temperature variations are smooth. The lowest predicted and
measured temperatures are each about - 2.8°C. The overall
agreement between measured and observed values is good
for the entire period of observation. The single low temperature point at Day 365 appears to be an error in the temperature measurement.
Using the SHAW model, Flerchinger (14) simulated soil
temperature profiles for a conventionally tilled soil with a
bare surface, and a no-till soil having a heavy crop residue
cover. He compared his predicted results with measured temperatures at the soil surface and at depths of 7 .5 and 15 cm.
The comparison indicated that the soil temperature predicted
at the soil surface and at the two depths agreed well with the
measured temperatures. The results presented from this study
confirm the results given by Flerchinger (14) and demonstrate
that the SHAW model has a good capability for predicting
soil temperature profiles.
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FIGURE 6 Comparison of temperature predicted by the
SHAW model with measured temperature at the 80-cm depth.
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FIGURE 7 Comparison of liquid soil water content predicted
by the SHAW model with measured liquid soil water content at
the 10-cm depth.

Liquid Soil Water Content Profile
The model output results give the total water content and ice
content. For comparison with the measured liquid soil water
content data, the predicted liquid soil water content was obtained by subtracting the predicted ice content from the predicted total water content. The predicted liquid soil water
content at depths of 10, 20, and 80 cm are plotted with the
measured field data in Figures 7-9, in which the measured
data are shown as sets labeled TOPP and S&T. The TOPP
data were derived using the calibration equation from Topp
e t al. (JO) to convert measured TOR dielectric constant with
liquid oil water content. The Topp et al. caJibration was
developed for unfrozen oils but w~1s a umed here to apply
for frozen soil condition . The &T data wer derived u ing
the calibration equation from Smith and Tice (31) developed
for frozen soil conditions. The largest difference between the
two calibration equations occurs for liquid soil water contents
below 0.10.
For the liquid soil water content at the 10-cm depth, Figure
7 shows that the predicted liquid soil water content agrees
very well with the S&T data from Day 336 to Day 435 when
most soil water is frozen. The TOPP data are underpredicted
for this same period. The predicted liquid soil water content
is lower than the measured content right after the beginning
of the simulation. This difference may have been caused by
an error in the precipitation record at the site. The precipitation record for the second two days of the simulation were
mi sing. T he observed soil water content indicate that a precipitation even t may have occurred on the second day of the
·imulation. It can be seen that the predicted freezing for the
10-cm depth occurs around Day 316 and the measured data
show freezing occurs around Day 320. The delay in observed
initial freezing is because of the higher liquid soil water content.
The time of thawing observed is similar to the predicted
time of thawing in which liquid soil water content suddenly
increased a significant amount. However , for the time after
Day 435 the mea ured liquid oil water content is increased
to about 0.36, wherea · predicted liquid soil water contem is
increased to 0.26. Several freezing and thawing cycles can be
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FIGURE 8 Comparison of liquid soil water content predicted
by the SHAW model with measured liquid soil water content at
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FIGURE 9 Comparison of liquid soil water content predicted
by the SHAW model with measured liquid soil water content at
the 80-cm depth.

306

clearly seen from predicted liquid soil water contents, which
correspond to the change of air temperature. The measured
data seem less sensitive to the fluctuation of the air temperature. This is probably caused by the additional heat capacitance and latent heat associated with the higher waler content
for the observed data .
Similar to the results for the 10-cm depth , Figure 8 shows
that the predicted liquid soil water content at the 20-cm depth
agrees very well with the S&T data from Day 340 to Day 435,
wherea the TOPP data again lie above the predicted. The
predicted liquid soil water content underpredicts the measured tiquid soil wate r content before freezing probably for
the same reasons gi en earlier for the 10-cm depth. The predicted freezing occurs about LS days earlier than the measured, again because of the additional liquid soil water in the
profile. The time of thawing occurs about the same day for
predicted and measured. However, for the time after Day
435 the predicted liquid soil water content is again lower than
the measured content.
Figure 9 shows the predicted ant.I measured liquid soil water
content at 80 cm. The predicted liquid soil water content
agrees fairly well with the TOPP data, but overpredicts the
S&T data. A slight increase of water content is observed for
the predicted liquid soil water content before freezing, whereas
the measured liquid soil water content remained fairly constant for the same time period. The predicted freezing of the
soil water at the 80-cm depth occurs at about the same time
as the measured. The thawing times for the predicted and the
measured are close, but the predicted thawing process is much
slower than the measured process . The difference leads to a
large difference in liquid soil water content after thawing begins. The fluctn ati n in the meru ured liquid oil water content
after Day 442 corresponds to the observed air temperature
fluctuations.
Flerchinger (14) compared the total soil water conte nt predicted with the SHAW model to m em;m~ci data t tal soil
water content data for a soil profile up to a 170-cm depth.
The compari. ons were made for selected days , not for the
entire period as done here. For those selected days , most of
the predicted total soil water content profiles were observed
to agree well with the measured data . Ilowever, significant
differences between predicted and measured total soil water
contents were also found on some of the selected days .

Frost and Thaw Depth
Because no direct measurement of frost and thaw depth was
made, the actual frost and thaw depth was estimated from
the mea ured liquid soil water content and temperature profile data . The soil was considered frozen at a given depth
when the temperature at that depth fell bel w 0° and the
liquid soil water content at that depth exhibited a sudden
drop. An exact measure of the maximum depth of fr ·t penetration couJd not be made because the temperature and soil
water content sensors were not closely spaced, and only exi ted down to the 1-m depth. Based on this field data, it is
estimated that the maximum frost depth over the entire winter
period was about 1 m. The predicted maximum depth is 92 cm .
The comparison of predicted and measured frost and thaw
depth can be seen from Figure 10. It is seen that the predicted
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FIGURE 10 Comparison of frost-thaw depth predicted by the
SHAW model with measured frost-thaw depth.

frost depth agrees well with measured data up to Day 355.
The largest difference between predicted and measured frost
depth occurs between Days 320 and 342 when the predicted
frost depth advances faster than the measured frost depth
over the depth from 10 to 20 cm. On day 360, both the predicted and the measured frost depths reached maximum values. However, the predicted maximum frost depth is about
8 cm less than the measured maximum frost depth.
The predicted thawing started from Day 430 , which is about
the same time as the initiation of thawing estimated from the
measured data. Because of the cycling between the cold and
warm weather, there are several thaw and freezing cycles.
The measured data indicate that the whole soil profile thawed
completely on Day 455 . However , model prediction indicated
that thawing was not complete until about 4 days later.
Flerchinger (11) simulated the frost depth for six field plots
for two winter periods. Surface cover conditions applied to
the plots included bare , light , medium , and heavy crop residue
amounts. The simulated results were compared to the frost
depth estimated by electrical resistance blocks and frost tube
methods. For most of these stimulations, the predicted frost
depths were generally midway between the frost depths estimated by the resistance block and frost tube data. This indicated a reasonable agreement between predicted and measured frost depth . However , disagreement was found in some
cases. For instance, the predicted fros t dep ths were . lightly
larger than the mea ured frost depth for two of the plot
having a medium and heavy residue cover , whe reas the predicted frost depth was lower than measured frost depth for
one of the plots having light residue cover.
Flerchinger and Hanson (34) applied the SHAW model to
a rangeland watershed. The simulation was performed for
three sites through the 1986- 1987 winter, and one site through
the two-winter period of 1985- 1987. The results exhibited
good agreement between predicted and measured temperatures at depths of 2.5 , 5, and 10 cm. The predicted maximum
frost depth generally agreed with measured values within less
than a 10 percent error. For one site , a 14 percent difference
between the predicted and measured maximum frost depth
was found . Soil water content prediction results were not
provided.

Xu et al.
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Runs 2 and 3

SUMMARY AND CONCLUSION

Effect of Pavement

The SHAW model has been tested with measured liquid soil
water content and temperature data acquired over the winter
of 1989 for a field site located at Rosemount, Minnesota. Very
good agreement was observed between the predicted and
measured soil temperature profiles, and good agreement was
found between the frost depth estimated from the field data
and the frost depth predicted by the model. Observed thaw
depth respon e was predicted somewhat less atisfactorily by
the SHAW model, although the model did accurately predict
the initiation of the major thaw event.
Good agreement between measured and predicted liquid
soil water content depended on the calibration equation used
to convert TDR dielectric measurements to liquid soil water
content values. The calibration equation of Smith and Tice
(31) yielded better agreement for depth less than 80 cm, while
the calibration equation of Topp et al. (30) yielded better
agreement for a depth of 80 cm. Additional future work is
needed to assess the calibration equation for TOR measurements for variably saturated, variably frozen soils.
In addition to needing more accurate liquid soil water content measurements, improving agreement between predicted
and measured liquid soil water content requires having betterdefined soil hydraulic properties for variably saturated, variably frozen soil condition . In this tudy , these properties
were not measured directly for either unfrozen or frozen soil
conditions, but were instead derived from estimates using
equations based on measured grain size distribution and bulk
density of the soil. Additional work is needed to measure
these properties directly.
It is unlikely that disparities between measured and predicted liquid soil water content can be attributed to limitations
of the mathematical equations on which the SHAW model is
based. However, this possible source of inaccuracy will be
assessed in future studies.
After testing the SHAW model with measured field data,
the effects of concrete pavement and a layer of base coarse
on frost and thaw penetration into the soil profile were assessed. This assessment was done by comparing frost-thaw
response for a paved soil and an unpaved soil. Results indicated that the frost-thaw response is more rapid and of greater
magnitude for the paved soil case than for the unpaved case.
The SHAW model was originally intended to soJve coupled
water flow and heat transport problems for conditions commonly found in agricultural, forested, and range lands . These
conditions typically have a soil surface covered with vegetation and residue in addition to snow. However, the SHAW
model facilitates the simulation of layered media by allowing
the assignment of appropriate hydraulic and thermal properties to each layer. It was therefore possible to simulate the
presence of a paved surface by assigning hydraulic and thermal
properties for concrete to the top layer of the profile. Preliminary analysis indicates that the SHAW model ha the potential to be a u, efuJ tool to adequately predict the ·tatus of soil
water and soil heat beneath pavements.

For the comparison of frost-thaw depth between the unpaved
and paved soil profile, the results of Runs 2 and 3 are plotted
in Figure 11. The frost and thaw depth for the paved surface
is measured relative to the surface of the pavement. The frost
penetration is deeper in the paved profile than in the unpaved
pmfile for the winter period examined here. Initiation of soil
freezing occurs on Day 318 for both the paved and unpaved
soil profiles. However, the frost penetration advances rapidly
in the paved profile in contrast to the unpaved profile. It only
takes 4 or 5 days for the top 40 cm of the paved soil to freeze
(concrete and base coarse), whereas it requires about 30 days
for the same depth of soil freezing to occur in the unpaved
soil profile. This is because the concrete and base coarse
material in the paved site have larger thermal conductivity
than the top 40 cm of soil and because the concrete and the
coarse material freezing release less latent heat because of
the low moisture content in the concrete and low soil water
content of the coarse base.
There is a short period of about 20 days after the top 40cm depth freezes in the paved profile in which the freezing
depth remains relatively constant while the advancement of
frost depth continues in the unpaved profile. This is because
of relatively high initial soil water content around 0.26 at the
depth of 40 to 60 cm in the paved profile and because freezing
induces the upward flow of water to the freezing front. Then
the frost depth advances consistently to the maximum depth
of 80.2 cm in the paved profile near Day 357. A similar trend
in frost penetration is seen for the unpaved profile after Day
340; however, the maximum frost depth is 61 cm on Day 360.
The simulation results of thaw depth response indicate that
the thaw depth in the paved profile is significantly larger than
that in the unpaved profile for several warm periods. The
reason for the higher thaw depth response for the paved soil
profile in comparison to the unpaved profile is the same given
earlier for frost depth response.
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