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ABSTRACT
In this paper the effects of moisture on the heat

transfer from two basic types of building foundations, a
slab-on-grade and a basement, are examined. A two-
dimensional finite element heat and moisture transfer
program is used to show the effects of precipitation, soil
type, foundation insulation, water table depth, and freezing
on the heat transfer from the building foundation.
Comparisons are made with a simple heat conduction
model to illustrate the dependency of the soil thermal
conductivity on moisture content.

NOMENCLATURE
G = global horizontal solar radiation [Wh/m2]
k = thermal conductivity [W/m K]
T = temperature [oC]
t = time [h]
u = wind speed [m/s]

Subscripts
a = amplitude

m = mean

1. Introduction
A well-built house today is so energy efficient above

ground that the ground-coupled heat losses are a significant
fraction of the total heat loss. For most buildings, the earth
acts as a heat sink continually conducting heat from the
building foundation. The conduction heat transfer through
the soil is governed by the soil thermal conductivity, which
in turn depends primarily on three parameters: the soil type,
the amount of moisture in the soil, and the soil temperature.
The objectives of this paper are twofold: 1) to study how the
foundation heat transfer varies with soil type, seasonal
atmospheric conditions,  insulation level, and ground water
depth; and 2) to determine how well a heat conduction
model can account for soil property variations resulting
from soil moisture changes. The two basic types of building
foundations, a slab-on-grade and a basement, are examined.
A soil heat and mass transfer model developed in a previous
paper [1, 2] is used to compute the soil temperature and
moisture profiles, the soil thermal conductivity, and the
resulting heat transfer from building foundations.

Ground coupled heat transfer from building
foundations has been the subject of many analytical,
numerical and experimental investigations. Ground heat
transfer modeling has usually assumed a given value of the
soil thermal conductivity, constant soil properties, a
simplified treatment of the surface energy balance, and has
not included precipitation or ground water table
considerations. The first well-known analytical transient
solution was developed by Lachenbruch [3] who solved the
heat conduction equation using Green's functions, assuming
uniform and constant thermal properties. Muncey and
Spencer [4], Shen and Ramsey [5], Delsante and Stokes [6],
and Claesson and Hagentoft [7] developed analytical
procedures to predict heat loss from slab-on-grade floors.
Krarti, et al. Used a combined numerical and analytical
approache to solve the heat conduction problem [8-10].
Mitalas [11, 12] developed basement heat loss factors from
hundreds of numerical simulations of the heat loss from
slab floors, shallow basements, and deep basements.
Mitalas noted that the heat loss can be significantly affected
by ground water, changes in soil thermal conductivity due
to moisture and temperature, and variations in ground
surface conditions. Shen [13, 14] was the only researcher to
perform detailed simulations of coupled heat and moisture
transfer. Shen noted that there was a small increase in the
predicted heat loss from a basement wall when moisture
transfer was considered. Bahnfleth [15, 16] developed a
detailed three-dimensional finite difference model for heat
conduction from slab-on-grade floors and basements,
including a detailed ground surface energy balance. By
comparing experimental and numerical results, Adjali, et al.
[17] concluded that neglecting the effects of precipitation
could significantly affect the predicted ground temperature
distribution.

2. Computational Configurations and Parameters
Computations were performed using the two-

dimensional finite element heat and mass transfer model
developed in [1, 2]. The parameters studied were:
precipitation onto the soil surface, the weather season, the
foundation insulation level, the type of soil, and ground
water depth. Computations were performed with and
without precipitation, with summer and winter conditions,
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with and without insulation, and with Bighorn sandy loam
or Yolo light clay [18]. The hydraulic and thermal
properties of these two soils are given in [2].

Two general geometries were used in the
computations: a half width slab-on-grade floor and a half
width basement. Figures 1 and 2 show the geometries and
the boundary conditions used for the two problems. Note
that the slab floor and basement wall were also included in
the FEM mesh.  The boundary conditions along the sides
were zero heat and moisture fluxes. The bottom boundary,
representing a ground water table depth of 10 m, was
maintained at a matric potential ψ = 0.0 m (i.e. saturated
soil) and T = 10 oC. The air temperature above the floor
was fixed at 20 oC with the convective heat transfer
coefficients for the floor equal to 6.0 W/m2K and 8.3
W/m2K for the basement wall. The ground surface
boundary was assumed to have vegetation height of 10 cm,
a long wave emittance of 0.9, and a reflectance of 0.23.
Grid and time step size considerations for these
geometries are discussed by Deru [2]. The concrete,
gravel, and insulation material properties used in the
simulations are shown in Table 1. The insulated cases
included 5 cm of insulation under the entire floor and
along the outside of the foundation wall and 2 cm of
insulation separating the floor from the foundation or
basement wall. Moisture transport within the gravel under
the slab was neglected. The thermal conductivity of the
soil is calculated as a function of soil type, moisture
content, and temperature.

Figure 1. Mesh and boundary conditions used for the
slab-on-grade simulations.

The initial temperature and moisture conditions for
the summer simulations were obtained by starting with
linear temperature and moisture distributions in the
vertical dimension and calculating the soil conditions for
a three year period with sinusoidal varying weather
conditions and precipitation of 25 mm added once a
week to keep the surface from becoming completely dry.
The initial conditions for the winter simulations started

with the results at the end of the three-year summer run
and ran for one more year with the winter-1 conditions
from Table 2.

Figure 2. Mesh and boundary conditions used for the
basement simulations.

Table 1. Material properties used for ground heat
transfer simulations.

material thick ρρρρ k Cp

(cm) (kg/m3) (W/m K) (J/kg K)

concrete floor 10 2400 1.5 1000
concrete wall 20 2400 1.5 1000
gravel 15 2000 2.0 812
insulation 5 40 0.029 1.21

The daily atmospheric conditions used in the
computations are given by Eq.'s (1), (2), and (3) for the
solar radiation, temperature and wind speed. The
coefficients for the weather equations are given in Table 2.
Three seasonal weather conditions were modeled: summer,
Winter-1, and Winter-2. The two winter conditions are
progressively colder, with decreased solar radiation. The
solar radiation was set to zero if the values from Eq. (1)
were negative.
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Table 2. Weather parameters used for ground heat
transfer simulations.

Variable units Summer Winter- 1 Winter- 2
Gm Wh/m2 0.0 0.0 0.0
Ga Wh/m2 900.0 450.0 200.0
Tdrybulb-m

oC 15 0.0 -10.0
Tdrybulb-a

oC 10 5.0 5.0
Tdewpoint-m

oC 7.5 -1.0 -12.0
Tdewpoint-a

oC 5.0 4.0 4.0
um m/s 4.0 4.0 4.0
ua m/s 2.0 2.0 2.0
precip
(slab/base)

mm 25.0
50.0 25.0 25.0

50.0

The Winter-1 weather parameters in Table 2 were used
during the one-year set up run for the initial conditions, the
Winter-2 values were used with the slab-on-grade and
basement simulations. All of the summer simulations were
16 weeks  (112 days) and the winter simulations were 8
weeks (56 days) in extent.

3. Results

3.1. Effect of Soil Type, Precipitation, and Insulation on
Slab-on-Grade Heat Transfer
The fourteen slab-on-grade simulation cases are listed

in Table 3. For the rainy cases, 25 mm of precipitation was
added on days 7 and 14 during hour 7 a.m. The simulation
parameters are summarized by a five-letter code: S (Slab),
summer (s) or winter(w), rain(r) or dry(d), full(f) or no(n)
insulation, and sandy loam(s) or clay(c) soil type. For
example, as indicated in Table 3, Ssrns represents a slab-on-
grade with summer, rain, no insulation, and sandy loam soil.

Table 3.  Slab-on-grade simulation cases
Case Code Description

1 Ssrfs slab, summer, rain, full insulation, sand
2 Ssdfs slab, summer, dry, full insulation, sand
3 Ssrns slab, summer, rain, no insulation, sand
4 Ssdns slab, summer, dry, no insulation, sand
5 Ssrfc slab, summer, rain, full insulation, clay
6 Ssdfc slab, summer, dry, full insulation, clay
7 Ssrnc slab, summer, rain, no insulation, clay
8 Ssdnc slab, summer, dry, no insulation, clay
9 Swrfs slab, winter, rain, full insulation, sand

10 Swdfs slab, winter, dry, full insulation, sand
11 Swrns slab, winter, rain, no insulation, sand
12 Swdns slab, winter, dry, no insulation, sand
13 Swrnc slab, winter, rain, no insulation, clay
14 Swdnc slab, winter, dry, no insulation, clay

The spatial heat flux profiles across the slab-on-grade
floor at 12:00 p.m. on day 14 of  Winter-2 for three cases:
dry-no-insulation, rain-no-insulation, and rain-insulation,
all with sandy loam soil are shown in Fig. 3. As expected,
the effect of the insulation is substantial for the first two
meters in from the outside edge. At the center of the floor,
the insulation still reduces the heat loss by over one third.
The addition of rain has a very small effect on the heat
loss from the slab for the winter weather conditions.

Figure 3. Heat flux across the slab-on-grade floor at
12:00 on day 14 with sandy loam soil and winter
conditions.

The hourly heat loss per unit depth from the slab for
the Summer cases are shown in Fig. 4 for the insulation
cases and in Fig. 5 for the uninsulated cases. All 112 days
are plotted in Fig. 4 and the first 35 days are plotted in
Fig. 5. The heat loss for the Sandy loam soil is greater
than that for the clay soil. The addition of rain on days 7
and 14 has an obvious effect on the heat transfer from the
slab for all cases. The effect of the rain on the insulated
floors is smaller, but lasts longer than the uninsulated
floors. The general downward slope of the graphs is due
to the surface soil slowly drying out, which lowers the
soil thermal conductivity.

The average magnitude of the heat transfer from the
uninsulated slab is about twice the value from the
insulated slab. The increase in heat loss due to the
addition of precipitation was the following: 1.2% for the
insulated sandy loam, 3.1% for the uninsulated sandy
loam, 0.4% for the insulated Yolo light clay, and 1.2% for
the uninsulated Yolo light clay.
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Figure 4. Hourly slab floor heat loss for the summer
insulated cases with 25 mm of rain on days 7 and 14.

Figure 5. Hourly slab floor heat loss for the summer
uninsulated cases with 25 mm of rain on days 7 and 14.

3.2. Effect of Precipitation and Insulation on Basement Heat
Transfer
The eight basement cases studied are listed in Table 4.

For the rainy cases, 50 mm of precipitation was added on
day 7 of the simulations. The simulation parameters are
summarized by a five letter code: B (basement), summer (s)
or winter(w), rain(r) or dry(d), full(f) or no(n) insulation,
and sandy loam(s) or clay(c) soil type. For example, as
indicated in Table 4, Bsrns represents a basement with
summer, rain, no insulation, and sandy loam soil.

The daily heat losses from the basement wall for the
four summer cases are plotted in Fig. 6. The uninsulated
case shows a larger jump in heat loss when rain is included.
The total heat loss over the 112 days from the basement wall
increases by 5.7% and 6.4% for the insulated and
uninsulated walls when precipitation is added to the ground
surface. Since the basement floor is about two meters below
the ground, it is relatively unaffected by the addition of rain
to the ground surface. The general decrease in the heat loss

during the summer is due to the drying of the soil. The
insulation has a large effect, reducing the heat loss by almost
49% in both the rainy and dry cases.

There was no noticeable change in the total heat loss for
the winter cases when rain was added for both the insulated
and uninsulated basements. The ratio of the heat loss from
the floor and the walls changes with the weather conditions.
In the summer, approximately 70% of the heat loss was from
the floor, but in the winter it is only about 30% of the total.
The insulation on the basement wall is very effective in the
winter cases, reducing the wall heat losses by over 70%.

Table 4. Cases to show effects of surface moisture on
ground-coupled heat transfer from basements.

Case Code Description
1 Bsrfs basement, summer, rain, full insulation, sand
2 Bsdfs basement, summer, dry, full insulation, sand
3 Bsrns basement, summer, rain, no insulation, sand
4 Bsdns basement, summer, dry, no insulation, sand
5 Bwrfs basement, winter, rain, full insulation, sand
6 Bwdfs basement, winter, dry, full insulation, sand
7 Bwrns basement, winter, rain, no insulation, sand
8 Bwdns basement, winter, dry, no insulation, sand

Figure 6. Daily basement wall heat loss for the summer
cases with 50 mm of rain on day 7.

3.3. Effect of Freezing on Heat Transfer From a Basement
To determine the effect of the freezing phase change on

the heat transfer from a basement, the winter case with no
insulation and a 5 m water table depth was run with the
ground freezing model turned off in the heat and mass
transfer computations. There was no change in the heat loss
from the floor and only a 2.8% increase in the heat loss from
the wall over the 56 days of the simulation. This result
suggests that the effect of soil freezing is small, provided that
the frozen soil thermal conductivity can be properly modeled.
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3.4. Effect of Ground Water Depth on Heat Transfer From
a Basement
Ground water is usually modeled as a constant

temperature boundary, which is a limitation of the heat
conduction only models. With a heat and moisture transfer
model, the ground water can be modeled as a saturated
boundary. This is significant because it provides a moisture
source for the soil, which increases the soil thermal
conductivity. To show the effects of ground water depth on
the heat transfer from the basement configuration, the water
table was simulated at depths of 10 m, 5 m, and 3 m. With
the water table at a 5 m depth, the summer temperature of
the water table was assumed to be 10 oC and the winter
temperature assumed to be 7 oC. For the case with a water
table at 3 m, the summer and winter water table
temperatures were 10 oC and 5 oC.

Figure 7 shows the average daily heat losses using the
Winter-2 conditions for the three different water table
depths. The water table depth has the largest impact on the
floor heat losses, especially for the uninsulated cases. The
wall heat losses for the uninsulated cases are much higher
than the insulated cases. The increases in the total heat loss
from the 10 m depth to the 5 m depth are 126% and 133%
for the insulated and uninsulated cases and 169% and 239%
for the insulated and uninsulated cases going from 10 m to 3
m. The magnitude of the heat transfer increase is not
unexpected, as there are two effects that cause the increase
in heat loss. Firstly, the temperature gradient in the soil from
the floor to the water table is increased since the water table
is closer to the floor, and secondly, the soil moisture content
and thermal conductivity are also increased in the region
between the floor and the  water table.

3.5. Comparison of the Heat and Moisture Transfer Model
with a Heat Transfer Model
We now turn to the problem of determining what

value of thermal conductivity to use with a ground heat
transfer only computation. In this paper we have used an
iterative method. We assume a value of thermal
conductivity, compute the heat loss using a heat
conduction model, and compare the results with the heat
and mass transfer model of [1]. Annual simulations using
hourly weather data were performed with sandy clay loam
[1] and the basement geometry shown in Fig. 2, with the
lower boundary set at z = - 5.0 m. The ground surface had
a vegetation height of zveg = 10 cm, infrared emissivity of
ε = 0.9, and a reflectivity of ρ = 0.23.
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Figure 7. Average daily basement heat losses for winter
insulated and uninsulated cases with ground water depths
of 10 m, 5 m and 3 m.

The hourly weather data (temperature, solar radiation,
humidity, precipitation) were measured in 1999 in Fort
Collins, Colorado. Cloud cover information is not included in
this data set, therefore, opaque cloud cover was only modeled
during hours with precipitation then tapering off for two
hours after the rain ended. Insulation with R = 1.724 m2K /W
was added to the outside of the basement wall extending
1.2 m down from the top. The boundary conditions for the
bottom boundary were a constant temperature, T = 10 oC,
and saturated soil, ψ = 0.0 m.  The indoor conditions were
a constant temperature, T = 20 oC, with a convective heat
transfer coefficient of h = 6.0 W/m2K for the floor and
h = 8.3 W/m2K for the wall. The boundaries along the
sides of the domain were modeled as non-porous
adiabatic surfaces. To obtain the initial conditions, the
models were run for one year starting with the
temperature and moisture distributions from the winter
cases run in the previous section.

The annual results from the two models are listed in
Table 5. Two simulations were completed with the heat
conduction model using soil thermal conductivities of
1.75 W/m·K and 2.03 W/m·K The first value is the thermal
conductivity of the soil at the critical moisture content
θk = 0.09, which is approximately the wilting point of this
soil and is the value at the knee in the thermal conductivity
vs. moisture curve. The second value of thermal conductivity
was estimated by comparing the results from k = 1.75 W/m·K
with the results from the heat and moisture transfer model.
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Assuming that the heat and moisture transfer model
provides the benchmark value, a rough estimate of the
thermal conductivity can be calculated from:

032

751
1493
1730

2
1

1
2

.

.

k
Q

Q
k

=

=

=

(4)

Table 5. Annual half basement heat loss values (per unit
length of perimeter).

Annual Heat Loss (MJ/m)
Floor Wall Total Delta (%)

Heat and Moisture 1203.4 526.7 1730.0 n/a
Heat (k=1.75) 1045.1 448.2 1493.3 -13.7
Heat (k=2.03) 1174.8 484.0 1658.8 -4.1

The annual energy loss using a heat transfer model
with a soil thermal conductivity of k = 1.75 W/m·K is
much lower than the energy loss predicted by the heat
and mass transfer model. The results with k = 2.03
W/m·K are better, especially the floor heat losses, in
which the two models differ by  only 2.4%.

Two additional cases were completed: the first had a
thermal conductivity of 2.03 W/m·K for the soil from the
surface to the depth of the basement floor and the soil
below the floor had k = 2.05 W/m·K, the second case
used seasonal values of thermal conductivity with the
winter value kwin = 2.03 W/m·K and the summer value
ksum = 2.2 W/m·K. The first case was used to simulate
the higher moisture content in the deep soil and the
second was to simulate a common practice of using a
seasonal value of thermal conductivity. The case with
thermal conductivity varying with depth improved the
results slightly to �4.0% difference between the two
models. The simulation with seasonal thermal
conductivity was only 2.0% less; however, the floor heat
loss was under predicted in the winter and over predicted
in the summer with large jumps corresponding to the
changes in the soil thermal conductivity. It is
recommended that seasonal values of soil thermal
conductivity only be used with caution.

To examine the seasonal variations in the heat loss,
the total daily heat loss for the first three cases are
graphed in Fig. 8. From a qualitative point of view, the
two models exhibit a similar behavior for the total daily
heat loss. The winter and early spring results are almost
identical; however, the results for the summer and fall
diverge slightly. Most of the difference comes from the
wall heat loss, which does not change as much as the
floor heat loss with the increased thermal conductivity.
Some of this is due to the detailed simulation of the

surface evaporation in the heat and moisture transfer
model, which provides a cooler surface temperature and
higher heat transfer rates. This shows that a heat
conduction model can perform reasonable well on an
annual basis with the correct value of soil thermal
conductivity, but care should be taken when looking at
seasonal variations.

Figure 8. Daily total basement heat loss values predicted
by the heat and moisture transfer model and the heat
transfer model with two soil thermal conductivities.

4. Summary and Conclusions
In this paper the effects of precipitation and water

table depth on heat transfer from building foundations
was investigated using a heat and mass transfer model.
The thermal conductivity of soils around buildings
depends on the moisture level of the soil. It was found
that the effect of precipitation was largest for uninsulated
foundation slabs during summer weather conditions. The
heat transfer from walls of basements is more dependent
on ground surface conditions in comparison to basement
floors. The heat transfer from basement floors is
unaffected by short-term surface conditions, but is closely
coupled to conditions in the deep ground below the
building. Ground water depth can have a large influence
on the heat transfer from buildings, especially buildings
with basements. Finally, annual simulations comparing the
heat and mass transfer model with a heat conduction
model were agreeable if an appropriate value of soil
thermal conductivity is chosen.
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