
Saving energy in buildings is top of mind with today’s 
building professionals. Although designing energy-ef-
ficient walls and roofs is mostly a no-brainer, ensuring 

that below-grade foundations do not generate moisture prob-
lems has become even more complex, particularly because of 
how soil is involved.

Hygrothermal performance of soils coupled to buildings 
is complicated because of the dearth of information on soil 
properties. A computational approach for heat transfer through 
the ground has been well-defined, and simplified methods have 
been developed. These approaches, however, generally ignore the 
transfer of soil moisture, which is not negligible.

The intention of an ongoing study at Oak Ridge (Tenn.) Na-
tional Laboratory, therefore, is to gather, comprehend and adapt 
soil properties from soil science as well. The obtained informa-
tion must be applicable to related tasks in building science and 
validated with hygrothermal calculation tools, where additional 
plug-ins to the existing software code—WUFI (an acronym for 
Waerme und Feuchte Instationaer, which translates to transient 
heat and moisture)—are required. (See the sidebar, opposite page, 
for specifics on WUFI.) Simulation results from WUFI will be com-
pared with existing thermal-only measurements and are being 
accomplished with ongoing hygrothermal measurements. 

The final outcome of the study will be the evaluation of several 
soil types in several climate zones for a number of basement 
assembly types. The study will define the type of soil, together 

with the type of building construction considered most and least 
reliable with respect to energy consumption and moisture safety. 
Furthermore, the study will determine the influences that differ-
ent soils have on total energy loss through the ground.

Hygrothermal Soil Parameters
Soils are classified by soil type. According to the U.S. Depart-
ment of Agriculture’s (USDA’s) Unified Soil Classification System 
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JBed: Building enclosure design

JHAZ Viewpoint: The soil properies related to buildings 
are a major consideration when it comes to addressing 
seismic activity.
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Figure 1: This soil texture triangle represents the 12 classes of soil texture 
used by the Natural Resources Conservation Service of the U.S. Department of 
Agriculture (USDA 2008).
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(USCA), 12 different soils can be defined 
on the basis of three soil components: clay, 
sand and silt (see the “Figure 1” soil texture 
triangle, page 28). The soil properties of 
interest for hygrothermal calculations are: 
•  Moisture storage function.
•  Liquid water transfer.
•  Vapor diffusion resistance factor.
•  Dry bulk and particle density.
•  Porosity.
•  Thermal conductivity.
•  Specific heat capacity.

These properties are being collected 
from multiple studies, measurements 
and standards, with empirical formulas 
created and used to estimate their vari-
ations as a function of different param-
eters. The influence of gravity on water 
movement in soil is typically neglected 
because a water pressure head is usually 
much higher than the gravitational pres-
sure. Following is a closer look at each of 
these soil properties.

Moisture storage function
The van Genuchten equation for the 
estimation of soil hydraulic properties 
has been widely used since it was first 
published in 1980 (van Genuchten, 1980). 
In the equation, the soil water retention 
curve defines the relationship between 

the volumetric water content of the soil 
as a function of the suction pressure and 
expressed as an equivalent soil pressure 
head. The water retention curve can be 
obtained through the analytical expression 
of the effective saturation.

In building science, the moisture 
storage content is typically expressed 
as a function of the relative humidity. 
Therefore, by using physical laws like the 
Young’s equation, Kelvin equation and 
other studies, the results from the van 
Genuchten equation can be transformed 
to relevant building science language. Ex-
amples of the resulting moisture storage 
functions for some of the 12 soil textures 
are presented in “Figure 2,” (see page 30); 
more details can be found in the original 
study at http://info.ornl.gov/sites/ 
publications/files/Pub37799.pdf.

Note that temperature dependencies 
are neglected, as the impact is typi-
cally minor. Furthermore, hysteresis, 
which is defined as the difference of 

moisture storage at the same relative 
humidity, whether there is a wetting 
or drying cycle, also is neglected since 
most hygrothermal simulation tools in 
building science do not take this effect 
into account anyway.

Liquid water transfer
The liquid diffusivity can be defined 
for one-dimensional water flux as a 
function of the saturated hydraulic 
conductivity and the water retention 
curve (Gopalakrishnan & Manik, 2007). 
It can be expressed by using an empiri-
cal function, depending on the effective 
saturation of unsaturated soils (van 
Genuchten, 1980).

Transformation into building science 
language using additional other studies 
has resulted in the functions presented 
as examples in “Figure 3” (see page 30), 
or more detailed in the original study at 
http://info.ornl.gov/sites/publications/
files/Pub37799.pdf.

What are Hygrothermics?

Besides the thermal properties of a building component and their impact on heating losses, its 
hygric behavior (defined as of or pertaining to moisture) has to be considered, too. Permanently 
increased moisture content in the component may result in moisture damage. (For instance, 
elevated surface moisture levels in living rooms can lead to hygienic problems and health 
risks due to mold growth.) In addition, thermal and hygric behavior of a building component 
are closely interrelated since an increased moisture content also increases heat losses. The 
thermal situation affects moisture transport. Therefore, both have to be investigated together 
in their mutual interdependence; the research field of Hygrothermics is addressing these 
problems.

What is WUFI?

WUFI-Oak Ridge National Laboratory (ORNL)/Fraunhofer Institute for Building Physics 
(IBP) is a menu-driven computer program that validates using data derived from outdoor and 
laboratory tests to allow realistic calculation of the transient hygrothermal behavior of multi-layer 
building components exposed to natural climate conditions. WUFI-ORNL/IBP is based on 
the newest findings regarding vapor diffusion and liquid transport in building materials. It was 
used as a development tool for the smart vapor retarder. WUFI-ORNL/IBP uses measured 
weather data, including driving rain and solar radiation as boundary conditions, thus allowing 
realistic investigations on the behavior of the building component under exposure to natural 
weather. The program can also be used for assessing the drying time of masonry with trapped 
construction moisture; the danger of interstitial condensation; the influence of driving rain on 
exterior building components; the effect of repair and retrofit measures; and the hygrothermal 
performance of roof and wall assemblies under anticipated use or in different climate zones. 
Today, WUFI is the state-of-the-art, with many thousands of users all over the world.

What can be learned from outdoor experiments and simulations?

Oak Ridge (Tenn.) National Laboratory and the Fraunhofer IBP, Holzkirchen, Germany, have 
performed, and continue to perform, laboratory and field tests in order to assess the thermal 
and hygric behavior of building materials and components. These experiments tend to be 
lengthy and expensive so that only a small number of variants can be examined. A suitable 
simulation method can replace some of these experiments. After validation and calibration by 
experiment, it can be used to test further variants. The study discussed in this article has been 
sponsored by the U.S. Department of Energy Building Technologies Program under contract 
DE-AC05-00OR22725.

Continued on page 30
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Note that hysteresis effects for liquid 
diffusivity are typically neglected in 
hygrothermal tools in building science 
tools also.

Vapor diffusion resistance factor
The water vapor diffusion resistance 
factor (μ), which is the rate of vapor dif-
fusion through a material compared with 
stagnant air, is typically assumed to be 
50 meters for soils. This corresponds to a 
permeability of about 2.6 perm-inch.

Dry bulk density, particle  
density and porosity
The bulk density of soil is the combined 
weight of the soil solids, water and air 
divided by the bulk volume (kg/m3). The 
dry bulk density, which is an important 
material property, is the bulk density for a 
completely dry soil. Bulk density typically 
increases with soil depth, due to reduced 
organic materials and natural compac-
tion. Compaction is the phenomenon 
by which soils are compressed, which 
usually decreases the porosity and, thus, 
the ability for water and vapor absorp-
tion. Other research has shown that the 
bulk density varies mainly down to 0.3 m, 
where a seven-percent increase in bulk 
density can be expected from 0 to 1 m.

Dry bulk density, particle density and 
porosity for the 12 specified soil textures, 
based on average values from other stud-
ies carried out for 560 soil samples, can 
be seen in the original study at http://
info.ornl.gov/sites/publications/files/
Pub37799.pdf.

Thermal conductivity  
and heat capacity
The thermal conductivity of soils in-
creases with the moisture content. Other 
factors that influence the conductivity, 
though slightly, are mineral composi-
tion, temperature, soil texture and time. 
An empirical solution of the thermal 
conductivity has been defined on the 
basis of the available data collected from 
the literature as a function of effective 
saturation of three different soil types: 
sand, silt and clay. In addition, this 
property depends on whether the soils 
are frozen or not.

The thermal conductivities for soil 
types in the unfrozen condition are 
presented in “Figure 4” (see page 30) and 
in more detail at http://info.ornl.gov/
sites/publications/files/Pub37799.pdf.
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Figure 3 depicts liquid diffusivity for some soil types.
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Discussion and Conclusions  
of the Ongoing ORNL Study
The soil properties of interest in build-
ing science have been defined for 12 
different soil textures. These properties 
can serve as input parameters when 
performing hygrothermal calculations 
of building constructions coupled to soil 
materials. The reliability of the soil pa-
rameters is being further evaluated, with 
ongoing measurements for temperature 
and moisture contents of the soil, togeth-
er with measured boundary conditions.

The WUFI simulation software that 
was used does not allow full absorption 

of precipitation at the surface border 
if the outer element is saturated with 
moisture. Furthermore, the moisture 
transfer at the lower boundary (i.e., the 
border representing the infinite ground) 
will have to be improved to better 
simulate the existing moisture transfer 
mechanisms at this border. Last but not 
least, the heat transfer on the ground 
surfaces, depending on snow coverage, 
cannot be simulated at this time. Con-
sequently, changes in the existing WUFI 
software code must be implemented to 
consider the effects discussed regarding 
liquid uptake of precipitation and liquid 

flow through and out of the simulated 
system. This is also part of the ongoing 
work at Oak Ridge National Laboratory.

As further validation is completed, the 
material properties may be published 
electronically as input data for WUFI, 
together with appropriate plug-ins for 
the software. JNIBS
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