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ABSTRACT

Unlike heat transfer, therate of transfer of moisturecannot bemeasured directly. Most methodsareintrusive. Different mate-
rialsreact differently in the presence of moisture and the sustained presence of moisture can degrade the materials—a process
that may affect the measurements. However, many studies focus on the impact of moisture within building envel ope assemblies
brought in either by diffusion, air leakage, capillarity, or water ingress.

In an effort to contribute to the devel opment of more standard proceduresto measure moisture for experimental applications,
this paper presents a review of the various methods available to monitor the presence of moisture in envelope materials. These
includegravimetry, e ectrical resistance techniques, dielectric techniques, neutron thermalization methods, ther mal conductivity
methods, ultrasonic methods, spectroscopic analysis, and thermal imaging. The advantages and disadvantages of each method

are discussed, as well as a framework for the selection of the instruments and methods with respect to the testing protocol.

INTRODUCTION

Themoisture performance of the building enveloperefers
to the capacity of the assembly to manage moisture so that no
permanent damage is caused to the assembly and no tempo-
rary inconveniences are caused to the users of the building. To
assess the moisture performance of walls and roofsthereisa
need to investigate the paths of moisture penetrating into the
wall assembly, how long and where the moisture stays, and
whether it causes temporary reduction of performance or
permanent damage.

Currently, no tools can provide a moisture performance
assessment that takesinto account all the characteristics of the
envelope. Designers rely on the state-of-the-art practices and
rules of thumbs that come from experience, codes, and guide-
linesthat emanate from research findings, such astherequire-
ments for air and vapor barriers. In the research field, while
numerical model sarebeing developed and fine-tuned to simu-
late moisture performance of envelope assemblies, some
complex problemsarestill better investigated experimentally.

The measurement of moisture in materials is intricate.
The rate of transfer of moisture cannot be measured directly,
but the content of moisturewithin materials can be monitored.
Difficulties arise since methods are intrusive, different mate-
rials react differently in the presence of moisture, and the
sustained presence of moisture can degrade the materials—a
process that may affect the measurements. Nevertheless,
many studiesfocused on the evol ution of the moisture content
within components of the building envelope assemblies
brought in either by diffusion, air leakage, capillarity, or water
ingress.

In an effort to contribute to the development of a more
standard procedure to experimentally assess the moisture
performance of building envelopes, this paper presents a
review of the various instruments and methods available to
monitor the presence of the moisturein envelope assemblies.
A methodology developed by researchers at Concordia's
Building Envelope Performance Laboratory (BEPL) that
reliesontheuse of gravimetry and resi stance moi sture content
sensors for wood and wood-based materials will be discussed
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here, as well as other moisture content sensors found in liter-
ature. The advantages and disadvantages of each method will
be discussed, as well as a framework for the selection of the
instruments and methods with respect to the testing protocol .

DETERMINATION OF THE MOISTURE
CONTENT OF MATERIALS

The moisture content of amaterial istheratio of the mass
of moisturewithin agiven volumeto the dry mass of the same
volume, multiplied by 100. The moisture content can also be
expressed as a volume fraction, which is the volume of mois-
ture contained within avolume of dry material, in which case
the density of the material must be known to convert it to a
mass percentage. These moisture content (M) expressions are
defined in the following equations:

mass of moist sample — mass of oven-dry sample
mass of oven-dry sample '

M (% weight) =
@

volume of water within moist sample @
volume of dry sample '

M (% volume) =
M (% weight) = M (% volume) * p /p e, ©)

where p,, and pgs are, respectively, the densities of water and
of the dry samplein kg/m®.

Many methods can be used to determine the moisture
content of porous, solid materials. Severad methods will be
described, namely, gravimetry, electrica resistance tech-
niques, dielectric techniques, thermal conductivity methods,
ultrasonic methods, neutron thermalization methods, spectro-
scopic analysis, and thermal imaging. Proceduresthat involve
chemical analysis will not be discussed.

Gravimetry

Gravimetry is an indirect method of measuring the aver-
age moisture content of samples located within a specimen
(Desmarais et al. 1998) and consists of comparing the weight
of aspecimen beforeand after itisoven dried. Gravimetry can
be inaccurate when the oven drying process evaporates vola
tile substanceswithin the material such aswood preservatives
and extractives. The weight lossin such a case can be misin-
terpreted as being due to evaporated water. Therefore, when
wood containslargeamountsof volatile materia's, other meth-
ods such as distillation are recommended (James 1975; Skaar
1972).

Gravimetry itself has been used differently in several
building envelopestudies. Onemethod callsfor weighing the
entire assembly at the beginning and end of the experiment
(Verschoor 1986) and another method calls for weighing the
assembly continuously throughout the experiment (Degjarlais
et al. 1998). Another practice entails weighing an assembly
component or small samples at the beginning and end of the
experiment once the assembly is deassembled. In Ojanen and
Simonson (1995), moisture content monitoring was
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Figurel Photo of bottom of the roof joists during
preparation of the experimental setup. The notch
on the right joist will receive a gravimetric wood
sample. On theleft side, a pair of moisture content
pins has been inserted into the joist.

Same view of the bottom of the joist, as shown in
Figure 1, this time after completion of the
assembly. An access port through the gypsum
interior finish provides accessto both a wood roof
plank specimen, held in placewith a rubber band,
aswell astwo cellulose sachets, not present at the
time of the photo.

Figure2

performed by placing small wooden samples at various loca-
tionsin the envel ope assembly and weighing and drying them
at theend of the 50-day test period. However, to obtainamois-
ture distribution within envelope components, it is best to
weigh small specimens integrated within the material, as
shown in Figures 1 and 2, and to weigh them at regular inter-
vals throughout the test. If the specimen to be tested is not
readily accessiblefrom theinside or outside environment, itis
necessary to devise an access panel. Creating a single access
location for more than one specimen facilitates the specimen-
removal process and is especialy useful for experiments of
long duration and with alarge number of samples. For exam-
ple, an experiment a the BEPL required measuring 40
samples of spruce wood and 80 samplesof celluloseinsulation
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approximately every two weeks throughout an experiment
that lasted about 6.5 months. The periodic remova of the
specimens for weighing purposes was made easier by using
the roof wood plank samples and gypsum board plugs as
access portsfor the cellul ose specimen gravimetric sachets, as
shown in Figures 2 and 4. Cutting out samples in envelope
sheet materials, such as exterior sheathing and interior
gypsum, is convenient but can potentially cause air leakage
around the perimeter of the sample and unwanted air and
moistureflow through the assembly. This problem was solved
by cutting out the polyol efin membranein front of each row of
gravimetric samples and sealing the perimeter of the cutout to
the fiberboard sheathing beneath. The access port was then
covered between and during weighing with arectangular piece
of polyolefin membraneitself also sealed at itsperimeter. This
polyolefin piece can thus be removed when access to the
gravimetric samples is required and extraneous air |eakage
due to the presence of a gravimetric sample in the exterior
sheathing is prevented.

The determination of the moisture content of asample by
gravimetry entails cutting out a small specimen of the assem-
bly component, asshowninFigure 1. It needsto berecognized
that the cut produces acapillary break between the component
and the specimen, which alters the capillary moisture migra
tion into the specimen. The significance of this limitation
depends on the capillary properties of the material in question
and the importance of movement of liquid water within the
material.

Electrical Resistance Techniques

Electrical resistance moisture probes, also called mois-
ture content pins, can be used to find theloca moisture content
of wood using the principlethat the el ectrical resistance of the
material decreases with increasing moisture content (Duff
1968; Skaar 1988; Derome 1999). The probes, if insulated
with their tip exposed, measure the moisture content at a
specific depth while uninsulated probes increase the contact
areaand the moisture content measured isthe highest moisture
content over the area.

Although pure water exhibits a high resistivity, small
quantitiesof dissolvedionscansignificantly reducethisvalue,
and since the electrical resistance of most inorganic and
organic nonconducting materiasisrelatively high, the mois-
ture within the material carries most of the current. For exam-
ple, the resistance of wood increasesby afactor of roughly 10”
over the range from the fiber saturation point (about 30%) to
the oven dry state (Lagus 1994). The resistance moisture
content methodology involves applying a voltage to the
probes, which ionizes the material. The ionization is propor-
tional to the number and the duration of the exposure to the
voltage and causes corresponding errors in the readings
(Desmarais 2000). A custom experimental setup was devised
wherethe direction of the current is switched with arelay and
the current maintained for only a few seconds for each
measurement to prevent any el ectrodeposition on themoisture
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pins. The measured voltage is converted to a current (4 to 20
mA) signal that is read by the data acquisition system.

While stationary moi sture measurement systems consist-
ing of moisture probes connected to transducers and data
acquisitions systems are appropriate for laboratory work,
simple hand-held meters are useful for site investigations.
Thistype of moisture measurement isnow widely used in the
wood industry. While Duff’s (1968) early technique involved
drilling a hole into the wood, placing an electric hygrometer
made with small wood probes inside, and sealing the hole to
prevent moisture loss, moisture probes can aso simply be
inserted directly into the wood to be tested (Duff 1968; Skaar
1972).

The accuracy of the electrical resistance readings typi-
cally decreases as the moisture content of thewood increases,
and moisture level readings abovethe fiber saturation point of
wood are of limited value (Derome 1999; Lagus 1994; Skaar
1988). Because the electrical resistance of wood decreases
with increasing temperature (James 1975; Lagus 1994; Forsén
and Tarvainen 2000), temperature corrections must be made.
Theresistanceis also affected by the wood species, and more
accurateresultsareobtained if themeter can be calibrated with
respect to the wood species’ exact place of origin (e.g., pine
from Sweden) (Forsén and Tarvainen 2000). Corrections for
temperature and wood species are typicaly provided by the
moi sture pin manufacturer. However, in someinstances, more
information might be required. For example, in Desmarais
(2000), calibration curves were devel oped based on amethod
described by Zarr et a. (1995) for asphalt-impregnated
sheathing fiberboard. Five 40 mm by 40 mm fiberboard
samples were installed with moisture content resistance
sensorsand placed in asmall conditioning chamber where the
temperature and relative humidity were controlled. The
temperaturewas held constant at 17°C and the rel ative humid-
ity maintained until the specimens reached moisture content
equilibrium. The test was conducted at relative humidities of
50%, 75%, 85%, 90%, 95%, and 97%. The test was repeated
at 4°C and at relative humidities of 50%, 75%, 85%, and 92%
for temperature-correction purposes. Voltage readings were
taken from the moisture content sensors and the samples
weighed immediately afterwards. The samples were oven-
dried and weighed again at the end of the procedure. The
actual moisture contents, determined by gravimetry, were
plotted against the voltage readings to find the calibration
curve from which the voltage readingstaken during the actua
experiment were converted into moisture contents, as shown
in Figure 3. Unexpectedly, the maximum fiberboard moisture
content measured during the experiment was greater than the
maximum calibrated value, and, therefore, to obtain an accu-
rate calibration curve at higher moisture contents, additional
calibrations were performed.

Whilework by Stamm (1960) and James (1975) led many
sources to state that the electrical conductivity of wood is
greater inthedirection parallel rather than perpendicul ar to the
grain, recent extensive studies performed by Forsén and



Moisture Content Sensory Calibration Curve for 17°C
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Figure3 Calibration of data points at 17°C.

Figure4 Photo of dismounting of three pairs of moisture
content resistance pins that had been installed
from the exterior side of the roof assembly.

Tarvainen (2000) at the Technical Research Center of Finland
havereveal ed that the direction of thewood grain hasnoinflu-
ence on resistance measurements. Forsén and Tarvainen's
(2000) research also conveys that thewood density as well as
thedistance between the el ectrodeshave minimal influenceon
the electrical resistance measured. However, the shape of the
electrodes does alter the resistance measurement and, there-
fore, they recommend that only the pinsprovided by the manu-
facturer should be used with hand-held moisture meters.

Other factors may affect the readings. Dissolved salts
(used as preservatives or fire retardants) can affect readings,
especially at concentrations above 2000 ppm and at moisture
contents above 8%, and the formation of corrosives can also
be a problem when the pins are exposed to moisture for an

extended period of time (James 1975; Lagus 1994; Zarr et al.
1995; Derome 1999). An experiment to evaluate the hygro-
thermal performance of cellul ose-filled flat roofsat the BEPL
involved atesting protocol that required monitoring the mois-
ture content of wooden roof joists and wood roof planking
covered with a bitumen membrane. The metal probes were
installed into the wood planking from the exterior side of the
assembly, as shown in Figure 4, to prevent contact between
these and the borax-impregnated cellulose fiber beneath the
wood planking. Borax is conductive when wet and can cause
corrosion of the moaisture pins and ateration of the moisture
content readings. Such ameasure could not be adopted for the
wooden joists, however, because they were surrounded by
cellulose insulation; consequently, another protective
measure was undertaken. The aim was to measure the mois-
ture content at adepth of approximately 1/4 of the thickness of
thejoist. Rather than insert a moisture probe through the clos-
est face of thewood joist, alonger probeisdriven deepintothe
opposite face of thejoist such that itstip islocated 6 mm from
the surface of the joist in order to protect the probe from the
borax-impregnated cellulose.

Sometypes of gluein plywood can act as conductors and
affect measurements (James 1975). In addition, because of the
large variation in properties within the same species and even
within the same piece of wood, the electrical resistance of
wood varies with constant moisture content (Forsén and
Tarvainen 2000). It isthereforeimportant to take several read-
ings of a sample to obtain a representative average moisture
reading. Also, gravimetry can be used as a base line—in the
previously mentioned flat roof experiment at the BEPL , mois-
ture content sensors were installed in the same plank that
received the gravimetric wood sample. Below the fiber satu-
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Figure5 Phototaken closeto completion of theinstallation
of the pins. PVC strips have been installed over
the moisture content resistance probes to
maintain contact between the probes and the
wood. The round hole on the left allows the
cellulose insulation to be seen. Two cellulose
sachets were inserted and the original wood cut-
out put back in place for gravimetric monitoring.
The wood sample was taken in the same plank
being monitored with the pins, so variation of
properties within the same wood species would
not be a factor when comparing data.

ration point, data from the two methods could then be
compared. Lastly, poor contact between the moisture probes
and the sample, potentially caused by volumetric changes in
the wood undergoing moisture content changes, can affect
readings. To avoid these problems, PV C strips were installed
over the probesin the wood planking, asshown in Figure5, to
provide constant pressure and, therefore, constant contact area
between the probes and the wood.

Hand-held moisture content resi stance apparatuses need
further considerations. Because the temperature and wood
speciescalibration curvesaretypically provided by the manu-
facturer, either in the el ectroni c programming of the apparatus
or inthe form of tables, specia consideration must be paid to
the instrument’s limitations. Extensive studies by Forsén and
Tarvainen (2000) offer the following guidelines:

e correct temperature setting is important for resistance
meters;

*  pre-programmed temperature corrections for resistance
meters do not apply at extreme temperatures, tested at
temperatures ranging from —10°C to 70°C;

* resistance type meters are most accurate within the
range 8% to 20%, and;

* hand-held resistance moisture meters are more accurate
when they are exposed to a room temperature of around
+21°C
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Dielectric Techniques

Thedielectric constant, €, isameasure of the polarization
of atoms and moleculesin amaterial under an applied voltage
or voltage gradient (Skaar 1988). The amount of polarization
and, hence, the dielectric constant, is a function of the
frequency of the alternating electric field (Skaar 1972). Since
the dielectric constant of water is 80 over a wide range of
frequencies and temperatures, whilethat of most dry and solid
materias ranges between 2 and 4, and since capacitance is
proportiona to the dielectric constant, capacitance measure-
ment can be used to determine the moisture content of porous
materials. It should be noted that the capacitance measured is
proportional to the volume of water present, and thus the spec-
imen density must beknown to determine the moi sture content
asaweight percentage (Lagus 1994).

Another measurement factor to be considered in dielec-
tric techniquesisthe power lossfactor, tan §, calculated asthe
ratio of the out-of-phase dielectric constant component, €”,
and the in-phase component, €. The power loss factor is due
to the energy absorbed and subsequent heat lost by the dielec-
tricmaterial whenitisplacedinan electricfield (James1975).
The power lossfactor increases with moi sture content, asdoes
the dielectric constant. It can also increase and decrease with
increasing temperature depending on the frequency and mois-
ture content (Skaar 1988).

Thedielectric propertiesare affected by numerousfactors
such aswood density, frequency of the current, grain orienta-
tion, and temperature. Forsén and Tarvainen (2000) performed
extensive testing dealing with the influence of several factors
including density and temperature on the capacitance of wood.
They found that the most important influence on the dielectric
property of wood isits density. Thisislikely because the cell
wall volume is greater for denser woods and, therefore, these
cellsplay agreater polarization contribution thaninlessdense
woods. Although the effect is small, the dielectric constant of
wood generally increases with increasing temperature except
at high temperatures, where the reverse can occur (Forsén and
Tarvainen 2000; James 1975).

Dielectric moisture meters are operated with alternating
sinusoidal currents and usually at radio frequencies (Skaar
1972), athough the frequency range has recently been
extended into the microwave region (K&aridinen et al. 2000;
Schlemm and Leschnik 2000). There are two basic types of
dielectric moisture meters. The first is a capacitance type,
which, in essence, measures the dielectric constant of the
wood. Thecapacitanceisal so affected by theelectrodeconfig-
uration. The second (and most common) is the power loss
type, which measures both the increase in dielectric constant
and power loss factor with increasing moisture content. The
power loss type aso depends on electrode configuration as
well asthe wood characteristics, which are, in turn, dependent
upon moisture content, temperature, density, structura orien-
tation, and frequency (Skaar 1972; Skaar 1988).

Errorsfrequently occur in practicewhen dielectric meters
are used becausethe measurementsare strongly influenced by



the wood density—density varies within a species and even
within a sample but meters are caibrated for the average
density for each species. Results of tests performed by Forsén
and Tarvainen (2000), comparing the moisture content
measurements of sapwood (more dense) and heartwood (less
dense) using a capacitance meter, attest the role played by
density in accuracy. Surface moisture may be another source
of error.

Forsén and Tarvainen (2000) report that temperature
correction charts or tables are typically not provided by the
manufacturers of capacitance moisture meters.

Most dielectric meters are based on a fringing field
concept. That is, the samplebeing tested isnot placed between
the capacitor plates, but rather it is placed in contact with the
electricfield formed by el ectrodes protruding from the body of
the meter. Electrode penetration into the sampleisnot required
and, therefore, the method is not intrusive. However, both
K&&riéinen et al. (2000) and Schlemm and Leschnik (2000)
report that their microwave moisturemetersrequiredinserting
one or two small diameter rods into the test material, which
can then be moved into the material at various depths to
measure the moisture profile. Specimen dimensions are
important because the field generated by the electrodes must
be entirely within the material. Operating at higher frequen-
cies can minimize the effect of dissolved salts (Lagus 1994).

Both Schlemm and L eschnik (2000) and K&&ridinen et al.
(2000) conducted testing of the microwave sensor on several
samples of concrete. Errors induced by wave scattering at
aggregates and steel wererecognized and required correction.
Measuring the moisture distribution within more uniform
materials will not likely require such corrections. Schlemm
and Leschnik’s (2000) experiments revealed that the linear
regression produced aregression coefficient, r, equal to 0.958,
which shows an excellent linear rel ationship between the real
component of the dielectric constant, €’, and the volumetric
moisture content. Ké&aridinen et al. (2000) performed tests on
wood (glue laminated pine) as well as a composite section of
concrete, polystyrene insulation, and sand. The wood test
showed an excellent correlation in the moisture range below
18% by volume but underestimated the moisture content at
higher levels. Comparison of the average gravimetric and
microwave moisture content in the concrete and polystyrene
components of the composite sections showed good agree-
ment.

Forsén and Tarvainen (2000) made several recommenda:
tions following their extensive experimental work on hand-
held capacitance moisture meters on wood specimens:

» capacitance meters show a much wider variance in
accuracy compared to resistance meters;

e correct density setting is essential for capacitance
meters;

» thedimensions of the sawn lumber, the moisture content
level, and moisture gradient are other major factors
affecting the accuracy of measurements and, therefore,

the “correct” place to measure the average moisture
content varies;

» extreme temperatures do not affect capacitance type
meters, tested at temperatures ranging from —10°C to
70°C;

* many capacitance meters often indicate too low mois-
ture contents because of their low measuring depth and
the moisture gradient.

Thermal Conductivity Techniques

The thermal conductivity technique for moisture content
determination of a porous medium has been used for many
decades and is based on the material’s decreased resistance to
heat flow when moist. Generally, the temperature of the mate-
rial is measured at a certain distance from a heat source or the
temperature increase of the heat source is measured. The
source can be cast into the material or inserted in the form of
probesfor lessrigid porous materials such asinsulation. Cali-
bration is needed for each material used. The temperature
sensor must aso be at the same temperature as the material,
and the ambient temperature should not change during the test
(Lagus 1994).

This method has been applied to firebrick, concrete, and
insulating materials (Lagus 1994). A modified version using
small twin probes inserted into brick has been used for long-
term monitoring of walls (Vos 1972). It should be acknow!-
edged that the heat source should be active for only a short
period of time; otherwise, the presence of heat could change
the moisture distribution within the material.

Ultrasonic Techniques

Ultrasonic techniques have been applied to the determi-
nation of moisture content of soils and wood products. The
basis for the technique is the altered propagation of acoustic
waves in the megahertz region as they travel through moist
solid materials. Wave velocity decreases as moisture content
increases. Thevelocity of theacoustic wavetraveling fromthe
transmitter through amoist specimen is measured by an ultra-
sonictransducer in the receiver. Thistechnique can be used to
measure high levels of moisture content, and it has been
applied to green wood with values up to 140% moisture
content by weight. Dissolved salts do affect results, but the
effects are minimized when high frequencies are employed. It
may be difficult to apply thistechnique to the various types of
materia sfound inbuilding envelopes(Lagus1994), aswill be
explained |ater.

Neutron Thermalization Methods

Skaar (1972) and Lagus (1994) discussthe use of neutron
thermalization for the determination of moisture content of
materials. The technology has been used inlaboratory studies
on concrete, qualitativefield surveysof roofsand, more exten-
sively, field technique for soils. The technology involves the
thermalization of neutrons emitted by an americium-beryl-
lium source by high-cross sectional elements such as hydro-

Buildings VI11M&ll Performance—Practices



gen (found in water, for example). The neutrons, having an
initial energy near 4.5 MeV, interact with the atomic nuclei in
the sample, transfer kinetic energy, and are thermalized to an
energy level of approximately 0.025 MeV. These low-energy
neutrons are then back-scattered and detected by boron triflu-
oride in the meter.

Because the method determines the volumetric moisture
content, the density of the material must be known to find its
moisture content on aweight basis (Skaar 1972).

Commercial neutron moisture meters are designed to
operate over arelatively large effective volume that ranges
depending on the meter. Therefore, the technology is not
applicable to samples that are limited in size in one or more
dimension. Last, because this measurement technique does
not lead to a point moisture content determination, the mois-
turedistribution over aspecimen cannot befound. These facts
limit the applicability of the neutron thermalization method in
building envel ope testing (Lagus 1994).

Spectroscopic Analysis

Absorption spectrometers use a technology based on the
interaction between matter and el ectromagnetic radiation. X-
rays, beta rays, as well as gamma rays are typically used as
radiation sources. X-rays are el ectromagnetic waves emitted
when a metal target is bombarded by high-energy electrons,
and they are moderately penetrating; beta rays are electrons
emitted from certainisotopes during radioactivedecay and are
also moderately penetrating. These methods arelimited by the
fact that they are highly absorbed in dense materials such as
wood and therefore may only beapplicabletolessdense mate-
rials or denser materials with small thicknesses. Gammarays
are electromagnetic waves emitted by radioactive nuclei such
as cesium and are highly penetrating (Serway 1990; Skaar
1972). When gammarays interact with matter their energy is
partially or completely absorbed depending on factorssuch as
the energy of the gammaray photon, the nature of the absorb-
ing material, and the distance that the radiation travels within
the absorbing material (Kumaran and Bomberg 1985). Mate-
rials will absorb radiation selectively depending on the
frequency of the radiation (ASHRAE 1997).

Much research has been done in the last two decades to
develop a protocol for the experimental determination of
moisture content using X-ray absorptiometry (Hansen et a.
1999) and, even more so, gamma spectroscopy using one or
two sources (Kumaran and Bomberg 1985; Kumaran 1986;
Kumaran et a. 1989; Cid et al. 1992; de Freitas and Castro
1999) for porous building materials with either a rigid solid
matrix or a deformable porous medium. To obtain an overall
time-dependant moisture distribution within a material, the
intensity of the radiation transmitted through the material is
tested at specific coordinates and at regular intervals both
when dry and when wetted with a sel ected moisture transport
process.

Research teamscarried out gammaray experimental vali-
dation for the dual-beam spectrometers by testing for known
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mass attenuation coefficients. Kumaran and Bomberg (1985)
and Cid et al. (1992) determined the experimental mass atten-
uation coefficient of water for Cesium and Americium sources
and they were found to agree well with the theoretical value.
Kumaran et a.’s (1989) experiments reveal that the accuracy
of moisture distribution in amaterial by gamma spectroscopy
dependson the absol ute value of the moisture concentration—
the higher the concentration, the more accurately it is
measured. The Hansen team experimentally determined the
mass attenuation coefficient of two different combinations of
aluminum and acrylic plastic, using an X-ray source, and their
experimental valueswerefound to agreewith theoretical ones.

The advantages of the X-ray and gamma spectroscopy
methods are the accurate determination of the volumetric
moisture of a sample and the timing adjustability of the
measurements for transient moisture distribution. In addition,
these methods do not disturb the flow of moisture within the
material because there are no intrusive measuring probes
within the medium, and they reguire no manipulation of the
medium, neither weighing nor cutting (Kumaran and Bomb-
erg 1985; Cid et al. 1992). However, for gamma spectroscopy,
dead time (i.e., thetime during which the detector isnot active
nor counting photons), background radiation, and the Comp-
ton effect (i.e., the scattering as aresult of collision between
the gamma photon and a free electron in the specimen) must
be recognized and corrected (Kumaran and Bomberg 1985;
Cid et al. 1992).

There are severa disadvantages of the gamma method,
the first being cost. The logistics of X-ray and gamma spec-
troscopy necessitates the removal of the specimen from the
envelope assembly for each test. Thetimerequired to measure
the moisture content at each coordinate may cause redistri-
bution of moisture within the sample and it may therefore be
difficult to obtain an accurate “snapshot” of the moisture
distribution in the entire specimen during transient moisture
flow conditions. Also, the methodology described by Cid
et a. (1992) requires that a deformable porous sample be
placed inacylindrical cell of aspecified diameter. It ishighly
likely that manipulation of such a specimen could alter the
moi sturedistribution withinthe sampl eby inherent squeezing.

These methods are best suited for laboratory work. The
time needed to transport a field sample to a laboratory may
cause a redistribution of the moisture within the sample, on
account of which the spectrometry resultswould not berepre-
sentative of true field conditions.

Thermal Imaging

While thermal imaging is atechnique commonly used to
determine the location of thermal breaks during laboratory
work and field inspections, it can also be utilized to measure
the moisture distribution within a material.

When amaterial has a moisture content higher than that
of the surrounding environment, the moisture within the mate-
rial will begin to evaporate, which causes the surface temper-
ature of the material to decrease. The greater the moisture



content, the greater the evaporative heat |oss and the measured
temperature drop. Thus, if the temperature decrease is
measured with an infrared camerawith ahigh degree of preci-
sion, the moisture distribution on the surface of the material
can be determined.

Before testing can begin on a specimen, a calibration
procedure must be undertaken such that the temperature drop
can be related to moisture content. This can be done by
measuring the surface temperature of various specimens of
known uniform moisturedistributionswith an infrared camera
at known isothermal conditions. Once the temperature-mois-
ture content relationship of the material has been ascertained,
the method can be used to determine the moisture content of
test specimens (Johansson 1999).

Testsperformed at the L und | nstitute of Technology using
a sedimentary calcareous sandstone called Uddvide with
moisture contents above 80-100 kg/m® revealed that the
measuring accuracy is not sufficient in this particular case.
The researchers hypothesize that the results may have been
better if a lower relative humidity (below 33%) had been
mai ntai ned within the laboratory. However, sincethe environ-
mental conditions created in most laboratory tests aim to
emulate field conditions, it may not be feasible to set low
values of relative humidity to facilitate the measurement of
moisture content of materials by thermal imaging.

Another critical limitation isthefact that thetemperature-
moisture relationship must be known for all relevant temper-
atures since the relationship is dependent upon the tempera-
ture of the sample. Also, the temperature distribution within a
sample such as thermal insulation may not be uniform
(Johansson 1999).

Other Methods

As technologies evolve, other methods and instruments
are being developed. An example is a prototype for a non-
destructive moisture sensor for low slope roofs, devel oped at
theU.S. Army Cold Regionsand Engineering L aboratory, and
caled the Passive Resonance Roof Moisture Detector
(Yankeilun and Flanders 1997). The simple and inexpensive
technology is based on an externally energized inductive-
capacitivecircuit whoseplatesare pushed closetogether inthe
presence of moisture, which causes the circuit to resonate at
onefrequency whenitisdry and at another whenitiswet. The
researchers foresee two types of instrumentation to monitor
the presence of water within aroof assembly. Thefirst, called
broadcast-induced resonance (BIR), consists of determining
the presence of moisture within awide roof area by establish-
ing the presence of wet sensors, while the second, the swept
frequency analyzer (SFA), consists of finding out which
sensors are wet. The technology is till in the developmental
stages and remains to be validated in the field.

ANALYSIS FOR SELECTION

This paper has discussed several methods to determine
the moisture content of materials. Here, a framework for the
selection of the methods and instruments is presented with
regard to laboratory and field investigations of the moisture
performance of envelopes.

Gravimetry isamong the most accurate methodsto deter-
mine the average moisture content of a material sample
because it requires no temperature correctionsand isvalid for
all moisture ranges. Thus, it is often used to calibrate other
instruments. However, gravimetry is adestructive procedure,
and oven drying and weighing the specimens at regular inter-
vals to obtain a time-dependent moisture distribution of the
assembly is a time-consuming process, especialy if many
samples are involved.

The electrical resistance technique providesaloca mois-
ture content measurement and can have agood degree of accu-
racy if readings are properly corrected for temperature and
wood species. In alaboratory setting, it is especially useful in
obtaining atransient moi sture distribution “ snapshot” because
the resistance probes can be connected to a computer data
acquisition system programmed to take measurements at
specified time intervals. However, since measurements are
reliableonly for wood moisture content bel ow fiber saturation
point, it is often helpful to install a gravimetric sample adja-
cent to the moisture probes. A roof experiment run at the
BEPL used moisture content data from moisture probes
installed adjacent to gravimetric samples. The experimental
datafor the moisture probesal one, shown asadark continuous
lineinFigure6, tend toindicatethat the moisture contentinthe
wood deck reaches a maximum of 25%. However, acompar-
ison with the adjacent gravimetric reading, shown as dark
squares, demonstrates that the resistance measurements are
false since the true moisture content value rises up to about
150% moisture content—a va ue that is outside the operating
range of the electrical resistance technique.

Diel ectric moisture meters, whether the capacitivetypeor
the power losstype, can be quite accurate if great careistaken
to compensate for specimen density, as well as fregquency,
structural orientation, and, less so, temperature. Hand-held
capacitive and power-loss type diel ectric moisture meters are
not intrusive and are best suited for discrete measurements,
while microwave dielectric methods, while intrusive, can be
connected to a data acquisition system for continuous moni-
toring of building envelopes. Results of tests performed on
concrete (Schlemm and Leschnik 2000) and wood
(Ké&ériginen et al. 2000) were reasonably accurate, although
less so for wood above 18% moisture content by volume.
Further validation could be done by comparing the results of
integrated moisture distribution measurements using the
microwave sensor and gravimetric measurements.

The thermal conductivity technique is another method
presented for measuring the moisture content of materials.
However, it is discounted for continuous moisture measure-
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Figure6 An example of gravimetric readings outside of the operating range of electrical

resistance probes.

ment within building envelopes because of its slow response
time (3 to 15 minutes) (Lagus and Trechsel 1994) and the
possible disruptive effect of heat generation within a test
assembly on the moisture distribution.

The ultrasonic technique has been utilized to determine
the moisture content of wood up to 140% and hasproven to be
an accurate method. However, mechanica coupling of the
instrumentation and the assembly and the fact that the speci-
men must be wholly contained between the transmitter and
receiver may limit the applicability. It is best used on homo-
geneous materials aswell because the presence of variability
of density, the elastic moduli of inclusions, and cracks can
influence results (Lagus 1994). Therefore, its applicability
may be limited unless extensive corrections are performed on
results.

The neutron thermalization method is discounted for
several reasons. Firdt, it is not very accurate (accuracy of
approximately 5 Kgyzter/M>specimenat best); second, it does not
provide apoint or local M C measurement; third, it isnot appli-
cable to specimens that are limited in size in any dimension;
and fourth, the presence of hydrogen in any form (found in
cellulose chains in wood, bitumens, and crystalline water of
hydration in concrete, for example) aswell as other elements
such as boron, cadmium, and manganese chlorine iron may
lead to results that overestimate the quantity of moisture
within asample (Lagus 1994). Theinstrument requires exten-
sive calibration for this background (Skaar 1972).

A non-intrusive methodol ogy that producesvery accurate
moisture distribution measurementsis X-ray, beta, or gamma
ray spectroscopy. While Kumaran (1986) successfully carried
out moisture determination tests for medium-density glass
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fiber insulation, Cid et a. (1992) explained that the gamma
spectroscopy method has not been utilized for highly porous
materials because of the great difficulty in obtaining accurate
measurement results for mediawith asmall degree of absorp-
tion photons. However, the method is limited to laboratory
work and requires expensive equipment and careful safety
precautions due to the radiative sources.

The thermal imaging technique (Lagus 1994; Johansson
1999) appearsviablefor thedetermination of surfacemoisture
content or of bulk moisture content of specimens at equilib-
rium moisture content. However, much research is required
before the technique can be applied because of the need to
determine the relation between infrared energy detected and
moi sture content at various equilibrium moisture conditionsat
aknown temperaturefor the material in question. Experimen-
tal results of thermal imaging tests show that ambient RH
conditions need to be controlled in order to produce accurate
results (Johansson 1999), but this may not be possiblein tests
chambers that simulate actual field conditions. Because the
materia surface must be exposed to the camera when taking
areading (Johansson 1999), components within the assembly
need to be removed for testing. To satisfy both conditions, the
test material can be removed and taken to a small chamber
with appropriate rel ative humidity for measurement purposes.
Speedy testing procedures would be necessary to prevent
moisture redistribution within the specimen.

The main points discussed above are tabulated for the
different methods. Table 1 also includes the accuracy, opera-
tive range, and response time of the methods.

The discussion thus far relates information on the accu-
racy, physical setup, advantages, and limitationsof thevarious



TABLE 1
Methods and Instruments for Measuring the Moisture Content of Materials

Instrument Accuracy Operative Range Response Source of ErrorgDisadvantages
Time
Gravimetry Function of - - Evaporation of volatiles within material / Time consuming
accuracy of Destructive nature of test or access to samples
weight scaleand
drying method
Electrical Best is +0.5%, < fiber saturation | Instantaneous|Dissolved salts, moisture gradients, electrode contact, correction for

Resistance | most accurate |point (£ 25- 30%MC) temperature, wood species

within 8-20%

Didectric Best is+0.5% Upto 96% wood | Instantaneous| Dissolved salts, varying wood density, incorrect compensation for
(capacitance Vo wood density; incorrect compensation for power-loss types/ wide
power 10ss) accuracy variations exist between different hand-held meters

Thermal No information No information 3-15 minutes - | Temperature must be constant during test

Conductivity
Ultrasonic +1% Has been applied for |Instantaneous| Varying density, dissolved sats, elastic properties of material,

wood MC up to 140% cracks and variations in material / requirement for mechanical cou-
pling, specimen wholly enclosed between transmitter and receiver

Neutron Varies, best is No information Fast Influence of materials containing hydrogen and other elements/

Thermaliza- +0.3 Ib/ft3 does not give a point MC measurement, not applicable to small

tion (5.34 kg/m®) specimens
Spectroscopy | Higher accuracy | >5 g/100 cm®™"™" Fast Appropriate correction for dead time, background radiation, and the
a higher MC; Compton effect / Need for radiation
bestis+0.6% protection, expensive

Thermal Noinfo 0% to capillary satu- Fast - / Does not provide MC distribution at varying depths; temperature

Imaging ration and RH affects accuracy
Microwave | Approximately | <18% MC for wood Fast Wave scattering due to inhomogeneities within

dielectric | 2% by vol.”™""" specimen/ intrusive (borehole within material)

* From Forsén and Tarvainen’s (2000) research on hand-held capacitance moisture meters.

** From Skaar (1988): Tests performed by Trapp and Pungs (1956) relating dielectric constant and power loss factor on European spruce for MC ranging from 0% to 96%, MC
refers to moisture content.

***From Kumaran's (1986) experiment using gamma spectroscopy on a medium-density glassinsulation sample.

Hokkk

*****

Estimated lower limit from Kumaran and Bomberg (1985).
From K&éridinen et al. (2000).

TABLE 2
Application of Various Moisture Content
Determination Methods with Respect to the

Type of

Test

Test to determine material properties

Hygrothermal tests on small-scale samples
and lar ge-scale panels

Field Sudies

e Ultrasonic
e Spectroscopy
e Thermal imaging”™"

e Gravimetry e Gravimetry e Electrical resistance
¢ Electrical resistance ¢ Electrical resistance «  Dielectric”
«  Capacitance «  Dielectric”

e Ultrasonic”
«  Spectroscopy”

Requires removal from the assembly.
" Discrete rather than quasi-continuous measurements are possible.
" Accuracy is unknown.
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Figure7 Graph showing the difference in gravimetric and electric resistance
measurements where the movement of moisture occurs in different directions.

moisture content assessment methods. It is also useful to
understand the methods most appropriate in various experi-
menta contexts. Table 2 summarizes the application of the
moisture content assessment methodswith respect to different
types of tests, namely, teststo determine the hygric properties
of amaterial, small-scale or large-scal e experiments, and field
studies.

The previous discussion demonstrates that the gravimet-
ric and electrical resistance and dielectric techniques are the
most practical methods of measuring the moisture content of
building envelope materiasat present. They are al so the most
commonly used. As previously mentioned, electrica resis-
tance measurements can be performed either as discrete
measurements in a laboratory or a field setting with a hand-
held moisture content meter or as quasi-continuous measure-
ments in a laboratory using moisture probes connected to
transducers and a data acquisition system.

The next step in developing a monitoring protocol is to
establish how many gravimetric samplesand moisture content
sensors to use and where to position them. This strongly
depends on the objective and the complexity of the experi-
ment. For example, if amoisture distribution over an envelope
material is required, then it is appropriate to place the gravi-
metric samples and moisture content sensors in a grid-like
pattern. They can also be placed at locations of interest,
depending on whether the researcher wishesto monitor aone-
dimensional, two-dimensional, or three-dimensiona moisture
transfer.

It should be noted that the position of individual gravi-
metric samples and sensors will affect the measurements. A
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case in point isthe cellulose-insulated roof experiment previ-
oudly discussed; a gravimetric sample and a pair of electrica
resistance probes were placed in the same roof joist but
resulted in very different moisture content readings. The
gravimetric sample was placed in the corner of the bottom
edge of the joist, as shown in Figure 1, while the moisture
probes were positioned above the gravimetric sample on the
vertical face of the joist. Gravimetric readings are shown as
discrete points while quasi-continuous electrical resistance
measurementsaredesignated by lines; the dark lineand square
points, aswell asthelight line and circular points, correspond
to the same joist, respectively. A comparison of the moisture
content measurements showed that the gravimetric reading
was, on average, much greater than that of the resistance
probes, asshownin Figure 7. While the moisture probes show
a slight increase in moisture content during periods 4 and 5,
they indicate that the roof joists dry out in those locations
afterward. However, thisis not so for the gravimetric sample.
In fact, the gravimetric samples indicate a continued increase
in moisture content. The moisture probes measure theresult of
amoisture flux perpendicular to the surface of thejoist, while
the cubic gravimetric specimen is subjected to a moisture flux
on both its exposed surfaces. Thus, while the moisture probes
measure a decrease in moisture content at their tip starting in
the middle of period 5, the gravimetric samples measure an
increase in moisture content in the corner of the joist where
moisture migrates toward the two exposed surfaces, which
explains why the gravimetric measurements are greater than
those of the probes.



The number of samples and sensorsto be utilized is also
important. If the temperature and moisture content distribu-
tions across a specimen are expected to be approximately
uniform, and if little or no air movement is occurring, fewer
sensorsor gravimetric samples may bereguired. However, for
an experiment attempting to monitor the hygrothermal effects
of air exfiltrating through awall cavity where natural and/or
forced convection takes place, for example, alarge number of
moisture content sensors is necessary to obtain an accurate
moisture distribution within the wall. For example, an exper-
iment run at the BEPL to study the wetting of wallsdueto the
exfiltration of moisture-laden air required 10 electrical resis-
tance probes and 15 gravimetric samples to mark the migra-
tion of the air in each 400 x 2400 mm tested wall area.
Whatever the case may be, the researcher must carefully opti-
mize the placement and number of gravimetric samples and
sensors, bearing in mind that while alarger number of sensors
provide a more accurate picture of the moisture distribution
within building components and assemblies, sensors and
gravimetry do disrupt the behavior of building materias. In
addition, the installation of sensors and the measuring proce-
dure, such as the weighing of gravimetric samples, are labor-
intensive tasks.

CONCLUSION

The experimental assessment of the moisture perfor-
mance of envelope assemblies is based on the monitoring of
moisture. This paper has presented moi sture content measure-
ment methods and instruments and has illustrated how they
could be used for envelope studies. During selection, consid-
eration should be given to whether a continuous or a discrete
measurement methodology is preferred, whether the chosen
method is appropriate for the materia to be tested, and opti-
mization of the number and location of the gravimetric
samplesand moisture content sensorsto obtain the most perti-
nent data, based on the research objectives. Of the presented
moisture content measurement methods and instruments,
gravimetry and electrical resistance moisture content sensors
and, to a lesser degree, dielectric, ultrasonic, and spectro-
scopic moisture content assessment techniques display the
most potential.

A global framework for the devel opment of experimental
procedures investigating the moisture performance of assem-
blies has to encompass, in addition to the moisture content
methods presented, methods for detecting and measuring
condensation, rainwater ingress, relative humidity in air space
within assemblies, as well as moisture content on surfaces. A
complete portrait of the behavior of moisturethat integratesall
measurements could then be developed to rate and relay the
moisture performance of assemblies, taking into account the
materials used, the functions, and the location of the building.
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