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ABSTRACT

This article reviews the methods, principles, and performances of moisture measurement
in building envelopes with a focus on continuous monitoring applications. It compiles an
extensive list of closely related literature. Brief examples are presented to demonstrate
measurement values and a presentation approach for measured electric-resistance data.
Moisture measurement methods have various capabilities. Some methods can quantify
moisture content for some building materials such as timber, while also providing
comparative values or changes in wetness conditions for other building materials. Other
methods are used to warn of excessive wetness conditions in the envelope, particularly in
hidden or difficult-to-access areas. Reviewed methods are grouped according to the
measurement principle: for example, resistance, voltage, and thermal-based methods.
Resistance and voltage-based sensors are most suitable for continuous monitoring
applications as they can be readily connected to a data logging system. Voltage-based
methods such as the Sereda and printed circuit sensors are usually used to indicate time-
of-wetness of surfaces. Their main weakness is durability, which can be quite short in
outdoor applications. Resistance-based methods, such as moisture pins, Duff sensors, and
ceramic sensors, are used to monitor changes in moisture level within materials as well as
time-of-wetness of surfaces. These sensors are durable and can be fabricated in-house.

Keywords: moisture, time-of-wetness, sensors, measurements, building envelope, literature
review.

1. INTRODUCTION

Moisture measurement is used to investigate moisture issues in building envelopes.
Moisture sensors and a data-logging system are used in continuous monitoring applications.
Moisture sensors and an alarm system are used to warn of excessive moisture conditions in
building envelopes, particularly in hidden or difficult-to-access areas. Non-destructive moisture
diagnostic methods such as moisture meters and infrared thermography are usually used to
identify areas with moisture anomalies in building envelopes, which might be followed with an
invasive investigation and/or continuous monitoring to further investigate moisture anomalies.
Moisture meters are also used to conduct periodic measurements at specified locations.

This article reviews methods, principles, and performances of moisture measurements in
building envelopes with a focus on continuous monitoring applications. The article also compiles
closely related literature to be easily accessed by professionals as considerable literature exists
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but is published in various sources. Also discussed is the author's experience in the application of
some moisture sensors in in situ monitoring of building envelopes. Brief examples are presented
to demonstrate measurement values and a presentation approach of measured electric-resistance
data. Said (2004) provides guidance and example measurements on applications of moisture
measurement methods.

2. MOISTURE MEASUREMENT METHODS

Measurement methods of moisture in building envelopes may be grouped according to
the measurement principle (e.g., resistance, voltage, thermal) or function. Resistance-, voltage-,
and capacitance-based methods utilize the electrical properties of materials that vary with the
material's moisture content (MC) or surface wetness. Microwave-based methods work on a
principle similar to the capacitance methods, but at much higher frequencies (Dill 2000).

Thermal-based methods utilize the change in temperature of materials caused by the
change in moisture conditions. Moisture creates temperature depressions in materials because of
the high thermal capacity of water. A wet material has a lower temperature than when it is dry.
Moisture flowing through materials in the building envelope assembly cools surfaces by direct
contact and evaporation. Thermal-based methods are usually used in special tests and in soil
moisture measurement applications; therefore, they are beyond the topic of this article.

Attempts have been made to use infrared thermography to identify areas of moisture
anomalies in building envelopes (e.g., Gayo et al., 1993a and 1993b, Rosina and Robison 2002,
Rosina and Spodek 2003). Infrared thermography techniques, similar to thermal-based methods,
detect temperature changes caused by the presence of moisture. The main advantage of
thermography is the ability to assess moisture conditions over a large area of the building
envelope. Thermographic scans must be made under appropriate environmental conditions and
interpreted by qualified professionals. Geary (1970) reviews measurement methods of moisture in
materials including infrared thermography, thermal, microwave power absorption, optical, and
nuclear methods.

Resistance and voltage-based methods are most suitable for continuous monitoring
applications as they can be readily connected to a data-logging system. These methods are
reviewed in this article.

2.1. Resistance-Based Methods

Resistance-based methods measure moisture levels in materials in terms of their electric
resistance or dielectric property that vary with MC. As MC increases, the material's electrical
resistance decreases and conductance increases. The resistance could vary between several
hundred k{2 when wet to more than several hundred M{ when dry. Examples of resistance-type
moisture sensors include moisture-pins, brick-ceramic, stone, Duff probe, moisture-measuring
dowel and disc, nicked-wire, and moisture-detection tape/cable.

2.1.1. Moisture-Pin Sensor: Figure 1 shows various types of moisture-pins: (A) insulated pins,
(B) non-insulated pins, and (C) a pair of stainless-steel screws. Insulated pins are most common -
these probes are approximately 3 mm diameter and are insulated except at the needlepoint tip.
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Figure 1. Various moisture-pins sensors: insulated pins (A), non-insulated pins (B), and
stainless-steel screws (C) with a heat-shrinkable tubing covering part of its length. Shown at
the top is a pair of insulated moisture pins inserted in a wood block.

As an alternative to commercial moisture pins, a pair of stainless-steel screws of the
required length could be used. Heat-shrinkable tubing is used to cover the length of the screw that
extends outside the material being monitored. The author has used stainless-steel screws
extensively in monitoring moisture conditions in masonry walls because stainless-steel screws
provide good grip in mortar applications.

Moisture-pin probes measure moisture by measuring the electrical resistance of the
material between the two probes (or between the tips of the probes for the insulated pins). This
approach makes measured resistance dependent on the dielectric property of the material being
measured in addition to a possible temperature effect. Moisture pins can quantify MC for various
timber species with accuracy 2% (Garrahan 1988). For other materials, moisture pins provide
comparative moisture profiles indicating changes in MC of the material.

From the author's field experience, moisture-pin sensors are durable and respond quickly
to changes in wetness conditions of the material. For timber applications, temperature
adjustments are necessary because changes in temperature affect the dielectric properties of
timber. James (1975 and 1994), Garrahan (1988), Pfaff and Garrahan (1985), and the U.S. Forest
Products Laboratory (FPL) (1982) report correction factors for timber species. These correction
factors were developed for probe-type moisture meters.

Electric resistance output of moisture pins can be measured directly or indirectly in terms
of a voltage. Figure 2 shows an electric circuit diagram used by the author for converting electric
resistance to voltage output. To minimize errors due to the effect of polarization and electrolysis
at the electrodes, the excitation voltage applied to the sensor is preferred to be an alternating
voltage (2.5 volts is used). For moisture measurement in concrete materials, Altmann (1974)
recommended using 12 volts alternating current (AC), and used Equation 1 to correlate measured
electric resistance (R) with concrete MC (f):

Ln(R)=a-bef (1)

Where a and b are coefficients that depend on the material and are determined by calibration.
Equation 1 gives a straight line on a semi-logarithmic scale.
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Where:

V, is measured output voltage

Ry is a fixed resistor for output signal (usually about 10 k<)

R, is a fixed resistor in parallel with the moisture sensor (about to 10 M)
R, is the resistance output of the moisture sensor, which is calculated by:

R =R/ [(Vo/(1-V,) = Re / Rg]

Figure 2. Electric circuit diagram to convert electric-resistance to voltage measurements.

Forrer and Vermaas (1987) used a direct current (DC) voltage with low-frequency
alternating polarity and presented detailed analysis of electrical resistance measurements in terms
of voltage. The authors developed an equation correlating resistance and temperature-corrected
MC. Hedlin (1965) developed a logarithmic plotting technique and an empirical equation for
resistance-based humidity sensors.

As a variation of moisture-pins sensor, Cunningham (1985) proposed a method for
measuring timber MC over the range 10% to 50% using 10 mm square gold-plated parallel plates,
which are embedded in the timber. Cunningham's motive was that timber MC above the range
25% to 30% could not be measured reliably using the DC electric resistance property of timber
because it is almost constant in this range in addition to the possible polarization effect on
measurements. Cunningham measured the DC electric resistance across the plates for MC below
30% and measured the AC impedance for MC above 25%. In the overlap range 25% to 30% MC,
the weighted mean of the DC and AC measurements was used to determine the MC. Cunningham
correlated measured results, MC and impedance or resistance by the following equations.
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For AC measurements:

=Aem—B 25<m<50 2)
Where Z is the probe AC impedance (ohms); m is MC (% by weight); and A, B, and Z,, are the
correlation parameters.

For DC measurements:

log,,(R) = C+£ﬂ 10<m <30 3)
m

Where R is the probe resistance (ohms); C, D, and n are the curve fitting parameters.
Cunningham (1985) determined the correlation parameters at 5°C and 20°C as noted in Table 1.

Table 1 Correlation parameters at 5°C and 20°C for Equations 2 and 3*

Equation 2 (25 < m < 50) Equation 3 (10 <m < 30)
A B Z.. C D n
5°C 1.24x 107 2.71x 10* 1.2x10* 4.52 8.17 x 10° 3
20°C 1.28 x 107 2.95x 10* 8 x 10° 1.98 79.3 1
*Cunningham (1985).

2.1.2. Brick-Ceramic and Stone Moisture Sensors: Brick-ceramic- (called ceramic here,
for brevity) and stone-moisture sensors measure moisture indirectly by measuring the electric
resistance across a small block of ceramic or stone material. This type of sensor, and generally
sensors that utilize a small block of a material, eliminates the effects of the dielectric property of
the material being monitored. The electrical resistance of the ceramic and the stone materials
decreases as wetness increases and vice versa. The sensors are fabricated by attaching two wires
to the opposite sides of a ceramic or stone block (Figure 3 shows typical dimensions) using
conductive silver epoxy. The ceramic block is usually cut from a clay brick and the stone block is
cut from a stone material similar to that of the wall to be monitored.

The ceramic and stone sensors have been used extensively by the author and are
fabricated in-house. The ceramic sensor is usually used in surface mount applications to monitor
time-of-wetness (TOW) of surfaces. The sensor could also be embedded in a material to
determine changes in its MC. The small size of the stone sensor allows it to be embedded in
masonry walls through the usual 10 mm mortar joint. The ceramic and stone sensors are quite
durable and respond quickly to changes in wetness conditions of surfaces or materials.

The temperature effect on measured electric resistance remains to be determined in a
laboratory study. At temperatures below freezing, the output from the moisture sensors is not
valid because the formation of ice increases the measured resistance, which leads to the erroneous
results of dry conditions. Salts dissolved in moisture lower measured resistance.
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(b) Stone moisture sensor

(a) Brick-ceramic moisture sensor

Figure 3. Photographs and schematic illustrations showing the typical size of (a) brick-ceramic
and (b) stone moisture sensors used by the author in field measurements.

2.1.3. Duff Probe Moisture Sensor: Duff (1966) describes the probe fabrication and lists
data for MC versus electric resistance of the sensor. The Duff probe consists of two wires
attached with conductive silver epoxy to opposite sides of a wood block 2 mm square and 20 mm
long. Duff noted that the sensor could be fabricated in various sizes. The wood block is selected
such that it has a straight and close-grained structure to minimize interprobe variations. Sugar
maple, yellow birch, and American beech have been used to fabricate sensors.

The Duff probe, as the ceramic and stone sensors, measures MC indirectly by measuring
the resistance across the wooden block that is in equilibrium with the humidity of the surrounding
environment. The probe could be used in a surface mount to indicate TOW or embedded in
materials to monitor changes in MC. The probe measurements require temperature corrections for
the effect of temperature on the probe's electric resistance. Correction factors for timber species
noted earlier such as by Garrahan (1988) could be used.

Duff (1966) reported the accuracy of the sensor to be within 1%. The probe responds
quickly to changes in MC because of its small size. Duff also suggested that the probe could be
used to measure average relative humidity (RH) of air. Carll and TenWolde (1996) investigated
this application. They indicated that the probe could measure RH but with considerably low
accuracy of £10%, which they noted was due to the sorption hysteresis and sensor memory. Carll
and TenWolde (1996) used a relationship similar to Equation 1 to correlate between measured
RH and the sensor's MC and used a second relationship to relate the sensors' electric resistance to
MC and temperature.
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Dai and Ahmet (2001) describe the development of a resistance-based wood moisture
probe with stringent accuracy requirement of 1% for long-term monitoring of timber MC below
the fiber-saturation point. The probe consisted of two pairs of parallel electrodes embedded in a
cylindrical wood block 8 mm in diameter and 25 mm long. Silver-painted brass screws were used
as electrodes because they ensure effective and consistent long-term contact with wood. The
contact resistance of pin-type electrodes changes with time. A data-acquisition system was
developed to log data over a wide range of MCs corresponding to an electric resistance range of 1
k() to 100 GL2.

2.1.4. Moisture Measuring Dowel and Disc Probes: Brandt and Hansen (1999)
developed two resistance-based moisture probes, the so-called moisture-measuring disc and
moisture-measuring dowel, which operate on the same principle as moisture-pins and the Duff
probe. The moisture-measuring disc consisted of two electrodes inserted in a plywood disc 50
mm in diameter and 12 mm thick (using the same plywood for which the MC is to be monitored).
The moisture-measuring dowel consisted of two electrodes glued to a beech wood dowel 10 mm
in diameter. The probes also included a thermocouple to measure temperature for correcting
measured resistances for temperature effect. The two probes were calibrated using controlled
humidity conditions. Brandt and Hansen (1999) discussed the long-term stability, accuracy,
advantages, and drawbacks of the probes. They also discussed the effect of the shape, dimension,
electrode material, and fabrication method on the probes' performance. The application of the two
probes has been included in the Nordtest method 420 (Nordtest 1993) for measuring the long-
term MC of wood using wooden probes with embedded electrodes.

2.1.5. Wood-Disc Moisture Probe: The wood-disc moisture probe was developed for
measuring MC in straw-bale walls (Fugler 1996; Gonzales 1998). The probe 18 mm in diameter
was constructed of a block of balsa or white pine timber 3 mm thick. Balsa was chosen because it
has a uniform grain, easy to cut, and conveniently available. Two small stainless steel screws
were inserted in two holes 15 mm apart in the wood block for connecting to electrical wires. The
wood-disk was then placed at the end of a perforated polyvinyl chloride tube with a length
depending on the measurement location in the wall. The electric wires were connected to other
small stainless-steel screws on the cap at the inlet of the tube. The screws were spaced to line up
with the tips of the probes of a moisture meter calibrated for wood, which was used for taking the
measurements.

Fugler (1996) discusses the performance of the wood-disc probe. There was good
correlation between the electric conductivity of the probe, RH, and the straw's MC. The slow
reaction of the probe to reach equilibrium below 55% RH matched the slow reaction of the straw
for the uptake of moisture. Fugler noted that there may be some temperature effect on
measurements, but the influence that was believed to be small was difficult to determine for the
range of temperatures 13°C to 28°C studied.

Goodhew et al. (2004) further investigated the performance of the wood-disc probe for
moisture measurements in the cold climate winter conditions of Plymouth, UK. They also
investigated the effect of the length of the connecting wires between the probe and the screws for
connection to a moisture meter. A different wood block size was used, which they noted exact
dimensions were unimportant. The probe was a wood block 5 mm thick and 5.6 mm in diameter,
and the stainless-steel screws were placed 5 mm apart. They concluded that the wood-disc probes
were easy to use and reasonably accurate. The accuracy was £2% based on the oven drying
method measurements. Increases in temperature of the straw surrounding the sensor lead to a
small increase in measured MC.
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2.1.6. Gypsum-Block Moisture Probe: The operation of gypsum-block moisture probe is
similar to the ceramic and Duff probes. The gypsum probe was developed for soil moisture
measurements for irrigation applications. The gypsum-block probe indicates relative changes in
soil moisture and does not quantify soil MC.

Larsen (2004) used gypsum-block probes to diagnose moisture conditions in masonry
walls. The variation of the MC over the masonry wall cross-section indicated the direction of
water movement and aided in identifying the moisture source. Larsen noted that the range of
electric resistances measured responded to the actual moisture condition of the masonry.
Measurements were not sensitive to the effect of salts because the gypsum pores contain a
saturated solution of calcium and sulfate. The service life of gypsum-block probes is short, 1 to 5
years, and depends on how often they become saturated.

2.2. Moisture Measurement in Concrete Structures

Some probes, mostly electric resistance-based, were developed for moisture measurement
applications in concrete structures. Common measurement approaches include:

1. Using a Duff-like wood probe or a RH probe optimized for concrete application. The probe is
placed in a drilled hole at required depth, after which the hole is sealed. The probe reaches
equilibrium with the humidity of the surrounding concrete in approximately 24 hours.

2. Using two graphite probes, placed in drilled holes, to measure MC in terms of the electric
resistance of the concrete material between the two probes. For a given temperature, a
change in electric resistance indicates a change in the concrete MC and/or the chloride
content. Factors affecting the electric resistance of the concrete include MC, chloride content,
porosity, and the temperature of the concrete.

Scheurer (1989) and Assenheim (1993) briefly review moisture measurement methods for
concrete applications, their advantages, and disadvantages. Methods included electric resistance,
heat conductivity, neutron moderation, infrared radiation, and microwave methods. Altmann
(1974) describes a resistance-type probe for continuous monitoring of MC of concrete structure
elements. The probe could either be embedded in fresh concrete or inserted later in drilled holes.
The probe consisted of two platinum electrodes implanted in a porous ceramic cylindrical block
50 mm in diameter and 100 mm long. A block 100 mm in diameter was recommended for
lightweight concrete. Platinum electrodes were used to eliminate the possible effects of chemical
reactions. At equilibrium, the MC of the probe would be the same as the concrete material
surrounding it. As noted earlier, Altmann (1974) developed Equation 1 to relate measured electric
resistance to the MC and also a relationship for temperature correction of measured MC.

Hedenblad (1997) presents results of humidity measurements in high-performance
concrete. Hedenblad investigated various sealing approaches and the quality of the measurement
hole, which highlighted the significance of properly sealing the measurement hole. Hedenblad's
recommendations include: the distance between the sensing element and the surrounding concrete
should be minimized, the evaporation surface of the concrete surrounding the sensing element
should be large, and at least 1 week should be allowed between measurements to ensure
equilibrium.

2.3. Voltage-Based Methods

Voltage-based methods are usually used to measure wetness in terms of a DC voltage
across a known resistor. The voltage increases as wetness increases and vice versa. Examples of
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voltage-based methods include the Sereda, printed circuit condensation, and the WETCORR
Sensors.

2.3.1. Sereda Moisture Sensor: The Sereda sensor is an electrochemical cell named after its
developer Peter Sereda (Sereda et al., 1982). It is also known as TOW sensor because it is usually
used to monitor TOW of surfaces. The Sereda sensor (Figure 4) consists of alternate copper and
gold electrodes deposited on a glass-reinforced polyester substrate to form a galvanic cell. When
the sensor is wet, the electrochemical cell is activated and generates a voltage potential across a
10 M2 shunt resistor and 0.068-Hf capacitor (wiring diagram in Figure 4). When wet, the sensor's
output voltage usually exceeds 80 mV, which is not related directly to wetness conditions. The
output voltage may also vary between sensors, which are likely due to manufacturing variations.
Hechler et al. (1990) reported similar experience in an outdoor exposure study to evaluate 110
Sereda sensors; the sensors had various sensitivities to wetness due to condensation. Two sensors
gave different output voltages for the same conditions. Thus it is recommended to test sensors
before use in order to select sensors with similar sensitivity. Based on the author's experience, it
is also common that Sereda sensors produce 2- to 4-mV noise signals when dry. ASTM (1999)
suggests that the noise could be up to 20 mV.

—+ 1mm

J— 0.088 yf L "!“l’ 11 mm
T Capacitor T I

— 18 mm -—

Sereda moisture sensor Wiring diagram of Sereda sensor

Figure 4. Photograph of the Sereda moisture sensor and diagram of its wiring.

Sereda sensors are usually glued to surfaces. ASTM (1999) describes the application of
the Sereda sensor. Yamasaki et al. (1983) and Yamasaki (1984) describe applications of the
Sereda sensor to determine the TOW of various surfaces.

The author's field experience indicated that the Sereda sensor reacts rapidly to wetting
and drying of surfaces. It also reacts to high humidity. The sensor, however, has limited service
life particularly when exposed to the elements. It tends to corrode in approximately 1 year
depending on the air quality. Indoor applications may last longer (3 to 4 years) depending on
exposure conditions.

2.3.2. Printed Circuit Condensation Sensor (PCCS): The PCCS is a business-card size
sensor that consists of copper films deposited in an interlaced pattern onto an epoxy-fiberglass

plate (Figure 5). A 5-DC volt is applied to the sensor and the output is O to 3 volts depending on
the size of the sensor's wet surface area. The main application of this sensor is to detect TOW of
surfaces. The service life of this sensor is quite short when exposed to outdoors. Figure 5 shows
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the condition of a PCCS after 6 months on the facade of a masonry wall. This sensor is suitable
for measurements of short duration (4 to 6 weeks)

Gillespie and Kidd (1978) describe the so-called mock-leaf sensor that consists of a grid
of solder-coated copper fingers mounted on an epoxy-fiberglass board 1 mm thick with
width/length dimensions of 25 mm and 100 mm. The sensing grid was coated by latex paint.
These researchers investigated the effect of various paint colors (white, four gray shades, and
dark green) on the duration of wetness retention. Latex paint was used because of its ability to
transmit moisture through to the sensing copper grid. A low-AC voltage powered the sensor's
electric circuit to avoid electrolytic depositions on the grid.

Figure 5. Photograph of the condition of a printed circuit condensation sensor after 6 months on
the facade of a masonry wall.

Voutilainen (2005) used a printed circuit board and an LC-resonant electric circuit to
develop a wireless method for measuring moisture in building structures. The LC electric circuit
is similar to the wiring circuit of the Sereda moisture sensor shown in Figure 4. The inductor of
the LC circuit functions as the sensing element as well as an inductive antenna for wireless
communication with the reading device. The resonant frequency of the sensor's LC circuit varies
with the moisture condition, RH, or the temperature of the ambient environment around the
Sensor.

The wireless sensor consists of a copper coil (the inductor) imprinted on a printed circuit
board (made of woven glass reinforced epoxy resin) and covered with a polymer laminate
Voutilainen (2005). The conductivity and dielectric constant of the sensing material change as a
function of MC and RH. Voutilainen developed variations of the sensor depending on the
application of the sensor. The so-called plain basic sensor that measures 80 x 80 X 2 mm was
developed for bathroom walls and floor applications. Another sensor, the so-called pre-cast basic
sensor that measures 95 X 95 x 10 mm was developed for mentoring the drying of concrete.
Some sensors included a temperature sensor.

2.3.3. WETCORR Moisture-Temperature Sensing System: The WETCORR moisture
sensor is similar to the Sereda sensor, but the output of the WETCORR sensor when wet is an
electric current and it includes a thermistor temperature sensor. The sensor consists of gold

10
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electrodes in an interlaced pattern plated onto a ceramic substrate. The sensor is available as a
system that includes a sampling data-logger. NILU (1994) describes the WETCORR
measurement system and its applications to measure humidity and temperature on and within
timber materials.

2.3.4. Moisture Detection/Alarm Methods: The main function of moisture detection and
alarm methods is to alert for the presence of wet conditions. A change in the electrical resistance
of a moisture detector due to the presence of water triggers an alarm. Moisture detection elements
include a water sensing length of tape or cable as well as moisture sensors such as Duff probes.
They are placed in suspected water entry locations in building envelopes. The advantage of
detection tapes and cables is the ability to cover a large area, such as around the perimeter of a
roof space or basement. Moisture detection tapes and cables are available in a variety of sizes,
materials, and commercial names. Hutton (1996) describes a monitoring system that remotely
monitors moisture in timber and other materials in building structures to warn of excessive
moisture conditions.

A detection sensor created in-house (Said et al., 1997) - the nicked-wire sensor - consists
of a side-by-side wire pair whose insulation had been removed at regular intervals (approximately
1 mm is nicked at intervals of 5 mm). The length of the wire is selected to cover the space to be
monitored, such as in a wall cavity or roof space. The resistance between the wires decreases
when moisture is present between the exposed sections of the wire-pair.

3. Example Moisture Measurements

Said et al. (1999 and 2005) discusses moisture measurements results from long-term field
monitoring applications of two heritage buildings. Figure 6 shows an example installation of
moisture and temperature sensors in the wall of a heritage tower. Figure 7 shows an example of
electric-resistance measurement from a ceramic moisture sensor and its presentation approach in
terms of a wetness scale. The ceramic sensor (Figure 8) was mounted on the facade of a 4-story
masonry building built in 1943 as a light industrial factory in eastern Canada. The structure
consists of a concrete frame with solid brick masonry exterior walls 330 mm thick. The building
was retrofitted and converted to offices in 1993-1994. The wall retrofit (Figure 9) included the
addition of insulation and vapor and air barriers on the inside of the brick wall. A section of the
retrofitted wall (Figure 9) was continuously monitored from April 1995 to June 1997. The main
objectives of the long-term monitoring were to assess the impact of the retrofit on the
hygrothermal performance of the brick wall and to provide data for validation of hygrothermal
models. Said et al. (2003) describes the monitoring program and discusses the impact of the
retrofit strategy on the brick wall.

Graph b of Figure 7 demonstrates an approach to present electric-resistance
measurements in terms of a wetness scale, which is calculated by the following equation:

Wetness = % “4)

Where R is the measured resistance in M{2, and the 800 is an arbitrary value.

The wetness scale is an arbitrary scale that illustrates changes in wetness conditions.
Measurements in Figure 7 supported by the rainfall record, show that the noted month included a

11
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wet period between days 3 and 12 due to rainy weather and a mostly dry period between days 17
to 30.

NW BuTTRESS |
WEST FACE

ik

N SR, L T =

Figure 6. Photograph of an example installation of moisture and temperature sensors on the wall
of a heritage tower. Shown are: a pair of stainless-steel screws (MP) in a mortar joint, a stone
moisture sensor (NS) and thermocouple (TC 51) installed at 200 mm depth in the wall, and a
thermocouple (TC 54) glued to the facade. Notice the wire-cables are secured to the surface and a
drainage U-loop is made in the cable to prevent water from running down into the moisture-pins.
Said et al. (2005) describes the heritage tower and the monitoring program.

In this monitoring study (Said et al., 2003), results indicated that the retrofit strategy had
a negligible effect on the drying potential of the brick wall during the summer months but
reduced the wall drying potential during the winter months. The MC in the brick wall increased,
which was partially due to the retrofit and partially due to a wetter weather during the monitoring
period. As a result of increased MC, the thermal resistance (RSI) value of the 330 mm thick brick
wall decreased from an average of 0.31 in the first winter months (Nov. 1995 to March 1996)
following the retrofit to an average value of 0.18 in the second winter months (Nov. 1996 to
March 1997). The brick wall may be at a higher risk of frost damage than before the retrofit as the
number of freeze-thaw cycles has increased as result of the retrofit. The retrofit also increased the
summer-to-winter mean temperature range of the brick wall by 16%, which might lead to higher
thermal stresses in the wall depending on the degree of restraint by other structure members.

Figure 10 shows example output voltage measurements taken from two Sereda moisture
sensors mounted on the facade of a 1953 circa 3-4 story laboratory building on the campus of the
NRC in Ottawa, Canada. The exterior walls consisted of two layers of hollow clay tiles with a
total width of approximately 400 mm. The outside finish of the wall was a white painted stucco.
In 1993, to reduce heating and cooling loads and control air and moisture flow through the
masonry walls, they were retrofitted with an exterior insulation finish system (EIFS) cladding.
The finish of the new EIFS cladding system was also white stucco so that the building retained its
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characteristic style. A section in each of the east and west facades was instrumented to monitor
the long-term impact of the EIFS retrofit on the hygrothermal performance of the masonry wall
and also to provide data for validation of computation models. Said et al. (1997) discusses the

monitoring program and presents interim results of the thermal resistance of the retrofit wall and
surface moisture.
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Figure 7. Graphs of example electric-resistance measurements (graph a) from a ceramic moisture
sensor and its presentation in terms of the wetness scale (graph b).
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Figure 8. Photograph of the instrumentation on the facade including various moisture sensors (a
ceramic sensor, a Sereda sensor, a pair of stainless-steel screws moisture-pins, and a printed
circuit) installed in the same location to compare their long-term performance. Notice the
corroded condition of the printed circuit sensor after 2 years on the facade.
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Figure 9. An elevation of monitored wall section showing retrofit assembly and locations of
some instrumentation. BCS = brick ceramic moisture sensor, HFLX = heat flux sensor, MP =
moisture pin sensor, P = pressure transducer, PCCS = printed circuit condensation sensor, RH =
relative humidity sensor, SS = Sereda moisture sensor, TC = thermocouple, and TP = platinum
resistance temperature probe.
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Figure 10. Graph of an example hourly averaged voltage measurements from two Sereda
moisture sensors indicating time-of-wetness and dryness of the facade due to diurnal
condensation (Figure 4 shows wiring diagram used in the measurements). In this graph, the time-
line plot starts at midnight. Notice the variations in the output voltage (up to 86 mV) of the two
sensors. The output of the sensor at one-third wall height shows 3-mV measurement noise when
dry.

The results in Figure 10 indicate that exterior nighttime condensation is common during
summer months when cool, clear nights occur after hot and humid days. In this figure, two Sereda
moisture sensors mounted at different heights show TOW and dryness of the facade at the
sensors' locations. The Sereda sensors indicate the presence of wetness during the nighttime
hours. Condensation occurs during the nighttime hours when exterior temperatures are lowest,
RH is highest, and surface temperature drops below the dewpoint. For the results shown in Figure
10 the nighttime RH was 95% to 100%. Radiation to the night sky contributes to the cooling of
the facade. The diurnal cycles shown in Figure 10 indicate that when the sun rises in the morning
and heats up the facade, and the RH of the air falls, the wall rapidly dries out. Figure 10 also
demonstrates the rapid response of the Sereda sensors to the changes in wetness conditions.

4. CONCLUSION

The article reviewed principles and performance of moisture measurements methods in
building envelopes with a focus on continuous monitoring applications. Closely related literature
has been compiled to facilitate accessibility by professionals. Also discussed is the author's
experience in the application of some moisture sensors in the in situ monitoring of building
envelopes. Brief example measurements were included to demonstrate measurement values and a
presentation approach of measured electric-resistance data. The author's field experience
indicated that resistance- and voltage-based methods are most suitable for continuous monitoring
applications as they can be readily connected to a data logging system. Voltage-based moisture
sensors such as the Sereda and printed circuit sensors are usually used to indicate TOW of
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surfaces. Their main disadvantage is durability, which can be quite short in outdoor applications.
Resistance-based sensors such as moisture pins, Duff probe sensors, and ceramic sensors are used
to monitor changes in moisture within materials as well as TOW of surfaces. They are durable
and can be fabricated in-house. Their challenge is for an instrumentation system that could
measure a wide range of electrical resistances up to several hundred M(2. Alternatively, electric
resistances can be measured indirectly in terms of voltage using a half-bridge electric circuit.
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