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Structure Moisture Monitoring of an 8-Story Mass
Timber Building in the Pacific Northwest

Steven Kordziel'; Shiling Pei, M.ASCE?; Samuel V. Glass?;
Samuel Zelinka*; and Paulo Cesar Tabares-Velasco®

Abstract: The use of mass timber structural products (such as glulam and cross-laminated timber) in commercial buildings is increasing
in prevalence around the world. Whereas moisture management during the construction process is important for all building types, it is
especially important for buildings with wood structural members. The exposure of mass timber products to the environment during construction
can result in wetting of the wood, and mass timber products may take longer to dry than lightweight wood-frame construction. To better
understand the moisture conditions to which mass timber framing systems are subjected, a monitoring study was initiated on an 8-story, mass
timber framed building located in Portland, Oregon. The study used wireless sensors to continuously monitor moisture content in the wood
components over the transportation, construction, and operation of the building for a 1-year period. This study witnessed record levels of rainfall
during construction, representing very adverse conditions for mass timber projects. However, the data showed consistent drying of all mass
timber products after the completion of the building, with glulam and light framed wood products drying at a faster rate than cross-laminated
timber. The method to install the instrumentation was also examined carefully for potential bias, which provided valuable lessons to future on-

site moisture monitoring projects. DOI: 10.1061/(ASCE)AE.1943-5568.0000367. © 2019 American Society of Civil Engineers.

Introduction

Wood framed buildings have traditionally been limited to low-rise
construction due to their limitations in strength and fire resistance.
With the increasing popularity of mass timber products such as
cross-laminated timber (CLT) and glued laminated timber (glulam),
mass timber products have been expanding the wood construction
market to larger-scale commercial building applications (Gagnon
and Pirvu 2011). Mass timber is becoming a preferred alternative by
many developers because of its esthetic appeal and ease of con-
struction (Mohammad et al. 2012; Fernanda and Espinoza 2015). In
addition, mass timber buildings can have a lower carbon footprint
than conventional steel or concrete construction due to lower energy
consumption over the life of the building, reduced carbon emissions
in production, and carbon sequestration in the timber products
(Gagnon and Pirvu 2011; Mohammad et al. 2012; Jakes et al. 2016).
The term mass timber building refers to buildings constructed with
large-volume composite wood construction products. The most
prominent mass timber framing products include CLT and glulam
(tall wood/mass timber building products). Glulams are composed
of individual wood laminations laid in parallel layers and glued
together to create a large composite section (APA 2010). CLT is a
glued wood composite that consists of several layers of lumber that
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are laid and glued orthogonally. Several innovative mass timber
building projects using CLT and glulam products have been com-
pleted recently around the world, including the Stadthaus Building
(nine stories), located in London; the Forte Building (10 stories)
located in Melbourne, Australia; and the Brock Commons building
(18 stories) located in Vancouver, Canada. The relative success of
high-rise mass timber in recent years has led to heightened interest in
mass timber usage in large-scale building projects. One of the pri-
mary concerns with timber systems is the risk of elevated moisture
levels, which reduce the structural properties and can lead to di-
mensional instability, physical deterioration (e.g., cracking and
delamination), biological degradation (e.g., mold, decay, bacteria,
and insects), and chemical degradation (e.g., corrosion of embedded
metal fasteners). Characterizing the range of hygrothermal condi-
tions that can be expected in mass timber buildings is necessary for
informed design and construction practices that yield safe and du-
rable mass timber systems.

Although both glulam and CLT products are common in mass
timber buildings, it is typically CLT that is used as a panelized
product in the wall, roof, and floor slabs, whereas glulams are typi-
cally used as beams and columns. For this reason, CLT is often part of
both structural and building enclosure systems. Several field, labo-
ratory, and analytic studies were conducted recently to understand
and predict moisture performance of CLT in the building enclosure
(Lepage 2012, 2017; McClung et al. 2014; Goto et al. 2011; Tripathi
2017; Alsayegh et al. 2013; Wang and Ge 2016; Finch 2016). One of
the main findings from these studies is that the most challenging
conditions for CLT exterior assemblies occurred with a high level of
wetting during construction and subsequent installation of an im-
permeable membrane, which impeded drying.

Although analytic modeling of CLT and other mass timber
material can provide useful insights into the expected hygro-
thermal behavior of mass timber buildings, the wide array of
unforeseen factors and circumstances present in a real building
construction project cannot be fully understood without field data
and observations. Currently, there is very limited full building—
scale data on the moisture condition of mass timber buildings
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worldwide. A few studies have monitored buildings in various
locations, including the House of Natural Resources at ETH Zu-
rich, Switzerland (Leyder et al. 2015), the Wood Innovation and
Design Center in Prince George, British Columbia (Wang et al.
2016), and Brock Commons in Vancouver, British Columbia
(Mustapha et al. 2017). The first two studies showed little varia-
tion in CLT moisture content over time, but the third study found
large changes in moisture content when CLT was exposed to rain
during construction.

This paper presents initial results from ongoing moisture mon-
itoring on an §-story mass timber building located in Portland,
Oregon. Since November 2016, wood moisture conditions of the
building components were tracked during fabrication, transporta-
tion, construction, and enclosed building operation. Data obtained
from this project is one of the first benchmark data sets for mass
timber moisture monitoring in the US. This study also presents a
unique scenario where record-setting precipitation in Portland was
encountered during the building’s construction. Approximately
1 year (November 2016—January 2018) of moisture-monitoring
data is presented. The experience of construction moisture mon-
itoring performed during this project is also summarized in this

paper.

Monitoring Plan

The monitoring plan was designed to obtain moisture content data
on wood members (including CLT panels, glulam beams and col-
umns, and light-framed stud walls) during the full cycle of building
construction and operation, including transportation of CLT panels

from the factory to the construction site. The placement of the
sensors was determined on the basis of the building design,
construction schedule, and accessibility of different parts of the
building.

The 8-Story Building Configuration

The target building for monitoring study was an 8-story, mass
timber framed building using glulam columns and beams in con-
junction with CLT slabs to make up the primary structure of the
building. A braced steel framing system was integrated with the
mass timber gravity system to resist lateral seismic and wind loads.
Light-framed stud walls were installed for exterior walls and in-
terior partition walls. The building had a low-slope roof made of
CLT panels. An isometric view and photographs of the building’s
framing are shown in Fig. 1.

Glulams and CLT products used in the building were manu-
factured and supplied by Structurlam, located in Penticton, British
Columbia. The CLT slabs used on the interior of the building
consist of one layer of Douglas fir (DF) on the visible undersides of
the panel, followed by four layers of western Canadian spruce-pine-
fir (SPF). Slabs used for the outdoor patio (shown in Fig. 1 as the
slab region without siding) consisted of five layers of Douglas fir
with a greater overall depth to achieve larger span than interior slab.
The CLT used for the outdoor patio was joined to adjacent CLT
used on the interior floors with a sheathing splice and diaphragm
strapping. The two primary slab configurations used in the target
building are shown in Fig. 2.

On lower floors, CLT slabs were overlaid by insulation, cover
board, acoustic damping, polyethylene film, and flooring. The CLT

Fig. 1. Structural framing of the target building. (Images by Steven Kordziel.)
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Fig. 2. CLT slab configurations used in target building.
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roof panels were overlaid by a vapor barrier/air barrier, a layer of
rigid insulation, cover board, and a water-impermeable membrane
(Fig. 3).

Monitoring Equipment

This study monitored wood moisture content using small, pin-type
wireless moisture meters manufactured by Omnisense (Beaufort,
South Carolina). The meters calculated wood moisture content by
measuring the electrical resistance between two pins embedded in
the wood. The resistance of the wood decreased with increasing
moisture content, as water is a far more conductive material than
wood. The calibration for relating electrical resistance to moisture
content used by the Omnisense sensors is detailed in Electric
Moisture Meters for Wood (James 1988). Moisture meters log data
in internal memory and transmit the information to a wireless
gateway, which uploads data to a server that allows viewing in real
time. Two types of moisture meter, S-2 and S-16, were used in the
monitoring program. The moisture meters used stainless steel screws

as pins to record wood resistance. The S-16 sensors were used be-
cause of their built-in memory unit capable of storing 65,535 read-
ings. Using this internal memory, sensors were installed in the panels
to record data during storage at Structurlam through shipping. The S-
16 sensor uses screws for both mounting and measurement pins,
allowing for a small profile and secure fastening. The S-2 sensor has
a water-resistant circuit board and takes readings through wires with
ring terminals attached to screws going to the desired depth in the
wood and has the same memory capabilities as the S-16. This sensor
was integrated partway through the project due to troubles with
moisture durability of the S-16 and availability in the factory pro-
duction cycle at the time of installation. Moisture content (MC)
tolerances are not provided by the manufacturer due to the high
variability of wood properties. A laboratory calibration was con-
ducted using DF and SPF specimens from the same type of CLT
monitored in the building; this calibration yielded RMS errors of
1.58% and 2.12%, respectively. MC for sensor readings was relative
to gravimetric moisture content measurements based on 107 mea-
surements between 7% and 30% MC.
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Monitoring Locations

Location of moisture sensors in the building were chosen with the

intention to cover a variety of wood products and assemblies. How-

ever, cost and other constraints (e.g., the need to hide sensors from
building occupants) also affected the selection of sensor locations.

There were several types of installation details implemented in this

study (Fig. 4):

1. Sensors attached directly to the surface of glulam columns and
beams with sensors near the wood/concrete foundation interface
and beam/column joints (Type 1).

2. Sensors installed from the top side of the CLT panels. This in-
stallation required a small notch on the panel to house the sensor.
Multiple sensors were placed in the same notch when multiple
readings were taken from different CLT lamination layers, in-
cluding locations on the roof and the floor (Types 2, 3, and 4).
Type 2 sensors were used to understand the overall drying pattern
of the fourth floor, with the staggered screw lengths intended to
indicate when the moisture profile had progressed past the mid-
point of the CLT. Type 3 sensors were used to measure the
moisture profile in the CLT by giving data in each CLT layer.
Type 4 sensors were implemented to provide wider coverage of
moisture on the roof, which was intended to detect leaks and the
drying of the topmost CLT layer.

3. Sensors placed in the dimension lumber of the light-framed
nonstructural walls. Most of the readings were taken from studs
close to the sill plate (Type 5).

A floor plan including the details for sensor placement is shown in

Fig. 5. Note that selected CLT panels were monitored through
transportation (the research team installed sensors at the CLT factory
before delivery); in the figure, these are marked with a truck image.

Sensor Installation and Challenges

The final sensor installation plan shown in Fig. 5 was the result of
several phases of installation as the construction progressed, as well
as replacement of sensors after they became damaged by wetting
and construction. The implementation of the sensors was conducted
over a 5-month period through multiple trips to the manufacturer
and construction site. Note that the fourth floor was chosen for the
representative midstory monitoring level due to scheduling prefer-
ence of the general contractor. The ground floor and roof were
chosen on the basis of interest in the environmental gradients at the
foundation and roof envelope.

To capture the moisture content fluctuation during the trans-
portation of the CLT panels, sensors were installed on selected
panels before they were packaged for shipping at the Structurlam
factory in Penticton, British Columbia. Four panels were installed
with five Type S-16 sensors in the Type 3 configuration, as de-
scribed in the section “Monitoring Locations.” The panels for
production monitoring were selected on the basis of availability and
accessibility within the manufacturer’s production cycle. Once the
panels had arrived at the building site, the sensor data stored in
internal memory was retrieved through a wireless gateway.
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Fig. 4. Sensor installation types and details.
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Sensor Damages Following First Implementation

Fig. 6. Water-induced sensor damage.

Sensors not installed in the factory were installed on site during the
building’s construction through coordination with the contractor and
owner. Two separate trips were made to the site, upon completion of
framing at the fourth floor (January 6, 2017) and the roof (February
10, 2017). In the days following the January installation, the project
site was subjected to an unusually heavy precipitation condition in-
cluding a rare blizzard. The severe weather resulted in damage to
many of the installed sensors. The use of notched pockets on the top
side of the CLT panels proved particularly problematic because the
pockets allowed the ponding of water, which damaged many sensors.

During the second installation trip as the roof framing was
completed, damaged sensors were replaced and new sensors were
installed. It was during this implementation that Type S-2 sensors
were used for the first time in the building site. The S-2 sensors were
used at many locations because they are designed with a water-
resistant circuit board and extension wires that lead into the moni-
toring location. All sensors placed in notched pockets were covered
with metal flashing and sealed with gasket and silicon caulk.
However, heavy precipitation immediately followed the sensor in-
stallations and damaged some of the roof sensors before the roofing
was completed. Fig. 6 shows water-damaged sensors on the site. A
summary of sensor damage is presented in Table 1.

To help the roof panels dry out, the contractor delayed installation
of the vapor barrier and water-impermeable membrane on the top
side of the CLT panels. Further precipitation during this delay period
resulted in periodic wetting and drying, but the rooftop panels did
exhibit an overall drying trend over the following months. A tem-
porary protective enclosure was built and fanned drying was im-
plemented to dry the roof panels for a week before finishes were
attached. The installation of the water-impermeable membrane and
roof enclosure was completed in April 2017.

Installation Limitations and Measurement Bias

As this was one of the first full mass timber building moisture
monitoring project in the US, lessons can be learned from both the
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successes and the failures of this data collection effort. Although itis
preferable to attach moisture meters on the underside of CLT panels
(ceiling of the finished building) such that moisture pins do not create
unintended pathways for water to penetrate the panel, this could not
be done for this project because the CLT panels were finished and
left exposed as the interior ceiling on all floors. This is likely the case
for many other mass timber projects because the esthetic of mass
timber is a significant benefit. To work around this constraint in this
study, it was decided to install sensors in small, routed pockets on the
top side of the CLT panels that would allow sensors to be embedded
inside the CLT panels and nest below enclosure systems on top. This
installation detail posed many problems for sensor durability and
measurement accuracy. The pockets themselves allowed ponding of
water resulting from precipitation. This condition was observed in
many of the pockets in which the sensors were damaged. Because of
the porous wood and the edge gaps inherent in CLT, methods of
covering the pockets using flashing, gasket, and caulk were unsuc-
cessful in completely avoiding water damage to the sensors.

Sensors that did remain undamaged past the installation of en-
closure systems had additional concerns for measurement accuracy.
The Type 2 and Type 3 sensor installations used S-16 sensors with
screws as pins measuring to various depths in the CLT panels
below. The Type 2 installation used fully threaded, stainless steel
screws, whereas the Type 3 installation used partially dethreaded,
dielectric painted screws to insulate screw shafts so that electrical
resistance measurements occurred only through the tip of the screw,
where the intended lamination resided.

The use of the screws in pockets from the top side of panels to
various depths, whether insulated or uninsulated, could affect the
measurement in two ways: (1) water could enter the middle and
lower layers of CLT via screw shafts, creating an artificially fast
wetting rate; and (2) water could short-circuit the measurement when
there is ponding water above the screws. The ponding water con-
dition was observed on the site in many pockets. Although standing
water was removed prior to the installation of floor or roof overlay,
the initial ponding created an elevated moisture content at the sensor
location that might take longer to dry. In order to fully understand the
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Table 1. Condition of sensor damage on site

Location

Moisture sensor

Floor 1

Floor 2

Floor 4

Floor 8

Roof

1B.1
1C.1
1C4
1C.5
1C.6
1C.7
1C.8
1C.9*
2W.1
2W.2
2W.3
2W.4
2W.5
2W.6
2W.7
2W.8
3C.2°
4p.1
4P2
4p.3%
4p4°
4p.5°
4W.1
4W .2
4W 3
AW 4
4W.5
4W.6
aW.7
4W.8
8B.3
8C.3
8W.1
8W.2
8W.3
8W.4°
8W.5
8W.6°
8W.7
8W.8
RP.1°
RP.2°
RP.3
RP.4°
RP.5°
RP.6
RP.7
RP.8°
RP.9°
RP.10
RP.11
RP.12
RP.13°
RP.14°

4Some of the sensors were damaged at this location.

PAll the sensors were damaged at this location.

© ASCE

bias of this installation detail with the presence of ponding water, a
specially designed laboratory experiment that replicated this sce-
nario was conducted by the research team. The experiment used the
same CLT (off-cut material from the building panels) with pockets
cut to the same dimensions used in the building. Monitoring pins
were installed from both the top and bottom of the CLT to measure
approximately the same location in the panels, where bottom screws
were offset 12 mm (0.5 in.) (Fig. 7). The top side screws were
installed through a high-density polyethylene (HDPE) riser sized to
cover the same footprint as the S-16 sensors. Moisture pins were
then linked to S-2 sensors for measurement over time. The pocket
was filled with water, and moisture content readings at each set of
pins were monitored over time to observe whether measurements on
the top side, representing field measurements, matched measure-
ments on the bottom side, representing a more accurate measurement
without the bias.

The results of the experiment are shown in Fig. 8. The wetting
period (standing water in the pocket remained about 2 weeks) was
followed by a drying period (about 1 week) to observe both the
wetting and the drying measurements.

The results shown in Fig. 8 confirmed that there was a clear bias
when the sensors were installed from the top with ponding water.
The biased top layer MC immediately spiked after the application of
water, whereas the unbiased measurement from the bottom side took
approximately 2 weeks to converge with top side measurements. In
this case, the bias was initially about 10% MC on the top layer, but
after 2 weeks the bias was reduced to about 5% MC. The bias was
more pronounced in the bottom layer. Even with 2 weeks of water
ponding and a potential water pathway from the screw shafts on the
top side, the unbiased moisture content at the bottom layer was never
affected. The variation of the moisture measurement from the top
was artificially caused by the water pathway created by the screw
itself. After drying (the water was removed and the specimen was
left to dry naturally), the two measurements converged eventually,
which indicates that the bias of the measurement may be reduced
after some time. Because the test specimen did not have moisture
barrier installation on the top as in the monitored building, the drying
trend observed in the lab might be very different from the on-site
conditions.

The bias of excess water present in pockets affected all Type 2,
3, and 4 sensor locations, although the water intrusion effect shown
in Fig. 8 was most pronounced in Type 3 installations on sensors
measuring Layers 2-5. Layer 1 in Type 3 and 4 installations used a
moisture meter with pins oriented horizontally into the first wood
lamination (Fig. 4). This may explain the moisture profile in the
middle layers. Nonetheless, the pocket installation detail should be
avoided in future on-site monitoring studies, if possible.

Monitoring Results and Discussion

Data obtained over a year allowed the research team to gain in-
sights into the realistic moisture conditions present in a mass
timber building during its construction and operation. At the time
this paper was drafted, the building construction and interior fin-
ishing had been completed, but there were no inhabitants in the
building for the monitoring period presented here. The research
team will continue to monitor the building condition for multiple
years and discuss the occupation-phase performance in the future.

Construction Timeline and Environmental Conditions

To develop a clear understanding of the moisture-monitoring data
during construction, a brief summary of the construction timeline
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and key events for the target building is presented here. As shown in
Fig. 9, the building was constructed in about 6 months for framing
and enclosure. Two sensor implementation visits were marked
relative to the construction schedule, as well as moisture barrier
installation times on the roof level. At the beginning of April 2017,
a temporary tarp enclosure was constructed on top of the roof to
protect the wood from precipitation. Sensor pockets were vacuumed
to remove any standing water, and large air fans were used under the
tarp to help ventilation and drying (roof data shows this effect). The
roof membranes were applied about 1 week after the active drying.
On May 26, the building’s HVAC system was activated and began
to control the interior climate.

The building was exposed to various environmental conditions
from December 2016 to June 2017. The most adverse weather con-
ditions occurred between December 2016 and April 2017. During
this period, Portland experienced very high precipitation, including
a 203-330 mm (8-13 in.) snowfall in mid-January throughout
the city. A significant number of sensor damages were attributed to
this snow storm. In addition, several rain events in February, March,
and April accumulated 559 mm (22 in.) of precipitation, 305 mm
(12 in.) above average, as indicated by the 78-year record at Portland
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Fig. 10. Portland, Oregon, weather data during the monitoring period.

Airport’s weather station. The weather data for the building site was
obtained from public weather data from NOAA through a com-
mercial data acquisition company, White Box Technologies (Mor-
aga, California) (Fig. 10). The data averaged several weather-station
locations throughout Portland that were close to the project site.

Fig. 10 shows precipitation, relative humidity (RH), and tem-
perature plotted as daily averages in Portland. Driving rain is shown
as a polar frequency plot of wind-driven rain occurring at the same
time as precipitation. The sensor implementation trips (Imp. 1 and
Imp. 2) and vapor membrane installation timing are indicated by gray
vertical lines.

Moisture Condition during Shipping

The moisture condition for selected panels was monitored from
installation (at Structurlam’s factory in Penticton, British Columbia,
November 18-20, 2016) until arrival at the Portland construction
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site in February 2017. A total of four locations were monitored
during shipping, but due to unexpected damages only two sensors
returned data, from one location at the fourth floor and one at the
roof. Fig. 11 shows data from these two locations for this period.
Note that there were five sensors at each location measuring
moisture content at different CLT laminations.

Fig. 11 shows that moisture conditions at these locations were
very stable during production and transportation, at around 10%
moisture content, consistent with the panels’ moisture content be-
tween 9% and 15% at the time of manufacture (APA 2018). The
majority of sensor readings taken during this time occurred while the
panels were stored outside in a designated storage facility at Struc-
turlam. While in storage, panels were covered with a water-resistive
wrapping and were placed on elevated pedestals to break contact
from the ground. During shipping, a tarp was used to cover the panels
for additional protection. Data during production indicated that this
water protection practice by the manufacturer is very effective.
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Fig. 11. Panel moisture data by CLT layer during production and shipping: (a) roof panel (RP.4); and (b) fourth floor panel (4P.1).

Moisture content was stable until the panels were unwrapped on site

50
for installation and were thus exposed to weather conditions. The
moisture spikes shown in Fig. 11 occurred at different times because 451 Location 4P.2
the fourth floor (4P.1) and roof (RP.4) panels arrived on site at
different times due to the sequential framing of the building (e.g., 3 40
fourth-floor panels arrived before roof panels). The figure shows Ig
shipping data that was able to be retrieved on site by the research 2 35
team. Because some of the panels with sensors were unwrapped 3
prior to arrival of the research team on site, the sensors were dam- © 30
aged before data could be obtained. *3 . Layers 2-3
g 2 Location 4P.3
Layers 2-3 Layers 2-5
Moisture Condition during Construction 201
Layers 2-5
CLT Panel Data 15

The raw data from sensors installed on CLT panels is presented here.
The data is organized on the basis of the installation types described
previously. Fig. 12 shows the only two locations with Type 2 in-
stallation that gave continuous readings throughout the construction
cycle.

There are two sensors in each Type 2 location measuring mois-
ture content values through the top half and entire depth of lamina-
tions. The data shows that the maximum moisture content was likely
in the top layers for both locations, which would be reported the
same for each of the sensors monitoring the top layers (Layers 2-3)
and the full panel depth (Layers 2-5). The drying process at both
locations showed a similar trend, despite starting from different
initial moisture content levels. The sudden drop in moisture content
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Fig. 12. Moisture data from Type 2 installation locations 4P.2 (top)
and 4P.3 (bottom). Lines labeled Layers 2-3 and Layers 2-5 indicate
layers monitored by sensor.

occurring at location 4P.2 cannot be explained by any change in
boundary conditions (the floor system had been finished by that
time), and thus the reason for this sudden drop in moisture content is
unknown. Because this drop coincided with a loss of signal to the
sensors at location 4P.3, it might have been related to equipment
malfunction.
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Fig. 13. Moisture data from Type 3 installation location RP.3 (Layer 1
top and Layer 5 bottom of the roof).

Only one Type 3 sensor location read continuously for all five
sensors through the construction and in situ time period (Fig. 13).
This gives very limited data on the moisture profile within the roof
CLT panels.

Fig. 13 shows a moisture profile in which the first and fifth layers
are distinctly different over the entire construction/drying cycle.
The top layer (Layer 1) shows higher moisture content than the
lower layers, as expected. The moisture profile in mid-April shows
that layers closer to the top side had higher moisture contents. After
placement of impermeable membranes, moisture transfer occurred
downward through the profile, as shown by the initial increase in
moisture content of the middle layers (Layers 2—4). The final profile
at drying is counterintuitive, but the progression of water downward
explains why Layers 3 and 4 eventually surpassed the moisture
content in Layer 2. In this case, Layer 2 was not in direct contact
with Layer 1 in the monitoring location because of the pocket used
for installation. It is likely that Layer 2 should have had a moisture
content between those of Layers 1 and 3, but the installation method
used was a potential source of this complication in measured data.

The moisture content measurements were very high into April as
is expected with the panels fully exposed to over 762 mm (30 in.) of
rain in that time span. This high reading can also be attributed to the
bias caused by installation details. This sensor location does not
show a response to the covered active drying under the tarp per-
formed in early April (marked with two vertical lines in the figure).
The slow drying trend of CLT roof panels observed here was similar
to a test on CLT wall panels conducted by McClung et al. (2014).
That study discovered that after soaking the CLT panels, applying
an exterior vapor barrier and exterior insulation, and installing the
panels for monitoring in the wall of a test facility, these CLT panels
(western Canadian spruce-pine-fir) remained at moisture content
above 20% for 12 months. The initial wetting and boundary con-
ditions used in that experiment are quite similar to those of the CLT
in McClung et al. (2014).

Other locations on the roof were instrumented using a Type 4
sensor arrangement. There were five installation locations that ob-
tained continuous readings throughout the construction and opera-
tional drying period (Fig. 14).

Fig. 14 shows a rapid decline in moisture content at all moni-
toring locations during the active drying process under the tarp. The
rooftop drying was slowed down after the installation of the vapor
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Fig. 14. Moisture data from Type 4 installation locations. Vertical
lines represent (left) timing of protected drying using tarp and (right)
installation of the vapor membrane.

membrane as the drying became one-sided. Most of these locations
eventually reached moisture contents of approximately 15%, except
RP.11. The cause for the moisture spike in June at location RP.6 is
unknown to the researchers, but it could have been related to con-
struction disturbance. Note that all these readings were taken from
the top layer of the CLT. On the basis of the moisture profile over
the depth indicated from the Type 3 installation data, it is likely that
the middle and bottom layers of the CLT at these locations were
adequately dried over this period. Overall, the roof CLT panels that
experienced very adverse precipitation conditions were able to dry
out with the help of active ventilation under cover. Although CLT
panels were slow to dry after they had been wetted, the middle and
bottom layers of the CLT were able to dry adequately in most
locations over the construction process.

Glulam Data

Sensors installed in glulam columns and beams suffered far less
damage than those installed in the CLT because most of them were
covered and simply attached to the flat wood surfaces. These sen-
sors measured readings to a depth of 51 mm (2 in.) into the glulam
surface. All data from continuously functioning glulam monitoring
locations are shown in Fig. 15.

The moisture content values measured do not indicate any po-
tential problem. The glulams can get wet during construction but
they dry very quickly. The drying trend is consistent for all glulam
locations. There is no apparent difference in moisture measurements
from different locations along the columns (i.e., bottom versus top).
A greater number of sensors obtained data on Floor 1, but sensors at
Floors 3 and 8 are shown in the figure to encompass all glulam
sensor locations for comparison. The measured data clearly indi-
cates that an equilibrium moisture condition with the environment
was reached for most of the wood framing members by July 2017. It
should be noted that equilibrium moisture condition with the envi-
ronment varies over time. Without further investigation, it is difficult
to identify the actual causes for these changes. It is likely that the
uptick in moisture content observed beginning in October resulted
from greater ambient humidity conditions caused by weather changes
at that time of year.
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Fig. 16. Average stud wall sensor reading time history by floor (Type
5 installation).

Stud Wall Data

The light-framed stud walls were installed on all sides of the building
for window and exterior cladding attachment. Although not part of
the main structural system, the stud walls helped support the gravity
and lateral loads from the building envelope. The majority of the
sensors installed in stud walls functioned properly for the entire
duration of the construction cycle, because they were enclosed. Six
sensors were installed on each side of the building symmetrically for
each floor. The average readings from these sensors by floor were all
very similar. Fig. 16 shows the average sensor readings from the
studs by floor.

The stud wall data seemed to be quite high from the beginning.
However, that was partially due to the fire treatment on the stud
members, which was required by fire code. The presence of the fire
treatment chemical increased the electrical conductivity of the wood
and artificially increased moisture meter readings. Thus, the raw
readings did not accurately reflect the true moisture levels in the
member. Even with this bias, the data clearly showed that natural
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Fig. 17. Average moisture content time history of all data from CLT,
stud walls (SW) and GL.

drying consistently pushed the average moisture content of the stud
walls to a stable low level (under 15% with bias) for all floors after
construction was finished.

Product Variability in Moisture Data

The moisture content in different parts of a real building are highly
variable, especially during the construction process. Insight can be
gained by examining the overall drying trend in different mass
timber and wood materials, as well as their variability by type. The
average moisture content time history for all the data from the
individual wood products is shown in Fig. 17, including dimension
lumber stud walls, glulam columns/beams, and CLT panels.

Fig. 17 shows that the CLT sensor locations exhibited a slower
rate of drying than the glulams and stud walls. This might have been
a result of longer uncovered wetting duration during construction,
horizontal orientation that exposed a larger area to rain wetting,
installation detail (discussed in the next section), and the presence of
a vapor-impermeable membrane on the top side of the panels. On
the other hand, the glulam and stud wall locations were all sheltered
by sheathing and the overhead CLT floor and roof, and their drying
was not slowed by any barrier.
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Fig. 18 shows the variability of measurements in different wood
products. As expected, the variability for all products are most
pronounced in early months, when there is no building enclosure in
place. This variability is a direct reflection of differing exposure to
rain. As sheathing and the roof enclosure were added, the variability
gradually decreased to a very low level. The loss of sensors due to
damages over time also contributed to this effect. Fig. 18 shows that
by the third quarter, all glulam and stud wall products were below
20% moisture content, a threshold that represents higher risks for
mold and decay (Dennis et al. 1995; Griffin 1977; Carll and Highley
1999; Wang and Morris 2010; Viitanen and Paajanen 1988; Jakes
et al. 2013).

Conclusions and Recommendations

In order to better understand the moisture conditions present in mass
timber products in real building projects, an 8-story mass timber
building was monitored in Portland, Oregon, over an approximate
1-year period. The moisture monitoring project tracked the moisture
contents in wood products through different building stages, in-
cluding panel transportation, installation, enclosure of the building,
and in situ drying. Through the data obtained in this process, the
following conclusions and recommendations can be made.

Data from the CLT manufacturer stocking and shipping process
showed that the moisture content of the panels was very stable at
approximately 10% moisture content, consistent with manufacturing
tolerances. The protective wrap on the panels was adequate for this
project, and shipping data indicated no moisture concerns. With
building site weather conditions especially adverse for this project,
the moisture content of all wood products was high during the
construction process. Construction of mass timber buildings in the
wet season can cause elevated moisture content in the wood products
used. The natural drying of framing members (glulam or dimension
lumber) is likely adequate for bringing the constructed building
component moisture content to a satisfactory level. The drying of
CLT panels was slower due to the presence of vapor barriers on the
roof and floors, which limited drying to one direction. There is a
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verified bias in the data presented in this paper that was introduced
by the sensor installation. The actual moisture conditions in the CLT
panels where sensor pockets were routed may be lower by a un-
quantifiable amount than that indicated by the data. Overall, in spite
of the nearly 1016 mm (40 in.) of precipitation that occurred during
construction and the biased raw data, the target building had dried to
acceptable moisture levels in most of its monitoring locations by the
end of 2017. Under a severe environmental scenario, the target mass
timber building showed the capability to dry to acceptable moisture
levels at the majority of monitored locations after high construction
wetting in the majority of monitored locations.

Specifically for future moisture monitoring efforts on mass
timber buildings, it is not recommended to use pockets for sensor
installation due to the bias and potential for sensor damage. Mon-
itoring of panels through shipping can provide meaningful data but
can likely be eliminated for future projects if the panels are ade-
quately protected.
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