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Abstract: There are currently no standards regulating water management for mass timber elements
during construction, little knowledge of impacts of moisture exposure (wetting and drying
performance, dimensional stability, checking), and few precedents serving as guidelines for monitoring
moisture response of mass timber. To address these gaps, a hygrothermal monitoring study was
devised to track moisture performance of U.S. made cross laminated timber (CLT) and glulam at a
three-story mass timber building. This paper discusses moisture measurements that were collected
during the first six months of construction at a CLT rocking shear wall and a timber floor connection.
Despite the limited number of structural systems monitored during construction, the distribution and
number of sensors in these elements allow to draw some important conclusions. The data confirmed
that moisture distribution and wetting/drying rates varied based on local conditions and details
(aspect, coatings, connections, etc.), with measurements at an uncoated, north-facing area showing the
highest moisture levels (reaching fiber saturation at multiple ply depths and locations). Most locations
rarely exceeded 16% moisture content for more than a few months. Certain moisture-trapping details
consistently showed higher moisture levels (i.e., above 16%) and poorer drying. Some interior plies
continued to show slow increases in MC even after months of drying conditions. These observations
suggest preventative approaches implementable in the design (e.g., avoiding moisture trapping
details), during fabrication (e.g., localized coating), and construction (e.g., sequencing installation to
minimize exposure and allow drying).

Keywords: mass timber buildings; moisture performance; cross-laminated timber; CLT; hygrothermal
monitoring

1. Introduction

In North America there has been a recent surge of interest and investment in advancing the use of
mass timber construction at the mid- to high-rise scale [1]. Although engineered wood products, such
as glued laminated (glulam) and cross laminated timber (CLT) are not novel materials, the building
systems, construction practices, and site contexts in which they are being employed sometimes are.
While mass timber construction shows a high potential for the rapid erection of structural elements,
enclosure is not guaranteed to occur as quickly and, therefore, on-site exposure of timber elements can
vary, typically depending on the construction system adopted, (see e.g., [2]). While standards have
been developed in certain countries for the on-site protection of timbers during construction and in
service (e.g., [3,4]), they are as of yet unmanifested in North American practice, where instead there are
only suggested guidelines for such matters [5]. This means that exposure severity will be, in large part,
defined by designer/contractor precautions—which will be influenced by awareness of the issue and
possible solutions—in addition to the construction system, schedule and site conditions themselves.
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Short-term wetting or high relative humidity (RH ranging between 80% and 95% [6]) can lead to
colonization by mold fungi. Mold damage can be cleaned, but moisture sources should be identified
and removed to avoid damage recurrence. Under persistent conditions of direct exposure and/or
moisture trapping, wood can reach fiber saturation (>28%, depending on wooden species), at which
point it becomes a conducive habitat for decay fungi that can, over time, reduce its structural capacity
and render it unserviceable [6].

Comprehensive research has been done on mold and decay growth [7-9] in different exposure
conditions to support performance-based service life design. Few studies, however, have explored the
implications of moisture exposure of mass timber during construction or for accidental wetting in service
e.g., [10,11]. Checking, interfacial shearing/delamination, and warpage—all observed on CLT exposed
to environmental simulations within a laboratory [10-12] and in computer simulations [13]—are
examples of moisture-induced damage that can occur as a result of heavy environmental fluctuations,
particularly when involving direct exposure to liquid water. Moisture induced discontinuities,
which can form already during construction, can affect various physical and mechanical properties.
For instance, according to Giilzow et al. [10] checking of CLT lamellas can cause a reduction of
the modulus of elasticity (MoE) perpendicular to the grain; Schmidt et al [11] observed a modulus
of rupture (MoR) reduction of short-span CLT panels due to the effects of checks on rolling shear.
Moisture-induced discontinuities occur at any depth within a panel [14] but they are typically most
pronounced at the edges and connections where risk of moisture fluctuation and accumulation are the
greatest [15].

Structural timbers subject to high constant loads in an un-steady environment and with high
moisture contents can experience differed deformations due to the combination of mechano-sorptive,
creep and shrinkage-related strain [16,17]. The effect of these phenomena on the performance of
innovative timber systems, such as post-tensioned frames and shear walls, is a research area still in
development [18,19].

One strategy to assess the hygrothermal performance of a timber structure, i.e., the response
of timber components to environmental loading, is to permanently instrument it with sensors that
monitor environment and wood moisture content (MC). It is worth noting that moisture content and
environmental conditions have a critical role on the performance of several construction systems and
materials other than wood (see for instance, [20-23]). Therefore, hygrothermal monitoring of different
moisture-sensitive materials can be required in a building, and for each material/product the most
suitable measurement technique should be selected, considering material-specific features, moisture
response, and potential effects on short- and long-term performance of the structure.

This paper, which focuses specifically on the early stages of implementation of a hygrothermal
monitoring study of the Forest Science Complex at Oregon State University, has three primary aims:
(1) to share observations of the hygrothermal performance at a few critical locations during construction;
(2) to illuminate the monitoring methodology and discuss future improvements; (3) to disseminate
results that are practicable to the mass timber industry.

In Europe, structural and hygrothermal monitoring of mass timber structures has focused primarily
on assessing glue laminated timber members in various service classes, e.g., [14,24-27], which are
defined by anticipated in-service moisture levels. The first hygrothermal monitoring study of a
CLT structure was reported by Jorge [28], though only a few points were measured and only a few
months of data were reported. At the House of Natural Resources at the Swiss Federal Institute of
Technology (ETH) in Zurich, a monitoring study [29], started during construction in 2014, includes
direct hygrothermal monitoring of CLT roof panels. At ETH, a protective canopy was built to envelope
the structure throughout its erection, and the monitored CLT panels never exceeded 11% MC. The Wood
Innovation and Design Centre in Prince George, North British Columbia—erected starting spring of
2014—has shown similarly low/stable CLT MCs from about 13% during construction to about 11%
in-service, though with only five locations monitored [30].
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While a handful of structural health monitoring (SHM) projects of mass timber structures
have begun more recently in North America, monitoring at Brock Commons (Vancouver, British
Columbia) [31,32] and Carbon12 (Portland, Oregon) [33,34], are the only available studies that have
expanded the hygrothermal component to a large-scale analysis of mass timber (particularly CLT)
exposed to rain during construction. As an example of magnitude, Brock Commons (18 stories)
has over 300 sensors installed (192 MC sensors in CLT), while Carbon12 (eight stories) has 82 MC
sensors (43 in CLT). These studies are also paralleled by a growing body of environmental laboratory
simulations and modeling efforts, aiming at assessing the wetting- and drying-performance of CLT
in various exposure, sealant, and assembly schemes [11,12,33,35-39]. Research focusing specifically
on overhead wetting of larger CLT specimens [11,12,33,37,39] have varying conditions, results, and
insights, but generally have one common observation: CLT, even when heavily wetted, is capable
of drying to acceptable MCs (e.g., <16%) in less than a half year (and in many cases less), except
where certain moisture trapping conditions prevail (e.g., addition of floor/wall assembly layers such as
impermeable/semi-permeable membranes and a concrete screed, wood-on-wood connections, etc.).
Data from the SHM study at Brock Commons—which began construction summer of 2016—showed
that after one year the vast majority of floors—which were topped with a concrete screed—were
in-between 16%-20% MC (averaging about 16%), and after the second year the majority of these had
dried to below 16% (averaging about 13%) [32]. These data show that drying in floor locations was
slow after the concrete screed and respective assemblies were installed. Factors at Brock Commons
that favored hygrothermal performance included erection in summer, high level of standardization
and prefabrication, which included the installation of the facade coincident with erection of framing,
self-sheltering of floors, the use of wax at end grain/hardware cut-outs, and the application of a
vapor-permeable coating on all CLT surfaces [27].

Carbon12 was erected in winter during record rainfalls in Portland [33], and many sensors
installed in cut-outs of the CLT floors were damaged by ponding water [33,34]. The data from sensors
that maintained readings, however, were corroborated with laboratory experiments and hygrothermal
simulations, and suggest three critical points about CLT moisture performance:

(1) Floor elements erected earlier in construction showed much higher MC gain and longer periods
of time spent above the fiber saturation point, than the roof erected later;

(2) InCLT floors, while the upper-most plies showed the most gains, all ply depths showed some
MC vulnerability, with much slower drying rates at the interior layers;

(3) Similar building member types tended to display high variability relative to one another in MC
gain and loss.

The variability of hygrothermal performance observable between locations within a given
structure is also mirrored by variability in performance between monitoring studies themselves.
This is attributable to environmental, design, construction and material factors. While the variability
between studies illustrates the need for a larger body of monitoring projects (capturing a wider array of
conditions), the variability among locations within a study reinforces the need of a dense network of MC
sensors—with some redundancy—in order to capture the full spectrum of a structure’s performance.

Introduction to the Monitoring Study at the Forest Science Complex

At the time of writing, the Forest Science Complex (Figure 1) was under construction.
This three-story, 10,600 m? building, designed by Michael Green Architecture, will serve as the
new headquarters for the College of Forestry at Oregon State University, in the main campus location,
Corvallis (Oregon, USA). The footprint of the structure is roughly “T” shaped with a N/S oriented
wing, 4 0m long and 18 m wide (the atrium) that butts into a larger E/W wing, 76 m long and 22 m wide
(the academic wing). The timber structure is comprised of a glulam post-and-beam gravity system,
and lateral load-resisting system including hybrid wood/concrete floor diaphragms with CLT decks,
and post-tensioned, self-centering, CLT shear walls [40,41]. The flat roof is comprised of CLT panels
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separated from the mass plywood panel (MPP) [42] upper diaphragm by 2.5 cm (1”) thick plywood
strapping (Figure 1b) in the academic wing, and MPP supported directly on deep, long-span glulam
beams in the atrium. A moisture mitigation protocol [43] was developed prior to manufacturing the
timbers that specified a vapor permeable coating be shop-applied at (1) the edges of all mass timber
elements (double-coated), (2) all faces of glue laminated columns and beams, (3) the faces of CLT panels
that will be visible in-service, and (4) all hardware cut-outs (double-coated). The fagade includes a
curtain wall in the atrium and rain-screen assemblies supported either by metal framing or CLT walls.
The conventional flat roof assembly is comprised of a vapor retarder, a poly-iso insulation package,
cover board, and a roofing membrane.

(2)

o) . S /-
% Monitored Monitored = b)

floor detail shear wall Ry

Figure 1. (a) Plan of the Forest Science Complex and depiction of the construction zones. Image
courtesy of Michael Green Architecture. (b) The structural system of Zone 1, with the locations of
construction monitoring. Image courtesy of Structurecraft.
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The Forest Science Complex will be the subject of a comprehensive monitoring campaign that will
track hygrothermal performance (weather, interior climate, wood moisture content, and heat flux) and
structural performance. The structural monitoring component, which is not objective of this paper,
will track a series of performance parameters: (1) post-tensioning loss at the four pre-stressed tendons
within seven of the highest loaded shear walls; (2) dimensional change and relative displacements
in three of the most loaded shear walls; (3) floor deflections along the full height of the building at a
single location; (4) the global dynamic behavior of the structure.

2. Materials and Methods

2.1. The Forest Science Complex: Construction Events

The construction of the building was planned in three phases delimited by spatial “zones,” each
arranged to be finished sequentially and with some overlap, in order to minimize exposure of the
structure (Figure la). Framing began on November 30 2017 in Zone 1 and followed this general
sequence: CLT shear walls and floor 1 columns, floors (beams and decks), CLT shear walls” upper
sections (doweled in place), frame and floors in level 3, roof, and envelope. Zones 2 and 3 framing were
planned to be erected and enclosed following a similar sequence. Timber members arrived in batches
and were erected while wrapped, after which they were unsheathed and, in the case of the shear walls,
left with an impermeable cap that covered the top edges. The average time for the framing of a floor
was about three weeks. The framing of Zone 1 was completed 73 days after the onset of erection, after
which another 26 days were taken to complete the weather enclosure of the roof. Enclosure of the south
facade was completed in stages over the course of a month. Construction was temporarily stopped
from the end of March and the beginning of August 2018, to allow for independent investigations after
that manufacturing defects (delamination) were found in some CLT panels. This paper presents data
of the first 6 months of construction, which might realistically represent a typical project.

2.2. Factors Considered When Defining the Locations of Moisture Content Sensors

The primary factors that influenced the definition of the MC sensor locations in the hygrothermal
monitoring plan were (1) the anticipated vulnerability of a location to moisture ingress and/or trapping
(both during construction and in-service), (2) the need for a compromise between redundancy and
diversity in data (e.g., having comparable locations, while capturing a variety of building, detail, and
material conditions), and (3) the need to proximally couple hygrothermal data with other sensor data
(i.e., displacements and accelerations), as part of a long term structural health monitoring campaign
tracking environment, MC, serviceability and structural performance. Simultaneously, the definition
of locations was influenced by the limitations imposed by costs (e.g., number of sensors), technology
(e.g., sensor ranges, accessibility) and construction/design considerations (e.g., schedules, installation
feasibility, conflicting assembly conditions and services, aesthetics, etc.).

Vulnerability of wood-based structural elements to detrimental effects of moisture stagnation
and/or moisture cycling, as those discussed in Section 1, was considered at three scales: (1) building
(e.g., by duration of zone exposure, construction schedule, and aspect), (2) assembly/detail (e.g.,
potential for moisture trapping, detail complexity, waterproofing, and orientation in space), and (3) the
material/sub-assembly scale (e.g., wood product type, ply depth, weather sealant, etc.). At the building
scale, Zone 1 was identified as the most vulnerable due to its being erected first and during the rainiest
part of the year. Since the shear walls and 2nd floor CLT elements were among the first to be installed,
these were considered to be highly vulnerable regions during construction. Skylights, roof drains,
and proximity to mechanical units and edges were highlighted as critical factors for determining
roof locations. Due to prevailing southern winds during winter, the south side of the structure was
identified as most vulnerable to wind-driven rain and more pronounced thermal fluctuations, due to
the effects of solar radiation. At the assembly scale, the floors were noted as vulnerable to pooling and
moisture trapping at the floor-to-floor connection, where the CLT panels” edges rest on glulam beams,
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forming a canal made continuous by plywood bridging. The CLT shear walls were considered at risk
for higher wind-driven rain loads and gravity fed leaks in edge openings caused by wane or gaps
between boards. The edges and ends of the most exposed shear walls were identified as at risk for
wicking and moisture trapping where connected to other members or the concrete stem wall.

At the material/sub-assembly scale, the outer layers (particularly the upper layers of horizontal
elements) and the end grain at the panel edges [11,12,15,39] were identified as the most vulnerable to
water ingress. Such concern was informed in part by laboratory results that suggested moisture tended
to accumulate at the gaps and the interface of the upper two plies of CLT floors after wetting [11] and
indications that sealants can at times negatively impact drying [39].

2.3. Hygrothermal Monitoring Measurements

Moisture content data were collected using resistance-type sensors with insulated pin shanks
inserted at different depths/plies. In addition to periodic (continuous) MC measurements taken from
permanently installed sensors, discontinuous MC measurements were made using a handheld meter
capable of measuring to a depth of 8.25 cm.

Critical aspects of the moisture sensor installation included (1) avoiding gaps and knots between
electrode’s pins, (2) using guides for exact pin spacing, (3) drilling holes the exact length of the insulated
housing using digital calipers, and drill-stops, (4) ramming in the pins at an equal rate and leaving the
base flush with the wood, and (5) ensuring communication with the cloud system. Care was taken to
seal the exposed sensor head with silicone in order to avoid condensation or moisture shorting during
exposure, as well as to minimize heat conduction through the pins to the wood substrate [44].

Internal temperatures of the SW-oriented shear wall were measured from the north side of the wall
in selected locations with thermistors that were bored in and sealed off with silicone, as recommended
by [44]. Measurements at all locations were corrected for using the temperature values from the closest
approximate thermistor depths.

Weather data at the construction site (temperature, relative humidity, wind speed/direction, and
precipitation) were acquired with a weather station installed on the roof of an adjoined structure,
Due to observed lack of sensitivity of this weather station to small precipitation events, precipitation
data from the weather archives of another station, located 13 km NE of the construction site, were also
plotted as a further reference [45].

2.4. Hygrothermal Monitoring Locations

Two locations were chosen for the MC monitoring of Zone 1 during construction: a CLT shear
wall (Figures 1-3) and a CLT floor connection (Figures 1 and 4). The CLT shear wall is located in the
Eastern stairwell, is 9.5 m tall X 2.8 m wide, and sits at the periphery of the structure on an E/W axis.
It is comprised of seven layers of 5 x 20 cm (nominal), PRG320 V1 grade [46] Douglas Fir (Pseudotsuga
menziesii) lumber, bonded using melamine-formaldehyde (MF) resin (non edge-glued). Hardware
and notches in the shear walls represent areas of particular concern for water penetration during
construction (Figures 2 and 3). The three-story high shear wall is comprised of two sections: splice
connections connect the upper section of the wall (ca. 4 m high) to the lower one (ca. 9 m high).
Four high-strength thread bars are located in a vertical chase and restrained at the top of the lower shear
wall section and at the foundation, to provide a post-tensioning reinforcement. U-shaped Flexural
Plates (UFP) couple two adjacent shear walls. These dissipaters are also used at the corner hold downs.

The lower shear wall section was one of the first elements to be erected on-site, and was outfitted
two days after its installation with two groups of MC sensors: one group at the upper section of
the panel and one at the lower section (Figures 2 and 3). A total of six continuous moisture sensors
were installed at the upper section of the shear wall and seven continuous moisture sensors were
installed at the lower section. Ply 1 represents the southernmost surface ply, facing the interior of the
stairwell. Two additional shear wall locations were monitored discontinuously (on day 8), and two
more measurement locations were added after 63 days. These additional measurements were taken
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to depict local conditions such as those created by the panel aspect (i.e., S/N or E/W), and observed
local wicking.

The monitored CLT floor connection is located on the second floor at the southwest edge of Zone
1 (Figure 1). The detail is comprised of 5-ply CLT floor panels that rest on glulam beams with 10 cm
overlap and a plywood spacer in between the two elements (Figure 4). The monitored floor panel was
installed on December 18 2017 (day 18—counting from the installation of the first shear wall) and was
outfitted with MC sensors on January 8 2018 (day 39). A total of six continuous moisture sensors were
installed at the floor connection. Discontinuous, hand-held, measurements (referred to as HH in this
paper) were collected directly above and adjacent to the continuous measurements in the floor, as well
as north of the monitored location at a comparable, but fully shaded, CLT floor area.

9.5 m

Figure 2. (a) the installation of sensors at the upper section of the shear wall; (b) a graphic of the upper
and lower sections of the shear wall with sensors. The red dot on the right-hand panel is a handheld
moisture measurement location.
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(@) (b)

DAQ (in chase)

(©
Figure 4. (a,b) Floor detail chosen for monitoring. (¢) MC sensor locations in the floor connection.
2.5. Post-Processing and Analysis of Moisture Content Data

Literature provides estimates of uncertainty for resistance-based moisture content measurements
due to variability between species and varying moisture contents (e.g. [47,48]). In this study, both
continuous and discontinuous readings were corrected for Douglas fir considering the manufacturer’s
calibration for this species [44], and corrected for temperature using embedded thermistors (continuous
readings) and ambient temperature (discontinuous readings).
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Permanently installed sensors used have an approximate measurement range of 8%-30% MC,
with a resolution of 0.1%, and a listed accuracy of +/—1%. The manufacturer’s calibration was not
verified by comparison against oven-dry tests.

Data collected during a few distinct periods of construction displayed high fluctuations that
suggested augmentation of resistance readings by external environmental influences. Previous studies
generally highlight the high level of noise and sensitivity that such sensors are prone to, particularly
when exposed to outdoor, extreme, or changing environmental conditions (e.g., [11,14,25,26]). While lack
of proper temperature correction is well understood to systematically offset readings (in the range of
about 0.5%-1.5% MC per 10 °C, depending on temperature, MC and species) [49,50], factors such as
electromagnetic interference, internal checking, loss of pin contact with wood, and condensation are
more difficult to isolate, and can manifest strong data interference, e.g., rapid gains and losses of large
magnitude, step changes, or loss of data transmission all together [11,15,25,28,33,51]. While data is
almost always presented by researchers raw, a few studies have utilized post-processing techniques
such as the omission of erroneous values combined with the application of a moving average [11,14,15].
Niklewski et al. defined erroneous values by the relative deviation of values from the moving average
itself—but at times applied judgement to omit larger segments of data, or entire sensors, which
appeared to be compromised [15].

The behavior of the MC sensors located at the shear wall during the first 53 days (prior to overhead
protection from rain) was consistent with the effects subsequently observed in the laboratory when
exposing sensors directly to spray, even when sealed with silicone [11,12]. These effects primarily
included unrealistic spikes in the data during periods of rain (from what appears to be shorting of the
sensors), and sudden drops during periods of lower humidity, back to what is assumed to be correct
reading levels. Although the data from this period is considered too erratic to specifically analyze, it is
nonetheless valuable to include because it allows to infer a trend, and serves to familiarize the reader
with the visible effects of moisture exposure on sensor readings, for future construction monitoring.
Again, this paper focuses the discussion on the data that showed consistency in readings and that were
verified with discontinuous measurements. All of the moisture data from this study are presented both
raw (with temperature and species corrections) and with eight-day central moving averages. The floor
MC graphs—in addition to including raw data and an eight-day moving average—also include a
second moving average that omit about one month of data. The data during this period also showed
symptoms of sensor shorting by exposure to water (discussed in Section 3.3) caused by pooling of
rainwater in the detail and percolation along the installation area nearby.

3. Results

3.1. Weather

Figure 5 shows climatic data (rain, relative humidity, and temperature) at the construction site as
well as precipitation data from the Hyslop Weather Station [45]. Construction key dates during the
monitored period are reported along with the weather data in Figure 5. The 2017/2018 winter saw less
precipitation than average: while the National Oceanic and Atmospheric Administration (NOAA)
listed 100 year norms in the nearby city of Eugene, Oregon (65 km south) at 979 mm of rainfall between
December and May [52], the weather stations at the construction site and Hyslop registered 179 and
554 mm, respectively. Relative humidity and temperature data highlight that February marked a dry
and warm period, and that precipitation mostly ceased after day 140 of construction.
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Figure 5. Weather data at the site between December 2017 and May 2018, and (upper) Zone 1
construction key dates: (a) install of shear wall sensors; (b) install of 1st floor; (c) install of floor sensors;
(d) roof framing complete; (e) roof weather protection complete; (f) construction shutdown.

3.2. CLT Shear Wall Moisture Content

Moisture measurements at Upper_corner_1,2, and 3 showed higher moisture levels in late January
(days 50-60, plies 1 and 3 peaking about 18% and ply 2 peaking about 15%), quick drying to the
10%-14% MC range (over about 2—4 weeks), and slowly decreasing MC levels thereafter (Figure 6—c).
Moisture measurements at Upper_floorconnection_6, and 7 (North face) showed wetting and drying
during the same periods as the latter sensors, but moisture levels were higher (peaking at about 21%)
and remained higher (plateauing at about 15%) (Figure 6e,f). Upper_tendon_4 experienced the highest
MC increases (>24%) and also dried more slowly than the others, to about 18% by May (Figure 6d).
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Figure 6. Continuous moisture measurements taken at the upper shear wall. Locations are illustrated in
Figure 3a: (a) upper corner ply 1, (b) upper corner ply 2, (c) upper corner ply 3, (d) upper tendon ply 4, (e)
upper floor ply 6, and (f) upper floor ply 7. (g) Rainfall data. The first 55 days experienced higher levels
of noise due to direct exposure of the sensors. Raw data is plotted in light grey. An eight-day moving
average is depicted with a thick black line. The blue shading overlaying the graph represents tiers of
MC—growing deeper in hue at 3% intervals (with <12% MC as white). Upper_floor_7 malfunctioned
near day 100, demarcated by the “X” over the graphic.

Discontinuous measurements taken at HH_upper_3.8 cm and 14 ¢cm consistently showed
MC values approaching or exceeding the fiber saturation point (Figure 7). When considering
all measurements taken at the upper North face, nearly every discontinuous measurement was greater
than 16% (64/75 measurements). Additionally, about half of the measurements were above 20% (38/75),
and a fifth (15/75) were approaching or beyond the fiber saturation point (i.e., >27%). Measurements
at HH_upper_tendon and HH_upper_west, further from the exterior of the structure, registered
somewhat lower moisture contents than the east side (together averaging 18% at ply 7, 16% at ply 6,
and 16% at ply 5).
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Figure 7. Discontinuous moisture measurements taken at the upper section of the monitored shear
wall, from the North face side. Continuous lines are moving averages. Dimensions in the data labels
(e.g., “3.8 cm”) indicate the distance the measurements were taken below the upper edge of the panel,
while the depth of measurement shows the gradient of MC readings through the thickness of the panel
(0.6 cm increments, from ply 7 to ply 5). Locations depicted in Figure 3a. Date of measurements:
February 9 2018.

Continuous moisture measurements at the lower east corner of the shear wall (Lower_corner_1,
2,7) showed trends similar to those for the upper corner location, though they generally peaked at
slightly higher MCs (18%-20%) (Figure 8). Low_hardware_4 showed large and rapid moisture content
fluctuations between about 12% and 21% that correlated with precipitation and dry spells, suggesting
sensor shorting (Figure 8c).

A series of locations (Lower_corner_6, Lower_center_5 and Low_hardware_2) registered a moisture
content below the detectable threshold (MC < 9%). Considering the unlikelihood of such a low MC
in recently manufactured and exposed timbers, discontinuous measurements at the lower section of
the North face of the panel were also taken, (Figure 9) and indicated average MC levels of 14%—-16%.
The three sensors that registered moisture contents below the detectable limit were therefore excluded
from analysis.
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Figure 9. Discontinuous moisture measurements taken at the lower section of the monitored shear wall,
from the North face side (continuous lines are moving averages), and of the adjacent, perpendicular
shear wall (dashed lines are moving averages). Location depicted in Figure 2. The depth of measurement
shows 0.6 cm increments, from ply 7 to ply 5. Date of measurements: February 9 2018.

3.3. CLT floor Moisture Content

Floor sensors displayed stable behavior until the period between day 110 and 140, when values
spiked upwards and remained semi-erratic (Figure 10). The same occurred to a lesser degree between
days 147 and 160. The period of erratic behavior corresponds to the enclosure of the monitored detail at
its end (exterior enclosure for drying of zone 1) combined with a period of exposure to rain from above
(through a large window opening). It was observed that water tended to percolate short distances along
the lower face of the CLT floor panels at the interface with the beams, as a result of water pooling at the
connection during rain events. Evidence for sensor shorting is strong, since every sensor indicated a
coordinated and nearly instantaneous increase in MC to above fiber saturation levels after enclosure
of the details and a large rain event. The bottom-most ply of the floor panel (“Floor 5”) in particular
continued to show high moisture contents (24%-30% range), while the other sensors returned to lower
and relatively more stable levels.

Both of the outermost floor plies (“Floor 1” and “Floor 5”) showed the greatest levels of moisture
gain and loss (Figure 10a,d). The bottom-most ply was the wettest throughout the monitoring period
and never dropped below 16% MC. The uppermost ply (“Floor 1”) was also above 16% MC throughout
most of the monitoring period, although it peaked at only 18% and appeared to dry quickly (e.g.,
a recorded loss of 2% MC in just two weeks in February, when conditions were sunny and dry).
Plies 2 and 3 (“Floor 2” and “Floor 3”) exhibited slower overall wetting rates and lower MCs during
wetting events, although moisture content also continued to increase even after some covering and
drying (Figure 10b,c). These observations of latent increase at the interior plies were similar to those
in previous studies [11,12,37,38]. MCs measured at the two glulam beam locations displayed little
change over time, remaining around 14% +/- 1% MC. “Beam 3,” located slightly closer to the moisture
trapping interface of the beam and the CLT panel, experienced a slightly higher MC increase (circa 2%)
than the location in the middle of the beam (“Beam 5”) during the stable period of monitoring (days
0-110) (Figure 10e,f). Discontinuous measurements near the floor location (Figure 11) were taken on
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day 71, after a period of good weather and observable drying. These data suggest similar but slightly
higher values than continuous measurements at ply 1 (avg. 19.1% HH vs. 18% continuous), ply 2
(avg. 17.6% HH vs. 15% cont.) and ply 3 (avg. 16.6% HH vs. 15% cont.). These differences can be
accounted for by a combination of local moisture distributions, which can vary substantially over short
distances (less than a cm) [11], sensor accuracy (+/—1%), as well as slight differences in species and
temperature corrections between devices (algorithms and temperature used for correction). Additional
discontinuous measurements taken in the CLT panel at the same floor detail, but in the interior of the
building (HH_floor_interior) averaged 20.6% (ply 1), 15.9% (ply 2) and 16.9% (ply 3).
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Figure 10. Continuous moisture measurements taken at the floor location. “Floor” indicates readings
in the cross laminated timber (CLT) panels, “Beam” in the glulam beam. Progressive numbers in the
label indicate the ply reached by the sensor (from the upper-most CLT ply and the external glulam
lamina). Locations are illustrated in Figure 4c: MC in the CLT floor panel, (a) ply 1, (b) ply 2, (c) ply 3,
and (d) ply 5. MC in the glulam beam (e) ply 3 and (f) ply 5. (g) Rainfall data. Raw data is plotted in
light grey. An eight-day moving average is depicted with a thick black line, while a red dashed line
depicts the same moving average with data omitted from the period of highest disturbance (approx.
days 110-140). The blue shading overlaying the graph represents tiers of MC—growing deeper in hue
at 3% intervals.
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Figure 11. Discontinuous moisture measurements taken at the floor location at different depths in the
floor panel with 0.6 cm increments (from the upper-most surface) close to the continuously monitored
points (HH_floor) and at the interior of the building (HH_floor interior). Continuous lines are moving
averages. Date of measurements: 9 February 2018.

4. Discussion and Recommendations

4.1. Moisture Content in the CLT Shear Wall and Floor

The hygrothermal performance of the monitored locations should be interpreted with the
understanding that low rainfall and prolonged periods of open structure were unique to this project
and allowed for less wetting and more drying than might be standard in a Pacific Northwest oceanic
climate. The monitored shear wall was a good representation, however, of the varying conditions and
microclimates that can exist on site and define variable hygrothermal behavior. For example, while the
northern face was uncoated and shaded from sun, it was also incrementally sheltered from rain during
construction by the floor system. The stairwell side, or southern face, on the other hand, was coated,
but had no direct physical protection from the elements (sun, wind or rain), during the monitored
period, until nearing the completion of the roof. The panel also experienced variable exposure along
the E/W axis, according to proximity to the exterior edges of the structure. The highest MCs were
observed at the upper east and central sections of the North face, where they often approached or
exceeded the fiber saturation point. This was evidently due to the long duration and high degree
of rain exposure, combined with the lack of a facially applied weather sealant and solar radiation.
MCs at the upper and lower sections of the South face were similar to one another and were generally
lower than measurements made at the North face. In addition to low MCs, they also displayed fast
drying, indicating that the combination of solar exposure and weather sealant helped mitigate the
precipitation-exposure risk. Interestingly, the vertical plies (e.g., 1, 3) in these locations also experienced
higher MCs and slower drying than the horizontal ones (e.g., 2), with the exception of Lower_corner_7.
This may be a result of wicking and/or moisture trapping happening at the upper and lower edges,
which were closely set against an impermeable cap and cementitious mortar, respectively. This would
be supported by observations of wicking at the base of the adjacent shear wall (HH_extl_tendon),
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despite the double application of a sealant. The impermeable caps placed at the top of the panels may
have also allowed for some condensation and moisture trapping at the top as well.

Upper_tendon_4 (Figure 6¢) and Lower_hardware_4 (Figure 8c), showed distinctly higher MC
activity than the other continuous measurements. The former sat adjacent to the tendon chase, which
could have, in effect, served as a ventilation shaft that would be conducive to maintaining low MC
levels. On the other hand, this detail could also be conducive to moisture trapping if the shaft were
not well ventilated and/or allowed liquid entry or condensation. Lower_hardware_4 showed large
exaggerated fluctuations that closely followed precipitation events and resembled sensor shorting
behavior, which coincides with the fact that it is the least sheltered position on the shear wall. A look
at the lower moisture contents that the measurements return suggests that this location was likely
relatively dry (circa 12% MC) by day 70. More observations are needed to assess risk at these types of
locations, particularly at the tendon chases.

Discontinuous measurements taken near the bottom of the adjacent shear wall (HH_ext1_tendon)
averaged about 2.2%, 2.6%, and 2.1% higher MCs, than averages of those measured in the corresponding
depths (ply 7, 6, and 5, respectively) in the lower corner of the monitored shear wall. These were
anticipated to be even higher due to the greater exterior exposure and the observed wicking at the
cementitious mortar.

MCs in the CLT floor and glulam beam never exceeded fiber saturation, but climbed upwards
of 20% in the outer plies, accumulated at the connection where water could pool and percolate,
and decreased slowly compared to the pronounced drying observed in the South face of the shear
wall. Handheld measurements taken adjacent to the floor sensors showed MC values that were
generally about 2% higher at each ply. Since resistance type sensors are typically assumed to have a
+/=1%-2% accuracy, it is assumed that this is a result of a combination of sensor error and actual MC
distribution. The handheld floor measurements taken at the shaded interior of the structure showed a
similar gradient as the southern rain/sun exposed floor location. The beam locations showed excellent
resistance to MC gain despite sitting only a few centimeters below the bottom of the floor connection
where water was observed to collect. This is further evidence that the sealant and solar exposure had
mitigating effects on MC gain.

All considered, the data reinforce the premise that a complex matrix of factors (e.g., sealants,
exposure to rain and sun, protection from adjacent assemblies, grain aspect etc.) interactively affect
wetting and drying at a given location, leading to highly variable MC distributions. In general, the
hygrothermal data indicate that (1) solar exposure combined with facial weather coating (in addition
to edge sealing), and/or incrementally shielding timbers with floor assemblies had positive effects in
terms of mitigating MC gain, and (2) edge-sealed (but not facially sealed) CLT can be critically at-risk
to prolonged fiber saturation and moisture accrual at every layer after only a few months of outdoor
exposure, particularly when shaded from the sun but not the rain. Solar radiation may play a major
role in the development of a moisture gradient through the thickness of the panel, which is supported
by the observed rapid drying in the southern-facing plies and moisture contents at the exposed floor
location when compared to the interior.

4.2. Moisture Mitigation Considerations for Design and Construction

As there are still unknowns regarding the hygrothermal behavior of mass timber buildings and
their assemblies—particularly US made CLT in a Pacific NW climate—it is important to err on the
conservative side in terms of protection strategies during design and construction. The two primary
strategies are (1) near-total elimination of risk and (2) prevention, mitigation and potential remediation.
The strategy of near-total elimination of exposure are observed in some European projects, such
as Limnologen (Sweden) [53], and the ETH House of Natural Resources (Switzerland) [29], where
canopies were erected over the entire structures during erection. The benefits of such a strategy include
that issues related to weathering during construction (e.g. safety, aesthetic degradation, etc.) will
be, generally, avoided altogether, thus reducing variables and potentially costly remediation efforts.
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Such measures would also lead to a drier, safer, and more efficient construction site, eliminating the need
to spend time on mitigation efforts (such as tarping, shedding water, etc.). The full-enclosure strategy
would need to be considered under a long-term cost benefit analysis, weighing prevention/mitigation
costs (e.g., coating panels, construction time, etc.) and risk against the high up front cost and
logistical considerations.

One simple preventative strategy would be to slate the erection of mass timber buildings entirely
during the dry season with the guarantee of enclosure before a wet season. Such a narrow window
would highly limit design and construction flexibility, however. On the other hand, since the erection
of a mass timber superstructure can be very rapid, particularly with a simplified layout, there is a
lot of potential for exposure prevention by utilizing prefabricated exterior wall assemblies that are
ready to install at delivery, as seen at Brock Commons [31,32]. At the Forest Science Complex, high
levels of moisture were observed at certain unsealed areas. The presence of vapor permeable coatings
on the timber elements appeared to be effective in terms of mitigating moisture, though they cannot
be exclusively relied upon as a strategy, as wicking and moisture gains were still observed in sealed
elements. Defining vulnerable areas to exposure during construction (e.g., based on duration and
degree of exposure) and sealing only those regions, may be a cost-effective strategy to improve moisture
resistance of the elements on site.

Combining a refined coating strategy with moisture-conscious detailing would be a highly effective
general strategy, at least in terms of preventing the high levels of moisture accumulation seen in
elements that were uncoated or prone to moisture trapping. Detailing should strive to minimize close
contact between porous materials (particularly at end grain) and general conditions that foster moisture
trapping or pooling. Design of details should also consider the importance of avoiding moisture
trapping during construction, as well as in service. The “4D’s rule’ recommended moisture detailing
(distance, deflection, drainage and drying) [54] should be applied also for moisture management
during construction. This may entail shielding hardware from above or allowing for drainage, and/or
generally spacing elements so that air can circulate. Assemblies should always be designed so that
they are allowed to dry in service to avoid built-in moisture.

4.3. Data analysis and Hygrothermal Monitoring Considerations

While the objective of construction monitoring was to elicit the hygrothermal performance of mass
timber elements during exposure, it also served as an educational tool that allowed to iteratively assess
and augment the overarching monitoring plan and methodology (e.g., sampling criteria, installation
methods and data analysis). This highlights the need for more hygrothermal data from similar
structures, a larger focus on methodology as a research objective, and the development of a general
methodological protocol. Since moisture distribution can vary based on temporal-spatial factors, a
protocol should aim to define an ideal balance between diversity and redundancy in sensor locations,
thus allowing for a more global and statistically significant data set.

Observed sources of variability in the monitored data include (1) building microclimates (variable
exposure due to, e.g., predominant solar and wind orientation); (2) system microclimates (e.g.,
self-sheltering of some areas of the structure by others); (3) assembly details (e.g., spatial orientation,
moisture trapping conditions, etc.); (4) materiality (e.g., variability in wood, sub-assembly type—e.g.,
CLT—, and surface treatments).

The sensors installed during the construction phase of the Forest Science Complex represent only
a fraction of the full hygrothermal monitoring plan (19 of 250 locations), and thus the current data do
not reflect an average performance of the structure or its components. While it would be advantageous
to install more sensors during construction, it is logistically easier to install equipment at a later phase.
This is because installation during transport or early phases of construction involves higher levels of
coordination and greatly increases the odds of physically damaging sensors [33]. As observed in this
and other studies, environmental exposure during construction also appears to be a risk in terms of
influencing or damaging sensors, thus additional precautions should be taken in order to protect them.
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More research is needed aimed at systematically eliciting the influence that environmental factors
have on resistance readings instrumentation and selection of the most appropriate type of installation
depending on the application.

Developing a database of hygrothermal trends that are correlated to exposure, assembly, and
location conditions (e.g., distance from edges and depth in wood) would provide a basis for models that
could help reference sensor reliability. This will support the development of harmonized procedures for
post-processing of MC data and data representation. Data processing is indeed crucial to deliver clear
and useful information to decision-makers in charge of the service life management of the monitored
or similar structures. In this study, moving average and erroneous data omission were applied to
improve data readability. Further efforts will be dedicated to automatize this procedure and support
long-term usability of the monitoring system.

5. Conclusions

This study explores moisture performance of US-manufactured mass timber exposed to the
Northwest Pacific climate during construction. Moisture was monitored at a CLT shear wall and a
floor connection during the construction phase of the new Forest Science Complex at Oregon State
University. In total, 19 permanent MC sensors were installed, which represent less than 10% of the
sensors that will eventually be placed in the building. Limitations in this study are the limited number
of structural systems monitored during construction, the known variability of the wood material, as
well as the variability of a building’s microclimate conditions. Knowing these limitations, sampling
criteria were chosen to capture a variety of detail and material conditions. Additional discontinuous
measurements were used to validate results, as well as to probe locations that appeared vulnerable.

This work represents the first in-field evaluation of the hygrothermal response of CLT shear walls
(featuring a post-tensioning self-centering system) providing valuable information regarding potential
points of moisture vulnerability, to be considered for water control during construction, as well as for
preventative strategies at the manufacturing and design levels. This work also represents one of only a
few studies observing a general moisture response of CLT to wet construction conditions.

Due to a mild winter and construction delays that results in a prolonged state of covered but
open-structure, wetting and drying were less and more pronounced, respectively, than might be typical
in this type of construction in the Pacific Northwest climate.

Very high moisture levels were recorded at uncoated, shaded elements and at moisture trapping
connections, whereas conditions at lower risk of high and prolonged wetting were where (1) partial
shelter was provided (e.g., by the floors); (2) faces were coated with a vapor permeable sealant; and
(3) prospect favored solar exposure. With this knowledge, better prevention strategies can be developed
at the design and construction levels, improving the service life of such structures. These results
reify the premise that hygrothermal performance will greatly vary according to environmental and
building, assembly, and material variables. This variability and the potential of a reduced availability
of monitoring data from those planned (i.e., risk of losing the signal or erroneous readings) confirm the
need of some redundancy in the planned installation to capture the true performance of a structure.
More hygrothermal monitoring projects will allow to develop more refined sampling criteria that will
in turn help to define moisture-sensitive members and details in structures.

Finally, moisture data during construction are critical to develop and apply models for service
life prediction and management of mass timber products and novel engineering systems. As the first
building featuring post-tensioned rocking CLT shear walls (and the first one using a post-tensioned
timber system in North America) the Forest Science Complex offers a unique opportunity to evaluate
the performance of this system. Monitoring data in the shear wall will be used to analyze (and predict)
post-tensioning losses as affected by mechano-sorptive creep and shrinkage in the timber material.
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