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As mass-timber building construction rises around the globe, there exists the need to verify the longterm, in-situ behavior and performance of these structural systems. Structural health monitoring
(SHM), generally defined as a damage detection strategy consisting of a network of sensors, a data
acquisition system, and algorithms for data analysis, can be implemented for this scope. However,
there are no clear guidelines or standards for implementing timber or mass-timber SHM programs.
Although guidelines exist for SHM of other building material types, they do not address some key
considerations for timber monitoring. As wood is a natural, hygroscopic material, it absorbs and
releases moisture from or into the surrounding air, changing the moisture content of the wood. As the
moisture content changes, so do many of the physical and mechanical properties of the material.
Therefore, to understand the structural performance of timber and mass-timber buildings, quantifying
the hygrothermal performance is critical. The lack of standards however leaves ambiguities associated
with sampling criteria for timber monitoring, how to clean and analyze data, and how to account for
hygrothermal behavior in damage detection algorithms. It has also been attributed to the limited
number of timber SHM programs as well as the reason these programs often cannot be compared with
one another.
To move towards standardization of SHM for timber and mass-timber buildings, this project
focused on the development of a methodological approach for monitoring these buildings during
construction. The approach intends to simplify the necessary steps associated with implementing SHM
into these buildings during the construction phase, address methods of pre-processing and cleaning
data, and develop tools for data analysis and visualization. The construction phase was specifically
considered as this phase can provide valuable insight into environmental and mechanical loads
experienced during construction as well as insight into construction procedures and performance of
them. However, implementing an SHM program during construction has additional challenges
compared to in-service monitoring, for example using only temporary power supply to collect data,
coordination with building stakeholders, and uncontrolled environmental conditions that may affect

data. The approach was to be validated through the implementation of an SHM program in a masstimber building under construction. To be validated, the approach must provide data that could be used
by the industry to document construction performance. The study was accomplished in two steps: (i)
literature review, surveys, and design development of an SHM plan for a real building, and (ii) the
proposal of a methodological approach with validation in a mass-timber building through analysis and
use of data to provide insight into the construction performance of the building.

The first phase of this project focused on a literature review and survey of researchers in the masstimber monitoring field. The results of both were used to gather necessary background information
related to monitoring programs, specificities for mass-timber monitoring, phenomena of interest,
sensor limitations, and common sensors used. Further consideration included identification of project
objectives, sampling criteria, budget, architectural constraints, phasing of sensor installation,
limitations of monitoring equipment, and a long-term plan for data acquisition, storage, and analysis.
The outcome of this phase was that the state-of-the-art for timber and mass-timber SHM did not exist
and guidelines were not available. For this reason, there have been inconsistencies in monitoring
programs, repeated errors among projects, and even failed monitoring projects. Therefore, the
development and validation of a methodological approach must attempt to piece together best
practices, state-of-the-arts from various subsections of monitoring, and compile lessons learned to
adequately develop a benchmark to implement SHM of mass-timber buildings under construction.

The second phase of this project was the development of the methodological approach for mass-timber
building monitoring under construction. The procedure was validated using SHM data from the George
Peavy Forest Science Complex, or “Peavy Hall,” a mass-timber building at Oregon State University.
The building was monitored for its hygrothermal and static performance over the last ten months of
construction. The measurands of interest were tension loss in post-tensioned self-centering crosslaminated timber (CLT) shear walls, displacements, rotations, and movements of cross-laminated
timber shear walls, moisture content of CLT panels and slabs, glulam beams and columns, and mass
plywood panel (MPP) roof slabs, heat transfer in CLT panels, and indoor and outdoor environmental
conditions, including relative humidity, temperature, precipitation amounts, as well as wind speeds,
directions, and gusts. A significant step in this approach involved data cleaning, visualization, and
analysis, which were implemented into data platforms for locations of interest throughout the building.
The data platforms were implemented using opensource programs such that minor modifications can
be made for use on previous or future projects to compare data and processing techniques.

Outcomes of the methodological approach included documentation of construction performance as it
relates to the post-tensioned self-centering shear walls, and the moisture performance of the CLT and
MPP roof slabs. Thus, the methodology was considered to be validated. The approach will be further

developed and refined for in-service monitoring with continued validation in the studied case. Lastly,
specific datasets will be used for model verification, further testing and analysis, development of
digital twins, and other future research purposes.
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1. INTRODUCTION
1.1. Background
The relative novelty and rapid growth of mass-timber buildings have led to the need to document the
in-situ performance of these structures systematically. Understanding the differences between the
structural material behavior when tested in the laboratory and the in-situ environment can assist
building stakeholders, code officials, designers, and manufacturers through verification of material
performance and therefore provide more confidence in decisions and designs. This documentation has
historically been accomplished through means of structural health monitoring (SHM) for building
materials such as steel and concrete (ISIS Canada 2001), but is not yet widespread for mass-timber
buildings. Although SHM is generally defined as a damage detection strategy (Farrar, Doebling, and
Nix 2001; Farrar and Worden 2006; Doebling, Farrar, and Prime 1998; Farrar and Worden 2007), data
from SHM programs are often reused by researchers to perform further investigations and analyses
regarding structural and hygrothermal performance. These may include numerical model validation (L.
Wang and Ge 2016; Moaveni et al. 2014; Asgarieh et al. 2017; Mugabo, Barbosa, and Riggio 2019),
analytical model validation (Granello et al. 2018), and quantification of environmental loading
conditions (Dietsch, Gamper, et al. 2014).
Unfortunately for timber monitoring, a lack of standardized procedures for the
implementation of SHM programs has led to confusion, variation, and an overall lack of monitoring
programs for research purposes (Lanata 2015). As wood is a natural, hygroscopic material, it
exchanges moisture with the surrounding air, changing the moisture content of the wood, subsequently
affecting nearly all physical and mechanical properties of the material (Shmulsky and Jones 2011). Not
only can prolonged high levels of moisture lead to mold, fungi, and bacterial decay in wooden
structures (Clausen 2010), the environment may affect strength capacity or cause increased
deformations with cyclic environmental loadings (Silva et al. 2016; Toratti 1992). Thus, guidelines for
steel, concrete, and masonry monitoring such as the Structural Assessment Monitoring and Control
(SAMCO) F08b Guideline for Structural Health Monitoring (Rücker, Hille, and Rohrmann 2006) and
the Intelligent Sensing for Innovative Structures (ISIS) Canada Guidelines for Structural Health
Monitoring (ISIS Canada 2001) are not readily applicable for timber and mass-timber structures. These
guidelines do not address hygrothermal sampling criteria, data cleaning for timber measurands, or
include hygrothermal behavior in damage detection algorithms. Ultimately, “regarding monitoring of
timber structures, no state of the art currently exists” (Kurz 2015).
To address the need for further defining timber monitoring, Lanata (2015) prepared a state-ofthe-art concerning the long-term monitoring of timber. Her review focused mainly on SHM for
protection against damage and included projects that intend to increase the safety level of structures
and extend building service life rather than data reuse for documentation of in-situ performance.
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Ultimately, she concluded that laboratory and in-field tests could be validated at the global scale, but
models and monitoring programs are rarely developed for doing so. Lastly, she insisted that standards
and guidelines need to be prepared to compare SHM data collected from timber structures.
A few years later, Riggio & Dilmaghani (2019) prepared a comprehensive literature survey of
monitoring projects regarding timber structures to identify typical scopes of these projects and the
primary users of data. The study provides a catalog of timber SHM projects useful to identify critical
features within them to assist in the development of state-of-the-art timber monitoring. Additionally,
the review offers common uses of data and how project stakeholders make decisions depending on
them. However, the research does not address data cleaning and analysis techniques, nor does it
propose recommended standards for implementation of timber SHM programs.
Shortly after, Palma & Steiger (2020) prepared a review of available methods for timber SHM
and case studies of use on bridges and buildings. They discussed the specificities to timber monitoring
and the associated additional needs such as the collection of hygrothermal data. Furthermore, they
provide an overview of non-destructive testing (NDT) techniques and exemplify why they cannot
always be used for long-term monitoring, concluding that a gap exists for the long-term monitoring of
timber structures. The researchers also conducted a survey which indicated that the significant
phenomena of interest in timber monitoring are wood moisture content, micro- and macroclimate
conditions, deformations and displacements of wood, crack formation and lengths, delamination of
composite wood components, and post-tensioning forces in post-tensioned (PT) timber elements. Often
vibration-based methods, optic sensors, and fiber-optic sensors are used to gather the required
measurands according to their survey.
Despite these milestones in better defining the current state of timber monitoring, there is not
yet a comprehensive guideline or benchmark to use across projects. Particularly regarding mass-timber
buildings, of which researchers have limited knowledge of, this lack of standards makes defining
sampling criteria, understanding the reliability of data, and using data to validate models, a challenge.
To better understand and develop a methodological approach, the previous and current work regarding
mass-timber SHM, namely case studies of long-term SHM programs for these structures, were
analyzed in this thesis. These case studies are described below, with key lessons learned to be
implemented into the methodological approach. For a summary table of key projects, the reader is
referred to Table 3.1 in Chapter 3.
Morris et al. (2010) began the discussion of SHM of mass-timber buildings. The research
team from the University of Auckland monitored the three-story Nelson Marlborough Institute of
Technology (NMIT) Arts and Media building located in Nelson, New Zealand, which was completed
in 2010. The building consists of radiata pine (Pinus radiata) laminated veneer lumber (LVL) posttensioned (PT) self-centering shear walls and floors. The shear walls, the first of their kind using
timber panels, use PT steel in parallel with timber to apply a compressive load to the wall. The PT
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force is not significant enough to resist rocking motions and movements during an earthquake, but
enough to pull the wall back into its original position afterwards. The NMIT monitoring project
intended to investigate the long-term seismic performance, long-term shear wall performance, and
deflections of proprietary LVL floor panels. The building was instrumented with triaxial
accelerometers, linear variable differential transformers (LVDTs), load cells, temperature gauges, and
relative humidity gauges. Issues with the sensors allotted for only three months of data collection.
During that time, the researchers identified tension losses in the self-centering shear walls to be beyond
expected values (Morris, Zhu, and Wang 2011; Pampanin et al. 2013). Additionally, the researchers
quantified the building dynamic behavior in terms of natural frequencies, damping ratios, and mode
shapes (Omenzetter et al. 2012). Lessons were learned related to the need to verify sensor technologies
before use, the required allocation of resources for long-term monitoring, and the need for
standardization to compare mass-timber monitoring projects. This research group proposed a list of
nine requirements to create consistent and useful vibration data in timber structures (Morris et al.
2010). These included the need to fully document the assessment for the number and locations of
sensors and share with the research community, the recommended minimum sampling rates and sensor
sensitivities, the need for a free field reference accelerometer to quantify ground motion shaking,
additional sensors to quantify inter-story drift and slow deformations, the need for acquisition of
environmental data, and the need to record data continuously.
After the NMIT building, the Trimble Navigation Office in Christchurch, New Zealand,
became another focus of long-term mass-timber SHM. As the previous Trimble Navigation Office was
destroyed in a fire following the 2011 Christchurch earthquakes, occupant safety was a key influencer
of the monitoring program, namely a seismic warning system and protection of lateral force resisting
systems (LFRS). The building structure was completed in 2014 and consists of two stories of radiata
pine (Pinus radiata) LVL PT beams and columns, and LVL PT self-centering shear walls, like those in
the NMIT building. The structure was implemented with Trimble’s triaxial accelerometers, strain
gauges, load cells, LVDTs, and relative humidity and temperature gauges to achieve these aims. The
building owner has openly shared data collected from this structure to foster knowledge and data reuse.
These data have therefore been used to investigate long-term dynamic properties of PT timber
buildings to find that tension loss in PT elements does not affect dynamic building behavior, but may
affect re-centering capabilities of the structural system (Smith et al. 2016). Additionally, dynamic data
after a 5.7-magnitude earthquake was analyzed from this building to better quantify building dynamic
properties of PT timber buildings, including quantification of natural frequencies, damping ratios, and
mode shapes (Granello and Palermo 2020). Lastly, these data were used for refinement and validation
of a design approach to predict tension losses in PT timber frame elements (Granello et al. 2018). Key
lessons learned from this project were that a clear definition of the monitoring program, a method for
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sharing data, and a deep understanding of sensor technologies could assist in the long-term success of
SHM.
Leyder et al. (2015) monitored a four-story mass-timber building completed in 2014 located
in Zürich, Switzerland that serves a public university known as the House of Natural Resources
(HoNR). The first two stories are reinforced concrete, with the two floors above consist of PT selfcentering spruce (Picea) glulam beams and columns with ash (Fraxinus) reinforcement at beam-tocolumn connection points. The building also uses a beech (Fagus) timber-concrete composite slab on
the third floor and a biaxial timber slab on the fourth. The research aimed to validate a proposed
framework for automated system identification of the modal characteristics of the structure using
acceleration data of the building and statistics to build dynamic models. The program also aimed to
quantify the long-term performance of hardwood reinforcement at beam-to-column joints to facilitate
the use of hardwoods in building construction, and to quantify the long-term performance of the PT
timber frame elements. Preliminary research was conducted to determine optimal locations of dynamic
monitoring equipment (Leyder et al. 2018). The final monitoring program consisted of triaxial and
biaxial accelerometers, load cells, wood moisture meters, temperature gauges, and relative humidity
gauges. Data generated from this structure were used to develop numerical models and propose
automated system identification and damage detection (Leyder 2018). Additionally, these data have
been reused to validate tension losses for PT glulam frame elements (Granello et al. 2019; 2018).
Lessons learned from this project were that the upfront analysis and careful definition of sensor
placement could benefit long-term success. Additionally, the automated analysis and creation of online
tools for viewing data allows for ease of data comparison and reuse among projects (ETH Zurich
Institute of Structural Engineering 2017).
The University of British Columbia (UBC) hosted the tallest hybrid timber structure in 2017,
and Mustapha et al. (2017) implemented a long-term SHM program in the building. The structure is an
18-story student residence hall located in Vancouver, British Columbia, Canada that uses CLT and
glulam as the primary structural components to resist vertical loads, and a reinforced concrete core to
resist lateral loads. The structure is monitored with the intent of validating design estimates regarding
shrinkage of tall timber elements, CLT moisture performance, and dynamic properties of hybrid timber
structures (Kaya, Ventura, and Taale 2017). The monitoring evaluates moisture performance using
resistance-type moisture meters, vertical movement using string potentiometers, and accelerometers
near the reinforced concrete core of the building to characterize the dynamic performance, namely
stiffness of the concrete core. The monitoring program was designed to meet the requirements to
validate the design of the specific building, not necessarily to share data continuously. Therefore, many
data have not been published. Lessons learned from this project include the need to define a long-term
plan for data use and sharing to facilitate data reuse.
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The Wood Innovation and Design Centre (WIDC) in Prince George, British Columbia,
Canada is an eight-story mass-timber structure that was monitored by Wang et al. (2016). The
building, completed in 2014, consists of glulam beams and columns and CLT floors and shear walls.
The monitoring intended to evaluate the vertical movement of timber columns and moisture
performance of the timber roof. In 2016, it was determined that the building was performing as
expected regarding estimated moisture levels and shrinkage and swelling of timber elements. Notably,
there was insignificant moisture variation and little construction wetting. However, limited information
is published regarding the SHM program, and according to interviews with researchers, monitoring is
no longer taking place (Tannert 2019). Key lessons learned in this project were that an understanding
of the roles of monitoring stakeholders must be defined before sensor installation and having control
over data by the monitoring team may broadly impact project success.
The Limnologen Block in Växjö, Sweden, consists of four nearly identical CLT buildings that
were monitored by Serrano et al. (2010) to investigate the long-term vertical displacements over six
stories. The buildings were instrumented with potentiometers as well as temperature and relative
humidity gauges. Overall, the monitoring has suggested the relative displacements over a 17.95m
length of the floor panels to be approximately 21.1mm over two years, with measurements stated as
ongoing. However, displacement data since 2010 has not been reported in the English language to the
author’s knowledge. Additional testing and analysis of these structures were conducted, including
lifecycle energy use, vibration distribution, and acoustic testing (Serrano 2009). Furthermore, building
dynamic properties from three structures on this block were investigated by Reynolds et al. (2014)
using short-term monitoring techniques. Three piezoelectric accelerometers were installed for 20
minutes to gather ambient vibration data, concluding that CLT buildings have wide ranges of damping
properties. Key lessons learned from this project were the need for the development of a long-term
plan for data use and sharing.
The tallest timber building in France of 11-stories, totaling 38m, was completed in June of
2019. The apartment building consists of CLT floor and shear wall components, which were monitored
for their shrinkage and horizontal sway by Lanata (2019) during construction and will continue for the
first year of service. The monitoring system aims to validate timber construction techniques for
insurance companies through data-driven verification of building shrinkage. Monitoring is currently
ongoing, with preliminary results presented in Lanata (2019). Issues with sensors at the start of
monitoring provided a lesson learned regarding the scrutinization of data and the need to validate each
sensor for accuracy at the time of installation.
Wang & Ni (2014), monitored a five-story residential timber structure in British Columbia
that made impacts on design regulation verification for vertical displacements in timber buildings over
four stories. The building consists of laminated stranded lumber and I-joists for the floor. The
monitoring program aimed to use 21 months of construction SHM data to validate expectations for
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vertical movement of timber buildings during construction. The monitoring program used string
potentiometers as well as wood moisture meters. The study found that framing in the wet season
resulted in high vertical movements, and that laminated strand lumber and I-joist floor can assist in the
reduction of vertical movements. Key lessons learned from this project were the importance of
defining objectives during construction to phase sensor installation appropriately to achieve the desired
quantity and quality of data.
Carbon 12, a hybrid building in Portland, Oregon, was monitored by Kordziel et al. (2018) for
its hygrothermal performance. The building’s substructure consists of three and five-ply Douglas-fir
(Pseudotsuga menziesii) and Western Canadian Spruce Pine Fir (SPF) CLT floors as well as glulam
beams and columns. The LFRS consists of diagonal steel bracing. The building was instrumented with
resistance-type moisture meters, relative humidity gauges, and temperature gauges during construction
and record-setting rain events. Unfortunately, sensors were damaged due to rain exposure, and
information was lost (Kordziel 2018). This project was intended to verify moisture diffusion models
for CLT, and work in this regard is still ongoing (Kordziel et al. 2020). Valuable lessons learned from
this project included appropriate detailing requirements for sensors and mitigations for potential
moisture exposure.
Although those listed above conclude the published long-term, in-situ monitoring of masstimber projects, other examples and research have influenced the mass-timber monitoring field. For
instance, Dietsch et al. (2014) monitored 21 different long-span timber buildings in Europe for
moisture and environmental performance. The monitoring program aimed to use short-term SHM data
to evaluate the influence of building use on environmental performance as related to the Eurocode
service classes. The authors concluded that structures exposed to various environmental loads, such as
moisture intake from a pool or ice rink, will require scrutinization and modification for environmental
consideration during the engineering design of long-span timber structures. Additionally, Dietsch,
Franke, et al. (2014) also published a state-of-the-art review of moisture monitoring techniques for
timber structures that assists in better defining hygrothermal monitoring techniques.
Additionally, Reynolds et al. (2016) examined the short-term, in-situ dynamic behavior of two
nearly identical timber buildings. One structure consisted of a light frame LFRS (sheathed stud-andrail) while the other consisted of a CLT LFRS. The study found that the dynamic parameters such as
natural frequencies and damping ratios of the buildings were similar, indicating that the material types
may be comparable and similar design philosophies may be available for use in mass-timber LFRS.
Furthermore, Mugabo et al. (2019) used ambient vibration data to perform dynamic
characterization on an L-shaped, four-story mass-timber building in Portland, Oregon that was
completed in 2016. The building consists of Douglas-fir (Pseudotsuga menziesii) CLT floors, glulam
beams and columns, and light-frame shear walls. The study concluded that non-structural components
might contribute significantly to the dynamic properties of mass-timber buildings. Overall, lessons

7
learned from both Reynolds et al. (2016) and Mugabo et al. (2019) are such that vibration monitoring
projects can provide valuable insight into considerations for long-term monitoring, namely seasonal
and non-structural components that may be moved or modified over time.
Overall, multiple mass-timber SHM projects have been successful at achieving the aims of the
monitoring system, and others have struggled to do so because of the challenges associated with masstimber building monitoring. Furthermore, each project has had specific goals for a unique structure of
interest that are not yet compiled and categorized to assist future SHM programs of similar building
types. To combine all useful data and information from these structures for efficient and adequate
documentation of their performance and to support decision-making processes, a systematic approach,
in-depth communication of materials, methods, pitfalls, lessons learned, and collaboration between
projects is crucial. Additionally, categorization and public availability of data are essential to
communicating with interested individuals. The first published mass-timber monitoring project
recognized this need entitling a paper The Long Term Instrumentation of a Timber Building in Nelson,
NZ – The Need for Standardization (Morris et al. 2010). Still, a standard approach has not yet to be
developed. This thesis work identified this need.

1.2. The George Peavy Forest Science Complex monitoring program
The construction of the George Peavy Forest Science Complex (or “Peavy Hall”) began in January of
2017 and finalized in March of 2020. The structure is a T-shaped, three-story mass-timber building on
the Oregon State University campus that serves the College of Forestry. The building replaces the
former Peavy Hall to showcase novel mass-timber products manufactured in the U.S. Pacific
Northwest. The building’s structural system consists of untreated Douglas-fir (Pseudotsuga menziesii)
cross-laminated timber (CLT)-concrete composite floors, glulam beams and columns, a mass plywood
panel (MPP) roof system, and the world’s first application of CLT post-tensioned (PT) self-centering
shear walls. These walls are like those in the NMIT Arts and Media Building and the Trimble
Navigation Office previously mentioned, but the timber panel uses CLT rather than LVL. A plan view
of the structure is shown in Figure 1.1.
A structural health monitoring (SHM) program of the Peavy Hall began in December of 2017,
shortly after structural elements were erected onsite. The goal of the SHM program is to implement a
full-scale living laboratory to contribute to the body of knowledge on the structural durability and
performance of mass-timber systems. The design and implementation of the SHM program include
three phases, described in more detail below.
Phase I consisted of a pilot study for studying the moisture performance of mass-timber
structural elements during construction. Phase I of the monitoring is described in Schmidt and Riggio
(2019). Throughout the implementation, researchers discovered high moisture in timber elements,
more prevalent in areas with little sun exposure. However, the open and unenclosed building allowed
for drying. As mentioned, Phase I of monitoring began shortly after structural elements were erected in
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December of 2017, but the installed sensors were removed in November 2018. These data, which are
published and available (Riggio, Schmidt, and Mustapha 2019), initialized re-evaluation of some
sensor locations. Some of the implementations resulted in lessons learned, calling for a reassessment of
final sensor positions.
This thesis addresses Phase II of the monitoring program, which includes the implementation
of a monitoring program and further sensors during the construction phase of the building. One of the
contributions of this thesis is the refinement of the original SHM plan for the building following stateof-the-art monitoring methods and implementation of the final stage of the planned instrumentation.
Phase II included additional monitoring related to the building hygrothermal and static behavior and
ran from May of 2019 to March of 2020. This thesis work is a preeminent step toward attaining the
overall final phase (Phase III), which is the creation of a “Living Lab @ Peavy Hall,” which will be
completed shortly after the completion of this thesis.

Figure 1.1: Plan view of the George Peavy Forest Science Complex at Oregon State

University.

1.3. Research objectives and methodology
1.3.1. Research goal, aims, and objectives
The goal of the project, which this thesis is a central part of, is to develop a data collection and
management approach for structural health monitoring (SHM) of mass-timber buildings that integrates
data from multiple sensors to support decision-making processes related to the design, construction,
and maintenance of these buildings. The main objective of this thesis, which is a preeminent step
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toward attaining the goal of the project, is to design an SHM data management platform, and evaluate
its efficacy as a decision-making tool during the construction of mass-timber projects, using the
George Peavy Forest Science Complex at Oregon State University as a case study. The central
hypothesis of this work is that SHM data collected from mass-timber buildings can be utilized in a
timely and effective manner to support decision-making in architectural, engineering, and construction
projects. In addition, the present thesis aims at developing a harmonized process for data processing,
visualization, and preliminary analysis that can be used across future projects for comparison.
To test the central hypothesis, the following specific aims are pursued in this thesis:
1.

Define phenomena and measurands of interests in mass-timber structures. The associated
working hypothesis is that the SHM program of a mass-timber building should start with a
comprehensive definition of both structural and hygrothermal phenomena of interest, as well
as the definition of the parameters that may be measured to describe those phenomena.
Definition of the parameters is crucial, as each phenomenon often depends on more than one
parameter, and each measurand can be used to represent more than a phenomenon.

2.

Define sensor use and reliability in deriving the identified measurands. The working
hypothesis is that to define processing methodologies to remove erroneous data and correct
signals for random noise, signal processing techniques are necessary to be automatically or
semi-automatically integrated into management platforms for data.

3.

Analyze data to account for environmental factors affecting measured parameters. The
working hypothesis is that environmental factors can be accounted for using analytical
equations and informed engineering models.

4.

Analyze the correlation of parameters used to describe phenomena of interest. The working
hypothesis is that correlations exist between hygrothermal and structural behavior.

5.

Visualize data from different sensors providing scaffolding tools for the interpretation of
phenomena of interest. The hypothesis is that scaffolding and visualization in multiple ways
can assist the non-expert and expert in responding to information from data.

1.3.2

General approach and methodology

The tasks associated with this thesis work are as follows:
1.

Develop a methodological approach for SHM of mass-timber buildings under construction to
be adapted later for use regarding in-service monitoring through literature review, interviews,
and collaboration with experts.

2.

Develop, publish, and effectively communicate data analysis tools to create consistency and
transparency among data pre-processing within the mass-timber SHM field.

3.

Utilize the approach through the implementation of an SHM program within a mass-timber
building (Peavy Hall) under construction.

10
4.

Use SHM data from the Peavy Hall to document construction performance and support the
decision-making processes of interested stakeholders during construction.

5.

Compile and share results from the implemented monitoring program in an opensource
repository.

The implementation of the approach in the Peavy Hall proposed in this thesis (task 3) focuses on
monitoring static and hygrothermal building behavior, including wood moisture content, indoor and
outdoor environmental conditions, shear wall movements and displacements, and post-tension losses in
self-centering shear walls. The sensors included in the implementation of the construction
methodological approach are:
1.

One weather station monitoring outdoor environmental conditions next door to Peavy Hall;

2.

One nearby (12km northwest) weather station for comparison with the Peavy Hall station and
to reduce gaps in data that were experienced with the Peavy Hall station;

3.

Ten string potentiometers monitoring vertical and horizontal movements of a post-tensioned
(PT) self-centering shear wall;

4.

One-hundred and eleven resistance-type moisture meters monitoring wood moisture content;

5.

Twenty-three thermistors and 19 relative humidity gauges monitoring indoor building
climate;

6.

Twenty-eight load cells monitoring tension loss of PT self-centering shear walls.

Later, accelerometers and other additional static and hygrothermal sensors are to be installed and
included in the building service-life as part of the “Living Lab @ Peavy Hall” project.

1.4 Outline of the thesis
This thesis consists of five chapters. The first, this introduction, aims at conveying the background
information necessary to understand the research need for this project.
Chapter 2, a peer-reviewed and published conference paper submitted on July 30 th, 2019,
responds to the first two aims of the thesis, namely to define the phenomena and measurands of interest
in mass-timber structures and to define sensor use and reliability in deriving the identifying
measurands. Chapter 2 covers tasks one and three outlined above. It includes a detailed description of
the design and design process of the structural health monitoring (SHM) program in the George Peavy
Forest Science Complex, lessons learned from initial monitoring, and preliminary results of the
monitoring program. Although this chapter was submitted as a conference paper and accepted early in
Phase II of the project, the influx of new data has not challenged in any meaningful way its preliminary
conclusions.
Chapter 3, a paper submitted for publication to the Construction and Building Materials
journal on May 4th, 2020, responds directly to tasks one, the and four outlined above. The paper aims at
conveying the methodological approach for SHM of mass-timber buildings under construction, and
present results of the implementation and use within the Peavy Hall.
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Chapter 4 is data in brief submitted to the same journal on May 4th, 2020, which aims at
conveying a in more detail a subsequent step in the methodological approach: the data cleaning,
visualization, and analysis using a data platform developed as part of this study. Furthermore, this data
in brief references a data repository containing all raw construction data and figures of them, thus
covering task five of this work.
Chapter 5 presents the overall conclusions of this study. Appendix A summarizes the results
of additional research aimed at testing the validity of using a new analysis technique (wavelet packet
analysis) on specific data streams generated in SHM of mass-timber projects in an attempt to
standardize processing for all sensor types.
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2. LIVING LAB AT PEAVY HALL: STRUCTURAL HEALTH MONITORING
OF MASS TIMBER BUILDINGS
Note: Chapter 2 is in the proceedings from the Structural Health Assessment and Monitoring
(SHATiS) 2019 conference in Guimarães, Portugal. The authorship on the accepted and peer-reviewed
conference paper is Esther J. Baas, Mariapaola Riggio, André R. Barbosa, Ignace Mugabo, and Evan
L. Schmidt. The date of submission was July 30th, 2019.

Keywords: CLT, mass timber, structural health monitoring, hygrothermal, living laboratory

Overview
The Living Lab at Peavy Hall is a research project established at Oregon State University (OSU) to
compare design specifications for mass timber to actual building data using structural health
monitoring (SHM) techniques. George W. Peavy Hall is a three-story, irregularly-shaped, mass timber
university building under construction at OSU in Corvallis, Oregon. The structural elements include
self-centering posttensioned cross-laminated timber (CLT) shear walls, CLT-concrete composite floor
systems, a mass plywood panel (MPP) roof, and glulam beams and columns. To determine if the
building is performing under static, dynamic, and environmental loads as expected, Peavy Hall serves
as a full-scale living laboratory equipped with sensors monitoring outdoor and indoor climate
conditions, heat and moisture transfer in CLT wall assemblies, wood moisture content of structural
elements, displacement of CLT floor panels, tension losses in post-tensioned shear walls, horizontal
and vertical movements of shear walls, and the global dynamic behavior of the structure. Selected
monitoring began during construction in May of 2019 and will continue throughout the lifespan of the
building. The collected data will be used to verify design processes and numerical models that have
been proposed for mass timber design using data from short-term SHM or controlled laboratory tests.
The data will be made available to interested individuals to perpetuate design verification long-term.
Based on the novelty of SHM for mass timber buildings, there remains a need for standardization and
collaboration amongst researchers to gather consistent, relevant data in which projects can be directly
compared at the international scale. For this reason, the design of the monitoring system at Peavy Hall
is discussed in detail, from selection of sampling criteria, sensor location, and sensor accuracy
concerns. In addition, preliminary results related to the posttensioned shear walls are presented, noting
some contributions made to industry since the start of monitoring.
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2.1. Introduction
The relative novelty and corresponding rise in popularity of mass timber buildings leads to interest in
determining whether these buildings perform long-term as expected. After literature review into
structural health monitoring (SHM) of mass timber, it was identified that a long-term, comprehensive
dataset encompassing hygrothermal (moisture and heat), static, and dynamic responses of a single
structure was lacking, particularly in the United States. Examples that have been published related to
SHM of in-situ, long-term behavior of mass timber buildings yields minimal results since 2010 (e.g.
(Schmidt and Riggio 2019; Leyder 2018; Morris, Zhu, and Wang 2011; Mustapha, Khondoker, and
Higgins 2017; Wang et al. 2016)). Furthermore, only some of these cases feature a combination of
hygrothermal, static, and dynamic monitoring (Leyder 2018; Morris, Zhu, and Wang 2011; Mustapha,
Khondoker, and Higgins 2017). Although many other examples of short-term, solid timber, or timber
bridge monitoring exist and have provided key information for defining global behavior of timber
structures, the dataset for mass timber is deficient, particularly if numerical models and design
processes are to be validated at the global scale (e.g. Granello et al. (2018); Nguyen et al. (2019)). To
close the gap of long-term, in-situ mass timber building SHM data sets, the Living Lab at Peavy Hall
research project was conceptualized at Oregon State University.

2.1.1. George W. Peavy Hall
George W. Peavy Hall (Peavy Hall) is a three-story, L-shaped mass timber structure within the Forest
Science Complex at Oregon State University. The building is currently under construction and
expected to be complete in early 2020. The structure was designed by Michael Green Architecture
(MGA) and Equilibrium Engineers and includes various mass timber structural components such as
CLT-concrete composite floor systems, a mass plywood panel (MPP) roof, glulam beams and
columns, and the world’s first application of CLT posttensioned rocking shear walls. A 3D model of
the structure can be seen in Figure 2.1. Similar to the laminated veneer lumber (LVL) rocking shear
walls at the University of Canterbury (Smith et al. 2016), these low-damage shear walls are designed
using concepts of performance-based seismic design, such as the full-scale, two-story test conducted at
the University of San Diego (UCSD) (Pei et al. 2018). Peavy Hall will be used to validate their longterm, in-situ performance.
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Figure 2.1: Three-dimensional view of the Peavy Hall building.

2.1.2. The Living Lab at Peavy Hall
The vast array of mass timber elements in Peavy Hall and the building’s irregular shape lends itself to
interest by researchers, architects, and engineers to investigate global phenomena of the building. After
collaboration with industry and researchers, the living laboratory research project was developed with
the following ambitions in mind:
•

Verify design assumptions and numerical models of mass timber structural systems;

•

Correlate hygrothermal, static, and dynamic loads with building performance;

•

Use monitoring data to develop refined maintenance schedules and improve building servicelife;

•

Provide an educational experience and outreach opportunity by sharing data with researchers,
students, engineers, architects, industry professionals, the community, and mass timber
stakeholders through the living laboratory model.

2.2. Design of the monitoring system
The design of the monitoring system within Peavy Hall was undertaken by researchers at Oregon State
University with input and assistance from consulting engineers, architects, sensor companies, and the
construction team. The process requires expert advice and collaboration from different fields. A
summary of the design and implementation of the monitoring system can be seen in Figure 2.2. To
standardize SHM in hopes of generating consistent data sets for multiple buildings, the considerations
for the system design are laid out in this section. Generally, the design of the monitoring system
accounts for:
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•

Phenomena and correlations of interest;

•

Laboratory models in need of global verification and their measurand requirements (e.g.
tension loss in the rocking shear walls (Granello et al. 2018));

•

Budget for hardware, software, and post-processing of data;

•

Building aesthetics and/or architectural layout;

•

Sensor availability and reliability;

•

Construction scheduling;

•

Long-term maintenance of the monitoring system and data, and

•

Other specific project needs.

2.2.1. Experimental design of the monitoring system
The structural systems of interest were identified as: (1) the MPP roof system, (2) the CLT rocking
shear walls, and (3) the CLT-concrete composite floor system. The monitoring tasks aim to collect data
regarding static, dynamic, and environmental loading conditions to investigate the building’s global
response to all three. Particularly, the design has and will continue to monitor phenomena related to
wetting and drying rates of CLT and MPP, identification of accidental wetting, thermal insulation
properties of CLT wall assemblies, deflections of CLT floor systems, movements of shear walls,
tension loss of the shear walls, accelerations due to ambient and seismic vibrations, and other
hygrothermal conditions to correlate with the preceding phenomena. The scope of the monitoring
system is described in detail in Figure 2.3.
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Figure 2.2: Design and implementation process of the monitoring infrastructure.

Figure 2.3: Scope of structural health monitoring.
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2.2.2. Sampling Criteria and Accuracy of Results
The selection of sensors was based primarily on what is considered the state-of-the-art, gaps in
research, and specific interests of the project. A summary of the selection process and known
limitations with sensor types are summarized in the following sections. Figure 2.4 summarizes the
sensors required for the phenomena and measurements of interest, as well as limitations relating to
their design, implementation, and maintenance.

Figure 2.4: Sensor selections and limitations.

2.2.2.1. Hygrothermal Sensors
In addition to relative humidity gauges and thermistors that are common in SHM projects and have few
associated accuracy concerns, wood moisture content (MC) sensors are being installed in Peavy Hall.
Resistance-type moisture meters are considered the state-of-the-art for in-situ, long-term moisture
content (MC) measurements in wood elements (Dietsch et al. 2014). These sensors have limitations
that should be considered when installing and validating raw data sets (Schmidt et al. 2018; Riggio,
Schmidt, and Mustapha 2019) which include:
•

Reading ranges and accuracy specified by the supplier or through experiments;

•

Specific installation requirements (e.g. angle of electrode pins to the grain, distance between
two sensors, electrode pin hitting wood imperfections);

•

Calibration with appropriate microclimate temperatures;
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•

Corrosion or damage to sensors from exposure or construction activity;

•

Condensation at electrode pin tips and/or sensor head, causing shorting of sensors or false
readings;

•

Influences of electromagnetism from nearby electrical equipment or wires, and

•

Loss of electrode pin contact with wood (due to checking of wood).

Most of these issues can be lessened with careful planning, but some are inevitable in dynamic
environments. Therefore, it is critical to verify proper performance and scrutinize raw data, using
relative humidity gauges as an additional estimate of expected MC by application of sorption
isotherms. The key locations for hygrothermal monitoring were determined to be:
•

Areas where structural monitoring is occurring and correlations are to be made;

•

Areas of potential vulnerability to in-service leaks or condensation;

•

Areas vulnerable to moisture trapping during and after construction;

•

Structural elements exposed during construction, particularly with consideration to exposure
time and prevailing winds;

•

Thermistors at repeated configurations of MC sensors to calibrate readings;

•

Thermistors and relative humidity gauges at locations where microclimate varies considerably
from macroclimate and may affect moisture calibrations or integrity of structural elements
(e.g. near a heater or air conditioner);

•

Relative humidity near pockets of moisture content sensors to validate results, and

•

Heat flux sensors at interior-exterior CLT wall assemblies.

2.2.2.2. Deflections, Displacements, Movements, and Rotation Sensors
Both string potentiometers (string pots) and linear variable differential transformers (LVDTs) are used
for deflection and displacement measurement in SHM projects. In the case of Peavy Hall, the same
supplier of all hygrothermal sensors was selected for supplying string pots to make data collection and
management easier. Concerns with string pots that should be considered when analyzing data include
(Mustapha, Khondoker, and Higgins 2017):
•

Specific installation requirements (e.g. providing a straight conduit for long-term wire
protection, calibration and/or starting measurement value);

•

Installation during construction where shoring or support riggers may be in place, and where
finishing of vertical elements need to be provided;

•

Fundamental frequencies of wires exposed to dynamic loads;

•

Addition of occupancy or dead loads as construction progresses, and

•

Thermal and environmental exposure of the sensors.

The key interests regarding movements in Peavy Hall are the rocking shear walls as well as vertical
movements of the floors. During an earthquake or large winds, these shear walls are intended to sway
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and return to their original position afterward. Furthermore, the shear walls are expected to shorten due
to long-term effects of creep (and at the time of posttensioning), which has been correlated to tension
loss that impacts the effectiveness of the lateral force resisting system (Granello et al. 2019). In three
cases where tension loss is being monitored, string pots will monitor the vertical and lateral
movements of the wall. Additionally, string pots located midspan in a center bay will monitor the longterm creep of the concrete-composite CLT floor system.

2.2.2.3. Accelerometers
It is desired to gather continuous acceleration data to develop and characterize modal features of
vibration (frequencies, damping, and mode shapes) due to ambient excitations and determine the
effects of varying environmental conditions on the building’s global dynamic behavior. It is also key to
maintain data collection during a seismic or large wind event to characterize the building response and
determine potential changes to the building behavior post-event (e.g. difference in fundamental
frequency as a function of intensity). Additionally, monitoring of vertical acceleration of floor systems
was considered relevant in this project to characterize the vibrational performance of the CLT-concrete
composite floors and later correlate to occupant comfort response. Thus, 16 triaxial accelerometers will
be installed throughout the building, five on each floor and one at the base of the building.
Placement of accelerometers requires input from experienced seismic engineers. Studies have been
conducted on comparison of optimal sensor placement in timber buildings, but in general they should
be placed at locations of maximum kinetic energy with linear independence between mode shapes. The
accelerometers will be placed at the midspan of the outer-most bays at the building’s wings on each
floor and in the core of the building near the center of mass. One accelerometer will be placed at the
foundation of the building to gather base accelerations. For standardization recommendations of mass
timber dynamic monitoring, the reader is referred to Morris et al. (2010).

2.2.2.4. Load Cells
A total of 28 load cells (four on seven different shear walls) will be used to monitor the tension losses
of the self-centering shear walls. There are 41 shear walls in the building, and it is not feasible to
supply load cells to all of them due to budget and construction scheduling constraints. The selected
shear walls of interest were those subjected to largest loads as determined by the engineer of record,
with load cells installed on all the four rods in each monitored wall.

2.3. Preliminary results: tension loss
Monitoring of the posttensioned rocking shear walls began on May 15th, 2019 when the first shear
walls were tensioned and has continued since. All data presented here were collected at a sampling
frequency of one Hz; however, in the future the sampling frequency will be switched to ten points per
hour, and then averaged to consolidate data. The reasoning for one Hz data sampling came from the
desire to capture the response during the initial stages of tensioning. It is worth nothing that the data
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collection in the initial phases of tensioning has already led to multiple contributions to the design and
construction teams.
At the initial time of tensioning, a recommended sequencing of the tensioning rods was not in
place, and the inner two rods were tensioned prior to the outer two rods for some shear walls. Because
of this sequence, it was observed that the uneven compression of one of the walls led to the inability
for an outer rod to achieve the engineered specified tension load by an important amount. After
consultations between the research, design, and construction teams, an updated sequencing for the
tensioning was adopted (outer two rods first, then inner two rods). The wall was re-tensioned using the
updated procedure, and the design load was able to be met. Therefore, it was determined that adequate
communication of tensioning procedures needed to be well-established prior to tensioning and that insitu verification was useful to improve construction methods.
After investigation into the first 24-hours of tensioning, it was noted that the initial drops in
tension ranged from 2.0% to 11.7% for specific rods. The rate of drop was found to be larger than
initially anticipated, and access points for tensioning were re-opened and a re-tensioning of all 41 shear
walls took place. Since then, tension loss rates have decreased, as expected in literature (Wanninger,
Frangi, and Fragiacomo 2015). Therefore, it is recommended that tensioning rods are left accessible
for at least 24-hours after tensioning (and re-tensioning, if applicable), and ultimately re-tensioning
during construction should be considered to avoid re-tensioning during occupancy.
Table 2.1: Tension loss after tensioning and re-tensioning.

Load Cell
1
2
3
4
5
6
7

Average Tension Average Tension Loss
Loss of Rods in of Rods in 24 Hours Days since
24 Hours
after Re-tensioning Re-Tension
3.65%
1.95%
52
7.25%
1.88%
17
7.70%
0.28%
34
7.55%
0.48%
47
7.38%
1.18%
23
5.05%
0.43%
33
3.10%
0.53%
33

Total Tension
Loss since ReTension
4.88%
5.55%
6.90%
6.05%
2.43%
6.55%
6.68%

One of the significant contributors to this initial drop of tensioning may be tensioning of coupled walls
mechanically attached to one another with U-shaped flexural plates (UFPs) or other energy dissipators,
as well as connection to other structural members. It is suspected that the tensioning of one wall causes
uneven compression and movements to the wall attached, correlated to a tension loss. Data was
available for two cases where coupled walls were tensioned sequentially, and both cases experienced
four significant step drops at the approximate time of tensioning the mechanically-fastened wall
(MFW) next to the monitored wall. In both cases, this led to drops in tension of approximately 1.15%,
or about 2.2kN at the initial tension. However, this phenomenon did not occur when the walls were re-
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tensioned, likely due to settling of the wall and the largest deformations having been complete. Therefore, it may be required to consider this additional drop for coupled walls during design. It should be
noted that the timing of tensioning the MFW is approximate as provided by the contractor, and because
the time provided was at the end of tensioning, seven minutes were subtracted (approximately half the
time required to tension one rod as seen in the data). Additionally, Rod 3 of the MFW during
tensioning was unavailable.

Figure 2.5: Plots displaying step-drops due to tensioning of mechanically-fastened walls (MFW)
next to the monitored wall.

2.4. Future work
Once the tension loss data has mostly equilibrated after re-tensioning, effects of temperature, relative
humidity, and moisture content will be examined, and the effects of each will be quantified and
compensated for. As expected in the first few months of monitoring, large variations and changes in
climate conditions due to an uncontrolled, dynamic construction environment as well as other
constraints (e.g. gaps in data from power loss) have made reliable correlations difficult at this time. In
the meantime, minimal-user input data analysis scripts are in the works to create an effective long-term
method of analyzing and correlating tension loss, environmental conditions, and movements of
structural elements. A finite element (FE) model of the building is also in the making and will be used
in conjunction with output only modal analysis to analyze ambient vibrations and identify modal
parameters of the building. Lastly, tools for data communication in-situ and online are being developed
and implemented. Additional information will be presented at the conference as data and findings
become available.
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2.5. Conclusions
The increased demand of mass timber and its use in building large structures has led to new innovative
structural systems, including the first application of cross-laminated timber self-centering rocking
shear walls in Peavy Hall constructed at Oregon State University. To verify that mass timber buildings
are performing as expected, it is necessary to collect long-term data on the in-situ behavior of these
structures. Without this validation, the mass timber industry perpetuates a gap in knowledge of
understanding how these structural components behave together under in-service conditions. To close
the gap, Peavy Hall at Oregon State University is becoming equipped with an abundance of sensors to
evaluate the hygrothermal, static, and dynamic behavior of the building throughout its service-life. The
data will be carefully analyzed and processed to validate the readings. Once validated, automatic postprocessing and cleaning methods are being implemented to minimize long-term management of the
data. Finally, selected design processes and structural identification will be validated under these realworld conditions and correlated with hygrothermal conditions. The data will be openly shared with
interested individuals to create prolonged use of design verification.
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3. A METHODOLOGICAL APPROACH FOR STRUCTURAL HEALTH
MONITORING OF MASS-TIMBER BUILDINGS UNDER CONSTRUCTION
Note: Chapter 3 is based on an original research article submitted for review on May 4th, 2020, to
Construction Building and Materials. The authorship in the article is Esther J. Baas, Mariapaola
Riggio, and André R. Barbosa.

Keywords: big data, cross-laminated timber, construction monitoring, mass plywood panel, masstimber, self-centering rocking wall, structural health monitoring

Highlights
•

A methodological approach to designing, implementing, and using data from structural health
monitoring programs for mass-timber buildings under construction is proposed.

•

Ten months of hygrothermal and static monitoring data are used to document construction
performance and support stakeholder decision-making processes with the approach.

•

Service life outcomes are presented, including moisture performance of a cross-laminated
timber and mass plywood panel roof system, and tension loss in post-tensioned crosslaminated timber shear walls.

•

All data used for validation of the approach are available in supplemental data (Chapter 4).

Overview
Structural health monitoring (SHM) is a method used to evaluate the performance of new structural
systems. The method uses a network of sensors, data processing, and algorithms for analysis to create
meaningful data for industry and researchers. With mass-timber building construction on the rise, the
need for in-situ performance evaluation is increasingly evident. However, no standards currently exist
for implementation of an SHM program in mass-timber buildings. For this reason, a methodological
approach for monitoring these structures during construction was proposed. The approach was used to
implement an SHM program over ten months in a mass-timber building under construction.
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Introduction
Structural health monitoring (SHM) is defined as a process of implementing a damage identification
strategy for manufactured products or civil structures (Sohn et al. 2001). This process incorporates
three major components: (1) a sensor network installed on a structure, (2) a data processing system
including data acquisition, transmission, and storage, and (3) an evaluation system such as algorithms
for damage detection (Li et al. 2016). Data generated from SHM projects are often reused in a variety
of ways, including design validation of new systems (Belleri, Moaveni, and Restrepo 2014), numerical
model validation (Asgarieh et al. 2017), or service-life management (Lanata 2019a). Commonly used
sensors for SHM are accelerometers, fiber-optic sensors, and strain or displacement sensors such as
strain gauges or linear variable differential transformers (LVDTs) (Palma and Steiger 2020).
Oftentimes additional sensors are used to correlate mechanical behavior with environmental factors,
such as temperature (TMP) and relative humidity (RH) gauges (ISIS Canada 2001; Rücker, Hille, and
Rohrmann 2006; Yu et al. 2017; R. L. Wood et al. 2017; Mugabo, Barbosa, and Riggio 2019; Soti et
al. 2020; Moser and Moaveni 2011; Palma and Steiger 2020). Despite years of research in SHM, there
are challenges in the design, implementation, and maintenance of monitoring programs. These include,
but are not limited to, the number, locations, and types of sensors necessary to address phenomena of
interest, reliability of damage detection algorithms, ease of comparison among projects due to
variabilities, limitations of signal processing, long-term maintenance of sensor infrastructure, and data
access and efficient utilization of them (Sohn et al. 2001; Li et al. 2016; Moser and Moaveni 2013). In
particular, the state-of-the-art regarding monitoring timber structures remains ill-defined considering
no standard guidelines have been developed, and many non-destructive testing (NDT) techniques often
used for timber cannot be applied to long-term monitoring (Palma and Steiger 2020; Kurz 2015).
Nonetheless, SHM programs have recently emerged in mass-timber buildings to begin to document
their performance (Lanata 2019a; Morris, Zhu, and Wang 2011; Fast et al. 2016).
Initial testing of some mass-timber products such as cross-laminated timber (CLT) began just a
quarter of a century ago. Being this novel, SHM programs for mass-timber buildings have challenges
due to lack of knowledge of long-term, material-specific behavior resulting in unknowns related to
sampling criteria and data algorithms. Furthermore, although in-service monitoring data are often a
focus, historical data, such as data collected during construction, are desired by building stakeholders
to gather information about previous loading and environmental conditions (Riggio and Dilmaghani
2019). However, monitoring during construction can add additional challenges as information is
gathered in a dynamic and ever-changing environment.
To address this desire for construction data while considering associated uncertainties and
challenges, this study proposes a methodological approach for collection, management, and processing
of data from mass-timber buildings under construction. The methodological approach attempts to
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move towards standardization of mass-timber SHM programs. As a step in the approach, the data
processing, visualization, and analysis were implemented into a data platform, defined as a user
interface to upload, manage, and view data. For this reason, this study is structured in two
contributions: (i) this paper, which focuses on conveying the methodological approach based on a
review of data sensing and processing with validation through the generation of meaningful data in a
mass-timber building under construction, and (ii) a data in brief including raw datasets for all
construction data used for validation, and the opensource codes used to build the data platform and
perform data processing, visualization, and preliminary analysis (Baas, Riggio, and Barbosa 2020).

Background and related work
This section focuses on the state-of-the-art of SHM programs for mass-timber buildings and data
processing techniques while acknowledging known concerns with data that have been identified in past
research. In addition to providing a literature review, this section summarizes findings from interviews
with four researchers with expertise in timber construction and engineering, moisture monitoring, posttensioned (PT) timber systems monitoring, and timber displacement monitoring (Granello 2019;
Dietsch 2019; Tannert 2019; Lanata 2019b). These interviews included questions related to data
acquisition, analysis, and algorithms for damage detection.

Considerations for mass-timber construction and post-tensioned timber
systems
When monitoring timber structures, it is critical to consider the effects of moisture and the
environment on the performance of structural systems. Because wood is a natural, hygroscopic
material, it absorbs and releases moisture from or into the surrounding air, causing timber to swell and
shrink accordingly (Glass and Zelinka 2010; Bergman 2010). For this reason, environmental
parameters, such as RH, TMP, and resulting moisture content (MC) in wood, can have significant
impacts on design of connections, construction tolerances, checking due to drying, and moistureinduced stresses in composite wood materials (Silva et al. 2016; Bergman 2010; E. L. Schmidt et al.
2019; Lanata 2019a; Breyer et al. 2015; American Wood Council 2018). Additionally, prolonged
exposure to moisture can lead to decay, a reduction in strength properties, and increased deformations
(Clausen 2010; American Wood Council 2018). Engineered wood products (EWPs), such as CLT,
vary from solid sawn timber in how they are affected by moisture as members have alternating
laminations (cross-oriented in CLT and other products), and adhesive layers that alter moisture
transport. Thus, moisture diffusion and transport models for many EWPs, such as CLT, are a topic of
research at the time of writing (Kordziel et al. 2018). Additionally, creep behavior, or long-term
deformation under a constant load, in timber buildings is of interest as it is amplified by cyclic
environmental loading (Toratti 1992). To date, there is limited research regarding short and long-term
axial and bending creep of CLT walls and CLT-concrete composites floors, particularly in-situ
performance (Nguyen et al. 2018).
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Recent advancements in performance-based earthquake engineering have led to construction of
post-tensioned (PT) self-centering shear walls using EWPs in New Zealand, the United States, and
Japan. The PT self-centering lateral-force resisting system (LFRS) works by putting unbonded steel
rods in parallel with timber walls and applying a PT force to the steel, which transfers to the wall. The
LFRS allows a structure to displace in a controlled way when subjected to lateral loads but will pull the
wall back into place afterward, resulting in negligible residual drift. Since this PT timber LFRS is just
fifteen years old (Palermo et al. 2005), their long-term performance is of interest, particularly
regarding tension loss in the steel that may affect re-centering capabilities (Granello et al. 2017).
Additionally, relationships with environmental loads and creep behavior of the walls can be quantified
as these are known to contribute to PT loss and wall performance (Granello et al. 2018). Furthermore,
the horizontal motions and uplift of the walls can be monitored to detect transient and residual drifts
in-service, during, and after a hazardous event, such as an earthquake, if sensors collect continuous
data or are triggered for seismic events.

Structural health monitoring of mass-timber buildings
This section describes case studies of SHM of mass-timber buildings used to develop the
methodological approach. Table 3.1 summarizes key monitoring projects available in the literature.
The main goals and instrumentation equipment are listed in the table and discussed in more detail in
the following sections. For more information, the reader is referred to a comprehensive literature
review and survey of SHM in all timber structures (Riggio and Dilmaghani 2019), a review of methods
for SHM of timber structures (Palma and Steiger 2020), a review of methods for moisture monitoring
(Dietsch, Franke, et al. 2014), and an overview of long-term monitoring of timber structures (Lanata
2015).
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Table 3.1: A sample of mass-timber SHM programs available in the literature.
Project

Year of

Name

Building

Location

Monitoring

Project Goals

Reference(s)

Program

Completion
Nelson

2010

Nelson, New

Triaxial

Evaluate long-term

(Morris,

Zealand

accelerometers,

performance of PT

Zhu, and

Institute of

LVDTs, load

timber shear walls

Wang 2011;

Technology

cells, TMP and

and proprietary

Holden et

(NMIT) Arts

RH gauges

timber floors;

al. 2016;

seismic monitoring

Devereux et

Marlborough

and Media
Building
Trimble

al. 2011)
2014

Navigation

Christchurch,

Triaxial

Evaluate long-term

(Smith et al.

New Zealand

accelerometers,

performance of PT

2016;

strain gauges,

walls and frames;

Granello et

LVDTs, TMP

seismic monitoring

al. 2018;

and RH gauges

and warning

Granello

Office

and Palermo
2020)
House of

2014

Zürich,

Triaxial and

Evaluate long-term

(Leyder,

Switzerland

biaxial

performance of PT

Chatzi, and

Resources

accelerometers,

frames and

Frangi

(HoNR)

load cells,

hardwood

2015;

wood moisture

reinforcement;

Leyder

meters, TMP

evaluate dynamic

2018;

and RH gauges

behavior

Granello et

Natural

al. 2019)
University

Vancouver,

Accelerometers,

Evaluate the long-

(Mustapha,

of British

British

string

term shrinkage of

Khondoker,

Columbia

Columbia,

potentiometers,

timber; moisture

and Higgins

(UBC)

Canada

wood moisture

management;

2017; Kaya,

meters, TMP

dynamic

Ventura,

and RH gauges

characterization of

and Taale

hybrid timber

2017; Fast

buildings

et al. 2016;

Tallhouse

2017

M. Wood et
al. 2016)
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Wood

2014

Prince

String

Evaluate the long-

(Wang et al.

Innovation

George,

potentiometers,

term roof moisture

2016)

and Design

British

wood moisture

performance;

Centre

Columbia,

meters, TMP

timber shrinkage

(WIDC)

Canadas

and RH gauges

Växjö,

Potentiometers,

Evaluate and

(Serrano,

Sweden

TMP and RH

compare shrinkage

Enquist, and

gauges

of CLT buildings

Vessby

Limnologen
Block

1

2008

2010;
Serrano
2009)
To monitor in-situ moisture in wood, resistance-type moisture meters are commonly used
(Dietsch, Franke, et al. 2014). These meters work by installing two electrode pins or screws into a
timber element, sending an electrical current between them, reading the resistance, and correlating it
with the MC of timber with corrections for wood species and TMP (James 1963). Based on a literature
review (Mustapha, Khondoker, and Higgins 2017; James 1963; Dietsch, Franke, et al. 2014; E.
Schmidt 2018; E. Schmidt and Riggio 2019; Dietsch 2019), several factors affect collected data from
these sensors and should be considered during analysis. These include: (1) electrode pins hitting wood
inhomogeneities such as knots, interior joints, or internal checks which may cause rapid fluctuations in
measurements as the pin goes in and out of contact with wood, or zero resistance values if permanently
out of contact, (2) imperfect calibrations of moisture meters due to simplified TMP corrections, as well
as inaccurate TMP readings affecting MC corrections, (3) direct contact of sensor head or pins with
moisture (rain, condensation, snow, etc.) in addition to potential corrosion that may occur due to
moisture contact, (4) electrical interference causing sharp jumps in data, (5) improper installation of
sensors, such as: (a) sensors spaced less than 30mm apart such that electrical resistance readings are
affected by one another, or (b) angle to the grain in which electrode pins are penetrated (which are
ideally perfectly perpendicular to the grain but may be supplier-specific), and (6) accuracy and reading
range of sensors to understand associated errors.
Thermistors and RH gauges are employed in all known mass-timber SHM programs to assess
building microclimates. To provide macroclimate data, a weather station may be installed in the
proximity of the building (Baas et al. 2019). Although TMP and RH gauges are often viewed as
reliable, a few considerations should be accounted for in analysis, including (1) exposure of gauges to
weather, (2) reliability of interpolating internal wood TMP if a reading is at the surface, (3) reaction

1

These four buildings were the subject of a multitude of tests (Serrano 2009), however the focus here

is on the long-term monitoring component.
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time of wood shrinkage and swelling to changes in RH when used to estimate MC with sorption
isotherms, and (4) accuracy and reading range of sensors to understand associated errors (E. Schmidt
and Riggio 2019; Riggio, Schmidt, and Mustapha 2019; E. Schmidt 2018; Shmulsky and Jones 2011;
Glass and Zelinka 2010).
String potentiometers (string pots or SPs) and LVDTs have been used for creep, shrinkage,
crack, and deflection monitoring of axial and bending timber elements. These sensors are mechanically
installed to the elements of interest (timber panel to measure panel displacements, timber-to-floor to
measure uplift, localized locations for specific movements between elements or connections, etc.). In
general, a few factors concerning displacement data have been identified (Mustapha, Khondoker, and
Higgins 2017), including: (1) construction scheduling and application of loads, (2) natural frequencies
of sensor components, (3) effects of environmental conditions on instrumentation, (4) resolution of
data capture (spatial and temporal), and (5) sensor accuracy and reading ranges.
Load cells (LC), often donut-style, have been used to evaluate the performance of PT masstimber elements through installation on the steel rod or tendon. Factors affecting LC data are: (1)
effects of environmental fluctuations, (2) creep of axially loaded timber, and (3) bearing of and load
distribution on LCs (Granello et al. 2018).
Global and local dynamic behavior of timber structures may be monitored by measuring
building accelerations. Most commonly, triaxial accelerometers have been used to capture both lateral
and vertical vibrations of diaphragms and slabs, respectively, to evaluate seismic and ambient
conditions per references in Table 3.1. In one of the cases reviewed, biaxial accelerometers were used
for the structural identification of the timber system (Leyder, Chatzi, and Frangi 2015).

Data pre-processing and cleaning
When collecting data in an uncontrolled environment, noise may be created relating to effects on
sensor equipment or random (also called “white”) noise. Outlier data may also be scrutinized and
considered noise. To date, the most common method for denoising MC data from resistance-type
meters is by calculation of simple moving averages, although there are inconsistencies in the period
used for calculation. Some examples of this can be found in Riggio, Schmidt, and Mustapha (2019)
and Dietsch, Gamper, et al. (2014). In some cases, statistical processing has been implemented to
remove unreliable outlier data (Niklewski et al. 2018).
In terms of TMP and RH, data observed in literature generally have minimal processing and
are often assumed to be accurate within sensor specifications (Serrano, Enquist, and Vessby 2010;
Morris, Zhu, and Wang 2011; Wang et al. 2016). Data may still experience noise, particularly during
construction as microclimates are uncontrolled. Oftentimes, when multiple TMP and RH sensors are
installed, the values may be compared by averaging data in locations of interest or throughout the
building, depending on the interest and requirements of the data analysis (Morris, Zhu, and Wang
2011; Granello et al. 2019).
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Based on fundamental relationships of structural mechanics and analysis of displacements
with environmental loading, processing of displacement data should consider effects of shrinkage and
swelling on the steel components of the sensors. If the research objectives are to gather total
displacement over time, they may also be adjusted to account for hygro- and thermal-expansion of
timber and any PT steel components to isolate the phenomena of interest.
To denoise LC data, normalized losses to the maximum initial tensioning force are often reported,
but moving averages of tension have also been reported along with quantified contributions of TMP
and RH on loss and fluctuations in tension (Morris, Zhu, and Wang 2011; Granello et al. 2019).
Regarding acceleration data, Fourier transforms are often employed for data denoising (Mugabo,
Barbosa, and Riggio 2018), although wavelet packet analysis is becoming widely used as well (Pan et
al. 2019; La Cour-Harbo and Jensen 2001; Daubechies 1992). Although wavelet packet analysis can be
used as a standardized signal processing technique for all sensor data, it has not yet been used for other
data generated from SHM of mass-timber buildings, such as MC data, known to the authors.

Materials and methods
From knowledge of previous work, a methodological approach for implementing an SHM program for
mass-timber buildings during construction was conceptualized, described in Figure 3.1. The approach
intent is to create data that is useful and meaningful to the mass-timber industry regarding new
information, verification of designs, or similar. The first step, the design of the SHM infrastructure,
was discussed in detail in Baas et al. (2019). In general, this step required (1) a clear definition of
project objectives, (2) an understanding of required measurands and sampling criteria to meet
objectives, (3) scaling of the monitoring program based on short- and long-term budget, architectural
desires, and data management capabilities, (4) creation of visuals and documentation communicating
the design to project stakeholders, (5) design and communication of phasing to install sensors within
the construction schedule to gather data of interest, (6) selection of sensors based on state-of-the-art,
availability, reliability, and limitations, and (7) the development of a long-term plan for SHM
infrastructure, data management, and data sharing.
The next step, sensor initiation, refers to the installation and commissioning of sensors. The
approach required (1) practice installations and controls of sensor equipment, (2) training for installing
personnel, (3) inspection of installations by experienced users of the technology, (4) incorporation of
mitigation strategies for known factors affecting data, and (5) validation of sensor data to the extent
reasonable, such as taking handheld moisture readings at MC monitoring locations. The subsequent
steps, data acquisition, data transmission to supplier storage locations, data storage, and data
transmission to a central server, may depend on the sensor technology and scope of the SHM project.
The objective of these steps was to gather data in one central location for ease of analysis and control
of data. This central storage area is required to be organized in a logical and standardized manner, for
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example in groups of monitoring locations of interest. Data cleaning, correlation investigation,
visualization, and analysis are the next steps, described in the following sections.

Figure 3.1 Overview of methodology for structural health monitoring developed in this study.

Data processing: cleaning, correlation investigation, visualization, and
analysis
As a first step in data processing, raw measurements of resistance or voltage were converted to
engineering units if necessary (Riggio, Schmidt, and Mustapha 2019). Afterwards, corrections were
included in the algorithms depending on the sensors. For example, wood MC data were corrected for
internal wood TMP and wood species (James 1963).
Next, known erroneous data were removed from the dataset, namely data outside the sensor
measuring ranges. However, providing the option to view these invalid data may be useful to
investigate information qualitatively, and thus was included in the data processing and visualization.
For example, it is known that resistance-type meters become inaccurate above the fiber saturation point
(FSP) due to free water in the wood cell affecting resistance readings (Dietsch, Franke, et al. 2014;
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James 1963). Although data outside this range cannot be assumed accurate, it may be important to
know if the MC is above the FSP (approximately 22-32% MC) due to risk of decay (Clausen 2010).
Furthermore, the removal of environmental effects was a key concern for construction
monitoring as microclimates were changing rapidly with building exposure, commissioning of heating
and air conditioning, and other factors. For displacement monitoring, adjustments for environmental
effects on steel components of the sensor were calculated assuming a linear relationship between
change in temperature and displacement
∆𝑙 = 𝑙𝑜 𝛼 𝑇 ∆𝑇

(3-1)

where ∆𝑙 was the estimated change in length, 𝑙𝑜 was the initial length, 𝛼 𝑇 was the thermal expansion
coefficient assumed to be 12𝑥10−6 /℃ for steel, and ∆𝑇 was the measured change in temperature.
After environmental corrections, statistical processing was used for cleaning and denoising of
all datasets. Based on the state-of-the-art, a simple moving average was calculated as
𝑀𝐴 = (𝐴1 + 𝐴2 + ⋯ + 𝐴𝑛 )⁄𝑛

(3-2)

where 𝐴 was the average of the period of interest, and 𝑛 was the number of periods. Although the
number of periods has varied among studies, the period in this study was 12 hours. All data were
shifted to start at the same date and time to account for the effect of daily climate fluctuations and
allow for ease of comparison among data sets. Sensitivity tests on periods were conducted and found to
have minimal impact on results, with a change in MC of less than 0.5% between windows of 2-100
hours.
Denoising data using wavelet packet analysis was also employed as an alternative method of
analysis to standardized processing among all sensors and apply statistics-based filtering. To do so, the
order of decomposition was first determined with a standardized coding function. Next, the signal was
decomposed using the discrete wavelet transform for all orders of Daubechies and Symlet mother
wavelets (Daubechies 1992), and a multi-level threshold to filter coefficients from decomposition was
used (Golroudbari 2013). The signal was then reconstructed, and the lP -Norm cost function was
calculated to fit the data. The data platform looped through all possibilities of wavelets to select the
optimal mother wavelet automatically based on cost function results.
After denoising, data were preliminarily analyzed to promote further investigation. If the
research objectives are to gather data on total displacement over a period, the total displacement
measurement may be adjusted to account for free hygro- and thermal-expansion to isolate the
phenomena of interest. This can be achieved by estimating the magnitude of the secondary components
based on the fundamental relationships between structural mechanics and analysis of displacement
with environmental loading. Using the same linear relationship between change in TMP and change in
displacement described in Equation (3-2), the estimated contributions of TMP fluctuations on the
timber panel and PT rods in self-centering shear wall elements were estimated. The longitudinal
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thermal expansion coefficient of CLT was estimated to be 6𝑥10 /℃, consistent with values
previously used (Gräfe, Dietsch, and Winter 2018). When displacement sensors are horizontally
oriented, the thermal expansion coefficient changes as wood is an anisotropic material. The tangential
thermal expansion coefficient was calculated per the Wood Handbook (Glass and Zelinka 2010) and
converted to ℃ by multiplying by 1.8, resulting in the equation
𝛼ℎ = 1.8(18𝐺𝑜 + 5.5)10−6 ℉−1

(3-3)

where 𝐺𝑜 is the assumed specific gravity of wood, assumed to be 0.50 for Douglas-fir larch (American
Wood Council 2018). This estimated a tangential thermal expansion coefficient, 𝛼ℎ , to be
approximately 26.1𝑥10−6 /℃. Furthermore, the same linear relationship was used to estimate the
length change attributed to MC fluctuations of the CLT panel
∆𝑙𝑀𝐶 = 𝛼𝑢 𝑙𝑜 ∆𝑀𝐶

(3-4)

where 𝛼𝑢 was the dilation coefficient and ∆𝑀𝐶 was the change in MC. The parallel to grain dilation
coefficient for vertically oriented displacement sensors used in this study was 0.00625, a conservative
estimate for CLT from values for laminated veneer lumber (LVL) (Granello et al. 2018) as 𝛼𝑢 for CLT
is still under investigation (Pang and Jeong 2020; Han et al. 2019). The dilation coefficient for
horizontal displacement sensors was estimated to be 0.00165, the value for perpendicular to grain LVL
(Granello et al. 2018).
Furthermore, in PT systems, the force in the PT steel varies due to daily fluctuations,
relaxation, and losses over time. Therefore, if creep of a PT timber panel was a phenomenon of
interest, the error associated with this changing force can be estimated using the relationships between
stress and strain
∆𝑙𝑃𝑇 = (𝑙𝑜 ∆𝐹)⁄𝐴𝐸

.

(3-5)

where ∆𝐹 is the change in force experienced in the steel, 𝐴 is the cross-sectional area of the timber, and
𝐸 is the modulus of elasticity of timber. Thus, the adjustment for displacement data of a vertically
oriented sensor on a PT shear wall aimed at investigating creep becomes
∆𝑙 = 𝑙𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 + ∆𝑙 𝑇𝑀𝑃 + ∆𝑙𝑀𝐶 + ∆𝑙𝑃𝑇

(3-6)

where 𝑙𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 was the measured relative displacement from the sensor, ∆𝑙 𝑇𝑀𝑃 was the calculated
change in length of timber due to changes in TMP, ∆𝑙𝑀𝐶 was the calculated change in length of timber
due to changes in MC, and ∆𝑙𝑃𝑇 was the error estimation associated with the changing PT force. A
horizontally oriented displacement sensor is similar but does not include the fluctuation of PT force. If
the creep or displacement of timber slabs is of interest, these values will need to consider the thermal
and moisture expansion of wood in the radial direction, but this is outside the scope of this study.
Similarly, adjustments for environmental effects on LCs can be calculated with the stressstrain relationship. By simplification, the change in force due to changes in TMP of PT steel becomes
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∆𝐹𝑇𝑀𝑃 = 𝛼 𝑇 𝐴𝐸∆𝑇

(3-7)

where 𝐴 was the cross-sectional area of the steel rod and 𝐸 was the modulus of elasticity of the steel
rod. The force fluctuation in the timber can be estimated similarly to Equation (3-7) and the force
change due to moisture-induced movement in the wood, calculated as
∆𝐹𝑀𝐶 = 𝛼𝑢 𝐴𝐸∆𝑀𝐶.

(3-8)

Therefore, to adjust the tension loss data, the equation becomes
𝐹 = 𝐹𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 + ∆𝐹𝑇𝑀𝑃_𝑤𝑜𝑜𝑑 +∆𝐹𝑇𝑀𝑃_𝑠𝑡𝑒𝑒𝑙 + ∆𝐹𝑀𝐶

(3-9)

where 𝐹𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 refers to the raw data produced by the sensor, ∆𝐹𝑇𝑀𝑃_𝑤𝑜𝑜𝑑 was the change in force
attributed to TMP change of the timber panel, and ∆𝐹𝑇𝑀𝑃_𝑠𝑡𝑒𝑒𝑙 was the change in force attributed to
TMP change of the steel PT rod. These methodologies may be sensitive to area calculations, accurate
TMP and MC readings, and material properties. The daily differences in the datasets were calculated
and compared with the corrected values to ensure that magnitudes of adjustments reflected actual
fluctuations in the sensors.
Further analysis included qualitative correlation identification through differencing, in which
the differences between a period for various sensors were calculated and compared to one another. In
this study, a 12-hour period between 08:00 and 20:00 was used. The difference was calculated as
𝑑𝑖𝑓𝑓[𝑖] = 𝑎[𝑖 + 1] − 𝑎[𝑖].

(3-10)

Once the differences were determined, overlay plots were shown as visual results. Then, Pearson’s
correlation coefficients estimating the linear correlation between datasets were calculated for datasets
with the following equation
𝑅𝑖𝑗 = 𝐶𝑖𝑗 ⁄√𝐶𝑖𝑖 𝐶𝑗𝑗

(3-11)

where 𝑅 was the correlation coefficient matrix, and 𝐶 was the covariance matrix.

Results and discussion: implementation of the approach
This section discusses the implementation of the methodology and data platform into a mass-timber
building under construction and results that have been determined from the first ten months of
implementation.

Monitoring design: the structure and sensor network of interest
In the Pacific Northwest, a mass-timber building under construction on the Oregon State University
(OSU) campus was instrumented with a network of sensors per the objective to provide a
comprehensive dataset to document mass-timber building hygrothermal and static performance both
during construction and in-service, as well as dynamic performance in-service. The building intends to
follow a “Living Lab” model, serving as an opensource research hub for industry, researchers, faculty,
and students. The building, a three-story, T-shaped structure completed in March of 2020, is known as
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the George Peavy Forest Science Complex, or “Peavy Hall.” The building replaces the former Peavy
Hall with the intent to showcase a wide range of novel mass-timber products and construction
techniques (Figure 3.2). These include CLT-concrete composite floors, a Mass Plywood Panel (MPP)
roof system, glulam beams and columns to resist gravity loads, and PT CLT self-centering shear walls
to resist lateral loads. All interior structural elements are untreated Douglas-fir (Pseudotsuga menziesii)
manufactured in Oregon, USA. Previous construction monitoring (Phase I) by E. Schmidt and Riggio
(2019) found that prolonged moisture exposure, particular in locations with little sun exposure, were
vulnerable to wetting. However, the unenclosed structure allowed structural elements to dry.

Figure 3.2: Photos of Peavy Hall during construction. Upper Left: North end facing east. Upper
Right: West end facing east. Bottom Left: Southeast end facing north. Bottom Right: 3D rendering
of building, courtesy of Structurlam (all other photos courtesy of Evan Schmidt).
During construction monitoring Phase II (this study), the building was monitored with a local
weather station capturing outdoor macroclimate data including TMP, RH, daily and total rain, as well
as wind speeds and directions. The indoor climate was monitored with readings from 23 TMP and 19
RH gauges integrated in data acquisition units (DAQs) or supplemental gauges embedded in the wood
or on the wood surface. The gauges were placed in areas where microclimates changed dramatically
within a small area (e.g. near a curtain wall with plenty of sunlight), where structural behavior was of
interest, and where MC was monitored for use as a TMP correction. Wood moisture content was
monitored with 111 resistance-type moisture meters in locations where wetting was of concern or
where structural behavior was monitored for correlation purposes at multiple depths and locations in

40
members. It was a goal to maintain relative consistency in sampling criteria, for example the MC
sensors were placed in similar relative locations on each monitored shear wall for ease of comparison
and creation of a statistical sampling set. Data for all environmental and moisture sensors were
collected once per hour during construction.
Vertical and horizontal movements of an axially loaded CLT PT self-centering shear wall
were monitored during construction with ten SPs to investigate deformations and possible rocking
motions including uplift and relative moments between connections. This wall was selected as
sampling criteria as it is the highest loaded shear wall in terms of PT force in the building. These data
were collected once per hour.
Twenty-eight LCs were installed on seven PT shear walls (each with four unbonded PT steel
rods) scattered throughout the building to monitor tension loss starting from the time of tensioning.
Sampling criteria were selected to gather a range of engineering PT force, capturing the lowest and
highest forces and a few in-between. Data were collected once per second for the first days after initial
tensioning to capture initial details and short-term losses but were updated to collect ten data points per
hour afterwards for ease of management. For more information on sensor locations installed during
construction, see Figure 3.3. More sensors were installed in Peavy Hall for in-service monitoring,
including additional hygrothermal and indoor environmental sensors, 14 additional string
potentiometers to monitor CLT shear wall and CLT-concrete composite floor displacements, and 16
triaxial accelerometers to characterize building dynamic behavior in March of 2020. These are a topic
of future research.

Figure 3.3: Sensor locations installed in Peavy Hall during Phase II of construction monitoring.
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3.4.1.1. Sensor initiation in the George Peavy Forest Science Complex
Prior to sensor installation in the building, initial testing of sensors was completed including control
and practice installations of new sensor technologies. Some of these, including preliminary testing on
effects of various environmental and exposure conditions on sensors, were completed by E. Schmidt
(2018). Sensors were installed by trained construction personnel with guidance and inspection from
sensor companies and the monitoring team to ensure proper installation. As in the described
methodology, factors affecting data were accounted for in various ways. For moisture monitoring,
these included (1) verifying MC sensor readings with a handheld moisture meter at the time of
installation, (2) enclosing exterior-exposed sensors with a plastic box and placing a moisture-absorbing
material inside such as a silicon pellet packet, (3) coating resistance-type sensors with silicon to avoid
direct contact with moisture, (4) avoiding the placement of sensors near electrical equipment where
possible, and (5) correcting MC for TMP with reliable readings from internally embedded TMP at the
depth of interest where possible (E. Schmidt and Riggio 2019; Dietsch 2019; Dietsch, Franke, et al.
2014).
For displacement monitoring, the most appropriate TMP and RH gauge locations were selected
when correcting or isolating effects on wood displacement and sensor component movements.
Multiple gauges surrounding the area were averaged where applicable. Furthermore, the construction
schedule was used and added to the data platform to understand how data fluctuated and reacted based
on changes to the building layout or addition of loads, such as shoring removal. For LCs, care in
installation was taken to ensure they were bearing correctly and evenly, although issues occurred due
to space limitations hindering the ability to add a plate atop the load cell which must be considered in
the design of the shear walls. The weather station next door to Peavy Hall was compared to a nearby
station 12km northeast of the building, and these data were used if gaps in data of the local station
were experienced (College of Agricultural Sciences Corvallis Farm Unit 2020).
The mitigation methods mentioned may assist in creating reliable data, but the SHM design and
commissioning accounts for the likelihood that all sensors will not perform as intended. Particularly
throughout construction monitoring, temporary power supplies, frequent changes in microclimates,
construction scheduling, and other factors created unreliable data at times. Even for in-service
monitoring, there are inherent inhomogeneities in wood, inevitable checking, and other uncertainties
that can limit the quality of data. Therefore, it was important to identify known issues and analyze data
accordingly rather than always relying on automated processes (Lau et al. 2018).

3.4.1.2. Data acquisition, transmission, and storage in the George Peavy Forest
Science Complex
The environmental, hygrothermal, and displacement measurements were collected through eightchannel data acquisition units (DAQs) supplied by the same manufacturer. The DAQs read resistance
measurements for most sensors, but voltage for RH sensors. These data are then wirelessly transmitted
to a supplier software which syncs to an online supplier database. During construction, a temporary
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laptop and network were used for this transmission due to limitations with permanent power and
internet in the building. The in-service transmission will use permanent transmission devices near
pockets of sensors and transmit data to a central server which will house supplier software and other
custom analysis tools.
During construction, the LCs transmitted data through a wired connection to a temporary
small single-board computer, and a temporary network was in place to wirelessly transfer these data to
a central server. In-service monitoring will connect to permanent power and internet for a more
seamless data transmission to the same server. The system architecture for both construction and inservice were created by the College of Forestry Information Technology (IT) department at OSU as the
LCs had no storage capability prior to their use in Peavy Hall.
The accelerometers, although not installed during construction, were considered in the design
of the system architecture as part of the methodology. They will collect data through a wired
connection to a data recorder supplied by the sensor company. The data recorder reads voltage
measurements, and all raw data will be transmitted to the central server for processing and analysis.
Additionally, the server will house supplier software for viewing and analyzing data in addition to
custom analysis tools. For more information on sensor infrastructure, see Figure 3.4.
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Figure 3.4: Sensor architecture for data acquisition, transmission, and storage.

Data cleaning, correlation, and visualization in the George Peavy Forest
Science Complex
Data in Peavy Hall had minimal or no processing after transmission, but require this to identify
meaningful phenomena. Cleaning and analysis were completed with the processing techniques
described in previous sections with opensource programs than can be modified depending on user
desire, future project needs, and advancements in technology. The opensource programs serves as a
data platform, where users can access and use data.
Some scaffolding and other analysis assistance were implemented into the data platform. For
example, the data platform plotted data with condition warning limits, such as the design tension force
against PT shear wall tension data or decay risk and wet warnings from the National Design
Specification (NDS) for Wood Construction (American Wood Council 2018; Clausen 2010) against
MC data. The data platform also incorporated various analytical equations to allow for data
comparison, such as the calculated equilibrium moisture content (EMC) plotted against MC data using
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the Hailwood and Horrobin equation if desired by the user (Glass and Zelinka 2010). Finally, the data
platform provided the option to overlay dates of milestones from the construction schedule on plots to
investigate correlations. For further information, detailed description of the data platform, and
opensource codes, refer to the supplementary data in brief (Baas, Riggio, and Barbosa 2020).

Service-life management outcomes
At two times during the ten months of monitoring, concerns about the building were investigated based
on sensor data from the SHM program. The first concern was related to tension loss in the steel rods of
the PT shear walls. Within 24-hours of tensioning, the individual rods in the walls lost up to 14% of
their tensile forces, over four times more than expected (Pampanin, Palermo, Buchanan, Beerschoten,
Moroder, O’Neill, Sarti, Smith, Sporn, et al. 2013). Since the walls may lose re-centering capabilities
with excessive tension loss (Granello et al. 2018), this information was shared with the building
stakeholders so a decision could be made on mitigation strategies. Eventually, the walls were retensioned and monitored to ensure losses were decreasing at a lower rate. The contractor and building
stakeholders collected and used data from the display screens to track tension losses before closing the
construction access windows to the rods. The tension loss values and losses prior to re-tensioning are
presented in Table 3.2. In parenthesis is the time between re-tensioning and days since the wall was retensioned as each wall had a variable timeline. Although losing tension at a lower rate, it can be
noticed that these data since re-tensioning are experiencing more than expected losses per design
guides (Pampanin, Palermo, Buchanan, Beerschoten, Moroder, O’Neill, Sarti, Smith, Sporn, et al.
2013). Reasonings for the further losses may be a result of increased deformations caused by
anchorage detailing and associated localized crushing (Sarti 2015), elastic losses due to sequential
tensioning, and losses due to construction activity.
Table 3.2: Tension loss for first and second tensioning.
Load cell

Wall tension loss prior to re-tension

Wall tension loss since re-tension

number

(Days between tension and re-tension)

(Days since re-tension)

1

9.64% (33)

7.92% (181)

2

11.38% (25)

5.53% (162)

3

5.33% (8)

10.89% (216)

4

7.06% (2)

7.88% (216)

5

7.38% (<1)

10.38% (288)

6

5.05 % (<1)

6.72% (125)

7

3.10% (<1)

6.29% (125)

Another example of data use for service-life monitoring was when high moisture levels from
multiple MC sensors at a ceiling location were identified. The data platform had compiled a specific
group of sensors in a relative location (“Zone 2 - Lab Space Ceiling (Room 369)”), and multiple
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sensors showed data above a scaffolding line where decay may occur if above this level for a
prolonged period (Clausen 2010). This initiated a visual inspection of the ceiling where wet spots and
mold were discovered. A report of processed sensor data and associated concerns were promptly
provided to project partners before installation of false ceilings and other components that may have
been damaged due to wetting. Follow-up inspection suggested no concerns with roof assembly
installation, but high MC was attributed to previous exposure, and mold issues were mitigated. Since
then, moisture monitoring in this area has indicated that the roof is drying even during rain events,
providing further confidence in the installation of the roof assembly. Furthermore, most sensors
previously above scaffolding lines have dried below concerning levels, with just one above the
warning for decay risk. Data from this area can be seen in Figure 3.5. This figure shows MC values
outside the sensor limit range, the calculated EMC, and scaffolding lines for conditional warnings to
showcase the capabilities of the data platform. Figures and data for all monitoring are included in the
data in brief (Baas, Riggio, and Barbosa 2020).
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Figure 3.5: Moisture content from a ceiling location in Peavy Hall where high moisture was
detected and indicates drying over five to eight months.
The data platform was also used to initialize correlation investigations between structural behavior and
environmental loading conditions. During construction, the microclimates and exposure levels were
rapidly changing and correlations, if any, were deemed unreliable until more data when the
microclimates stabilize are available. However, the construction schedule was included in the platform
and plotted against data to investigate potential correlations. This indicated a possible correlation
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between addition of large loads and tension loss in shear walls, potentially causing settling. This is to
be verified when the addition of live loads on building move-in day are experienced. The data platform
was also used to determine if correlations exist between PT loss and construction sequencing order of
the steel rods to further investigate the greater than expected losses previously mentioned. Based on the
correlation coefficients, a linear correlation (where coefficients are above 0.50 or below -0.50) may
exist between tensioning order of steel rods and tension loss (see Table 3.3). This information is
valuable for comparing tension loss among projects and may provide information related to elastic and
short-term tension losses.
Table 3.3: Pearson's correlation coefficients for tension loss and rod tensioning order.
Tension order

Tension order
Re-tension order
Loss in 24-hours
(initial tension)
Loss in 24-hours
(re-tension)

Retention order

Loss in 24-hours

Loss in 24-hours

(initial tension)

(re-tension)

1.0

-0.10

0.10

-0.79

-0.10

1.0

0.27

0.60

0.10

0.27

1.0

-0.12

-0.79

0.60

-0.12

1.0

3.4.3.1. Limitations of the methodology and data platform
A missing link between the use of the data platform and building management is intelligent
notification of concerns and/or damage. This can be initiated in the in-service monitoring data platform
with the opensource platform. It is important to notify of only reliable concerns, as visual inspections
may be costly and time-consuming if elements are not exposed. Thus, it is important to consider
factors affecting data and taking care in producing reliable data when informing of damage.
Furthermore, it is possible the data platform may feel daunting for those unfamiliar with the
opensource programs. It is desirable to develop a more user-friendly application for viewing data that
conceals the code-language yet still allows the user to make analysis and visualization decisions while
remaining opensource and allowing for changes to processing in the future.

Conclusions and Future Work
This study investigated the use of a methodological approach and subsequent data platform for
managing and analyzing data generated from structural health monitoring (SHM) programs for masstimber buildings under construction. The approach was validated to ensure creation of useful
information with ten months of hygrothermal and static monitoring data from a mass-timber building
under construction at Oregon State University. The methodology lays out the process including SHM
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design, sensor installation and commissioning, data acquisition, transmission and storage, data
cleaning and processing, use of data for damage detection, and data sharing with interested individuals.
The process focuses on creating high quality data through effective design, considerations for factors
known to affect data, and validation of data. The method transmits data to an organized central location
without compromising the capabilities of supplier databases. Finally, the data is transmitted to a data
platform to store, denoise, and analyze them with state-of-the-art methods. The platform was used to
identify tension loss and moisture concerns that may have led to structural or decay issues later. These
concerns were able to be captured quickly during construction while remedies and inspections were
less expensive than once the building was in-service. Future work will consist of generation of a data
platform for management during building service-life, which will build on the construction data
platform and incorporate lessons learned. These updates will consist of inclusion of accelerometer and
heat flux data, incorporation of intelligent damage detection algorithms, and a more user-friendly data
platform for visualization.
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4. STRUCTURAL HEALTH MONITORING DATA COLLECTED DURING
CONSTRUCTION OF A MASS-TIMBER BUILDING WITH A DATA
PLATFORM FOR ANALYSIS
Note: Chapter 4 is based on a Data in Brief article submitted to Construction and Building Materials
on May 4th, 2020. The authorship on the Data in Brief is Esther J. Baas, Mariapaola Riggio, and André
R. Barbosa.

Keywords: big data, cross-laminated timber, construction monitoring, mass plywood panel, masstimber, self-centering rocking wall, structural health monitoring

Overview
From May of 2019 to March of 2020, a mass-timber building under construction at Oregon State
University (OSU) was monitored for its hygrothermal and static performance. The George Peavy
Forest Science Complex, or “Peavy Hall,” is a university building that is the subject of a structural
health monitoring (SHM) program to create a comprehensive building performance dataset. In
addition, the SHM program was developed with the intent of sharing data with interested individuals to
promote design validation, education, and research of in-situ mass-timber buildings. The building
substructure consists of new mass-timber structural components, including cross-laminated timber
(CLT)-concrete composite floors, a mass plywood panel (MPP) roof system, and the world’s first
application of CLT post-tensioned (PT) self-centering shear walls. This document reports on the data
collected during the final ten months of building construction that were used to document construction
performance and support decision-making processes of interested stakeholders of the mass-timber
industry. The implementation followed a proposed methodological approach to SHM for mass-timber
buildings under construction, described in A Methodological Approach for Structural Health
Monitoring of Mass-Timber Buildings Under Construction (Baas, Riggio, and Barbosa 2020). These
data, available in a repository, include wood moisture content of CLT, MPP, and glulam structural
components, horizontal and vertical displacements of axially loaded CLT panels, tension loss of PT
steel rods within CLT self-centering walls, and indoor and outdoor environmental conditions such as
temperature, relative humidity, rain quantities, wind speeds, as well as wind directions. Furthermore,
data figures and analysis coding files are included in the repository for the definition of processes and
potential use of the analysis tools for similar projects.
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Specifications Table
Subject

Civil and Structural Engineering

Specific

Structural health monitoring data from a mass-timber building under construction.

subject area
Type of data

Image
Graph
Figure
Microsoft Excel Open XML (xlsx) Files
Data Platform

How data

A structural health monitoring program in George Peavy Forest Science Complex

were acquired

at Oregon State University.
Instruments:
111 wood resistance-type moisture measurement sensors (PMM) by Structural
Monitoring Technology (SMT) Research Ltd., insulated pin pairs with custom
lengths. Lengths varied from 22mm to 228mm (SMT Research Ltd. 2020e).
Seven MF52 thermistors by SMT Research Ltd. (SMT Research Ltd. 2020h).
Three HTM2500 relative humidity gauges by SMT Research Ltd. (SMT Research
Ltd. 2020f).
Ten string potentiometer sensors (SPOT-00-50mm) by SMT Research Ltd (SMT
Research Ltd. 2020g).
Sixteen wireless data loggers with temperature and relative humidity gauges builtin by SMT Research Ltd. (SMT Research Ltd. 2020a; 2020b).
One Building Information Gateway (BIG-001) for data collection by SMT
Research Ltd. (SMT Research Ltd. 2020d).
One Building Information Gateway version 2.2.5 (BACnet) software by SMT
Research Ltd. (SMT Research Ltd. 2020c).
One Vantage Pro2 weather station by Davis Instruments (Davis Instruments 2020).
Twenty-eight proprietary multi-axial strain gauge load cells by Vishay Precision
Group (VPG).
Jupyter Notebook with Python 3.7.

Data format

Raw
Analyzed
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Parameters

Considerations for monitoring included tension loss of post-tensioned (PT) steel

for data

rods in cross-laminated timber (CLT) self-centering shear walls, vertical and

collection

horizontal displacements of PT CLT self-centering shear walls, moisture
performance of CLT, glulam, and mass plywood panel (MPP) components, and
building indoor as well as outdoor environmental conditions during the final ten
months of construction of a mass timber building.

Description of

These data were collected through the implementation of a structural health

data collection monitoring program in a mass-timber building under construction using the
methodological approach described in (Baas, Riggio, and Barbosa 2020). The
monitoring program was carefully designed to meet research needs. Sensors were
installed and commissioned following recommendations to avoid false data. Data
were acquired with supplier hardware and stored in supplier software until they
were transmitted to a central server to house and backup all data. These data were
then run through analysis and postprocessing tools developed to process and view
data semi-automatically.
Data source

Institution: Oregon State University

location

City/Town/Region: Corvallis, Oregon
Country: United States
Latitude and longitude (and GPS coordinates) for collected samples/data:
44°33'51.0"N 123°17'08.2"W (44.564171, -123.285621)

Data

Repository name: Open Science Framework

accessibility

Data identification number: 10.17605/OSF.IO/JDZ6Y
Direct URL to data:

https://osf.io/jdz6y/

Related

Baas, E. J., Riggio, M., & Barbosa, A. R. (2020). A Methodological Approach for

research

Structural Health Monitoring of Mass-Timber Buildings Under Construction.

article

Construction and Building Materials. Submitted for publication.
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4.1. Value of the Data
•

These data are useful to compare with similar monitoring projects or laboratory test data
related to mass-timber products. Furthermore, these data can be used to provide a point of
reference for the in-situ construction performance of mass-timber buildings and provide a
benchmark for processing and viewing data. These data are also valuable to test the validity of
various management, visualization, and real-time analyses for structural health monitoring
data.

•

Beneficiaries of these data include engineers, architects, contractors, wood scientists, masstimber product manufacturers, data scientists, statisticians, computer scientists, and students
interested in the construction performance of mass-timber products or dealing with big data
from structural health monitoring projects.

•

These data can be further used to collaborate and compare against similar monitoring or
laboratory projects, as an outline of simplified procedures for data processing, to evaluate
drying rates of mass-timber structural components, to validate proposed models for masstimber products such as moisture diffusion of engineered wood products (EWPs), and
investigate the construction-performance of timber post-tensioned shear walls. Additional
further potential research is listed in Table 4.1 for the specific datasets.

•

These are the first available datasets on immediate and short-term tension loss of in situ posttensioned self-centering mass timber shear walls. These data are key to inform further design
and installation procedures of this type of structural system.

4.2. Data Description
The data repository1 encompasses all data collected during the final ten months of construction of the
George Peavy Forest Science Complex at Oregon State University, from May 8th, 2019 to March 10th,
2020. Data generated during construction are from 111 resistance-type wood moisture meters, seven
thermistors, three relative humidity gauges, ten string potentiometers, twenty-eight loads cells, and 16
relative humidity and temperature readings from data acquisition units (DAQs) throughout the
building. The locations of monitoring of the T-shaped structure are shown in Figure 4.1, while the
primary scope of monitoring at each location are described in Table 4.1. Each of these called out
locations identifies a standard name used in all folders, figures, and tables for the locations of interest.

1

https://osf.io/jdz6y/
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Figure 4.1: Plan view of monitoring locations during the construction of the George Peavy Forest
Science Complex.

58
Table 4.1: Descriptions of monitoring locations objectives and potential research.
Monitoring Location

Primary Monitoring Interests

Potential Further Research

Name
LC1 – Zone 3 – South

Correlate wood moisture

Shearwall (Room 302)

content, temperature, panel

LC2 – Zone 3 – East

displacements, and relative

Shearwall (Room 302)

Tension loss of all four PT steel rods;

humidity with tension loss;

LC3 – Zone 2 – West

wood moisture content; indoor

Evaluate cyclic

Stairwell – South Wall

temperature; indoor relative humidity

environmental loading on

LC4 – Zone 2 – Lab

shear wall performance;
Validate analytical models

Space Shearwall (Room

for PT loss in time shear

369)
LC5 – Office Shearwall
(Room 314)

LC6 – East Stairwell –

Tension loss of all four PT steel rods;

walls; Validate and compare

vertical and horizontal displacement of

creep behavior of axially

CLT panel; wood moisture content;

loaded panels; Investigate

indoor temperature; indoor relative

drying rates of CLT panels;

humidity

Evaluate expected

Tension loss of all four PT steel rods

environmental and static
loads during construction

West Wall
LC7 – East Stairwell –

Tension loss of all four PT steel rods

East Wall
Zone 3 – NE Corner

Determine if wetting occurs in southeast

Evaluate drying rates of CLT,

Medium Classroom

building corner; comparison of shear

MPP, and glulam; Compare

(Room 302)

wall moisture to similar shear walls

drying rates based on timber

Zone 3 – Glulam PD-

Determine if wetting of a ceiling glulam

exposure to sunlight; Validate

PJ/P10 (Room 311D)

beam occurs near a large skylight

moisture diffusion and

Zone 2 – Bathroom

Determine if wetting of roof and ceiling

transport models for EWPs;

Ceiling

panels occurs as roof material thickness

Compare data to other

doubles

projects for recommendation

Determine if wetting of roof panels

to industry on roof and wall

occurs near skylights

assemblies as well as

Comparison of shear wall moisture

protection during

content to other walls

construction of timber

Zone 2 – West
Stairwell Ceiling
Zone 2 – West
Stairwell – West Wall
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Zone 2 – Lab Spacing
Ceiling (Room 369)

Determine if wetting of roof panels and

elements; Evaluate expected

glulam ceiling members occurs where

environmental loading

roof material thickness doubles

conditions during
construction

To assist in better understanding the quantities, locations, and types of specific sensors, the repository
contains a folder entitled “_General Information.” This folder has four files intended to provide an
overview of information related to the project, summarized in Table 4.2.
Table 4.2: Files incorporated into the General Information folder in the data repository.
File Name

Description

00_Environmental

A figure displaying locations of monitoring throughout the building for wood

Conditions

moisture content and environmental conditions.

Locations (.tif)
01_Tension Loss

A figure displaying locations of monitoring to evaluate the performance of PT

Locations (.tif)

CLT self-centering shear walls. For general information regarding these shear
walls, the reader is referred to (Granello et al. 2020). For information specific
to the shear walls in Peavy Hall, the reader is referred to (Baas et al. 2019;
Sarti and Smith 2017).

_Sensor

A spreadsheet inventory of all sensors within the data repository including

Information

sensor type, identification number, ply depth of insulated pins if type is a

(.xlsx)

moisture meter or embedded temperature sensor, the data acquisition unit
(DAQ) number in which the sensor is installed, the channel in the DAQ in
which the sensor is installed, the construction zone of installation (see Figure
4.1), the level (1,2,3, or ceiling) in which the sensor is installed, the structural
element the sensor is located on, the approximate location of the sensor on the
element, and any notes regarding the sensor such as the length of a string
potentiometer. This spreadsheet can be used to organize potential data of
interest and sort by sensor types, locations, etc. Additionally, this file contains
relevant information for sensors, such as reading ranges and tolerances,
expanded in Table 4.3.

Sensor

A figure displaying the types of sensors installed in the building for an idea of

Appearance (.jpg)

how they look.
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Table 4.3: Sensor references, general locations, measuring ranges, and tolerances from
datasheets.
Sensor Type

Quantity

Measuring
Range
9% to 30%

Tolerance

Resistance-Type
Moisture Meter
with Insulated
Electrode Pins

111

String
Potentiometer

10

(SMT
Research
Ltd. 2020g)

LC5 – Zone 1 Office shearwall
(Room 314)

±50mm

0.1mm

MF52
Thermistor

7

(SMT
Research
Ltd. 2020h)

Near structural
monitoring for
correlations; At
various depths of
CLT for use as
moisture correction

-55˚C to
125˚C

±1%

HTM2500
Relative
Humidity Gauge

3

(SMT
Research
Ltd. 2020f)

Near structural shear
wall monitoring for
correlations

1% to 99%

±3 to 5%

Proprietary
Multi-Axial
Strain Gauge
Load Cell
Davis Vantage
Pro2 Weather
Station

28

Vishay
Precision
Group
(VPG)
(Davis
Instruments
2020)

All shear wall
monitoring locations

Unknown

Unknown

Atop neighboring
building

Dependent on measurand,
see reference or data
platform files

Data Acquisition
Unit

16

(SMT
Research
Ltd. 2020b;
2020a)

Near groupings of
sensors

TMP: 0˚C to
40˚C
RH: 5% to
100%

1

Supplier
Reference
(SMT
Research
Ltd. 2020e)

Locations
Near structural
monitoring for
correlations; Areas
vulnerable to leaks;
At various depths of
CLT and MPP to
estimate moisture
gradient

±1%

TMP: ±1
˚C
RH: ±5%

Within the folders “00_Envionmental Conditions” and “01_Tension Loss” are folders with the names
of the standardized location names (See Figure 4.1). In each of these folders are Microsoft Excel Open
XML Format Spreadsheet files (.xlsx) that contain raw data from the sensors. These files are grouped
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into measurand of interest with a standard name, described in Table 4.4. In addition, each folder
corresponding to a location of interest has a figure with the as-built locations, plan sheets of sensors,
and real photos of some of the applicable sensors. These are entitled “LOCATION_NAME.tif,” where
“LOCATION_NAME” refers to the standard location name used consistently to reference that location.
An example of one of the as-built figures is available in Figure 4.2.
Table 4.4: Explanation of raw dataset files based on their standard name.
File

Description

Header Meanings

GE

Relevant data from the local

DateTime: the index date and time of sensor data.

(.xlsx)

outdoor weather station,

dailyrainMM (48/12): daily quantities of rain in

including daily rain, total rain,

millimeters.

outdoor temperature, and

TotalPrecipMM (48/9): total precipitation quantities

outdoor relative humidity. These

in millimeters.

data were collected once per

TemperatureC (48/1): outdoor temperature in degrees

hour. “GE” is short for Global

Celsius.

Environmental.

Humidity (48/7): outdoor relative humidity in percent.

GW

Wind data collected from the

DateTime: the index date and time of sensor data.

(.xlsx)

local weather station. These data

WindSpeedGustKPH (48/6): wind gust speed in

include the wind gust speed,

kilometers per hour.

wind speed, and wind direction.

WindDirectionDegrees (48/4): wind direction in

These data were collected once

degrees.

per hour. “GW” is short for

WindSpeedKPH (48/5): wind speed in kilometers per

Global Wind.

hour.

MC

Wood moisture content data (in

DateTime: the index date and time of sensor data.

(.xlsx)

percent) from applicable

##_PMM###_# (####/##): a standard name referring

resistance-type moisture meters

to DAQ number, PMM identification number,

at the location of interest. These

embedded ply depth (in ply number of millimeters if

data are corrected for wood

installed in MPP), DAQ serial number, and channel in

temperature and species. These

DAQ. For example, “24_PMM380_5 (9288/19)” refers

data were collected once per

to a PMM in DAQ 24, with identification number 380,

hour. “MC” is short for Moisture

in the fifth ply of a CLT panel, with a DAQ serial

Content.

number of 9288, in channel 19 of the DAQ. See Figure

Name

4.3 for a visual of the naming convention.
RH

Indoor relative humidity data (in

DateTime: the index date and time of sensor data.

(.xlsx)

percent) from applicable relative

##_int_RH (####/##): a standard name referring to an

humidity gauges from DAQs

internal relative humidity gauge in a DAQ. The name
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and/or supplemental gauges

includes the DAQ number, the DAQ serial number,

installed directly on shear walls.

and the input on the DAQ. For example, “24_int_RH

If the gauge is supplemental, it

(9288/6)” corresponds to the internal relative humidity

has been corrected for the

gauge of DAQ24, with serial number 9288, from

nearby temperature. These data

channel six in the DAQ. See Figure 4.4 for a visual of

were collected once per hour.

the naming convention.

“RH” is short for Relative

##_RH### (####/##): a standard name referring to a

Humidity.

supplemental relative humidity gauge. The name refers
to the DAQ number, the RH identification number, the
DAQ serial number, and the channel in the DAQ. For
example, “19_RH607 (9439/21)” refers to a relative
humidity gauge with identification number 607,
installed in DAQ19 with serial number 9439, and is on
channel 21 of the DAQ. (see Figure 4.3).

TMP

indoor temperature data (in

DateTime: the index date and time of sensor data.

(.xlsx)

degrees Celsius) from applicable

##_int_TMP (####/##): a standard name referring to

temperature gauges in DAQs or

an internal temperature gauge in a DAQ. The name

thermistors embedded into wood

includes the DAQ number, the DAQ serial number,

elements. These data were

and the input on the DAQ. For example, “24_int_TMP

collected once per hour. “TMP”

(9288/5)” corresponds to the internal relative humidity

is short for Temperature.

gauge of DAQ24, with serial number 9288, from
channel five in the DAQ (see Figure 4.4).
##_TMP###_# (####/##): a standard name referring to
DAQ number, thermistor identification number,
embedded ply depth (in ply number), DAQ serial
number, and channel in DAQ. For example,
“40_TMP335_4 (9235/20)” refers to a thermistor with
identification number 335, embedded into the fourth
ply of a CLT panel, installed in DAQ40 with serial
number 9235, and is in channel 20 of the DAQ (see
Figure 4.3).

LC

Tension data collected from the

Date Time: the index date and time of sensor data.

(.xlsx)

PT CLT shear walls. These

LC#: The load cell number of interest.

tension data are all in pounds (1

Rod 1: tension in the leftmost rod facing the

lb = 0.00444822 kN). These

construction access window. The directional

files are large and may take a

orientation depends on the orthogonal direction of the
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while to download, view, and

wall; for LC1, Rod 1 is the east rod, for LC2, Rod 1 is

analyze. The files are large

the north rod, for LC3, Rod 1 is the west rod, for LC4,

because data were initially

Rod 1 is the north rod, for LC 5, Rod 1 is the west rod,

collected once per second during

for LC6 and LC7, Rod 1 is the east rod (see Figure

and shortly after initial

4.5).

tensioning, but later were

Rod 2: tension in the second rod from the left facing

modified to collect data ten

the construction access window.

times per hour.

Rod 3: tension in the third rod from the left facing the
construction access window.
Rod 4: tension in the rightmost rod facing the
construction access window.

SPH

Data from horizontally oriented

DateTime: the index date and time of sensor data.

(.xlsx)

string potentiometers on a shear

##_SP## (####/##): a standard name referring to DAQ

wall. These data were collected

number, string potentiometer (SP) serial number, DAQ

once per hour. “SPH” is short

serial number, and channel in DAQ. For example,

for String Pot – Horizontal.

“11_SP57 (9271/18)” refers to string potentiometer 57,
connected to DAQ 11 with serial number 9271 in
channel 18 (see Figure 4.3).

SPV

Data from vertically oriented

(.xlsx)

string potentiometers on the
shear wall. These data were
collected once per hour. “SPV”
is short for String Pot – Vertical.

See SPH (.xlsx) and/or Figure 4.3.
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Figure 4.2: Example as-built photos of Zone 2 – West Stairwell Ceiling.

Figure 4.3: Standard column header naming convention in dataset files for wood moisture
content, indoor environmental, and displacement sensors.
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Figure 4.4: Standard column header naming convention in dataset files for internal temperature
and relative humidity gauges in data acquisition units.

Figure 4.5: Rod orientation in a construction access window.
Data figures generated with standardized processing methodologies are also available in the repository
within the “XX_Data Figures” subfolder for each location of interest folder. These figures include
plots, subplots, and overlay plots of data applicable to the monitoring sampling criteria, and therefore
not all figures described in the tables below are in all location folders. Table 4.5 describes figures
available related to wood moisture content and environmental data from the building. Table 4.6
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describes figures available related to tension loss in PT CLT self-centering shear walls. Table 4.7
described figures available related to displacements of axially loaded CLT panels. In all cases, data
outside the sensor reading range have been omitted (see Table 4.3), and wood moisture content data
have been corrected for wood temperature and wood species in the supplier database (see (SMT
Research Ltd. 2020e) for further information). Additionally, some processing, including 12 hour
simple moving averages, averaging of applicable sensors, calculation of the equilibrium moisture
content (EMC) using the Hailwood and Horrobin equation (Glass and Zelinka 2010), wavelet packet
analysis, and correction and adjustment for environmental effects, may be included and are noted in
the legends of each figure. For more information, the reader is referred to Baas, Riggio, and Barbosa
(2020). Lastly, data from a nearby weather station 12km northeast of the building site may be used to
fill gaps for missing location weather station data. These data are opensource and available (College of
Agricultural Sciences Corvallis Farm Unit 2020).
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Table 4.5: Description of figures relating to wood moisture content and environmental
conditions.
Figure Name

Description

Macroclimate subplots (.png)

A visual representation of all relevant Global Environmental data
for the period corresponding to sensor data2.

MC (.png)

All relevant moisture content sensors in the location of interest
on one plot. See Figure 4.6 for an example.

MC subplots (.png)

All relevant moisture content sensors in the location of interest
on individual plots with associated locations and ply depths.

MC subplots with invalid

All relevant moisture content sensors in the location of interest

data (.png)

on individual plots with associated locations and ply depths that
include data outside the sensor reading range.

MC with invalid data (.png)

All relevant moisture content sensors in the location of interest
on one plot that includes data outside the sensor reading range.

RH (.png)

All relevant relative humidity gauges in the location of interest
on one plot.

RH subplots (.png)

All relevant relative humidity gauges in the location of interest
on one individual plot with associated locations.

TMP (.png)

All relevant temperature gauges in the location of interest on one
plot.

TMP subplots (.png)

All relevant temperature gauges in the location of interest on one
plot with associated locations.

2

Macroclimate subplots with

Raw and processed outdoor environmental data using wavelet

wavelet analysis (.png)

packet analysis.

MC subplots of wavelet

Moisture content data on individual plots processed using

packet analysis (.png)

wavelet packet analysis.

MC with wavelet analysis

Moisture content in this location on one graph, including

(.png)

processed data using wavelet packet analysis.

RH subplots with wavelet

Relative humidity in this location on individual plots processed

analysis (.png)

using wavelet packet analysis.

RH with wavelet analysis

Relative humidity in this location on one graph processed using

(.png)

wavelet packet analysis.

Note that for daily rain data, some data are shown from a nearby weather station 12km northeast of
the building (College of Agricultural Sciences Corvallis Farm Unit 2020). These data were provided in
inches but converted to millimeters for plotting (1inch = 25.4mm).
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TMP subplots with wavelet

Temperature in this location on individual plots processed using

analysis (.png)

wavelet packet analysis.

TMP with wavelet analysis

Temperature in this location on one graph processed using

(.png)

wavelet packet analysis.

Actual versus calculated

Calculated approximations for tension in steel rod fluctuations

tension fluctuations (.png)

from environmental sensors compared to actual daily tensile
changes.
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Figure 4.6: Example plot of “MC.png,” the wood moisture content for Zone 2 – West Stairwell
Ceiling.
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Table 4.6: Descriptions of figures relating to tension loss in post-tensioned cross-laminated
timber self-centering shear walls.
Normalized tension in rods

Tension data normalized to the maximum tension in the rod or wall.

and walls (.png)
Tension and environment

Tension in steel rods, wall moisture content, as well as relative

subplots (.png)

humidity and temperature near the wall location in the form of subplots
with the same x-axis. See Figure 4.7 for an example.

Tension and outdoor

Tension in steel rods, daily rain, total rain, as well as outdoor relative

environment subplots

humidity and temperature in the form of subplots with the same x-axis.

(.png)
Tension and wind subplots

Tension in steel rods and wind gust speed, wind speed, and wind

(.png)

direction data in the form of subplots.

Tension and daily rain

tension in steel rods and the daily rain overlaid on one graph.

overlay (.png)
Tension fluctuations due to

Subplots of estimated contributions of temperature and moisture

environment (.png)

content changes on the fluctuation of tension in steel rods.

Tension in rods (.png)

All tension in all steel rods on one graph.

Tension in rods and wall

Subplots of tension values (in kilonewtons) in each steel rod and the

(.png)

post-tensioned shear wall.

Tension MC overlay (.png)

Tension in steel rods and the average wall moisture content overlaid on
one graph.

Tension outdoor RH

Tension in steel rods and the outdoor relative humidity overlaid on one

overlay (.png)

graph.

Tension outdoor TMP

Tension in steel rods and the outdoor temperature overlaid on one

overlay (.png)

graph.

Tension RH overlay (.png)

Tension in steel rods and the average indoor relative humidity near the
wall of interest overlaid on one graph.

Tension TMP overlay

Tension in steel rods and the average indoor temperature near the wall

(.png)

of interest overlaid on one graph.

Tension total rain overlay

Tension in steel rods and the total rain overlaid on one graph.

(.png)
Tension wind direction

Tension in steel rods and the wind direction overlaid on one graph.

overlay (.png)
Tension wind gust speed
overlay (.png)

Tension in steel rods and the wind gust speed overlaid on one graph.
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Tension wind speed

Tension in steel rods and the wind speed overlaid on one graph.

overlay (.png)
Actual versus calculated

Calculated approximations for tension in steel rod fluctuations from

tension fluctuations (.png)

environmental sensors compared to actual daily tensile changes.

Normalized tension in rods

Tension data normalized to the maximum tension in the rod or wall.

and walls (.png)
Tension and environment

Tension in steel rods, wall moisture content, as well as relative

subplots (.png)

humidity and temperature near the wall location in the form of subplots
with the same x-axis.

Tension and outdoor

Tension in steel rods, daily rain, total rain, as well as outdoor relative

environment subplots

humidity and temperature in the form of subplots with the same x-axis.

(.png)
Tension and wind subplots

Tension in steel rods and wind gust speed, wind speed, and wind

(.png)

direction data in the form of subplots.

Tension and daily rain

Tension in steel rods and the daily rain overlaid on one graph.

overlay (.png)
Tension fluctuations due to

Subplots of estimated contributions of temperature and moisture

environment (.png)

content changes on the fluctuation of tension in steel rods.

Tension in rods (.png)

Tension in all steel rods on one graph

Tension in rods and wall

Tension values (in kilonewtons) in each steel rod and the post-

(.png)

tensioned shear wall.

Tension in rods and wall

Tension values (in kilonewtons) in each steel rod and the post-

(.png)

tensioned shear wall.

Tension in rods and wall

Tension values (in kilonewtons) in each steel rod and the post-

(.png)

tensioned shear wall.

Tension MC overlay (.png)

Tension in steel rods and the average wall moisture content overlaid on
one graph.

Tension outdoor RH

Tension in steel rods and the outdoor relative humidity overlaid on one

overlay (.png)

graph.

Tension outdoor TMP

Tension in steel rods and the outdoor temperature overlaid on one

overlay (.png)

graph.

Tension RH overlay (.png)

Tension in steel rods and the average indoor relative humidity near the
wall of interest overlaid on one graph.

Tension TMP overlay

Tension in steel rods and the average indoor temperature near the wall

(.png)

of interest overlaid on one graph.
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Tension total rain overlay

Tension in steel rods and the total rain overlaid on one graph.

(.png)
Tension wind direction

Tension in steel rods and the wind direction overlaid on one graph.

overlay (.png)
Tension wind gust speed

Tension in steel rods and the wind gust speed overlaid on one graph.

overlay (.png)
Tension wind speed
overlay (.png)

Tension in steel rods and the wind speed overlaid on one graph.
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Figure 4.7: Example plot of “Tension and environment subplots.png” for LC1 - Zone 3 - South
Shearwall (Room 302).
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Table 4.7: Descriptions of figures relating to vertical and horizontal displacements of axially
loaded cross-laminated timber panels.
Actual versus calculated horizontal

Calculated approximations for horizontal (vertical) movement

displacement fluctuations (.png)

fluctuations from environmental sensors compared to actual
daily horizontal (vertical) movement fluctuations.

Displacement and environmental

Subplots of vertical displacement, horizontal displacement, wall

subplots (.png)

moisture content, as well as relative humidity and temperature
near the wall.

Displacement and outdoor

Subplots of vertical displacement, horizontal displacement, daily

environmental subplots (.png)

rain, total rain, as well as outdoor relative humidity and outdoor
temperature.

Displacement and wind subplots

Subplots of vertical displacement, horizontal displacement, wind

(.png)

gust speed, wind speed, and wind direction.

Displacement fluctuations due to

Subplots of estimated contributions of sensor components,

environment (.png)

temperature and moisture content changes on the fluctuation of
displacement.

Horizontal (Vertical) displacement

Plot of average horizontal (vertical) displacement and outdoor

outdoor RH overlay (.png)

relative humidity overlaid on one graph.

Horizontal (Vertical) displacement

Plot of average horizontal (vertical) displacement and daily rain

daily rain overlay (.png)

overlaid on one graph.

Horizontal (Vertical) displacement

Plot of average horizontal (vertical) displacement and outdoor

outdoor TMP overlay (.png)

temperature overlaid on one graph.

Horizontal (Vertical) displacement

Plot of average horizontal (vertical) displacement and wind

wind direction overlay (.png)

direction overlaid on one graph.

Horizontal (Vertical) displacement

Plot of average horizontal (vertical) displacement and wing gust

wind gust speed overlay (.png)

speed overlaid on one graph.

Horizontal (Vertical) displacement

Plot of average horizontal (vertical) displacement and wind

wind speed overlay (.png)

speed overlaid on one graph.

Horizontal (Vertical) displacement

Plot of average horizontal (vertical) displacement and average

MC overlay (.png)

moisture content in wall overlaid on one graph.
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Horizontal Vertical) displacement

Plot of average horizontal (vertical) displacement and average

RH overlay (.png)

indoor relative humidity near the wall overlaid on one graph.

Horizontal (Vertical) displacement

Plot of average horizontal (vertical) displacement and average

TMP overlay (.png)

indoor temperature near wall overlaid on one graph. See Figure
4.8 for an example.

Horizontal (Vertical) displacement

Plot of average horizontal (vertical) displacement and total rain

total rain overlay (.png)

overlaid on one graph.

Tension and displacement subplots

Subplots of tension in steel rods, vertical displacement, and

(.png)

horizontal displacement.

Tension horizontal (vertical)

Plot of tension in rods and horizontal (vertical) displacement

displacement overlay (.png)

overlaid on one graph.
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Figure 4.8: Example of “Vertical displacement TMP overlay.png,” the vertical displacement of a
CLT panel and nearby temperature overlaid on one plot for LC5 – Zone 1 – Office Shearwall
(Room 314).
Lastly, data platform files are available for two locations of monitoring. The data platform is defined as
a place to upload, visualize, and process data. The “Zone 2 – Bathroom Ceiling” and “LC5 – Office
Shearwall (Room 314)” folders in the repository contain a Python script file (ipynb) and a hypertext
markup language (html) file that shows precisely how data were uploaded, cleaned, processed, plotted,
and initially analyzed using opensource coding language. These files encompass all the relevant data
types, and so they exemplify how all data were processed and used.

4.3. Experimental Design, Materials, and Methods
The collection of data is from sensors installed in George Peavy Forest Science Complex, or “Peavy
Hall,” during construction. The Peavy Hall is a three-story, T-shaped mass-timber building intended to
showcase the potential of mass-timber products by incorporating novel designs such as cross-laminated

77
timber (CLT)-concrete composite floors, a mass plywood panel (MPP) roof system, and post-tensioned
(PT) self-centering CLT shear walls. All interior structural timber is untreated Douglas-fir
(Pseudotsuga menziesii) manufactured in Oregon, USA. The construction monitoring of the building
aimed to collect hygrothermal and static data to evaluate building performance and begin to document
in situ mass-timber building behavior.
Construction of the Peavy Hall began in January of 2017 and was completed in March of
2020. Selected moisture monitoring with resistance-type moisture meters began in December of 2017,
but these sensors were removed in November of 2018 (Schmidt and Riggio 2019; Riggio, Schmidt,
and Mustapha 2019). Lessons learned from installation resulted in a re-evaluation of some final sensor
locations. On May 8th, 2019, additional sensors were installed, and the installation of hygrothermal and
static sensors continued through October of 2019. These sensors collect data until the building opening
on March 10th, 2020. They will remain in place throughout the building’s lifespan, with additional
sensors to be installed for in-service monitoring in the future, including sensors to characterize the
building dynamic performance. For in-depth information regarding the design of the complete inservice monitoring system, the reader is referred to (Baas et al. 2019). These are a topic of future
research.
Data available in the repository were used to document construction performance and support
decision-making processing. The data collection and analysis process followed a methodological
approach for SHM of mass-timber buildings under construction (Baas, Riggio, and Barbosa 2020). As
a part of the methodology, data cleaning, processing, and visualization were to be performed, and this
step was completed using a developed data platform. The data platform during construction was built
with opensource programs incorporating notes for users not familiar with the coding language. The
data platform includes instructions on how to use them, notes about general processes, and
troubleshooting advice for common errors. Two data platforms are available in the repository, one
related to location “Zone 2 – Bathroom Ceiling”, and one related to “LC5 – Zone 1 – Office Shearwall
(Room 314)” as discussed in the previous section. The general outline for both processing, analyzing,
and visualization protocols are shown in Figure 4.9, with in-depth processing described in further
detail below. For additional information regarding the used calculations used for processing, the reader
is referred to the manuscript (Baas, Riggio, and Barbosa 2020) or the data platform files.
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Figure 4.9: General outline of the data processing, visualization, and preliminary analysis
incorporated into the data platforms.
The platform available for “Zone 2 – Bathroom Ceiling” is typical for the locations associated with
“00_Environmental Conditions,” consisting of wood moisture content as well as indoor and outdoor
environmental conditions processing. The steps taken this analysis are as follows:
1.

Import functions necessary to complete analysis in the Python script file. These may need to
be installed on the computer used for analysis by using the “pip install” command in the
computer command prompt. This process is detailed in the data platform files in the
repository.

2.

Apply standard unit conversion names for moving between U.S. imperial and International
System (S.I.) units.

3.

Import data in a way that reads multiple sheets such that if data cannot fit on one Microsoft
Excel Open XML (.xlsx) sheet (>1,048,576 data points), it can still be accommodated.

4.

Convert date and time index to a format in the coding language.

5.

Plot invalid data (data outside sensor reading range) for moisture content if the user desires on
one graph and subplots of individual sensors with daily rain, including sensor location and ply
depth in plot titles.
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6.

These plots include condition warnings through scaffolding lines for data outside of the sensor
limit range, wet according to by the National Design Specification (NDS) for Wood
Construction standard, and where there is potential for decay (American Wood Council 2018;
Clausen 2010). Automated e-mails can also be sent to appropriate personnel when these limits
are exceeded for a certain number of days.

7.

Replace null values, values outside of sensor limit ranges, and values prior to sensor
connection in the building with “NaN” or “not a number” to signify an invalid point while
conserving a gap in data rather than interpolating between missing points.

8.

Create subsets of individual sensor data.

9.

Calculate the moving average of each data stream from a sensor with a period of 12 hours.

10. Calculate averages and moving averages for each data stream (with a period of 12 hours) for
all sensor types.
11. Plot all relevant moisture content sensor data on one graph with scaffolding lines, average,
and a moving average of all sensors.
12. The user can specify to calculate and plot the equilibrium moisture content (EMC) derived
from the Hailwood and Horrobin equation (Glass and Zelinka 2010).
13. Plot all relevant indoor temperature data on one graph with average (if the number of sensors
is >1) and the moving average of temperature for all sensors. Repeat for relative humidity
data.
14. Plot subplots of individual moisture content sensors and daily rain with scaffolding lines and
moving averages. Plot titles include pertinent information such as sensor location and ply
depth of electrode pins.
15. Plot subplots of individual indoor temperature sensors and outdoor temperature with moving
averages. Plot titles include pertinent information such as sensor location and embedded ply
depth (if applicable). Repeat with indoor and outdoor relative humidity.
16. Plot subplots of outdoor weather conditions, including daily rain, total rain, outdoor relative
humidity, and outdoor temperature.
17. Begin wavelet packet analysis by interpolating between gaps in data, as wavelets require no
missing data.
18. Define a dictionary of mother wavelets to test. In the data platform, all Daubechies and
Symlet mother wavelets were tested.
19. Perform a wavelet packet analysis to denoise data for all applicable sensors and averages of
data. This includes finding the maximum level of decomposition with standardized code,
decomposing the signal, applying a statistical multi-level threshold, reconstructing the signal,
and calculating the lP-Norm cost function to determine optimal wavelet. This is done in a loop
of all wavelets previously defined automatically.

80
20. Redefine the index to re-associate the correct date and time of data collection.
21. Create similar plots previously mentioned but include wavelet packet analysis results in
addition to moving average results.
The platform for “LC5 - Zone 1 – Office Shearwall (Room 314)” is typical for the locations associated
with “01_Tension Loss,” and includes vertical and horizontal displacement data as this was the only
location that monitored this phenomenon. The steps taken for analysis with this data platform are as
follows:
1.

Steps 1-3 from the wood moisture content and environmental conditions.

2.

Calibrate load cells based on ten data points prior to tensioning to zero the sensor.

3.

Convert date and time index to a format in the coding language.

4.

Split the data set between tensioning times (initial tension and re-tensioning).

5.

Identify the maximum tension and final tension before re-tensioning.

6.

Calculate the tension loss in individual rods, the wall, and deviation from the engineering
design value during the initial tensioning.

7.

Identify the maximum tension and final tension since re-tensioning.

8.

Calculate the tension loss in individual rods, the wall, and deviation from the engineering
design value since re-tensioning.

9.

Replace data prior to tensioning to “NaN” or not a number.

10. Ask the user if they would like to analyze and plot historical data (data from first tensioning).
11. Ask the user if they would like to group data by the hour.
12. Plot invalid moisture content data (data outside sensor reading range) if the user desires, on
one graph and subplots of individual sensors and daily rain with information related to sensor
location and ply depth with similar scaffolding lines as in the “00_Environemntal Conditions”
data platform.
13. Replace null values, values outside of sensor limit ranges, and values prior to sensor
connection in the building with “NaN” or “not a number” to signify an invalid point while
conserving a gap in data rather than interpolating between missing points for moisture and
environmental sensors.
14. Create subsets of individual sensors for ease of referring to them in the code.
15. Calculate the moving average of each sensor with a period of 12 hours.
16. Calculate averages and moving averages (with a period of 12 hours) of all sensor types.
17. Isolate effects of moisture content and temperature on tension fluctuations in steel rods using
analytical equations. When using a surface temperature reading, it was adjusted by 0.95 to
approximate internal wood temperature estimated from experienced differences in other
locations throughout the building.
18. Plot subplots of isolated contributions of environmental conditions on tension fluctuations.
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19. Plot actual fluctuations from the sensor with those calculated on a single plot.
20. Adjust tension data with analytical equations for environmental conditions.
21. Plot subplots of tension in individual rods and tension in the wall of interest.
22. Plot normalized tension of individual rods and tension in the wall of interest.
23. Plot tension in individual rods, their average, and their moving average on one graph.
24. Plot subplots of tension in rods, the moisture content in the wall, as well as indoor
temperature and relative humidity near the wall with the same x-axis.
25. Plot overlays of tension in rods and average moisture content, average indoor temperature,
and average indoor relative humidity.
26. Calculate Pearson’s correlation coefficients between average tension in rods, the average
moisture content in the wall, the average temperature near the wall, and average relative
humidity near the wall.
27. Calculate Pearson’s correlation coefficients between individual load cell, moisture content,
indoor temperature, and indoor relative humidity sensors.
28. Plot subplots and overlay plots of tension in steel rods, daily rain, total rain, outdoor relative
humidity, and outdoor temperature.
29. Calculate Pearson’s correlation coefficients for average and individual rod tension with daily
rain, total rain, outdoor temperature, and outdoor relative humidity.
30. Plot subplots and overlay plots of tension in steel rods, wind gust speed, wind speed, and
wind direction.
31. Calculate Pearson’s correlation coefficients for average and individual rod tension with wind
gust speed, wind speed, and wind direction.
32. Isolate environmental and sensor component effects on string potentiometer data using
analytical equations and plot.
33. Correct string potentiometer data for environmental conditions.
34. Perform similar analysis described in previous steps for vertical and horizontal displacement,
including plotting, visualization, and calculation of Pearson’s correlation coefficients with
tension data, indoor environmental data, and outdoor environmental and wind data.
Once these steps are completed using the data platforms, the data can be visualized to determine where
interesting pieces of data may lie. Furthermore, the data are better prepared for use to validate models,
test further methodologies, and perform additional analysis.
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5. OVERALL DISCUSSION AND CONCLUSIONS
5.1. Discussion
The primary objectives of this research were to define phenomena and measurands of interest in masstimber structures, define sensor use and reliability in deriving the identified measurands, analyze and
denoise data to account for environmental factors, analyze data for correlations between hygrothermal
and structural behavior, and to visualize data from different sensors providing scaffolding tools within
a mass-timber building structural health monitoring (SHM) program during the construction phase. To
meet these objectives, a literature review and survey with experts in the timber monitoring field were
conducted. From these results, key features of monitoring programs, lessons learned, and
recommended practices were pieced together to propose a methodological approach for the SHM of
mass-timber buildings under construction. To confirm the approach, it was implemented into an SHM
program in a mass-timber building under construction at Oregon State University (OSU). Through this
process, it was ensured the approach would create meaningful data for the mass-timber industry.
The first part of this study, literature review and state-of-the-art definition, uncovered the
ambiguity associated with SHM of timber buildings, primarily that no state-of-the-art existed as
recently as 2015. The complexities and uncertainties associated with SHM itself, timber monitoring
including hygrothermal monitoring, and monitoring during construction, create a scenario that can
make the collection of data challenging. Although some guidelines for SHM exist, they have not
included much insight into timber monitoring. The first published long-term, mass-timber monitoring
project in Nelson, New Zealand identified the need for standardization, but proposed recommendations
mainly focused on seismic and dynamic monitoring only. Additionally, state-of-the-art papers have
suggested that there are few timber SHM programs due to the lack of standards and guidelines. Lastly,
it is evident that SHM for structural system validation is a collaborative effort, and the research
community must work together to create consistent, quality, and readily accessible data for comparison
among various mass-timber buildings.
Additionally, monitoring data generated during the construction process is often desired by
building stakeholders as they can provide insight into previous mechanical and environmental loading
conditions, and can address building concerns before they become more costly to address, as
exemplified in Chapter 3 of this thesis. Therefore, a methodological approach to SHM for mass-timber
buildings under construction was proposed, assuming this to be the starting point of many SHM
programs. This approach encompasses recommendations for the design of an SHM program, sensor
initiation and commissioning into the structure, data acquisition, data transmission, data storage, data
cleaning, correlation identification, data visualization, and automated damage detection and analysis.
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The design of SHM programs requires the monitoring team to define the overall objectives clearly
and determine the necessary measurands, sampling criteria, and duration of monitoring to meet the
objectives. Then, the short- and long-term budget of the project must be considered against the
architectural desires as well as sensor state-of-the-art, availability, reliability, and limitations. Next,
the sensor installation must be defined to sequence appropriately within the construction schedule to
ensure that the pieces of data desired during construction are established among project stakeholders
(contractor, researchers, building owner, etc.). Lastly, a long-term plan for sensor maintenance, data
management, data sharing, and reporting are to be proposed with the design documents addressing
potential issues with damaged sensors, battery changes for wireless data acquisition units (DAQs) or
sensors, automated data use, and how data will be shared with project stakeholders and interested
individuals over the course of monitoring (such as an data platforms, alarming systems, open access
data repository, sent by request, uploaded to webpages, or a combination thereof).
Sensor initiation and commissioning refer to the installation of sensors in the building and their
initial validation to create quality data. Sensors are recommended to undergo preliminary testing and
practice installation with guidance from the manufacturer as setup may vary from supplier to supplier
even if the sensor types are the same. If the monitoring project managers are unable to install the
sensors, practice installations and personnel training should be completed with those installing.
Additionally, experienced personnel should inspect the sensor installation. Lastly, mitigation
techniques for factors that are known to affect data are recommended to be employed, including
validation of sensor data to the greatest extent reasonable, such as taking handheld moisture meter
readings near moisture content sensors to ensure comparable readings. Lessons during installations
have been learned in past research and re-making mistakes can be reduced. Some examples of this
include avoiding electrical interference, accident wetting of sensors, and exposure of sensors to harsh
environments. Thus, sensors should be protected against moisture with silicon or a plastic cover with
silicon packets, not placed near electrical equipment or wires where possible, and considered for the
environmental exposure of the sensors through analytical equations and adjustments where applicable.
This step is not an easy or quick one and should be explicitly planned for. Creating quality data is a
crucial component of a successful project but requires scrutinizing data, iterative checks of sensors,
and careful installation. It is recommended to have a few personnel be adequately trained for this task
to delegate work appropriately.
In the data acquisition and transmission step, it is recommended that supplier specific DAQs are
used or that custom units be developed if none are available. The data may be transmitted wired or
wirelessly to supplier software, hardware, or a custom database as defined by the supplier and
monitoring project managers. However, in a comprehensive SHM program, multiple suppliers of
sensors may be present. The recommendation is to gather all data in an organized central server with
virtually unlimited storage capacity. Data can be transmitted with application programming interfaces
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(APIs), working with the supplier to meet the project needs, or the creation of custom software to
move data. This step allows the monitoring team to have complete control over data, analysis,
visualization, and organization. Still, because data are stored through the supplier software or
hardware, all data are adequately backed-up and can be used for supplemental analysis with various
software. Some supplier software is capable of housing and plotting non-supplier specific sensors.
Although this may be convenient for quickly viewing data, it may limit monitoring team control over
data. If the methodological approach is followed, quick viewing of data can be accomplished in data
platforms prepared for real-time analysis.
Data cleaning is the pre-processing step prior to data visualization and further analysis. This
includes removing known erroneous data and using statistical processes or signal processing to denoise
data streams. In the approach, both simple moving averages and wavelet packet analysis are proposed.
Simple moving averages are the state-of-the-practice for most sensors as they have been used for
resistance-type moisture meters, load cells, temperature, and relative humidity data. However, wavelet
packet analysis was determined to be a viable alternative that can provide consistency in denoising of
data for all sensors, from resistance-type moisture meters to accelerometers. Thus, it is proposed
preliminarily in this study. This step also includes adjustment on sensor data for environmental effects,
including temperature and wood moisture content changes on various data types (displacement,
tension, moisture content, heat flux). Similarly, phenomena of interest must be isolated from various
environmental effects using similar relationship. For example, creep of axially loaded members should
remove the effects of the sensor components and any fluctuations caused by temperature or moisture
content shrinkage and swelling in the wood panel.
In the next step, data visualization attempts to anticipate the desires of various users by
plotting a variety of data on single graphs, subplots, and overlay plots. Visualizations can be grouped
into locations of interest or phenomena of interest and attempt to give researchers an idea of the
building status. These plots can include raw data against denoised or processed, scaffolding lines to
assist in identifying building condition states, and allow for user-input to narrow range of interest for
viewing.
The last step includes data analysis and damage detection. Data analysis may consist of
identification of correlations using differencing and Pearson’s linear correlation coefficients.
Furthermore, automated damage detection algorithms must be implemented such that warnings and
concerns will be received without user input. Finally, further analysis may be undertaken dependent on
research interests and evaluation. The last three steps (cleaning, visualization, and analysis) were
intended to be implemented into a data platform for ease of use. The goal is to undergo these
preliminary steps with the push of a button, or even without, such that data can be analyzed quickly
during construction so concerns can be responded to in the dynamic and ever-changing environment.
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The methodology was implemented in a mass-timber building under construction at Oregon State
University. The George Peavy Forest Science Complex was designed and built with the intention of
showcasing new mass-timber components including cross-laminated timber (CLT)-concrete composite
floors, a mass plywood panel (MPP) roof, and the world’s first post-tensioned (PT) self-centering CLT
shear walls. Coincidentally, most of these substructure components are in demand for in-situ, longterm design validation. Thus, a monitoring program was proposed with the objective of creating a
comprehensive dataset representing hygrothermal, static, and dynamic building behavior. Data were to
be collected during construction to document construction performance and left in-place throughout
building lifespan to document in-service performance. The final in-service design resulted in (i) 210
resistance-type moisture meters to monitor wood moisture content, (ii) four (4) heat flux sensors to
monitor heat transfer in CLT walls, (iii) 48 temperature and 43 relative humidity gauges to characterize
indoor building microclimates, (iv) an outdoor weather station to characterize building macroclimate,
(v) 24 string potentiometers to monitor deflections and displacements of both axial and flexural CLT
structural members, (vi) 28 load cells monitoring tension loss in seven post-tensioned self-centering
shear walls, and (vii) 16 triaxial accelerometers to monitor global building dynamic behavior and
serviceability of floors. During construction, not all sensors were installed due to construction
sequencing. The implementation is therefore related to hygrothermal and static building behavior only.
The phase of monitoring in this thesis is related to Phase II in the three-phase larger project related
to the “Living Lab @ Peavy Hall.” The “Living Lab @ Peavy Hall” project intends to implement an
SHM program into a mass-timber building to provide useful data for the mass-timber construction
industry. Phase I was conducted between December of 2017 to November of 2018 and focused on
moisture performance of exposed mass-timber building components. Phase I discovered that exposed
member experienced high levels of moisture and drying slowed when elements had low sun exposure.
However, the open structure also allowed for drying. Phase II, which encompasses the work in this
thesis, relates to the implementation of sensors between May of 2019 to March of 2020. The aim of
Phase II is to implement an SHM program during construction and process and analyze data to
document construction performance. Phase III will encompass future work related to in-service
hygrothermal, static, and dynamic monitoring.
In Phase II, sensor installation could not be completed by the research team due to
construction limitations and was undergone by construction personnel or sensor companies. The
research team and sensor suppliers provided training for construction personnel. Additionally, sensor
installations were inspected by the research team or sensor suppliers. As part of this step, data were
validated using handheld moisture monitoring readings near moisture content sensors, comparison of
temperature and relative humidity to gauges owned and operated by the contractor, and comparison of
data to other projects to ensure data were comparable to one another. Additionally, sensors avoided
installation near electrical equipment if possible. If electrical equipment was near sensors, the date of
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commissioning this location was noted and compared to sensor data to determine if electrical
interference was reflected in data. Furthermore, the construction schedule was overlaid against data to
determine if any milestones affected data, such as shoring removal creating artificial drops in string
potentiometer data. Moisture meters were coated with silicon to avoid moisture, condensation, and
corrosion of metal components. Thermistors were internally embedded in timber elements for
corrections to moisture meters and were critically considered in determining which temperature
sensors to correct sensors components with. Lastly, load cells were attempted to bear properly on the
steel plates, but issues were experienced. The recommended practice is to include a steel washer plate
above the load cell to evenly distribute the load from the hex nut to the load cell and to center donut
load cells adequately. In this case, construction detailing did not provide adequate room for plates atop
the load cells, and thus this detail should be considered in the design of monitored post-tensioned (PT)
timber elements.
In terms of data transmission and storage, data from three different suppliers were to be
considered in the case of the Peavy Hall. During construction, the data transmission process was a
temporary solution due to limitations with permanent power and internet. Data were uploaded to
supplier databases or folders through a custom data acquisition system and exported to input into data
platforms. For in-service monitoring, a university server with virtually infinite storage capacity was
created such that all data could be organized, processed, and viewed in one location and passed down
from monitoring generation. Data from one supplier is to be transmitted through APIs, another through
collaboration with the sensor supplier, and in one case, the research team created custom programs to
move data to the central server. The supplier software programs are also to be installed on the server to
be able to use and apply these analyses in addition to any research-specific analysis. Furthermore, data
platforms created to perform data cleaning, visualization, and analysis are to be moved to the central
server and automatically pull data for analysis and notifications of building concerns, such as high
moisture levels or potential accelerated fatigue of structural members.

5.1.1.

Limitations

A limitation exists with the number of case studies available for mass-timber long-term and/or
construction building monitoring to learn from. Only a small sample of these monitored buildings are
topics of published research, many of which having specific goals related to the uniqueness of the
mass-timber building. Therefore, this study has only learned from published research and collaboration
with researchers who have worked on similar projects (Lanata 2019; Granello 2019; Tannert 2019;
Dietsch 2019).
Another major limitation of this study includes the lack of dynamic data during construction.
Due to construction sequencing, accelerometers were not installed until days before building opening
and, at the time of writing, require initialization of continuous data on the university server. These data
are critical to a comprehensive structural health monitoring (SHM) program. Although the
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methodological approach was designed to address the use of them and considers preprocessing and
organization of them, they could not be validated. Subsequently, these data are a vital piece in damage
detection, and algorithm implementation into the data platforms that cannot be completed until data is
gathered in-service.
Another limitation is the timeline of construction monitoring. Challenges during the
construction of the building prohibited much of the monitoring program in operation, even though it
was intended to start at the beginning of construction and follow through the complete construction
cycle. These data were to provide information related to wetting and exposure of mass-timber
elements, drying rates of mass-timber elements, wetting of timber from concrete pouring, shrinkage of
timber elements throughout their drying process, initial deformations in post-tensioned (PT) selfcentering timber shear walls, and changes to building dynamic performance as various structural and
non-structural components were added. Unfortunately, many of these data could not be gathered and
subsequently it was recommended in the methodological approach to require contractual agreements
for sensor installation phasing to ensure these are installed when desired by the monitoring team.
In addition, limitations existed with the integration of the monitoring design and the
architectural design. Most sensors were required to be concealed in false ceilings or behind drywall,
limiting monitoring to these locations and reducing exposed sensors for educational purposes. The
areas that were exposed needed to consider architectural design components and be designed around
them. This included string potentiometers monitoring the CLT-concrete composite floor displacements
along the full height of the building that could not be perfectly aligned from floor-to-floor. Instead,
adjustments to data and deflection calculations to validate need to be considered.
Additionally, the string potentiometers intended to monitor displacements of shear walls are
currently not triggered to collect data if an earthquake is to occur. This means that transient drifts and
rotations of the PT timber shear walls cannot be captured, which could provide incredibly valuable
data to the earthquake engineering field. If these were set up to trigger in a seismic event, the sensors
have a reading range of ±50mm (2in), which may be less than the transient drifts during an earthquake
regardless.
Similarly, the reading ranges of other sensors is also a limitation. The resistance-type moisture
meters are only capable of reading moisture levels between 9-30% moisture content. However, the inservice conditions suggest an equilibrium moisture content (EMC) around 7-8%, limiting the inservice monitoring capabilities. Additionally, these sensors require constant contact with clear wood,
meaning they must not be installed at wood inhomogeneities, and if internal checks occur, it could
cause the sensor to lose data collection capabilities. As wood is a variable material, it is difficult to
control these factors for the long-term. Moreover, the distribution of vertical and horizontal structural
loads is also inherently random and difficult to define but will affect the building performance inservice and during construction.
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Lastly, this study only validated the approach with one mass-timber building under construction,
yet much of the ambiguity becomes evident with the uniqueness of each structure. Notably, the subject
building is in Corvallis, Oregon, in the U.S. Pacific Northwest. This region experiences high
precipitation, affecting hygrothermal loads and potentially building stiffness when comparing with
other structures. It is necessary to implement this approach and validate it for multiple buildings before
generating universal guidelines. Furthermore, the approach must be adapted for and refined to
accommodate in-service monitoring.

5.2. Conclusions
Overall, the methodological approach assisted in reducing the ambiguity of mass-timber building
monitoring under construction. It defined a clear path with the steps required to meet the monitoring
needs and provided insight and transparency in terms of data processing and preliminary analysis that
can be simple and swift. This monitoring during construction led identification of concerns with
tension loss in post-tensioned (PT) shear walls and were mitigated, likely extending building servicelife and improving PT shear wall performance. Data were used by not only the monitoring team, but
building stakeholders as well, to document and investigate performance of the shear walls.
Additionally, overall construction performance was documented and published, along with
findings related to elastic and short-term tension loss in PT self-centering CLT shear walls, drying
rates of mass-timber elements, environmental loads and cycles experienced during construction,
displacements of CLT panels, and others were recorded. Correlations with construction scheduling and
techniques with building behavior can be extracted, some of which were presented in previous
chapters. With these useful and meaningful data collected, the approach was confirmed for use in
additional research related to monitoring mass-timber buildings during construction.

5.3. Recommendations and proposed future work
A need exists to systematically document mass-timber building construction and in-service
performance in a standardized and comparable way. It is recommended that additional monitoring
programs use the proposed methodology for further validation and refinements, lessons learned, and
documentation of findings. As researchers work collaboratively and learn from one another’s examples
to create much-needed data, architectural and engineering design can become less ambiguous for masstimber products. The more consistent, quality, and easily accessible data that the research community
has, the more effectively and efficiently this can be done to drive the industry forward. Future work to
better initialize this is the development of a more standardized and user-friendly data platform that
requires minimal or no input from the user. Ideally, this would be an opensource software developed
for monitoring of timber structures, where users can upload or reference their data, input building
parameters, and the software preprocesses, visualizes, and analyses data for them. This software could
house all uploaded and referenced timber SHM data to easily compare among various projects with
exactly the same processing procedures. The current platforms can serve as a guide, and collaboration
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with computer scientists and big data experts can assist in creating something to facilitate ease of data
use and reuse.
Additionally, future work requires modifications to the methodological approach and data
platforms for in-service monitoring. This includes the addition of dynamic data into the data platforms
and subsequent analysis, final implementation of the automated processing methods, and
implementation of a long-term plan for sharing data and presenting documented results. This also
requires the commissioning of the permanent data transmission step.
Lastly, these data generated from SHM programs can be used to validate various models
proposed for mass-timber buildings. Work is ongoing to validate design approaches for tension loss in
PT self-centering timber shear walls using the in-situ data provided from George Peavy Forest Science
Complex and creep behavior of axially loaded PT timber shear walls. Moisture data may be used to
quantify effects of various site conditions, such as wall assemblies or sun exposure, on drying rates of
mass-timber components, to validate proposed moisture diffusion models, or to determine best
practices for moisture protection during construction. Heat flux data may be used to validate heat
transfer of CLT walls and propose and update various numerical models. Dynamic data can be used to
investigate the modal properties of irregularly shaped mass-timber buildings and compared with
similar structures. Furthermore, changes in dynamic properties (stiffness) because of precipitation can
be investigated in addition to any changes caused by tension loss in PT timber shear walls. As models
are better refined with in-situ data, a digital twin and similar representations using the Industry
Foundation Classes (IFC) to compile building information models (BIM), finite element models
(FEMs), and SHM building data can be generated to visually depict structural building behavior, and
predict building service-life.
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A. APPENDIX A – PRELIMARY TESTING OF DATA PROCESSING
METHODOLOGIES TO DETERMINE VALIDITY OF WAVELET
PACKET ANALYSIS FOR MULTIPLE SENSORS
A.1 Introduction
A wavelet packet analysis is a signal processing technique which started development in the 1980s and
has been used to denoise and clean both sensor signals and digital images (La Cour-Harbo and Jensen
2001). A wavelet transform is like a Fourier transform in that a signal is decomposed, a filter is
applied, and then the signal is reconstructed to create a cleaned data set. However, unlike Fourier
transforms that are in the frequency-domain, wavelets decompose signals in the time-frequency
domain. Wavelet packet analysis has shown to outperform Fourier transforms in terms of denoising
signals (La Cour-Harbo and Jensen 2001). Although wavelet packet analysis has been used in the civil
engineering field for denoising acceleration data, for example in Pan et al. (2019), they have yet to
reach processing for other structural health monitoring (SHM) sensors, such as potentiometers and
wood moisture meters.
It is hypothesized in this test that wavelet packet analysis can be used for the signal processing of
various sensors used in SHM projects and will perform similarly or better than current state-of-the-art
processes (moving averages, correction for the environment). This is because the wavelet packet
analysis may assist in removing additional noise not only attributed to seasonal fluctuations but
frequency fluctuations as it is capable of thresholding data that does not align with frequencies not
addressed in traditional processing methods for SHM data. If true, this could simplify long-term
processing procedures by application of a “one-and-done” processing method without complex
considerations for various sensors and allow for consistent comparison among projects. Furthermore,
wavelet packet analysis can be used to simplify anomaly detection in sensors when it comes to realtime damage detection or service-life maintenance as statistics are incorporated into coefficient
generation (Pan et al. 2019).

A.2 Materials and methods
To complete this test, randomly selected resistance-type wood moisture content sensors, string
potentiometers monitoring vertical and horizontal movements of axially loaded cross-laminated timber
(CLT) panels, and load cells monitoring tension in post-tensioned (PT) steel from the George Peavy
Forest Science Complex, a mass-timber building at Oregon State University (Baas et al. 2019) were
analyzed. These data were processed in various ways and statistically compared to one another to
determine if processing methodologies significantly varied. Seven data sets from resistance-type
moisture meters and load cells were randomly selected using a random number generator consisting of
serial numbers of all installed sensors of those types. At the time of testing, only five string
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potentiometers were actively collecting data and therefore the population of all five was used. Data
from all sensors were processed using simple moving averages calculated as
𝑀𝐴 =

𝐴1 + 𝐴2 + ⋯ + 𝐴𝑛
,
𝑛

(A-1)

where 𝐴 was the average of subscript period, and 𝑛 was the number of periods. The period used was 12
hours for all data sets. The data sets were all processed using wavelet packet analysis as well. To
analyze the data using wavelet packet analysis, the following general steps were applied:
•

Determine the order of decomposition using standardized code,

•

Decompose the signal using the discrete wavelet transform for all orders of Debauncies and
Symlet mother wavelets,

•

Apply a multi-level threshold to filter coefficients from decomposition (Golroudbari 2013),

•

Reconstruct the signal with modified coefficients,

•

Calculate the 𝑙 𝑃 -norm cost function to compare entropy,

•

Select the optimal reconstructed wavelet based on minimum entropy from cost function.

A sensitivity analysis for 4,400 combinations of mother wavelets, thresholding types, and orders was
conducted and found that sensitivity of mother wavelet selection fell between 0-33%, indicating that an
appropriate method for selection of optimal wavelet is necessary. To use with real-time analysis of
structural health monitoring (SHM) data, it is necessary to have this selection done automatically and
therefore be implemented into the analysis. Thus, a looped and standardized opensource code was
developed, available in a data repository1, in the data platform of “Zone 2 – Bathroom Ceiling” (Riggio
et al. 2020).
Furthermore, the string potentiometer data were corrected for environmental effects using a
linear relationship between temperature change and displacement, calculated as
∆𝑙 = 𝑙𝑜 𝛼 𝑇 ∆𝑇

(A-2)

where ∆𝑙 was the estimated change in length, 𝑙𝑜 was the initial length, 𝛼 𝑇 was the thermal expansion
coefficient assumed to be 12𝑥10−6 /℃ for steel, and ∆𝑇 was the measured change in temperature.
The total displacement measurement was also adjusted to account for free hygro- and thermalexpansion to isolate the phenomena of interest. Using the same relationship with a thermal expansion
coefficient of 6𝑥10−6 /℃ for CLT, the thermal effects of the panel could be adjusted for. Furthermore,
to adjust for the hygroexpansion of wood, a similar relationship can be used related to the change in
moisture content
∆𝑙𝑀𝐶 = 𝛼𝑢 𝑙𝑜 ∆𝑀𝐶

1

https://osf.io/jdz6y/

(A-3)
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where 𝛼𝑢 was the dilation coefficient of CLT, 𝑙𝑜 was the initial length of the measured wood, and
∆𝑀𝐶 was the change in moisture content. The dilation coefficient was assumed to be 0.00625, the
typical value for laminated-veneer lumber (LVL) (Granello et al. 2018). Although all measurements
are related to CLT, the value for LVL was used because values for CLT are currently a topic of
research. To adjust for force in the PT steel, the linear expansion coefficient was assumed to be
12𝑥10−6 /℃ (Gräfe, Dietsch, and Winter 2018), similar to the string potentiometer correction. Using
the same linear relationships, the force fluctuations in the load cells could also be adjusted for
temperature and moisture content change, calculated for temperature as
∆𝐹𝑇𝑀𝑃 = 𝛼 𝑇 𝐴𝐸∆𝑇

(A-4)

where 𝛼 𝑇 was the was the linear expansion coefficient of steel, 𝐴 was the cross-sectional area of the
steel bar, 𝐸 was the modulus of elasticity of steel, and ∆𝑇 was the change in temperature. For moisture
content, the change in force was calculated as
∆𝐹𝑀𝐶 = 𝛼𝑢 𝐴𝐸∆𝑀𝐶
with variables consistent with those previously mentioned.
After cleaning, statistical analysis was completed on modified data sets to the original data
sets to compare processing methods. To do this, statistical t-tests were conducted between the modified
data sets with the raw data sets and the differences between p-values was used to compare
methodologies. The null hypotheses on all tests was that there was no significant difference between
data sets. The p-value threshold is 0.05, meaning that any p-value above 0.05 will not reject the null
hypothesis and any value below will reject the null hypothesis. For example, a p-value of 0.6 would
indicate there is enough evidence to suggest the data sets are not significantly different.

A.3 Results and discussion
A.3.1 Moisture content comparison of methods
As previously mentioned, seven resistance-type wood moisture meters were randomly selected to
process and investigate effectiveness of wavelet packet analysis against traditional processing
methodologies. In all cases, analysis was able to be performed despite signal issues including effects of
electrical interference, poor contact with wood, gaps in data, or other unknown concerns prior to sensor
validation. Both processing methods smoothed data and removed localized effects of the signal
corresponding to hourly fluctuations attributed to temperature changes. The moving averages
performed better at reducing sharpness of spikes that are known to be erroneous as they contradict
fundamental properties of moisture transport (Shmulsky and Jones 2011). However, this may be
compensated with a more aggressive threshold in the wavelet packet analysis. Additionally, wavelet
packet analysis appeared to perform better in removal of rapid fluctuations in data that are assumed to
be erroneous due to poor wired connections, better identifying major trends in data. Otherwise, the
signal shapes are similar among both methodologies, as shown in Figure A.1. Note that the x- and yaxes are different in each subplot.
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In terms of statistical differences, the p-value between the differences among all three data
sets (raw, moving average, wavelet) for each sensor was above 0.05, ranging from 0.86-0.99. This
indicates that there are no significant differences between the processed data sets. In three of the seven
cases, however, there was a significant difference between the differences calculated between the
raw/moving average data and raw/wavelet analysis data. This suggests that although both analyses may
similarly process data, there may be differences among how the two processing methods achieve these
aims. Overall, it appears that the wavelet packet analysis may be a valid alternative to moving averages
for data processing.
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Figure A.1: Various processing methodologies for wood moisture content data.
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A.3.2 Displacement comparison of methods
Five data streams from string potentiometers on a CLT shear wall were processed using moving
averages, environmental corrections, and wavelet packet analysis. The environmental corrections for
moisture content were not considered in analysis as they appeared to overestimate realistic values,
which may be due to limited available data. Like the moisture content data, the data sets for moving
averages and wavelet packet analysis follow similar curves as shown in Figure A.2. Overall, there was
no significant difference found between data processed through moving averages, environmental
conditions, or wavelet packet analysis from t-tests, with p-values ranging from 0.64-0.99. Overall, the
wavelet packet analysis may be capable of separating and isolating the corrected effects with less
subjectivity or user-input.

Figure A.2: Various processing methodologies for wood displacement data.
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A.3.3 Tension loss comparison of methods
Seven data sets from randomly selected monitored steel rods were selected to test the differences
between correction for thermal expansion of steel, moving averages, and wavelet packet analysis
processing methodologies. The analysis of the tension loss data using various methods brought into
light some long-term processing issues that may be encountered including large gaps in data that
require special attention to how moving averages are calculated to avoid shifting data sets.
Furthermore, as wavelet packet analysis requires no gaps in data, interpolation between missing data
must be considered carefully for large gaps to avoid falsely representing reality. Furthermore, like the
string potentiometer data, not all data environmental conditions necessary to correct for these
conditions are always available because of these gaps. These limitations combined with the
subjectivity of the areas affected by thermal expansion and reactivity to moisture changes make
alternative methods enticing to isolate the effects of creep of axially loaded timber.
Overall, wavelet packet analysis performed well for removing localized movements in data to
identify major trends, a valuable concept when identifying loss over a period. Moving averages
performed well in this regard but did not remove all localized phenomena. Corrections for
environmental effects created more localized spikes, which may be due to the limited environmental
data and issues associated with them. The data sets were not significantly different, with p-values
between 0.92-0.99. This suggests that wavelet packet analysis may be a viable option for processing
load cell data.
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Figure A.3: Various processing methodologies for tension data.
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A.4 Conclusions and future work
This preliminary study compared processing methodologies for structural health monitoring (SHM)
data from a mass-timber building under construction at Oregon State University. Seven randomly
selected resistance-type wood moisture meters and load cells, and five randomly selected string
potentiometers were processed using moving averages, wavelet packet analysis, and corrections for
environmental effects where applicable. The study found that wavelet packet analysis performs well at
removing localized fluctuations and may be a good option for data processing to identify major trends.
All data sets from each sensor showed no significant difference after performing a statistical t-tests,
suggesting that wavelet packet analysis is a viable option for denoising SHM data as it does not vary
significantly to currently accepted methods. This may be beneficial to the field as it can be used as a
standardized processing method for all types of sensors, making analysis more consistent.
Furthermore, processing with different methods identified issues that may occur in long-term data
processing, including how to deal with gaps in data, avoiding shifting data or changing the time period,
and interpolating between gaps in data for use of wavelet packet analysis that must be addressed when
initializing long-term processing. Future work will include implementation of wavelet packet analysis
on SHM data in-service and comparing with traditional processing throughout the monitoring period.
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