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EFFECTS OF MOISTURE INTRUSION ON THE PERFORMANCE
OF A CROSS-LAMINATED TIMBER (CLT) WALL-TO-FLOOR
BRACKET CONNECTION
1
1.1

GENERAL INTRODUCTION
Background

Wood has been extensively used for the construction of residential and low-rise
commercial buildings. Concrete and steel are the primary structural materials used for the
construction of mid-rise as well as high-rise buildings and other specialty construction.
However, the introduction of mass timber has radically increased the potential for usage of
timber in mid-rise as well as high-rise buildings (Podesto 2011). The term “Mass Timber”
is associated with the group of engineered wood products manufactured to take advantage
of wood’s inherent properties and engineering approaches such as lamination. Most of the
mass timber products such as cross-laminated timber (CLT), nail laminated timber (NLT),
dowel laminated timber (DLT), and mass plywood panel (MPP) are panelized products.
CLT is composed of an odd number of layers (usually three, five, or seven layers), each
made of boards placed side-by-side, which are glued orthogonal to each other, and provides
resistance to loads in- and out-of-plane. The odd number of layers makes the layup
symmetrical, which supports its dimensional stability. Since wood is a renewable material,
mass timber construction is considered as a sustainable alternative to conventional concrete
and steel construction (Ritter et al. 2011).
CLT was developed in Europe in the early 1990s (Guttmann et al. 2008) at the Graz
University of Technology, where three intensive long-term research programs have been
conducted regarding CLT. At the same university, Gerhard Schickhofer published his
thesis on rigid and flexible laminated composite structures with a focus on CLT in 1994
(Schickhofer et al. 1994). The first state of the art CLT residential building was realized by
Moser (1995). Further research regarding CLT led to its acceptance as a structural building
material in Austrian Building Codes (Gigler 2019). Furthermore, manufacturing units were
established, particularly in central Europe (Germany, Austria, and Switzerland) as a result
of years of intensive research and development.
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Moreover, initial efforts for standardization of CLT started in 2008 in Europe. Over the
years, CLT helped timber to recapture the market by showcasing double-digit growth rates
(Crespell and Gagnon 2011), which also led to spread the applications of CLT across other
markets such as North America, Australia, and Asia. CLT was introduced in the North
American construction market in the last decade. However, it managed to capture
widespread attention amongst architects, engineers, developers, builders, and community
leaders considering its potential to disrupt the building construction industry in terms of
sustainability, construction speed, efficiency, and structural resiliency (Schwarzmann et al.
2018; Albee 2019; Muszynski et al. 2020)
Favorable mechanical, environmental, and construction advantages make CLT an ideal
choice as a building material for floor or roof diaphragms, interior and exterior walls
owing. Moreover, CLT showcases good fire performance, and also it’s a uniform rate of
charring makes it easier for fire design considerations (Klippel et al. 2014). Moreover, three
new mass timber construction types are included in the 2021 International Building Code,
which will enable CLT buildings up to 18 stories with appropriate fire protection.
Reduction of carbon emissions is achieved over the life-cycle of the building incorporating
CLT over conventional building materials such as steel and concrete (Schlamadinger et al.
1996; Winjum et al. 1998; Durlinger et al. 2013; Puettmann et al. 2019). Overall, mass
timber construction can act as carbon sinks (Salazar and Meil 2009; Wang et al. 2014),
which can be highly beneficial in fighting climate change problems. The prefabricated
nature of CLT can help improve the efficiency of the construction process, which may
further result in the saving of time, cost of construction (Mallo et al. 2014). In addition,
CLT also offers exciting possibilities for affordable housing through modular construction
since CLT panels can be customized as per specific requirements.
1.2

CLT Shear Walls and Connections

The high strength-to-weight ratio of CLT provides it as a significant advantage over other
building materials for structures in the locations with seismic-prone activities (Izzi et al.
2018) because it reduces the total weight of the buildings. The seismic performance of
timber structures is well studied over several research projects involving full-scale
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structural testings (Lindt et al. 2010a, b, Tomasi et al. 2015a, 2015b; Casagrande et al.
2016). Recently, the focus shifted to CLT structural systems owing to their potential use in
mid-rise or tall timber buildings (Bradner et al. 2016) because the CLT panels provide
high in-plane stiffness compared to light-frame wooden walls (Pei et al. 2014).
Furthermore, full-scale testing of CLT shear wall suggests that they behave as rigid bodies
(Hristovski et al. 2013, 2018; Ganey et al. 2017; Blomgren et al. 2019; Wilson et al. 2019;
Chen and Popovski 2020a), while ductility and energy dissipation is provided by the
connection systems (Kramer et al. 2016; Massari et al. 2017; Chen et al. 2020; Chen and
Popovski 2020b; Fitzgerald et al. 2020a, 2020b, 2020c). In addition, several full-scale
structural systems incorporating CLT shear wall were tested (Popovski et al. 2012; Ceccotti
et al., 2013; Pei et al. 2019; van de Lindt et al. 2019) to support the incorporation of CLT
seismic force-resisting system (SFRS) in building codes. The results of these shear wall
studies also highlight the possibility of seismically resilient structural systems using CLT.
Since CLT shear wall provides significantly less ductility on their own, the performance of
connection plays a crucial role in CLT SFRS (Pei et al. 2016). Connections in CLT SFRS
can be grouped into two categories, the angle brackets and hold-downs to prevent rocking
and sliding movement of the walls; the group refers to the connection used to limit the
sliding movement between the walls. In North America, the performance CLT walls with
bracket type connectors were initially investigated by Popovski et al. (2010). Hysteretic
behavior of the bracket type connector was the focus of several studies (e.g., Shen et al.
2013; Igor et al. 2013; Mohammad et al. 2013, 2017; Mahdavifar et al. 2019). Recently, a
large group of researchers has been collaborating to develop the seismic performance
factors for CLT SFRS using FEMA P-695 (2009) methodology (Amini et al. 2018). As
part of this research effort, Amnini et al. (2018) developed a generic L-bracket connector
to set up the for the component level testing, which can be used by other researchers for
the development of bracket connections. Furthermore, this performance standard can be
used by engineers in the CLT shear wall design along with the seismic performance factors
obtained by the FEMA P-695 process. The elevated temperature effects on the performance
of this generic L-bracket developed were studied by Mahr et al. (2020a, 2020b), and an
initial investigation on biological degradation was performed by Sinha et al. (2020). In
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comparison, the same generic L-bracket connector is used for the research presented in this
thesis but with a slightly different configuration of the connection system.
1.3

Moisture Performance and Durability

Despite several advantages of CLT, moisture intrusion in CLT raises the potential risk of
biological decay owing to biological and hygroscopic properties of wood, leading to
questioning the long term durability of CLT structures as there is limited knowledge on
that subject (Cappellazi et al. 2020; Sinha et al. 2020). Furthermore, the surrounding
environment, defined by air temperature and relative humidity (RH), causes volumetric
changes in wood. In addition, the durability of construction material and structures gets
significantly affected by hygrothermal properties of the building material such as
transmission and storage of moisture, heat, and air (Kumaran et al. 2002). The
hygrothermal behavior of CLT does not just vary with wood species, but it can also be
different from solid sawn lumber. The cross lamination in CLT restricts the moistureinduced expansions along the in-plane direction of lamellas (Brander et al. 2013, Bengtsson
et al. 2001), which may result in checks, cracks, and shape distortions reducing its
serviceability (Gereke et al. 2009). Besides the volumetric changes in CLT, moisture
intrusion may also lead to changes in mechanical properties, such as load-carrying
capacity, modulus of elasticity (MOE), shear modulus, etc. Furthermore, studies conducted
by Gülzow et al. (2010), focusing on the effect of moisture on MOE and shear modulus of
CLT, suggest that both parameters exhibited decrease with an increase of moisture content
(MC). In addition, results in Gülzow et al. (2010) and Nairn (2019) showed that cracks,
such as those due to drying, significantly degraded the bending stiffness of CLT
perpendicular to the grain direction of outer lamellas, which may impact the performance
of the connection. On the other hand, the withdrawal capacity of the self-tapping screws
showcased a degradation with an increasing MC of CLT in the range of 12% to 18% (Silva
et al. 2016). Similarly, The structural properties of CLT may exhibit degradation due to the
potential growth of fungi and insects caused by the intrusion of moisture (Wang et al. 2018;
Cappellazzi et al. 2020). Understanding the impacts of moisture intrusion in CLT, moisture
management during and after the construction of the building may also affect the durability
of CLT (Schmidt et al. 2019).
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Thus, the recommended moisture content (MC) of wood in construction should not exceed
20% in Europe (TRADA 2009). Similarly, dry service conditions for CLT in North
America corresponds to MC lesser than 16% recommended by the National Design
Specification (NDS) for Wood Construction (American Wood Council 2018), as well
as North American Standard for Performance Rated CLT (PRG 320) (APA 2019).
However, it is challenging to avoid moisture exposure of CLT members due to rain and
relative humidity changes during construction altogether. In addition, moisture exposure
can be caused due to several other reasons such as failure of the building envelope, roof
leakages, or plumbing failures, and occurring natural floods. Nonetheless, the
hygrothermal performance of CLT walls is well studied (McClung et al. 2014; Wang et al.
2016; Kordziel 2017; Lepage et al. 2017; Schimdt et al. 2018). These studies suggest that
CLT panels subjected to wetting can return to safe moisture content after a couple of weeks
of drying, while also highlighting the potential of trapped moisture for longer depending
upon the building envelope conditions. Despite the significance of moisture effects on
CLT, limited knowledge is available compared to other topics, such as effects of moisture
cycling on the seismic performance of the structure. Moreover, understanding the
importance of connections in the CLT structural system, the impact of moisture intrusion
on CLT connections merits further study. The research presented in this thesis intends to
provide a better understanding of the moisture performance and durability of CLT
structures by investigating the effects of moisture intrusion on the performance of the CLT
wall to diaphragm L-bracket connection, which serves a vital role in CLT shear wall
systems.
1.4

Research Objectives
This study is intended to investigate the effects of moisture intrusion on CLT wall-tofloor generic L-bracket connection. The specific objectives of the research are to:
1) Evaluate the performance of CLT wall-to-floor generic L-bracket connection
subjected to wetting and drying induced by flooding of the entire connection.
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2) Evaluate the performance of CLT wall-to-floor generic L-bracket connection
subjected to wetting and drying induced by simulated rain increased relative
humidity exposure of the connection.
3) Compare the performance of connection across exposure conditions (wet versus
control, re-dried versus. control) in both exposure types (flood, rain with increased
relative humidity).
4) Compare the performance of the connection between the duration of exposure in
the same species of CLT.
5) Compare the performance of the connection across the species of CLT.
6) Develop engineering models approximating force-displacement response of the
connection subjected to moisture exposure conditions (flood, rain with increased
relative humidity).
7) Identify and summarize the trends observed in engineering models of the
connection subjected to moisture exposure conditions (flood, rain with increased
relative humidity).
1.5

Thesis Organization

To address the objectives listed above, a detailed experimental study of 262 specimens,
which was followed by data analysis performed in two separate phases according to the
type of moisture exposure, thus resulting in two manuscripts. The organization of this thesis
is as follows:
1) Chapter 1 presents the general introduction to the topics researched in this thesis,
and includes the main research objectives, and describes the organization of the
thesis.
2) Chapter 2, which corresponds to the first manuscript, titled “Effect of Wetting and
Re-drying on Performance of Cross Laminated Timber Wall to Diaphragm Bracket
connection,” focuses on the first objective by reporting the connection performance
in terms of peak force, stiffness, energy dissipation capacity of connections
subjected to a cycle of wetting and drying for three different durations of flooding.
In addition, the performance parameters of the connection were compared between
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exposure conditions and species groups to address objectives three to five. Two
separate engineering models that were developed from experimental data of
connections subjected flooding to address objectives six and seven.
3) The second manuscript, titled “Effect of Simulated Rain on Performance of Cross
Laminated Timber Wall to Diaphragm Bracket connection” (Chapter 3), addresses
the second objective by reporting the performance of connections subjected to
wetting induced by simulated rain and increased relative humidity on maximum
load-carrying capacity, stiffness, and energy dissipation of the connection. A
comparison of the connection performance parameters provides a better
understanding of the moisture performance of the CLT L-bracket connection. Two
separate engineering models are developed from experimental data of connections
subjected to simulated rain to address the objectives six and seven. The general
trends in parameters and the accuracy of approximation of these two engineering
models are summarized for the different exposure groups. The parameters can be
used by engineers to assess the detailed performance of CLT structures
incorporating such connections subjected to moisture exposure.
4) Chapter 4 provides a concluding chapter in which the main findings are discussed,
and topics for future research are presented.
5) Lastly, an appendix is provided to include the essential supporting data, figures,
and tables, which are not included in the manuscripts in the interest of brevity.
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2
EFFECT OF WETTING AND RE-DRYING ON PERFORMANCE OF
CROSS-LAMINATED TIMBER ANGLE BRACKET CONNECTION
2.1

Abstract

Cross-laminated timber (CLT) is an engineered wood product offering several advantages
for wood utilization in mid-rise and tall buildings. However, moisture intrusion poses
significant risks since it can affect the durability of CLT structural members and their
connections. There has been much research on connection performance to understand their
seismic response. However, the impact of moisture on the performance of CLT connectors
is less understood. Cyclic tests were conducted on a series of CLT shear wall-to-diaphragm
L-bracket connections after subjecting them to a wetting and re-drying cycle. The study
includes three exposure durations and four wood species [Douglas-fir, Southern yellow
pine, Norway spruce, and Spruce Pine Fir] to investigate the effect of moisture exposure
on the connection performance. The performance was characterized in terms of strength,
stiffness, and energy dissipation. In addition, two engineering force-displacement models
were developed. Results indicate that the changes due to wetting and re-drying cycling
were not statistically significant for the load-carrying capacity and stiffness. In contrast, a
statistically significant decrease in the total energy dissipation capacity was observed.
2.2

Introduction

The growth of mass timber in recent years started a game-changing shift in the use of wood
in the construction sector of North America. Mass timber refers to a group of engineered
wood products that combines wood’s inherent mechanical properties and engineering
modifications. Cross-laminated timber (CLT), developed in Europe in the early 1990s, is a
panelized engineered wood product made using solid sawn lumber or structural composite
lumber glued to each other with alternate layers orthogonal to each other. The crosslamination of layers is intended to improve rigidity, stability, and mechanical properties
(Mallo and Espinoza 2015). CLT can be used as floor diaphragms, roofs, interior and
exterior walls.

9

CLT offers several interesting mechanical, environmental, and constructability benefits.
Mechanical properties of CLT, such as high strength to weight ratio, dimensional stability,
and fire performance has expanded the opportunity of usage of wood for mid-rise, and even
tall wood buildings (Fountain et al. 2012) make it an interesting structural engineering
material. The environmental benefits of CLT have been widely documented
(Schlamadinger et al. 1996; Winjum et al. 1998; Puettmann et al. 2019), while some
publications, such as John et al. (2009), suggested that CLT has a favorable environmental
performance compared to concrete mid-rise office buildings. With respect to benefits in
construction, the incorporation of CLT in mass timber building systems offers the
possibility of turning the buildings into “carbon sinks” (Salazar and Meil 2009; Wang et al.
2013). Apart from that, the prefabricated nature of CLT helps reduce the construction time
and the number of construction personnel (FPInnovations 2013).
The seismic performance of multi-story mass timber structures has been the focus of
several research projects (Filiatrault et al. 2010; Lindt et al. 2010; Tomasi et al. 2015;
Casagrande et al. 2016), with some full-scale tests of CLT wall or structural system tests
highlighting that walls perform essentially as rigid bodies, while the connections serve the
purpose of providing ductility and energy dissipation to the structural system (Popovski et
al. 2012; Ceccotti et al., 2013; Hristovski et al. 2013, 2018; Kramer et al. 2016; Massari et
al. 2017; Ganey et al. 2017; Blomgren et al. 2019; Pei et al. 2019; van de Lindt et al. 2019;
Wilson et al. 2019; Chen and Popovski 2020a; Chen and Popovski 2020b; Chen et al. 2020;
Fitzgerald et al. 2020a, 2020b). Thus, connections play a vital role in the seismic
performance of CLT shear walls since the CLT panels offer minimal ductility on their own
(Pei et al. 2016). Several of the experimental tests listed in the previous sentence were also
supported on the knowledge of testing of individual connectors between the CLT shear
walls and foundation or floor diaphragm, such as bracket connections. Tests available in
the literature include those conducted on proprietary bracket connections (e.g., Shen et al.
2013; Igor et al. 2013; Mohammad et al. 2013; Mahdavifar et al. 2016, 2019), while Amini
et al. (2018) developed generic bracket connections that can serve as performance
standards, based on the testing data, for other future proprietary connections that may be
developed. An example of a generic bracket connector developed in Amini et al. (2018)
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was used by Mahr et al. (2020a, 2020b) to understand the effect of elevated temperature
on the performance of the connections and also to characterize a method to quantify the
fungi induced degradation in the connection (Sinha et al. 2020). Several other connection
types have been investigated, such as toe screwing with self-tapping screws (Fitzgerald et
al. 2020a, 2020b) and specialty connections like slip friction connection (Fitzgerald et al.
2020c).
Just as in other construction materials, the long-term durability of CLT buildings needs to
be ensured, and there is very limited data on the topic, as the first few buildings that were
constructed in the US were completed during the past decade. Wood exposed to moisture
is more susceptible to decay (Zabel and Morrell 2012). Baker (1969), Scheffer (1973),
Carll and Highley (1999), and Morrell (2002) all agree that for fungi to establish and
colonize, they need wood moisture content to be above the fiber saturation point. However,
once they colonize, they can thrive and grow at lower (as low as 20%) moisture contents.
Thus, CLT being a biological hygroscopic material, is susceptible to degradation when
exposed to a multitude of environmental factors, consequently raising questions on its
durability (Cappellazzi et al. 2020; Sinha et al. 2020). Moreover, moisture intrusion in CLT
leads to the potential growth of fungi and insects that reduce the structural properties of
CLT (Wang et al. 2018; Cappellazzi et al. 2020). Thus, the moisture content of wood in
construction should not exceed 20% (TRADA 2009; Baker 1969). Nonetheless, extreme
events such as those related to flooding occurring from naturally occurring events,
plumbing failures, or roof leakages, cause structural members to be exposed to high
moisture content for prolonged durations. The instances of severe flood and hurricane
hazards occurred in the United States, and damages to residential timber construction are
well documented (Tobin et al. 1994; Chew et al. 2006; van de Lindt et al. 2020).
The biological decay in wood-frame shear walls has been seen to increase the potential for
degradation in terms of strength and displacement capacity of shear wall connections (Kim
et al. 2006). The precursor to biological degradation is increased moisture (Sinha et al.
2020), which can also be detrimental to the mechanical properties of the wood-based
structural composite. Long-term exposure to wooden I-joist, for example, showed
significant degradation of properties due to increased moisture uptake (Way et al. 2020a).
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Similarly, moisture degradation caused by accelerated weathering of wood-frame shear
walls leads to a statistically significant decrease in yield load, shear capacity, and energy
dissipation (Way et al. 2020b). Moreover, slight amounts of wetting of wood shear walls
did not degrade the performance of shear walls (King et al. 2015) and also suggested the
prolonged wetting degrades the capacity of the connections leading to an alteration in the
designed performance of the wood shear wall system.
Even though the effect of high moisture content and biological decay has been well
documented in sawn and glulam timber members, the behavior of CLT panels under
increased moisture content is different from solid wood and compounded by the fact that
they are cross laminated (Schimdt et al. 2019). It is expected that the impact on connections
may also be worthy of further research, especially since drying of CLT leads to checks and
shrinkage cracks, which can decrease the bending stiffness of the CLT panel in the grain
direction of middle lamella (Gülzow et al. 2010) and also impact the connection capacity,
although there is limited research on the topic. For example, Silva et al. (2016) showed a
decrease in withdrawal resistance for self-tapping screws with an increase in the moisture
content of CLT from 12% to 18%.
Based on existing knowledge, the main objective of this study is to investigate the impact
of moisture cycling on the strength, stiffness, deformation capacity, and energy dissipation
capacity of a generic L-bracket connector designed specifically for mass timber
construction. The generic L-bracket connector had been previously tested in Amini et al.
(2018) and Mahr et al. (2020a, 2020b) for seismic and thermal effects, respectively. Since
the hygroscopic behavior of wood varies with wood species, this study includes CLT
manufactured using four wood species (Douglas-fir, Southern yellow pine, Spruce pine fir,
Norway spruce). The performance of the bracket connection is evaluated through cyclic
testing of (1) control reference connections that were tested under ambient conditions and
not exposed to any weathering effects, (2) connections subjected to three different levels
of exposure in terms of duration of wetting (soaking), and (3) connections that were dried
after having been subjected to the three different exposures. The response of the control,
wet, and dried connections was characterized in terms of strength, stiffness, and energy
dissipation. Results obtained in the cyclic testing are compared between different exposure
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and species groups to understand the effect of moisture exposure duration and species of
CLT. In addition, the laboratory test data was used to develop the parameters for two
engineering models that can be used to define design parameters or performance detailed
performance assessment of engineered structures that include such connectors.
2.3

Materials and Methods

2.3.1

Specimens

The connection specimens were fabricated out of three-ply ANSI PRG320 compliant CLT
(APA 2018). Four species were used to fabricate four CLT connection groups. The species
used were Douglas-fir (Pseudotsuga menziesii), Southern yellow pine (Pinus taeda), and
Spruce pine fir (Picea Pinus Abies), Norway spruce (Picea abies), as listed in Table 2.1.
All specimens used 3-ply CLT.
Table 2.1: Specifications of CLT material used for this study.
Species

Acronym

Manufacturers

Thickness
(mm)

Moisture
Content (%)

Grade

Douglas fir

DFL

D R Johnson
Lumber Co.,
Oregon, USA

105

10.6

V1

Norway
spruce

NSP

KLH Massivholz
GmbH, Austria

104

9.7

CV3M1

Spruce pine
fir

SPF

Structurlam, British
Columbia, Canada

105

10.5

V2

Southern
yellow pine

SYP

International Beams,
LLC., Alabama,
USA

105

12.1

V3

Douglas fir (DFL), Spruce pine fir (SPF), and Southern yellow pine (SYP) CLT were
received as strips of the lengths 3048 mm (10 feet), 2100 mm (7ft feet), 6000 m (20 feet),
respectively, with a cross-section of 203 mm (8 inches) x 105 mm (4.1 inches) crosssection. On the other hand, Norway spruce (NSP) CLT was received in panels of size 2502
mm (98.5 inches) x 2197 mm (86.5 inches) x 103.8 mm (4.0 inch). As tabulated in Table
2.1, the average as-received moisture content of the CLT, measured using RDM-3
resistance-type moisture meter (Delmhorst), for DFL, SYP, SPF, NSP was within the
acceptable range of 12 ± 3% specified by ANSI PRG 320 Standard (APA 2018).
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A total of 176 specimens were fabricated. The selection of wall and floor elements from a
species of CLT pieces was randomized from CLT panels and strips that were cut into pieces
of dimensions of 305 mm (12 inches) along the strong axis, i.e., along the direction of
fibers of outer lamellas, 203 mm (8 inches) along the weak axis, i.e., perpendicular to the
direction of fibers of outer lamellas. Each specimen consisted of a wall element piece and
floor element piece, as shown in Figure 2.1a, connected using two galvanized steel Lbracket connections, i.e., one connection on each face of the wall element. This L-bracket
(Figure 2.1b) was used in previous research by Amini et al. (2018) and Mahr et al. (2020a,
2020b). However, the geometry of the specimen used in the Amini et al. (2018) and Mahr
et al. (2020a, 2020b) included an unsymmetrical “L-shaped” CLT specimen, while the
setup used here is the symmetric “T-shaped” specimen, following recommendations in
Mahr et al. (2020b). The L-brackets were fabricated from 12-gauge ASTM A653 Grade 33
galvanized steel with a minimum yield strength of 227.5 MPa (ASTM 2009). The fasteners
used to secure the connection included two 15.9 mm diameter A307 Grade A (ASTM
2014b) hex bolts and eight, 8d common smooth shank nails with a shank length of 63.5
mm, a diameter of 3.33 mm, and Fby of 620 MPa.
As shown in Figure 2.1a, the bolts in the connection were used to anchor the L-bracket to
the floor element of the assembly to the experimental fixtures, while the smooth shank nails
fastened the L-bracket to the wall element. The connection was assembled so that the strong
axis of the wall piece was oriented vertically. The orientation of the floor element was
aligned with the wall piece to keep the same dowel-bearing loading direction for the nails
and bolts. Following the National Design Specification for Wood Construction (NDS)
(American Wood Council 2018), the bolt holes drilled into the floor piece were oversized
by 1.60 mm (1/16th in.) relative to the bolt diameter (American Wood Council 2018).
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105 mm
Floor Element

Wall
Element
305 mm

15.9 mm
A307A
hex bolt

Galvanized Steel
L-bracket
8d smooth shank nail

(a)

(b)
Figure 2.1: (a) Specimen components and assembly, (b) ASTM A653 Grade 33
galvanized steel L-bracket with dimensions in mm (adapted from Amini et al. 2018).
2.3.2

Flood Exposure and Specimen Groups

To simulate flooding conditions and replicate realistic but extreme possible scenarios, the
connections were completely submerged in the water in a tub, as shown in Figure 2.2, with
ballast applied on the top. The end grain and each side face of the wall and floor elements
of each specimen were not covered. The connections were submerged in water and
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organized into three exposure groups corresponding to three different durations of
exposure, which were 1-week, 2-week, and 4-week exposures (Table 2.2). The duration of
the exposures was chosen according to the data of flood levels and durations previously
occurring flood hazards in the United States (Tobin et al. 1994).
Table 2.2: Details of the distribution of specimens between exposure groups.
Exposure
duration
(weeks)
0
1
2
4

Wood
Species
(units)
4
4
4
4

No. of specimens for each wood species
Control
Testing in wet
Testing in recondition
dried condition
6
6
6
6
6
6
6

Total
24
48
48
48

Figure 2.2: Specimens soaked in water in a tub (All dimensions are in mm).
2.3.3

Cyclic Testing Experimental Setup and Procedures

The testing was conducted using a universal testing machine (UTM) with a hydraulic
actuator of 178 kN capacity, as shown in Figure 2.3, with the application of displacementbased loading protocol (Figure 2.4). For the ease of loading, the specimen was rotated 90
degrees with respect to the orientation it would be found in the field, and therefore, the
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actuator applied load in the vertical direction, which corresponds to loading applied in the
shear (lateral) direction of the wall element. The test setup was designed to restrain the
uplift and rotation of the floor element and only allow the vertical movement (horizontal
movement in actual buildings) of the wall element.
The entire specimen was placed on a steel resting block of height 127 mm to maintain
sufficient elevation from the UTM base to allow the max applied displacement of 47.63
mm, as shown in Figure 2.3a. A steel top fixing plate of dimensions 533 mm x 102 mm
with a thickness of 38 mm was fixed to the base using 17 mm diameter threaded rods,
which was used to restrain the vertical movement of the floor element. Simultaneously, the
rotation of the floor element was limited by clamping it using four 200 mm (8 inches) Cclamps to the back stiffener, which was fixed to the base of the UTM with bolts. The wall
element was held between the top plate and bottom plate using the threaded rods of
diameter 13 mm and nuts of the internal diameter 13 mm. The top plate was connected to
the actuator with a custom actuator head made using a 38 mm diameter threaded rod
fabricated with the top plate. To replicate the shear wall connection performance, the
rotation of the wall element was allowed. The wet specimens were removed from the
soaking water tub and kept outside for 15 minutes before testing to make sure all the surface
water is evaporated.
An Abbreviated Basic Loading History CUREE protocol (Krawinler et al. 2001) was used
for the cyclic shear testing with the maximum displacement of three times CUREE
reference displacement (3Δ), as shown in below. However, most of the specimens
sustained the displacements up to 2.5Δ. The reference CUREE displacement (Δ) was
calculated according to Krawinler et al. (2001) by performing monotonic tests on two
control specimens of each species. Later, a maximum Δ= 15.875 mm amongst all the
species of CLT specimens were chosen. The rate of loading was 7.2 seconds per cycle, up
to a maximum of 41 cycles. The load and displacement of the actuator were collected. An
additional linear variable differential transformer (LVDT) was not used needed to measure,
locally, the relative displacement between the wall and floor elements.
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Actuator

Top fixing plate

C-Clamps

Top plate

Wall piece

Floor piece
Bottom
plate

Back Stiffner
Gap – 127 mm

(a)

Resting block

(b)

Figure 2.3: Details of the test setup (a) view from the north side (b) view from the south
side.

Figure 2.4: Abbreviated Basic Loading History CUREE protocol for testing of the
connections.
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2.3.4

Moisture Content Measurement

After cyclic testing of each specimen, a slice of thickness approximately equal to 5 mm
was cut from the wall element of the specimen, as shown in Figure 2.5a. The slice was cut
approximately 30 mm above the top end of the L-bracket. The moisture content (MC) of
the slice was assumed to be the representative MC of the region around the connection. In
order to calculate the MC of the slice, it was weighed using a Voyager analytical balance,
as shown in Figure 2.5b, and later the slice was kept in an oven at 103 0C for 48 hours as
per the ASTM D4442 - 20 to reach the constant dry weight of the slice, i.e., the oven-dry
weight of the slice. The percentage MC of the slice was then determined using the
following equation:
𝑀𝐶 (%) =

𝐼𝑊 − 𝐷𝑊
× 100
𝐷𝑊

(1)

where, IW is the initial weight of the slice immediately after the cyclic testing, and DW is
the oven-dry weight of the slice.

Cut Section
(a)

(b)

Figure 2.5: (a) Location of the slice to be cut from the wall element of the specimen, (b)
Measuring the initial weight of the slice of the specimen.
2.3.5

Analysis and Modelling

In order to quantify the mechanical properties of the connection, such as peak strength,
stiffness, and energy dissipation capacity, the data obtained from the tests were extracted
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and analyzed. The primary data was gathered from the testing of each specimen with the
loading protocol. Then, the force-displacement data was derived in the form of a hysteresis
curve, as shown in Figure 2.6. Each hysteresis curve is used to develop a backbone curve,
as shown in Figure 2.6, which is the envelope curve of the hysteresis curve. The backbone
curve was obtained by plotting the peak force recorded at each primary cycle displacement
of the CUREE displacement protocol from the hysteresis data using a MATLAB script.
The backbone consists of two parts, i.e., part with positive forces, which is defined as a
positive direction backbone, and part with negative forces defined as a negative direction
backbone, as shown in Figure 2.7a.

Figure 2.6: Hysteresis and backbone curves obtained from force-displacement data.
The peak force of the specimen was calculated using the following equation:
𝑃𝑒𝑎𝑘 𝐹𝑜𝑟𝑐𝑒 =
where, F

and F

|𝐹

| + |𝐹
2

|

(2)

are the peak force in the positive direction and negative direction,

respectively.
Similarly, the displacement Δ corresponds to the peak force is given by:
𝛥

=

|𝐷

| + |𝐷
2

|

(3)
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where, D

and D

correspond to F

are the displacements obtained from the backbone curve and

and F

, respectively.

The stiffness of the connection of the specimen was calculated using the linear regression
over a specific part of the backbone curve. The part is chosen such that it can be
approximated with a linear segment, as shown in Figure 2.7a. Two different bounds were
used in determining the stiffness for each specimen, to derive the reference “initial”
stiffness and “small-displacement” stiffness. For the “initial” stiffness, the bounds of the
linear part were 25% to 40% of the Fmax for the positive direction of loading, and similarly
for the negative direction backbone. The reported initial stiffness of a specimen is the
average of the two calculated from positive direction and negative direction backbones.
Similarly, the “small-displacement” stiffness of a specimen was calculated as the average
of the small-displacement stiffness calculated from positive and negative direction
backbones, with bounds of 10% to 25% of the F

and F

for positive direction

backbone and negative direction backbone, respectively.
Energy dissipation capacity was obtained by the cumulative area of the loops of the
hysteresis curve. The cumulative area was calculated by the addition of the area enclosed
in each loop of the hysteresis curve in a cumulative manner.
2.3.5.1 Shifting of the backbone curve
The positive direction backbone curve was modified to remove the initial effects of the test
setup. The initial stiffness was used to make the necessary modifications in the positive
direction backbone curve. The slope S0 calculated from linear regression over the initial
stiffness region was used to define a line segment, which starts from the point representing
25% of the F

on the positive direction backbone curve and extends till it intercepts the

X-axis (X-intercept) with the slope S0, as shown in Figure 2.7b. The X-intercept of this new
segment represents an effective relative displacement of α. A modified positive direction
backbone curve is formed by replacing the region from zero force to 25% of F max of the
positive direction backbone curve by the newly defined line segment. Further, this
modified positive direction backbone is shifted on the X-axis so that the new positive
direction backbone curve starts from origin, i.e., the point where displacement and force
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are zero. To shift the modified positive direction backbone curve on the x-axis, the
displacement magnitude α is added or subtracted from the displacements of all the points
on the positive direction backbone curve, depending upon the sign of the X-intercept of the
modified positive direction backbone curve. The maximum force of the shifted backbone
curve and the respective displacement were denoted by Fm and Dm, respectively.
Furthermore, these shifted positive direction backbone curves are used to derive two
approximate models for establishing a force-displacement relationship based on specific
pre-defined parameters. For this study, the following two different modeling approaches
were used: ASCE 41-17 trilinear model and SAWS curvilinear backbone model as
described next.
2.3.5.2 ASCE 41-17 Trilinear model
This modeling approach is based on section 7.6 of ASCE 41-17, which provides guidelines
for alternative modeling parameters and acceptance criteria for structural elements or
components. This approach provides the guidelines to conduct the physical tests, where
relevant data on inelastic force-deformation behavior for a structural sub-assembly is not
available.
The parameters derived in this method are used in a complete structural system model for
the building being analyzed using ASCE 41-17. However, ASCE 41-17 does not provide
any specific procedure to determine these parameters. The positive direction backbone
curve is approximated with the trilinear curve consists of three linear segments, denoted as
elastic, post-yield plastic, and post-peak plastic. After that, the trilinear curve is adjusted to
obtain a total of seven (7) parameters that are used to define the ASCE 41-17 trilinear curve
as follows:
1. Initial stiffness – So
2. Yield force and yield deformation – Fy and Dy*, respectively
3. Maximum force and corresponding displacement – Fm and Dm*, respectively
4. Ultimate force and corresponding displacement – Fu and Du*, respectively
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The three (3) displacement parameters out of the above seven (7) were calculated as
follows:
𝐷∗ = 𝐷 − 0.05𝐷; 𝐷∗ = 𝐷 − 0.05𝐷; 𝐷∗ = 𝐷 − 0.05𝐷

(4)

where D is fastener root diameter, Dy, Dm, and Du represent pseudo-displacements
corresponding to yield force, maximum force, and ultimate force, respectively. The method
to obtain the So, Fm, and Dm is mentioned previously in the development of the backbone
models. Furthermore, the method to calculate Fy and Fu is described in the next paragraph.
Fy and Dy define the pseudo-yield point, i.e., the end of the elastic segment of the trilinear
curve. The yield force Fy is calculated using the 5% offset method provided in chapter 8 of
the Wood Handbook (Rammer 2010). According to the 5% offset method, the yield force
is defined by force at a point of intersection of shifted positive direction backbone curve
and the line with the slope equal to initial stiffness So and starting from an offset
displacement of 5% of the fastener root diameter, as shown in Figure 2.7c. The
displacement from the shifted positive direction backbone curve corresponding to the
obtained yield force is defined as pseudo-yield displacement, D y. The next part of the
trilinear curve, i.e., the post-yield plastic region, is the segment defined by two endpoints,
which are the pseudo-yield point and the peak of the shifted positive direction backbone
curve. The peak is associated with maximum force Fm and corresponding displacement,
Dm, which is also defined as pseudo-displacement at maximum force. The third part of the
trilinear curve is defined by a segment joining peak of the shifted positive direction
backbone and pseudo-failure point. The pseudo-failure point is defined by the ultimate
load, Fu, and pseudo-ultimate displacement, Du. As per ASTM E2126-19, the ultimate
load, Fu, is obtained from the point on the backbone curve with force greater than or equal
to 80% of the Fmax. The corresponding pseudo-ultimate displacement, D u, was obtained as
the displacement from the new positive direction backbone for the force F u. The last point
of the shifted positive direction backbone was used as a pseudo-failure point in cases where
the force did not drop enough to reach 80% of the Fm after the peak of the shifted positive
direction backbone curve. After this, the entire trilinear curve is shifted horizontally by the
displacement with the magnitude of 5% of the fastener root diameter. This adjusted trilinear
curve was used as the ASCE 41-17 trilinear model. The displacement parameters of ASCE
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41-17 trilinear model, i.e., yield displacement, D y*, displacement at maximum force, Dm*,
and Ultimate displacement, Du*, were obtained by subtracting the displacement with the
magnitude of 5% of the fastener root diameter from their respective pseudo displacements,
as per Equation 4. Finally, the average ASCE 41-17 backbone model was derived by taking
the average of each ASCE 41-17 parameter of six specimens corresponding to each
exposure group of all four species.
2.3.5.3 SAWS curvilinear model
The SAWS backbone model is based on five parameters of the SAWS hysteresis model,
which was developed by Folz and Filiatrault (2001). The complete SAWS model (Folz and
Filiatrault 2001) consists of a total of 10 parameters. However, the generic shape of the
backbone can be defined with only five parameters, which are S o, Fo, R1, R2, Dm, as shown
in Figure 2.7d. The part before the peak of the backbone curve is nonlinear in the SAWS
backbone model compared to the composite curve formed by two segments in the ASCE
41-17 model. The SAWS backbone model is defined by the following force function of
displacement, as follows:

𝐹(𝐷) =

(𝐹 + 𝑅 𝑆 𝐷) 1 − exp

−𝑆 𝐷
𝐹

𝐹 + 𝑅 𝑆 (𝐷 − 𝐷 ),

, 𝐷 ≤ 𝐷𝑚

(5)

𝐷 > 𝐷𝑚

The shifted positive direction backbone (see section 2.5.1) was used to define the SAWS
backbone model. The SAWS backbone model consists of two parts, which are pre-peak
nonlinear and post-peak linear.
An optimization procedure was implemented in MATLAB for determining the five
parameters of the SAWS models. A few parameters were defined based on the form of
Equation (5), which are:
𝑘 =

𝑆 𝐷
;
𝐹

Thus, from Eq. 5, F0 can be expressed as:

𝑘 =

1
1 − 𝑒𝑥𝑝(−𝑘 )

(6)
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𝐹 =

𝑆 𝐷
𝑘

(7)

One of the constraints on the SAWS backbone models is that it should pass through the
peak point of the new positive direction backbone, i.e., F(D m) = Fm. This constraint
condition, along with Equations (6) and (7) leads to the following equation:
𝑅 =

𝑘 𝐹 −𝐹
𝑆 𝐷

(8)

The following procedures were used to derive the optimized parameters:
1) The post-peak stiffness, i.e., R2So, is calculated by performing linear regression over
the post-peak part of the new positive direction backbone. The values of R 1 and K1
are dependent on Fo, So, and Dm, where So and Dm are obtained from a positive
direction backbone.
2) Fo was optimized by minimizing the energy difference between the SAWS
backbone and the new positive direction backbone. The range for optimization of
F0 was selected as 0.1Fm to Fm to make sure F0 is lesser than Fm. The energy was
defined area under the backbone curve calculated using numerical integration.
3) After that, the optimized values of K1 and K2 were calculated as per Equation (6).
In addition, another constraint is applied to select the optimized value of K 1, which
is the SAWS backbone curve should reach its maximum force value of F m for the
displacement of Dm. The constraint is applied using the criteria that the slope of the
backbone curve must be non-negative at the displacement of D m, which is given by
the following equation:
𝐹
𝑠
(𝑘 𝑘 − 𝑘 + 1) −
≥0
𝐷
𝑘𝑘

(9)

4) The optimized parameter of R1 was calculated using the optimized value of K2 and
F0 using Equation (8). The average SAWS backbone model was derived by taking
the average of each SAWS parameter of six specimens corresponding to each
exposure group for all four species.
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(a)

(b)

(c)

(d)

Figure 2.7: (a) Backbone curve parameters, (b) Shifted Positive direction backbone curve
along showcasing the necessary adjustment made to the positive direction backbone
curve, (c) ASCE 41-17 Trilinear model with its seven parameters, (d) SAWS backbone
model with its parameters So, Fo, R1, R2, Dm.
2.3.5.4 Statistical Comparison Methods
A one-way Analysis of Variance (ANOVA) was conducted to discern the differences
within the means of groups. Post-hoc comparisons were conducted through a two-sided ttest (alpha-priori 0.10) for any two specific groups. The outliers were identified data points
higher than Q3 + 1.5 IQR or lesser than Q1 -1.5IQR, where Q1 and Q3 are median of the
first and second half of the data arranged in ascending order, and IQR is inner quartile
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range, which is the difference of Q1 and Q3. The outliers were not considered for statistical
comparisons.
2.4

Results and Discussions

2.4.1

Moisture Content and Observed Visual Changes

Figure 2.8 shows the plot of moisture content concerning different durations of exposure
and species. Absorption of water varies across the species due to their anatomical features
such as diameter of tracheids, aspiration of pits. SYP absorbed water at a higher rate
compared to other species in one week of soaking because larger diameter tracheids
(Hoadley 1990), followed by a significant decrease in the rate absorption, which is
consistent with Zhang et al. (2011). On the other hand, DFL specimens absorbed the least
amount of moisture in one week because of aspirated pits (Meyer 2007) and showing a
relatively linear increase in moisture content. NSP and SPF also absorbed water in a
relatively linear manner throughout four weeks. However, the average moisture content for
SYP and NSP specimens of four-week exposure is approximately the same. In terms of
average moisture content, SPF had the least after four weeks of exposure. Another thing to
note is that all the species had higher moisture content than their respective fiber saturation
point after two weeks of exposure, where fiber saturation point is defined as “the moisture
content at which the cell walls are saturated, and the cell cavities are free from water”
(Forest Products Laboratory 1944). Finally, the moisture content of all the re-dried
specimens of DFL, NSP, SPF, SYP was in the range of 11% to 13%, 10% to 13%, 11% to
14%, and 11% to15%, respectively, which are within the acceptable range of 12 ± 3% as
indicated by the ANSI/APS PRG 320 (APA 2019). The volumetric expansion is related to
the rate of absorption of moisture, i.e., swelling of individual lamellas, which translates
into inducing different amounts of stresses in CLT panel across the species.
Different amount of volumetric expansion of lamellas was observed in the case of
specimens in wet conditions (Figure 2.9a), where the arrows represent the magnitude of
the elongation of wood fibers in that direction. This was expected since wood swells
substantially more in the tangential direction than the longitudinal direction, i.e., along the
length of the fiber (Stamm et al. 1935). The outer lamellas did not deform uniformly in
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the tangential direction because one of their faces is restrained to the middle lamella using
adhesives. Adding to that, cross lamination induces stresses because of the different
direction of the volumetric expansion of individual lamellas. In the case of re-dried
specimens, these inter-laminar stresses caused checking, as shown in Figure 2.9c , which
was observed across all species.

Figure 2.8: Moisture content of all four species of CLT specimens with respect to the duration of
wetting.
Mold growth was observed on all specimens across all four species and all exposures, as
shown in Figure 2.9b. However, mold is not considered a structural hazard and does not
contribute to any structural degradation (Robbins et al. 2018). Besides, the rusting of bolts
was observed, as shown in Figure 2.9d, but it is expected this had a negligible, if any, the
effect on the performance of the connection.
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(a)

(b)

(c)

(d)

Figure 2.9: (a) Volumetric expansion of different lamellas of DFL CLT, (b) Growth of
mold on SPF CLT, (c) Checking on SPF wall element, (d) Rusting of bolts.
2.4.2

Peak Force

The average peak force for each group of specimens for all exposure combinations is
tabulated in Table 2.3. There was no degradation in terms of the peak force of re-dried
specimens compared to control specimens, with some exception within the SPF species
group. In the SPF species groups, the differences between peak force values of re-dried
specimen groups for all three exposure durations, i.e., one, two, and four weeks and control
specimen group was statistically significant. So, the peak force increased by 15% after a
cycle of wetting and drying in the case of SPF. There was a slight increase in the peak force
for wet specimens compared to control specimens. However, these differences were not
statistically significant (p > 0.05), with an exception in the SPF species group. The increase
in the peak force of the SPF wet specimens with an exposure duration of four weeks was
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also statistically significant. Hence, apart from a few exceptions in SPF species groups,
there was no degradation of peak force due to the moisture exposure. Thus, it is reasonable
to infer that the connection system remained robust even after being exposed to four (4)
weeks of wetting and then re-drying.
Table 2.3: Peak force and their respective coefficient of variation values for each
exposure group and species.
Species
Duration
(weeks)

0
1
2
4

DFL
Exposure

NSP

SPF

SYP

PF*

COV

PF

COV

PF

COV

PF

COV

(kN)

(%)

(kN)

(%)

(kN)

(%)

(kN)

(%)

Control

30.9

3.98

27.7

9.89

26.0

6.46

30.9

11.14

Wet

32.6

4.69

31.4

5.30

28.7

9.53

30.1

3.61

Re-dried

30.5

4.68

29.6

3.95

30.1

1.70

31.5

2.96

Wet

33.1

3.03

29.4

4.66

27.6

5.19

29.7**

8.49

Re-dried

31.2

3.66

30.7

2.80

29.8

3.45

32.3

6.91

Wet

32.2

3.47

28.8***

3.52

28.7

4.67

30.1

7.79

5.97

**

Re-dried

31.3

30.8

2.48

29.9

2.31

32.0

**

6.72

*PF = Peak force, **The value represent the average of values of 5 specimens
***

2.4.3

The value represent the average of values of 4 specimens

Damage Progression

The L-bracket connection used for this study was designed to fail by nail yielding and
crushing of wood fibers (Amini et al. 2018), which corresponds to Mode III or Mode IV
yielding of the connection as per NDS (American Wood Council 2018). The predicted
mode was a Mode III yielding (Figure 2.10b) as per the yield mode calculation using the
basic material properties of the constituents of the connections. The observation matched
predictions of Mode III yielding, which is highlighted by plastic formation and crushing of
wood fibers (Figure 2.10a). The failure mode was the same across species, exposures, and
exposure durations. However, there were subtle differences in terms of failure across the
exposures. The wet specimen exhibited more length of nail withdrawal as compared to the
control. The lesser amount of length of nail withdrawal occurred in the re-dried specimen.
In the case of the re-dried specimen, the failure of nail heads led to the loss of contact
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between the L-bracket and nails, which led to a sudden drop of force after reaching the
peak force. Overall, the failure of the connection was governed by the withdrawal of nails.

(a)

(b)

Figure 2.10: (a) Digital image of failure of connection specimen showing a Mode III
failure with yielding of nails and crushing of wood fibers, (b) A schematic of yielding
Mode III.
2.4.3.1 Friction and Slack
The swelling of wood due to the absorption of moisture increased the contact force between
the surfaces of the wall element and the floor element of wet specimens. As a result, the
brushing of the contact surface was observed (Figure 2.11a), suggesting an increase in the
friction force between the wall element and floor element. In addition to this, absorption of
moisture in wet specimens has caused volumetric expansion of area around the L-bracket,
and the brushing is also observed in that region, as shown in Figure 2.11b. This friction
also contributes to increasing the resistance provided by the connection in wet specimens,
which can be observed in Figure 2.12b. Table 2.4 provides average linear expansion
observations of the thickness of the wall element around the L-bracket region, where the
average was taken from the measurements of two specimens exposed to 4 weeks of wetting
from each species.
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(a)

(b)

Figure 2.11: (a) Digital image of failure of connection specimen brushing at the contact
surface of floor element and wall element (b) Digital image of observed brushing because
of interaction between the region of wall element and L-bracket.
Even though friction would be expected to appear in the real structure if the connection
was subjected to moisture, in this experimental program, it is a function of the experimental
setup, which was not specifically designed to quantify this effect explicitly. Potentially,
this could be a topic worthy of further research in the future, based on a dedicated and
intentional research program for assessing this effect.
Table 2.4: Average linear expansion of thickness of wall element near the L-bracket
region of specimens exposed to 4 weeks of wetting.
Species

Exposure duration (weeks)

Exapansion (%)

DFL

4

2.02

NSP

4

1.75

SPF

4

1.87

SYP

4

2.91

Re-drying of specimens removed the effect of volumetric expansion of CLT. In addition
to this, using bolts in the connection system along affected the initial force-displacement
response for small displacements. As the specimens underwent the loading protocol, the
wall element and the L-bracket were forced to move relative to the floor element. The bolt
holes were oversized by 1.60 mm, which resulted in the sliding of bolts within the tolerance
of bolt holes. Hence, there is some slack observed until the connection was providing
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resistance to the applied load, which can be observed from Figure 2.12a. Slack was most
commonly observed in re-dried specimens.

(a)

(b)

Figure 2.12: (a) Slack displayed on positive direction backbone curve of DFL 4-weeks redried specimen, (b) contribution of friction observed in positive direction backbone curve
of DFL 4-weeks wet specimen.
2.4.4

Hysteresis and Backbone Curves

Figure 2.13a shows the overlap of the hysteresis plots of the DFL control specimen, wet
specimen soaked for one week, and re-dried specimen after soaking for a week. There was
a slight increase in the peak force and its corresponding displacement in the case of wet
specimens compared to control specimens. On the contrary, re-dried specimens reached
their maximum force at a lower displacement (Δm) than the control specimens. These trends
were consistent across all species.
The hysteresis and backbone plots were compared across the species with the same
exposure condition groups to understand the effect of species variation on connection
performance. Figure 2.13b shows the average backbone plots of the control group from
each species. Peaks of backbones of control specimens of DFL and SYP were higher than
the control specimens of NSP and SPF by 10% and 19%, respectively. This was expected
due to the higher specific gravity of DFL and SYP, which in turn translates to better
connection performance (AWC 2018). However, the average maximum force (as presented
in Table 2.3) of control specimens of DFL and SYP was not different because the specific
gravities of SYP and DFL are similar. However, the specific gravities of NSP and SPF are
lower than the SYP and DFL. So, the average maximum force of the SPF control specimens
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was found to be statistically different from DFL and SYP control specimens. Similarly,
DFL and NSP average maximum forces were also significantly different. Higher variation
within the SYP control specimen rendered some of the comparisons with it statistically
inconclusive.

(a)

(b)

Figure 2.13: (a)Comparison of hysteresis plots of control, wet (1 week), and re-dried (1
week) specimen of DFL species, (b) Comparison of the average backbone of control
specimens of all four species.
2.4.5

Stiffness

Initial stiffnesses of control specimens of DFL and SYP were found higher than compared
to control specimens of NSP and SPF, as tabulated in Table 2.5: Average initial stiffness
and their respective coefficient of variation values for each exposure group and species..
Furthermore, wet specimens, barring the exception of SPF, exhibited more initial stiffness
than control specimens, which is due to an increase in the confinement of nails due to
swelling of wood and friction phenomenon. Nonetheless, this increase in initial stiffness in
wet specimens is not statistically significant in all cases owing to the high COV of the
respective specimen groups. On the other hand, the re-dried specimen showed no
significant degradation of initial stiffness; instead, an increase in stiffness was observed for
all exposures and all species except SPF, for which the stiffness remained within the
experimental variation of the controls.
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Table 2.5: Average initial stiffness and their respective coefficient of variation values for
each exposure group and species.
Species
Duration
(weeks)

0
1
2
4

DFL
Exposure

NSP

SPF

SYP

IS*

COV

IS

COV

IS

COV

IS

COV

(N/mm)

(%)

(N/mm)

(%)

(N/mm)

(%)

(N/mm)

(%)

Control

3550

12.79

2866

17.74

2637

8.83

3569

12.57

Wet

3898

9.16

5664

28.86

1934

17.82

5521

30.66

Re-dried

3485

14.84

2948

11.90

3058

7.31

2934

7.24

Wet

5923

19.91

4731

32.75

2755

26.38

Re-dried

3875

9.18

3289

17.04

2778

15.23

3211

4.90

Wet

4548

28.39

4894***

13.61

2294

40.09

6354

20.38

Re-dried

3955

8.88

2892

**

9.07

2716

16.37

2966

**

3192

**

44.48

5.98

*IS = Initial stiffness, **The value represent the average of values of 5 specimens
***

The value represent the average of values of 4 specimens

There was a significant increase observed in terms of small-displacement stiffness
compared to initial stiffness in the case of wet specimens, as shown in Figure 2.14. This
increase in small-displacement stiffness of wet specimens, as tabulated in Table 2.6, is
associated with the increased confinement of nails due to swelling of wood and the
observed friction phenomenon. Moreover, this significant increase of small-displacement
stiffness also explains, in part, the increase of initial stiffness in wet specimens, tabulated
in Table 2.5: Average initial stiffness and their respective coefficient of variation values
for each exposure group and species.. However, this increased confinement of nails due to
swelling of wood is reversible and returns to the state of confinement level of control
specimens after drying, i.e., re-dried specimens. Therefore, there no significant difference
between small-displacement stiffness and initial stiffness of control specimens as well as
re-dried specimens.
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Table 2.6: Average small-displacement stiffness and their respective coefficient of
variation values for each exposure group and species.
Species
Duration
(weeks)

0
1
2
4

DFL
Exposure

NSP

SPF

SYP

SDS*

COV

SDS

COV

SDS

COV

SDS

COV

(N/mm)

(%)

(N/mm)

(%)

(N/mm)

(%)

(N/mm)

(%)

Control

3561

11.44

4206

32.06

1941

25.48

3262

34.52

Wet

8412

18.05

9463

34.34

8341

41.96

10191

35.40

Re-dried

3316

13.09

2975

13.24

2819

15.18

3005

5.98

Wet

10350

10.09

7446

23.73

9006

23.40

Re-dried

3631

5.91

3394

8.81

2768

11.04

3542

12.24

Wet

8473

32.57

8071***

28.02

8454

27.51

9129

21.79

11.04

**

Re-dried

4085

2984

11.45

2547

16.70

5570

**

3452

**

44.07

8.61

*SDS = Small-displacement stiffness, **The value represent the average of values of 5 specimens
***

The value represent the average of values of 4 specimens

Figure 2.14: Increase of small-displacement stiffness over initial stiffness in the wet
specimen of DFL soaked for one (1) week.
2.4.6

Energy Dissipation Capacity

Figure 2.15 shows a plot of cumulative energy versus the number of cycles corresponding
to the loading protocol with three different representative curves for control, wet, and redry specimens. The wet specimen has more energy dissipation capacity while the re-dried
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one had less compared to the control specimen. The trend in total energy dissipation
capacity remains consistent across all four species and different exposure durations, as
tabulated in Table 2.7. The progression of the curve of the re-dried specimen compared to
the control specimen suggests that the rate of energy dissipation is slower in the re-dried
specimen compared to the control specimen until approximately 25 cycles. Moreover, the
progression of the three curves with respect to the number of cycles changes after
approximately 25 cycles, the wet ones increase at a slower rate, but it also takes a higher
number of cycles to reach the failure, which justifies the greater cumulative area under the
curve. Similarly, the re-dried specimens have less energy dissipation capacity since they
reach the failure earlier than the control specimen. Overall, a significant amount of
degradation was observed in terms of the total energy dissipation capacity of the connection
due to the effect of the specimen undergoing a cycle of wetting and drying.
Table 2.7: Average cumulative energy and their respective coefficient of variation values
for each exposure group and species.
Species
Duration
(weeks)

DFL
Exposure

CE*
(kNmm)

0
1
2
4

NSP
COV
(%)

CE
(kNmm)

SPF
COV
(%)

CE
(kNmm)

SYP
COV
(%)

CE
(kNmm)

COV
(%)

Control

3606

7.87

3954

14.88

3380

7.02

3919

28.26

Wet

5451

5.88

6247

4.69

5409

21.84

6474

10.31

Re-dried

2129

18.71

2789

4.98

2739

9.44

3296

16.17

Wet

5401

5.25

6876

11.44

5838

11.29

Re-dried

2125

10.70

2866

12.48

3236

19.83

2932

17.72

7.38

4912

5.94

6270

9.40

26.64

3113

13.55

3194**

2.89

***

Wet

5246

5.64

4967

Re-dried

1991

9.92

3390**

**

5183

**

8.20

*CE = Cumulative dissipated energy, The value represent the average of values of 5 specimens
***

The value represent the average of values of 4 specimens
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Figure 2.15: Plot of cumulative energy versus the number of cycles with comparing
representative specimens of DFL with control, wet and re-dried exposure.
2.4.7

ASCE 41-17 Trilinear Model

Figure 2.14 shows three separate plots with each consisting of an overlay of experimental
positive direction backbone, shifted positive direction backbone, and respective ASCE 4117 trilinear model. Figure 2.16a,b, and c show that the difference in shifts of the positive
direction backbone concerning the exposure condition. For the wet specimen, as shown in
Figure 2.16c, the positive direction backbone shifts by a positive displacement because of
the increase in the significant increase in small-displacement stiffness compared to the
control specimen, shown in Figure 2.16a. On the contrary, the positive direction backbone
shifts by a negative displacement, as shown in Figure 2.16d, due to the initial slack
phenomenon. These positive or negative shifts to derive the shifted positive direction
backbone are also seen in the ASCE 41-17 trilinear model, i.e., these shifts affect the
displacement parameters of the ASCE 41-17 trilinear model.
Table 2.8 to Table 2.11 summarizes all the parameters of the ASCE 41-17 trilinear model
and is divided into four parts according to the species of CLT. Since the slope of the elastic
segment, S0, is defined as the initial stiffness of that specimen obtained from the positive
direction backbone, it follows the same trends of Initial stiffness, K. Wet specimens of NSP
and SYP follow the same trend for yield displacement, which was a decrease in yield
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displacement compared to controls as a result of increased initial stiffness due to wetting
of CLT. So, wet specimens of SYP and NSP show a decrease in the elastic deformation
capacity. On the other hand, an increase in yield displacement for re-dried specimen
compared to controls was observed for all species without showing any significant changes
in the slope of the elastic segment, S0. The above trend in yield displacement of NSP and
SYP wet specimen was also observed for DFL wet specimen with the exception of DFL 1week wet specimens, which can be inferred from Table 2.8. In the case of SPF specimens,
yield displacement of the wet specimen group, as well as the re-dried specimen group, was
higher than their controls specimen group. The trend in yield displacement of SPF
specimen groups is observed because there was no significant increase or decrease in initial
stiffness in wet and re-dried SPF specimen groups compared to the control specimen group.
However, there is an increase in the maximum force, F m, (Table 2.10), in wet and re-dried
SPF specimen groups compared to the control specimen group.
Yield force also shows similar trends to the yield displacement. All four species show an
increase in yield force of re-dried specimen groups compared to the control specimen group
owing to an increase of yield displacement and no significant difference in slope of the
elastic segment, which suggests wetting and re-drying of CLT increased the range of elastic
segment of the connection performance. Figure 2.16b shows the average ASCE 41-17
trilinear curves of control specimens of each species. The average ASCE 41-17 trilinear
curves of DFL and SYP were almost the same owing to their similar specific gravities. On
the other hand, the NSP and SYP also showcase similar force-displacement relationship
obtained from the average ASCE 41-17 trilinear curves in most of the pre-peak region, but
with a noticeable difference in their maximum forces. Moreover, the SPF control specimen
exhibited the least slope of the post-peak plastic region amongst all species.
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(a)

(b)

(c)

(d)

Figure 2.16: (a)ASCE 41-17 trilinear model of DFL control specimen, (b) Average ASCE
41-17 trilinear model of control specimens of all species, (c) ASCE 41-17 trilinear model
of DFL wet specimen soaked for two weeks, (d) ASCE 41-17 trilinear model of DFL redried specimen soaked for two weeks.

Table 2.9: ASCE 41-17 Model parameters for average trilinear backbone model for each exposure groups of NSP species.

Table 2.8: ASCE 41-17 Model parameters for average trilinear backbone model for each exposure groups of DFL species.
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Table 2.11: ASCE 41-17 Model parameters for average trilinear backbone model for each exposure groups of SYP species.

Table 2.10: ASCE 41-17 Model parameters for average trilinear backbone model for each exposure groups of SPF species.
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2.4.8

SAWS Curvilinear Model

Another way to represent connection performance is SAWS curvilinear models. These
models also provided a direct comparison with the ASCE 41-17 trilinear model. The full
version of the SAWS model provides ten (10) parameters to approximate the hysteresis
curve. However, only five (5) parameters were derived to approximate the backbone curve
in order to predict the response of the connection subjected to cyclic loading. Table 2.12 to
Table 2.15 summarizes the five parameters of the SAWS curvilinear model. The values of
S0 are slightly different from the values of the initial stiffness (K) because they represent
the initial stiffness values from a positive direction backbone only. However, the S 0
parameters follow the same trends as Initial stiffness (K). The reference force F0 tends to
decrease in wet specimens compared to control specimens, as tabulated in Table 2.12 to
Table 2.15, due to the contribution of friction and increase of confinement of region around
nails leading to an increase of small-displacement stiffness. On the contrary, reference
force F0 regains its value in re-dried specimens and reaches the value of Fmax in most cases
due to the optimization process. This suggests the force-displacement response of
connection in the re-dried specimen predicted by SAWS parameters is more similar to
control specimens in the pre-peak region. There is no significant trend with slope
coefficient parameters R1 and R2 in terms of duration of exposure and species. However,
the slope coefficient R2, which is related to post-peak plastic stiffness, decreases in re-dried
specimens compared to control specimens. Moreover, this trend is consistent across all the
species, which suggests a faster drop in terms of force after reaching the maximum force
in re-dried specimens. Hence, there is a degradation of post-peak plastic stiffness due to
moisture exposure.
The SAWS curvilinear model does not provide a specific parameter for yield point as
compared to the ASCE 41-17 trilinear model. Figure 2.17 shows an overlay of the SAWS
curvilinear model and ASCE 41-17 trilinear model along with the shifted positive direction
backbone of DFL 2-weeks re-dried specimen. Considering the optimization constraints,
the ASCE 41-17 trilinear model provides a better approximation of force-displacement
relation of the connection than the SAWS curvilinear model in the pre-peak region, as
shown in Figure 2.17. On the other hand, the ASCE 41- 17 model Is more conservative
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than SAWS curvilinear model, since it does not account for forces below 80% of the F max.
However, SAWS curvilinear model also gives lesser energy dissipation capacity, which is
similar to the ASCE 41- 17 trilinear model.

Figure 2.17: Comparison of SAWS curvilinear model and ASCE 41-17 trilinear model of
the DFL re-dried specimen with an exposure duration of 2 weeks.
Table 2.12: SAWS curvilinear model parameters for average curves along with their
coefficient of variation for DFL species.
Exposure
Type
Control
Wet

Redried

S0 (N/mm)

Dm (mm)

F0 (kN)

R1

R2

Duration
(weeks)

Avg
(N/
mm)

COV
(%)

Avg
(mm)

COV
(%)

Avg
(kN)

COV
(%)

Avg

COV
(%)

Avg

COV
(%)

1
2
4
1
2

3519
2754
5832
4975
3322
3514

14.9
14.6
23.4
33.7
15.3
17.0

22.11
26.09
23.73
25.41
16.82
16.96

16.3
18.7
25.5
36.4
18.6
39.6

30.5
30.2
24.1
25.5
30.4
28.2

6.5
8.8
12.5
17.4
6.3
30.8

0.04
0.05
0.06
0.05
0.12
0.15

30.3
51.5
22.7
44.1
45.0
102.2

-0.62
-0.42
-0.38
-0.33
-0.69
-0.67

12.8
62.0
41.1
24.6
19.9
21.0

4

3643

12.6

16.03

32.0

31.1

5.4

0.10

34.8

-0.67

27.6
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Table 2.13: SAWS curvilinear model parameters for average curves along with their
coefficient of variation for NSP species.
Exposure
Type
Control

Duration
(weeks)
1

S0 (N/mm)
Avg
COV
(N/
(%)
mm)
3024 15.5
4721 32.4

Dm (mm)

F0 (kN)

R1

R2

Avg
(mm)

COV
(%)

Avg
(kN)

COV
(%)

Avg

COV
(%)

Avg

COV
(%)

22.72
30.02

16.3
18.7

27.9
23.4

15.7
18.5

0.04
0.07

74.7
36.7

-0.48
-0.50

18.6
54.4

-0.39
-0.20
-0.75
-0.85
-0.73

33.2
50.2
23.1
18.8
45.7

Wet

2
4401 28.3 31.01 25.5
22.4
17.6
0.06
33.0
4***
4774 30.2 31.76 36.4
20.1
15.6
0.06
27.9
1
2826 12.1 22.39 18.6
30.5
4.5
0.07
31.9
Re2
2976 10.3 21.73 39.6
31.4
2.9
0.07
28.9
dried
4**
2813 15.2 22.28 32.0
31.1
2.5
0.09
44.5
**The values for this exspoure duration represent the average of values of 5 specimens.
***The values for this exspoure duration represent the average of values of 4 specimens.

Table 2.14: SAWS curvilinear model parameters for average curves along with their
coefficient of variation for SPF species.
Exposure
Type
Control
Wet

Redried

Avg
(mm)

COV
(%)

Avg
(kN)

-

S0 (N/mm)
Avg
COV
(N/
(%)
mm)
2698 15.8

21.16

16.3

1
2
4
1
2
4

2351
2760
2387
2785
2690
2631

30.62
28.94
33.26
22.52
22.96
24.16

18.7
25.5
36.4
18.6
39.6
32.0

Duration
(weeks)

33.2
47.0
70.3
9.2
11.1
13.7

Dm (mm)

F0 (kN)

R1

COV
(%)

Avg

25.9

4.9

24.1
25.2
22.4
31.1
29.7
30.3

38.3
19.8
33.8
2.8
4.4
1.5

R2
COV
(%)

Avg

COV
(%)

0.06

40.7

-0.46

19.8

0.14
0.07
0.16
0.08
0.07
0.08

172.6
41.6
88.8
28.8
35.6
41.8

-0.55
-0.61
-0.49
-0.82
-0.59
-0.77

80.2
46.6
62.0
28.6
46.6
27.2

Table 2.15: SAWS curvilinear model parameters for average curves along with their
coefficient of variation for SYP species.
Exposure
Type
Control
Wet

Redried

Duration
(weeks)
1
2**
4
1
2
4**

S0 (N/mm)
Avg
COV
(N/
(%)
mm)
3519 14.9
2754 14.6
5832 23.4
4975 33.7
3322 15.3
3514 17.0
3643 12.6

Dm (mm)

F0 (kN)

R1

R2

Avg
(mm)

COV
(%)

Avg
(kN)

COV
(%)

Avg

COV
(%)

Avg

COV
(%)

22.11
26.09
23.73
25.41
16.82
16.96
16.03

16.3
18.7
25.5
36.4
18.6
39.6
32.0

30.5
30.2
24.1
25.5
30.4
28.2
31.1

6.5
8.8
12.5
17.4
6.3
30.8
5.4

0.04
0.05
0.06
0.05
0.12
0.15
0.10

30.3
51.5
22.7
44.1
45.0
102.2
34.8

-0.62
-0.42
-0.38
-0.33
-0.69
-0.67
-0.67

12.8
62.0
41.1
24.6
19.9
21.0
27.6

**The values for this exspoure duration represent the average of values of 5 specimens.
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2.5

Conclusion

This study provides findings on the effect of moisture cycling on the performance of a
general connection used for CLT construction. The connection type makes use of
standardized materials and can thus be used in any project in the US and outside. The
performance was assessed based on the analysis of the results obtained from an
experimental program that included exposing sub-assemblies of CLT wall to floor Lbracket connection to a flooding exposure of 1-week, 2-weeks, and 4-weeks, drying half
of them to 12+/-3% moisture content before performing cyclic loading tests on the CLT
connection subassembly. The force and displacement response of the over 168 cyclic tests
performed provides insight into the impact of wetting and re-drying on the engineering
parameters, such as maximum force, stiffness, and energy dissipation capacity of the Lbracket connection system. In addition, two force-displacement engineering models
(ASCE 41-17 trilinear and SAWS curvilinear) were developed based on the experimental
data.
The maximum force and stiffness of the CLT L-bracket connection system exhibited no
significant change after the cycle of wetting and re-drying of the specimen. However, the
energy dissipation capacity of the connection system was significantly degraded. The loadcarrying capacity of the connection characterized by maximum force was found higher in
wood species with a higher specific gravity in control specimens. Moreover, mold was
observed, but no biological decay of CLT in terms of growth of fungi or rot has been
recorded.
ASCE 41-17 trilinear curve parameters provide a yield point, peak, and failure point of the
positive direction backbone curve. Furthermore, these parameters provide engineers the
yield force and yield displacement values of the connection used for this study, which is
most commonly used by engineers to discern between elastic and non-elastic behavior of
the connection system. On the other hand, SAWS curvilinear model parameters, which
were estimated using an optimization process, provide engineers with an additional model
for structural performance assessment. Although SAWS parameters did not exclusively
provide the yield point of the positive direction backbone curve, they provide a less
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conservative estimate of total energy dissipation capacity, which can be an essential
parameter for performance-based design approaches. Both models show no significant
degradation in terms of maximum force and stiffness after a cycle of wetting and drying of
specimens. Although this study has been conducted using a single connection type, there
is scope for testing for other connection types or developing an alternative finite element
based modeling approach that can be used for other connection types as well. Moreover,
the effects of multiple cycles of wetting and drying, as well as the effect of decay, merits
further study to ensure the long-term durability of the CLT structures.
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3
EFFECT OF SIMULATED RAIN EXPOSURE ON PERFORMANCE OF
CROSS-LAMINATED TIMBER ANGLE BRACKET CONNECTION
3.1

Abstract

Connections play a vital role in the transfer of lateral forces and energy dissipation in
Cross-laminated timber (CLT) structural systems. However, moisture exposure (e.g., rain
during or after construction) can affect the long-term durability of CLT structural members
and their connections due to the hygroscopic nature of wood. Despite the abundant research
on connection performance, there is limited knowledge of the moisture performance of
CLT connections. Therefore, in this study, a CLT shear wall-to-diaphragm L-bracket
connection is exposed to simulated rain and relative humidity cycling (wetting) and
subsequent re-drying followed by mechanical loading cyclic testing. Four wood species
[Douglas-fir, Southern pine, Norway spruce, and Spruce Pine Fir] and three wetting
durations were applied to understand the effect of moisture intrusion on the connection
performance, which was evaluated in terms of strength, stiffness, and energy dissipation.
Two force-displacement backbone models were developed based on the experimental
results. Results suggest a statistically significant increase in the load-carrying capacity and
no change in stiffness and energy dissipation capacity after wetting and re-drying cycling.
However, additional studies need to be conducted to investigate the increase in loadcarrying capacity.
3.2

Introduction

Cross-laminated timber (CLT) was developed in Europe in the early 1990s (Guttmann et
al. 2008), and it has gained significant relevance as a structural material in North America
(Schwarzmann et al. 2018) in the past decade. CLT is an engineered wood product
fabricated by bonding dimensional lumber in a manner where alternate layers are
orthogonal to each other. CLT is used in structural applications such as floor or roof
diaphragms, interior and exterior walls owing to its compelling mechanical, environmental,
and aptitude for prefabrication and several constructability benefits. Of uttermost
importance for structural engineering applications, CLT exhibits suitable structural
properties such as high strength to weight ratio, dimensional stability, and fire performance,
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which makes it an appealing wood-based building material for mid-rise or even high-rise
timber construction. Moreover, CLT showcases enticing environmental advantages over
other conventional building materials, such as steel and concrete, in terms of the potential
for carbon sequestration (Salazar and Meil 2009; Wang et al. 2013) and thus reducing
carbon emissions over its life-cycle (Schlamadinger et al. 1996; Winjum et al. 1998,
Durlinger et al. 2013; Puettmann et al. 2019). Lastly, construction can be meticulously
streamlined due to its prefabricated nature, and as a result, the erection time, human effort,
and on-site overheads can be substantially reduced (Mallo and Espinoza 2015).
The increasing popularity of CLT led to a lot amount of research focusing on the seismic
performance of multi-story mass timber structures (Filiatrault et al. 2010; Lindt et al. 2010;
Tomasi et al. 2015; Casagrande et al. 2016) to support its adoption in building codes. The
main components in CLT lateral resisting systems are the CLT (wall) panels and their
connections to other structural members and foundations. Full-scale tests of CLT shear
walls (Hristovski et al. 2013, 2018; Massari et al. 2017; Ganey et al. 2017; Wilson et al.
2019; Chen and Popovski 2020a) or structural systems (Popovski et al. 2012; Ceccotti et
al. 2013; Blomgren et al. 2019; Pei et al. 2019; van de Lindt et al. 2019) showed that the
CLT shear walls behave essentially as rigid bodies while connections provide ductility and
energy dissipate capacity to the structural systems. Hence, the performance of connections
(Shen et al. 2013; Igor et al. 2013; Mohammad et al. 2013, 2017; Gavric et al. 2015; Kramer
et al. 2016; Amini et al. 2018; Mahdavifar et al. 2018, 2019; Chen and Popovski 2020b;
Chen et al. 2020; Fitzgerald et al. 2020a, 2020b, 2020c) is crucial in understanding the
seismic performance of structural systems using CLT shear walls owing to the minimal
ductility provided by the CLT walls themselves (Pei et al. 2016).
Several proprietary connectors exist for use with CLT. A majority of these connectors are
angle bracket type connectors used to connect CLT walls to the floor. Several studies
reported the results of component-level testing carried out on proprietary bracket
connections (e.g., Shen et al. 2013; Igor et al. 2013; Mohammad et al. 2013, 2017; Gavric
et al. 2015; Mahdavifar et al. 2018, 2019). Recently, a generic bracket connector was
developed in Amini et al. (2018) in support of a performance standard that was developed
for standardizing and categorizing future proprietary bracket connections. Mahr et al.
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(2020a, 2020b) used the same generic bracket connector developed in Amini et al. (2018)
to understand the performance of the connection under elevated temperatures, while the
same connection was also used to developing the method to evaluate the fungi induced
degradation in the connection performance (Sinha et al. 2020).
Despite the advantages of CLT, the design community grapples with the question of the
long-term durability of CLT structures as there is limited knowledge on that subject
(Cappellazi et al. 2020). The durability of a building is affected by environmental factors
such as rain, temperature, humidity, and interior climate, all of which can combine
inauspiciously and lead to rot, decay, and corrosion (Lstiburek 2001). As it is well known,
wood shrinks and swells depending on the surrounding environment, which is defined by
air temperature and relative humidity (RH). The hygrothermal behavior of wood varies
with wood species, and it also can be different in the case of engineered wood products
compared to solid sawn lumber. As an example, moisture-induced expansions along the
in-plane direction are restricted in CLT due to its cross lamination compared to solid sawn
lumber (Brander et al. 2013, Bengtsson et al. 2001), which may lead to moisture-induced
stresses. According to Zabel and Morrell (2012), the possibility of decay of wood is more
when it is exposed to moisture. Baker (1969), Scheffer (1973), Carll and Highley (1999),
and Morrell (2002) concur that “most fungi require wood at moisture levels above the fiber
saturation point, but once they colonize the substrate, they can continue to grow at
moisture content as low as 20%” (Decay of wood, Canadian Building Digest). According
to Kumaran et al. (2002), the building is durable when its materials withstand the
environmental loads caused by heat, air, and moisture transport with deterioration. Thus,
CLT is more susceptible to biological degradation due to various environmental influences
owing to its biological and hygroscopic properties, which makes it more critical to
investigate its durability (Cappellazzi et al. 2020; Sinha et al. 2020). Moisture is the
precursor to biological degradation. The structural properties of CLT may exhibit
degradation due to moisture intrusion in CLT, which may lead to the potential growth of
fungi and insects (Wang et al. 2018; Cappellazzi et al. 2020). In addition, the durability of
CLT also depends upon moisture management during and after the construction of the
building (Schmidt et al. 2019).
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Due to the reasons described above, the moisture content (MC) of wood in construction
should not exceed 20% (TRADA 2009, Baker 1969). Similarly, the National Design
Specification for Wood Construction (American Wood Council 2018), as well as the North
American Standard for Performance Rated CLT (PRG 320) (APA 2019), recommends dry
service conditions for CLT with MC less than 16%, namely between 12% ± 3%.
Nonetheless, it is difficult to avoid the CLT panels being exposed to moisture due to rain
and RH during construction, especially in a rainy, temperate climate. In addition, events
such as failure of the building envelope, roof leakages, or plumbing failures can also lead
to moisture exposure of CLT structural members. However, the studies conducted to assess
the hygrothermal performance of CLT walls suggest that CLT may dry up to safe moisture
content even after a few weeks of wetting exposure, also suggesting the possibility of
moisture stagnation for longer durations concerning certain moisture entrapping conditions
(McClung et al. 2014; Wang et al. 2016; Kordziel 2017; Lepage and Finch. 2017; Schmidt
et al. 2018).
The effect of high moisture contents and biological decay has been well documents in sawn
and glulam timber members (Richards 1954; Jönsson 2005; Hoyle et al. 2007; Tiitta et al.
2007). Despite the significance of moisture effects on timber structures, research
concerning moisture degradation on CLT is relatively less compared to other topics, such
as seismic and fire performance. Moreover, moisture-induced stresses on CLT affect the
free swelling and shrinkage of adjacent layers, which may result in checks, cracks, and
shape distortions reducing its serviceability as building material (Gereke et al. 2009).
Furthermore, bending stiffness and modulus of elasticity (MOE) of CLT perpendicular to
the grain direction of outer lamellas exhibited a decrease due to drying cracks (Gülzow et
al. 2010; Mugabo 2019), which may impact the performance of the connection. On the
other hand, increasing the MC of CLT in the range of 12% to 18% showcased a decrease
in the withdrawal capacity of the self-tapping screws (Silva et al. 2016). Hence, the impact
of moisture intrusion on CLT connections merits further study.
The overarching goal of this study is to gain a better understanding of the impact of
moisture intrusion on CLT connections. Specifically, the primary objective is to investigate
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the strength, stiffness, deformation capacity, and energy dissipation capacity of a generic
L-bracket connector after it was subjected to moisture intrusion induced by climatic
chamber simulated rain and RH. CLT panels fabricated from four wood species (Douglasfir, Southern pine, Spruce pine fir, Norway spruce) were used to evaluate the impact of
variation in wood species, to understand the importance of the hygroscopic behavior of the
wood species on these results. Sub-assemblies incorporating the bracket connections were
thus subjected to cyclic, mechanical loading after the sub-assemblies were subjected to: (1)
two different durations of wetting exposure (simulated rain and RH), and (2) drying after
having been subjected to the two different durations of wetting exposure (re-dried). In
addition, the “control” testing was also performed on sub-assemblies tested that had not
been exposed to any weathering effects. Results of the different cases are characterized in
terms of strength, stiffness, and energy dissipation. The effect of moisture exposure
conditions as wells as duration and species of CLT are then summarized through a
comparison of the results obtained. Lastly, two force-displacement engineering models are
developed from the experimental data, which can be used for detailed performance
assessment of engineered structures incorporating such connectors.
3.3

Materials and Methods

3.3.1

Specimens

The CLT used in the testing program consisted of four different species. Details about the
species, CLT manufacturers, thickness, as-received moisture content (MC), and grade of
the 3-ply CLT are presented in Table 3.1. All CLT was ANSI PRG320 (APA 2018)
compliant. Schematics of the specimens used in testing are shown in Figure 3.1a. The
connection represents the wall-to-floor connection that would be seen in a typical CLT
building. The test specimens consisted of two CLT pieces (a “wall” and a “floor” element)
arranged in a T-shape (Figure 3.1a). The CLT pieces were cut from the CLT panels
received and had dimensions of 305 mm (12 inches) along the strong bending axis and 203
mm (8 inches) along the weak bending axis. The CLT pieces were connected using two
angle brackets (Figure 3.1b) fabricated from 12-gauge ASTM A653 Grade 33 galvanized
steel with a minimum yield strength of 227.5 MPa (ASTM 2009). Two 15.9 mm diameter
A307
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(i) Elevation view (‘th’ mentioned in Table 3.1)

(ii) Side view

(a)

(i) Elevation view

(ii) Side view
(b)

Figure 3.1: (a) Specimen components and assembly, (b) ASTM A653 Grade 33
galvanized steel L-bracket with dimensions in mm (adapted from Amini et al. 2018).
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Grade A (ASTM 2014b) hex bolts were used to anchor the bracket to the floor element.
Bolt holes drilled into the floor piece were oversized by 1.60 mm (1/16 in.) relative to the
bolt diameter, as per the guidelines of National Design Specification for Wood
Construction (NDS) (American Wood Council 2018). Nails were used to connecting the
L-bracket to the wall element. Per bracket, eight (8) 8d common smooth shank nails with
a shank length of 63.5 mm, a diameter of 3.33 mm, and bending yield strength (F by) of 620
MPa.
Table 3.1: Specifications of CLT material used.
Species

Acronym

Manufacturers

Thickness
(mm)

As Received
Moisture
Content (%)

Grade

Douglas fir

DFL

D R Johnson Lumber
Co., Oregon, USA

105

10.5

V1

Norway
spruce

NSP

KLH Massivholz
GmbH, Austria

104

9.7

CV3M1

Spruce pine fir

SPF

Structurlam, British
Columbia, Canada

105

10.5

V2

Southern pine

SYP

International Beams,
LLC., Alabama,
USA

105

12.1

V3

3.3.2

Rain Exposure and Specimen Groups

The connection specimens were conditioned to environmental effects in a Multi-Chamber
Modular Environmental Conditioning (MCMEC), which can be maintained at different
climatic conditions by controlling temperature (-40 0 to 600 C), RH (5% to 95%), UV light,
and water spray. For this testing program, the environmental conditions were chosen from
the weather data of Corvallis, OR, USA, for the month of December, which is the month
that corresponds to the maximum average rainfall over the last decade (U.S. Climate Data,
accessed November 2019). The target rainfall of 100 mm was selected on the basis of
maximum rainfall that occurred in a day in Corvallis, Oregon (January 19 th, 2012) within
the last ten years (U.S. Climate Data) to account for the worst possible rain exposure and
also considering that the individual L-bracket of the connection system will not always be
directly subjected to water spray due to the rotation policy for the arrangement of
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specimens (Chapter 6.1). During this period, the average temperature was 10 o C, and the
average RH 80%.
For this testing program, two exposure groups simulating rain-induced wetting followed
by drying and a control group (no exposure) were considered(Table 3.2). As shown in
Figure 3.2b, specimens were placed in the climatic chamber on a steel rack supported on a
wooden structure. The specimens were subjected to wetting from above by two rows of
five sprinklers with ProMax sprinkler heads. The sprinkler system was used for 2 minutes
37 seconds every hour, for 16 hours a day. During the rain exposure, the temperature was
set to 10o C, while the RH was maintained at 80% for the rest of the duration.
Twelve specimens from each species were subjected to water spray along with temperature
and humidity control for 12 days and 24 days (Ott et al. 2015). At the end of the exposure
duration, six out of those 12 specimens were tested immediately, and the remaining six
specimens were dried at a temperature of 21 0C and 40% relative humidity to re-equilibrate
to the moisture content of 12%± 3% before testing. This drying process took approximately
six (6) weeks. Mainly, the specimens were categorized into wet specimens and re-dried
specimens.
Table 3.2: Details of the distribution of specimens between exposure groups.
Exposure

Wood

Duration

Species

(days)

(units)

0

4

12
24

No. of specimens for each wood species
Total

Testing in wet

Testing in re-dried

condition

condition

6

-

-

24

4

-

6

6

48

4

-

6

6

48

Control

The specimens were subjected to simulates rain exposure in stages with 30 specimens at a
time, where specimens were arranged in three rows of 10 specimens, as shown in Figure
3.2a, and they were flipped, and their positions rotated on alternate days in a predetermined manner to ensure that each L-bracket was subjected to the same amount of
water spray. For optimization of space in MCMEC and saving the time, a combination of
exposure groups was subjected to simulate rain exposure at the same time. As an example,
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24 re-dried specimens (6 specimens of each species) we placed in the MCMEC for 24 days
along with 6 re-dried specimens of the one species for 12 days, which were replaced with
6 re-dried specimens of another species for the remaining 12 days. Overall, 36 specimens
were subjected to rain exposure in 24 days. A similar approach was used for staging the
remaining specimens, which are described in more detail in Chapter 6.1.

(a)

(b)

Figure 3.2: (a) Plan view of specimen arrangement climatic chamber (All dimensions are
in mm), (b) Digital image of an elevation view of the arrangement of specimens in the
MCMEC chamber.
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3.3.3

Cyclic Load Testing Experimental Setup and Procedures

The connections were tested in a 178 kN capacity hydraulic Universal Testing Machine
(UTM). The test set up is shown in Figure 3.3. The setup was designed to model the shear
loading and movement expected to see between walls and floor elements due to lateral
movement of walls in buildings subjected, for example, to seismic loading. All other
movements, particularly uplift and rotation, were restrained. In this setup, the shear loading
was applied to the wall piece vertically, or in other words, the specimen was rotated 90
degrees to what it would the prototype building connection. The wall piece is sandwiched
between a transfer load plate and a bottom plate tied together with 13 mm diameter
threaded rods and nuts. The transfer load plate was built with a 38 mm diameter threaded
rod as a custom actuator head to connect it to the actuator. The floor piece rested on a steel
resting block of height 127 mm, which was anchored to the base of the UTM (Figure 3.3).
The floor element was restrained from moving in the vertical direction by a steel top fixing
plate of dimensions 533.4 mm x 101.6 mm with a thickness of 38.1 mm was fixed to the
base using two 17 mm diameter threaded rods. In addition, the floor piece of the specimen
was clamped to the custom-designed additional steel restraint. The rotation movement of
the wall piece relative to the floor piece was not restricted to simulate the performance of
shear wall connection.
The displacement-based loading protocol (Figure 3.4) was applied to the wall piece. An
Abbreviated Basic Loading History CUREE protocol (Krawinler et al. 2001) was defined
with a peak displacement of 3Δ equal to 47.63 mm, where Δ is the CUREE reference
displacement. The cyclic test consisted of up to 41 cycles with a loading rate of 7.2 seconds
per cycle (Mahr et al. 2020a, 2020b). The actuator load and displacement data were
collected. The displacement of the wall piece relative floor piece was assumed to be equal
to the displacement of the actuator owing to the applied restraints using the test setup.
Therefore, no additional Linear variable differential transformer (LVDT) sensor was used
to measure the relative displacement between the wall and floor piece.
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Load cell

Top fixing plate

C-Clamps

Transfer
load plate

Wall piece

Floor piece
Bottom
plate

Additional
Gap – 127 mm

(a)

steel

restraint

Resting block

(b)

Figure 3.3: Details of the test setup (a) view from north side (b) view from south side.

Figure 3.4: Abbreviated Basic Loading History CUREE protocol for cyclic testing of
connections.
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3.3.4

Moisture Content Measurement

The MC of each specimen undergoing moisture cycle in the MCMEC environmental
chamber was measured using a Delmhorst RDM-3 resistance-type moisture meter (Figure
3.5a) at 24 h intervals during the humidity cycle. For each specimen, moisture content was
recorded at six (6) locations, three on each side and centered with the L-brackets as follows
and as in Figure 3.5b:
1) At the distance of approximately 30 mm from the top, on each face of the wall
piece,
2) Approximately 10 mm above the L-bracket, on each face of the wall piece
3) On both sides of the floor piece at a distance of approximately 10 mm from the
edge.
Similarly, moisture measurements were taken at six (6) locations before testing. Moreover,
apparent knots were avoided while choosing the locations to measure moisture content.
The average moisture content readings from six (6) locations of each specimen were
assumed as the representative moisture content of the specimen.

1
2
3

(a)

(b)

Figure 3.5: (a) Moisture measurement using RDM-3 resistance-type moisture meter
(Delmhorst) at location 2, (b) Locations of moisture measurement one side of thewall
piece.
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3.3.5

Analysis and Modelling

The force and displacement data collected from cyclic testing were used to derive
mechanical properties of the connection, such as maximum load-carrying capacity, initial
stiffness, and energy dissipation capacity. A hysteresis curve, as shown in Figure 3.6a, was
generated based on the force and displacement data, and the envelope of peak force at each
displacement level was used to derive backbone curves (Figure 3.6a). The backbone curve
was divided into two parts. First, the positive displacement part was denoted as a “positive
direction backbone,” and the part with negative displacements was denoted as the “negative
direction backbone,” or simply “positive backbone” and “negative backbone” curves,
respective, as shown in Figure 3.6b.
The maximum force from the positive direction and negative direction backbone are
denoted as F

and F

corresponding to F

, respectively. Displacements obtained from the experiments

and F

are denoted by D

and D

, respectively. load-carrying

capacity (𝑃 ) of the connection specimen was calculated using the following equation:
𝑃 =

|𝐹

| + |𝐹
2

|

(1)

Similarly, the displacement corresponding to 𝑃 was calculated as:
𝛥

=

|𝐷

| + |𝐷
2

|

(2)

The initial portion of the backbone curve in both directions was approximated by two linear
segments (Figure 3.6b) to estimate stiffness within two different ranges. The first region
was the “small-displacement stiffness” was defined by the average of the slopes obtained
from the linear parts with the bounds of 10% to 25% of the peak force. The second region
was defined as a reference “initial stiffness” was defined using 25% to 40% of the peal
force. Both the small-displacement stiffness and reference initial stiffness were calculated
for all connections tested. The summation of the areas enclosed in each hysteresis loop was
calculated as the total energy dissipation capacity of the connection system.
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(a)

(b)

Figure 3.6: (a) Hysteresis and backbone curves obtained from force-displacement data,
(b) Backbone curve parameters.
3.3.5.1 Shifting of the backbone curve
To account for initial load adjustments in the testing system and friction during testing, the
positive direction backbone curves were shifted as per Bora et al. (2020), to mitigate slack
or friction effects of the experimental setup on the engineering response and capacity
parameters reported. The shifting of the positive direction backbone curves included
replacing the initial part by a straight line with a slope corresponding to the reference initial
stiffness calculated from the backbone curves. The new backbone curve, along with the
replaced straight line, was shifted by the x-intercept displacement such that the adjusted
(shifted) backbone curves start from the origin. The shifted backbone curves were used to
derive the engineering force-displacement models, including the ASCE 41-17 trilinear
model and the SAWS curvilinear, described next.
3.3.5.2 ASCE 41-17 Trilinear model
This model consists of three line segments, denoted as elastic, post-yield, and post-peak,
to approximate the force-displacement relationship from the backbone curves. A total of
seven (7) parameters were obtained to define the ASCE 41-17 trilinear curve such as initial
stiffness (So), yield force (Fy), adjusted yield displacement (Dy*), maximum force (Fm*),
adjusted displacement corresponding to maximum force (D m*), ultimate force (Fu), and
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adjusted ultimate displacement (Du*). , as described next. The three (3) displacement
parameters out of the above seven (7) were calculated as follows:
𝐷∗ = 𝐷 − 0.05𝐷; 𝐷∗ = 𝐷 − 0.05𝐷; 𝐷∗ = 𝐷 − 0.05𝐷

(3)

where D is fastener root diameter, Dy, Dm, and Du represent displacements from the shifted
positive direction corresponding to yield force, maximum force, and ultimate force,
respectively. This modeling method was based on section 7.6 of ASCE 41-17, provided
guidelines for alternative modeling parameters and acceptance criteria for structural
elements or components and directions to conduct the physical tests, where relevant data
on inelastic force-deformation behavior for a structural sub-assembly is not available.
Figure 3.7a illustrates the main parameters and concepts used in the derivation of the ASCE
41-17 models. Based on the use of the shifted backbone curves, the 5% offset method as
defined in the Wood Handbook Chapter 8 (Rammer 2010) is used to calculate the yield
force, Fy, which is the force at a point where the line with the slope equal to initial stiffness
So, which starts from an offset displacement of 5% of the fastener root diameter, intersects
with the shifted positive direction backbone curve. The maximum force, F m, and
corresponding displacement, Dm, were obtained directly from the shifted positive direction
backbone. The ultimate load, Fu, was obtained from the point on the backbone curve with
force equal to 80% of the Fm, as per ASTM E2126-19. In the cases where the force did not
drop enough to reach 80% of the Fm, the ultimate load was taken from the last point of the
shifted positive direction backbone. The yield displacement, Dy, and ultimate
displacement, Du, were obtained as the displacement from the new positive direction
backbone corresponding to yield force, Fy, and ultimate load, Fu.
The trilinear curve was formed with the yield point (Dy, Fy), peak point (Dm, Fm), and
ultimate point (Du, Fu). This trilinear curve was shifted back to the origin by subtracting
the displacement with the magnitude of 5% of the fastener root diameter, and the shifted
curve was used as the ASCE 41-17 trilinear model. This resulted in the adjusted yield
displacement, Dy*, adjusted displacement at maximum force, Dm*, and adjusted ultimate
displacement, Du*, respectively, as per Equation 3. Finally, an average of each ASCE 4117 trilinear model parameter of six specimens was calculated to derive the average ASCE
41-17 trilinear model corresponding to each exposure group for all four species.
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3.3.5.3 SAWS curvilinear model
The SAWS model (Folz and Filiatrault 2001) is a composite curve with two different parts,
including a nonlinear part before the peak and a linear part after the peak of the positive
direction backbone, and several loading and unloading rules and paths that can capture
pinching effects in cyclic force-displacement responses. The complete SAWS model is
based on ten (10) parameters; however, the first five (5) parameters – S o, Fo, R1, R2, Dm,
as shown in Figure 3.7b – are sufficient to represent the backbone curve. In the SAWs
model, the force response is defined as the function of displacement using the SAWS
backbone model defined by the following equation:

𝐹(𝐷) =

(𝐹 + 𝑅 𝑆 𝐷) 1 − exp

−𝑆 𝐷
𝐹

,

𝐹 + 𝑅 𝑆 (𝐷 − 𝐷 ),

𝐷 ≤ 𝐷𝑚

(4)

𝐷 > 𝐷𝑚

where, Fo = reference force, R1 = slope coefficient of the reference line, R2 = slope
coefficient of post-peak linear part. The displacement corresponding to the F m from the
shifted positive direction backbone was obtained to get the value of D m. The slope
calculated by performing the linear regression over the post-peak part of the shifted positive
direction backbone provides the post-peak stiffness, i.e., R 2So, which was used to obtain
R2. The first five parameters are derived in this study using an optimization process that
involves matching the hysteretic energy dissipated by the test specimens and the
corresponding numerical model (Bora et al. 2020). Each of the SAWS parameters obtained
using the optimization process was is calculated based on the average SAWS backbone
model corresponding to each exposure group for all four species.
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(a)

(b)

Figure 3.7: Engineering models backbone curves and parameters for (a) ASCE 41-17
trilinear model, and (b) SAWS model.
3.4

Results and Discussions

3.4.1

Moisture Content and Observed Visual Changes

Figure 3.8 shows the progression of moisture content (MC) specimens exposed to 24 days
of simulated rain exposure. It was observed that initially, SPF and SYP absorbed moisture
at a higher rate than DFL and NSP. All species stabilized at a certain MC range (± 2%)
throughout the exposure duration. The DFL group stabilized after six (6) days of exposure,
while all others stabilized after four (4) days of exposure. The SYP and SPF groups
exhibited similar MC at the end of 24 days of simulated rain exposure, which was higher
than those for DFL and NSP groups, which was expected since SPF and SYP species tend
to absorb more moisture than DFL and NSP species (Sandberg et al. 2012) due to their
anatomical features such as a larger tracheid diameter (Hoadley 1990) and lower lignin
content (White 2007; Engelund et al. 2012; Lam et al. 2012). Larger tracheids allow more
volume of water to be absorbed through capillary action, while lignin is a hydrophobic
material that binds the polysaccharides serving as an obstacle for water absorption
(Sarkanen et al. 1971). It is also worth noting that the NSP group was the only group in
which the CLT laminations were edge-glued. Edge-gluing is a prevalent manufacturing
technique in Europe (Jeleč et al. 2018), which tends to affect the specimen’s moisture
absorption. The fluctuations in MC after a certain number of days for each species were
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caused due to the rotation policy of specimens, due to the defined moisture cycling regime
and variability in MC measurements.
Table 3.3 lists the MC values for the control, wet, and re-dried specimens just before the
specimens were subjected to cyclic load testing. Overall, results indicate that the MC of
the re-dried specimens was slightly lower than the control specimens since they were dried
at 40% relative humidity compared to the control specimens, which were at RH of 60%.
However, higher variation within the MC of specimens rendered the comparisons as
statistically inconclusive. In terms of visual changes, substantial mold growth was observed
in DFL specimens as compared to other species, as shown in Figure 3.9a. Besides, the
rusting of bolts was also observed, as shown in Figure 3.9b. However, it was assumed that
mold (Robbins et al. 2018), as well as rusting of bolts (Zhang 2011, Wen et al. 2018), had
no effect on the performance of the connection.

Figure 3.8: Progression of MC of all four species of CLT specimens concerning the duration of
simulated rain exposure.
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Table 3.3: Moisture content values and their respective coefficient of variation of
specimens for each exposure group and species as recorded just before the cyclic load
testing.
Species
Duration
(days)

Exposure

0
12
24

DFL

NSP

SPF

SYP

MC
(%)

COV
(%)

MC
(%)

COV
(%)

MC
(%)

COV
(%)

MC
(%)

COV
(%)

Control

9.70

20.47

9.20

23.94

9.50

8.01

8.90

10.87

Wet

22.20

15.71

20.00

11.03

26.30

11.65

27.10

13.80

Re-dried

7.90

8.80

8.50

8.05

8.60

5.16

8.20

8.27

Wet

23.40

11.57

21.20

18.30

26.70

13.20

26.30

13.93

Re-dried

7.10

18.60

8.70

5.91

9.20

9.41

8.50

9.78

(a)

(b)

Figure 3.9: (a) Growth of mold on DFL specimen (b) Rusting of bolts.

3.4.2

Load-carrying Capacity

Table 3.4 lists the average load-carrying capacity (ALC) of the control, wet, and re-dried
specimens. Results indicate that the ALC of wet and even re-dried specimens
significantly increased (p < 0.05) compared to the control specimens, except for SYP,
even though no difference was observed based on the duration of the simulated rain
exposure. The increase in the ALC of the connection of wet specimens can be attributed
to swelling of the wood, leading to increased confinement around the nails. Similarly, an
increase of approximately 13%, 14%, 11.5% were observed in the MLC capacity of the
connection of re-dried specimens of DFL, NSP, SPF, respectively. The re-dried
specimens were tested at a lower MC than controls (
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Table 3.3), and since mechanical properties of wood increase with a decrease in MC below
fiber saturation point (Gerhards 2007), so this trend was expected. An increase in the
magnitude of average load-carrying capacity was observed for SYP as well. However, the
variation observed during the testing of the control specimen rendered any statistical
comparison inconclusive. Hence, the connection system exhibited similar or higher load
carrying capacity after simulated rain exposure and re-drying, which is similar to the study
conducted by Silva et al. (2016). The increase can be attributed to a multitude of factors,
such as the increase of mechanical properties of wood increase with a decrease in MC.
However, additional studies are required to confirm the effect of lower MC.
Table 3.4: Maximum load-carrying capacity and their respective coefficient of variation
values for each exposure group and species.
Species
Duration
(days)

Exposure

0
12
24

DFL

NSP

SPF

SYP

ALC*
(kN)

COV
(%)

ALC
(kN)

COV
(%)

ALC
(kN)

COV
(%)

ALC
(kN)

COV
(%)

Control

30.9

3.98

27.7

9.89

26.0

6.46

30.9

11.14

Wet

35.2

2.04

31.1

3.80

29.2

4.97

33.6

3.87

Re-dried

35.6

5.08

32.1

3.19

29.4

1.93

32.8

2.02

Wet

36.2

3.25

30.9

2.46

29.3

3.19

34.1

7.34

Re-dried

34.9

5.19

31.9

4.80

30.7

2.23

33.9

4.95

*ALC = Average load-carrying capacity
Even though the ALC increased in DFL re-dried specimens, but the displacement
corresponding to load-carrying capacity was not changed significantly in re-dried
specimens compared to control specimens, which can be observed from hysteresis curves
in Figure 3.10a. A similar trend is observed in SYP re-dried specimens. However, as
tabulated in Table 3.5, re-dried specimens of NSP and SPF exhibited a significant increase
in the displacement corresponding to MLC compared to control specimens. On the other
hand, the increase in Δm of wet specimens is statistically significant compared to control
specimens, except SYP wet specimens subjected to 24 days of simulated rain owing to
higher variation in control specimens.
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Table 3.5: Displacement corresponding to the maximum load-carrying capacity and their
respective coefficient of variation values for each exposure group and species
Species
Duration
(days)

Exposure

0
12
24

DFL

NSP

SPF

SYP

Δm
(mm)

COV
(%)

Δm
(mm)

COV
(%)

Δm
(mm)

COV
(%)

Δm
(mm)

COV
(%)

Control

19.15

7.78

18.38

3.95

19.97

11.25

22.33

24.23

Wet

22.36

8.88

28.01

12.23

28.48

6.30

26.41

5.62

Re-dried

18.41

14.43

23.01

3.17

23.14

2.30

21.53

9.90

Wet

23.99

10.37

30.83

9.15

27.53

1.11

21.87

34.56

Re-dried

19.62

10.51

20.28

15.11

23.37

0.62

23.56

12.53

(a)

(b)

Figure 3.10: (a) Comparison of hysteresis plots of control, and re-dried (12 days rain
exposed) specimen of DFL species, (b) Comparison of the average backbone of control
specimens of all four species
The average experimental backbone curves for control specimens of all four species tested
are presented in Figure 3.10b. The control specimens of DFL and SYP exhibited similar
backbones. Connection properties are highly dependent on the specific gravity of the wood
species. DFL (0.5) and SYP (0.55) have higher documented specific gravity than NSP
(0.41) and SPF (0.42). Consequently, the ALC of SYP and DFL specimens are superior to
those of NSP and SPF. The decrease in the ALC of SPF control specimens was found
statistically significant compared to DFL and SYP. The ALC of the NSP control specimen

75

was statistically different from DFL control specimens but not compared to SYP control
specimens owing to its higher variation.
3.4.3

Damage Progression

Design calculation using NDS (American Wood Council 2018) yield mode equations using
the basic material properties for the wood species, and the fasteners used predicted a Mode
III yielding (Figure 3.11b) of the connection. As shown in Figure 3.11a, following cyclic
loading testing, the formation of the plastic hinge and crushing of wood fibers was
observed, which is consistent with Mode III yielding. Moreover, the observations align
with those in Amini et al. (2018), whereby the connection was designed to fail by yielding
of nails and crushing of wood fibers corresponding to Mode III or Mode IV. The observed
yield mode was consistent across all exposure conditions and species. Moreover, the
withdrawal of nails governed the failure across all the specimens.
Brushing of contact surfaces of the wall piece and floor piece was observed in wet
specimens, as shown in Figure 3.11c, caused due to the increased contact force as a result
of moisture-induced dimension changes in the CLT pieces. Thus, the frictional force
between the wall and floor pieces increased. Wet specimens also showcased swelling of
wood around the L-bracket, which caused the localized failure of wood fibers due to
interaction with the L-bracket during the testing, as shown in Figure 3.11d.
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(a)

(b)

(c)

(d)

Figure 3.11: (a) Digital image of failure of connection specimen showing a Mode III
failure with yielding of nails and crushing of wood fibers, (b) A schematic of yielding
Mode III, (c) Digital image of failure of connection specimen brushing at the contact
surface of the floor element and wall element (d) Digital image of observed failure of
wood fibers because of interaction between the region of wall element and L-bracket.
3.4.4

Small-displacement and Initial Stiffness

Table 3.7lists the small-displacement stiffness (SDS) values, while Table 3.6 lists the initial
stiffness values. First, it can be seen that the control specimens of DFL and SYP exhibit a
higher initial stiffness compared to control specimens of NSP and SPF. Second, overall,
results indicate that wet specimens of all species exhibited a statistically significant
increase in SDS and initial stiffness, except for the SYP. The increase in SDS and initial
stiffness can be attributed to the confinement of nails due to swelling of wood and due to
the initially increased friction due to the swelling of the wood, as mentioned above. In the
case of SPF wet specimens, the initial stiffness decreased significantly (p < 0.05) after 12
days of simulated rain exposure compared to control specimens. Although SPF 24-day wet
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specimens also exhibited an increase in initial stiffness of wet specimens, the difference
was not statistically significant owing to the high variability observed. Furthermore, for
wet specimens of DFL and NSP, a statistically significant increase in initial stiffness was
observed than their control counterparts. So, results indicate that the effect of increased
confinement of nails was more dominant in the case of DFL and NSP specimens compared
to SPF and SYP specimens.
Table 3.6: Average initial stiffness and their respective coefficient of variation values for
each exposure group and species.
Species
DFL

Duration
(days)

Exposure

0
12
24

NSP

SPF

SYP

IS*
(N/mm)

COV
(%)

IS
(N/mm)

COV
(%)

IS
(N/mm)

COV
(%)

IS
(N/mm)

COV
(%)

Control

3550

12.79

2866

17.74

2637

8.83

3569

12.57

Wet

7051

28.59

4608

18.62

1750

9.51

3057

19.32

Re-dried

3966

8.40

3019

14.25

2393

8.20

3019

16.44

Wet

5840

26.87

4461

26.28

4195

47.83

4105

31.67

Re-dried

3956

13.44

3128

9.43

2538

11.71

3361

11.53

*IS = Initial stiffness

Table 3.7: Average small-displacement stiffness and their respective coefficient of
variation values for each exposure group and species.
Species
DFL

Duration
(days)

Exposure

0
12
24

NSP

SPF

SYP

SDS*
(N/mm)

COV
(%)

SDS
(N/mm)

COV
(%)

SDS
(N/mm)

COV
(%)

SDS
(N/mm)

COV
(%)

Control

3561

11.44

4206

32.06

1941

25.48

3262

34.52

Wet

12953

24.09

7789

31.77

5740

37.21

7506

25.29

Re-dried

4208

13.01

2862

12.95

2526

10.33

3116

14.45

Wet

10947

9.57

7566

24.09

8358

18.70

7307

32.57

Re-dried

4163

12.56

2696

13.11

2881

20.03

4190

45.38

*SDS = Small-displacement stiffness

Overall, the difference in SDS and initial stiffness of re-dried specimens was not
statistically significant because the drying of wood reverses the swelling of wood, which

78

retreats the increased confinement of nails back to the confinement level of control
specimens. Consequently, control specimens, as well as re-dried specimens, exhibited no
significant difference between small-displacement elastic stiffness and initial elastic
stiffness.
3.4.5

Energy Dissipation Capacity

The cumulative hysteretic energy corresponding to the exposure conditions of all four
species is tabulated in Table 3.8. The total energy dissipation capacity of wet specimens
exhibited a significant increase in wet specimens compared to control specimens. However,
the total energy dissipation capacity of re-dried specimens remained within the statistical
variation of control specimens. The above trends in total energy dissipation capacity of wet
specimens, as well as re-dried specimens, were found to be consistent across all species.
Moreover, the duration exposure had no effect on the total energy dissipation capacity of
the wet as well as re-dried specimens. Overall, the re-drying of specimens exposed to
simulated rain for 24 days did not affect the total energy dissipation capacity of the
connection.
Table 3.8: Average cumulative energy and their respective coefficient of variation values
for each exposure group and species.
Species
DFL

Duration
(days)

Exposure

0
12
24

NSP
COV
(%)

Control

CE*
(kNmm)
3606

Wet

SPF
COV
(%)

14.88

CE
(kNmm)
3380

6925

15.16

12.96

4107

5464

11.60

3326

16.25

7.87

CE
(kNmm)
3954

4950

10.17

Re-dried

3790

Wet
Re-dried

COV
(%)

SYP
COV
(%)

7.02

CE
(kNmm)
3919

28.26

5527

8.64

5945

22.24

13.08

3294

13.38

3381

22.71

7669

8.24

6006

9.77

5354

13.59

4152

20.87

3879

8.42

4210

24.73

*CE = Cumulative dissipated energy
3.4.6

SAWS Curvilinear Model

The derived SAWS parameters for all exposure and species groups are tabulated in Table
3.9 to Table 3.12, where each table corresponds to a CLT specimen species. The values of
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reference slope (S0) were different from the values of initial stiffness because they are
calculated as the initial stiffness from the positive direction backbone only. However, the
trends observed with reference slope (S0) were found similar to the initial stiffness. The
reference force (F0) was always smaller than the Fmax owing to the constraint applied in the
optimization process. For wet specimens, the increase in the reference slope (S 0) caused by
greater confinement of nails also resulted in a decrease of reference force (F0). This trend
of in the reference force (F0) in wet specimens is consistent across all exposure duration
with all four species except in the case of 12 days simulated rain exposed wet specimens
of SPF, where the reference force (F0) was found higher than the reference force (F0) of
SPF control specimens owing to its higher variation. On the other hand, the reference force
(F0) exhibited a significant increase in the re-dried specimens compared to control
specimens across all the species, which was a result of a significant increase in the F max of
re-dried specimens compared to control specimens and the no significant difference in
reference slope (S0) of re-dried and control specimens. The slope coefficient parameters
R1 and R2 exhibited no specific trend concerning the exposure conditions and species.
However, the R2 parameter shown a decrease in re-dried specimens across all the species,
which might indicate a decrease in post-peak plastic stiffness in re-dried specimens, but
the decrease was not found statistically significant owing to high variation in R 2 as well as
R2S0. Moreover, R1 always remained positive due to the constraint applied on reference
force (F0), that it should be lesser than Fmax. Although the SAWS curvilinear model
captured the shape of the backbone, it did not provide a specific yield point parameters,
which are essential for design practice.
Table 3.9: SAWS curvilinear model parameters for average curves along with their
coefficient of variation for DFL species.

Avg
(mm)

COV
(%)

Avg
(kN)

COV
(%)

Avg

COV
(%)

Avg

COV
(%)

12
24
12

S0 (N/mm)
Avg
COV
(N/
(%)
mm)
3519 14.9
6162 35.0
5100 38.4
3537 22.3

22.11
24.65
27.26
21.47

16.3
18.7
25.5
18.6

31
25
28
36

6.5
25.5
23.8
7.0

0.04
0.07
0.07
0.09

30.3
22.9
38.4
60.1

-0.62
-0.50
-0.66
-0.90

12.8
81.6
85.4
40.7

24

3476

22.58

39.6

36

7.0

0.06

23.1

-1.05

11.0

Exposure
Type

Duartion
(days)

Control
Wet
Re-dried

11.8

Dm (mm)

F0 (kN)

R1

R2
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Table 3.10: SAWS curvilinear model parameters for average curves along with their
coefficient of variation for NSP species.
Exposure
Type

Duartion
(days)

Control

12
24
12
24

Wet
Re-dried

S0 (N/mm)
Avg
COV
(N/
(%)
mm)
3024 15.5
4274 21.2
4510 38.7
3016 15.2
2921 12.3

Dm (mm)

F0 (kN)

R1

R2

Avg
(mm)

COV
(%)

Avg
(kN)

COV
(%)

Avg

COV
(%)

Avg

COV
(%)

22.72
31.24
33.85
22.81
21.76

16.3
18.7
25.5
18.6
39.6

28
20
21
33
32

15.7
11.7
28.8
3.8
6.7

0.04
0.08
0.07
0.08
0.09

74.7
18.0
48.5
47.7
26.2

-0.48
-0.33
-0.41
-0.57
-0.51

18.6
51.8
67.2
38.1
21.6

Table 3.11: SAWS curvilinear model parameters for average curves along with their
coefficient of variation for SPF species.

Avg
(mm)

COV
(%)

Avg
(kN)

COV
(%)

Avg

COV
(%)

Avg

COV
(%)

12
24

S0 (N/mm)
Avg
COV
(N/
(%)
mm)
2698 15.8
1628 21.0
4386 65.3

21.16
34.89
33.00

16.3
18.7
25.5

26
27
23

4.9
27.3
25.4

0.06
0.15
0.07

40.7
99.5
53.7

-0.46
-1.17
-0.48

19.8
51.4
55.0

12
24

2342
2551

23.13
24.80

18.6
39.6

30
32

2.3
4.1

0.11
0.08

29.6
33.2

-0.56
-0.64

41.8
34.6

Exposure
Type

Duartion
(days)

Control
Wet
Re-dried

13.2
14.2

Dm (mm)

F0 (kN)

R1

R2

Table 3.12: SAWS curvilinear model parameters for average curves along with their
coefficient of variation for SYP species.
Exposure
Type

Duartion
(days)

Control

12
24
12
24

Wet
Re-dried

3.4.7

S0 (N/mm)
Avg
COV
(N/
(%)
mm)
3275 24.9
2859 14.3
5100 38.4
2731 16.9
3562 23.5

Dm (mm)

F0 (kN)

R1

R2

Avg
(mm)

COV
(%)

Avg
(kN)

COV
(%)

Avg

COV
(%)

Avg

COV
(%)

22.24
31.55
27.26
23.46
22.12

16.3
18.7
25.5
18.6
39.6

31
30
28
33
33

5.8
23.5
23.8
2.1
10.7

0.06
0.06
0.07
0.10
0.06

72.0
83.9
38.4
42.6
53.5

-0.58
-0.90
-0.66
-0.83
-0.76

55.2
32.2
85.4
19.7
45.8

ASCE 41-17 Trilinear Model

Another way to approximate connection performance is the ASCE 41-17 Trilinear model.
These models also served as a direct comparison for SAWS curvilinear models. Figure
3.12a, c shows two separate plots with each consisting of an overlay of experimental
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positive direction backbone, shifted positive direction backbone, and respective ASCE 4117 trilinear model. The positive direction backbone shifted by positive displacement for
both control and re-dried specimens, as shown in Figure 3.12a, c, where these shifts also
contributed towards the displacement parameters of the ASCE 41-17 trilinear model. The
average ASCE 41-17 trilinear curves of DFL and SYP were almost the same owing to their
similar specific gravities, as shown in Figure 3.12a. Similarly, the NSP and SYP also
showcase similar force-displacement relationship obtained from the average ASCE 41-17
trilinear curves in most of the pre-peak region, but with a noticeable difference in their
peak forces. Moreover, the slope of the post-peak plastic region was found to be the lowest
in the SPF control specimens.
Figure 3.13 shows the average ASCE 41-17 trilinear curves of different exposure
conditions across all four species. Since the slope of the elastic segment (S 0) followed the
same trends as Initial elastic stiffness (K) since it was defined as the initial stiffness
obtained from the positive direction backbone of that specimen. Yield displacements of
wet specimens exhibited a decrease, and re-dried specimens exhibited an increase
compared to control specimens, as shown in Figure 3.13. However, these differences in
mean yield displacements of wet specimens and re-dried specimens with control specimens
were not found statistically significant in most of the comparisons due to their higher
coefficient of variation. Moreover, there is an exception in terms of SPF species, where the
mean yield displacement increased with 12 days of simulated rain exposed wet specimens
compared to control specimens, and the increase is statistically significant as well, which
was caused by a decrease in initial stiffness (Table 3.6) in this particular case. Hence, apart
from an exception with 12 days of simulated rain exposed SPF wet specimens, wet
specimens exhibited decreased elastic deformation capacity due to increased initial
stiffness. The yield force of wet specimens exhibited no difference compared to control
specimens across all the species. Similarly, no difference was observed in the yield forces
of re-dried specimens compared to control specimens with the exception of DFL species,
where the increase in the yield force of re-dried specimens compared to control specimens
was found statistically significant (Figure 3.13a).

The ultimate displacement (D u*)

exhibited a statically significant increase in re-dried specimens of NSP and SPF, as shown
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in Figure 3.13b, c. Hence, the total deformation capacity increased in NSP and SPF due to
simulated rain exposure and re-drying. On the other hand, the difference between the
ultimate displacement (Du*) of re-dried specimens and control specimens of DFL and SYP
was not found statistically significant, which suggests no change in total deformation
capacity of the connections subjected to simulated rain exposure and re-drying in the DFL
and SYP species.
In most cases, the SAWS curvilinear model provides a better approximation compared to
ASCE 41-17 trilinear model, as shown in Figure 3.12d, which shows an overlay of the
ASCE 41-17 trilinear model, the SAWS curvilinear model, and the shifted positive
direction backbone of DFL re-dried specimen subjected to 24 days of simulated rain
exposure. Moreover, in the post-peak region, the ASCE 41- 17 trilinear model was found
to be more conservative than SAWS curvilinear model since it only ranges to the
displacement where the force reaches 80% of the Fmax. However, ASCE 41- 17 trilinear
model also provides lesser energy dissipation capacity compared to the experimental
backbone curve, which was similar to the SAWS curvilinear model.
In most cases, the SAWS curvilinear model provides a better approximation compared to
ASCE 41-17 trilinear model, as shown in Figure 3.12d, which shows an overlay of the
ASCE 41-17 trilinear model, the SAWS curvilinear model, and the shifted positive
direction backbone of DFL re-dried specimen subjected to 24 days of simulated rain
exposure. Moreover, in the post-peak region, the ASCE 41- 17 trilinear model was found
to be more conservative than SAWS curvilinear model since it only ranges to the
displacement where the force reaches 80% of the Fmax. However, ASCE 41- 17 trilinear
model also provides lesser energy dissipation capacity compared to the experimental
backbone curve, which was similar to the SAWS curvilinear model.
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(a)

(b)

(c)

(d)

Figure 3.12: (a)ASCE 41-17 trilinear model of DFL control specimen, (b) Average ASCE
41-17 trilinear model of control specimens of all species, (c) ASCE 41-17 trilinear model
of DFL re-dried specimen soaked for two weeks, (d) Comparison of SAWS curvilinear
model and ASCE 41-17 trilinear model of the DFL re-dried specimen with an exposure
duration of 2 weeks.
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(a)

(b)

(c)

(d)

Figure 3.13: (a) Average ASCE 41-17 trilinear curves of different exposure conditions of
DFL specimens, (b) Average ASCE 41-17 trilinear curves of different exposure
conditions of NSP specimens, (c) Average ASCE 41-17 trilinear curves of different
exposure conditions of SPF specimens, (d) Average ASCE 41-17 trilinear curves of
different exposure conditions of SYP specimens.
3.5

Conclusion

Outcomes of this research provide a better understanding of the performance of generic
CLT connection when subjected to a moisture wetting-drying cycle due to rain and
increased relative humidity exposure that is typical of the construction phase. The
connection specimens were subjected to cyclic testing to understand the impact of
simulated rain exposure of 12-days and 24 -days, followed by re-drying, and a series of
cyclic tests were conducted on the connection specimens to investigate the performance of
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CLT wall to floor L-bracket connection at different moisture exposure conditions. The
analysis of force and displacement data gathered from a total of 120 cyclic tests led to
findings that the maximum load-carrying capacity of the CLT L-bracket connection system
exhibited a statistically significant increase after a cycle of rain simulated wetting and
drying. However, the increase can’t be completely attributed to the simulated exposure
condition since the MC of re-dried specimens was 2%-3% lower than the control
specimens, while further research is required to investigate the increase. However, no
significant change was found in stiffness and the energy dissipation capacity of the
connection. In addition, the wood species with higher specific gravities showed a higher
maximum load-carrying capacity within the control specimens, as expected. However, to
ensure the long term robustness of the connection, it is worthy of understanding the effect
of multiple cycles of wetting and drying, as well as the effect of biological decay.
The force-displacement response was modeled using two different existing engineering
models – ASCE 41-17 trilinear and SAWS curvilinear model. The parameters defining the
ASCE 41-17 trilinear curve provide a conservative engineering model that can be used for
developing design parameters of performing engineering assessments. It was observed that
after a cycle of rain simulated wetting and drying, the yield displacement increased, but the
increase was not statistically significant. Besides, the total deformation capacity of the
connection increased except for the DFL group. Although the SAWS curvilinear model
accounts for nonlinear force-displacement response in the pre-peak region, it does not
provide a “yield point.” Thus, the SAWS curvilinear model can be used as an additional
model to access connection performance and potential for performing nonlinear response
history analyses of complete structural systems that employ these connections, since the
SAWS curvilinear model provides a better approximation of the total energy dissipation
capacity when compared to the one obtained from the ASCE 41-17 trilinear model.
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4

GENERAL CONCLUSION

The goal of this research effort was to understand the effects of moisture intrusion on the
performance of a generic L-bracket connection used in CLT SFRS. A detailed experimental
campaign was carried out by performing cyclic testing of 264 connection specimens, which
were subjected to two moisture exposure types, multiple durations of exposures, and tested
in wet as well as re-dried conditions. The obtained experimental data were analyzed to
derive maximum load-carrying capacity, stiffness, and energy dissipation parameters of
the connection system. Furthermore, these derived parameters were compared across the
species of CLT, exposure durations, and exposure conditions. In addition, two approximate
force-displacement models were developed as they are more related to the designer for
detailed structural assessment of the CLT SFRS incorporating such bracket connection.
The inferences derived from the analysis of the connection performance parameters as well
as two engineering models are as follows, in alignment with objectives mentioned in
Chapter 1:
1) The performance of CLT wall-to-floor generic L-bracket connection subjected to
wetting and drying induced by flooding of the entire connection was evaluated in
terms of peak force, stiffness, and energy dissipation capacity. In general, the
performance of the connection was not significantly changed, and the trend was
consistent across all four species.
2) On a similar note, maximum load carrying capacity, stiffness, and energy
dissipation capacity of CLT wall-to-floor generic L-bracket connection subjected
to wetting and drying induced by simulated rain increased relative humidity was
evaluated. Overall, the connection system remained robust even after 24 days of
simulated rain exposure.
3) The peak force of the connection system exhibited no statistically significant
change after wetting flood exposure, and subsequent drying also did not have any
significant effect on peak force. On the other hand, wet and re-dried specimens
subjected to simulated rain with increased humidity exhibited a statistically
significant increase in peak force. However, this surprising increase may have been
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caused due to decrese in MC of re-dried specimens of rain exposure. Hence,
additional investigation is required to understand this increase in peak force. In
general, the initial stiffness of wet specimens subjected to flood and simulated rain
exposure increased, while the increase was not found statistically significant owing
to higher variation in the performance of wet specimens in general. In the case of
flood exposure, energy dissipation capacity of the wet connection specimens as
well as re-dried specimens exhibited a statistically significant increase and
decrease, respectively, compared to control specimens. While in the case of
simulated rain exposed connection specimens, the energy dissipated capacity of
connections shown a statistically significant increase with wet specimens, but did
not change in re-dried specimens.
4) Duration of exposure did increase the final MC of the wet specimens of the flood
exposure study but did not change the final MC in the case of simulated rain
exposed wet specimens, which also affected that the duration of drying. Overall,
the duration of exposure did not change the performance of the connection across
all four species. However, it is worthy of investigating the connection performance
with longer durations of exposure to identify the duration of exposure, after which
the connection performance gets affected.
5) In general, connection specimens with CLT of higher specific gravities (DFL, SYP)
performed better compared to CLT with relatively lower specif gravities (NSP and
SPF) in both exposure studies. However, the difference in the performance of
connection in terms of load-carrying capacity, stiffness, and energy dissipation was
not statically significant in pairwise comparisons because of the smaller sample set
and relatively higher variation. In addition, moisture absorption and duration of
drying also differed across the species depending on their individual anatomical
features.
6) Two different approaches were used to derive engineering models from
approximating the force-displacement behavior of a total of 264 connection
specimens. The ASCE trilinear model was derived by dividing the experimental
backbone curve into three different linear segments defined by specific points,
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while the SAWS curvilinear model parameters were derived by optimizing the
energy difference between the experimental backbone and SAWS curvilinear
model. Both models intend to capture the non-linear behavior of the connection
subjected to different moisture exposure for different exposure durations across the
four species. Furthermore, these models provided a more straightforward approach
to characterize the connection performance and also for the use of engineers while
designing the CLT shear wall with similar bracket connections along with
incorporating their moisture performance considerations in the design process.
7) Both models showcased similar trends of load-carrying capacity, stiffness, and
energy dissipation capacity compared to the trends observed from the experimental
backbone. In general, total deformation capacity increased in wet specimens but
remained unchanged in re-dried specimens of both exposure types. In the case of
the flood exposure study, yield displacements of DFL, NSP, and SYP specimens
were decreased due to a cycle of wetting, followed by an increase after a cycle of
drying with the exception of SPF. However, no consistent trends were observed in
the yield force. In general, these differences in yield displacements and yield force
were not found statistically inconclusive due to the higher variation. On the other
hand, yield displacement of wet and redried specimens exposed to simulated rain
did not change statistically, with the exception of SPF wet specimens, where a
statistically significant increase in yield displacement was found after 12 days of
exposure. At the same time, the yield force of wet and re-dried connection
specimens did not change after the simulated rain exposure, with the exception of
DFL and NSP re-dried specimens, where the yield force increased compared to
control, but the increase is statistically significant only in the case of DFL. The total
deformation capacity of the connection increased across all four species after a
wetting cycle of simulated rain exposure. In addition, NSP and SPF connection
specimens also exhibited a statistically significant increase in the total deformation
capacity of the connection after a cycle of wetting and drying of specimens
subjected to simulated rain exposure, while no change was found in DFL and SYP.
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4.1

Practical Aspects of the Research

The knowledge and research regarding moisture intrusion effects on connection
performance are essential for the incorporation of CLT in future structures. Overall, this
research intends to facilitate the development of engineering design guidelines to account
for moisture intrusion in the design process of connections for CLT structural systems.
Furthermore, the engineering models developed in the research can be used for a detailed
assessment of CLT structures.
4.2

Limitations and other Considerations of the Research

This study focuses on only one connection type, i.e., generic L- bracket connection with
nails. This study is limited to only one cycle of wetting and drying of CLT connection
specimens. Furthermore, this study does not account for moisture variation or moisture
propagation in CLT panels, which can affect the connection performance depending upon
the length of the embedment of a fastener.
From a capacity design standpoint, the connections are designed in a way that other
structural members of the system, such as shear wall and floor diaphragm, should not fail
before the failure of the connection. Since the connection performance was not degraded
in general due to the effect of moisture exposures used in this study, it is essential to check
the capacities of shear wall and floor diaphragm after the moisture exposures to ensure the
capacity design goals.
4.3

Future Research Recommendations
1) Understanding the variety of available fasteners and connection types, there is a
considerable scope to study the moisture performance of other connection types,
fastener types such as screws as wells incorporating other mass timber products
such as mass plywood panels.
2) Multiple cycles of wetting and drying merit further study considering the exposure
of moisture throughout the service life of the structures.
3) Further studies to understand the propagation of moisture due to the embedment of
fasteners in single ore multiple layers of CLT can be helpful to understand the
potential locations of moisture storage, and it’s effects on connection performance.
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4) Since moisture can potentially lead to other problems such as delamination and
biological decay of CLT panels, further research to understand the effects of other
environmental impacts on CLT connections is crucial to ensure the long term
durability of CLT structures.
5) Nonetheless, moisture exposure to CLT cannot be avoided entirely; there is a severe
need to develop moisture management protocols for CLT construction in order to
minimize the moisture intrusion, which can also lead to a longer service life of the
structures.
6) This component-level study can be transformed into full-scale testing of CLT shear
walls subjected to a variety of moisture exposure conditions, which can also provide
the variation in performance of connection depending upon its location of the wall.
Although significant research has been done in the last decade about the various aspects of
CLT structures, there are still knowledge gaps that need to address to provide enough
confidence to architects and engineers for the smooth adoption of CLT, which will
eventually continue to support the growing market for mass timber structures.
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APPENDIX

6.1

Rotation Policy for Rain Exposure Specimens

In order to optimize the space and save the time of the overall experiment, the configuration
of specimens exposed to simulated rain in the climatic chamber was changed in a
predetermined pattern every day. This was done to make sure that each individual Lbracket is exposed to an equal amount of water spray. The maximum capacity of rain
exposure setup was 30 specimens using the configuration along with 10 sprinklers shown
in Figure 3.2a. 30 Specimens were arranged in 10 rows with 3 specimens in each row, the
specimens were placed vertically on the steel rack, as shown in Figure 3.2b.
At maximum capacity, 5 exposure conditions groups (6 specimens per group) were placed
on the steel rack, where one exposure condition group occupied two consecutive rows,
which was exposed to water spray by two sprinklers. Within those two rows of specimens,
the specimens were divided such that the specimens with odd numbers (1,3,5) were placed
in the same row and rest (2,4,6) in the other row. The specimen numbers were marked with
their respective numbers on one side thickness of the wall piece, which was used to
determine the orientation of the specimen. If the marked number was facing the door of the
climatic chamber, then it was denoted as front-facing (F) and otherwise rear-facing (R).
The specimens were flipped to change the orientation without changing their respective
location every alternate day, followed by changing their location on the remaining
alternative days in a specific order shown in Table 6.1.
Table 6.1: Configuration of specimens with odd numbers for a 12-day exposure
Day

Configuration

Day

Configuration

1

F- 1,3,5

7

F- 3,5,1

2

R- 1,3,5

8

R- 3,5,1

3

F- 1,5,3

9

F- 5,1,3

4

R- 1,5,3

10

R- 5,1,3

5

F- 3,1,5

11

F- 5,3,1

6

R- 3,1,5

12

R- 5,3,1
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Table 6.1 illustrates the predetermined configuration of specimens with odd numbers for
an exposure duration of 12 days, which was similar for specimens with even numbers. This
cycle of 12 days was repeated for an exposure duration of 24 days.
6.2

Sprinkler Water Spray Calculation

Discharge from main water inlet (D)

=

73.99

ml/s

Discharge per sprinkler

=

7.40

ml/s

Target rainfall/ per day (R)

=

100

mm

Average plan dimensions of a specimen

=

619.35

cm2

Area covered by specimens

=

30 x 619.35

=

18580.50

The total volume of water required (V)

= 18580.50 x 0.1
=

Duration required

cm2

=
=
=

185805.00

cm3

V/D
2511.22 sec/ day
0.70 hr/day

The sprinklers were operated a certain amount of time for 16 hours a day
Sprinker running time per hour for 16 hours a day

=
=

2.62 minutes
2 minutes 37 seconds

