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Abstract 

The trend towards sustainable construction practices has led to a growing demand for mid- to high-rise 

mass timber structures and a growing interest in their behaviour during earthquakes. Due to the brittle nature 

of wood, timber-based seismic force resisting systems (SFRSs) rely on connections to dissipate energy; 

these connections effectively act as a ductile energy-dissipative fuse in extreme loading events. Ductile 

timber connections traditionally fail from a combination of yielding of fasteners and the crushing of wood 

below the fasteners. While this ensures ductile behaviour, seismic resilience is an increasingly desired trait 

in SFRSs. Seismically resilient systems seek to reduce or eliminate all disruptions to occupants caused by 

an earthquake, which can be achieved by designing easily replaceable fuses that absorb permanent damage, 

or through the design of self-centering systems.  

Recently, superelastic shape memory alloys (SMAs) have garnered interest in the construction industry for 

their potential use in resilient self-centering structural systems. Superelasticity is a property which enables 

a material to recover large strains with no permanent damage. The overarching aim of the current study is 

to investigate the effectiveness of using superelastic nickel-titanium (NiTi) SMA bars as slender fasteners 

in timber dowel-type connections to create a self-centering connection for braced timber frames (BTFs).  

Initially, the self-centering ability of the SMA bars in bending was evaluated by performing cyclic three-

point bending tests on the SMA bars. The performance of SMA bars used as straight dowels in a single 

fastener wood-steel-wood connection was investigated and compared to the behaviour of a traditional steel 

dowel using the same connection detail. These single dowel tests were modelled in Abaqus, and modelling 

results showed good agreement with experimental results. Then, the SMA bars were threaded and used in 

a four-bolt wood-steel-wood connection that was tested in monotonic and cyclic loading. These tests were 

also performed with traditional ASTM A307 bolts to compare connection behaviour to the current industry 

standard.  

The SMA dowel and bolted connections both showed great self-centering abilities and increased strength 

when compared to connections with traditional steel fasteners. However, the NiTi alloys used in this study 

showed a tendency to shear suddenly at the wood-steel interface. Additionally, the higher bending strength 

of the NiTi alloys led to slightly greater wood crushing compared to connections with traditional steel 

fasteners. While the great self-centering effect of the SMA fasteners show promise for the use of SMAs in 

connections, it is recommended that further research be conducted on the fatigue behaviour of NiTi dowels 

in cyclic shear. Additionally, dowel-type fasteners employing a different superelstic alloy, such as iron-

based SMAs, should be investigated as they become available. While these alloys are currently still in 

development, they could be an inexpensive alternative to NiTi with cyclic shear behaviour that is better 

suited for dowel-type fasteners.   
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Chapter 1 -  Introduction 

1.1 Research Needs 

The substitution of conventional building materials with mass timber has been shown to reduce 

construction phase CO2 emissions by an average of 69% (Himes & Busby, 2020). Consequently, recent 

efforts towards achieving carbon neutrality are driving a rising demand for mid- to high-rise mass timber 

buildings. As taller buildings are constructed using mass timber products such as glue-laminated timber 

(glulam) and cross-laminated timber (CLT), the need to develop an understanding of the behaviour of 

timber structures under earthquake loads becomes increasingly critical. The high strength-to-weight ratio 

of wood makes it a favorable material in high seismic zones, as lower building weight results in lower 

seismic design forces. However, the brittle failure modes associated with this natural material leads to 

challenges that must be overcome through creative design and innovations.  

To achieve ductile seismic force resisting systems (SFRSs), the adoption of a capacity-based design 

approach is essential. This approach enables designers to ensure that brittle structural components remain 

elastic while inelastic deformations occur in specifically designed ductile elements. In steel structures, 

this typically entails designing strong connections with a higher capacity than the steel members they 

support (Popovski & Karacabeyli, 2008), since members like steel beams in bending have significant 

ductility and deformation capacity. In contrast, due to the brittle nature of wood, connections in timber 

SFRSs must be designed with a lower capacity than the members they support, as the connections make 

use of steel fasteners which behave in a ductile manner (Popovski & Karacabeyli, 2008). 

One of the most efficient wood-based SFRSs that can be used in mass timber buildings consists of 

braced timber frames (BTFs). In BTFs, dowel-type timber connections are heavily relied upon to dissipate 

seismic energy and ensure that the deformations occur at the connection level. To effectively act as a 

ductile structural fuse, these connections need to be designed to deform as a combination of fastener 

yielding and embedment into wood: two deformation modes which do not lead to sudden failures. While 

this is an efficient way to ensure life safety in the case of seismic events, there is a growing desire for 

structures to remain functional following extreme loading events. The concept of sustained functionality 

of a building after extreme loading, often referred to as resilience, is one of the main motivations for this 

study. In fact, this research seeks to fulfill a need for resilient BTF connections that can easily be designed 

and installed in mass timber buildings.  

Shape memory alloys (SMAs) possess unique characteristics that make them appealing for applications 

in resilient structural systems. One property of SMAs, commonly known as superelasticity, allows the 

material to undergo large displacements without any permanent deformations. The research presented in 

this thesis seeks to exploit this unique property to develop simple dowel-type connections which have 
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limited permanent damage after being subject to large displacements. The use of SMA round bars as 

fasteners in the wood-steel-wood connections commonly found in BTFs is critical to the development of a 

resilient wood-based SFRS that is simple to design, manufacture, and assemble.  

1.2 Objectives 

The overarching aim of this study is to investigate experimentally and analytically the potential of a 

shape-memory-alloy (SMA) dowel-type connection for braced timber frames (BTFs) that is simple to 

design and non-intrusive to the aesthetics of traditional BTFs. This novel connection seeks to provide 

BTFs with improved seismic resilience compared to BTFs with traditional dowel-type connections 

through the self-centering abilities inherent to SMAs. Of particular interest in the current study is the 

experimental and analytical behaviour of the SMA connection in the diagonal brace. The global response 

of the BTF with SMA dowels will be investigated in further studies. The BTF configuration and detailing 

in Figure 1.1 is representative of what is commonly found in mass timber buildings. Traditionally, the 

diagonal brace uses steel bolts (dowels), rivets, or self-tapping screws in lieu of SMA dowels. 

 

 

a) Typical BTF b) BTF Connection 

Cross-Section 

Figure 1.1: Typical BTF and the Connections of Interest 

To investigate the performance of SMA dowels in wood-steel-wood connections (Figure 1.1), the 

following sub-objectives have been defined: 

1. Experimentally evaluate the self-centering ability of SMA bars in bending in comparison to 

traditional steel fasteners with the same diameter.  

2. Experimentally investigate the material behaviour of smooth SMA and steel dowels free of 

threads, nuts, and washers in single dowel wood-steel-wood connections under monotonic and 

cyclic loading. 
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3. Experimentally investigate the monotonic and cyclic behaviour of wood-steel-wood connections 

with a group of SMA dowels and steel bolts that are fastened to the specimens using nuts and 

washers, representative of conventional construction practices when employing bolted 

connections in BTFs.  

4. Develop a finite element model capable of predicting the behaviour of steel and SMA dowel 

wood-steel-wood connections. The predicted force-displacement curves will be compared to the 

experimental results.  

5. Evaluate the feasibility of using SMAs as dowels in BTF connections by comparing the 

behaviour of the SMAs to the traditional alternatives (i.e., steel bolts). Make suggestions 

regarding the use of SMAs as dowels in BTF connections and the possibilities for future work on 

this topic including other potential applications of SMAs in wood-based SFRSs. 

1.3 Thesis Organization 

This thesis is divided into seven chapters; the information presented in each chapter is summarized in this 

section. 

Chapter 1 consists of a brief introduction of the research topic. The relevance of the research being 

conducted is justified in the context of trends in the construction industry, such as mass timber buildings, 

seismic design, and resilient structural systems. 

Chapter 2 provides a literature review. The main topics covered in this section include general 

information on wood as a material, timber dowel-type connections, typical wood-based SFRSs, the 

concept of structural resilience, and the properties of SMAs along with a review of resilient structural 

systems developed using SMAs.  

Chapter 3 presents the methods used to develop the experimental program. This includes the results of 

three-point bending tests of fasteners, embedment tests on wood, and monotonic and cyclic testing of 

connections with various types of dowels. 

Chapter 4 presents experimental results for material tests and full connection tests introduced in 

Chapter 3.  

Chapter 5 presents a three-dimensional (3D) finite element model developed to replicate the 

experimental results of wood-steel-wood dowel type connections. Force-displacement relationships are 

extracted from the model for comparison to the experimental results. 

Chapter 6 discusses the findings from the experimental and analytical study. Results presented in 

Chapters 4 and 5 are summarized and critically analyzed.  
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Chapter 7 concludes the thesis and discusses some shortcomings of the experimental and analytical 

program. Suggestions for future work are also included in this chapter.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

5 

 

Chapter 2 -  Literature Review 

2.1 General 

This chapter summarizes information from literature on the main themes related to this study. First, wood 

properties important to understanding the development of models and interpretation of experimental 

results are introduced in Section 2.2, and design considerations for traditional dowel-type timber 

connections are discussed in Section 2.3. Then, the design of traditional timber SFRSs is briefly explained 

in Section 2.4 to help readers understand how timber buildings can be designed to dissipate seismic 

energy; this section helps further highlight the importance of dowel-type connections. The concept of 

seismic resilience is then introduced; a literature review of resilient design methodologies and structural 

systems is presented. Finally, SMAs are introduced as a means of achieving resilience in structural 

systems, and a review of previous uses of SMAs in structural systems is provided.  

2.2 Wood as a Construction Material 

Wood is a complex material that is subject to many important considerations during design. For instance, 

wood is a viscoelastic material, which means its properties are affected by the rate and duration of 

loading, and wood is hygroscopic, which implies that it can absorb moisture from the air (O’Callaghan, 

2021). Additionally, wood is an orthotropic material with different mechanical properties in three 

directions relative to the wood’s grain (longitudinal, radial, and tangential to grain). Because the radial 

and tangential properties are similar, wood is often idealized as transversely isotropic, and the radial and 

tangential properties are called the “perpendicular” direction (Oliveira, 2021). Wood is strong and ductile 

in compression (parallel and perpendicular to grain) since fibres densify as they are crushed under 

compressive loads, however, the behaviour of wood in tension is less favorable (Oliveira, 2021). The 

tensile capacity of wood is particularly low in the direction perpendicular to grain, and high tensile 

stresses in this direction can lead to splitting, which is a brittle mode of failure that should be avoided at 

all costs. While designers can carefully detail wood members not to resist loads primarily through tension 

in the radial or tangential directions, the presence of knots can cause localized weak spots in wood 

members. Knots effectively alter the direction of wood grain, meaning a member that is in tension parallel 

to grain along most of its length, may experience perpendicular to grain tensile stresses where knots 

interrupt the grain direction. 

The wood properties mentioned above introduce some factors engineers must consider when designing 

wood structures. The viscoelastic nature of wood is considered through a load duration factor in the 

Canadian design standard (CSA 086), while the possibility for the presence of knots is considered by 

using a size reduction factor on the resistance of the wood component being designed (Canadian 

Standards Association [CSA], 2019). The orthotropic nature of wood is simply dealt with by using 
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different mechanical properties depending on the direction a member is loaded relative to the wood grain. 

The direction of loading relative to wood grain is particularly important to consider in connections, where 

brittle failure modes can occur in poorly detailed connections. Considerations for the design of timber 

connections are discussed in more detail in the next section.   

2.3 Timber Dowel-Type Connections 

Connections are a critical part of timber buildings as they are relied upon to provide ductility to structures 

made of members that are otherwise brittle, such as wood columns and beams. This is achieved by 

ensuring that wood members behave elastically at load levels at which connections experience plastic 

behaviour. The two primary types of modern timber connections consist of adhesive and mechanical 

joints (Oudjene & Khelifa, 2010). Mechanical connections are most common and are available in many 

different forms including split rings and shear plates, proprietary connectors, and dowel-type fasteners 

(e.g., nails, screws, bolts, etc.). Some proprietary connectors have been developed for use in SFRSs and 

have shown to be effective at improving the seismic performance of timber buildings. However, dowel-

type connections remain the most common connection type for wood-based SFRSs, as they appear in the 

form of nailed connections in light-frame shear walls, screwed connections in CLT shear walls, and 

bolted or riveted connections in BTFs.  

In designing dowel-type connections in wood, much effort is put into avoiding brittle failure modes to 

maximize ductility and energy dissipation during seismic events. Brittle failure modes in such 

connections can be the result of the development of shear or tensile forces parallel-to-grain, leading to 

row shear or net tension failures, respectively. Alternatively, a combination of shear and tension forces 

parallel-to-grain can cause failure by group tear-out, and tension perpendicular-to-grain could result in 

splitting of wood members. Figure 2.1 illustrates the four failure modes described herein.  



 

7 

 

 
a) Row Shear 

 
b) Group Tear-Out 

 
c) Net Tension 

 
d) Splitting Perpendicular-to-Grain 

Figure 2.1: Brittle Failure Modes (CSA, 2019) 

Splitting perpendicular-to-grain can be avoided by careful detailing of connections to minimize or 

eliminate forces which cause tension perpendicular-to-grain. Meanwhile, by providing sufficient distance 

between the end of wood members and the dowels (aL), it is possible to prevent row shear, group tear-out, 

and net tension failures. Furthermore, it has been shown that using dowels with a higher slenderness ratio 

(i.e., small diameter) can help prevent the brittle failure modes shown in Figure 2.1 (Jorissen, 1998). In 

fact, Jorissen (1998) found that the capacity of rigid (i.e., low slenderness ratio) dowel-type fasteners in 

wood-wood connections is not accurately predicted by Johansen’s Yield Model since these connections 

fail due to splitting of the wood rather than embedment into the wood member or yielding of fasteners. 

Johansen’s Yield Model, commonly referred to as the European Yield Model (EYM), makes use of 

equations developed by Johansen (1949) to describe the deformation of dowel-type connections as a 

product of embedment of dowels into wood, yielding of dowels, or a combination of the two. These are 

ductile failure modes, since crushing of wood (i.e., embedment) and yielding of steel fasteners do not lead 

to sudden failure. EYM deformation modes are illustrated in Table 2.1, along with the equations used to 

calculate the strength for each mode; the lowest strength calculated from all equations governs the design.  
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Table 2.1: European Yield Model Deformation Modes (CSA, 2019) 

Mode of 

Deformation 

Two-Member 

Connections 

Three-Member 

Connections 
Design Equation 

a) 

  

𝑓1𝑑𝑓𝑡1 

b) 

 

n/a 𝑓2𝑑𝑓𝑡2 

c) n/a 

 

1

2
𝑓2𝑑𝑓𝑡2 

d) 

  

𝑓1𝑑𝑓
2 (√

1

6

𝑓2
(𝑓1 + 𝑓2)

𝑓𝑦

𝑓1
+

1

5

𝑡1
𝑑𝑓

) 

e) 

 

n/a 𝑓1𝑑𝑓
2 (√

1

6

𝑓2
(𝑓1 + 𝑓2)

𝑓𝑦

𝑓1
+

1

5

𝑡2
𝑑𝑓

) 

f) 

 

n/a 𝑓1𝑑𝑓
2 1

5
(
𝑡1
𝑑𝑓

+ 
𝑓2
𝑓1

𝑡2
𝑑𝑓

) 

g) 

  

𝑓1𝑑𝑓
2 (√

2

3

𝑓2
(𝑓1 + 𝑓2)

𝑓𝑦

𝑓1
) 

 

In the equations, t1 and t2 are the thicknesses of each member, df is the fastener diameter, and fy is the 

bending yield strength of the fastener. f1 and f2 are embedment strengths for the members being 

connected. For wood members, embedment strength is a function of relative density, fastener bearing 

area, and loading angle relative to the wood grain (CSA, 2019). In Table 2.1, modes a) to c), and f) only 

experience damage by embedment of dowels into wood. In contrast, modes d), e), and g) show a 

combination of timber embedment and fastener yielding. It is desirable to design for failure modes which 

include fastener yielding, since a dependence on wood embedment alone often leads to high stresses in 

wood members, ultimately leading to brittle failure modes illustrated in Figure 2.1. Thus, slender dowel-

type fasteners are often preferred over fewer rigid fasteners. Examples of slender fasteners include nails, 

timber rivets and small diameter steel bolts which can all be designed following the Engineering design in 

wood standard (CSA 086) (CSA, 2019) guidelines. Proprietary fasteners in the form of self-drilling 

screws are another common type of slender dowel-type fastener which have shown improved stiffness 

and strength compared to traditional steel bolts (Schreyer, 2002). These screws also have the advantage of 

not requiring pre-drilling, making installation more efficient than most available alternatives.  
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In short, dowel-type connections using slender dowels are a very popular type of connection in timber 

SFRSs, where having ductile connections is paramount. These connections appear as critical components 

in the three most common types of timber SFRSs, as discussed in the upcoming section. 

2.4 Wood-based Seismic Force Resisting Systems 

Wood-based SFRSs come in a variety of forms; three of the most popular systems include light-frame 

shear walls, CLT shear walls, and BTFs. These three systems are introduced in this section, and the 

importance of dowel-type connections in each system is emphasized.  

2.4.1 Light-Frame Shear Walls 

Light-frame shear walls are among the most common types of wood-based SFRS, as they are used in 

most low-rise residential and commercial structures (Plesnik et al., 2016). Light-frame walls consist of 

many closely spaced framing elements on which structural panels (e.g., oriented strand board or plywood) 

are fastened, typically using common-wire nails. The performance of this system primarily depends on 

the nailed sheathing-to-stud dowel-type connections (Plesnik et al., 2016). In fact, the wind and seismic 

loads on light-frame structures are absorbed by the shear walls’ sheathing panels, which act in shear and 

in turn cause bending in the nails, which act like slender dowel-type fasteners. Although ease of 

construction and material availability make this a popular system, its applications are limited to low-rise 

structures due to the higher load demands experienced in high-rise construction.   

2.4.2 Cross-laminated Timber Shear Walls 

CLT is a prefabricated panelized system consisting of three to nine layers of sawn lumber glued in 

alternating orientations (see Figure 2.2).  

 

 
a) CLT Configuration b) CLT Cross-Sections 

Figure 2.2:  CLT Configuration and Cross-Sections (Karacabeyli & Gagnon, 2019) 
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When used in shear walls, these panels are designed to remain elastic, allowing them to rock in a rigid 

manner while connections are relied upon to dissipate energy. The energy-dissipative connections are 

traditionally found at the interface of the CLT shear walls and the supporting floor diaphragm, and 

between shear wall panels adjacent to each other (Canadian Wood Council [CWC] & CSA, 2017). The 

connections between shear walls and the floor diaphragm typically consist of hold-downs in which 

slender dowel-type fasteners are used to secure the steel hold-down to the CLT wall. Meanwhile, 

traditional connections between CLT shear wall segments consist of lap or spline joints fastened using 

slender lag screws or self-drilling screws. Figure 2.3 and Figure 2.4 highlight the locations and detailing 

of the energy-dissipative connections in CLT shear walls.  

 
 

a) CLT Shear wall to Floor Energy-Dissipative (Hold-
down) Connection Location 

b) Hold-down Connection (Karacabeyli & 
Gagnon, 2019) 

Figure 2.3: Location and Typical Detailing of CLT Panel to Floor Connection 
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a) CLT Panel-to-Panel Energy-Dissipative Connection Location 

  

b) Half-Lap Joint (Karacabeyli & Gagnon, 2019) 
c) Surface Spline Joint (Karacabeyli & Gagnon, 

2019) 

Figure 2.4: Location and Typical Detailing of CLT Panel-to-Panel Connections 

In designing these connections, one must ensure that a yielding mode of failure governs the design of 

the dowel-type connections (CWC & CSA, 2017). In other words, deformation modes shown in the EYM 

(Table 2.1) should govern the connection design rather than the brittle modes shown in Figure 2.1. 

Additionally, connections need to be able to deform enough to allow the CLT shear walls to move by 

rocking, sliding, or a combination of both (CWC & CSA, 2017), thus further emphasizing the importance 

of slender dowel-type fasteners in timber SFRSs.  

2.4.3 Braced Timber Frames 

BTFs consist of a wood member, usually glulam, parallel strand lumber (PSL), or laminated veneer 

lumber (LVL), fastened to a wooden frame using dowel-type connectors through the wooden brace and 

steel plates. For improved fire protection, internal steel knife plates are often used, in which one or many 

steel plates are inserted into pre-cut openings in the wood brace. Alternatively, two steel plates on either 

side of the brace can be used to create a steel-wood-steel connection. In either case, slender dowel-type 
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fasteners are traditionally used to ensure ductile failure modes govern the design of the connections. BTFs 

differ from the previous two SFRSs introduced (i.e., light-frame and CLT shear walls) in that they are the 

only non-panel-based system; this gives them the advantage of allowing sunlight to enter when placed on 

the perimeter of a building, leading to a more vibrant and open atmosphere. BTFs also use material more 

efficiently than their panel-based counterpart (i.e., CLT shear walls), as one can easily see that braces use 

less wood than solid walls.  

BTFs are included in the National Building Code of Canada (NBCC) and are categorized as having 

limited or moderate ductility levels, with different ductility design factors (Rd) assigned for each rating 

(Canadian Commission on Building and Fire Codes [CCBFC], & National Research Council of Canada 

[NRCC], 2015). The ductility levels achieved by BTFs are primarily dependent on the fasteners used in 

the connections of the brace, and although there have been successful implementations of BTFs in wood 

buildings (Figure 2.5), the widespread adoption of this efficient system has been slowed by a lack of 

design guidelines. In fact, timber rivets, slender steel bolts, and self-drilling screws have traditionally 

been used to achieve the NBCC ductility requirements, but there are no guidelines on how to achieve this 

in the CSA 086 (CSA, 2019).  

 

 
a.) University of Massachusetts Olver Design 

Building (Schreyer, 2017) 

b.) University of British Columbia 

Earth Sciences Building Chevron 

BTF (Equilibrium Consulting, 
2013) 

Figure 2.5: Examples of BTFs in Buildings 

Recently, the NBCC’s Committee on Earthquake Design has signaled that BTFs are at risk of being 

removed from the NBCC due to the lack of design guidelines in the CSA 086 (Chen & Popovski, 2020). 

Therefore, research is currently underway to quantify ductility levels for BTF connections using steel 
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bolts and glulam rivets to enable future inclusion of BTFs in the Canadian standard (Chen and Popovski 

2020).  

In addition to BTFs that rely on dowel-type connections to dissipate seismic energy, studies have been 

conducted on different systems in an attempt to enable the widespread use of BTFs in mass timber 

buildings. In fact, Blomgren et al. (2016) showed that heavy timber buckling restrained braces can 

provide BTFs with better deformation capabilities and strength when compared to traditional BTFs with 

dowel-type connections. Furthermore, a hybrid timber-steel system consisting of a friction brace 

connected to wood by glued-in steel rods has been shown to be capable of achieving drift performance 

levels exceeding NBCC requirements (Miller et al., 2020). Despite the remarkable performance of such 

systems, manufacturing and design difficulties have prevented them from gaining industry-wide adoption. 

As a result, simple connections using glulam rivets and steel dowels through steel plates continue to be 

the prevalent connection type for BTFs, thereby emphasizing the need for solutions that do not necessitate 

complicated manufacturing or design methods. 

2.5 Seismic Resilience 

2.5.1 Background 

The previous sections focused on the importance of dowel-type connections in timber SFRSs; however, 

an important concept of any SFRS is their resilience.  This section provides background and introduces 

the concept of seismic resiliency in the context of the scope of this study: the development of a resilient 

connection type that can be used and easily implemented in timber SFRSs. Examples of seismically 

resilient structural systems are also provided, and a section is dedicated to discussing existing resilient 

timber structural systems. 

The importance of having ductile structural systems is recognized in the previous sections when 

discussing the design of ductile connections to protect brittle members in wood buildings. In this study, 

ductility refers to the ability of a system to show warning signs before critical failures occur, thereby 

ensuring life safety when coupled with proper maintenance and monitoring. This implies that in the case 

of extreme loading events (e.g., earthquakes), a ductile design can be considered effective even if the 

system loses some or all its functional abilities, so long as no lives are lost. While life safety is important, 

the loss of functionality of buildings can also be critical during disasters such as earthquakes. For 

instance, following the 8.8 Magnitude earthquake in Chile in 2010, it was found that of 130 hospitals in 

the affected region, four became non-habitable, twelve experienced more than 75% reduction in 

functionality, and in total 62% needed repairs or replacement (Earthquake Engineering Research Institute 

[EERI], 2010). As a result, one month after the tremor 18% of beds in public hospitals remained out of 

service (EERI, 2010) at a time where illness and injuries were heightened due to damaged infrastructure 
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in the surrounding areas. Hence, while structural failures of hospitals may not have directly led to many 

deaths, thereby achieving the goal of a ductile system, the impact of reduced hospital capacity and 

functionality should not be undervalued.  

Resilient structural systems aim to reduce or prevent the need for maintenance or replacements 

following extreme loading events. Bruneau et al. (2003) states that the objectives of enhanced seismic 

resilience are to minimize loss of life, injuries, and other economic losses to lessen any reduction in 

quality of life due to an earthquake. This can be achieved by improving the seismic performance of 

infrastructure to enable communities to re-gain pre-disaster levels of functioning as quickly as possible 

(Bruneau et al., 2003).  

To qualify as a resilient system, a structure should have the following traits: reduced failure 

probability, reduced consequences from failures, and reduced time to recovery (Bruneau & Reinhorn, 

2007). This notion is represented graphically in Figure 2.6 and mathematically defined by Equation (2.1).  

 

Figure 2.6: Visual Representation of Seismic Resilience (Adapted from Bruneau et al., 2003) 

   𝑅 =  ∫ [100 − 𝑄(𝑡)]𝑑𝑡
𝑡1

𝑡0
       (2.1)  

In Equation (2.1) t0 is the time when a disaster occurs, t1 is the time when the system is completely 

repaired and functional, Q(t) is the measure of quality of the infrastructure, and R is the measure of 

earthquake loss of resilience to the community. Visually, R is the area between the dashed and solid lines 

in Figure 2.6. Thus, by decreasing the time between t0 and t1, or by reducing the drop in Q(t) at t0, the loss 

of resilience (R) can be minimized. 

In the next section, various strategies used by researchers and designers to improve resilience (i.e., 

minimize R) in structures are presented. Then, in Section 2.5.3, resilient wood-based SFRSs that have 

been used in practice or research are presented and discussed.  
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2.5.2 Seismic Resilience in Structural Engineering 

A common approach for designing seismically resilient structural systems consists of using sacrificial 

“fuses”, which are non-critical members that can dissipate energy and easily be replaced. When used 

effectively, this concept allows for the preservation of critical structural members and rapid replacement 

of the fuses.  

When designing seismically resilient structures using fuses, the structural fuses must typically be part 

of the lateral system while still allowing the SFRS to withstand ground motions in a stable manner and 

the gravity system to remain elastic (Farsangi et al., 2019). Thus, the fuse in the lateral system may be 

subject to large and irrecoverable damage, but its damaged components should be easily and quickly 

replaceable to limit the economic impact of earthquake remediation; this effectively decreases the time 

between t0 and t1, thereby decreasing R (see Figure 2.6).  

Vargas and Bruneau (2006) proposed a design and retrofit procedure for a single degree of freedom 

systems using passive energy dissipation (PED) devices as structural fuses. The three PED devices 

evaluated in the study consisted of buckling-restrained braces (BRBs), triangular added damping and 

stiffness (T-ADAS), and shear panels. The proposed design procedure was then expanded to multiple 

degree of freedom systems, and it was found that the structural fuse concept could still provide adequate 

system performance (Vargas & Bruneau, 2006). To validate these findings, Vargas and Bruneau (2009) 

experimentally tested a three-story frame equipped with BRBs acting as metallic structural fuses. The 

authors deemed that the proposed procedure was reliable enough to be used to design structural fuse 

systems with adequate seismic performance, and that the procedure can be used to systematically design 

metallic fuses to protect beams and columns from permanent deformations (Vargas and Bruneau, 2009). 

Figure 2.7 illustrates the BRBs efficacy in absorbing permanent deformations while ensuring the beams in 

the gravity system remain elastic. 
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a.) Beam Response (MN-mm vs. rad) b.) BRBs Response (kN vs mm) 

Figure 2.7: Beam (elastic) and BRB (inelastic) Response at Each Story (Vargas & Bruneau, 2009) 

A different application of the metallic structural fuse was developed and analytically tested by 

Nikoukalam and Dolatshahi (2015) in the form of a shear fuse for steel moment resisting frames (MRFs). 

The traditional approach to designing ductile MRFs consists of placing strategically reduced beam 

sections near the connections to allow for plastic hinges to form in the beams during extreme loading 

events. Plastic hinges in the ductile beams prevent failure in the brittle beam-column connections, thereby 

ensuring ductile behaviour. The behaviour of this conventional ductile MRF design when subjected to a 

major earthquake is compared to that of an equivalent MRF equipped with a shear fuse in Figure 2.8. 

Results showed that the shear fuse, which can easily be replaced, successfully absorbed all accumulative 

damages when equipped on a MRF subjected to a simulated major earthquake. (Nikoukalam & 

Dolatshahi, 2015). 
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a.) MRF With Reduced Beam Section  b.) MRF With Shear Fuse 

Figure 2.8: Comparison of Conventional MRF vs MRF With Shear Fuse (Nikoukalam & Dolatshahi, 

2015) 

The examples of shear fuses provided above do not constitute an exhaustive list, but the examples help 

illustrate the goal of using such fuses: making post-disaster repairs and replacements less time consuming 

and expensive.  

While structural fuses limit the time required for a building to re-gain serviceability, some recently 

developed alternatives seek to eliminate the need for post-earthquake restorations altogether. These 

systems are commonly referred to as “self-centering”, since residual displacements are reduced to an 

acceptable threshold such that replacement of the structural components is not required. Such self-

centering systems aim to achieve what is commonly referred to as “flag-shaped” hysteretic behaviour. 

This implies a force-displacement relationship which passes through the origin upon reverse loading or 

unloading, as shown in Figure 2.9.  

 

Figure 2.9: Typical Flag-Shaped Hysteretic Behaviour 
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In the past, self-centering systems have primarily been achieved in two ways: shape memory alloys 

(SMAs), and self-centering mechanisms. The main difference between these two methods is the 

following: the use of SMAs allows for a self-centering behaviour that is inherent to the material 

properties, while self-centering mechanisms are achieved through the creative design of structural 

elements. The two strategies are discussed in more detail below. 

First, austenitic (superelastic) SMAs can be used to give a SFRS a flag-shaped hysteretic response 

because, as was previously stated, the material itself has a self-centering ability (see Figure 2.10).  

 

Figure 2.10: Flag-Shaped Response of Superelastic SMAs (Lagoudas, 2008) 

Meanwhile, martensitic SMAs can also give structures a self-centering effect because, although they 

don’t exhibit a flag-shaped response, they can re-gain their shape after being heated. Sections 2.6.1 and 

2.6.2 are dedicated to explaining the behaviour of these alloys in more detail, while section 2.6.3 provides 

many examples of their use in structures. Thus, the upcoming paragraphs shift the focus towards literature 

on the second type of self-centering structural system: those which use mechanisms.  

A common way to introduce a self-centering mechanism to a SFRS involves the use of post- or pre-

tensioning. The tensioning process pre-compresses two surfaces together (e.g., a column and beam in a 

moment frame) such that when the system is loaded and a gap develops between the two surfaces, the 

tensioned components pull the surfaces back together. This effectively closes the gap that had formed 

between the surfaces, leading to the desired self-centering effect (Chancellor et al., 2014). While pre-

stressed tendons give a structure the ability to self-center, the use of these tendons alone seldom provides 

adequate energy dissipation for seismic design. They must therefore be used in conjunction with an 

energy dissipative device that is usually one of the following: a yielding elastic-plastic component, a 
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friction damper, or a viscous damper. The resulting flag-shaped response for the three different dissipaters 

is shown in Figure 2.11. 

 

Figure 2.11: Response for Post-Tensioned Systems with Different Damping Types (Granello et al., 2020)  

Kim and Christopoulos (2008) proposed a seismic design procedure for a post-tensioned self-centering 

steel moment frame, which enables the gap opening behaviour at the interface between beams and 

columns. They then used this design procedure to incorporate the self-centering frames in a six-story 

building. Time-history analyses showed that the building had almost zero residual drift, while maintaining 

maximum interstory drifts and floor accelerations similar to what was observed in traditional steel welded 

moment-resisting frames (Kim & Christopoulos, 2008). Pre-tensioning was also used to develop a self-

centering energy-dissipative (SCED) bracing system by Christopoulos et al. (2008). The use of pre-

tensioned tendons coupled with a friction-dissipative device led to stable and repeatable self-centering 

behaviour that demonstrated a flag-shaped response in the full-scale steel braced frame that was 

experimentally tested (Christopoulos et al., 2008). Multi-story SCED braced frames were later tested in a 

shake table, and it was confirmed that the system prevented residual drifts of the frame (Erochko et al., 

2013). The SCED system developed and tested in these studies is shown in Figure 2.12.  
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Figure 2.12: SCED System Schematic (Erochko et al., 2013) 

Another recently developed method that can be used to introduce self-centering to SFRSs consists of 

Resilient Slip Friction Joints (RSFJ) (Figure 2.13).  

 

Figure 2.13: RSFJ Schematic (Hashemi et al., 2019) 

These resilient connectors have successfully been used to give shear walls (Hashemi et al., 2017a; 

Hashemi et al., 2017b), braced frames (Yousef-Beik et al., 2019), and moment frames (Hashemi et al., 

2018) a flag-shaped hysteretic response.  This innovative system also has the advantage of being 

compatible with steel, concrete, and timber construction since the connector can easily be fastened to any 

material. Applications of the RSFJ in timber systems will be discussed further in section 2.5.3, and 

successful implementations of these joints in steel and concrete SFRSs are shown in Figure 2.14.  
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a) Concrete Shear Walls (Darani et al., 

2018) 
b) Steel Moment Frames (Hashemi et al., 

2018) 

Figure 2.14: Examples of RSFJ Applications in Concrete and Steel SFRSs  

The use of post- and pre-tensioning, and RSFJs make up the most widespread implementations of self-

centering SFRSs for timber structures. The important innovations in resilient timber based SFRSs are 

discussed in the next section.  

2.5.3 Resilient Timber SFRSs 

Various systems have been developed recently to incorporate resilience in timber-based SFRSs, and the 

most prevalent resilient timber SFRSs use the technologies introduced in section 2.5.2. The first approach 

being discussed consists of a post-tensioned system commonly known as “Pres-Lam”, originally 

developed by Palermo et al. (2005). In its original form (Figure 2.15), the innovation makes use of an 

unbonded post-tensioned tendon in LVL beams to provide self-centering to timber frames. Meanwhile, 

internal elastic-plastic dissipation devices were added to the beam-column connections to provide the 

LVL frame system with the required damping (Palermo et al., 2005).  

 

Figure 2.15: Self-Centering System for LVL Frames (Palermo et al., 2005) 
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Since the conception of the original Pres-Lam system, many different forms of post-stressed timber 

systems have been developed and tested. In fact, the Pres-Lam system has not only been used at beam-

column joints, but also in column-foundation and wall-foundation joints (Granello et al., 2020). In 

Granello et al. (2020), various studies are highlighted as the state-of-the-art for the behaviour of wall 

subassemblies, frame subassemblies, and full building specimens using the Pres-Lam systems.  

Regarding wall subassemblies, studies have been conducted on LVL (Sarti et al., 2015) and CLT (Ho 

et al., 2016) walls with elastoplastic energy dissipaters, while other studies employed the use of U-shaped 

flexural plates (UFP) at the rocking interface to dissipate energy (Iqbal et al., 2015; Ganey et al., 2017). 

Iqbal et al. (2017) also tested coupled shear walls connected by plywood panels with common wire nails; 

the system effectively dissipated energy through yielding of the nails and can serve as a cheaper, albeit 

less efficient alternative to the UFP dissipaters.  

The second common use of the Pres-Lam system is in frame assemblies. This application was first 

tested in the form of a beam-column joint in the original study on the post-tensioned system (Figure 2.15) 

(Palermo et al., 2005). A later study showed that these beam-column joints could also be used effectively 

in glulam members, this time using a necked elastic-plastic steel plate to dissipate energy (Smith et al., 

2014). A later study compared post-tensioned glulam beam-column connections to traditional bolted 

moment connections and found that residual deformations were significantly reduced in the novel system, 

however, the self-centering abilities were less pronounced when elastoplastic energy dissipative devices 

such as steel angles and caps were added to the assembly (Li et al., 2018).  

Recently, the Pres-Lam system has been tested on scaled building and frame assemblies. Newcombe et 

al. (2010) first tested a 2/3 scale two-story LVL post-tensioned timber frame and wall building. 

Experimental results showed full re-centering and insignificant damage up to 2% lateral drifts 

(Newcombe et al., 2010). A full-scale two-story mass timber building equipped with post-tensioned CLT 

rocking walls and UFP dampers was then subjected to shake table tests (Pei et al., 2019). It was found 

that the system required no repair for design-basis earthquakes (DBE) (10% probability of exceedance in 

50 years), and only minor repairs after maximum considered earthquake (MCE) (2% probability of 

exceedance in 50 years) level motions (Pei et al., 2019). Finally, Di Cesare et al. (2020) tested a 2/3 scale 

three-story building with post-tensioned timber frames and energy dissipative braces with UFP dampers. 

The global response of the system showed the desired flag-shape response and complete re-centering 

capability (Di Cesare et al., 2020).  

Since 2010, the Pres-Lam system has been successfully implemented in buildings around the world to 

improve the resilience of timber SFRSs (Granello et al., 2020), but some downfalls have prevented the 

system from gaining widespread adoption. One such factor is that the design of this system lies outside of 
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the circle of competence of many designers, as the incorporation of post-tensioning in timber systems is 

not well documented in design guides. Furthermore, while the system allows for a global flag-shaped 

hysteretic response, it must still be coupled with an energy-dissipative fuse, whether in the form of UFPs, 

steel coupling beams, or mild steel dissipative devices to provide SFRSs with adequate damping 

capabilities.  

The RSFJs introduced in the previous section successfully address one of the issues with the Pres-Lam 

system: it relies on friction rather than a sacrificial fuse to dissipate energy. These joints are versatile as 

they can be applied as shear wall hold-downs, connectors in tension-only or tension-compression braces, 

and in moment resisting frames (Hashemi et al., 2019). Their behavior is also independent of the building 

material (i.e., concrete, steel, or timber), since the main structural members are meant to remain elastic, 

while the inelastic demand is absorbed by the RSFJ (Hashemi et al., 2019).  

One of the applications of RSFJs in timber buildings is their use as hold-down connectors for CLT 

shear walls. Hashemi et al. (2017a) performed experimental tests on a rocking CLT shear wall with RSFJ 

hold-downs and found that the system avoided permanent damage to the CLT and RSFJ, and the system 

displayed the desired flag-shaped hysteretic response. Yousef-Beik et al. (2019) then tested the RSFJ in a 

BTF connection and developed analytical models to simulate a four-story frame subjected to ground 

motions. Zero residual drifts were observed for the frame equipped with a RSFJ (Yousef-Beik et al., 

2019). While this newly developed technology shows great promise for the development of seismically 

resilient SFRSs, it also requires special knowledge on the topic since RSFJs are not covered in traditional 

design guides. Additionally, the connectors are made of bulky steel components which can take away 

from the architectural appeal of exposed timber in buildings.  

A persistent theme between the Pres-Lam and RSFJ systems is that designers cannot rely on traditional 

design guides to incorporate these systems in buildings. Additionally, their applications in BTFs, which 

are the focus of this thesis, require bulky steel members in the form of UFPs (Pres-Lam) or RSFJs to 

achieve self-centering and dissipate energy.  

In BTFs, permanent damage is often the result of connection-level deformations in the form of wood 

crushing and dowel yielding. The wood crushing can be limited by carefully designing slender fasteners 

to ensure a “mode g” failure occurs as per Johansen’s Yield Model (see Table 2.1). Wood crushing is 

undesirable since the permanent embedment deformations of wood around a dowel reduces the energy-

dissipation capabilities of the connection upon reverse loading. In fact, when wood is crushed, it creates a 

gap in the bolt hole and when the connection is loaded along the same path the resistance from the wood 

member is no longer present. This phenomenon is commonly known as “pinching” since it leads to a 

pinched force-displacement relationship of the connection. Chan et al. (2021) developed a pinching-free 
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connector using a ratcheting mechanism that absorbed crushing-induced slack. While this application 

shows promise for resilient hold-down connectors in wood buildings, it remains unclear whether it can be 

applied in BTFs.  

SMA bars have recently been tested as dowels in connections between wood members (Huang & 

Chang, 2017) (Huang et al., 2019). Results showed that the inherent self-healing properties of SMAs 

could provide traditional wood connections with good self-centering abilities. Besides introducing a new 

material, the proposed joints do not require any advanced knowledge since the design of dowel-type 

fasteners is commonly known and covered in design guides. This shows promise for the use of SMAs in 

conjunction with wood to develop self-centering timber systems that don’t include bulky metallic 

components and can be designed using common structural engineering knowledge.   

The upcoming section takes a closer look at SMA properties and various existing applications of the 

material in structural engineering.  

2.6 Shape Memory Alloys 

2.6.1 Background 

SMAs are alloys with unique thermomechanical properties that allow the material to “remember” its 

original shape. An important discovery which has enabled the development of SMAs consists of the 

reverse transformation of martensite, which was justified by research performed on thermoelasticity by 

Kurdyumov and Khandros (1949). Kurdyumov and Khandros made their discoveries on CuZn and CuAl 

alloys in the late 1940s, but the reverse transformation of martensite was not exploited for practical use 

until the discovery of Nickel-Titanium (NiTi) alloys in 1963 (Lagoudas, 2008). Lagoudas (2008) cites 

Buehler et al. (1963) as the study in which NiTi was first discovered during an investigation of materials 

useful for heat shielding applications. 

Since their inception, NiTi alloys, commonly referred to as Nitinol, have found uses in various 

disciplines. In fact, due to their corrosion resistance, stable configuration, and excellent biocompatibility, 

NiTi alloys have been used in numerous biomedical fields such as orthopedics (e.g., NiTi staples that 

compress disjointed bones), orthodontics (e.g., archwires in braces), and neurosurgery (e.g., NiTi coils 

and stents) to name a few (Lecce & Concilio, 2015). Nitinol has also found uses in aerospace applications 

and everyday uses such as eyeglass frames. More recently, Nitinol, and SMAs in general, have started 

being used in structural engineering applications due to their ability to provide functions such as sensing, 

energy dissipation, and self-healing to structures (Lecce & Concilio, 2015); examples of such applications 

are presented in Section 2.6.3.  
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While Nitinol remains the most common type of SMA due to its superior self-centering characteristics, 

they can be expensive and have an energy-intensive melting process compared to more recently 

developed alternatives like Cu- and Fe-based SMAs (Lecce & Concilio, 2015). The development of 

copper (Cu) and iron (Fe) based- SMAs shows promise for the use of SMAs in construction since cost 

often plays a critical role in decision-making in the industry.  

Section 2.6.2 includes an explanation of the material properties of SMAs. Then, a review of literature 

evaluating the properties of Nitinol, and Cu- and Fe-based SMA bars is presented. Finally, examples of 

previous applications of SMAs in structures are provided in Section 2.6.3.  

2.6.2 Material Properties and Alloy Alternatives 

SMAs exist in two phases: austenite and martensite. In the martensite phase, SMAs exhibit what is known 

as the shape memory effect (SME). The SME allows martensitic SMAs to be subjected to large 

deformations that are seemingly permanent, then when heated beyond their austenite finish (Af) 

temperature, the SMAs recover their original shape. This behaviour is illustrated in Figure 2.16. 

 

Figure 2.16: Stress-Strain Plot Illustrating the SME (Lagoudas, 2008) 

In Figure 2.16, one can see that martensitic SMAs are in a “Twinned Martensite” molecular 

arrangement before being loaded. Once it starts being stressed, the SMA eventually reaches a stress level 

(σs) where the cellular structure begins to be detwinned. At this stress level, a “yield” plateau begins until 

a “detwinned finish” stress (σf) is reached, and the martensite becomes fully detwinned. Upon unloading, 

the SMA remains deformed and in a “Detwinned Martensite” phase until it is heated to Af, at which point 

deformations are recovered. Upon cooling of the SMA below the “Austenite Start” (As) temperature, the 

SMA returns to its stable “Twinned Martensite” state.  
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In contrast, austenitic SMAs exhibit superelastic (SE) behaviour which allows the alloy to sustain large 

strains (6-8% strain) but recover its original shape upon unloading. A cycle of the SE effect under 

uniaxial loading is shown in Figure 2.17. 

 

Figure 2.17: Stress-Strain Plot Illustrating the SE Effect of SMAs (Lagoudas, 2008) 

It should be noted that for an SMA to display the behaviour shown in Figure 2.17, the alloy needs to be 

consistently held at a temperature above Af. When loaded, a stress-induced phase transformation to 

martensite begins and ends at the martensite start (σMs) and finish (σMf) stresses, respectively. Upon 

unloading, the SMA recovers strains as it transforms back to austenite, passing through the austenite start 

(σAs) and finish (σAf) stress levels. Figure 2.18 illustrates the SME and SE effects on the same plot, 

showing the change in behaviour depending on the alloys’ transformation temperatures.  

 

Figure 2.18: SMA Stress-Strain Plots and Phases (Seo et al., 2015) 
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In this study, the SE effect of SMAs is especially relevant since relying on heat treatment for the 

desired self-centering effect would be inconvenient. More specifically, SE SMA bars are of particular 

interest to evaluate their feasibility as self-healing dowels or bolts. 

Recent studies have investigated the behaviour of SE SMA bars. In fact, a study by Fang et al. (2015) 

tested SE NiTi bars in cyclic tension and direct shear to determine the adequacy of such bars in 

connections. While the Nitinol bars showed good self-centering when subjected to cyclic tension, large 

diameter NiTi bars showed relatively poor self-centering abilities and energy dissipation under direct 

shear. However, smaller diameter bars showed improved performance in the direct shear tests, likely due 

to the inadvertent bending action that happens with slender bars in shear tests (Fang et al., 2015).  

Recent studies have looked at the bending behaviour of SE SMA bars. Huang et al. (2019) showed that 

Cu-based SMA (CuAlMn) bars subjected to cyclic tension showed excellent self-centering abilities and 

better ductility and low-cycle fatigue relative to steel bars. Another study compared the bending fatigue of 

Nitinol and a CuAlMn SMAs. It was found that CuAlMn showed higher damping, while NiTi alloys 

showed greater stiffness in bending (Huang et al., 2020). The same study also credited CuAlMn with 

having a longer bending fatigue life than the NiTi alloys, though the Cu-based alloys experienced 

stiffness decay while Nitinol bars did not. Additionally, the Nitinol bars consistently experienced 

fractures at midspan, which is the location of maximum bending stresses. In contrast, CuAlMn bars were 

less predictable since fractures occurred along grain boundaries because of this alloys’ bamboo-like grain 

structure (Huang et al., 2020). The Cu-based alloy’s grains boundaries also caused the fatigue life of this 

SMA to be highly dependent on loading frequency, while the fatigue life of Nitinol proved to be 

independent of this parameter (Huang et al., 2020). In short, CuAlMn and Nitinol bars each have their 

advantages: CuAlMn has higher damping and a longer fatigue life while Nitinol is stiffer and more 

predictable when subjected to cyclic bending. Both alloys show largely good damping, stiffness, and 

fatigue life that is appropriate for civil engineering applications (Huang et al., 2020).  

Recently, Fe-based SMAs (e.g., Fe-Mn-Al-Ni) have emerged as cheaper alternatives to NiTi and Cu-

based alloys. Vollmer et al. (2019) states low cost of material and a processing route similar to that of the 

steel industry as two of the reasons why these Fe-based SMAs are a promising affordable option. The 

high level of workability of Fe-Mn-Al-Ni, and their ability to preserve their SE effect in extreme 

temperatures offer additional promise for the future use of these inexpensive SMAs (Omori et al., 2011). 

In fact, Omori et al. (2011) showed that, at low strain levels (1%), the SE effect of an Fe-Mn-Al-Ni SMA 

had very little change at -50ᵒC, 20ᵒC, and 150ᵒC. One of the main issues with Fe-Mn-Al-Ni is that the 

recovery of the alloys during the SE effect is not as pronounced as that of Nitinol. However, promising 

research is being conducted to enable improved SE performance of Fe-based SMAs. Vollmer et al. (2019) 
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found that adding small amounts of titanium (Fe-Mn-Al-Ni-Ti) or chromium (Fe-Mn-Al-Ni-Cr) promotes 

abnormal grain growth (AGG) in the Fe-based SMAs. AGG is a process introduced by Omori et al. 

(2013) to increase the grain size in Cu-based SMAs, thereby reducing grain boundary areas, which 

improves the SE performance of the material. The development of the inexpensive Fe-based SMAs shows 

great promise for the future use of SE SMAs in the construction industry. However, since research on the 

improvement of their SE capabilities are still in early stages, their current applications are limited. The 

upcoming section discusses existing applications of SMAs in structures.  

2.6.3 Applications of Superelastic Shape Memory Alloys in Structures 

In practice, SE SMAs have been used numerous times to rehabilitate structures. One such case study is 

the San Giorgio Church Bell Tower, which was declared unsafe following an earthquake in 1996 

(Maurizio et al., 2001). The innovative retrofit consisted of using vertical prestressed steel tie bars at each 

corner of the tower. All four tie bars were placed in series with a Shape Memory Alloy Device (SMAD) 

consisting of 60 SE NiTi wires post-tensioned to a force of 20 kN (Maurizio et al., 2001). The 20 kN 

post-tensioning force was chosen based on numerical analyses performed prior to installation and ensured 

that the masonry experienced minimal tensile stresses during a seismic event, thereby preventing 

excessive cracking. The effectiveness of this system was verified following an earthquake in the year 

2000 with a similar epicentre and magnitude as the one experienced in 1996; following this event, the 

Bell Tower was investigated and showed no damage (Maurizio et al., 2001). Another use of SMAs for 

rehabilitation is in the strengthening of the Basilica of St Francis in Italy following an earthquake in 1997. 

For this structure, SMADs were used to connect the roof to its tympanum (see Figure 2.19).  

 

Figure 2.19: Cylinders Containing SMADs to Connect the Tympanum to the Roof in the Basilica St 

Francis (Croci, 2001) 
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In this application, the phase changes that occur when loading SE SMAs were used to control 

displacements in the structure for various loading intensities. Croci (2001) explains that under low 

horizontal action, the SMADs provide great stiffness since the transformation to martensite has yet to 

begin. Then, under moderate horizontal action the SMADs were designed to allow “controlled 

displacements” as the SE “yield” plateau occurred due to a transformation from austenite to martensite; 

this allowed controlled micro cracks to form in the masonry. Finally, under extraordinary horizontal 

action the SMADs re-gained their stiffness due to the completed transformation to martensite, thereby 

preventing excessive displacements and instability. This system was verified using shake table tests and 

showed significantly improved seismic performance relative to using steel bars to tie walls (Croci, 2001). 

Another innovative use of SE SMAs consists of the strengthening of the Sherith Israel synagogue in San 

Francisco. Here Nitinol tension ties were used to prevent walls from falling outwards, while also having 

the ability to re-center the walls in case the outward motion is initiated (Paret et al., 2008).    

In recent years, SE SMAs have been researched extensively for use in resilient structural systems. A 

self-centering BRB (Figure 2.20) was developed and experimentally tested by Miller et al. (2012). The 

system consists of a steel BRB connected to pre-stressed SE Nitinol rods in a manner that ensures the 

SMAs are elongated whether the brace is pushed or pulled. Experimental results showed that specimens 

had a stable hysteretic response, and excellent energy dissipation and self-centering ability (Miller et al., 

2012). 

 

Figure 2.20: Self-Centering BRB Concept (Miller et al., 2012) 

Another concept for a steel brace was later developed by Qiu & Zhu (2017), this time using SE NiTi 

wires (Figure 2.21). The concept was tested numerically and experimentally in a quarter scale 2-storey 



 

30 

 

braced frame and was able to endure multiple strong simulated earthquakes without severe damage or 

permanent deformation of the frame (Qiu & Zhu, 2017).  

 

Figure 2.21: Self-Centering Steel Brace Concept with NiTi Wires (Qiu & Zhu, 2017) 

Among the first to investigate the use of SE SMAs in connections is Ma et al. (2008) in a beam-column 

steel connection. In this study, a bolted end-plate connection using all SMA bolts were numerically 

investigated (Figure 2.22). It was found that deformations could be recovered by the superelastic hinge 

formed at the beam-column interface, but the authors expressed concerns regarding shear transfer from 

the beam to the column (Ma et al., 2008).  

 

Figure 2.22: Beam-to-Column Connection with SMA Bolts (Ma et al., 2008) 
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Following tests which confirmed the poor self-centering behaviour of SE SMAs in cyclic direct shear 

tests, Fang et al. (2015) proposed an improved bolt pattern for the connections which includes a 

combination of SE SMA and high-strength steel bolts (Figure 2.23), and the system showed improved re-

centering capabilities. In the study, Fang et al. (2015) also highlights the presence of undesirable failure 

modes in the threaded region of SMA bolts during direct tension and shear tests, stating that this should 

be a consideration in SMA bolt design.  

 

Figure 2.23: Improved Superelastic Beam-to-Column Connection (Fang et al., 2015) 

The studies on SMAs in structures mainly focused on the use of unidirectional tensile resistance of the 

SE members, but some studies have shown that SMAs can also be effective in bending. Wang et al. 

(2020) used bending SE SMA angles in simulated beam-to-column connections (Figure 2.24 a). 

Experimental and numerical results showed excellent self-centering abilities and moderate energy 

dissipation. Wang et al. (2020) also observed degradation of strength during the loading protocol; 

however, this can be mitigated through the training process of the SMAs. Other examples of successful 

implementation of SMAs in bending include an innovative bracing system that employs a SE NiTi ring 

(Figure 2.24 b) and a seismic base isolation system that employs SE SMA U-shaped dampers (Figure 

2.24 c).  
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a) Simulated Beam-Column Connection with SMA Angles (Wang et al., 2020) 

  

b) Bracing System Connected to SMA 

Ring (Gao et al., 2016) 

c) Base isolation System with U-Shaped SMA 

Dampers (Wang et al., 2020) 

Figure 2.24: Systems Employing SE SMAs in Bending 

Many other studies using SMAs with steel and concrete exist; however, applications of SE SMAs in 

timber are scarce. A recent study on circular and tubular SMA dowels has shown that SMAs in wood-

wood connections demonstrate self-centering abilities while reducing residual deformations at large 

displacements compared to traditional steel fasteners (Huang & Chang, 2017). Huang et al. (2019) 

showed that the resistance and self-centering of wood-wood connections with SMA dowels could be 

further improved by strengthening the wooden region around the dowel with densified veneer wood to 

limit local wood crushing. Schwarze et al. (2021) compared the damping, stiffness, and residual 

displacements in double shear wood-to-wood connections using laminated veneer lumber (LVL) with SE 

NiTi or steel dowels. In the study, the effect of cutting out wood in the anticipated embedded region was 
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investigated and the use of spring washers to improve the joints’ reversibility was also verified. The study 

corroborated Huang & Chang’s (2017) conclusion that SMA dowels offer highly reversible deformation 

capacity while steel bolts exhibit large plastic deformations. The study found that the re-centering abilities 

of SMA dowels could be further improved by using cut-outs in wood or spring washers, but that 

connection detailing should be further improved to prevent the decline in initial stiffness caused by 

cutting out wood around the bolts (Schwarze et al., 2021). These results are promising for the use of 

SMAs in conjunction with timber, but wood-wood connections are rare in mass timber buildings as steel 

gusset plates are often required to fasten members. To the author’s knowledge, no tests have been 

performed on wood-to-steel connections using SMA dowels. 

Besides some of the rehabilitation projects mentioned, most applications of SMAs in structural 

engineering have been limited to research studies like the ones discussed in this chapter. Lecce and 

Concilio (2015) state manufacturing difficulties of SMAs and high costs as some of the reasons why this 

is the case, specifically in civil structures which tend to be material intensive. However, as mentioned in 

Section 2.6.2, the development of Fe- based SMAs in recent years shows promise for SE SMAs that are 

cheaper and less energy-intensive to manufacture. Additionally, the price of SMAs has been on the 

decline, going from more than $1000/kg in the 1990s to around $100/kg in 2010, a price that is expected 

to continue to decline as the material becomes more widely used (Alam et al., 2010).  

2.7 Summary 

This chapter opened with an explanation of the behaviour of timber dowel-type connections. This 

included an introduction to the EYM, which is used to describe ductile modes of failure in these types of 

connections. Then, the design of traditional timber SFRSs is explained while highlighting the importance 

of dowel-type connections when designing wood buildings to resist seismic loads. BTFs are emphasized 

as a highly efficient wood-based SFRS, and recent studies intended to make their design more attainable 

to average designers are discussed. These studies focus on the brace connections, as the connections have 

great influence on the global behaviour of BTFs.  

After this, the concept of resilience is introduced and existing technologies for seismically resilient 

timber structures are discussed. Some of the shortcomings of available systems are assessed; these include 

a lack of design guidance for systems using proprietary technologies, and the need for bulky steel 

components. Recent studies using SMAs as dowels in traditional timber connections are then discussed. 

The use of SMA bars as dowels in wood-wood connections showed good self-centering in multiple 

studies (Huang & Chang, 2017) (Schwarze et al., 2021). These findings from available literature have 

motivated this study which seeks to use SMAs as bolts to create resilient timber connections that can be 

easily designed by practitioners using the widespread EYM.  
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Many factors were considered when choosing which type of SMA to use for this study. In short, 

Nitinol bars have been selected due to their availability and well-documented self-centering abilities. 

However, the continued development of less expensive alternatives such as Fe- and Cu-based alloys are 

critical to the use of SMAs in structural engineering applications.  

In summary, this study seeks to verify the applicability of SMAs as dowels in the wood-steel-wood 

connections commonly found in BTFs. While other studies have tested SMAs as dowels in wood-wood 

connections, this has never been done for a connection detail that is typical to BTFs (i.e., wood-steel-

wood or steel-wood-steel). Due to the interrelation between connection and system behaviour in BTFs, 

the successful development of a resilient connection would be a great step forward in the development of 

a resilient BTF. This research will advance the knowledge on resilient timber connections that can be 

easily installed and designed using methods that are presently common knowledge in the industry.  
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Chapter 3 -  Experimental Program 

3.1 General 

An experimental program was developed to investigate the behaviour of steel and SMA dowels in wood-

steel-wood connections. The experimental program can be subdivided into four distinct phases 

investigating: 

1. Behaviour of single dowels in bending; 

2. Embedment strength of glulam; 

3. Connection behaviour of single dowels in wood-steel-wood connections; 

4. Performance of a group of bolts in wood-steel-wood connections. 

The experimental program involves the testing of 12 wood-steel-wood connections fastened with single 

dowels (6 SMA, 6 steel) and 12 wood-steel-wood connections fastened using four bolts (6 SMA, 6 steel) 

under uniaxial monotonic and cyclic loading. In addition to the connection tests, component tests on the 

steel and SMA dowels as well as on the wood were conducted to determine their respective properties. 

The following sections describe the conditioning of the wood, test specimens and their components, and 

the experimental protocols and setups. 

3.2 Wood Storage and General Information 

Wood is a hygroscopic material with properties that are highly dependent on its moisture content. 

Therefore, measures must be taken to ensure that moisture fluctuations in the wood being tested are 

limited for the duration of the experimental program.  

The glulam members being used for testing arrived as six 6.1 m long members in August 2021. The 

wood used was 20F-EX spruce-pine glulam with an industrial finish and a 127 mm × 140 mm (5” × 5.5”) 

cross-section. The members arrived completely wrapped and were stored on a shelf until testing began in 

early September. As required, the 6.1 m long glulam members were removed from the racks, unwrapped, 

and cut into the 500 mm long members required for connection tests. When a piece of glulam was 

unwrapped, it was cut completely into the required lengths (500 mm), and these members were stored in 

airtight plastic contractor’s bags until they were tested. Once a connection test was completed, all wood 

from the test was put back into the bag, air was removed from the bag as much as possible, and the bag 

was labelled, sealed, and stored on a shelf. This process ensured that the moisture content and properties 

of the wood used in connection tests remained mostly unchanged until it was no longer required for 

embedment tests, and moisture content and density determination by oven-drying.   
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The remainder of this chapter describes all experimental methods used in this study. The chapter is 

separated into two sections: the first describes methods for material testing and the determination of 

material properties, while the second section describes methods used in connection tests.  

3.3 Material Testing 

This section describes the methods used for the following tests: determination of density and moisture 

content by oven-drying, dowel bending tests, and embedment tests.  

3.3.1 Density and Moisture Content 

Following each connection and embedment test, two pieces of wood were cut from the wood specimens 

to determine the moisture content and density of the wood. To accurately determine the wood properties 

at the time of the test, oven-drying of the wood specimens was initiated on the same day as tests were 

conducted. When this was not possible, all pieces of wood were placed in airtight plastic bags to prevent 

moisture change between time of testing and oven-drying, as specified in Section 3.1. 

The density and moisture content of all specimens were determined in accordance with ASTM D4442 

(ASTM, 2016) and ASTM D2395 (ASTM, 2017a), respectively. First, the mass of each specimen was 

recorded using a digital scale, and each face of the prismatic specimen was measured. To account for 

human error and the imperfect shape of wood specimens, three measurement of each face was recorded, 

and the average was taken as the final dimension. Then, specimens were put in an oven at approximately 

103°C for 24 hours before being weighed. Once the 24-hour weight was recorded, specimens were placed 

in the oven for an additional three hours to ensure specimens were dry, and that the weight did not change 

by more than 3 g (0.003 kg) since the 24-hour reading. Once the specimens were dry, the length of each 

face was recorded using the average of three measurements.  

On average, the density of wood tested was measured as 475 kg/m3, with a COV of 0.04, and the mean 

relative density (i.e., specific gravity) was determined to be 0.44, with a COV of 0.04. The average 

moisture content of wood was 14% with a COV of 0.04. 

3.3.2 Dowel Bending Tests 

Dowel bending tests were performed in accordance with ASTM F1575-17 (ASTM, 2017b) to determine 

the bending yield moment of SMA and steel bars. A clear span of 73 mm was chosen for the steel and 

SMA tests, thereby complying with the standard’s requirement that the span must be 11.5 times the 

fastener diameter of 6.35 mm (¼”). The dowel diameters were chosen by first designing a steel 

connection with behaviour governed by a mode “g” failure in the EYM (see Table 2.1). For the SMA 

dowels and bolts, an identical diameter was selected in order to allow for a direct comparison to the steel 

dowels and bolts. At the time of ordering the SMA bars, the bending yield strength of the dowel was 
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unknown both to the author and the manufacturer, as SMA bars are traditionally not used in a bending 

applications. Loading was displacement-controlled and applied at a rate of 4 mm/min. Figure 3.1 

illustrates the test setup used.  

 

Figure 3.1: Three-Point Bending Test Setup 

3.3.3 Glulam Embedment Tests 

A total of ten embedment tests were conducted on glulam members in accordance with ASTM D5764 

(ASTM, 1997). The ten samples were cut from the middle portion of glulam specimens used in single bar 

and four bolt connection tests. Half-hole specimens were prepared by drilling a 6.75mm (17/64”) Ø hole 

through the specimen, then cutting off half of the hole using a bandsaw. The holes were oversized by 0.40 

mm (1/64”), to ensure the 6.35 mm (¼”) Ø bar would fit properly into the half-hole, as permitted in the 

standard which allows for oversizing of holes by up to 1.59 mm (1/16”). A 150 mm long SMA bar was 

used to provide the 6.35 mm (¼”) Ø bearing. This ensured that a uniform pressure was applied over the 

length of the specimen as the bar was cut from centerless ground rod, leading to a much straighter product 

than the steel bolts.  

Each specimen was loaded using 1.5 mm/min displacement-controlled loading, and force and 

displacement readings were taken at a rate of 20 samples/second. Displacements were measured by a 

linear variable differential transformer (LVDT). At the start of each test, the LVDT was held in place 

upside down with its spring compressed by an aluminum angle screwed to the loading head. As the head 

moved down, the LVDT’s spring was allowed to extend and capture the displacement of the head. Figure 

3.2 shows pictures of the test setup and the instrumentation used in the embedment tests.  
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a.) Test Setup b.) Instrumentation 

Figure 3.2: Embedment Test Setup and Instrumentation 

3.4 Connection Tests 

This section summarizes the methods used to test wood-steel-wood connection assemblies. This includes 

monotonic and cyclic tests on single dowel and four bolt connections. A description of the methods used 

to prepare wood specimens, steel plates, and dowels is also contained herein. For all connection tests, the 

nomenclature of specimens is such that the first number represents the number of fasteners (1 or 4), the 

first letter represents the material (“S” for steel and “N” for the nickel-titanium SMA), the second letter 

refers to the loading protocol (monotonic (M), or cyclic (C)), and the final number is the specimen 

number. For instance, 4NM2 is the second connection specimen tested with four SMA bolts in monotonic 

loading.  

3.4.1 Test Setup and Specimen Preparation 

Connections tests were performed on an MTS 322 load frame with a capacity of 500 kN. The wood-steel-

wood connections being tested were loaded through a 6.35 mm (¼”) thick steel plate, which was attached 

to the frame using a hydraulic grip. The bottom of each specimen was fastened to the frame’s table using 

an overdesigned connection to ensure displacements were focused on the connection of interest. This 

rigid connection consisted of two 203 mm × 203 mm × 19 mm (8” × 8” × 0.75”) hot-rolled steel angles 

on either side of the glulam specimen fastened to the wood using four 19 mm (¾”) Ø ASTM A307 steel 

bolts. The load readings were taken by the load frame, while displacements were measured using two 

LVDTs screwed at the top of glulam members. An aluminum angle firmly clamped on the steel plate was 

used to push and release the LVDT springs as the plate moved up and down; displacement measurements 

were then taken as the average of the two LVDT readings. The test setup is pictured in Figure 3.3.  
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Figure 3.3: Connection Test Setup 

The steel plates were 160 mm wide 44W hot-rolled steel plates. The plates were cut to the required 

lengths using a horizontal bandsaw, and holes were drilled in the plates using a drill press and brad-point 

drill bits. The drill bits used had diameters of 7.54 mm (19/64”) for the single dowel tests, and 6.75 mm 

(17/64”) for the four bolt connection tests, meaning the holes were oversized by 1.2 mm (3/64”) and 0.4 mm 

(1/64”) respectively. Following each test, the holes in the steel plates were inspected to determine whether 

they could be reused. In most cases, the steel plates could be reused, as they were specifically designed 

not to be a governing component of the connections. However, in some cases where displacements were 

large the plates showed excessive damage and needed to be replaced. Figure 3.4 shows examples of what 

was deemed an acceptable, or not acceptable level of damage on the plates.  
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a) Reusable Plate Damage b) Non-Reusable Steel Plate Damage  

Figure 3.4: Reusable vs. Non-Reusable Steel Plate 

Glulam specimens were cut to 500 mm lengths using a mitre saw, and holes were made using a drill 

press and spade bits. The four holes at the bottom of the specimen were drilled to a diameter of 20.64 mm 

(13/16”), resulting in a hole 1.6 mm (1/16”) larger than the 19 mm (¾”) bolts used in the overdesigned 

connection. This tolerance allowed the specimens to be easily aligned while maintaining a tight-fit. 

Meanwhile, holes in the top part of the specimen were drilled with the same diameter as the steel plates 

for the single dowel (7.54 mm) and four bolt connection tests (6.75 mm). Finally, the slots in which steel 

plates were inserted were cut out of glulam specimens in a two-step process. First, a 6.35 mm (¼”) 

diameter hole was drilled through the specimen using the drill press. Then, a bandsaw was used to cut 

from the top face of the specimen to both sides of the holes, allowing a 6.35 mm (¼”) thick slice of wood 

to be removed from the glulam member. Then, to prevent friction between the steel plate and glulam 

specimen, a thickness of approximately half of the bandsaw blade was shaved off either side of the slot.  

3.4.2 Single Dowel Connection Tests 

Single dowel connections were tested using straight steel and SMA bars, thereby allowing for a direct 

comparison of the material behaviour of steel and nitinol when used as dowels in a wood-steel-wood 

connection. The steel dowels used in the single dowel tests consist of 152 mm (6”) long, 6.35 mm (¼”) Ø 

ASTM A307 steel bolts. The head of each bolt was cut off using a hacksaw to create the steel dowel, and 

edges were filed by hand to ensure the dowel could slide into the pre-drilled holes in the glulam and steel 

plate. Meanwhile, to prepare single SMA dowel tests, SMA bars were cut to 150 mm lengths using a chop 

saw with an abrasive blade, and a belt sander was used to remove sharp edges. 
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Monotonic tests were first conducted with both materials, then a cyclic loading protocol was developed 

based on the results of these tests using ASTM E2126 (ASTM, 2019) for guidance. The test matrix for 

single dowel tests is presented in Table 3.1. 

Table 3.1: Single Dowel Connection Test Matrix 

Steel SMA 

Monotonic Cyclic Monotonic Cyclic 

3 3 3 3 

 

3.4.2.1  Monotonic Single Dowel Tests 

For monotonic tests, a loading rate of 4 mm/min was used for both materials, and load and displacement 

readings were taken at a rate of 10 samples/second. The specimens were loaded until displacements of 

45 mm were reached, or until failure occurred. The standard (ASTM E2126) specifies a decrease in load 

to 80% of the peak force as the “failure” point at which monotonic tests should be stopped to develop the 

cyclic protocol, however, since the steel tests did not display a clear peak, it was decided that tests would 

be halted at a displacement of 45 mm, since cracks started to form at this point due to excessive 

deformations. The “ultimate displacement” needed to develop the cyclic protocol was then varied using 

the monotonic test results as guidance until meaningful results could be observed. More details on the 

cyclic loading tests and protocols are provided in the next section.  

3.4.2.2  Cyclic Single Dowel Tests 

The cyclic loading protocol used in the study was based on Test Method B from ASTM E2126 (ASTM, 

2019). However, the standard specifies fractions of the ultimate displacement for each cycle’s 

displacement, and since a “failure” state was not reached in most monotonic tests, this guideline could not 

be followed. As such, an ultimate (100%) displacement of 12 mm was selected since this displacement 

level was consistently beyond the linear portion of monotonic force-displacement curves, but still allowed 

for early cycles to remain within the linear portion. The protocol is presented in Table 3.2.  
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Table 3.2: Single Dowel Test 12 mm Cyclic Loading Protocol  

Step 
# of 

Cycles 
Amplitude 

Displacement 

(mm) 

Loading Rate 

(mm/min) 

1 1 1.25% 0.15 2 

2 1 2.50% 0.30 2 

3 1 5.00% 0.60 2 

4 1 7.50% 0.90 2 

5 1 10.0% 1.20 2 

6 3 20.0% 2.40 20 

7 3 40.0% 4.80 20 

8 3 60.0% 7.20 20 

9 3 80.0% 9.60 80 

10 3 100% 12.0 80 

11 3 120% 14.4 80 

12 3 140% 16.8 80 

13 3 160% 19.2 80 
 

The sampling rate used for the cyclic test was 50 readings/second. This rate ensured that the minimum 

of 100 samples/cycle (ASTM, 2019) was reached, even in the shortest cycles.  

3.4.3 Four Bolt Connection Tests 

For the preparation of four bolt connection tests, the 152 mm (6”) long x 6.35 mm (¼”) Ø A307 bolts 

were kept intact (i.e., the bolt head was not cut off). Washers were used on both ends of the bolts and a 

nut was hand-tightened on the threaded end to complete the connection. Meanwhile, SMA bars were cut 

to 152 mm (6”) lengths, and a 2A Class thread with 28 threads per inch was grinded on both sides of the 

bars to a length of 12.7 mm (½”) on one side, and 15.9 mm (5/8”) on the other. When fastening the SMA 

bolts onto the specimens, washers were used on both sides and nuts were hand-tightened to fasten the 

bolts in place.  

Again, monotonic tests were first conducted, and the results were used to develop a loading protocol 

per ASTM E2126 (ASTM, 2019). Methods used to conduct the monotonic and cyclic tests are presented 

in sections 3.4.3.1 and 3.4.3.2 respectively, and Table 3.3 presents the test matrix for the four bolt 

connection tests.   
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Table 3.3: Four Bolt Connection Test Matrix 

Steel SMA 

Monotonic Cyclic Monotonic Cyclic 

3 3 3 3 

 

3.4.3.1  Monotonic Four Bolt Tests 

The monotonic four bolt connection tests were conducted using a loading rate of 4 mm/minute and a 

sampling rate of 10 readings/second as for the single dowel tests. Once again, while the standard specifies 

a failure displacement for the development of a cyclic protocol, tests were usually stopped before a failure 

could occur. In fact, most tests were stopped before a 20 mm displacement could be reached, as loading 

beyond this point lead to wood cracking, which is not representative of connections with slender bolts, 

but is inevitable when forcing high displacements.  

3.4.3.2  Cyclic Four Bolt Tests 

 The cyclic loading protocol used for four bolt tests was, once again, based on Test Method B from 

ASTM E2126 (ASTM, 2019). Since monotonic tests were stopped before the standard’s classification of 

“failure”, the ultimate (100%) displacements were selected based on judgment from the monotonic 

results. Like in the single dowel cyclic tests, the 12 mm (100% displacement) protocol was used, so Table 

3.2 of section 3.4.2.2 can be referenced for the loading protocol used in the four bolt cyclic tests.  

 

 

 

 

 

 

 

 

 

 



 

44 

 

Chapter 4 -  Experimental Results 

4.1 General 

The experimental results from the testing described in Chapter 3 are presented in this chapter. The chapter 

is separated into three main sections corresponding to the components tests on the wood and dowels, 

single dowel wood-steel-wood connection tests, and bolt group connection tests, respectively.  

4.2 Component Test Results 

4.2.1 Dowel Bending Test Results 

A total of five steel and five SMA dowel connections were tested in bending under a concentrated load to 

characterize the material behaviour. Figure 4.1 b) and c), and Figure 4.1 b) and d) show representative 

results for the steel and SMA dowels, respectively.  

  
a) Force-Displacement Curve - Steel b) Force-Displacement Curve – SMA 

 
 

c) Damage After Unloading - Steel d) Damage After Unloading - SMA 

Figure 4.1: Representative Bending Test Results – Steel vs SMA 
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Figure 4.1 shows a representative load-displacement graph for the steel (a) and SMA (b) bending tests. 

The steel bolts behavior is characterized by an initial linear behaviour followed by yielding and a gradual 

strength loss, whereas the SMA bar’s behaviour demonstrates a yield point followed by a second stiffness 

until the force peaks around 17 mm of displacement. Figure 4.1c) and d) show typical permanent 

deformations experienced by both the steel and SMA, respectively. The complete results for all the steel 

and SMA dowels can be found in Appendix A.  

The yield load of the steel and SMA dowels was determined using the 5% offset method, which 

consists of offsetting the linear portion of the load-displacement curve by 5% of the dowel diameter and 

taking the intersection of this line with the load-displacement curve as the yield load (ASTM, 2017b). 

This method is portrayed in Figure 4.1 a) and b). Table 4.1 lists the average bending yield stress obtained 

for each material along with their respective coefficient of variation (COV). Despite having similar 

diameters, the effects of the SMA having a higher yield strength compared to the steel on the behaviour of 

the connections is addressed in Chapter 6. 

Table 4.1: Average Experimental Bending Yield Stress for Steel and SMA 

Parameter Steel SMA 

Average Bending Yield Stress (MPa) 439 571 

COV 0.03 0.03 
 

One of the main objectives of performing bending tests was to determine whether SMAs in bending 

could exhibit good self-centering abilities. Figure 4.1d) clearly shows the SMA’s ability to recover large 

displacements; however, semi-cyclic three-point bending tests were also conducted to reinforce this 

observation. Figure 4.2 shows a representative force-displacement curve for a one-way semi-cyclic 

bending test on an SMA bar.  
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Figure 4.2: Representative Force-Displacement Relationship of SMA Dowel in Semi-Cyclic Bending  

4.2.2 Glulam Embedment Test Results 

A total of ten embedment tests were conducted on glulam members in accordance with ASTM D5764 

(ASTM, 1997). The ten samples were cut from the undamaged middle portion of the glulam specimens 

used in single dowel connection tests. Figure 4.3a) illustrates the 5% offset method used to determine 

yield force using the force-displacement plots obtained from the test data, and Figure 4.3b) shows a 

representative damaged specimen. The average embedment yield stress was calculated as 28.6 MPa with 

a COV of 0.19. Appendix A can be referenced for a summary of the results obtained from individual 

tests. 
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a) Determination of Embedment Strength of Wood 

 

b) Embedment Failure 

Figure 4.3: Representative Failure of Glulam Specimens from Embedment Tests 

4.3 Single Dowel Connection Test Results 

4.3.1 Steel Dowels 

A total of three monotonic and three cyclic tests were conducted on single steel dowel wood-steel-wood 

parallel-to-grain connections.  

The force-displacement relationship of all single steel bar tests indicated a ductile mode of failure in 

which the connection maintains its initial stiffness until the onset of plastic deformations through steel 

dowel yielding and wood crushing. A representative curve is shown in Figure 4.4. 
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Figure 4.4: Representative Force-Displacement Relationship for Monotonic Steel Dowel Tests 

The monotonic tests performed on connections with a single steel bar consistently led to the 

development of three plastic hinges in the bar; this was designed for using Johansen’s yield equations 

(CSA, 2019). This is made clear by looking at the shape of one of the deformed bars and the resulting 

wood crushing (Figure 4.5). Appendix B can be referenced for pictures and force-displacement 

relationships of each specimen tested.  

 

 

 

 
a.) Deformed Bar with 3 Plastic Hinges b.) Wood Crushing 

Figure 4.5: Representative Damage from Single Steel Dowel Monotonic Tests 
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Table 4.2 presents key parameters obtained from the experimental monotonic tests conducted on the 

single steel dowel connections.  

Table 4.2: Monotonic Steel Dowel Connection Test Results 

Test # Pmax
a
 (kN) Δmax

b
 (mm) ki

c
 (N/mm) Py

d
 (kN) Δy

e
 (mm) 

1SM1 8.3 18.8 2247 7.3 3.7 

1SM2 10.1 42.7 9550 5.3 1.1 
1SM3 8.8 21.2 3882 5.5 1.6 

Average 9.1 27.6 5226 6.0 2.1 

COV  0.08 0.39 0.60 0.15 0.54 
a Maximum load recorded during test.  
b Displacement at the maximum load.  
c Initial stiffness taken as the slope of force-displacement plot between 10% and 40% of Pmax. 
d Yield load determined using the 5% offset method.  
e Displacement at yield load.  

 

Three single steel dowel connections were then subjected to the cyclic protocol described in Table 3.2. 

Figure 4.6 shows a representative force-displacement relationship for the single steel dowel connections 

when subjected to cyclic loading alongside a representative monotonic test.  

 

Figure 4.6: Representative Force-Displacement Relationship for Cyclic Steel Dowel Tests 
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Figure 4.7 shows representative damage and failure modes of the steel dowel connections under cyclic 

loading. The steel dowels were observed to form the three plastic hinges that are characteristic to a mode 

“(g)” failure in the EYM, as in the monotonic tests. An eventual failure occurred at the middle plastic 

hinge. Table 4.3 presents key parameters obtained from the experimental cyclic tests conducted on the 

single steel dowel connections. Force-displacement curves and pictures of damage to wood and dowels 

for all three cyclic tests can be found in Appendix B.  

 

 

a.) Dowel Broken at Middle Plastic Hinge b.) Wood Crushing from Cyclic Test 

Figure 4.7: Typical Damage from Single Steel Dowel Cyclic Tests 

Table 4.3: Cyclic Steel Dowel Connection Test Results 

Test # Pmax_c
a
 (kN) Δmax_c

b
 (mm) Pmax_t

c
 (kN) Δmax_t

d
 (mm) k

e
 (N/mm) 

1SC1 8.1 7.6 8.2 7.6 2726 

1SC2 8.8 6.7 8.4 7.6 2735 
1SC3 8.8 6.7 8.2 7.7 2502 

Average 8.6 7.0 8.3 7.6 2654 

COV  0.04 0.06 0.01 0.004 0.04 
a Maximum load reached in compression cycle. 
b Displacement when lead reached Pmax_c. 
c Maximum load reached in tension cycle.  
d Displacement when load reached Pmax_t. 
e Stiffness of connection as slope from 10% to 40% of Pmax_t. 

 

4.3.2 SMA Dowels 

The force-displacement relationship of the SMA dowel tests indicated a less pronounced transition from 

elastic to plastic behaviour when compared to the steel bar tests. This is likely due to the higher bending 

yield load of these bars, as calculated from three-point bending tests (Table 2.1). Regardless, the single 

bar connections were mostly capable of withstanding high deformations without brittle failures except for 

one test in which the bolt sheared suddenly at a displacement of 35 mm. This could have been the result 

of an anomaly in the material, as all other tests reached displacements of 45 mm. However, this 
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observation also highlights potential issues with using nickel-titanium SMAs in regions of high shear 

stresses. A typical curve is shown in Figure 4.8. 

 

Figure 4.8: Typical Force-Displacement Relationship for Monotonic SMA Dowel Tests 

It should be noted that one of the monotonic tests conducted shows a force-displacement relationship 

with a clear peak, followed by a gradually decreasing force. Upon inspection of the specimen where this 

was observed, it was found that a knot happened to intersect with the region of wood crushing (see Figure 

4.9). The intersection of knots with the deformation plane can lead to the development of cracks. This 

behaviour should not be considered typical, as the chances of this happening are normally quite low and 

are accounted for in design equations of timber connections.  

  



 

52 

 

 

 
a.) Knot in Wood Crushing Region b.) Resulting Force-Displacement Relationship 

Figure 4.9: SMA Connection with Knot and Resulting Force-Displacement Relationship 

Overall, the monotonic tests performed on connections with a single SMA bar yielded a similar 

deformation mode as what was observed during steel bar tests. In fact, while the picture of the deformed 

bar in Figure 4.10a) appears to show the development of only one hinge, it is clear by looking at the 

picture of the wood crushing Figure 4.10b)  that three hinges formed indicating that the superelastic SMA 

was able to recover deformations in the two outermost hinges, while the middle hinge could not be fully 

recovered at high displacement levels. Table 4.4 summarizes connection parameters calculated from the 

experimental data.   

 

 

 
a.) Deformed Bar with Permanent Hinge b.) Wood Crushing 

Figure 4.10: Typical Damage from Single SMA Dowel Monotonic Tests 
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Table 4.4: Monotonic SMA Dowel Connection Test Results 

Test # Pmax
a
 (kN) Δmax

b
 (mm) ki

c
 (N/mm) Py

d
 (kN) Δy

e
 (mm) 

1NM1 12.5 23.4 5214 5.8 1.4 
1NM2 10.3 17.2 4460 5.7 1.4 

1NM3 11.9 15.7 4193 5.3 1.4 

Average 11.6 18.8 4622 5.6 1.4 

COV  0.08 0.18 0.09 0.04 0.01 
a Maximum load recorded during the test.  
b Displacement at the maximum load.  
c Initial stiffness taken as the slope of force-displacement plot between 10% and 40% of Pmax. 
d Yield load determined using the 5% offset method.  
e Displacement at yield load.  

 

When subjected to cyclic loading, SMA dowel connections maintained their ability to carry the load 

until a point where the dowel sheared abruptly. Beyond this point, the force did not drop to zero only 

because one half of the bar was still partially supporting the steel plate as it was displaced. This was able 

to happen since failure occurred at only one of two steel-wood interfaces, leaving part of bar to partially 

support the plate until it slipped out of the hole. Figure 4.11 shows a representative force-displacement 

behaviour of the single SMA dowel connections under cyclic loading to a representative monotonic test.  

 

Figure 4.11: Typical Force-Displacement Relationship for Cyclic SMA Bar Tests 
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When subjected to cyclic loading, the single SMA dowel connections developed three hinges, which is 

typical of a Mode “g” failure in the CSA 086. While the initial deformations in the form of SMA dowel 

bending and wood crushing indicate ductile behaviour, the NiTi SMA’s tendency to break suddenly at 

shear planes is not favorable. An example of a broken bar and the damage to wood specimens is shown in 

Figure 4.12, and Table 4.5 presents the connection parameters calculated from experimental data.  

 

 

a.) Bar Broken at Middle Plastic Hinge b.) Wood Crushing from Cyclic Test 

Figure 4.12: Typical Damage from Single SMA Dowel Cyclic Tests 

Table 4.5: Cyclic SMA Dowel Connection Test Results 

Test # Pmax_c
a
 (kN) Δmax_c

b
 (mm) Pmax_t

c
 (kN) Δmax_t

d
 (mm) k

e
 (N/mm) 

1NC1 9.8 9.8 9.6 9.9 4461 
1NC2 9.6 9.6 9.6 9.8 4608 

1NC3 11.0 7.6 10.9 7.6 7844 

Average 10.1 9.00 10.0 9.1 5638 

COV  0.06 0.11 0.06 0.12 0.28 
a Maximum load reached in compression cycle. 
b Displacement when lead reached Pmax_c. 
c Maximum load reached in tension cycle.  
d Displacement when load reached Pmax_t. 
e Stiffness of connection as slope from 10% to 40% of Pmax_t. 

 

Force-displacement curves and pictures of damage to wood and dowels for individual SMA dowel 

connection tests can be found in Appendix B.  

4.4 Bolt Group Connection Tests 

4.4.1  Steel Bolts 

A total of three monotonic and three cyclic tests were conducted on steel bolted wood-steel-wood 

connections. The force-displacement relationship of all steel bolted connection tests indicates a ductile 

mode of failure in which the connection maintains its initial stiffness until the onset of plastic 



 

55 

 

deformations through steel yielding and wood crushing, at which point the force continued to increase 

with a reduced stiffness. A representative curve is shown in Figure 4.13. 

 

Figure 4.13: Typical Force-Displacement Relationship for Monotonic Steel Bolt Tests 

The failure mode “g” that was designed for using Johansen’s yield equations is clearly present in the 

steel bolted connections. In fact, all four bolts were able to develop three hinges, thereby limiting wood 

damage to the region closest to the wood-steel interface (Figure 4.14). Table 4.6 lists the steel bolted 

connection parameters calculated from the experimental results. 

  

 
  

a.) Deformed Bolts 
b.) Wood Crushing at 30 mm 

Displacement 

Figure 4.14: Typical Damage from Steel Bolt Monotonic Tests 
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Table 4.6: Monotonic Steel Bolt Connection Test Results 

Test # Pmax
a
 (kN) Δmax

b
 (mm) ki

c
 (N/mm) Py

d
 (kN) Δy

e
 (mm) 

4SM1 52.8 30.0 14969 27.3 2.0 
4SM2 60.7 31.7 14919 27.1 2.1 

4SM3 46.7 14.2 16464 30.5 2.2 

Average 53.4 25.3 15451 28.3 2.1 
COV 0.11 0.31 0.05 0.06 0.04 

a Maximum load recorded during the test.  
b Displacement at the maximum load.  
c Initial stiffness taken as the slope of force-displacement plot between 10% and 40% of Pmax. 
d Yield load determined using the 5% offset method.  
e Displacement at yield load.  

 

Cyclic tests of steel bolted connections demonstrated highly ductile behaviour, as expected. Figure 4.15 

shows a slow decrease in strength as the hinges in the bolts softened and eventually broke, which is 

typical of steel bolted connections with yielding fasteners. A representative monotonic test is also shown 

in Figure 4.15.  

 

Figure 4.15: Typical Force-Displacement Relationship for Cyclic Steel Bolt Tests 

Figure 4.16 shows the damaged bolts and wood crushing profile for a steel bolted connection test under 

cyclic loading. Figure 4.16b) makes it clear that multiple hinges were able to form based on the wood 

crushing profile, and Figure 4.16a) shows that the middle hinge in the bolts is the one that eventually 

broke off.  
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c.) Deformed Bolts Broken at Center Hinge d.) Wood Crushing 

Figure 4.16: Typical Damage from Steel Bolt Cyclic Tests 

Table 4.7 presents maximum loads in compression and tension cycles, the maximum displacement at 

these loads, and the stiffness for each steel bolted connection specimen tested.  

Table 4.7: Cyclic Steel Bolt Connection Test Results 

Test # Pmax_c
a
 (kN) Δmax_c

b
 (mm) Pmax_t

c
 (kN) Δmax_t

d
 (mm) k

e
 (N/mm) 

4SC1 32.8 9.0 31.8 8.2 9898 

4SC2 32.7 7.0 30.9 8.3 13350 
4SC3 35.8 6.6 31.8 6.1 8378 

Average 33.8 7.5 31.5 7.5 10542 

COV  0.04 0.14 0.01 0.14 0.20 
a Maximum load reached in compression cycle. 
b Displacement when lead reached Pmax_c. 
c Maximum load reached in tension cycle.  
d Displacement when load reached Pmax_t. 
e Stiffness of connection as slope from 10% to 40% of Pmax_t. 

 

Force-displacement curves and pictures of damage to wood and bolts for all steel bolted connection 

tests can be found in Appendix B.  

4.4.2 SMA Bolts 

A total of three monotonic and three cyclic tests were conducted on SMA bolted wood-steel-wood 

connections. The force-displacement relationship of all bolted SMA connection tests showed similar 

behaviour to the steel bolted connections when subjected to monotonic loads. A ductile failure mode was 

observed in which the connections maintained their initial stiffness until the onset of deformations 

through SMA bending and wood crushing, at which point the force continued to increase with a reduced 

stiffness. A representative curve is shown in Figure 4.17. 
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Figure 4.17: Typical Force-Displacement Relationship for Monotonic SMA Bolt Tests 

Figure 4.18 shows that the SMA bolted connections experienced deformations corresponding to a 

mode “g” failure, per Johansen’s yield model. Although only one hinge is visible when looking at the 

bolts after testing, the wood crushing profile suggests additional hinges formed in the bars but were not 

permanent due to the SMA’s superelastic property.    

  

 
  

a.) Deformed Bolts with Permanent Deformation at Center 

b.) Wood Crushing at 

17 mm 

Displacement 

Figure 4.18: Typical Damage from SMA Bolt Monotonic Tests 

Table 4.8 presents the parameters calculated from experimental results for SMA bolted connections 

under monotonic loading.  
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Table 4.8: Monotonic SMA Bolt Connection Test Results 

Test # Pmax
a
 (kN) Δmax

b
 (mm) ki

c
 (N/mm) Py

d
 (kN) Δy

e
 (mm) 

4NM1 54.5 14.3 14655 28.7 2.2 
4NM2 54.6 16.1 9706 29.4 2.8 

4NM3 60.6 18.4 15630 26.3 1.9 

Average 56.6 16.3 13330 28.1 2.3 
COV 0.05 0.10 0.20 0.05 0.16 

a Maximum load recorded during the test.  
b Displacement at the maximum load.  
c Initial stiffness taken as the slope of force-displacement plot between 10% and 40% of Pmax. 
d Yield load determined using the 5% offset method.  
e Displacement at yield load.  

 

Similar to the monotonic tests, the cyclic tests of SMA bolted connections led to deformations which 

resembled mode “g” in Johansen’s yield model. While this is typically considered a ductile mode of 

failure, Figure 4.19 shows multiple sudden decreases in strength as SMA bolts sheared at the wood-steel 

interface during the cyclic tests. The force-displacement relationship of a representative monotonic test is 

also shown in Figure 4.19, and the sheared dowels are pictured in Figure 4.20 along with the wood 

crushing profile.  

 

Figure 4.19: Typical Force-Displacement Relationship for Cyclic SMA Bolt Tests 
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a.) Bolts Broken at Center b.) Wood Crushing 

Figure 4.20: Typical Damage from SMA Bolt Cyclic Tests 

Maximum loads in tension and compression cycles, displacements at maximum loads, and stiffness of 

each specimen tested were calculated and results are presented in Table 4.9. 

Table 4.9: Cyclic SMA Bolt Connection Test Results 

Test # Pmax_c
a
 (kN) Δmax_c

b
 (mm) Pmax_t

c
 (kN) Δmax_t

d
 (mm) k

e
 (N/mm) 

4NC1 43.2 11.5 41.0 9.50 11839 

4NC2 41.1 9.1 42.7 8.37 13227 

4NC3 47.2 12.0 43.6 10.5 10412 

Average 43.8 10.9 42.4 9.5 11826 

COV  0.06 0.12 0.03 0.09 0.10 
a Maximum load reached in compression cycle. 
b Displacement when lead reached Pmax_c. 
c Maximum load reached in tension cycle.  
d Displacement when load reached Pmax_t. 
e Stiffness of connection as slope from 10% to 40% of Pmax_t. 

 

Force-displacement curves and pictures of damage to wood and bolts for all SMA bolted connection 

tests can be found in Appendix B.  
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Chapter 5 -  Finite Element Modelling 

5.1 Methodology 

The analytical models developed included models of material tests performed (i.e., three-point bending 

tests, and glulam embedment tests), as well as a model of a single steel and SMA dowel connection. The 

goal of finite element modelling in this study is to develop a model capable of predicting the force-

displacement behaviour of single dowel wood-steel-wood connections. Upon validation, this model could 

then be used to investigate the effects of dowel diameters, wood species, thickness of steel plate, etc. All 

models were made using Abaqus/CAE (Dassault Systemes, 2020). 

Component tests included determining the embedment behaviour of the wood and the flexural 

behaviour of steel and SMA dowels. These load-displacement relationships were used to calibrate the 

finite element model material properties to be used as an input to the FEM of the connections. As 

discussed in the following sections, the initial properties (e.g., E1) were selected from relevant studies that 

had similar materials as those investigated herein (Hong, 2007; Oliveira, 2021) and were modified until 

the analytical load-displacement curve reasonably captured the average of the experimental load-

displacement curves. While material testing (i.e., coupon tension tests of bolts, and shear, tension, and 

compression tests of wood, etc.) would offer a better representation of the material used in experiments, 

time constraints prevented such tests from being completed. Future studies should seek to improve the 

models by including properties from appropriate material testing.  

The upcoming section discusses the models used to calibrate material properties, and Section 5.3 

explains the single dowel connection models with a single steel and SMA dowel.  

5.2 Material Modelling 

5.2.1 Wood Material Model 

This model was developed to determine wood properties for the connection model. To do this, a finite 

element model of the embedment tests performed on wood was developed and results were compared to 

experimental tests. To limit computational time a half model of the test was made. The bottom of the 

wood member was fixed in the model, and symmetry boundary conditions were applied to the dowel and 

wood faces where the model was cut in half.  

It has been found that the strength and stiffness of wood modelled analytically tends to be much higher 

than results obtained from experimental testing (Foschi, 1974; Hong, 2007; Karagiannis et al., 2016). 

Hong (2007) performed tests to obtain wood properties and used these properties to model the 

embedment behaviour of wood. Figure 5.1 shows that analytical results obtained from this study suggest 

that wood was much stronger and stiffer in an analytical model when compared to experiments.   
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Figure 5.1: Wood Embedment Model Results Without a Foundation Zone (Hong, 2007) 

Foschi (1974) proposed modelling wood with a softened foundation zone to capture the weakened 

behaviour of wood in crushing. This approach has since been adapted by Hong (2007) and Karagiannis et 

al. (2016) for various types of wood and fastener diameters. There currently exists no foundation zone 

property reduction factors for SPF glulam with ¼” (6.35 mm) diameter fasteners. However, Hong (2007) 

used reduced properties on Douglas-Fir for 6.4 mm diameter fasteners, and the modelling results showed 

good agreement with experimental tests. Since reduction factors are only available for SPF glulam with 

large diameter dowels, the factors from Hong (2007) are being used in this study.   

Figure 5.2 shows the embedment test being modelled as well as the geometry of the half model. The 

model is made of three parts with different materials: the dowel, glulam, and the softened glulam 

foundation zone. A circular foundation zone with a diameter 4.5 times that of the dowel (28.6 mm) was 

chosen. This is the same size of foundation zone that was used by Hong (2007) for small diameter 

fasteners.  
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a) Embedment Test Setup 

 
b) Half-Model Geometry 

 Figure 5.2: Embedment Test Model Parts and Boundary Conditions 

To describe the behaviour of glulam, three different constituents must be prescribed: the elastic 

behaviour, inelastic behaviour, and the failure criteria that initiates the change from elastic to inelastic. 

Since wood is orthotropic, different strengths must be assigned in three directions relative to the wood 

grain. This was done in Abaqus (Dassault Systemes, 2020) by assigning “Engineering Constants” to an 

elastic material model (e.g., E1, E2, E3, etc.), then prescribing the direction that corresponds to each 

strength assigned. The wood’s strong direction (parallel to grain) is prescribed as being in the direction of 

loading, as was the case in the embedment tests. The material orientation is shown in Figure 5.3, while 
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Table 5.1 presents the material properties initially assigned to the wood. The modulus of elasticity of the 

wood in its strong direction (E1) was taken from Oliveira (2021), who used SPF glulam of similar grade 

as to the current study, while other moduli were calculated from the equations below, which come from 

the CSA-086 standard (CSA, 2019):  

𝐸2 = 𝐸3 = 
𝐸1

30
      (5.1) 

𝐺12 = 𝐺13 =  
𝐸1

16
     (5.2) 

𝐺23 = 
𝐺12

10
      (5.3) 

Table 5.1: Regular Glulam Elastic Orthotropic Properties (Oliveira, 2021) 

Property Value 

E1 (parallel to grain) 12,400 MPa 

E2, E3 (tangential and radial to grain) 413 MPa 
ν12  0.47 

ν13 0.37 

ν23 0.44 

G12, G13 775 MPa 
G23 78 MPa 

 

  

Figure 5.3: Wood Material Orientation 

The softened wood foundation zone’s properties were determined using the same reduction factors as 

in Hong (2007) for 6.4 mm dowels in Douglas Fir. Table 5.2 presents the resulting properties of the 

foundation zone.   
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Table 5.2: Foundation Zone Glulam Elastic Orthotropic Properties 

Property Value 

E1 (parallel to grain) 653 MPa 

E2, E3 (tangential and radial to grain) 65 MPa 

ν12  0.47 
ν13 0.37 

ν23 0.44 

G12, G13 67 MPa 

G23 12 MPa 

 

During the elastic phase, stresses and strains are computed in glulam elements using the following 

stress-strain relationship (ABAQUS, 2009):  

[
 
 
 
 
 
𝜀11

𝜀22

𝜀33

𝛾12

𝛾13

𝛾23]
 
 
 
 
 

=

[
 
 
 
 
 

1/𝐸1 −ν21/𝐸2 −ν31/𝐸3 0 0 0
−ν12/𝐸1 1/𝐸2 −ν32/𝐸3 0 0 0
−ν13/𝐸1 −ν23/𝐸2 1/𝐸3 0 0 0

0 0 0 1/𝐺12 0 0
0 0 0 0 1/𝐺13 0
0 0 0 0 0 1/𝐺23]

 
 
 
 
 

[
 
 
 
 
 
 𝜎11

 𝜎22

 𝜎33

 𝜎12

 𝜎13

 𝜎23]
 
 
 
 
 

     (5.4) 

The strain is broken into elastic (𝜀𝑒𝑙), and plastic (𝜀𝑝𝑙) components, and Equation (5.4) describes the 

elastic portion. To determine when the transition from elastic to plastic behaviour occurs, a failure surface 

was assigned using Hill’s potential function for anisotropic yield (Abaqus, 2009):  

𝑓(𝜎) =  √𝐹(𝜎22 − 𝜎33)
2 + 𝐺(𝜎33 − 𝜎11)

2 + 𝐻(𝜎11 − 𝜎22)
2 + 2𝐿𝜎23

2 + 2𝑀𝜎31
2 + 2𝑁𝜎12

2        (5.5) 

When the function shown in Equation (5.5) equals unity, the wood transitions to the plastic phase 

(Janssen, 2017). The parameters F, G, H, L, M, and N are functions of the relations between stresses and 

yield stress in different directions (R11, R22, R33, R12, R13, and R23). These “R” values are the entries on 

Abaqus, and they were adopted from the study by Wang et al. (2014). The values are summarized in 

Table 5.3. For a more thorough analysis, experimental stress values should be used to compute these R-

factors; however, these were sufficient to replicate connection behaviour. 

Table 5.3: R-Value Entries for Hill’s Criterion (Wang et al., 2014) 

R-Value Stress Relation (ABAQUS, 2009) Value 

R11 𝜎11/𝜎
0 1.000 

R22 𝜎22/𝜎
0 0.836 

R33 𝜎33/𝜎
0 0.777 

R12 𝜎12/𝜏
0 0.986 

R13 𝜎13/𝜏
0 0.816 

R23 𝜎23/𝜏
0 0.816 

             𝜎0 and 𝜏0 are yield stresses  
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In the model, a perfectly plastic state is assumed after the yield point, since the wood below the dowel 

is mainly being compressed parallel to grain, and wood in compression parallel to grain can be idealized 

as elastic-plastic. The plastic range of the wood is described using points to relate stresses and plastic 

strains (𝜀𝑝𝑙). A yield stress of 47 MPa is chosen outside of the softened foundation zone, per Oliveira 

(2021). The yield stress is reduced to 19 MPa in the foundation zone when using the same reduction 

factor as Hong (2007). Strains start to become permanent when they reach a value of 0.02 or greater, per 

compression tests performed by Karagiannis et al. (2016).    

In the model, contact was defined separately in the normal and tangential directions.  For contact in the 

normal direction, a hard contact is assigned between the dowel and wood. For normal “hard contact”, 

there is the following contact constraint on all surfaces that are assigned interactions (Abaqus, 2009): 

𝑝 = 0 𝑓𝑜𝑟  ℎ < 0     (5.6) 

 ℎ = 0 𝑓𝑜𝑟 𝑝 > 0       (5.7) 

In which p is the contact pressure between two surfaces, and h is the interpenetration of the surfaces. 

This means that when there is no interpenetration between surfaces (h < 0), there is no contact pressure (p 

= 0). And when the surfaces come into contact, a pressure (p) is computed to prevent penetration, thus 

ensuring the constraint of no interpenetration between parts (i.e., h = 0) (Abaqus, 2009).  

Tangential contact is also assigned between the dowel and wood block using a penalty friction 

formulation with a friction coefficient of 0.7, as proposed by Smith (1983). The tangential contact 

constraint is enforced by the penalty method using the assigned friction coefficient. Tangential interaction 

between surfaces is described by a stick-slip mechanism, as shown in Equations (5.8) and (5.9): 

𝑠𝑡𝑖𝑐𝑘: 𝑓 = 𝑡𝑇 −  𝜇|𝑡𝑛| ≤ 0         (5.8) 

𝑠𝑙𝑖𝑝: 𝑓 =  𝑡𝑇 −  𝜇|𝑡𝑛| > 0                          (5.9) 

In which tn and tT are described using penalty parameters. During slip and stick, the tangential stress 

vectors take the forms shown in Equations (5.10) and (5.11) respectively (Vulovic et. al, 2007) 

𝑡𝑇𝑎
𝑠𝑙 = −𝜇|𝑡𝑛|

𝑔𝑇𝑎
𝑠𝑙

𝑔𝑇
𝑠𝑙        (5.10) 

𝑡𝑇𝑎
𝑠𝑡𝑖𝑐𝑘 = 𝜀𝑇𝑔𝑇𝑎        (5.11) 

In which 𝜀𝑇 is the tangential penalty parameter. This penalty formulation allows Abaqus to compute 

the forces needed to push members back together when sliding or overlapping occurs (Vulovic et. al, 

2007).  
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The final component of contact modelling in Abaqus consists of choosing which parts acts as “slave” 

and “master” surfaces. To get the best possible results when simulating contact, the slave surface should 

always be the more finely meshed surface. If mesh densities are similar between surfaces, then the softer 

material should act as the slave (Abaqus, 2017). For this reason, wood is modelled as the slave surface, 

while the dowel being pushed into the wood is the master surface.  

For the embedment test model, the dowel and support were modelled as rigid and non-deformable 

parts. The dowel was loaded using a displacement-controlled line load up to a displacement of 3 mm 

along the line of symmetry where the model was cut. Rigid 4-node 3D elements (R34D) were used to 

mesh the dowel and support, and 8-node linear brick elements (C3D8R) were used to mesh the glulam. A 

variable mesh size was used to have a fine mesh (2 mm) in the dowel and foundation zone, and a coarse 

mesh (5 mm) in the remainder of the wood member where the behavior has a smaller influence on the 

global force-displacement relationship. The meshed model is shown in Figure 5.4.  

 

Figure 5.4: Meshed Embedment Test Model 

The modelling force used to compare analytical and experimental results was the sum of all vertical 

reaction forces along the line on the dowel where the load was applied. This gives the total vertical force 

applied on the dowel. Then, displacement in the direction parallel to grain (vertical) at a single node on 

the line of symmetry was used as the displacement after confirming that all nodes along this line had the 

same displacement, thereby ensuring an even displacement of the dowel into the wood along the length of 

the specimen.  
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Using the properties provided in Table 5.1, force-displacement results were stiffer than the 

experimental results. The glulam material model was therefore switched to have an elastic modulus 

parallel to grain of 8500 MPa, and all other moduli were calculated accordingly. Table 5.4 and Table 5.5 

present the new properties of glulam in and outside the softened foundation zone.  

Table 5.4: Regular Glulam Elastic Orthotropic Properties - Modified 

Property Value 

E1 (parallel to grain) 8500 MPa 
E2, E3 (tangential and radial to grain) 283 MPa 

ν12  0.47 

ν13 0.37 
ν23 0.41 

G12, G13 531 MPa 

G23 53 MPa 

 

Table 5.5: Foundation Zone Glulam Elastic Orthotropic Properties - Modified 

Property Value 

E1 (parallel to grain) 448 MPa 
E2, E3 (tangential and radial to grain) 44 MPa 

ν12  0.47 

ν13 0.37 

ν23 0.41 
G12, G13 46 MPa 

G23 8 MPa 

 

Figure 5.4 shows all experimental force-displacement curves and results from the model with an E1 of 

12,400 MPa, and 8,500 MPa. Note that the modelling results were shifted to the right by 0.3 mm to make 

comparing experimental and modelling results easier. This was necessary since there was some initial 

slack in the experimental setup induced in the assembly of specimens before the load readings began 

going up, leading to zero force displacements at the beginning of each test.  
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Figure 5.5: Embedment Tests - Experimental and Modelling Results 

Looking at Figure 5.4, it is clear that when E1 is 8500 MPa, there is the best agreement with test results 

regarding both stiffness and strength of the wood model. The stiffness and yield point of the model show 

good agreement with experimental results. Post-yield behaviour in the model is slightly different than 

experimental, as the model’s force-displacement behaviour fails to flatten at the onset of wood crushing. 

For the purposes of this study, this model is deemed sufficient. However, additional material testing 

should be completed to determine the yield stress ratios and improve the model’s accuracy. In the 

connection model discussed in Section 5.3, wood properties presented in Table 5.4 and Table 5.5 are 

being used.  

5.2.2 Dowel Material Models 

A three-point bending test model was developed to determine the steel and SMA dowel properties for the 

connection model. The determination of the dowel properties was done in a similar manner as the wood 

properties in the previous section: by comparing experimental results to results from the test simulation in 

Abaqus. To limit computational time a half model of the test was made, and symmetry boundary 

conditions were applied on the cross-section of the cylindrical load applicator and the dowel at the line of 

symmetry, as shown in Figure 5.6.   
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a) Three-Point Bending Test Setup 

 
b) Half Model Geometry and Boundary Conditions 

Figure 5.6: Embedment Test Model Parts and Boundary Conditions 

This model was used to verify the properties of the ASTM A307 steel bolts tested experimentally. 

These properties are well documented since this grade of bolts is commonly used in practice, so verifying 

that analytical and experimental results matched acted as confirmation that the model worked properly 

before using it to calibrate SMA properties. 

In the model with the steel dowel, the stress-strain behaviour of the dowel first follows a simple linear 

elastic relationship, as described in Equation 5.12 (Abaqus, 2009).  

[
 
 
 
 
 
𝜀11

𝜀22

𝜀33

𝛾12

𝛾13

𝛾23]
 
 
 
 
 

=

[
 
 
 
 
 
1/𝐸 −ν/𝐸 −ν/𝐸 0 0 0
−ν/𝐸 1/𝐸 −ν/𝐸 0 0 0
−ν/𝐸 −ν/𝐸 1/𝐸 0 0 0

0 0 0 1/𝐺 0 0
0 0 0 0 1/𝐺 0
0 0 0 0 0 1/𝐺]

 
 
 
 
 

[
 
 
 
 
 
 𝜎11

 𝜎22

 𝜎33

 𝜎12

 𝜎13

 𝜎23]
 
 
 
 
 

     (5.12) 
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A Young’s modulus (E) of 210,000 MPa and a Poisson’s ratio (ν) of 0.3 are assigned, and Abaqus 

calculates the shear modulus (G) using Equation (5.13) (Abaqus, 2009): 

𝐺 = 
𝐸

2(1+ν) 
       (5.13) 

Following the linear-elastic phase, the steel dowel is assumed to transfer to a perfectly plastic state (i.e., 

no hardening). The plastic state has been set to begin at a stress of 439 MPa, which is the average yield 

stress obtained from experimental testing.  

Similar to the embedment test model, normal and tangential contact properties were assigned between 

the dowel and both cylindrical bearing points. Again, hard contact was used in the normal direction, and 

the penalty method was used in the tangential direction with a friction coefficient of 0.5 (Wriggers, 2006) 

between the dowel and each bearing point. The dowel was assigned as the “slave” surface since the 

bearing points were modelled as rigid parts, making them much stronger than the dowels being bent.  

Loading was assigned at a reference point on the half-applicator. Displacement-controlled loading up 

to 20 mm of displacement was applied, and force and displacement readings were taken directly from the 

reference point. The dowel was meshed using 8-node 3D stress (C3D8R) elements with a mesh size of 1 

mm, and the support and load applicator were both modelled using rigid 4-node 3D elements (R34D). The 

meshed model is shown in Figure 5.7. 

 

Figure 5.7: Meshed Three-Point Bending Model 

Figure 5.7 shows an analytical and experimental force-displacement curve of three-point bending tests 

with steel dowels.  



 

72 

 

 

Figure 5.8: Experimental vs Analytical Results - Steel Dowels in Bending 

Since the analytical model of steel in three-point bending shows good agreement with experimental 

results, a model with the same geometry, boundary conditions, contact properties, element type, and mesh 

size was used to replicate bending tests with SMA dowels.  

To model self-centering SMAs, a superelastic material model based on Aurrichio et al. (1997) is 

available in Abaqus. The model requires inputs for elastic moduli and Poisson’s ratios in the austenitic 

(Ea, νa) and martensitic (Em, νm) phases, as well as stresses at which the transformation between both 

phases begin and end. Figure 5.7 illustrates the material model, and Table 5.6 presents typical Nickel-

Titanium SMA properties, which were used as initial inputs in the model.  
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Figure 5.9: Superelastic Material Model in Abaqus (Abaqus, 2017) 

Table 5.6: Nitinol Material Properties (Aurrichio et al., 1997) 

Property Value 

Ea 60000 MPa 

νa, νm 0.3 

Em 35000 MPa 

εL 0.075 
σtL (start) 520 MPa 

σtL (end) 600 MPa 

σtU (start) 300 MPa 
σtU (end) 200 MPa 

 

In which E and ν are the elastic moduli and Poisson’s ratios in the austenitic (subscript “a”) and 

martensitic (subscript “m”) phases, respectively. εL is a characteristic strain level, and σtL (start), σtL (end), 

σtU (start), and σtU (end) are transformation stresses. Note that, for instance, σtL (start) is the stress at which 

the transformation from austenite to martensite begins during loading (L). 

As shown in Figure 5.9, the SMA behaviour is characterised by a linear portion, in which the material 

is in a fully austenitic state. There is then a transition phase from austenite to martensite in which a force 

plateau can be observed before the SMA becomes fully martensitic and regains a stiffness characterized 

by Em. Thus, looking at Equation (5.12), before a stress of σtL (start) is reached, the elastic modulus and 

Poisson’s ration used to compute stresses and strains are Ea and νa. Then, there is a transition phase in 

which Abaqus computes the E and ν using the relationships in Equations (5.14) and (5.15) (Abaqus, 

2017):  

𝐸 =  𝐸𝑎 +  𝜑(𝐸𝑀 − 𝐸𝑎)       (5.14) 

ν = ν𝑎 +  𝜑(ν𝑚 − ν𝑎)       (5.15) 
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In which 𝜑 is the fraction of martensite. Finally, when a stress of σtL (end) is reached, the elastic 

modulus and Poisson’s ratio of the SMA becomes Em and νm. The same principle applies during 

unloading, but with different transformation stresses denoted using the letter “U” (for unloading) in Table 

5.6.  

Properties listed in Table 5.6 were altered in the model until experimental and analytical results showed 

good agreement in force-displacement behaviour.  

Table 5.7 presents the final SMA dowel properties being used in the connection model, and Figure 5.8 

shows the analytical force-displacement behaviour of a dowel with these properties in the three-point 

bending model, along with the experimental results.  

Table 5.7: Final SMA Dowel Properties for Modelling 

Property Value 

Ea 70000 MPa 

νa, νm 0.33 

Em 25000 MPa 
εL 0.03 

σtL (start) 500 MPa 

σtL (end) 550 MPa 

σtU (start) 200 MPa 
σtU (end) 100 MPa 

 

 

Figure 5.10: Experimental vs Modelling Results of SMA Dowels in Three-Point Bending 
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While the peak strength and unloading path shown by the modelled SMA material model is not 

identical to the experimental results, the overall behaviour of an SMA bar in bending is captured quite 

well by the material model. Properties listed in Table 5.7 will therefore be used in the SMA dowel 

connection model.  

5.3 Three-Dimensional Connection Model 

The connection model discussed in this section introduces no new theory from what has been discussed in 

Sections 5.2.1 and 5.2.2. The materials used in this section follow the same stress-strain relationships as 

discussed in detail in previous sections, and contact properties between parts also follow the same 

mechanics as in previously discussed models. In this section, contact properties, material properties, and 

modelling results will be discussed without further explanation of the mechanics and theory that make the 

model functional. Readers can refer the previous sections for more theory. 

The main goal of the analytical portion of this study is to develop a model capable of predicting the 

behavior of simple dowel connections using both steel and SMA dowels. Such connections were 

experimentally tested, and results from these tests are being used to verify analytical results. To limit 

computational time the model is focused on the connection rather than modelling the entire 500 mm piece 

of wood with a rigid bottom connection, as was tested in the laboratory. Additionally, only a quarter of 

the connection is modelled to take advantage of symmetry and further reduce computational time. This 

was done by cutting the model at the midspan of the dowel, and along the center of the cross-section of 

the dowel. Symmetry boundary conditions were employed on both faces of the dowels where cuts were 

made, as well as on the wood member and steel plates that were also cut in half. A full connection model 

is shown beside the quarter-model to help illustrate the use of symmetry in Figure 5.9. Boundary 

conditions are also shown on the quarter-model that was used to conduct the analytical study.   

   
a) Full Model b) ½ Model c) ¼ Model  

Figure 5.11: Connection Model and Boundary Conditions 
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The steel plate was modelled as linear elastic with an elastic modulus of 210,000 MPa, and a Poisson’s 

ratio of 0.3. The wood was modelled as elastic perfectly plastic using the properties found most adequate 

from the material model in Section 5.2.1. Table 5.4 presents these properties, and Table 5.5 presents the 

properties in the softened foundation zone. Yield ratios assigned in the model were the same ones used in 

the embedment model; these values are presented in Table 5.3.  

The properties of the steel dowel are the same as the ones tested analytically in Section 5.2.2, since 

these properties led to three-point bending results which showed good agreement with experiments. 

Similarly, the SMA dowel properties used in the connection tests were the ones which best matched 

experimental tests when used in an analytical three-point bending model. These properties are presented 

in Table 5.7 in the previous section.  

The contact formulation between parts used the same “hard” contact in the normal direction in all 

cases. The tangential contact between each component of the model is assigned the friction coefficients 

presented in Table 5.8. 

Table 5.8: Tangential Contact Friction Coefficients 

Contact Interaction Master Surface Friction Coefficient 

Dowel - Steel Plate Steel 0.51 

Wood - Dowel SMA 0.72 
Wood – Steel Plate Steel 0.72 

   1(Wriggers, 2006), 2(Smith, 1983) 

 The friction between the wood and steel plate uses the same coefficient that was used for metal-metal 

contact in Section 5.2.2, and the friction between wood and any metal is the same as the coefficient used 

between the dowel and wood in Section 5.2.1.  

Results from the connection models with an SMA and steel dowel are presented and compared to 

experimental results in Chapter 6.  
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Chapter 6 -  Discussion 

This chapter is separated into five sections, each addressing one of the five main objectives of the thesis, 

as outlined in Section 1.2. The first three sections provide an interpretation of experimental results at 

various phases of the experimental program. The fourth section discusses the results of the finite element 

model; limitations of the model are also discussed. Finally, Section 6.5 looks at whether the strength of 

connections with SMA dowels or bolts can be predicted using the EYM, and other factors such as cost 

and availability of the material are briefly discussed to determine the feasibility of using SMAs as 

fasteners.  

6.1 Self-Centering Abilities of SMAs in Bending 

The first objective of this study was to establish the self-centering abilities of SMAs in bending to help 

gauge the feasibility of using SMA bars as slender dowels in wood-steel-wood connections. As 

mentioned in the literature review, SMAs are more often used in pure tension (Ma et al., 2008; Miller et 

al., 2012; Qiu & Zhu, 2017) as opposed to bending. 

SMA bars were therefore tested in a semi-cyclic protocol and the force-displacement results were 

initially shown in Figure 4.2. In these semi-cyclic tests, cycles reaching displacements up to 7.5 mm 

showed no residual deformations upon unloading. The first cycle at which residual displacements could 

be observed was at the 11 mm cycle, at which point a residual displacement of less than 0.5 mm was 

measured. Additional damage was observed at every cycle beyond the 11 mm cycle, but even the highest 

displacement cycle (22 mm) led to permanent displacements of under 6 mm. The 11 mm and 22 mm 

cycles are shown in Figure 6.1 and Figure 6.2 respectively, along with pictures of the bars at maximum 

displacement (b) and upon unloading (c).  
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a) 11 mm Cycle 

  

b) Bent Bar at 11mm Displacement c) Residual Damage After 11 mm Cycle 

Figure 6.1: Self-Centering of SMAs in Bending at 11 mm Cycle 
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a) 22 mm Cycle 

  

b) Bent Bar at 22 mm Displacement c) Residual Damage After 22 mm Cycle 

Figure 6.2: Self-Centering of SMAs in Bending at 22 mm Cycle 

These results show that the superelastic SMA bars have excellent abilities to re-gain their shape, even 

after being subjected to large bending deformations. In comparison, the steel dowels with a similar 

diameter started experiencing permanent damage after approximately 2 mm (i.e., at the yield point). This 

suggests that SMAs could potentially be used as resilient slender fasteners in timber connections, since 

slender fasteners in wood connections are specifically designed to bend to prevent high stresses in wood 

members.  
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6.2 Comparison of Single Steel and SMA Dowel Connections 

Once the self-centering ability of SMA bars in bending was established, the next objective was to 

compare the behaviour of straight steel and SMA bars in wood-steel-wood connections. Single plain bars 

were used for these tests to simply compare steel and SMA material as dowels, irrespective of clamping 

effects from bolt heads, or group effects from having multiple fasteners. 

Monotonic tests were first performed on the single bar connections. Figure 6.3 shows a representative 

force-displacement curve of a connection with both materials, while Table 6.1 presents the average values 

calculated for parameters used to evaluate connection performance.  

 

Figure 6.3: Representative Single Steel and SMA Dowel Connection Curves 

Table 6.1: Summary of Data - Single Dowel Monotonic Tests 

Test Description Pmax
a
 (kN) Δmax

b
 (mm) ki

c
 (N/mm) Py

d
 (kN) Δy

e
 (mm) 

Steel - Average 9.1 27.6 5226 6.0 2.1 

Steel - COV  0.08 0.39 0.60 0.15 0.54 

SMA - Average 11.6 18.8 4622 5.6 1.4 

SMA - COV 0.08 0.18 0.09 0.04 0.01 
a Maximum load recorded during the test.  
b Displacement at the maximum load.  
c Initial stiffness taken as the slope of force-displacement plot between 10% and 40% of Pmax. 
d Yield load determined using the 5% offset method.  
e Displacement at yield load.  



 

81 

 

 

The force-displacement data shows that the steel and SMA dowel wood-steel-wood connections can 

withstand significant deformations following the onset of a yield point in the connection. A yield point in 

the steel connections is characterized by wood crushing and dowel yielding, which leads to elastic-

perfectly plastic behaviour as a plastic hinge forms in the dowel. This behaviour is typical of wood dowel-

type connections with slender steel dowels. Meanwhile, a yield point in the SMA connections is caused 

by wood crushing and a reduced stiffness in the dowel due to the transformation from austenite to 

martensite. The force-displacement behaviour therefore does not become perfectly-plastic, but instead 

experiences a slowly decreasing stiffness until a peak load is reached and the load-carrying capacity 

begins to drop. Consequently, the average connection yield load recorded in the steel tests was slightly 

higher than that recorded in the SMA connections. The less pronounced elastic to plastic transition of the 

SMA bolts lead to a more rounded force-displacement curve leading up to the peak, causing the 5% offset 

line used to determine the yield load to intersect the force-displacement plot at a lower load level. This is 

illustrated in Figure 6.4, where the steel force-displacement curve has been shifted by 5 mm to better 

show the difference between the two curves.  

 

Figure 6.4: Yield Determination for Steel vs SMA Dowel Connection 

Other observations from Table 6.1, are that the SMAs increase the strength of the connection due to 

their higher bending strength, and while the average stiffness of steel connections is slightly higher, this is 

mainly due to a single outlier that had a recorded stiffness of 9550 N/mm. All other single dowel steel 

tests had stiffnesses below the average recorded during SMA tests (4622 N/mm). The reason behind the 
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specimen with a high stiffness is unclear based on observations made after cutting open the wood 

specimen and is attributed to the inherent variability in wood.  

Another note to make regarding the monotonic tests is that one of the SMA dowels sheared suddenly at 

a displacement of approximately 35 mm. All other specimens were able to reach the chosen maximum 

displacement of 45 mm without failure, which suggests that consistency and predictability of the SMAs 

were not as good as that of the steel bars, which were cut from A307 steel bolts.   

After the monotonic tests, three cyclic tests were conducted on single steel and SMA dowel 

connections. As expected, once steel dowels yielded, they offered little resistance during a reverse loading 

cycle. This is clear by looking at cyclic force-displacement curves provided in Figure 6.5, where the force 

drops to zero and the force-displacement curve travels along the x-axis during reverse loading. In 

contrast, the force-displacement curves of SMA dowel connections moved back towards the origin during 

reverse loading, thereby showing that the dowels were able to re-center even at high displacements.    

 

Figure 6.5: Steel vs SMA Representative Force-Displacement Curves (1st Cycles, Single Dowel) 

The steel dowel connection tests behaved in a highly ductile manner, in which a plastic hinge formed at 

the center of the bolt and slowly lost capacity as it was cycled. Meanwhile, SMA dowels sheared in a 

sudden manner at the wood-steel interface after being cycled many times, without showing any signs of 

upcoming failure before the break. The steel dowels were consistent in when they broke, failing at the 18th 
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cycle each time, while SMA dowels failed at the 18th, 17th, and 14th cycles during the three tests 

performed. This provides further evidence that the SMA bars are less consistent and reliable when 

compared to A307 grade steel in bending in a wood-steel-wood connection.  Parameters used to evaluate 

the connection behaviour are provided in Table 6.2, and Figure 6.6 shows representative envelope curves 

for a steel and SMA dowel connection test. The envelope curves consist of points at the maximum load 

attained at each cycle. 

 

Figure 6.6: Typical Envelope Curves for Single Dowel Cyclic Tests 

Table 6.2: Summary of Data - Single Dowel Cyclic Tests 

Test Description 
Pmax_c

a
 

(kN) 

Δmax_c
b
 

(mm) 

Pmax_t
c
 

(kN) 

Δmax_t
d
 

(mm) 
k

e
 (N/mm) 

Steel – Average 8.6 7.0 8.3 7.6  2654 

Steel - COV  0.04 0.06 0.01 0.004 0.04 

SMA – Average  10.1 9.0 10.0 9.1 5638 
SMA - COV 0.06 0.11  0.06 0.12 0.28 

a Maximum load reached in compression cycle. 
b Displacement when lead reached Pmax_c. 
c Maximum load reached in tension cycle.  
d Displacement when load reached Pmax_t. 
e Stiffness of connection as slope from 10% to 40% of Pmax_t. 

 



 

84 

 

Table 6.2 and Figure 6.6 indicate that the connection with an SMA dowel reaches a higher peak load 

and has a higher initial stiffness. The increased capacity attained when using a single SMA dowel instead 

of steel did not cause the failure mode of the connection to change, as the wood damage shown in 

Appendix B shows that three hinges formed in both steel and SMA dowels during testing. However, the 

increased bending strength of the SMA caused slightly more wood crushing.  

 The final metric used to evaluate the connections is the area enclosed within the force-displacement 

curves, which was calculated at each cycle as a measure of energy dissipation. Table 6.3 summarizes the 

results for cyclic steel and SMA dowel tests. It should be noted that areas are only shown for cycles with 

displacement levels of 1.2 mm and above, since lower displacements were too sensitive to the slack 

caused by oversizing the holes. The areas shown are those of the first cycle for each given displacement 

level, and therefore account for the energy dissipated by wood crushing. Area enclosed by the curves at 

cycles repeated at a given displacement level were not calculated, but they are expected to follow the 

same trend as the first cycle.  

Table 6.3: Average Area Below Force-Displacement Curves for Single Dowel Connection Tests 

Cycle Displacement 

(mm) 

Cycle Areas by Test Specimen Ratio of 

SMA/Steel Steel SMA 

1.2 2.6 2.8 1.1 
2.4 16.4 11.8 0.7 

4.8 55.3 38.4 0.7 

7.2 77.7 56.6 0.7 

9.6 90.6 46.9 0.6 
12 61.6 20.1 0.3 

 

Table 6.3 indicates that steel dowel connections dissipate more energy, even if SMA dowel 

connections reached a higher peak load. This is because of the self-centering abilities of SMAs, which 

helps the connection push back towards zero displacement during reverse cycles. This self-centering 

effect reduces the area enclosed by the force-displacement curve, thereby reducing the energy-dissipation 

capabilities of the connection.  

In short, single SMA dowel connections showed good self-centering and increased strength and 

stiffness when compared to steel dowel connections. However, steel dowel connections were more 

consistent, dissipated more energy, and failed in a more ductile and predictable manner.  
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6.3 Comparison of Steel and SMA Bolted Connections 

This section discusses results from connections with four SMA and steel bolts. Like in the previous 

section, connections using both steel and SMA dowels are evaluated based on various criteria such as 

self-centering abilities, peak load, stiffness, ductility, and energy dissipation.  

Monotonic tests were first performed on the connections. Figure 6.7 shows a representative force-

displacement curve of a connection with each material, while Table 6.4 presents the average values 

calculated for parameters used to evaluate connection performance. Values in Table 6.4 are calculated for 

data up to 15 mm of displacement, since not all tests were stopped at the same displacement level, and a 

comparison of connections loaded to different levels would not be meaningful. Full force-displacement 

relationships for each test can found in Appendix B. 

 

Figure 6.7: Representative Monotonic Bolted Connection Curves - Steel vs SMA 

Table 6.4: Summary of Data - Bolted Monotonic Tests 

Test Description Pmax
a
 (kN) Δmax

b
 (mm) ki

c
 (N/mm) Py

d
 (kN) Δy

e
 (mm) 

Steel - Average 44.8 15.0 15451 28.3 2.1 
Steel - COV  0.03 0.00 0.05 0.06 0.04 

SMA - Average 54.5 15.0 13330 28.1 2.3 

SMA - COV 0.02 0.00 0.20 0.05 0.16 
a Maximum load recorded.  
b Displacement at the maximum load.  
c Initial stiffness taken as the slope of force-displacement plot between 10% and 40% of Pmax. 
d Yield load determined using the 5% offset method.  
e Displacement at yield load.  
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Similar to the single dowel connections, the force-displacement data shows that the steel and SMA 

bolted connections can withstand significant deformations following the onset of plastic deformations. 

Again, SMAs increase the strength of the connection due to their higher bending strength, and the average 

stiffness of steel connections is higher. It should be noted that an outlier in the SMA connection tests 

significantly lowered the average stiffness. It is believed that this was due to the intersection of fasteners 

with an imperfection in the wood grain, since the wood began cracking at low displacements compared to 

all other tests. Besides this discrepancy, steel and SMA bolted connections under monotonic loading had 

very similar initial stiffnesses. Besides differences in peak load and initial stiffness, monotonic test results 

for connections with steel and SMA bolts showed similar force-displacement behaviour. Large 

deformations could be reached once the connections had been considered “yielded”, which indicates high 

connection ductility using both materials.  

Cyclic tests were then performed on the steel and SMA bolted connections. Representative force-

displacement curves for each material are shown in Figure 6.8; only the first cycle at each displacement 

level is shown to provide a clearer picture. Representative envelope curves for each material are shown in 

Figure 6.9, and Table 6.5 presents average data calculated from connection tests with each type of bolt.  

 

Figure 6.8: Steel vs SMA Representative Force-Displacement Curves (1st Cycles, Four Bolts) 
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Figure 6.9: Steel vs SMA Envelope Curves – Bolted Connection Tests 

Table 6.5: Summary of Data - Bolted Cyclic Tests 

Test Description Pmax_c
a
 (kN) Δmax_c

b
 (mm) Pmax_t

c
 (kN) Δmax_t

d
 (mm) k

e
 (N/mm) 

Steel - Average 33.8 7.5 31.5 7.5 10542 
Steel - COV  0.04 0.14 0.01 0.136 0.20 

SMA - Average 43.8 10.9 42.4 9.5 11826 

SMA - COV  0.06 0.12 0.03 0.09 0.10 
a Maximum load reached in compression cycle. 
b Displacement when lead reached Pmax_c. 
c Maximum load reached in tension cycle.  
d Displacement when load reached Pmax_t. 
e Stiffness of connection as slope from 10% to 40% of Pmax_t. 

 

Self-centering of the SMA bolts is effective, as suggested by the force-displacement curves that return 

towards the origin during reverse loading (Figure 6.8). 

The envelope curve and test data show similar trends between steel and SMAs used as bolts as the 

trends that were observed in the single dowel tests. SMA bolts allow connections to reach a higher peak 

load, and consistently give the connection a higher stiffness. Bolted steel connection tests were stopped 

when all four bolts yielded and broke in half, leading to load readings near zero. This happened on the 

18th cycle during one test, and the 21st cycle for the two others. Meanwhile, SMA bolted connection tests 
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were stopped when all four bolts were snapped, which was evident since the bolts fractured at the steel-

wood interface causing a loud cracking noise. Prior to the first SMA bolt failing, there was no indication 

of softening in the connection behaviour. Once the first one failed, the other three bolts were able to take 

a reduced load for some time before the next one broke, until none were left. All bolts were broken at the 

21st cycle twice, and the 23rd cycle once.  

Area enclosed within the force-displacement curve was calculated at each cycle beyond 1.2 mm of 

displacement. Results are presented in Table 6.6.  

Table 6.6: Area Below Force-Displacement Curves by Cycle for Bolted Steel Connection Tests 

Cycle Displacement 

(mm) 

Cycle Areas by Test Specimen 
Ratio of SMA/Steel 

Steel SMA 

1.2 9.3 8.0 0.9 

2.4 36.8 28.5 0.8 

4.8 178.5 119.4 0.7 

7.2 286.3 197.1 0.7 
9.6 357.3 282.8 0.8 

12 224.8 205.1 0.9 

14 34.9 62.2 1.8 

 

Once again, due to the SMA’s self-centering ability, energy dissipated by the connections with SMA 

bolts is lower than steel bolted connections at nearly every displacement level.  

In summary, similar trends were observed in bolt group connections as in the single dowel connections. 

SMA bolted connections showed excellent self-centering abilities and increased strength when compared 

to steel dowel connections. The ability of the bolted connections to continue to withstand the load with its 

remaining bolts after a bolt failed also gives the illusion of increased ductility of connections if only 

looking at the envelope curves. However, the lack of a warning sign before the failure of individual SMA 

bolts is unfavorable, and results in sudden large drops in load-carrying capacity when looking at the full 

force-displacement relationships. Additionally, steel dowel connections dissipated more energy than 

connections with SMA bolts.  

6.4 Modelling Results 

Force-displacement relationships obtained from steel and SMA 3D models under monotonic loading are 

shown in Figure 6.10, along with the experimental curves from the single dowel tests with each material.  
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a) Steel 

 
b) SMA 

Figure 6.10: Monotonic Force-Displacement Curves - Modelling vs Experimental 
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Figure 6.10 shows that the model was able to replicate quite closely the behaviour of SMA and steel 

dowels in a single dowel wood-steel-wood connection. The behaviour before the connection yield point, 

and the initiation of yield are represented quite closely by the model. However, the post-yield stiffness of 

the model is higher than what was seen in experimental tests for both steel and SMA dowel connections. 

This is likely due to the wood model which displayed a post-crushing stiffness, as shown in Figure 5.5.   

Looking at the deformations in the model, I can also see that the deformation mechanism looks similar 

to the Mode “g” failure that was seen in experiments. This failure mode is characterized by wood 

crushing and two hinges in the fastener. An example for the steel dowel is shown below, but the SMA 

model showed similar crushing.  

 

Figure 6.11: Wood Crushing in Model 

Based on the similarity between monotonic force-displacement relationships of the model and 

experiments, it can be concluded that the model can accurately predict the stiffness of SMA and steel 

single dowel connections, and at which load level such connections will fail. Further material testing 

would need to be conducted to accurately predict the behaviour of connections at high displacements, 

beyond their point of failure.   

6.5 Feasibility of SMA Dowels 

The final objective of this study is the evaluate the feasibility of using SMAs as fasteners to create 

resilient timber connections. Results from the experimental and analytical investigations should be 

considered when gauging the feasibility of SMAs as fasteners, but these factors have already been 

discussed in sections 6.1 to 6.4. This section focuses on factors that are not performance-based: ease of 

design and implementation, cost, and availability.  

One of the advantages of using SMA dowels to create a self-centering system is that designers can 

already easily design timber dowel-type connections, and the self-centering ability of the connection 

would come directly from the dowels rather than a new form of connector. As discussed in Chapter 2, 

Johansen’s Yield Equations are used to design traditional timber dowel-type connections with slender 
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fasteners. The applicability of Johansen’s Yield Model (EYM) to predict the strength of SMA dowel and 

bolted connections is evaluated by comparing experimental results to resistances calculated using the 

equations. Seven different failure modes are possible based on the EYM (see Table 2.1), so the calculated 

governing failure mode is also compared to the mode observed during experiments. Brittle failure modes 

not covered by the EYM were also checked and did not govern the design of any connections tested. 

Results of this analysis are presented in Table 6.7. 

Table 6.7: Experimental vs Calculated Connection Strength and Failure Mode (5% Offset Method) 

Test Series 

Expected 

Failure 

Mode 

Observed 

Failure 

Mode 

Calculated 

Strength 

(kN) 

 Average 

Experimental 

Strength (kN) 

% 

Difference 

Single Dowel – Steel g g 7.3 6.0 - 17.8 

Single Dowel – SMA g g 8.3 5.6 - 32.5 
Four Bolt – Steel g g 29.2 28.3 - 3.08 

Four Bolt – SMA g g 33.3 28.1 - 15.6 

 

Comparing experimental and calculated strengths in the single dowel connections does not provide 

great insight into the effectiveness of the equations. In fact, both the steel and SMA single dowel 

connection strengths were not predicted with good accuracy. This is likely because wood is highly 

variable and when relying on the crushing below only one dowel, the resistance obtained in experiments 

would have been highly sensitive to the area directly below this fastener. An important takeaway from the 

comparison of single dowel tests results with EYM calculations is that all specimens failed in the 

expected failure mode (mode “g”).  

Looking at the four bolt connection results, the EYM can predict the strength and failure mode of steel 

bolted connections with great accuracy. However, when using the SMA’s bending yield strength to 

compute connection capacity, the calculated strength of the connection increases while keeping the same 

expected mode of failure (mode “g”). While the mode of failure is accurately predicted, the connection 

yield strength from experimental results decreased. The experimental strength of the connections was 

taken as the yield load using the 5% offset method. This may not be a good representation of the true 

connection strength when SMA dowels are used since the SMAs re-gain a stiffness once the stress-

induced transformation from austenite to martensite is complete. In contrast, when steel yields it loses 

nearly all its load carrying capacity.  

Since the 5% offset method did not seem to accurately calculate connection strength from experimental 

tests on connections with SMA fasteners, the EEEP method (ASTM, 2019) was then used to compute the 

yield strength of connections. A comparison of yield strength from the EEEP method and theoretical 

strength calculated using Johansen’s Yield Equations is provided in Table 6.8.  
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Table 6.8: Experimental vs Calculated Connection Strength and Failure Mode (EEEP Method) 

Test Series 

Expected 

Failure 

Mode 

Observed 

Failure 

Mode 

Calculated 

Strength 

(kN) 

 Average 

Experimental 

Strength (kN) 

% 

Difference 

Single Dowel – Steel g g 7.3 7.0 - 4.1 
Single Dowel – SMA g g 8.3 8.5 + 2.4 

Four Bolt – Steel g g 29.2 26.8 - 8.2 

Four Bolt – SMA g g 33.3 37.0 + 11.1 

 

While the difference between experimental strength calculated from the EEEP and the theoretical 

strength from the EYM is less than when the 5% offset method was used, results remain too far to be able 

to rely on this method. The next two figures illustrate the differences between experimental strengths 

using the two methods (5% offset and EEEP), and the calculated strengths for both single dowel and four 

bolt tests. Note that steel curves are offset by 5 mm for better illustration.  

 

Figure 6.12: Experimental vs Calculated Strengths – Representative Single Dowel Tests 
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Figure 6.13: Experimental vs Calculated Strengths – Representative Four Bolt Tests 

In short, if SMAs are to be designed using the EYM, it is suggested that a resistance modification 

factor be introduced to the Johansen’s Yield Equations with deformation modes where dowels experience 

bending (i.e., modes “d”, “e”, and “g”, per Table 2.1). This would ensure that designers can take 

advantage of the strength increase from using SMAs instead of steel, which is evident by looking at the 

peak loads attained by connections with each material (see Pmax in Table 6.1, Table 6.2, Table 6.4, and 

Table 6.5), but not well-represented when connection strength is calculated using the 5% offset method 

(see Table 6.7).  

A second factor not relating to the performance of SMA dowels that should be considered is the cost of 

the material. The nickel-titanium alloys used in this study are the most widespread superelastic material 

available on the market, but the price of both minerals used to create the alloy makes this SMA an 

expensive option. As discussed in Chapter 2, researchers have been looking to develop superelastic 

copper- and iron-based SMAs, but the superelastic effect has yet to reach the same level of effectiveness 

as NiTi SMAs. Results of studies seeking to improve the self-centering abilities of these alternative alloys 

are promising, however. As cheaper and more effective alloys using less expensive minerals are 

developed, the cost of superelastic SMAs should become lower. When effective superelastic copper- and 

iron-based SMAs become available to the market, they should be tested in cyclic bending and shear to 

determine whether they are better suited as dowels than the NiTi bars tested in this study. 
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Chapter 7 -  Conclusions 

7.1 General Remarks 

Based on the experimental and analytical results presented and analyzed in this thesis, the following 

conclusions were drawn about the use of nickel-titanium SMA bars as fasteners in timber connections: 

• The substitution of traditional steel dowels and bolts for superelastic SMA dowels and bolts in 

wood-steel-wood connections successfully provided the connections with a self-centering ability. 

This shows great promise for the use of SMAs as fasteners to develop resilient timber based 

SFRSs.  

• The overall strength of connections was increased when using SMA fasteners instead of steel. 

However, steel fasteners showed higher energy-dissipation and more predictable force-

displacement behaviour, free of sudden drops in load carrying capacity. 

• The sudden nature of the SMA bar failures in cyclic shear is cause for concern. The cyclic shear 

failures of bolts led to large and sudden drops in load-carrying capacity. In contrast, the steel 

fasteners softened as a plastic hinge formed, thereby leading to a slow and gradual decrease in 

load carrying capacity after a peak load was reached.  

• Permanent damage in the form of wood crushing remained present and seemed slightly higher 

when using SMA fasteners due to their increased bending strength. Future studies should seek to 

minimize wood crushing by using smaller diameter bars, a different connection detail or using 

SMAs with a lower transformation stress to martensite, which effectively acts as the “yielding” 

stress. 

• The model developed using Abaqus/CAE (Dassault Systemes, 2020) could predict the monotonic 

behaviour of wood-steel-wood connections with steel and SMA dowels with good accuracy. The 

model is limited to predicting failure modes described by the EYM, which includes deformations 

in the form of dowel bending, and wood crushing. Brittle failure modes such as row shear and 

perpendicular-to-grain splitting are not captured in the model. These failure modes are not 

expected to govern in connections examined in this study, and this was proven to be true during 

experimental tests.  

• The Johansen’s Yield Equations used to predict yielding failure modes in wood connections 

would need to be modified to be capable of predicting the strength of connections with SMA 

dowels or bolts. This is due to the different bending force-displacement relationship displayed by 
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SMAs when compared to the nearly perfect elastic-plastic transition in traditional steel dowel-

type fasteners.  

In summary, while the nickel-titanium SMA dowels and bolts show promising results in terms of self-

centering abilities when used in wood-steel-wood connections, their tendency to suddenly break in shear 

under cyclic loading introduces new considerations for designing dowel-type connections with this 

material. More tests would need to be conducted on NiTi SMAs in cyclic shear to determine whether the 

cyclic failures can be avoided in design, or if the use of this material in dowels should be avoided 

altogether. Iron-based SMAs are superelastic alloys currently in the research phase; as this novel material 

becomes more widespread, it could become a cheaper and more ductile replacement for the NiTi bars 

used in this study. Different connection details should also be looked at to take advantage of the NiTi 

SMAs’ self-centering ability without subjecting them to cyclic shear loads. 

7.2 Recommendations for Future Work 

It is recommended that future studies seeking to use SMAs to create self-centering timber connections 

consider the following observations from this study: 1.) NiTi SMAs used as dowels can provide 

connections with a self-centering ability, and 2.) NiTi SMA dowels and bolts experienced sudden shear 

failures at the wood-steel interface when subjected to cyclic loading.  

Prospects of future work on the topic discussed in this thesis have been identified while considering the 

main takeaways of the study. Recommendations for future work are outlined below:  

• Explore the cyclic bending and shear behaviour of other superelastic alloys (e.g., copper- or iron-

based SMAs) as they become more readily available in order to determine whether they are better 

suited as dowels than the nickel-titanium alloys used in this study. An investigation into the cyclic 

bending and shear behaviour of copper- or iron-based SMAs could offer valuable insights into the 

feasibility of these alternatives to develop resilient connections.  

• If a different superelastic alloy (e.g., copper- or iron-based SMA) is found to be suitable as a 

dowel, adjustment factors for the EYM should be calculated for this material. The study should 

consist of an empirical study where many tests are performed with different bolt group 

arrangements and different connection details (e.g., wood-steel-wood, steel-wood-steel, etc.). 

This would allow the average designer to be able to design a resilient dowel-type connection with 

equations currently available in Canadian design standards.  

• Analytical and experimental study on the global force-displacement behaviour of a braced frame 

equipped with the self-centering SMA dowel connections. The analytical study should use 

experimental force-displacement relationships from this study to model the behaviour of a full-
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scale BTF subjected to ground motions. These results could be verified by subjecting a full scale 

or scaled down BTF with SMA dowel connections to ground motions on a shake table.  

• Development and experimental testing of a connection detail that minimizes shear forces in the 

SMA. The use of SMAs in tension would be highly favorable to fully utilize the self-centering 

ability of the material and limit the possibility of sudden shear failures.  
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Appendix A 

Material Test Results 
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Bending Tests: Steel Specimens 

 

Figure A.1: Force-Displacement Relationship for all Steel Bolt Bending Tests 

Bending Tests: SMA Specimens 

 

Figure A.2: Force-Displacement Relationship for all SMA Bar Bending Tests 
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Embedment Tests: Results and Specimen Information 

 

Figure A.3: Force-Displacement Relationships for all Embedment Tests 

Table A.1: Specimen Details and Results for all Embedment Tests  

Sample ID Bearing Length (mm) Yield Load (kN) Yield Stress (MPa) 

S1 128 21.7 26.7 

S2 128 19.6 24.2 

S3 127 19.1 23.7 

S4 127.5 32.8 40.5 

S5 93 12.7 21.6 

S6 128 26.2 32.3 

S7 128 25.1 30.9 

S8 128 21.6 26.6 

S9 127.5 20.8 25.7 

S10 127 27.5 34.1 
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Appendix B 

Connection Test Results 
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1SM1 [1 bolt, Steel, Monotonic, Test #1]: Used average of every 5 data points to smooth data. 

 

Figure B.1: Force-Displacement Relationship for Specimen 1SM1 

n/a  

a.) Wood Crushing b.) Embedment and Bent Bar 

Figure B.2: Pictures of Damage on Specimen 1SM1 
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1SM2 [1 bolt, Steel, Monotonic, Test #2]: Used average of every 25 data points to smooth data. 

 

Figure B.3: Force-Displacement Relationship for Specimen 1SM2 

  

a.) Wood Crushing b.) Embedment and Bent Bar 

Figure B.4: Pictures of Damage on Specimen 1SM2 
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1SM3 [1 bolt, Steel, Monotonic, Test #3]: Used average of every 100 data points. 

 

Figure B.5: Force-Displacement Relationship for Specimen 1SM3 

 n/a 

a.) Wood Crushing and Bent Bar b.) Embedment 

Figure B.6: Pictures of Damage on Specimen 1SM3 
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1SC1 [1 bolt, Steel, Cyclic, Test #1]: Average of every 25 data points. Protocol: 12 mm max. 

 

Figure B.7: Force-Displacement Relationship for Specimen 1SC1 

  

a.) Wood Crushing b.) Embedment and Damaged Bar 

Figure B.8: Pictures of Damage on Specimen 1SC1 
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1SC2 [1 bolt, Steel, Cyclic, Test #2]: Average of every 25 data points. Protocol: 12 mm max. 

 

Figure B.9: Force-Displacement Relationship for Specimen 1SC2 

  

a.) Wood Crushing b.) Embedment and Damaged Bar 

Figure B.10: Pictures of Damage on Specimen 1SC2 
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1SC3 [1 bolt, Steel, Cyclic, Test #3]: Average of every 25 data points. Protocol: 12 mm max. 

 

Figure B.11: Force-Displacement Relationship for Specimen 1SC3 

  

a.) Wood Crushing b.) Embedment and Damaged Bar 

Figure B.12: Pictures of Damage on Specimen 1SC3 
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1NM1 [1 bolt, Nitinol, Monotonic, Test #1]: Used average of every 50 data points.  

 

Figure B.13: Force-Displacement Relationship for Specimen 1NM1 

  

a.) Wood Crushing b.) Embedment and Damaged Bar 

Figure B.14: Pictures of Damage on Specimen 1NM1 
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1NM2 [1 bolt, Nitinol, Monotonic, Test #2]: Used average of every 100 data points.  

 

Figure B.15: Force-Displacement Relationship for Specimen 1NM2 

 n/a 

a.) Wood Crushing and Damaged Bar b.) Embedment and Damaged Bar 

Figure B.16: Pictures of Damage on Specimen 1NM2 
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1NM3 [1 bolt, Nitinol, Monotonic, Test #3]: Used average of every 100 data points.  

 

Figure B.17: Force-Displacement Relationship for Specimen 1NM3 

  

a.) Wood Crushing b.) Embedment and Damaged Bar 

Figure B.18: Pictures of Damage on Specimen 1NM3 
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1NC1 [1 bolt, Nitinol, Cyclic, Test #1]: Average of every 25 data points. Protocol: 12 mm max. 

 

Figure B.19: Force-Displacement Relationship for Specimen 1NC1 

  

a.) Wood Crushing b.) Embedment and Damaged Bar 

Figure B.20: Pictures of Damage on Specimen 1NC1 
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1NC2 [1 bolt, Nitinol, Cyclic, Test #2]: Average of every 25 data points. Protocol: 12 mm max. 

 

Figure B.21: Force-Displacement Relationship for Specimen 1NC2 

  

a.) Wood Crushing b.) Embedment and Damaged Bar 

Figure B.22: Pictures of Damage on Specimen 1NC2 
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1NC3 [1 bolt, Nitinol, Cyclic, Test #3]: Average of every 25 data points. Protocol: 12 mm max. 

 

Figure B.23: Force-Displacement Relationship for Specimen 1NC3 

  

a.) Wood Crushing b.) Embedment and Damaged Bar 

Figure B.24: Pictures of Damage on Specimen 1NC3 
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4SM1 [4 bolts, Steel, Monotonic, Test #1]: Average of every 50 data points. 

 

Figure B.25: Force-Displacement Relationship for Specimen 4SM1 

 

 

 

a.) Wood Crushing b.) Embedment and Bent Bolts 

Figure B.26: Pictures of Damage on Specimen 4SM1 
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4SM2 [4 bolts, Steel, Monotonic, Test #2]: Used average of every 25 data points. 

 

Figure B.27: Force-Displacement Relationship for Specimen 4SM2 

  

a.) Wood Crushing 

b.) Wood Embedment and Crack, and 

Damaged Bolts 

Figure B.28: Pictures of Damage on Specimen 4SM2 
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4SM3 [4 bolts, Steel, Monotonic, Test #3]: Used average of every 25 data points. 

 

Figure B.29: Force-Displacement Relationship for Specimen 4SM3 

  

a.) Wood Crushing b.) Picture of Bent Bolts 

Figure B.30: Pictures of Damage on Specimen 4SM3 
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4SC1 [4 bolts, Steel, Cyclic, Test #1]: Average of every 25 data points. 

 

Figure B.31: Force-Displacement Relationship for Specimen 4SC1 

  

a.) Wood Crushing b.) Embedment and Damaged Bolts 

Figure B.32: Pictures of Damage on Specimen 4SC1 
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4SC2 [4 bolts, Steel, Cyclic, Test #2]: Average of every 25 data points. 

 

Figure B.33: Force-Displacement Relationship for Specimen 4SC2 

  

a.) Wood Crushing b.) Embedment and Damaged Bolts 

Figure B.34: Pictures of Damage on Specimen 4SC2 
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4SC3 [4 bolts, Steel, Cyclic, Test #3]: Average of every 25 data points. 

 

Figure B.35: Force-Displacement Relationship for Specimen 4SC3 

  

a.) Wood Crushing b.) Embedment and Damaged Bolts 

Figure B.36: Pictures of Damage on Specimen 4SC3 
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4NM1 [4 bolts, Nitinol, Monotonic, Test #1]: Used all data points. 

 

Figure B.37: Force-Displacement Relationship for Specimen 4NM1 

 

  

a.) Wood Crushing b.) Embedment and Bent Bolts 

Figure B.38: Pictures of Damage on Specimen 4NM1 
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4NM2 [4 bolts, Nitinol, Monotonic, Test #2]: Used average of every 50 data points. 

 

Figure B.39: Force-Displacement Relationship for Specimen 4NM2 

  

a.) Wood Crushing b.) Embedment and Damaged Bolts 

Figure B.40: Pictures of Damage on Specimen 4NM2 
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4NM3 [4 bolts, Nitinol, Monotonic, Test #3]: Used average of every 50 data points. 

 

Figure B.41: Force-Displacement Relationship for Specimen 4NM3 

  

a.) Wood Crushing b.) Embedment and Damaged Bolts 

Figure B.42: Pictures of Damage on Specimen 4NM3 
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4NC1 [4 bolts, Nitinol, Cyclic, Test #1]: Average of every 25 data points. 

 

Figure B.43: Force-Displacement Relationship for Specimen 4NC1 

  

a.) Wood Crushing b.) Embedment and Damaged Bolts 

Figure B.44: Pictures of Damage on Specimen 4NC1 
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4NC2 [4 bolts, Nitinol, Cyclic, Test #2]: Average of every 5 data points. 

 

Figure B.45: Force-Displacement Relationship for Specimen 4NC2 

  

a.) Wood Crushing b.) Embedment and Damaged Bolts 

Figure B.46: Pictures of Damage on Specimen 4NC2 
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4NC3 [4 bolts, Nitinol, Cyclic, Test #3]: Average of every 5 data points. 

 

Figure B.47: Force-Displacement Relationship for Specimen 4NC3 

  

a.) Wood Crushing b.) Embedment and Damaged Bolts 

Figure B.48: Pictures of Damage on Specimen 4NC3 

 


