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Abstract 

This thesis is split into two sections: the first evaluates the performance of pre-engineered beam-hanger 

connections under cyclic loading, and the second evaluates the reinforcement of holes in glulam beams 

using self-tapping screws. 

 

Chapter 3 describes laboratory testing of the Megant 430x150x50 beam-hanger connector under applied 

interstorey drift deflections based on a modified version of the CUREE loading protocol. The 

performance of the Megant 430x150x50 connector was evaluated and it was determined that the 

connector surpassed interstorey drift limits of 2.5%, outlined in the 2015 National Building Code of 

Canada. The failure of the connector was due to a combined tension and pull-out failure of the wood 

screws. It was observed that the gravity load has a significant effect on the interstorey drift capacity and 

energy dissipation by the connector. 

 

Chapter 4 describes experimental tests conducted on different size glulam beams: 6-layer, 9-layer and 11-

layer. Each beam is tested under three test configurations: no hole, a 2-inch hole at ¼ span and a 

reinforced 2-inch hole at ¼ span. It was determined that when a hole is introduced, the overall strength 

capacity of the beam decreases. When self-tapping screws are used as reinforcement around the hole, the 

strength capacity of the beam can increase up to 34.4% compared to a hole with no reinforcement, and 

can even over-reinforce the beam by 6.2%, as seen in the 9-layer beam, when compared to its reference 

beam. The depth-to-span and diameter-to-depth of beam (d/h) ratios have a large impact on the strength 

and behavior of the beam. 
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Chapter 1 

Introduction 

1.1 General 

By 2050, 2 out of 3 people in the world will be living in cities, requiring sustainable infrastructure 

to accommodate such a large urban shift (United Nations, 2018). It is expected that the demand for 

taller buildings to live and work in will grow with this shift to cities (Green, 2012). Steel and 

concrete make up city skylines across the world, to the extent that concrete is the most widely used 

material in the world with 4 billion tons of cement produced each year (Lehne & Preston, 2018). 

However according to the 2018 Chatham House Report (Lehne & Preston, 2018), the production 

of steel and concrete contribute 8% toward global CO2 emissions.  

Wood is one of the oldest building materials in existence (Woods, 2016) and is the most significant 

building material that is grown with the aid of the sun (Green, 2012). Currently, wood is commonly 

used for houses and low-rise buildings, and the design of mid-rise and high-rise buildings is based 

almost entirely on concrete and steel (Yang, 2018). However, wood requires a fraction of the energy 

to harvest and process than is needed to produce steel or concrete (Timmer, 2011). Wood is 

therefore being proposed as a sustainable, structural material for tall wood buildings (Green, 2012).  

Tall wood buildings have been present over 1400 years in Japan, where wood pagodas up to 19 

storeys were built and still stand today (Green, 2012). Today’s tall wood buildings incorporate mass 

timber products which are engineered wood-based products, or solid panels, that are manufactured 

by binding strands, particles, veneers or boards of wood together with adhesives to enhance their 

structural integrity (naturally:wood, 2019). Common mass timber products include glue-laminated 

timber (glulam), cross-laminated timber (CLT) and nail-laminated timber (NLT). Glulam is 



 

2 

 

commonly used for beams, columns and curved applications; CLT is commonly used for shear 

walls and diaphragms; and NLT is primarily used for diaphragms, roofs and floor decks. One 

benefit to using mass timber is its relative light weight, which results in cost savings due to a 

reduction in labour costs and faster construction, a lower environmental impact and waste, 

(naturally:wood, 2019) and ultimately, a benefit in seismic design by its potential to reduce a 

structure’s seismic weight.  

1.2 History of Building Codes in Canada 

Despite sustainability being a common topic of discussion in the construction community, the 

adoption of mass timber in Canada has been surprisingly slow compared to other countries in 

Europe, due to research gaps, fire safety considerations and building code restrictions in Canada 

(Yang, 2018). In 2009, British Columbia became the first province in Canada to allow for mid-rise 

buildings to be made of wood. The British Columbia Building Code (BCBC) increased the 

permissible height for wood frame residential buildings from four to six storeys, and now more 

than 300 wood buildings have been completed or are underway in British Columbia (Canadian 

Wood Council, 2020). Later in 2014, Ontario and Québec also permitted wood buildings of up to 

six storeys (Lewington, 2014). Academic and independent research have shown that mid-rise wood 

buildings can meet structural performance, fire safety and  life safety requirements, which led to 

the 2015 National Building Code of Canada (NBCC) recognizing the advancements in wood 

products and building systems, ultimately permitting the construction of six storey residential, 

business and personal services buildings (Canadian Wood Council, 2020). 

Currently, the 2020 edition of the NBCC will permit a maximum of 12-storeys and 6,000 square 

meters for residential buildings and 7,200 square meters for commercial buildings, taking into 

account mass timber’s fire resistance ratings. The increase in maximum storeys is to allow for mass 
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timber construction and the use of engineered wood products, or otherwise referred to in the NBCC 

as “encapsulated mass timber construction” or “EMTC” (Sorensen, 2019). Although the 2020 

NBCC is expected to be published in December of 2020, the province of British Columbia has 

adopted the 12-storey EMTC prior to the new code by giving permission to use the technical content 

from the draft 2020 National Building Code (Sorensen, 2019). Following this, Alberta announced 

that it will allow construction of 12-storey buildings using engineered wood product in the spring 

of 2020 in advance of the new NBCC (CBC News, 2020). Such changes have evolved for building 

codes for provinces across Canada. Due to research, the 2021 International Building Code (IBC) is 

implementing the construction of tall mass timber buildings of up to 18 storeys. 

1.3 Advancements in Tall Wood Buildings 

Numerous buildings have proven that tall wood structures are not just feasible, but provide cost 

savings, simpler fabrication solutions and quality assurance (Green, 2012). Such examples of tall 

wood buildings include the 8 storey Carbon 12 residential and commercial building in Portland, 

Oregon comprised of glulam columns and beams with CLT floor decking and shear walls; the 14-

storey Norwegian apartment building, Treet (meaning “The Tree”), in Bergen, Norway; and the 

newly approved 14-storey academic tower at the University of Toronto starting construction in 

2020.  

Canada’s Earth Tower renderings, a 35 to 40-storey hybrid timber and concrete structural system, 

was unveiled in British Columbia as a new high-rise structure at a height of 71-meters (Chan, 2019). 

It competes with British Columbia’s other 71-meter tall residence Terrace House, for the title as 

“world’s tallest hybrid wood tower,” (Gibson, 2017). Currently, the tallest mass timber building in 

Canada, which opened in July of 2017 and stands at 54 meters tall with 17 storeys of mass timber 

on top of a concrete foundation, is Brock Commons Tallwood House residence at the University of 
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British Columbia (Figure 1.1). This hybrid building is comprised of pre-fabricated glulam and 

parallel strand lumber columns linked through steel connections to CLT floor panels, with a 

concrete foundation and concrete elevator shaft cores (naturally:wood, 2019).  

 

Figure 1.1: Brock Commons Tallwood House, Vancouver, British Columbia (courtesy of: 

University of British Columbia). 

However, the tallest mass timber building in the world was completed in March 2019 and took the 

title away from Brock Commons. Standing at 85 meters in Norway, Mjøstårnet is currently the 

world’s tallest timber structure. Mjøstårnet uses CLT panels for elevator shafts, and glue-laminated 

timber for columns to make up the building’s structural system. The 18-storey mixed-use building 

comprises of apartments, the Wood Hotel, office space and a restaurant (Block, 2019). 

Other mass timber buildings include T3 Minneapolis, the largest modern mass timber building in 

the United States. T3 is an office building of 6 storeys of mass timber sitting on the bottom concrete 

level. NLT and glulam are used as the engineered wood products for the 6 storeys (StructureCraft, 

2018). 

https://www.dezeen.com/2019/03/19/mjostarne-worlds-tallest-timber-tower-voll-arkitekter-norway/
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The demand for tall wood buildings has been particularly acute on the west coast of North America, 

however this is also a region with high seismic demands. Taller wood structures have increased 

lateral and seismic demands and the performance and design of the connections will be crucial for 

acceptable seismic performance. This will also require the lateral-load resisting system of tall 

buildings to achieve adequate strength, stiffness and ductility under earthquake excitation without 

losing structural integrity (Stepinac, Šušteršič, Gavrić, & Rajčić, 2020).  

1.4 Problem Statement 

The use of mass timber products is becoming increasingly common in the construction of tall wood 

commercial and residential buildings. Pre-engineered beam-hanger connectors are a common 

connection system used across Europe and are becoming more popular in North America. To ensure 

these connection systems meet national standards, the first part of this thesis focuses on the 

performance of these beam-hanger connectors under cyclic loading which is evaluated to ensure 

the connector is capable of sustaining large rotations corresponding to maximum interstorey drift 

limits under gravity loading. 

Due to an increasing interest in building taller wood buildings, holes in glulam beams to allow the 

passage of plumbing and HVAC systems, is quite common. These holes create high tensile stresses 

perpendicular-to-grain around the hole and weaken the overall strength capacity of the beam. The 

second part of this thesis focuses on investigating reinforcing strategies to increase overall beam 

strength capacity. 
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1.5 Objectives 

The objectives of this thesis are to: 

1. Evaluate the behaviour and interstorey drift capacity of pre-engineered Megant 

430x150x50 beam-hanger connectors under cyclic loading. 

2. Compute the energy dissipated by the connector when undergoing cyclic loadings. 

3. Investigate the overall strength capacity when a hole is introduced at ¼ span amongst three 

different depth sizes of glulam beams. 

4. Investigate the use of self-tapping screws 60° perpendicular-to-grain as reinforcement 

around holes in glulam beams and evaluate the increase in overall beam strength when 

reinforcing screws are used. 

1.6 Thesis Outline 

The following is a brief overview of the different sections presented in this thesis: 

Chapter 2: includes a literature review of mass timber and the mechanical properties of glue-

laminated timber and self-tapping screws. It also gives a summary on studies conducted on 

moment-resisting connections and pre-engineered connections, reviews loading protocols, and 

describes typical moment-rotation curves and energy dissipation graphs computed from timber 

connections under cyclic loading. 

Chapter 3: presents experimental methods and results for tests conducted on the Megant 

430x150x50 beam-hanger connector under cyclic loading. The failure modes, moment-rotation 

curves, interstorey drift graphs are summarized. 
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Chapter 4: presents the experimental methods and results for tests conducted on different size 

glulam beams under three test configurations: unmodified conditions, with a hole and with a 

reinforced hole. The failures modes, load-displacement curves and percent differences are 

summarized. 

Chapter 5: summarizes the key findings from Chapter 3 and Chapter 4. Recommendations for 

future work are presented. 
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Chapter 2 

Literature Review 

The purpose of this chapter is to provide background on wood mechanics, timber connections, 

moment-resisting connections, loading protocols and the concept of energy dissipation as it relates 

to earthquake engineering. Previous research from literature is presented in this section on the 

performance of generic beam-column timber connections and their energy dissipation capacity 

when subjected to simulated seismic loading.  

2.1 Mass Timber 

Innovation and technology in engineered wood products, timber connection systems and timber 

fasteners have changed the way timber is being used in the wood industry. Mass timber construction 

comprises of prefabricated engineered wood products which are formed by mechanically fastening 

and/or bonding smaller wood components to form large prefabricated beams, columns, arches, 

walls, floors and roofs. Mass timber is defined as wood-based products that are manufactured by 

binding strands, particles, veneers or boards of wood together with adhesives to 

enhance its structural integrity. Some of these products include glue-laminated timber (glulam), 

cross-laminated timber (CLT), nail-laminated timber (NLT), dowel-laminated timber (DLT) and 

more (StructureCraft, 2020).  

Building with mass timber products has the ability to reduce the overall environmental impact of a 

building by contributing to sustainability goals in all life cycle stages (for example: raw materials 

acquisition, processing/manufacturing and installation). Wood is purported to be the only major 

construction material that reduces the amount of energy required to produce during manufacturing 

and use, when compared to concrete or steel, that can be recycled, that can be reused and repurposed 
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at its end-of-life, and most importantly, that contributes to climate change mitigation by storing 

carbon throughout its life cycle (Canadian Wood Council, 2017).  One way to mitigate climate 

change could be to capture and sequester carbon; one cubic meter of wood can store approximately 

1 ton of carbon. For contrast, the production of concrete and steel, rather than sequester carbon, 

contribute to more than 8% of global greenhouse gas emissions (Lehne & Preston, 2018). 

Mass timber can have comparable structural performance to more commonly used building 

materials due to innovative technologies and mass timber products (naturally:wood, 2019). Such 

technologies have led to “tall wood buildings”, defined as buildings that are greater than six-storeys 

in height and that utilize mass timber elements as functional components of their structural system 

(Canadian Wood Council, 2019).  

2.1.1 Mass Timber Properties 

Wood is an orthotropic material; that is, its mechanical properties are directionally dependent on 

its three mutually perpendicular axes: longitudinal, radial and tangential (Chiu, 2019). The 

longitudinal axis is parallel to the fiber direction, the radial axis is normal to the tree’s annual 

growth rings, and the tangential axis is perpendicular to the fiber but tangent to the annual growth 

rings (Green, Winandy, & Kretschmann, 1999) as depicted in Figure 2.1. 

 

Figure 2.1: Three axes of wood (Green, Winandy, & Kretschmann, 1999). 
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The direction a load is applied to a wood specimen is important since wood is strong and stiff when 

loaded parallel-to-grain and weak and flexible when loaded perpendicular-to-grain (Chiu, 2019). 

Wood loaded parallel- and perpendicular-to-grain differs substantially since tensile strength 

perpendicular-to-grain is about 5% that of the strength parallel-to-grain (Chiu, 2019). This is 

because tension perpendicular-to-grain, Figure 2.2 (d), tends to separate wood cells perpendicular 

to their axes and, in design, should always be avoided. 

Other factors that affect the strength of wood include the slope of the grain, knots, defects, shakes, 

pitch pockets, moisture content, wood species and decay. These trends affect the material behaviour 

in compression, tension, shear, bending, torsion and shock resistance (Properties of Wood and 

Structural Wood Products, 1990) 

 

Figure 2.2: (a) Compression parallel-to-grain, (b) compression perpendicular-to-grain, 

(c) tension parallel-to-grain and (d) tension perpendicular-to-grain (Properties of Wood and 

Structural Wood Products, 1990). 

 

Mass timber products are produced by fastening together layers of wood through the use of nails, 

or bonding of layers through the use of moisture-resistant adhesives, to create solid wood (or mass 
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timber) panels. These products can help minimize large defects, use glue and pressure to strengthen 

the product, and can locate stronger wood in anticipated regions of high stress (Chiu, 2019). These 

products have beneficial structural aspects since they take advantage of a structural member’s high 

strength-to-weight ratios which enable mass timber to perform well during seismic activity. Mass 

timber buildings are designed to meet the same performance and safety standards as concrete and 

steel structures (Structurlam, 2020). This is done by taking into account engineered wood products’ 

structural properties perpendicular- and parallel-to-grain. 

2.1.2 Glued-Laminated Timber 

Glued-laminated timber, typically referred to as glulam, is a stress-rated engineered wood product 

comprised of laminations that are bonded together with strong, waterproof adhesives, as seen in 

Figure 2.3. It is one of the most widely used engineered wood products and can be manufactured 

in a wide range of shapes, sizes and configurations, and can be used as: beams, girders, columns, 

trusses and arches (Structurlam, 2020). 

 

Figure 2.3: Glulam beam (courtesy of: StructureCraft). 

The manufacture of glulam in Canada must conform to CSA O122 standard for Structural Glued-

Laminated Timber (Canadian Wood Council, 2017). Typical species used include Douglas Fir-
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Larch and Spruce-Pine species. Various grades of glulam are available to make the most efficient 

use of the material. The bending grade 20f-E or 24f-E (unbalanced beams) are intended for simple 

beams where reverse moments do not occur, while 20f-EX or 24f-EX (balanced) grade beams are 

intended for continuous beams where large moments can occur in either direction (Canadian Wood 

Council, 2017). The specified strengths and moduli of elasticity for each grade can be found in 

Clause 7.3 of the 2017 CSA O86 Wood Design Manual. This includes strength for: bending 

moment, longitudinal shear, compression parallel- and perpendicular-to-grain, tension parallel- and 

perpendicular-to-grain, and modulus of elasticity. These specified strength values in Clause 7.3 of 

O86 are only valid if the glulam material met the requirements from CSA O122. 

Because glulam is an engineered product, glulam is manufactured to meet a range of design 

stresses. The strongest laminations, or “lams,” are placed on the bottom and top of the beam, where 

maximum tension and compression bending stresses normally occur (APA - The Engineered Wood 

Association, 2017). Balanced members are symmetrical in lam quality at mid-height, whereas 

unbalanced beams have higher quality lams on the tension side (noted in Figure 2.4 as “TL”) as 

compared to the corresponding compression side. Therefore, unbalanced beams have different 

bending stresses assigned to the compression and tension zones and must be installed accordingly 

on-site (APA - The Engineered Wood Association, 2017).  
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Figure 2.4: Engineered glulam layup for balanced and unbalanced beams (courtesy of: 

STRUCTURE Magazine). 

2.2 Mass Timber Connections 

Connections transfer forces between structural elements, and their characteristics significantly 

affect the stiffness, strength, ductility and energy dissipation of the whole structure (Porcu, 2017). 

Ductile behaviour is desired when a structure is exposed to extreme and unpredictable actions such 

as earthquakes, hurricanes, snowstorms, fire or explosions (Porcu, 2017). According to post-

disaster surveys, structural failures following earthquakes and hurricane events are often due to 

faults in connection design or assembly (Mohammad, Douglas, Rammer, & Pryor, 2013).  

Currently there are a wide variety of connections, fasteners and joint details that can be used for 

roof-to-wall, floor-to-wall and interstorey connections in timber structures. They can be classified 

as mechanical connectors (fasteners) and proprietary connections. Mechanical connectors include 

dowel-type fasteners and shear connectors that use self-tapping screws, lag screws, bolts, dowels, 

etc. An example of this can be seen in timber rivet connections that use high-strength galvanized 

steel nails to connect timber members through a steel plate (reTHINK Wood, 2014). Proprietary 

connections are pre-engineered and employ a high degree of prefabrication and pre-installation. 
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They are often concealed to make them fire-resistant. They are commonly used in all types of wood 

construction and are manufactured by component manufacturers (reTHINK Wood, 2014). 

2.2.1 Self-Tapping Screws 

Some traditional fasteners that are widely used are nails, bolts, rivets and generic types of pre-

engineered connectors such as metal hangers (reTHINK Wood, 2014). One of the most significant 

developments in timber construction is the availability of high-strength, long-length, self-tapping 

screws. Self-tapping screws are widely used in contemporary engineered timber structures for 

joining linear members and in-plane members (Ringhofer et al., 2015). Self-tapping screws can be 

installed with little or no pre-drilling. They are becoming widely used and are favored as reinforcing 

elements, especially in CLT and glulam, because they have high withdrawal capacities and have 

the capacity to take combined axial and lateral loads (reTHINK Wood, 2014). 

Figure 2.5 shows the evolution of fasteners for timber construction from threaded nails (top screw) 

commonly used in wooden furniture, to lag screws (second from the top) used to connect heavy 

lumber or other heavy materials, to self-tapping screws (last two screws) which are used in mass 

timber construction. Traditional screws have their threads turned down from the rod diameter, 

whereas the thread of self-tapping screws is produced by rolling a wire rod around the shank. This 

permits a smaller diameter shank compared to the outer thread diameter. During manufacturing, 

self-tapping screws’ threads are hardened to enhance their bending and torsion capacity and can 

reach up to 14 mm diameters and lengths up to 1000 mm (Dietsch & Brandner, 2015). 
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Figure 2.5: Development of fasteners for timber construction: threaded nails, lag screw and 

self-tapping screws (Dietsch & Winter, Eurocode 5 - Future Developments towards a More 

Comprehensive Code on Timber Structures, 2012). 

Self-tapping screws can be fully- or partially-threaded. Fully-threaded screws permit a more 

uniform load transfer between the screw and the wood material, as well as enhanced axial load-

carrying capacity (Dietsch & Brandner, 2015).  

2.2.2 Moment-Resisting Connections 

Structural connections are categorized as either pinned connections, moment connections or semi-

rigid connections. Moment connections, also referred to as fixed or rigid connections, provide 

restraint against rotation and are capable of resisting shear forces and moments (Moses et al., 2016). 

Moment connections for timber beam-column connections are often designed as part of the 

building’s lateral-load resisting system. In this case, they require ductility and energy dissipation 

capacity to prevent structural members from reaching critical stresses during seismic events while 

maintaining stiffness to comply with interstorey drift limits (Leimcke et al., 2016). Thus, research 

conducted on the seismic performance of timber connections in literature has focused primarily on 

moment-resisting connections intended to be part of the lateral-load resisting system. 
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Lam et al. (2010) and Wang et al. (2014) investigated the performance of bolted beam-column 

connections under reversed cyclic loading while using self-tapping screws perpendicular-to-grain 

as reinforcement to avoid brittle failure and to obtain a ductile connection.  

Zhang et al. (2017) experimentally investigated a hybrid lateral-load resisting system as the main 

energy dissipater. The system is comprised of a steel beam connected to a cross-laminated timber 

core. It was concluded that most of the energy was dissipated from deformation of the cantilever 

portion of the embedded steel beam and ductility was obtained during the cyclic tests. 

Lastly, Gohlich (2015) observed the seismic performance of a new hybrid timber-steel moment-

resisting connection that consisted of a steel link between the timber column and beam. The overall 

ductility of the connection was met and achieved a stable hysteretic behaviour comparable to 

typical steel-only moment-resisting connections. 

2.2.3 Pre-engineered Connections 

Pre-engineered timber connections are becoming more common in the mass timber industry and 

are used in all types of wood construction. Pre-engineered connectors are made by component 

manufacturers, which have catalogues of a variety of products to suit various building applications. 

Many components of these connections are fabricated using sheet metal to increase thickness as 

the load increases. Newer connection systems are often concealed to make them fire-resistant.  

Beam-hanger connectors, a type of metal hanger used for beam-column connections, are typically 

designed as shear connectors. Figure 2.6 shows common “off-the-shelf” pre-engineered beam-

hanger connections. They are assumed to be “pin-connections” and are not intended to be part of 

the lateral-load resisting system of a building. These connection systems typically consist of one 

pre-installed plate on one end of the beam and the another pre-installed plate on its supporting 

member (Leach, 2018). 
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Figure 2.6: Pre-engineered beam-hanger connections: Ricon S VS (left), Gigant (middle) 

and Megant (right) systems (courtesy of: MTC Solutions). 

2.3 Loading Protocol 

Standard loading protocols have been proposed for evaluating the seismic performance of structural 

systems. Typically, a test loading protocol consists of a sequence of deformation (deflection) 

amplitudes which are intended to represent the demand that an earthquake event would have on 

structural components of a building (Dehghani & Tremblay, 2012). Some of the loading protocols 

proposed in literature include the Guideline for Cyclic Seismic Testing of Components of Steel 

Structures (ATC-24 1992), the SAC loading protocol (Clark et al. 1997) and the CUREE loading 

protocol (Krawinkler et al. 2000). Other seismic loading protocols proposed for standards include 

ASTM E2126-11 (2018), FEMA 461 (2007), ASCE/SEI 7-05 (2005), ASTM ES 2126-02a (2003) 

and ICBO-ES 2002 (Krawinkler, 2009). These loading protocols can be seen in Figure 2.7, where 

most of which are material specific (shown in the description of each graph). 
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Figure 2.7: Various loading protocols (Krawinkler, 2009). 

Experimental methods are used to evaluate a wood assembly’s seismic performance since current 

analytical methods can be unreliable and can be reasonably economical to conduct tests on wood 

panels and connectors in large quantities, unlike steel or reinforced concrete (Krawinkler, 2009).  

The Consortium of Universities for Research in Earthquake Engineering (CUREE) has become the 

standard for timber structural systems under reversed cyclic loading. The CUREE loading protocol 

appears to be similar to the SAC and ATC-24 loading protocol, however the CUREE protocol uses 

the maximum displacement for which a specimen is expected to exhibit based on a monotonic test, 
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whereas the SAC and ATC-24 loading protocols use a yield deformation or absolute drift ratio as 

a basis for defining target displacement levels. Additionally, the CUREE protocol has “trailing” 

(smaller) cycles that come after the primary (larger) cycles, at each step (Krawinkler, 2009). 

The CUREE testing protocol for deformation controlled quasi-static cyclic testing is intended for 

applications in which a component deformation parameter can be related to the structural system 

response (Krawinkler, 2009). It uses applied deflections, Δ, based on a recommended percentage 

of 60% of the maximum expected sustained deflection (Δm) of a specimen. This maximum 

sustained deflection (Δm) can be determined through a monotonic (or near-fault) test of the 

specimen. The CUREE loading protocol begins with six small amplitude cycles where the 

deflection equates to 0.05Δm, intended to check all equipment, measuring devices and the load-

deformation response under small amplitudes (Krawinkler, 2009). This cycle sequence of six small-

amplitude cycles of 0.05Δm is followed by cycle sequences compromised of primary cycles and 

trailing cycles of increasing amplitudes. The primary (larger) cycles in each cycle sequence have 

increasing amplitudes of: 0.075Δm, 0.1Δm, 0.2Δm, 0.3Δm, 0.4Δm, 0.7Δm and 1.0Δm, where the 

trailing (smaller) cycles are equal to 75% of the amplitude of the preceding primary cycle. 

Currently, there is a lack of literature on the cyclic performance of pre-engineered connections, and 

in particular, beam-hanger connectors. MyTiCon Timber Connectors (2016) conducted reversed 

cyclic testing on KNAPP RICON S VS beam-hanger connectors at the University of British 

Columbia. Three tests each were conducted on the RICON® S VS 200x60 and the RICON® S VS 

200x80. A factored design load of 42 kN was applied to the 200x60 RICON connector and 61 kN 

to the 200x80 RICON connector while undergoing reversed cyclic loading using a modified version 

of the CUREE loading protocol. From these tests, it was determined that the RICON connectors 

can resist shear loads while subjected to reversed cyclic loading (MyTiCon Timber Connectors, 

2016).  
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Leach (2018) tested three types of beam-hanger connections under reversed cyclic loading under a 

modified version of the CUREE loading protocol, to evaluate each connection’s interstorey drift 

performance. The connections tested include the Ricon and Megant system manufactured by MTC 

Solutions©. The Megant 310x150, 520x100, and 550x150 were tested, and the Ricon S VS 290x80 

connector, the Ricon S VS 290x80 in a staggered configuration and the Ricon Prototype connector 

that is identical to the Ricon S VS connector but just with an additional welded bearing block, were 

tested. 

2.4 Interstorey Drift Limits 

Earthquakes can impose severe damage to buildings and are rare events when compared to design 

wind and snow loads. Codes have recognized this and have focused on life safety and damage 

prevention. Large displacements caused by earthquake events contribute to the damage of non-

structural components, damage to non-lateral load-carrying elements and to P-Delta effects 

(DeVall, 2003). The 2015 National Building Code of Canada (NBCC) has established interstorey 

drift limits based on the floor-to-floor height (h). The drift limit for post-disaster buildings is 0.01h, 

for high-importance category buildings 0.02h, and for other buildings, 0.025h. These displacements 

are based on a 1 in 2500 year return period event which is more restrictive compared with the 1995 

NBCC of a return period of 1 in 472 years (DeVall, 2003). 

2.5 Energy Dissipation 

Buildings are designed to provide sufficient lateral stiffness and strength to meet life safety 

requirements. One of the most important parameters for a structure’s seismic resistance is its 

ductility and its ability to dissipate energy. Timber connections are crucial energy dissipaters in 

timber structures (Leijten et al., 2006) because wood is not considered a ductile material and 
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therefore, mass timber buildings rely solely on their connections to provide ductility and to dissipate 

energy. 

To measure the energy dissipation capacity of a connection, reversed cyclic tests are conducted 

(Leijten et al., 2006). The energy dissipation capacity of a structural component of sub-assembly 

under cyclic loading is quantified as the enclosed area of the moment-rotation response (Wang et 

al., 2015). A typical moment-rotation hysteresis curve can be seen in Figure 2.8, where each loops 

represents a loading cycle, and the area enclosed in that represents the amount of energy the 

structural component and sub-assembly dissipated in that cycle. 

 

Figure 2.8: Typical hysteretic response of steel moment connection (Gohlich, 2015). 

 

An effect called “pinching”, as seen in Figure 2.9, has been observed in hysteresis loops once the 

applied deflections and loads reach moderate levels, where pinching beings after the initiation of 

the component being damaged (Leijten et al., 2006).  
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Figure 2.9: Typical hysteresis curves of reverse cyclic loading on (a) riveted connections, 

and (b) nailed connections (Porcu, 2017). 

The pinching effect is caused by the loss of stiffness at small joint slips. The majority of timber 

connections tested exhibit some pinching in their response. For dowel-type connections, the 

pinching can be attributed to the enlargement of the original bolt hole as it reacts against the wood 

causing non-recoverable embedment deformations, ie. crushing of wood (Leijten et al., 2006). This 

same behaviour is seen in bolted connections as well as modern timber framed walls. Figure 2.10 

represents the hysteresis curves of a timber frame wall test under reversed cyclic loading  (Porcu, 

2017). 

(a) (b) 
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Figure 2.10: Typical hysteresis loops with pinching effects (Porcu, 2017). 

Although Figure 2.10 depicts a timber framed wall, it also characterizes the behaviour a typical 

timber connection will exhibit. This behaviour was observed by Popovski et al. (2001) on timber 

rivet and bolted connections, as well by Lam et al. (2010) on moment-resisting bolted timber 

connections and more. Figure 2.10 demonstrates behaviours such as the pinching effect after the 

first cycle, the lateral stiffness degradation for increasing loading cycles, strength degradation, non-

linear behaviour and symmetrical hysteresis loops (Porcu, 2017).  

In terms of energy dissipation, pinching is an undesirable characteristic since it reduces a structure’s 

capacity to dissipate energy. Friction dampers have been developed to reduce pinching (Leijten et 

al., 2006).  



 

26 

 

Popovski et al. (2002) tested the seismic performance of connections in heavy timber construction. 

This included testing the seismic performance of braced frames for bolted and riveted connections. 

They concluded that pinching in timber braced frames significantly reduces the hysteric damping 

of the structure, however it is not the single most important parameter for adequate seismic 

behaviour (Popovski et al., 2002). 

Lastly, Leach et al. (2020) conducted cyclic tests on seven different pre-engineered beam-hanger 

connectors under a modified version of the CUREE loading protocol. Leach et al. obtained the 

moment versus rotation response of each beam-hanger connection, and a pinched hysteresis 

response was detected for the bolted-plate connectors, especially at higher interstorey drifts. 

However, the energy dissipated for these beam-hanger connections were not calculated based off 

the connector’s moment-rotation curves. Therefore, it is unknown as to how much energy the beam-

hanger connections dissipate when subject to cyclic loading. 
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Chapter 3 

Evaluation of the Interstorey Drift Performance of Pre-Engineered  

Timber Beam-Hanger Connections 

 

3.1 Introduction 

Mass timber is a flexible material that performs well under earthquake loading (Follesa, et al., 

2018); however, connection systems significantly influence the building’s overall seismic 

resistance and must be designed carefully. Pre-engineered beam-hanger connection systems are 

used in many mass timber buildings for beam-column connections. These beam-hanger 

connections can be pre-installed for easier and faster construction, by simply attaching the beam to 

its column member on-site. They are typically manufactured in a variety of sizes and capacities 

depending on the beam’s depth and the building’s applied loads, simplifying the design process. 

Additionally, they can be installed embedded in the wood so that the connection is not exposed, to 

allow for improved fire protection and aesthetics. 

Earthquakes are rare events compared to design wind or snow loads and can inflict severe damage 

to the built environment (DeVall, 2003). Failure at the connections between beams and columns 

must be avoided since it can result in the collapse of floors or the whole building (Wilkinson 

et al., 2005). Stresses at the connections arise from seismic vibrations but also the building’s 

gravity loads. 

In the past, codes have concentrated on life safety and have permitted some damage to make 

structures more economically viable in earthquake design. This is achieved by a structural system 

that can absorb large amounts of energy thereby lowering earthquake-induced forces. However, 

large displacements and drifts due to earthquakes contribute damage to the non-structural 
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components, damage to non-lateral load-carrying elements and increase P-Delta effects. Current 

provisions in the NBCC follow the recommendations from the Structural Engineers Association Of 

California Vision 2000 (1995) document and have reduced drift limits from previous versions. 

Therefore, the structural system design must include a balance of strength, stiffness and ductility 

to ensure that structures have sufficient strength and stiffness to prevent collapse and excessive 

deflections (Popovski et al., 2002). 

The motivation for this chapter stems from a new 10-storey mass timber building that is being 

constructed in Vancouver, British Columbia, in a seismically active zone. This 10-storey building 

will utilize off-the shelf, pre-engineered beam-hanger connectors (the Megant 430x150x50). 

Currently, there are no design guidelines provided by the Canadian wood design standard (CSA-

O86-19) for pre-engineered beam-hanger connections, therefore it is up to the manufacturer and 

designer to provide their own proof of evaluated performance. These connectors are not considered 

part of the lateral-load resisting system (LLRS) and will be designed primarily to resist gravity 

loads. However, during an earthquake, the connectors will experience large rotations as a results of 

interstorey drift. Because these connectors are usually designed as shear connectors, they are 

normally subjected to minimal rotation. However, in an earthquake, it is critical that these 

connectors safely carry the gravity loads while undergoing large rotations.  

This chapter presents the results of an experimental investigation of a typical pre-engineered timber 

connector (Megant 430x150x50) subjected to reversed cyclic loading to simulate earthquake 

loading, and the energy dissipated by such connectors. This performance is then compared to the 

reversed cyclic performance of a range of timber connection systems as reported in the literature to 

provide context for these results. 
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3.1.1 Objectives 

The objectives of this chapter are to: 

1. Evaluate the performance of pre-engineered Megant 430x150x50 beam-hanger timber 

connections when subjected to reversed cyclic loading that simulates the demand on the 

connection during an earthquake.  

2. Observe the connection’s failure modes and damage during each load cycle. 

3. Use the connection’s moment-rotation curves to evaluate its stiffness, strength, ductility 

and energy dissipation capacity. 

4. Determine how much energy the Megant 430x150x50 dissipates during each cycle of 

cyclic loading. 

5. Compare the Megant 430x150x50 connection with three other Megant sizes tested under 

the same loading protocol by comparing each connection’s cumulative dissipated energy. 

6. Compare the interstorey drift performance of the Megant 430x150x50 connection to the 

National Building Code of Canada (2015) interstorey drift limits. 

 

3.2 Materials 

The following section will outline the materials used for the experimental tests along with any 

known properties associated with the material. These materials include the beam-hanger connector 

and the wood specimen. 

3.2.1 Beam-Hanger Connector 

Three commonly specified beam-hanger connectors for mass-timber buildings include: the Gigant 

System, the Ricon S VS System and the Megant System (MyTiCon 2020). For this research, the 

Megant 430x150x50 (height x width x thickness, in millimeters) beam-hanger connector was 
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examined. As seen in Figure 3.1, ten different sizes of Megant connections are available, and the 

430x150x50 can be considered in the upper range of available capacities.  

 

Figure 3.1: Different sizes of Megant connections (courtesy of KNAPP Connectors). 

The Megant connector is manufactured by KNAPP and is fabricated from two grade AW 6005 

aluminum connector plates which are held in place by top and bottom clamping jaws. The jaws in 

turn are held together by two stainless steel threaded rods, as seen in Figure 3.2. To secure each 

connector plate to its primary and secondary timber member, each plate is fastened using ASSY 

VG CSK 8x160 (diameter x length, in millimeters) fully-threaded self-tapping screws. Four screws, 

oriented 90° horizontally, and sixteen screws, inclined at 45°, are fastened to each of the beam and 

column members. Once the plates are fastened to their primary and secondary members, the 

clamping jaws are put in place, and the two stainless steel threaded rods are torqued at a suggested 

installation torque of 40 Nm. The Megant connector is tested and approved according to the 

European Building Approval (ETA)15/0667. 
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Figure 3.2: Megant connector system (courtesy of MyTiCon Timber Connectors). 

3.2.2 Timber 

A timber beam and column specimen were used for testing. The timber beam had length x width x 

height dimensions of 1719 mm x 210 mm x 532 mm and the column 1220 mm x 220 mm x 350 

mm. The specimens were Spruce-Pine-Fir glued-laminated (glulam) timber, with a stress grade of 

20f-E for the beam and 12c-E for the column. The glulam was machine stress-rated and 

manufactured by Structurlam as per CSA 0122-16 for structural glued-laminated timber. 

Structurlam is based in British Columbia where they source their wood and manufacture structural 

sections out of wood. The glulam specimens were encased by a waterproof material to ensure no 

moisture exposure of the specimens during transport from British Columbia to Kingston, Ontario. 

3.3 Test Set-Up and Procedure 

Four replicate tests on the Megant 430x150x50 connectors were conducted in the Structures 

Laboratory at Queen’s University in Kingston, Ontario. A previously fabricated test frame (Leach, 

2018) was used for the experiments. Figure 3.3 and Figure 3.4 show the test set-up that was used 

to simulate cyclic loading on the beam-hanger connector. The test set-up is comprised of a reaction 

frame which holds the glulam column and is fixed to the ground. The glulam column is secured in 
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the steel reaction frame by two hollow steel sections tightened together by a total of four steel 

threaded rods, to ensure no movement in the column. The glulam beam is connected to the glulam 

column through the Megant 430x150x50 connector and the other end of the beam is attached to a 

swivel. The swivel is attached to a 2000 kN MTS actuator that links the test system to the permanent 

testing frame in the Structures Laboratory.  

 

Figure 3.3: Schematic of test set-up. 

Also shown in Figure 3.3 is a manually controlled hydraulic ram that applies a compressive load to 

the glulam beam near the beam-hanger connector. This load creates a shear load on the connector 

to simulate the effect of gravity loads in a full-scale structure. Note that the hydraulic ram applies 

the shear load in the vertical direction, because the hydraulic ram could only be placed on the 
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ground of the structures laboratory. Therefore, the connections were installed “upside down” to 

ensure the gravity load would be applied correctly in relation to the connection. 

 

Figure 3.4: Picture schematic of test set-up. 

On the opposite end of the glulam beam, where the swivel is attached, a controlled displacement is 

applied to the glulam beam by the MTS actuator to simulate earthquake effects. The swivel was 

designed to allow free rotation during cyclic loading. The MTS actuator system has a maximum 

loading capacity of 2000 kN with a stroke of +250 mm and -250 mm, resulting in a total stroke of 

500 mm. The hydraulic ram used to simulate shear load has a loading capacity of 700 kN and a 

stroke of 300 mm.  

3.3.1 Loading Scheme 

The Consortium of Universities for Research in Earthquake Engineering (CUREE) developed a 

standard loading scheme for reversed cyclic tests. Funded by the Hazard Mitigation Grant Program, 
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the CUREE-Caltech Woodframe Project developed a testing protocol for woodframe structures 

(Krawinkler et al., 2002). This loading protocol, seen in Figure 3.5, is intended to simulate the 

displacement demand that a structural component could experience during a large  earthquake. The 

loading protocol is defined by variations in deformation amplitudes. It begins with a sequence of 

small amplitude cycles, called “initial cycles,” that aid in checking loading equipment and 

measurement devices, and intended to address cumulative damage that is followed by larger 

amplitude cycles. Each deformation amplitude group begins with a primary cycle that is followed 

by smaller trailing cycles for each deformation amplitude. This cyclic pattern was formed based on 

earthquake data and their observed vibrations. The primary objective of this loading history is to 

evaluate seismic performance of connectors subjected to ordinary ground motions (Krawinkler et 

al., 2001). 

 

Figure 3.5: CUREE standard loading scheme for Basic Cyclic Load Test (Gatto & Uang, 

2002). 

The CUREE protocol uses a loading scheme that applies deflections based on a percentage of the 

maximum deflection of the specimen determined by a monotonic test. Based on the maximum 
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deflection, ∆, the first six cycles applied are 0.05∆. The trend then continues with primary cycles 

of 0.075∆, 0.1∆, 0.2∆, 0.3∆, 0.4∆, 0.7∆ and 1.0∆, and of trailing cycles which have amplitudes 

equal to 75% of the amplitude of the preceding primary cycle that is applied, as seen in Figure 3.5 

(Krawinkler et al., 2001).  

For this research, the CUREE protocol is modified so that the applied deflections correspond to 

interstorey drift values rather than a percentage of maximum expected deflection. In addition, the 

amplitude of the trailing cycles is not reduced, but left at the value of the primary cycle. The loading 

frequency by CUREE is 0.01 Hz (ie. 10 seconds to complete 1 cycle) which was implemented for 

these tests. This modified scheme can be seen in Figure 3.6, below. 

 

Figure 3.6: Adjusted loading scheme for interstorey drifts. 

The loading scheme was modified because of the limited capability of the MTS controller to 

program variable amplitude cycles. However, it is believed that this protocol is justified because it 

will represent a more conservative loading scheme since the trailing cycles are larger than in the 
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CUREE protocol. In addition, this loading protocol has been used by MyTiCon (2016) and Leach 

et al. (2020) to examine pre-engineered timber connectors. Following the same loading protocol 

will facilitate comparison to their results. 

Table 3.1: Interstorey drifts applied to Megant 430x150x50 connector. 

Cycle 

Sequence 

Interstorey Drift 

[%] 

Beam Deflection 

[mm] 

1-6 0.25 3.1 

7-12 0.50 6.2 

13-18 1.00 12.3 

19-21 2.00 24.7 

22-24 3.00 37.0 

25-26 4.00 49.3 

 

Table 3.1 shows the modified loading scheme values for interstorey drift, consisting of six cycles 

at 0.25%, 0.5%, and 1%, three cycles at 2% and 3%, and two cycles at 4%. Corresponding beam 

deflections to be applied to the opposite end of the beam for each interstorey drift were calculated 

by Leach et al. (2020), assuming the beam is rigid:  

𝛥𝐵 = [tan (90° − tan−1 (
𝐻𝑆

(
𝐼𝐷

100) (𝐻𝑆)
))] (L) 

where ΔB is the required beam deflection (mm), HS is the height of the storey (mm), ID is the 

interstorey drift to be applied to the connector (%) and L is the length of the beam (mm). A typical 

storey height of 2400 mm was assumed for the calculations. 

A gravity load of 60 kN was applied to the connector to represent 3.6 kPa of dead load (DL) and 

2.4 kPa of live load (LL). The 60 kN gravity load was based on the earthquake load case associated 

with the 10-storey building of: 1.0E+1.0D+0.5L. This is intended to be a conservative gravity load 

that the connector would need to sustain when subjected to earthquake loading. Note this gravity 

load is well below the connector’s designed factored shear resistance of 122 kN (KNAPP 

(3.1) 
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Connectors, 2013). The hydraulic ram is located 410 mm away from the connector. Simple moment 

equilibrium, assuming the connections are pinned, was used to determine that a 90 kN hydraulic 

ram load was needed to create a 60 kN force in the connection. 

3.3.2 Instrumentation 

Linear potentiometers (LP) were used to measure deflections during testing. The typical locations 

of all 10 LPs can be seen in Figure 3.7, where LPs 4, 9 and 10 differed for each test and can be 

found in Appendix A. 

 

Figure 3.7: Locations of LP and SP. 

LPs 1 and 2 were used to measure the vertical deflection of the beam. This was used to confirm the 

validity of the equations, which assume minimal bending of the beam, used to relate the inter-storey 

drift to actuator displacement. LPs 3, 6, 7, and 8 were used to measure the deflection at the four 

corners of the beam, with LPs 6 and 8 placed at the top and LPs 3 and 7 at the bottom of the beam. 

LP 5 was placed at the center of the connection to measure the connection gap during testing. LPs 
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4, 9 and 10 were placed on the reaction frame to detect any deflection of the frame that could 

potentially affect the data, with LPs 9 and 10 located to measure horizontal movement, and LP 4 

placed on one of the HS sections to measure any vertical displacement in the reaction frame. 

Minimal deflections (maximum of 0.8 mm) were measured during testing, and so these deflections 

will not be discussed further. Lastly, a string potentiometer (SP) was used to measure deflection of 

the opposite end of the glulam beam, near the swivel attachment. 

Digital image correlation (DIC) will be used to analyze strains in the connection during the loading. 

The DIC is an analysis technique where a camera was placed facing one side of the connection and 

taking one picture at every second during testing. On this same side of the connection, the 

connection and surrounding area of the wood was spray painted with black speckles, as seen later 

on in this chapter. This was done in order to track the movement of the connection and wood from 

the captured images, when analyzing the DIC data. Although this data was collected, due to time 

constraints it was not analyzed and will not be discussed in this chapter. 

A camera was set up on the opposite side of the DIC camera to capture video footage of the test to 

allow for visual observation during all cycle sequences of testing. 

3.3.3 Specimen Reinforcement 

To prevent bearing or splitting failure of the glulam beam at the point where the hydraulic ram 

applies load to simulate shear on the connector, a steel bearing plate was placed between the 

hydraulic ram and the beam, and in addition, the wood was reinforced using four 10x300 mm ASSY 

VG CSK partially threaded self-tapping screws, to prevent the wood from crushing due to high 

load bearing. 
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3.4 Experimental Results 

This section will discuss the measured connection shear load, moment and rotation. Observations 

of the failure mechanisms were investigated after each of the four repeated tests. Table 3.2 is a 

summary indicating each test’s failure mode, highest maximum rotation and moment, and 

connection ductility. 

Table 3.2: Summary of results. 

Specimen Failure Mode 

Highest 

Sustained 

Rotation  

[rad] 

Highest 

Sustained 

Moment  

[kNm] 

Connection 

Ductility (μ) 

Test #1 

Withdrawal of connector due to: 

• Connection plate buckling 

• Fracture in top jaw clamp 

0.040 164.3 3.6 

Test #2 

Withdrawal of connector due to: 

• Connection plate buckling 

• Fracture in top jaw clamp 

0.031 200.9 2.6 

Test #3 

Withdrawal of connector due to: 

• Connection plate buckling 

• Fracture in top jaw clamp 

0.020 224.6 1.7 

Test #4 

Withdrawal of connector due to: 

• Pulling out of angled 

connector self-tapping screws 

0.018 265.3 1.3 

 

3.4.1 Interstorey Drift 

Test #1 sustained the highest interstorey drift, reaching cycles of 4% until ultimately failing when 

the first 4.5% interstorey drift cycle was applied. Test #2 and Test #3 sustained 3% interstorey drift 

cycles before ultimate failure at the first cycle of 4%. Test #4 started to detach from the screws at 

the first cycle of 3% interstorey drift, however remained essentially intact, although not serviceable, 

until the end of the test. The interstorey drift graph for each replicate test can be found in Appendix 



 

43 

 

A. Table 3.2 summarizes the connection rotations measured within the connection during the 

ultimate “sustained” interstorey cycles.  

3.4.2 Shear and Total Loads 

Each test consisted of a nominal applied ram load of 90 kN at a distance of 410 mm from the 

connector (to simulate 60 kN that the connector would experience) and an actuator load that was 

applied by the MTS actuator as it displaced the beam. These loads for one of the tests can be seen 

in Figure 3.8, below. The “total load” is the summation of forces in the vertical direction and 

represents the total shear load that is experienced by the connection. Ideally, the average total load 

would remain constant at 60 kN as it simulates gravity load. However, because the hydraulic ram 

is hand operated and the beam deflects in the upward and downward direction during cyclic loading, 

the shear applied to the connections varied. In addition, the connectors were subjected to very high 

maximum loads at various points in the test. These maximum loads ranged from 250 kN at cycle 

25 for Test #1 and 375 kN for Test #4 (see Appendix A for full load-time plots of each test).  

 

Figure 3.8: Typical loads applied to test set-up. Test #1 shown as an example. 
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The goal for loading was to ensure the average shear load never reached 0 kN. Figure 3.8 shows 

that during the first four stages of interstorey drifts (0.25%, 0.5%, 1% and 2%) the total load 

increases with increasing interstorey drift. However, once 3% and 4% interstorey drifts are reached, 

the total load does not increase as it did for the first four cycle groups, but rather is similar and 

almost equal to the load applied at 2% (cycles 19-21). This is believed to be because at around 3% 

interstorey drift, it was observed that screws started to tear out of the glulam beam and permanent 

deformation occurred in the connection. It is likely that the stiffness and strength degradation of 

the connection occurred as a result of self-tapping screw withdrawal. 

From the other load versus time graphs found in Appendix A for each test, it can be seen that the 

total load varies around 90 kN but increases over time to a range of about 260 kN (as seen in Test 

#4’s load versus time in Figure A.22).  

Table 3.3 outlines the total shear load experienced by the connector for each test. The maximum 

and minimum loads that were reached are included, as well as the average total shear load that the 

connector underwent during testing. Based on the differences and calculated variance of the 

average total shear load, the standard deviation was calculated to quantify the variability in the total 

shear load. The shear loads that were applied were up to six times larger than the desired shear load 

of 90 kN. 

Table 3.3: Summary table of applied total loads during testing. 

Test No. 

Maximum 

Total Shear 

Load 

[kN] 

Minimum 

Total Shear 

Load 

[kN] 

Average 

Total Shear 

Load 

[kN] 

Standard 

Deviation 

[kN] 

Test #1 253.6 0.5 84.6 48.5 

Test #2 310.9 0.5 101.2 52.9 

Test #3 326.9 0.5 106.5 63.5 

Test #4 368.7 0.3 108.4 66.5 
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3.4.3 Measured Moment 

The moment in each connector was calculated by multiplying the actuator and the hydraulic ram 

loads by their respective moment arms (ie. distance from the applied load to the connection) and 

summing these together based on their load direction. These distances were measured by taking the 

distance from the midpoint of the actuator and shear hydraulic ram, to the midpoint of the 

connection. These distances were 1230 mm for the actuator and 410 mm for hydraulic ram. 

3.4.4 Rotation 

LPs 3, 6, 7 and 8 were used to calculate the rotation of the connection during testing. LP 3 and 7 

were used to measure the movement at the bottom of the glulam beam, and LP 6 and 8 at the top. 

The average of both pairs of LPs were taken to determine the average gap at the bottom and top of 

the beam. The difference between these two average values was then divided by the distance 

between the pairs of LPs: 

𝑅𝑜𝑡𝑎𝑡𝑖𝑜𝑛 = tan−1 (
𝐴𝐵𝐺 − 𝐴𝑇𝐺

𝐻
)  

where rotation is in degrees, ABG is the average bottom gap (LPs 3 and 7) in mm, ATG is the 

average top gap (LPs 6 and 8) in mm and H is the distance between the LPs located at the top and 

the bottom of the beam, in mm. 

Since the connection is undergoing reversed cyclic loading, it will experience both positive and 

negative rotation. Positive rotation is defined as the top of the beam (keeping in mind the connection 

is flipped upside down) rotating toward the column and the bottom of the beam away from the 

column. Conversely, negative rotation occurs when the top of the beam is moving away from the 

column and the bottom of the beam is moving towards the column.  

(3.2) 
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Rotations for Test #1, typical of all tests, are shown in Figure 3.9. The compressive load applied 

by the hydraulic ram created initial rotations prior to starting the cyclic loading. This can be seen 

in Figure 3.9 where the start of the test had a positive rotation of 0.2°. Each test stopped once 

ultimate failure was reached in the connection, which was observed when the two connector plates 

detached. These rotations caused the screws to pry out and permanently bend the connection, 

leading to failure. The highest positive and negative rotations measured in Test #1, were 2.3ᵒ and 

2.2ᵒ, respectively. Figure 3.9 indicates that although the cycles were initially biased positive due to 

the shear load, at later stages in the test the positive and negative rotations were nearly equal.  

 

Figure 3.9: Typical rotation vs time plot – Test #1 shown for example. 

 

3.4.5 Moment vs Rotation 

The moment-rotation response of Test #1 while undergoing the modified CUREE protocol can be 

seen in Figure 3.10. 

Each interstorey drift value has its own cycle sequence. For example, interstorey drifts of 0.25%, 

0.5% and 1% have six cycles each, having cycle sequences: 1-6, 7-12 and 13-18, respectively. 
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Interstorey drifts of 2% and 3% have cycles sequences 19-21 and 22-24 since both comprise of 

three cycles each. Lastly, interstorey drift for 4% has cycle sequence of 25-26 with only two cycles. 

 

Figure 3.10: Typical moment vs rotation curve – Test #1 shown for example. 

Each cycle sequence in the moment versus rotation graph corresponds to a cluster of loops based 

on their interstorey drifts (interstorey drift of 1% and cycle sequence 1-6 would correspond with 

the first, smallest cluster of loops). Each loop represents the repetition of each load step. The 

smaller, inner loops represent interstorey drifts of 0.25%, 0.5% and 1%, the middle-sectioned 

cluster of loops represent 2% interstorey drift, and the largest loops seen in the graphs represent 

4% and 3% interstorey drift. 
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3.4.6 Failure Modes 

Figure 3.11 shows an overview of one of the tests upon completion of the cyclic loading. It can be 

seen that the damage is concentrated in the connector, with excessive bending of the plate connected 

to the beam. There is no obvious overall damage to the column or beam. 

 

Figure 3.11: Typical failure mode of beam-hanger connection. 

Figure 3.12 (a), (b) and (c) show close-ups of Test #1, #2 and #3, respectively, in their failed 

condition. These figures emphasize the excessive bending that occurred in the beam connector 

plate. A “pinching” of the plate at about the one-third point can be seen, as well as pull-out of 

screws above this point. 

On the other hand, Figure 3.12 (d) shows the failure of Test #4, where the connection failed due to 

screw withdrawal on the glulam beam side. There was significantly less bending of the aluminum 

connector plates observed as it remained intact and secured by the clamping jaws. It is not clear 

why Test #4 underwent a different failure mode. A reason for this could be due to the torque that 

was applied to the threaded rods in the connector was different than the other connectors. Another 
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observation can be that Test #4 underwent a different failure mode as a result of a very large shear 

load, 368.7 kN, was applied to the connector and the connector failed purely due to shear rather 

than a failure mode associated with moment at the beam-column interface. 

       

(a)                                 (b)                                  (c)                                    (d)                     

Figure 3.12: Failure modes for (a) Test #1, (b) Test #2, (c) Test #3 and (d) Test #4. 

Figure 3.13 shows the connection removed after the tests were completed, to observe the 

deformation of the self-tapping screws that were embedded in the glulam beam from each test. It 

shows how each screw was significantly deformed but remained intact when torn out of the glulam 

beam. The rest of the screws that are not present in Figure 3.13 likely failed from the head of the 

screw being torn off. 
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Figure 3.13: Self-tapping screws pulled out and permanent deformation. 

For each test, local buckling (or “pinching”) occurred in the connection plate (Figure 3.14 (b)), 

causing it to bend. The groove of the top clamp jaw fractured due to experiencing high stresses, 

seen in Figure 3.14 (c). The two steel threaded rods that secure the connection by connecting the 

clamping jaws, exhibited some bending towards the bottom of the connection. Other typical failure 

behaviours observed in the connection include (Figure 3.14): the clamping jaw embedding into the 

glulam column during testing, local buckling and fracturing occurred in the connection, and 

permanent deformation observed in the connection and screws.  
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(a)                              (b)      

   

(c)                                                                          (d) 

Figure 3.14: Detailed failures such as: (a) clamp jaw embedding in glulam column, (b) local 

buckling of plates at screw holes, (c) fracturing of clamp jaw and (d) permanent 

deformation of the connector plates and self-tapping screws. 

An additional common theme found throughout all four tests was the pulling out of the self-tapping 

screws. Figure 3.15 below, displays four images where two common failure modes were observed. 

The first mode observed in all four tests was that the two horizontal self-tapping screws that were 

used to secure the clamping jaw, located near the shear load, pulled out due to the splitting of the 

glulam beam Figure 3.15 (a)). This may have been caused by shear failure leading to splitting of 
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the wood along the two horizontal screws near the connection as seen in Figure 3.15 (a). The second 

failure mode observed was the screws pulling out at the top of the connector plate where the plate 

permanently bent (Figure 3.15 (b)). These screws pulled out of the glulam beam but remained 

secured to the connector plate and partially embedded in the glulam beam. It can be seen that these 

screws pulled out parts of wood that are equal to the diameter of the threads. Figure 3.15 (c) shows 

the screws which pulled out from Test #4 and their deformed shape. Figure 3.15 (d) shows a 

common failure of the self-tapping screws where the head of the screw tore out due to tension 

failure. 

      

     

Figure 3.15: Typical self-tapping screw pull out: (a) horizontal screw pull out due to 

splitting of wood, (b) screw pull out due to bending in connector plate, (c) screw pull with 

embedded wood and (d) tear of screw head due to tension failure. 

(a) (b) 

(c) (d) 
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3.5 Discussion 

This section will further discuss and analyze the results of the Megant 430x150 connector cyclic 

tests. Furthermore, comparisons will be made with testing of similar pre-engineered connectors 

(Leach et al., 2020) as well as with other timber connectors. Lastly, the interstorey drift capacities 

of the Megant 430x150 beam-hanger connector will be analyzed and compared with the interstorey 

drift limit of 0.025h as outlined in the National Building Code of Canada (2015). 

3.5.1 Repeatability of Results 

The repeatability of observed behaviour is an important design consideration. Figure 3.16 is a 

comparison of the moment-rotation response for each test. The average positive rotation reached 

was 1.5° and the average negative rotation of 2.1° was reached. The average positive and negative 

moments were 51.8 kNm and 213.8 kNm, respectively.  

 

Figure 3.16: Combined moment vs rotation curve for repeated Tests #1 - #4. 
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Each of the four repeated tests on the Megant 430x150 connectors sustained an interstorey drift of 

3%. Larger negative moments are observed with values up to -250 kNm, whereas the positive 

moment reaches only 50 kNm. This is because positive moment occurs when the bottom of the 

beam (as indicated in Figure 3.17) displaces towards the column where the beam comes in contact 

with the column. The top of the column bears some of the load from the actuator and gravity load.  

Additionally, the gravity load, which was applied manually, varied throughout the test reaching 

gravity loads higher than 90 kN at some points (up to six times larger), and thus exceeding the 

connector’s design capacity. At some points, the gravity load was lower than 90 kN. These 

variations in gravity loads have an effect on the moment the connector was experiencing. 

Figure 3.16 shows the combined moment-rotation curves for each of the four tests for comparison. 

Each test showed varying maximum moments and rotations, and thus are not symmetrical. 

However, its behaviour depicts repeatability, especially for Tests #1 - #3 where the moment 

plateaus at around 50 kNm and reaches negative moments reach about 200 kNm. Additionally, the 

shape for each loop is comparable by the area insight of each cycle’s hysteric loop. 

Test #4 showed some differences when compared to Tests #1 - #3. This can be due to Test #4 

failing differently from Tests #1 - #3; hence its moment-rotation curves that were computed are 

also slightly different. Test #4’s moment-rotation curve is shown in orange in Figure 3.16. It 

reaches a much higher negative moment, but a much lower positive rotation due to the high shear 

load that was applied, creating a much larger moment. Figure 3.12 shows the failure of each Test 

#1-#4. It is evident that Test #4 experienced a different failure where the screws stayed intact with 

the connector and instead were pulling out from the glulam beam. This ultimately altered the 

moment-rotation response of the connector since the screws were pulling out of the beam rather 

than the connector plate bending. 
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The moment-rotation curves are based on the summation of the actuator and the hydraulic ram’s 

load direction with their respective moment arms. The moment-rotation graphs for each test is 

biased toward negative moment because it represents the MTS actuator applying a load in the same 

direction as the gravity load. Therefore, when summing the moments about the connection, the 

MTS actuator and hydraulic ram apply load in the same direction, summing to a high negative 

moment value. Therefore, since the connection is inverted, the connection experiences the negative 

moments when the top of the beam moves away from the column and the bottom of the beam 

moves toward the column (negative rotation), as indicated in Figure 3.17. Additionally, the bottom 

of the beam does not have a gap between the beam and column to allow the beam to rotate toward 

the column as the top of the beam does. Therefore, a higher load is required to displace the bottom 

of the beam toward the column. Positive moment is when the MTS actuator applies load opposite 

to the direction of the hydraulic ram where the bottom of the beam moves away from the column 

and the top of the beam moves toward the column, filling the gap. 

 

Figure 3.17: Schematic of inverted connection and its beam locations. 
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Lastly, a loading rate of 0.01 Hz was applied as outlined in the CUREE loading protocol for reverse 

cyclic tests. If a higher or lower loading frequency was applied, it could produce different results 

and failures. For example, a higher loading frequency can cause more brittle failure in the 

connection and could produce a different moment-rotation response. A lower loading rate could 

result to creep in wood. However, since most of the failure occurs in the connection and not the 

wood, the loading rate is believed to have a small effect. 

3.5.2 Energy Dissipation of Megant 430x150 Beam-Hanger Connectors 

A moment vs rotation envelope curve, Figure 3.18, provides a measure of the connection’s 

capacity, stiffness and ductility. It allows an observation of how the connection behaves when 

undergoing large rotations resulting from interstorey drifts. The cumulative energy dissipation 

capacity of the Megant connector is an important parameter that contributes to understanding how 

well the connection will perform under earthquake excitation. The energy dissipated during these 

vibrations is equivalent to the enclosed area of the connection’s moment-rotation envelope at each 

cycle. The grey area is the energy dissipated by the connection for each curve cycle, where the 

cumulative energy dissipated at a given cycle can be determined by summing all the energy 

dissipated during that cycle and all previous cycles (Gohlich, 2015). For the tests conducted for this 

thesis, this cumulative area indicates how much energy the connection dissipated under the 

modified CUREE loading scheme.  
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Figure 3.18: Typical hysteric response of a moment-resisting connection (Gohlich, 2015). 

For each test’s moment-rotation graph, the area enclosed within the hysteretic loop for each cycle 

was determined, and its value was plotted in Figure 3.19. MATLAB was used to calculate the area 

inside the hysteretic loop for each cycle. Once these areas were computed, the corresponding 

average cycles for Test #1 to #4 were plotted and are represented by the dashed line in Figure 3.19. 

This was done to get an overall energy dissipation value at each cycle for the Megant 430x150 

connection.  

 

Figure 3.19: Energy dissipation per cycle of Megant 430x150 connector. 
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Figure 3.20 is a bar graph that plots the average energy dissipated per cycle (obtained from Figure 

3.20) and the average energy dissipated per cycle sequence (shown by the red line). 

 

Figure 3.20: Average energy dissipation of each cycle and cycle sequence for Megant 

430x150. 

Figure 3.19 and Figure 3.20 show that each test has a high peak at cycle numbers 7, 13, 19, 22, and 

25. This is because these are the primary cycles for each cycle sequence and the interstorey drift 

increases to the next load step and a higher deflection. So, these primary cycles drastically increase 

in energy dissipation because the connection is experiencing damage when higher displacements 

are applied. Additionally, theoretically each cycle should dissipate the same amount of energy as 

the other cycles in its cycle sequence. This can be seen for cycles 1 through 18. With the exception 

of the peak from each cycle sequence’s primary cycle, these cycles have a similar energy dissipation 

value for each cycle in its cycle sequence. After cycle 18 (2% interstorey drift), the energy 

dissipated at each cycle is not consistent and varies with each cycle. This is due to a much higher 

beam deflections being applied during these cycles, causing the start of failure. At 2% interstorey 

drift, the screws of the connection started to pull out of the glulam beam and the connector plates 
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started to yield. This caused a varying dissipation in energy at each cycle due to the permanent 

deformation in the connection. Therefore, an average energy dissipation value for each cycle 

sequence was computed and plotted on the same graph as the average energy dissipation for each 

cycle, seen as the red line in Figure 3.20. This allows an energy dissipation value to be assigned to 

each interstorey drift. 

As the displacement increases, and hence the interstorey drift, at the start of each cycle sequence, 

the energy dissipated by the connection spikes due to the damage to the connection at increasing 

moments and rotations. It is valuable that the energy dissipation increases because when a building 

is subjected to a moderate to large earthquake, the demand on the connections will increases, 

resulting in larger rotation demand and applied moment. These rotations and loads are input energy 

from the earthquake and is absorbed by the connection, protecting surrounding structural elements.  

In summary, the Megant 430x150 connection dissipated 3,519 J of energy during the first cycle of 

3% interstorey drift (cycle 22), with a cumulative energy dissipation of 10,771 J. The behaviour of 

the connection based on the calculated energy dissipation values shows that as the beam deflections 

and interstorey drift increases, the energy dissipation increases. However, this is not necessarily the 

case for displacements applied after cycle 21 (3% interstorey drift). This is because permanent 

deformations started to occur in the connection when 3% interstorey drift and stiffness and strength 

degradation reduced the area insight the hysteric loops leading to lower total energy dissipation in 

these cycles. 

Table 3.4 summarizes the sustained and ultimate cumulative energy dissipated, where sustained 

refers to the cycle sequence before ultimate failure, and ultimate refers to moment when ultimate 

failure occurred. For Test #1, the sustained cumulative energy dissipation was 19,787 J at all 

interstorey drift capacities and 26 cycles. Test #2 completed 25 cycles (ultimate failure occurred 

one cycle short of the full modified CUREE loading scheme) with a sustained cumulative energy 
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dissipation of 11,210 J at cycle 22. Test #3 had a sustained cumulative energy dissipation of 11,207 

J at cycle 22 out of the completed 24 cycles. Finally, Test #4 sustained 7,695 J of cumulative 

dissipated energy at a total of 22 cycles out of 26 cycles. These values vary since each test sustained 

loads at different cycles. This greatly affects the sustained cumulative energy dissipation values 

since each cycle contributes a large quantity to the sustained cumulative energy since it is defined 

as the sum of all the cycle’s energy dissipation values. Therefore, to quantify the sustained 

cumulative energy dissipation of the Megant 430x150 connector, the average was used by 

considering 23 sustained cycles with an average value of 13,782 J of energy dissipated. These 

energy dissipation values can be more useful to structural engineers to help aid them when 

developing models to design mass timber buildings in active seismic zones. 

Table 3.4: Cumulative energy dissipation table at sustained and ultimate states of  

Megant 430x150. 

Specimen 

Total 

No. of 

Cycles 

Sustained 

Cycle 

Sustained 

Interstorey 

Drift 

Average 

Total 

Shear 

Load  

[kN] 

Ultimate 

Cumulative 

Energy 

Dissipation 

[J] 

Sustained 

Cumulative 

Energy 

Dissipation 

[J] 

Test #1 28 26 4% 89.4 25,764 19,787 

Test #2 25 22 3% 101.2 20,117 11,209 

Test #3 26 22 3% 103.5 18,523 11,207 

Test #4 26 21 3% 103.5 7,693 7,693 

 

3.5.3 Evaluation of Interstorey Drift Capacities 

The National Building Code of Canada specifies an interstorey drift limit of 2.5% of storey height 

when subjected to earthquake loading. The limit of 2.5% of the storey height represents the “near 

collapse” from extensive damage, but not collapse. Figure 3.21 shows a table of the damage status, 

performance levels and drift limits by Devall (2003), which compares the measured interstorey 
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drift with the associated structural damage. The results show that the Megant 430x150 surpassed 

the maximum code requirement of 2.5% interstorey drift capacity while carrying a 60 kN gravity 

load without losing their load carrying capacity, where three of the repeated tests sustained 

interstorey drifts of 3% and one test sustained 4%. 

 

Figure 3.21: Modified version from SEAOC Vision 2000 regarding the damage, 

performance and drift limits (DeVall, 2003). 
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3.5.4 Energy Dissipation of Megant 310x150, 520x100 and 550x150 Beam-Hanger Connectors 

Testing by Leach et al. (2020) examined the reversed cyclic loading response of Megant 310x150, 

Megant 520x100 and Megant 550x150 under the same loading scheme. The energy dissipated by 

the different size Megant connectors were obtained the same way as the Megant 430x150 

connector. The effect of connector size on cumulative energy dissipation will be investigated by 

comparing these results to the current test results in this chapter. These four connectors from 

smallest to largest in capacity are: Megant 310x150, Megant 430x150, Megant 520x100 and 

Megant 550x150. Figure 3.22 shows each Megant connector’s energy dissipated at each cycle. 

 

Figure 3.22: Energy dissipation per cycle four different sized Megant connectors. 

The ultimate cumulative energy dissipation for the Megant 330x150 was 2,049 J with a sustained 

value of 1,541 J. The Megant 520x100 connector reached both an ultimate and sustained energy 

dissipation of 289 J. This was the lowest energy dissipation that was measured. Based on Leach et 

al.’s (2020) observations, this was due to the connection starting to fail when the specified 
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an early stage of interstorey drift when deflections were applied to the connector, since it was 

already reaching its maximum design shear capacity. Lastly, the largest Megant connector, Megant 

550x150, sustained 4,441 J of cumulative energy dissipated at cycle 21 and an ultimate cumulative 

energy dissipation of 6,326 J at 26 cycles. The Megant 310x150, Megant 520x100 and Megant 

550x150 absorbed these energy dissipation values, while undergoing the same interstorey drifts as 

the Megant 430x150 connector, however at much higher shear loads: 150 kN to 250 kN (a 40% to 

64% higher shear load) when compared to the Megant 430x150’s shear capacity.  

The values are summarized in Table 3.5 for each Megant size from Leach et al. (2020) and average 

values from tests conducted in this thesis on the Megant 430x150 connector. 

Table 3.5: Cumulative energy dissipation comparison table at sustained and ultimate states 

of all Megant connectors. 

Connector Size 

Total 

No. of 

Cycles 

Sustained 

No. of 

Cycles 

Sustained 

Interstorey 

Drift 

Average 

Applied 

Shear 

Load 

[kN] 

Ultimate 

Cumulative 

Energy 

Dissipation 

[J] 

Sustained 

Cumulative 

Energy 

Dissipation 

[J] 

Megant 310x150 21 20 2.8% 93.7 2,049 1,541 

Megant 430x150 26 23 3.0% 100.2 22,700 13,782 

Megant 520x100 18 12 0.5% 168.7 289 289 

Megant 550x150 26 21 2.8% 264.3 6,326 4,441 

 

3.5.5 Comparison of Four Megant Beam-Hanger Connectors 

It is evident from Figure 3.23 and Figure 3.24, below, that the Megant 430x150 connector 

dissipated the most cumulative energy at 13,782 J at 23 cycles, up to applied interstorey drifts 

ranging from 0.25% to 4%; and the second largest connector, the Megant 520x100, dissipated the 

least amount of cumulative energy. However, this is heavily influenced by the number of cycles 

each connection completed out of the 26 cycles. Table 3.5 above, shows that two out of the four 
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connectors did not complete 26 cycles, significantly affecting their cumulative energy dissipation 

values.  

 

Figure 3.23: Ultimate cumulative energy dissipation of each Megant connection size. 

 

 

Figure 3.24: Cumulative sustained energy dissipation before failure of each Megant 

connection size. 
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To observe the difference in energy dissipated for each Megant connector, Figure 3.22 depicts a 

plot of the energy dissipated at each cycle. This is not the cumulative energy dissipated, therefore 

the energy dissipated per cycle does not rely on how many cycles were completed; it only relies on 

that individual cycle. However, the energy dissipation values for the Megant 430x150 connector is 

still significantly larger than the Megant 520x100 and Megant 550x150 connector. A possible 

reason for this could be the gravity load applied to the connector. The Megant 430x150 connector, 

which performed significantly better than the other three connector sizes, only experienced a shear 

load of 100.2 kN, whereas the Megant 310x150 underwent a shear load of 93.7 kN, a shear load of 

168.7 kN for the Megant 520x100 and the Megant 550x150 was subject to a shear load of 264.3 

kN. Although the Megant 430x150 dissipated much higher energy, it can be noticed in Figure 3.24 

that all four connectors show a similar energy pattern based on each line’s peaks and change in 

energy values. This means that the primary cycles absorb the most amount of energy and then 

decreases in the trailing cycles for each Megant connector size. This is significant since although 

the magnitudes of energy vary, the pattern remains consistent for all four Megant connectors.  

The high shear loads on the connectors tested by Leach et al. (2020) were intended to simulate the 

maximum static design shear resistance of the connector. Therefore, these connections were 

undergoing much higher loads and stresses, and were already close to their design shear resistance 

so that the connector’s ability to absorb more energy from cyclic loading was substantially reduced.  

3.5.6 Comparison of Megant Connectors to Literature 

Calculating the energy dissipated by a connection is a common and effective way to evaluate the 

connection’s performance. The more energy dissipated leads to better seismic performance of the 

connection. Gohlich (2015) conducted a seismic test on a hybrid steel-timber moment-resisting 

connection and calculated the cumulative dissipated energy. Gohlich applied similar interstorey 
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drifts as the modified CUREE protocol used in this chapter, however, the loading protocol was 

taken from Chapter K of AISC 341-10 Seismic Provisions for Structural Steel Buildings. The 

loading protocol can be seen in Figure 3.25. 

 

Figure 3.25: Cycling loading protocol from AISC 341-10, 2010 (Gohlich, 2015). 

Figure 3.26 shows the cumulative energy dissipation for the beam-column connections tested by 

Gohlich (2015), where the hybrid steel-timber moment-resisting connection dissipated up to 

120,000 J of energy, which is almost 10 times higher than that of the best Megant connector. Note 

that the connections tested by Gohlich were intended to be part of the lateral-load resisting system, 

as opposed to the Megant connectors, so this large difference is to be expected. However, although 

the Megant connectors do dissipate much less energy, it is not insignificant, and could potentially 

help in the overall structural seismic performance. 



 

67 

 

 

Figure 3.26: Cumulative energy dissipation of steel-timber moment-resisting connection 

(Gohlich, 2015). 

Popovski et al. (2002) evaluated the seismic performance of timber connections using two different 

steel bolts, and glulam rivets. At the time of testing these timber connections, there was no 

established national standard in Canada for cyclic testing of timber joints. Therefore, a testing 

protocol was developed using the average yield deformation obtained from monotonic tension tests 

using the European Standard (CEN 1995). This testing protocol can be seen Figure 3.27, where 

three tests were repeated for each connection type: 9.5 mm bolt, 19 mm bolt and glulam rivets. 

Popovski obtained hysteretic moment-rotation curves for each connection type and calculated the 

energy dissipation based on its moment-rotation envelopes. 
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Figure 3.27: Cyclic testing protocol for quasi-static connection test (Popovski, Prion, & 

Karacabeyli, 2002). 

The energy dissipated for each connection can be seen in Figure 3.28, where the glulam rivets 

dissipated the most energy of approximately 14,000 J. The two different sized bolted connections 

showed a large difference dissipated energy values of 10,000 J and 2,000 J for the 9.5 mm and 19 

mm bolts, respectively. These connection types are similar to the Megant connectors since their 

purpose is not intended to resist moments, but are surface-type and bearing-type fasteners, where 

they are designed to transfer shear or bearing resistance of the wood (Popovski, Prion, & 

Karacabeyli, 2002). The Megant beam-hanger connector falls under the category of surface-type 

where the Megant connector utilizes shear plates. This allows for a more accurate comparison to 

be made in terms of the energy dissipated by the Megant connectors to other connection types in 

literature. The Megant 430x150 connector dissipated 13,782 J of energy, where the glulam rivets 

absorbed approximately 14,000 J of energy and the 9.5 mm bolts, 10,000 J. Although the energy 

dissipation values are close in value, it is important to note that no applied gravity loads were used 

in Popovski’s tests. Each of the Megant connectors dissipated energy levels close to Popovski’s 
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tests, while also resisting gravity loads. Overall, this comparison shows that pre-engineered timber 

connectors can be expected to have similar energy dissipation performance to more conventional 

bolted and riveted timber connectors. 

 

Figure 3.28: Dissipated energy during cyclic tests for (a) 9.5 mm bolt, (b) 19 mm bolts and 

(c) glulam rivets (Popovski, Prion, & Karacabeyli, 2002). 
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3.6 Summary 

This chapter presented the assessment and behaviour of the shear and rotational capacities of the 

Megant 430x150 beam-hanger connector under the modified CUREE protocol for cyclic loading. 

Four tests were conducted on this connection to ensure repeatability of the results. The performance 

of this connection was discussed and then compared to Megant connectors of other sizes. 

To summarize the conclusions of this chapter: 

1. The Megant connector sustained large rotations while carrying full gravity loads. The 

connector failed due to a combination of tension and pull-out failure of the self-tapping 

screws and bending in the connector plate. 

2. The Megant 430x150 connector was compared to other Megant connector sizes that were 

subjected to the same modified CUREE loading scheme but with much higher gravity 

loads. It was observed that the gravity load has a significant impact on the seismic 

performance of the Megant connectors with respect to the connection’s ductility and energy 

dissipation capacity. 

3. The average cumulative energy dissipation of the Megant 430x150 connector was a 13,782 

J at 3% interstorey drift. Compared to other bearing-type and surface-type connections in 

literature, the energy dissipated by the Megant connection is similar. 

4. The Megant 430x150 beam-hanger connector exceeded the required interstorey drift limit 

of 2.5%, as outlined in the 2015 National Building Code of Canada, while sustaining partial 

gravity load. 
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Chapter 4 

Evaluation of the Effects and Reinforcing Strategies of Horizontal Holes 

in Short Glulam Beams 

4.1 Introduction 

Holes are commonly present in structural members of mass timber buildings due to architectural 

or construction necessity, such as allowing the flow of piping, utilities, HVAC systems and 

electrical conduits. Therefore, the presence of holes often cannot be avoided (Danzer, Dietsch, & 

Winter, 2016). Round horizontal holes in glue-laminated timber (glulam) structural members can 

vary in diameter-to-beam depth ratios and may be placed in critical locations. The size, geometry 

and location of typical holes can be seen in Figure 4.1. The shape may be round or rectangular and 

the location can vary. These holes have significant effects on the structural member’s strength and 

failure mechanism and, therefore, impacts the overall desired strength of a building. 

   

Figure 4.1: Restaurant Ideon located in Lund, Sweden (left) (Danielsson & Gustafsson, 

2011) and International House Sydney located in Sydney, Australia (right), (Hess Timber 

Limitless, 2016). 
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Typical loading conditions will cause internal moment and shear forces in the vicinity of the hole. 

Introducing a hole produces discontinuity in the stress flow, leading to shear and normal stress 

concentrations as shown in Figure 4.2. The magnitude of the stress concentrations will depend on 

the shape, size and placement of the opening (Tapia & Aicher, 2019). Of particular concern are the 

high perpendicular-to-grain tensile stresses and shear stresses around the hole (Danielsson, 2009) 

due to wood’s low strength in these loading directions.  

Figure 4.2 shows conceptually the stresses that can develop perpendicular-to-grain around a hole 

under the combined effect of shear and moment. 

 

Figure 4.2: Stress distribution perpendicular-to-grain around hole resulting from shear and 

moment forces (Aicher & Hofflin, 2008). 

4.1.1 Design Codes 

A review of design provisions for holes in glulam beams indicates that a variety of strategies have 

been proposed. In some cases, design standards do not address it at all. The European timber design 

code (EC5) contains no design provisions for the design of holes in timber beams, however, the 

German National Annex to EC5 (DIN EN 1995-1-1/NA:2013-08) provides design and construction 
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guidelines for holes in beams as non-contradictory information (Aicher & Hofflin, 2008). This 

guideline is based on the computation of tensile forces perpendicular-to-grain, Ft,90. However, 

numerical analysis by Aicher et al. (2007) indicated this term leads to highly conservative results. 

Because of this, Tapia & Aicher (2019) recently proposed new design equations for round and 

rectangular holes and Danzer et al. (2016) presented design equations for holes with eccentricity. 

In November 2014, The Engineered Wood Association published a Technical Note in North 

America, outlining hole sizes, hole locations, hole spacing and critical moment and shear zones 

where holes should be avoided (The Engineered Wood Association, 2014). However, this guideline 

is not a design standard, and it does not address holes larger than 1.5 inches or 1/10 the beam depth, 

some examples of which are seen in the left image of Figure 4.1. 

The German National Annex to EC5 and the Engineered Wood Association provisions specify 

design rules for unreinforced holes and have proven to be a safe design. However, the approach 

and construction detailing has been criticized as overly conservative. The Engineered Wood 

Association provides design guidance for round holes but are too small to accommodate HVAC 

systems. Several extensive tests series with structural glulam beams with different hole sizes and 

shapes have been performed in the last two decades, providing reason to suspect that current design 

guidelines are too conservative (Tapia & Aicher, 2019). 

4.1.2 Self-tapping Reinforcing Screws 

Reinforcing screws are oftentimes drilled into beams to increase the compressive and tensile 

strength of beams. They are becoming widely used due to their enhanced hardness for higher lateral 

load capacity, high withdrawal capacities and their ability to resist combined axial and lateral loads 

(reTHINK Wood, 2014). Tension failure perpendicular-to-grain in glulam beams can arise in 

notched beams, around holes and in curved beams (Franke et al., 2015). Reinforcement in these 
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situations can be achieved by using self-tapping screws, as seen in Figure 4.3, where screws are 

often installed either perpendicular-to-grain or 45° parallel-to-grain. 

 

Figure 4.3: Typical reinforcement arrangements for notches, openings and camber beams 

(Franke et al., 2015). 

The focus of this chapter will be on self-tapping screws used as reinforcement around horizontal 

holes embedded in wood products. Self-tapping screws are often used to reinforce holes in glulam 

beams, and CLT and LVL panels, to provide tensile strength around the vicinity of the hole and to 

mitigate crack propagation (Ardalany et al., 2012). Self-tapping screws can be fully- or partially-

threaded, with fully-threaded screws permitting a more uniform load transfer between the screw 

and the wood material, and enhancing axial load-carrying capacity (Dietsch & Brandner, 2015). 

4.1.3 Literature Review on Glulam Beams with Holes 

Rectangular and round horizontal holes in glulam beams have been tested since the 1970’s and 

1980’s, and substantial contributions were presented by Frech and Kolb (1974) in German (Tapia 

& Aicher, 2019).  
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Aicher and Höfflin (2008) investigated the fracture behaviour of glulam beams with round holes. 

Testing was conducted on 68 full-sized glulam beams with single round holes placed at mid-depth. 

Two beam depths of 450 mm and 900 mm, different d/h ratios and straight and curved beams 

(relative curvature of h/rm = 0.03 where rm is the radius of curvature at mid-depth of the beam), as 

seen in Figure 4.4, were tested. 

 

Figure 4.4: Test configurations and dimensions of h = 900 mm and h = 450 mm beams 

(Aicher & Hofflin, 2008). 

Danielsson (2009) conducted 36 individual tests comprising nine test series, to investigates the 

beam size effect and hole placement with respect to beam height of quadrilateral holes. These 

included tests conducted on centric holes and eccentric holes. For the purpose of this research, only 
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the 3-point bending tests were considered for comparisons, seen in Figure 4.5. Initial crack shear 

force, crack shear force and the maximum shear force were all documented. 

Danielsson (2009) found that beams with eccentrically placed holes had slight lower strength 

capacities than beams with centrically placed holes. Additionally, when holes are placed 

eccentrically in beams, the crack shear forces were 5-15% lower than beams with centrically placed 

holes. Lastly, it was also found that beams with holes placed in zero bending moment locations 

showed on average a slightly higher capacity compared to beams with holes placed in combined 

bending moment and shear force locations. Holes placed in zero bending moment positions have a 

5-10% higher crack shear forces compared to holes place in a location where combined bending 

moment and shear forces are present (Danielsson, 2009). 

 

Figure 4.5: Test set-up for quadratic hole in 3-point bending (Danielsson, 2009). 

 

Danielsson and Gustafsson (2011) conducted a study on four parameters that affect the strength of 

beams with quadratic or circular holes: bending moment to shear force ratio, beam size, hole 

placement with respect to beam height, and relative hole size with respect to beam height. The test 

set-up can be seen in Figure 4.6, below. Danielsson and Gustafsson (2011) observed a higher shear 

capacity of glulam beams with holes than the shear capacity found in previous papers. Presumably 

this was because of the variable nature of glulam and therefore indicates the need for more 

conclusive results. They concluded that a probabilistic fracture mechanics approach can be used to 

predict the strength of glulam beams with holes. However, it was found that the strength for small 
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beams (h = 180 mm) with quadratic holes was overestimated by about 30% (Danielsson & 

Gustafsson, 2011). 

 

Figure 4.6: Test set-up for Danielsson and Gustafsson (2011). 

Hallstöm (1996) explored using glass fibre to reinforce glue-laminated timber beams with larges 

holes, circulate and rectangular, tested in 3-point bending. A polyester resin was used as both matrix 

and adhesive between the glass fiber reinforcement and the wood. The holes were located at quarter 

length with no vertical eccentricity to ensure the strength of the wood perpendicular-to-grain was 

critical. Glass fibre reinforcement provided significant improvements in strength and various 

combinations of glass fibre reinforcement were studied. 

Since high perpendicular-to-grain tensile stresses and shear stresses are present around a hole when 

a beam is loaded, and due to wood’s low strength in this loading directions (Danielsson, 2009), the 

use of self-tapping screws as reinforcement has been investigated since screws under axial loading 

are very stiff and are capable of carrying large tensile stresses perpendicular-to-grain (Dietsch & 

Brandner, 2015).  

Danzer et al. (2016) conducted experimental tests on beams with single or multiple round holes 

located with vertical eccentricity. The beams had dimensions of 2900 mm x 120 mm x 400 mm 

(length x width x height), under unreinforced and reinforced conditions, and with varying d/h ratios. 
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These tests were conducted under 3-point bending on GL 28H glulam (European glulam strength 

class). A typical test set-up is shown in Figure 4.7. Fully-threaded self-tapping screws with a 

nominal diameter of 10 mm were used as reinforcement around the hole. They found that the use 

of self-tapping screws installed 60° parallel-to-grain increased the ultimate load by up to 98.2% 

and concluded that self-tapping screws could successfully be used to reinforce holes. 

 

Figure 4.7: One of four test configurations for Danzer et al. (2016) tests (Danzer, Dietsch, & 

Winter, 2016). 

Additionally, Dietsch and Brandner (2015) predicted that self-tapping screws could increase the 

strength capacity of a glulam beam with holes by up to 20%.  

4.1.4 Objectives 

Based on literature review, most tests conducted on beams with round, rectangular and quadrilateral 

holes have been performed on glued-laminated timber (glulam) beams with a beam depth greater 

than 400 mm and less than 900 mm, and beam spans greater than 2500 mm. Additionally, most 

diameter-to-depth of beam ratios (d/h) tested were 0.3 or greater. Therefore, the objectives of this 

chapter are to: 

1. Evaluate the performance of horizontal round holes in glulam beams where the beam depth 

(h) is less than 400 mm, the span is less than 2500 mm, and the d/h is less than 0.3. 

2. Evaluate the performance of horizontal round holes where the span and width of the beam 

remains constant and depth of the beam varies but does not exceed 400 mm. 
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3. Observe the failure modes, overall strength capacity by observing maximum load and 

deflections under simply-supported conditions. 

4. Reinforce the hole with four self-tapping screws at a 60° parallel-to-grain to observe its 

effectiveness. 

5. Compare the glulam beam’s overall strength under three testing configurations: no hole, 

with a hole and with a reinforced hole. 

 

4.2 Materials & Methods 

The following section will outline the materials used for the experimental tests and any properties 

associated with the glulam specimens and reinforcing screws. Tests were conducted on three 

different size glulam beams under 3-point bending, to evaluate the beam’s capacity under three 

conditions:  

1. unmodified conditions (ie. in its original state, no hole); 

2. modified conditions where a 50.8 mm diameter horizontal hole is placed at ¼ span 

(unreinforced hole); 

3. and reinforced conditions of a 50.8 mm diameter horizontal hole at ¼ span with self-

tapping screws used as reinforcement. 

The first set of tests on unmodified beams were done to determine the baseline maximum load 

capacity and overall strength. These obtained values would then be used to determine the decrease 

in load capacity when a 50.8 mm (2-inch) diameter hole is placed at ¼ span with no vertical 

eccentricity (ie. modified conditions). The values obtained from the unmodified and modified 

conditions would also be used to compare to the maximum load capacity when a 50.8 mm diameter 

hole is present and reinforced with two self-tapping screws on both sides of the hole at a 60° angle 
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parallel-to-grain (ie. reinforced conditions). In other words, the maximum load from unmodified 

conditions would be used as a reference beam and reference overall strength capacity, to allow for 

comparisons. 

4.2.1 Glued-laminated Timber Specimen 

The beam tests were conducted with glue-laminated timber (glulam) specimens and three different 

sizes were tested: 6-layer, 9-layer and 11-layer. The width and span remained constant and the 

depth of the glulam beam varied. The dimensions of each beam are (length x width x height): 

• 6-layer:  1200 mm x 125 mm x 186 mm  

• 9-layer:  1200 mm x 125 mm x 264 mm 

• 11-layer: 1200 mm x 125 mm x 334 mm 

Each glulam beam was Spruce-Pine Fir, grade 20f-E beams produced by Nordic Structures, from 

Québec, Canada. The beams were stored in the Structures Laboratory at Queen’s University until 

testing. 

A beam is considered a deep beam when the ratio of the overall depth to effective span is equal to 

or greater than 0.5 for simply-support members (Patel, Dubey, & Pathak, 2014). However, it was 

observed by Patel et al. (2014) that deep beam behaviour can start at a depth-to-span ratio of 0.25. 

The arching action typical of deep beams can lead to higher capacity than would be expected from 

simple beam theory. For the 6-layer glulam beams, the depth-to-span ratio is 0.16 and so would be 

expected to be dominated by flexural behaviour. The 9-layer beams were considered moderate at a 

ratio of 0.22, and the 11-layer beams, although were not deemed deep beams, were considered 

significant at a ratio of 0.28, surpassing the 0.25 ratio proposed by Patel et al. (2014). Therefore, it 

was likely that the 11-layer glulam specimens would be undergoing deep beam behaviour and that 

the 9-layer beams might undergo some deep beam behaviour. 
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4.2.2 Hole Reinforcement 

Round, horizontal 50.8 mm (2-inch) diameter holes were drilled at mid-depth (no eccentricity) of 

each beam using a 2-inch drill bit. Self-tapping screws (STS) were used as reinforcement at 

locations of critical tensile stresses around the hole. Two screws were installed 60° parallel-to-

grain, as shown in Figure 4.10, on both sides of the hole. The screws were installed so that each 

would reach the critical stress zones “af” and “an” as indicated in Figure 4.2. The type and size of 

the reinforcing screws for each beam size is given in Table 4.1. 

Table 4.1: Screw diameters used for each beam size. 

Beam 

Size 

Self-tapping screw 

type Screw diameter Diagram [mm] 

6 -layer 152.4 mm long 

TimberLok 

 partial-thread 

Inner diameter: 6 mm 

Outer diameter: 8 mm 

 

9-layer 235 mm long 

ASSY L240  

full-thread 

&  

216 mm long 

ASSY L220 

full-thread 

Inner diameter: 8 mm 

Outer diameter: 10 mm 

 

11-layer 260 mm long ASSY 

3.0 CSK head 

partial-thread 

(3/8 x 10 ¼”) 

Inner diameter: 10 mm 

Outer diameter: 12 mm 

 

 

Ideally, the amount of reinforcement provided for each beam size would be identical; however, due 

to the range of screw diameters available this was not possible. Two of the screws used for the 9-
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layer beams can be seen in Figure 4.8. The 6-layer glulam beam used 6-inch (152.4 mm) long 

TimberLok self-tapping screws, with an inner (minor or nominal) cross-sectional area of 28.3 mm2 

(inner diameter of 6 mm and an outer, or major, diameter, including threads, of 8 mm) per screw. 

The 9-layer beam used fully-threaded reinforcing self-tapping screws that were ASSY L240, 235 

mm and ASSY L220 216 mm long. These had an inner diameter of 8 mm and an outer thread 

diameter of 10 mm, giving an inner diameter cross-sectional area of 50.3 mm2 per screw. Lastly, 

the 11-layer beam used 260 mm long ASSY 3.0 CSK head, partially-threaded self-tapping screws 

with an inner diameter of 10 mm and outer diameter of 12 mm giving an inner diameter cross-

sectional area of 78.5 mm2 per screw. The reinforcement ratios, defined as the total cross-sectional 

area of the reinforcing screws (i.e. 4 x Inner Diameter of each screws) to the gross cross-sectional 

area of the beams, were: 0.487% for the 6 layer, 0.610% for the 9 layer, and 0.752% for the 11 

layer. 

    

Figure 4.8: Fully-threaded reinforcing self-tapping screws used in 9-layer glulam beams for 

reinforced conditions. 
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4.3 Test Set-up & Procedure 

Tests were conducted under simply supported 3-point bending to evaluate their strength capacity 

under three conditions: 

1. Glulam beams without holes (unmodified conditions) 

2. Glulam beams with a single, 50.8 mm diameter, horizontal round hole (no reinforcement 

applied) 

3. Glulam beams with a single, 50.8 mm horizontal round hole with 2 self-tapping screws as 

reinforcement on each side of the hole (4 total self-tapping screws) 

These three conditions can be seen in Figure 4.9, below. 

 

Figure 4.9: Three test configurations for each glulam size. 

Each test was repeated 3 times for three different beam sizes: 6-layer, 9-layer and 11-layer, totaling 

27 tests. Single horizontal, round 2-inch (50.8 mm) holes were drilled at mid-depth (no eccentricity) 

at a quarter length of the beam span. Steel plates were used at each support and at the loading point. 
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The dimensions for each beam size’s reinforced conditions can be seen in Figure 4.10, outlining 

the placement of reinforcing screws, steel load bearing plate lengths, support conditions and beam 

dimensions. 

 

 

 

Figure 4.10: Reinforced conditions for 6-, 9- and 11-layer glulam beam sizes. 
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4.3.1 Bearing Reinforcement 

Consideration was given to bearing at the location of the supports and loading point of the beam. 

Steel plates and multi-purpose or self-tapping screws were installed at these locations in an attempt 

to prevent load bearing failure.  

For the 6- and 9-layer beams, #8 multi-purpose 3-inch long wood screws were installed at the 

supports and at the applied load, as shown in Figure 4.11. For the 6-layer beam, four screws were 

installed at each support and six at the point of applied loading. The 9-layer beam used the same 

#8 multi-purpose 3-inch long wood screws, but ten screws were installed at each support and twelve 

screws at the point load. The amount of screws for the 6- and 9-layer beams was selected to provide 

uniform spacing under the steel bearing plate and was done primarily on the basis of mitigating 

potential bearing failure and was not meant to take on significant amounts of compressive loads. 

     

Figure 4.11: #8 multi-purpose wood screws. 

It was expected that the 11-layer glulam beam would experience the largest concentrated loads at 

the load point and supports. Therefore, a thicker steel bearing plate was used for these tests. ASSY 

L100 mm fully-threaded self-tapping screws, with an inner-diameter of 6 mm, were used as 

reinforcement screws to prevent the crushing of wood. Four of these screws were placed at each 

support and six were placed at mid-span on the top laminate of the beam where the point load would 
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be applied. These load bearing screws were deemed adequate since they penetrated 3-layers (100 

mm) deep into the glulam beam as seen in Figure 4.12. This length and strength of screw was 

desired to ensure the load bearing screws did not contribute or affect the overall strength capacity 

of the beam but rather helped mitigate overall load bearing behaviour or failure. 

                

Figure 4.12: Load bearing screws used for 11-layer beam - ASSY L100 mm self-tapping 

screws. 

4.3.2 Loading 

The 6- and 9-layer glulam beam tests were conducted using a 400 kN manual hydraulic ram to 

apply loading. The target displacement rate was 2 mm/min. Due to the higher capacity of the 11-

layer beams, these tests were conducted in a universal materials testing frame with a 900 kN 

actuator. A displacement rate of 2 mm/min was used. Loading was gradually applied until failure, 

as defined by a notable ultimate cracking and sudden increase in deflection and decrease in load. 

4.3.3 Apparatus & Instrumentation 

The test set-up of the 6- and 9-layer beams is shown in Figure 4.13 (a); that of the 11 layer beams 

in Figure 4.13 (b). 
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Figure 4.13: Test set-up for (a) 6- and 9-layer beams and (b) 11-layer beam. 

As seen in Figure 4.13 (a), the beam is sitting on a steel frame close to the ground of the structural 

laboratory. The manual hydraulic actuator is secured to the steel frame and applies a load to the 

glulam beam. The load was measured through the load cell which was attached to each actuator. 

The roller and pin support under the glulam beam are not secured to the steel frame. Figure 4.13 

(b) shows a similar test set-up as Figure 4.13 (a), however the glulam specimen sits on supports 

which are clamped to the steel frame to ensure no unwanted movement caused by high loads. The 

actuator is controlled through a system which simulates a steady displacement rate of 2 mm/min 

which helped mitigate variability, movement due to drastic loading increase, and rotation. Lastly, 

the actuator in Figure 4.13 (a) is manually mounted and unmounted to the steel frame by a 

technician on a monthly basis, whereas Figure 4.13 (b) is installed securely and cannot be removed.  

Linear potentiometers (LPs) were used for the 6- and 9-layer beams to detect deflection. A total of 

three LPs were used; an LP was placed at each support and at mid-span, as seen in Figure 4.13(a). 

(a) (b) 

LP2 

LP1 

LP3 

Actuator 

Head 

Manual Hydraulic 

Actuator 

Clamps 

Load cell 
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An LP was placed at mid-span for the 6- and 9-layer beams since the hydraulic ram is not able to 

detect stroke automatically like the 11-layer beam. This is because the 11-layer beam was tested in 

the universal materials testing frame, where the 900 kN actuator that was able to detect the stroke 

at mid-span of the beam; therefore, no LP was needed at mid-span. 

4.4 Experimental Results 

This section will present the results that were obtained from all 27 experimental tests. It will discuss 

the maximum load and deflection under the three conditions and the failure mechanisms observed. 

4.4.1 Failure Modes & Characteristics 

The dominant failure mechanisms observed include load bearing failure, longitudinal shear failure, 

and cracking in the vicinity of the hole (leading to longitudinal shearing at the hole). A summary 

of these observations is presented in Table 4.2. 

Table 4.2: Summary of failure modes for each test. 

FAILURE MODES 

6-

layer 

NO HOLE HOLE REINFORCED HOLE 

Test Failure mode Test Failure mode Test Failure mode 

1 Longitudinal shear 1 
Longitudinal shear at 

hole 
1 

Longitudinal shear & 

flexure 

2 
Longitudinal shear 

& flexure 
2 

Longitudinal shear at 

hole 
2 Longitudinal shear at hole 

3 
Longitudinal shear 

& flexure 
3 

Longitudinal shear at 

hole 
3 Longitudinal shear at hole 

9-

layer 

NO HOLE HOLE REINFORCED HOLE 

Test Failure mode Test Failure mode Test Failure mode 

1 Flexure & bearing 1 
Longitudinal shear at 

hole 
1 

Longitudinal shear at hole 

& flexure 

2 
Longitudinal shear 

& bearing 
2 

Longitudinal shear at 

hole & flexure 
2 Longitudinal shear at hole 

3 Rotation & bearing 3 
Longitudinal shear at 

hole 
3 

Longitudinal shear at hole 

& flexure 

11-

layer 

NO HOLE HOLE REINFORCED HOLE 

Test Failure mode Test Failure mode Test Failure mode 

1 
Longitudinal shear 

& bearing 
1 

Longitudinal shear & 

flexure 
1 Longitudinal shear 

2 
Longitudinal shear 

& bearing 
2 Longitudinal shear 2 Longitudinal shear 

 

3 
Load bearing 3 

Longitudinal shear & 

flexure 
3 

Longitudinal shear & 

bearing 
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Some variability in failure mechanisms was observed. This is because the failure mechanism 

greatly relies on the glulam’s physical properties and each specimen had slightly different physical 

properties and appearances. Examples of physical properties include knots, annual rings and glulam 

joints. The location of these can contribute significantly to the anticipated failure mode and strength 

capacity of the overall beam.  

4.4.1.1 Longitudinal Shear 

The dominant ultimate failure mode observed was longitudinal shear (Figure 4.14) – shear parallel-

to-grain of the glulam beam. This was seen in each beam specimen size and test configuration with 

the exception of Test #1 of the no hole test for the 9-layer beam, since flexural failure dominated. 

This was due to a joint being placed directly at mid-span on the bottom-most lam of the glulam 

beam. Longitudinal shear was present for all three testing configurations: beams with no hole 

(unmodified conditions), with a hole (modified conditions) and with reinforcement around the holes 

(reinforced conditions). 

   

Figure 4.14: Longitudinal shear failure of 6-layer beam (left) and 9-layer beam (right). 
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Depending on the physical properties of the glulam beam, the ultimate failure was sometimes a 

combination of longitudinal shear and flexural failure. However, the most prevalent failure mode 

was longitudinal shear for all beams and test configurations. 

4.4.1.2 Cracking in Vicinity of Hole 

For beams under modified conditions (beams with a 50.8 mm diameter hole and no reinforcement) 

and beams under reinforced condition (beams with a 50.8 mm diameter hole with reinforcement 

installed at 60° parallel-to-grain), cracking was observed in the vicinity of the hole as shown in 

Figure 4.15. 

 

Figure 4.15: Cracking in vicinity of hole in high tension stress zones. 

Figure 4.15 depicts the common cracking observed for all beams that had a hole, with or without 

reinforcement. Cracks started to propagate due to high tension stresses perpendicular-to-grain. This 

cracking and spitting of wood in the vicinity of the hole led to longitudinal shear failure from the 

edge of the hole to the edge of the beam as seen in Figure 4.16, below. This was seen for all three 

glulam beam sizes for both modified conditions (hole with no reinforcement) and reinforced 

conditions (hole with reinforcement). Longitudinal shear was also the ultimate failure mechanism 

for unmodified beams (beams with no hole) where the failure plane started around midspan and 

continued to the edge of the beam. 

High tension zone (“an”) 

High tension zone (“af”) 
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Figure 4.16: Cracking and longitudinal shear failure. 

4.4.1.3 Load Bearing Failure 

Load bearing, or the crushing of the glulam beam at concentrated loads, was of concern especially 

for the 11-layer beam tests. Multi-purpose and bearing screws were installed at these load points to 

prevent the crushing of wood.  

Bearing failure was observed in the 6- and 9-layer beams as seen in Figure 4.17. The 6-layer beams 

underwent load bearing, or crushing of wood, at mid-span due to the applied load, where the 

compression steel plate started to embed into the glulam specimen (left image in Figure 4.17). 

Therefore, since the 9-layer beams would sustain more load than the 6-layer beams, to prevent even 

more bearing failure for the 9-layer beams, a longer and thicker steel plate was used at the applied 

point load to spread the concentrated load at mid-span over a larger area. This prevented bearing 

failure at the location of the applied load, however bearing failure still occurred at each support of 

the 9-layer beam, as seen in the right image of Figure 4.17.  

Longitudinal shear failure 

Cracking/Splitting of wood 
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Figure 4.17: Bearing failure for 6-layer beam at point load (left) and bearing failure for 9-

layer beam at supports (right). 

For the 11-layer beams, the width of the beams are narrow and only three screws can effectively 

be screwed in, as seen in the right image in Figure 4.18, where these screws were installed at the 

top of the beam at the location where loading was applied. No cracking was present when the ASSY 

L100 self-tapping screws were installed at the top of the beam at mid-span. 

 However, when installing four of these screws at each support, some cracks were initiated in some 

of the beams (left image in Figure 4.18). To avoid this, screws were installed by ensuring the screws 

were not in-line, in order to prevent this type of cracking. However, some beams did still experience 

cracking due to these screws. 

The 11-layer beams used the steel plate already installed on the actuator of the testing apparatus. 

This is because the testing frame had limited space and the actuator’s surface area was larger 

enough to distribute the load onto the beam. The image on the right in Figure 4.18 shows the bearing 

failure at the applied load point from the actuator steel plate. 

Bearing failure at supports 

Bearing failure – steel 

plate embedded in wood 
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Figure 4.18: Cracking due to the installation of load bearing screws (left) and load bearing 

failure at the location where the actuator applied load (right) for 11-layer beam. 

Bearing failure was present for each test even though attempts were made to avoid it. The 11-layer 

beams underwent the most significant bearing failure and can be attributed to the higher loads 

needed to fail these beams. 

4.4.2 Maximum Load & Deflection 

Table 4.3 is a summary of the maximum loads and deflections measured for each glulam beam size 

and test configuration. Each configuration was tested three times so that an average could be 

determined to make comparisons with other data. One of the 11-layer beams underwent bearing 

failure at its supports and failed due to excess deflection. This caused an outlier of 32 mm of 

deflection in the data for Test No. 1 under Modified Conditions for the 11-layer beam and therefore, 

was not used when calculating the average ultimate load for that category, as stated in the note 

below the table. 
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Table 4.3: Summary table of test results. 

Beam 

Size 

Test 

No. 

Unmodified Conditions  

(Beam with no hole) 

Modified Conditions 

(Beam with hole) 

Reinforced Conditions 

(Beam with reinforced hole) 

Max Load 

[kN] 

Max Defl. 

[mm] 

Max Load 

[kN] 

Max 

Defl. 

[mm] 

Max Load 

[kN] 

Max Defl. 

[mm] 

6-layer 

1 141 8 84 5 126 12 

2 127 11 105 6 131 9 

3 155 14 78 5 101 6 

Avg. 141 11 89 5 119 9 

9-layer 

1 178 5 152 9 221 8 

2 238 24 191 8 243 14 

3 237 8 188 9 229 9 

Avg. 218 13 177 9 231 10 

11-layer 

1 265 15 278 32 271 17 

2 263 18 281 18 287 19 

3 277 15 238 12 265 16 

Avg. 268 16 266 15* 274 17 

* Note: Average taken did not consider the 32 mm deflection since this was observed as an outlier 

The 6-layer beams had an average maximum load of 141 kN under standard, unmodified conditions 

of the glulam beam. When a 50.8 mm (d\h = 0.27) diameter horizontal hole was drilled at ¼ span 

of the beam, the average maximum load dropped 37% to 89 kN. When two 6 mm inner diameter 

self-tapping reinforcing screws were installed on each side of the hole, the glulam beam’s average 

maximum load capacity increased by 25% from 89 kN to 119 kN, only 22 kN off from the 

maximum load reached in unmodified conditions.  

The 9-layer beams experienced a similar trend whereby the average maximum load of the 

unmodified 9-layer glulam beams was 217 kN and decreased in load capacity, by 18%, to 177 kN 

when a 50.8 mm (d/h = 0.19) diameter hole is introduced at ¼ span. However, when two 8 mm 

inner diameter self-tapping screws are installed on both sides of the hole, the load capacity of the 

beam exceeds the maximum load capacity of a standard 9-layer glulam beam by 14 kN, at a 

maximum load of 231 kN. This is 6% higher than the maximum load of a beam under unmodified 

conditions. This implies that the reinforcing self-tapping screws over-reinforced the beam and 
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provided strength higher than the beam’s unmodified strength capacity. This indicates that 

reinforcing screws do indeed strengthen the beam and provides additional strength in the high 

tensile stress zones that are present around the vicinity of the hole.  

The 11-layer beam experienced a different behaviour when compared to the 6- and 9-layer beams. 

The average maximum load capacity of the 11-layer beam under unmodified conditions is 268 kN. 

When a 50.8 mm (d/h = 0.15) diameter hole is introduced, the average maximum load capacity of 

the glulam beam with a horizontal hole drops only 3 kN, to an ultimate load of 265 kN. This 

indicates that when a 50.8 mm diameter hole is present at ¼ span, it has a smaller effect than it had 

for the 6- and 9-layer beams. This can be highly due to its diameter-to-height ratio (d/h) being 

relatively small. When self-tapping reinforcing screws with an inner diameter of 10 mm are 

installed, the maximum load capacity of the glulam beams increase by 3% from 268 kN under 

unmodified conditions, to 274 kN when reinforcement is applied. Since the 11-layer glulam beams 

have a small d/h ratio, adding reinforcing screws on both sides of the hole slightly over-reinforced 

the beam to increase its load capacity by 2%. 

4.4.3 Load vs Deflection Graphs  

Load-deflection curves were graphed to observe stiffness, strength and ductility. First, each load-

deflection curve was graphed for each of the 27 tests and was grouped into each of the 3 test 

configurations for each of the 3 glulam beam sizes. The average load-deformation response for 

each test configuration (unmodified, modified and reinforced conditions) for each glulam beam 

size are shown in Figure 4.19 to Figure 4.21. 
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Figure 4.19: Load vs Deflection graph for 6-layer glulam beam. 

 

 

Figure 4.20: Load vs Deflection graph for 9-layer glulam beam. 
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Figure 4.21: Load vs Deflection graph for 11-layer glulam beam. 

The 6- and 9-layer glulam beam exhibited more linear response and sudden failure. The 11-layer 
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been caused by the bearing failure of the beam, where the bearing plates started to embed into the 

wood due to crushing at the supports and at the point load. Additionally, the initial displacement 

caused by no load was due to the actuator stroke. 

4.5 Discussion 
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test where cracking around the vicinity of the hole and leading to ultimate failure of longitudinal 

shear. Both observations show that the results obtained are valid due to recurring results. 

4.5.2 Cracking Propagation 

This cracking initiated in area “af” and “an,” as seen in Figure 4.22, where high tensile stresses 

perpendicular-to-grain were present in the vicinity of the hole when the beam is subjected to load. 

Figure 4.22 outlines the four steps of the evolution when cracking occurs in areas “af” and “an.” 

Wood is weak when loaded in tension perpendicular-to-grain, therefore, these high tension zones 

initiate the separation of wood cells, causing brittle fracture. When tension zones are reinforced, it 

was observed during testing that once the glulam’s wood cells started to separate, the reinforcing 

self-tapping screws took on the shear force, rather than the glulam. 

 

Figure 4.22: Schematic illustrating the four characteristic steps of damage evolution (Aicher 

& Hofflin, 2008). 
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4.5.3 Percent Difference and Comparison Glulam Beams 

Overall, there are relevant trends and behaviours seen throughout the 6-, 9- and 11-layer glulam 

beam tests. Each beam size decreases in maximum load and deflection when a 50.8 mm round hole 

is introduced at ¼ span of the beam. Similarly, when reinforcing self-tapping screws are used to 

reinforce both sides of the hole where high stress zones are, the ultimate load and deflection 

capacity increases between 3-34% when compared to a beam with a hole. 

Figure 4.23 is a comparison of the changes in maximum average loads (based on the data in Table 

4.3). A percentage indicates an increase in capacity, and negative indicates a decrease in capacity. 

As the d/h ratio increases, the impact of the presence of the hole increases, and as well, the impact 

of the use of reinforcing screws increases. 

 

Figure 4.23: Percent difference of the maximum load of each beam size and test 

configuration. 
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4.5.3.1 Comparison of 6-layer Glulam Beam Tests 

The 6-layer beam had the smallest depth-to-span ratio, at 0.16, of all the beams tested and therefore 

deep beam behaviour is not expected. The average capacity decreased 37.0% when a 50.8 mm hole 

(d/h = 0.27) was introduced at ¼ span of the glulam beam when compared to the reference beam 

with no hole. However, when that same hole is reinforced with two self-tapping screws on each 

side of the hole, the maximum load increases by 34.4% when compared to the maximum load of 

the 6-layer glulam beam with a hole. Therefore, when screws are used to reinforce the hole, the 

maximum load capacity of the beam only decreases by 15.3% when compared to a 6-layer beam 

under unmodified conditions (no hole). 

4.5.3.2 Comparison of 9-layer Glulam Beam Tests 

The 9-layer beam tests had similar outcomes as the 6-layer beams. With a depth-to-span ratio of 

0.22, deep beam behaviour was not expected since deep beam behaviour starts to occur at a ratio 

of 0.25 or higher. The average capacity decreased by 18.7% when a 50.8 mm hole (d/h = 0.19) is 

introduced. This decrease is half that of the 6-layer beam at 37.0%. This indicates that the d/h ratio 

has a large influence on the capacity reduction.  

With reinforcement, the capacity of the beam increases by 30.6%. However, the significance in this 

is comparing the maximum load of the reinforced beam to the maximum load of the unmodified, 

reference beam. In fact, the capacity exceeds that of the unmodified beam by 6.2%, indicating that 

in this case the hole has been “over-reinforced”. 

4.5.3.3 Comparison of 11-layer Glulam Beam Tests 

The 11-layer beams had a span-to-depth ratio of 0.28, exceeding the 0.25 limit suggested by Patel 

et al. (2014) for the on-set of deep beam behaviour. The 11-layer beam had a similar outcome as 

the 9-layer beams in that adding reinforcement over-reinforced the beam. When a hole with a d/h 

ratio of 0.15 was introduced to the 11-layer beams, the capacity only decreased by 0.9% indicating 
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that the hole had little to no effect on the overall strength of the beam. It is believed that both the 

depth-to-span ratio and d/h ratio contribute to these outcomes. The depth-to-span ratio had a 

significant impact on the overall failure of the beam in that load bearing failure was a common 

failure mechanism observed despite the installation of bearing screws. The d/h ratio is only 0.15, 

and the hole had little effect on these beams with a short span of 1.2 m. This may be different for 

beams with a d/h ratio of 0.15 but with a longer span. 

Adding reinforcement increased the ultimate load by 2.3% to a magnitude of 274 kN compared to 

the beam with a hole (266 kN) and increased the overall ultimate beam capacity by exceeding the 

reference beam (268 kN) by 3.2%. 

4.5.3.4 Overall Comparison 

Based on the 6- and 9-layer beam’s depth-to-span ratio of 0.16 and 0.22, both beams should be 

dominated by beam behaviour. However, since deep beam behaviour can start at a depth-to-span 

ratio of 0.25, the 9-layer beam is on the margin of experiencing deep beam behaviour. As for the 

11-layer beam, with a ratio of 0.28, it is highly likely that the beam experienced deep beam 

behaviour and failure. This was also observed during testing when excess load bearing failure was 

present at the supports and point load. 

The 6- and 9-layer beams had beam behaviour and shows typical results of what impact the d/h 

ratio has on a typical beam (a beam that is not slender nor deep). This can be seen through the d/h 

ratios with respect to their hole to no hole percent differences. The 9-layer beam (d/h ratio of  0.19) 

and the 6-layer (d/h ratio of 0.27) have a 42% increase in hole size relative to the depth and the 

reduction of strength capacity doubles from -18.7% to -37.0%.  

The beam size up is the 11-layer beam which has a d/h ratio of 0.15 (21% smaller in hole size than 

the 9-layer beam, d/h ratio of 0.19), however the strength capacity of the beam only reduces by -

0.9%, significantly less than the 6- and 9-layer beams. This could be because the stress 
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concentrations created around the hole in a deep beam may be much less than the stresses around 

a hole of a more slender beam. These results show that the d/h ratio has a significant effect on the 

overall strength capacity and stress concentrations around holes of short beams, as well as the 

depth-to-span ratio. 

When reinforcement around the hole is introduced for the 6-layer beam, the reinforcement provides 

additional strength to the beam, where the strength of the beam increases by 34.4% than a beam 

with a hole and no reinforcement. For the 9- and 11-layer beams, when reinforcing screws are 

installed around the hole, the beams are actually stronger than their reference beams with no hole 

by 6.2% and 2.3%, respectively. Since self-tapping screws perform well in tension, when these 

screws are installed in the vicinity of the hole, not only do they take on critical tension stresses but 

also provide shear strengthening of the overall beam. 

The inner diameter (and thus, cross-sectional area of the screw) increases as the number of layers 

of the beam increase. This can be defined by a reinforcement ratio, which is the total cross-sectional 

area of the reinforcing screws (i.e. 4 x Inner Diameter of each screws) to the gross cross-sectional 

area of the beams. These ratios were: 0.487% for the 6-layer, 0.610% for the 9-layer, and 0.752% 

for the 11-layer. This parameter would need to be looked into more detail in the future to determine 

its effects on the strength capacity of the beam. 

 4.5.4 Comparison of Self-tapping Screws Used as Reinforcement to Literature 

Table 4.4 provides a summary of the average load capacity obtained from Danzer et al. (2016) and 

from the glulam beams tests conducted in this chapter. Danzer et al. conducted tests on glulam 

beams with d/h ratios of 0.25 and 0.35 and on much longer beam spans, whereas tests performed 

in this chapter were conducted on glulam beams with d/h ratios of 0.15, 0.19 and 0.27, with beam 

spans shorter by a factor of 2.4 and up to 3.3. The tests conducted on short glulam beams caused 

deep beam effects to take place which Danzer et al.’s beams did not experience. However, the 
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significance of Table 4.4 is to show how the use of reinforcement at 60° parallel-to-grain that was 

used around the hole compares to Danzer et al.’s results which also utilized reinforcement around 

the hole at 60° parallel-to-grain, while taking into consideration other differences in the test set-up.  

Based on the results, Danzer et al.’s tests showed an increase between a range of 20.4% to 98.2% 

in load capacity of the glulam beam when reinforcement is used around the hole. Tests conducted 

in this thesis show an increase in load capacity when reinforcement is used, within Danzer et al.’s 

range, where the load capacity of the beams increase by 30.6% and 34.4%. 

Table 4.4: Comparison table of percent increase of test results obtained from literature. 

Referenced Paper 

e/h or 

 vertical 

distance 

between holes 

[mm] 

Load Capacity  

without 

reinforcement 

[kN] 

Load Capacity 

with 

reinforcement 

[kN] 

Percent 

Increase 

Danzer et al. (2016) 

single round hole 

h = 400 mm 

d/h = 0.35 

Class: GL 28H 

+0.100 59.8 89.0 48.8% 

-0.100 54.4 107.8 98.2% 

Danzer et al. (2016) 

two vertical round holes 

h = 400 mm 

d/h = 0.25 

Class: GL 28H 

80 67.8 81.6 20.4% 

Tests conducted in thesis 

single round hole 

6-layer, h = 186 mm 

d/h = 0.27 

Class: SPF 20f-E glulam 

0 89.0 119.6 34.4% 

Tests conducted in thesis 

single round hole 

9-layer, h = 264 mm 

d/h = 0.19 

Class: SPF 20f-E glulam 

0 177.0 231.2 30.6% 
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Overall, although it is difficult to compare results to those in literature due to the differences in hole 

configurations, reinforcement ratio and depth-to-span ratio, results from these tests show the use of 

self-tapping screws as reinforcement can significantly improve strength around glulam holes at d/h 

ratios not previously tested.  

4.5.4 Summary 

Based on the tests conducted in this thesis and from literature review, self-tapping screws used as 

reinforcement around a hole can contribute significantly to the overall strength of a glulam beam. 

Most tests conducted in literature provide data for glulam beams with longer spans and higher d/h 

ratios. This thesis provides test results on shorter-span glulam beams with d/h ratios below 0.3. 

One important finding from these tests is the influence of beam depth-to-span ration on the overall 

strength of beams with holes. When a 2-inch (50.8 mm) diameter round hole is introduced at ¼ 

span of the glulam beam, the strength capacity of the beam decreases by 37.0% for the 6-layer 

beams, 18.7% for the 9-layer beams and only 0.9% for the 11-layer beams. When the d/h ratio 

increases by 42% from 0.19 to 0.27 for the 9-layer and 6-layer beams, the strength reduction 

doubles from 18.7% to 37.%, showing the impact of the d/h ratio on the strength loss. Implementing 

reinforcement around the hole 60° parallel-to-grain in high tension zones increases the beam’s 

strength capacity by 34.4% for the 6-layer beams, 30.6% for the 9-layer beams and only 3.2% for 

the 11-layer beams. 

 

 

 

 

 

 

 



106 

 

4.6 References 

 

Aicher, S., & Hofflin, L. (2008). Fracture behaviour and design of glulam beams with round 

holes. 10th World Conference on Timber Engineering, June 2-5th 2008 (pp. Vol. 1: 132-

139). Miyazaki, Japan: Curan Associations, Inc. 

Aicher, S., Hofflin, L., & Reinhardt, H. (2007). Round holes in members made of glued 

laminated timber. Part 2: Load capacity and design. 12: 867-880. 

Ardalany, M., Fragiacomo, M., Moss, P., & Buchanan, A. (2012.). Design of Reinforcement 

Around Holes in Laminated Vener Lumber (LVL) Beams. New Zealand Timber Design 

Journal, 20: 6-17. 

Danielsson, H. (2009). The strength of glulam beams with holes - A probabilistic fracture 

mechanics method and experimental tests. Lund, Sweden: Lund University Publisher. 

Danielsson, H., & Gustafsson, P. J. (2011). A probabilistic fracture mechanics method and 

strength analysisof glulam beams with holes. European Journal of Wood and Wood 

Products, 69: 407-419. 

Danzer, M., Dietsch, P., & Winter, S. (2016). Reinforcement of Round Holes in Glulam Beams 

Arranged Eccentrically or in Groups. World Conference on Timber Engineering, August 

22-25, 2016. Vienna, Austra. 

Dietsch, P., & Brandner, R. (2015). Self-tapping screws and threaded rods as reinforcement for 

structural timber elements - A state-of-the-art report. Construction and Building 

Materials, 97: 78-89. 

Franke, S., Franke, B., & Harte, A. (2015). Reinforcement of timber beams. Biel/Bienne, 

Switzerland: Bern University of Applied Sciences. 

Hallström, S. (1996). Glass fibre reinforced holes in laminated timber beams. Wood Science and 

Technology, 30: 323-337. 

Hess Timber Limitless. (2016). International House Sydney. Retrieved from Hess Timber 

Limitless: https://www.hess-timber.com/en/references/detail/international-house-sydney/ 

[Date accessed: April 4, 2020].  

Patel, R., Dubey, S. K., & Pathak, K. K. (2014). Effect of depth span ratio on the behavior of 

beams. Internation Journal of Advanced Structural Engineering, 6: 56. 

reTHINK Wood. (2014). Connection Options for Wood-Frame and Heavy Timber Building. 

Engineering News-Record. 



107 

 

Tapia, C., & Aicher, S. (2019). Evaluation of Design Concepts for Holes in Glulam Beams - 

Comparison with Test Results. Otto-Graf-Journal, 18: 329-344. 

The Engineered Wood Association. (2014). Field Notching and Drilling of Laminated Timber 

Beams. Tacoma, Washington: APA Wood. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



108 

 

Chapter 5 

Conclusions and Recommendations 

5.1 Conclusions 

Four tests were conducted on timber pre-engineered Megant 430x150x50 beam-hanger connectors 

to evaluate its performance under cyclic loading. The energy dissipated under 26 cycles were 

computed and compared to other Megant beam-hanger connector sizes and to other connections 

found in literature. 

Various sizes of glulam beams with 2-inch holes were tested under three conditions: unmodified 

conditions (beams with no hole), modified conditions (beams with 2-inch hole) and reinforced 

conditions (beams with reinforced 2-inch hole). A total of 27 tests were conducted to determine 

how beams with reinforced 2-inch holes impacted the beam’s overall strength capacity. 

5.1.1 Interstorey Drift Performance of the Megant 430x150x50 Beam-Hanger Connector 

The following conclusions can be made about the performance of Megant 430x150x50 beam-

hanger connector: 

1. Each of the four tests of the Megant 430x150x50 connector exhibited similar behaviour 

under cyclic loading. The Megant connector was able to sustain large rotations while 

carrying full gravity loads and failed due to a combination of tension and pull-out failure 

of the self-tapping screws and excessive bending in the connector plate. 

2. The Megant 430x150x50 connector was compared to other Megant connector sizes that 

had undergone the same modified CUREE loading scheme but with much higher shear 

loads reaching shear loads greater than or equal to the connector’s shear capacity. It was 



109 

 

observed that the shear load has a significant impact on the seismic performance of the 

Megant connectors. 

3. The Megant 430x150x50 connector sustained 3% interstorey drift without ultimate failure 

while undergoing an average applied gravity load of 100.2 kN. Therefore, the Megant 

connector exceeded the maximum 2015 NBCC requirement of 2.5% interstorey drift 

capacity without failure. 

4. Although the energy dissipation capacity of the Megant 430x150x50 connector is not 

considered in seismic design and it is not part of the lateral-load resisting system, the 

average cumulative energy dissipated by the connector was a 13,782 J at 3% interstorey 

drift under 23 cycles. Compared to other bearing-type and surface-type connections in 

literature, the energy dissipated by the Megant connection is similar. 

5.1.2 Evaluation of Glulam Beams with Unreinforced and Reinforced Holes 

The following conclusions were made can be made about the performance of different sized glulam 

beams with no hole, with a 2-inch hole and with a reinforced 2-inch hole: 

1. Self-tapping screws used as reinforcement in the vicinity of the hole can contribute 

significantly to the overall strength of the glulam beam. Additionally, the beam depth-to-

span ratio has an influence on the overall strength of the beams with holes. 

2. When a 2-inch (50.8 mm) diameter horizontal, round hole is introduced at ¼ span of the 

glulam beam, the strength capacity of the beam decreases by 37.0% for the 6-layer beams, 

18.7% for the 9-layer beams and 0.9% for the 11-layer beams. The 6- and 9-layer beam 

results show the impact of the d/h ratio on the strength loss. When the d/h ratio increases 

by 42% from 0.19 for the 9-layer beam to 0.27 for the 6-layer, the strength reduction 

doubles from 18.7% to 37.0% 
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3.  Implementing four reinforcing self-tapping screws at 60° parallel-to-grain in high tension 

zones increases the beam’s overall strength capacity by 34.4% for the 6-layer beams, 

30.6% for the 9-layer beams and only 3.2% for the 11-layer beams. 

4. The 11-layer beams has a minor strength reduction of 0.9% compared to the 6- and 9-layer 

beams even though its d/h ratio is only 21% smaller (d/h = 0.15) than the 9-layer beam (d/h 

= 0.19), which could have be caused by having smaller stress concentrations around the 

hole in a deeper beam compared to a slender beam. 

5. Introducing self-tapping screws as reinforcement around the hole for specifically the 9-

layer and 11-layer beams over-reinforced the glulam beam by 6.2% and 2.3%, respectively, 

when compared to their beams with no hole. Therefore, the screws provided shear 

strengthening to the overall beam. 

5.2 Recommendations for Future Research 

After conducted cyclic tests on beam-hanger connectors and horizontal holes embedded in short 

glulam beams, a few additional recommendations are made for future research. 

5.2.1 Pre-engineered Beam-Hanger Connections 

The following are recommendations for future research related to timber connections under cyclic 

loading: 

1. Conduct additional tests on the Megant 310x150, Megant 520x100 and Megant 550x150 

connectors under the same shear load of 60 kN, as applied to the Megant 430x150 

connector, to obtain more conclusive results and comparisons. 

2. Repeat tests on the Megant connector where the steel threaded rods that connect the beam 

to the column are tightened under different torqued loads. This is recommended since Test 
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#4 had a different failure outcome than Tests #1 - #3 due to a torque difference applied to 

the rods. Evaluate and observe the difference in the failure modes and interstorey drift 

performance under different torques. 

3. Since there is no design standard on pre-engineered timber connections, it is recommended 

that further tests are conducted on the performance of different pre-engineered timber 

connections to collect data to eventually form a design standard. 

4. Conduct cyclic tests on pre-engineered timber connectors under different shear loads to 

obtain a factor of how much shear load affects the interstorey drift performance of pre-

engineered connectors. 

5.2.2 Glulam Beams with Holes 

The following are recommendations for future research related to glulam beams with unreinforced 

and reinforced horizontal holes: 

1. An improvement could have been to have tested all glulam sizes under the Riehle Testing 

Frame apparatus (the testing frame where the 11-layer beam was tested) to ensure a loading 

rate of 2 mm/min was achieved to provide more consistency for each test. 

2. Conduct repetitive tests for beams of the same depth, width and d/h ratios, but with longer 

spans to observe the overall strength capacity of beams that are more slender. Therefore, 

the strength capacity of short, deeper beams can be compared to long, slender beams under 

the same conditions. 

3. Perform tests on reinforced beams for each beam size under the same conditions, however 

with different screw diameters to determine the effect of the beam’s overall strength with 

respect to the cross-sectional area of the screws. 
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4. Reinforce beams with the same screws installed 60° parallel-to-grain to compare to beams 

with the same screw installed perpendicular-to-grain (at 90°) to make conclusions on the 

beam’s overall capacity with respect to the orientation of the screw. 
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Appendix A 

Additional Photos and Plots from Beam-Column Tests (Chapter 3) 

A.1 Megant 430x150x50 Beam-Hanger – Test Results 

A.1.1 Test #1 Results 

 

 

Figure A.1: Interstorey drift Test #1 underwent until ultimate failure. 

 

 

Figure A.2: Rotation Test #1 underwent until ultimate failure. 
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Figure A.3: Moment vs rotation plot of Test #1 until failure. 

 

Figure A.4: Total load obtained by shear force and actuator force for Test #1. 
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Figure A.5: Linear potentiometer locations for Test #1. 

 

 

 

Figure A.6: Linear potentiometer deflection at each location for Test #1. 
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A.1.2 Test #2 Results 

 

 

Figure A.7: Interstorey drift Test #2 underwent until ultimate failure. 

 

 

 

Figure A.8: Rotation Test #2 underwent until ultimate failure. 
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Figure A.9: Moment vs rotation plot of Test #2 until failure. 

 

 

Figure A.10: Total load obtained by shear force and actuator force for Test #2. 
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Figure A.11: Linear potentiometer locations for Test #2. 

 

 

Figure A.12: Linear potentiometer deflection at each location for Test #2. 
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A.1.3 Test #3 Results 

 

 

Figure A.13: Interstorey drift Test #3 underwent until ultimate failure. 

 

 

Figure A.14: Rotation Test #3 underwent until ultimate failure. 
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Figure A.15: Moment vs rotation plot of Test #3 until failure. 

 

 

Figure A.16: Total load obtained by shear force and actuator force for Test #3. 
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Figure A.17: Linear potentiometer locations for Test #3. 

 

 

Figure A.18: Linear potentiometer deflection at each location for Test #3. 
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A.1.4 Test #4 Results 

 

 

Figure A.19: Interstorey drift Test #4 underwent until ultimate failure. 

 

 

Figure A.20: Rotation Test #4 underwent until ultimate failure. 
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Figure A.21: Moment vs rotation plot of Test #4 until failure. 

 

 

Figure A.22: Total load obtained by shear force and actuator force for Test #4. 
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Figure A.23: Linear potentiometer locations for Test #4. 

 

 

Figure A.24: Linear potentiometer deflection at each location for Test #4.
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A.2 Megant 430x150x50 Beam-Hanger – Area and Graph of Each Cycle Sequence 

A.2.1 Calculated Area and Energies Tests #1-#4 

Table A.9: Summary table of all areas and energy calculated for all 4 tests. 

Test 1 Test 2 Test 3 Test 4 

Cycle No. 
Area  

[kNm * deg] 
Energy [J] 
(Nm * rad) 

Cycle 
No. 

Area  
[kNm * deg] 

Energy [J] 
(Nm * rad) 

Cycle 
No. 

Area  
[kNm * 

deg] 
Energy [J] 
(Nm * rad) 

Cycle 
No. 

Area  
[kNm * 

deg] 
Energy [J] 
(Nm * rad) 

1 1.068 18.650 1 2.582 45.074 1 1.373 23.968 1 0.895 15.627 
2 1.005 17.542 2 1.691 29.529 2 1.016 17.739 2 1.302 22.738 
3 0.650 11.348 3 1.072 18.723 3 1.165 20.334 3 1.449 25.300 
4 0.414 7.225 4 0.995 17.379 4 0.932 16.271 4 1.128 19.690 
5 0.393 6.874 5 0.789 13.774 5 1.076 18.788 5 1.286 22.457 
6 0.457 7.981 6 0.846 14.772 6 1.476 25.773 6 0.905 15.809 

7 3.064 53.482 7 8.838 154.266 7 5.910 103.161 7 5.911 103.171 
8 2.770 48.361 8 4.604 80.367 8 4.932 86.079 8 4.432 77.366 
9 2.377 41.495 9 3.541 61.817 9 3.781 65.999 9 4.289 74.865 

10 3.143 54.864 10 3.540 61.786 10 3.498 61.065 10 3.931 68.621 
11 2.700 47.129 11 3.462 60.423 11 5.029 87.774 11 4.540 79.237 
12 2.415 42.154 12 3.266 57.007 12 3.788 66.127 12 4.399 76.777 

13 18.241 318.370 13 29.071 507.393 13 32.352 564.650 13 25.203 439.891 
14 12.825 223.854 14 16.751 292.361 14 21.468 374.699 14 18.935 330.481 
15 12.178 212.556 15 14.614 255.076 15 20.744 362.061 15 18.697 326.327 
16 13.302 232.163 16 15.179 264.935 16 20.119 351.149 16 19.730 344.367 
17 14.008 244.496 17 13.742 239.843 17 19.158 334.382 17 19.673 343.367 
18 14.113 246.334 18 14.935 260.666 18 17.861 311.738 18 19.768 345.027 

19 103.251 1802.078 19 106.296 1855.230 19 149.100 2602.291 19 117.298 2047.241 
20 110.242 1924.101 20 74.475 1299.842 20 72.328 1262.361 20 83.910 1464.507 
21 65.580 1144.600 21 60.792 1061.025 21 68.866 1201.940 21 83.119 1450.701 

22 156.209 2726.370 22 261.166 4558.206 22 187.512 3272.708 - - - 
23 136.319 2379.229 23 174.797 3050.783 23 206.462 3603.441 - - - 
24 120.140 2096.854 24 155.124 2707.431 24 211.355 3688.851 - - - 

25 156.700 2734.941 25 180.483 3150.031 - - - - - - 
26 180.147 3144.161 - - - - - - - - - 
27 157.926 2756.342 - - - - - - - - - 
28 184.561 3221.212 - - - - - - - - - 
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A.2.2 Test #1 Cycle Areas 

 

    

    

    

Figure A.25: Cycles grouped into their cycle sequence (Test #1). 
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A.2.2 Test #2 Cycle Areas 

 

    

    

    

Figure A.26: Cycles grouped into their cycle sequence (Test #2). 
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A.2.3 Test #3 Cycle Areas 

 

    

    

    

Figure A.27: Cycles grouped into their cycle sequence (Test #3). Cycles 25-26 were ignored. 
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A.2.4 Test #4 Cycle Areas 

 

    

    

    

Figure A.28: Cycles grouped into their cycle sequence (Test #4). Cycles 22-26 were 

inconclusive. 
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A.3 Megant 430x150x50 Beam-Hanger – Energy Plots 

A.3.1 Energy Dissipation Plots Obtained from Test #1-#4 

 

 

Figure A.29: Energy dissipation data from Table A.1 with average trendline for Tests #1-#4. 

 

 

Figure A.30: Energy dissipated per cycle for Tests #1-#4. 
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Figure A.31: Energy dissipated per cycle with average cumulative energy dissipated. 

 

 

Figure A.32: Average energy dissipated per cycle (black) and average energy dissipated per 

cycle sequence (red) for all 4 tests. 
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A.3.2 Moment-Rotation Graphs for Megant 310x150, Megant 520x100 & Megant 550x150 

 

Figure A.33: Moment-rotation graph for Megant 310x150. 

 

Figure A.34: Moment-rotation graph for Megant 520x100. 
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Figure A.35: Moment-rotation graph for Megant 550x150. 
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A.3.3 Energy Dissipation Plots for Megant 310x150, Megant 520x100 & Megant 550x150 

 

 

Figure A.36: Energy dissipated per cycle for different size Megant connectors. 

 

 

Figure A.37: Cumulative energy dissipated for different size Megant connectors. 
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A.4 Megant 430x150x50 Beam-Hanger – Additional Photos 

A.4.1 Test Set-up 

   

Figure A.38: Test set-up of both sides of the beam-column connection. 

A.4.2 Failure Modes – Test #1 

    

Figure A.39: Failure of connector from both sides. 



 

 

136 

 

      

    

    

Figure A.40: Failure modes observed once ultimate failure was reached. 
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A.4.3 Failure Modes – Test #2 

     

     

    

Figure A.41: Failure modes observed once ultimate failure was reached. 
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A.4.4 Failure Modes – Test #3 

     

      

     

Figure A.42: Failure modes observed once ultimate failure was reached. 
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A.4.5 Failure Modes – Test #4 

         

    

Figure A.43: Failure modes observed once ultimate failure was reached. 
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Appendix B 

Additional Photos and Plots from Glulam Beam Tests (Chapter 4) 

B.1 6-layer Glulam Beam Results 

 

Figure B.1:  Load vs deflection graph of 6-layer beam with no hole. 

 

Figure B.2: Load vs deflection graph of 6-layer beam with a hole. 
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Figure B.3: Load vs deflection graph of 6-layer beam with a reinforced hole. 

 

 

Figure B.4: Combined graph of all load vs deflection graphs for 6-layer beam. 
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Figure B.5: Average graph of load vs deflection for no hole, hole and reinforced hole for the 

6-layer beams. 

 

B.2 9-layer Glulam Beam Results 

 

 

Figure B.6: Load vs deflection graph of 9-layer beam with no hole. 
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Figure B.7: Load vs deflection graph of 9-layer beam with a hole. 

 

 

Figure B.8: Load vs deflection graph of 9-layer beam with a reinforced hole. 
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Figure B.9: Combined graph of all load vs deflection graphs for 9-layer beam. 

 

 

Figure B.10: Average graph of load vs deflection for no hole, hole and reinforced hole for 

the 9-layer beams. 
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B.3 11-layer Glulam Beam Results 

 

 

Figure B.11: Load vs deflection graph of 11-layer beam with no hole. 

 

 

Figure B.12: Load vs deflection graph of 11-layer beam with a hole. 
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Figure B.13: Load vs deflection graph of 11-layer beam with a reinforced hole. 

 

 

Figure B.14: Combined graph of all load vs deflection graphs for 11-layer beam. 
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Figure B.15: Average graph of load vs deflection for no hole, hole and reinforced hole for 

the 11-layer beams 

B.4 Percent Difference Results 

 

Figure B.16: Percent difference of no hole, hole and reinforced hole conditions for each 

glulam size. 
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B.5 Testing Photos 

B.5.1 6-layer Glulam Beam 

   

   

   

Figure B.17: Failure of 6-layer glulam beams under unmodified, modified and reinforced 

conditions. 
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B.5.2 9-layer Glulam Beam 

   

   

   

Figure B.18: Additional pictures and load bearing failure of 9-layer glulam beam. 



 

 

150 

 

 

   

   

Figure B.19: Flexural and cracking of 9-layer glulam beam under unmodified, modified and 

reinforced conditions. 
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B.5.3 11-layer Glulam Beam 

 

Figure B.20: Test set-up of 11-layer beam (unmodified conditions). 

 

   

Figure B.21: Longitudinal shear failure of 11-layer glulam beams. 
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Figure B.22: Load bearing failure at support (left) and at point load (right). 

     

   

Figure B.23: Failure of 11-layer glulam beams under reinforce conditions. 


