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Abstract

A major hindrancdo moreapplication of engineeredood productsn the Canadian building
construction markas the lackof technical documentations and guidelif@sthedesignof timber
beamto-column connectionsespeciallythose with momentresising capacitiesIn terms of
designing for elevated temperatures, theneery limited researcldonefor determining the fire
resistance of momemesisting timber connections A comprehensive experimental testing
programthatconsisted of thirtyseven fullsize tension ssemblies and eighbvelfull-size beam
to-column connectiotestspecimensveresubjected to static loading ambienttemperatureln
addition, eight beamto-column connectiontest specimens identical to those tested at ambient
temperature werexaminedat elevated temperatwsef standard fire

Test variables investigatad this studyincluded rod embedment length and washer. Sibe
effects of these variables on thaructural behaviouof the novel concealed glulam beato-
column momentesisting onnectionat both ambierdind elevated temperatsrerere studiedlhe
results of the nindifferentconfigurations from the tension tests were used to find the four most
ductile and predictable configurations to be used for rieely designedbeamto-column
connectionconfiguration For the tension connections, an embedment |elgttasher size ratio

of about4:1 provides a more predictable failure of rod putit. Accordingly, dtentionshould be
taken toensureghattherodembedment lengtis to beslightly longerwhencompared to the washer
sizeto maintain aatio greater than 4 to tb promotefor wood crushingdilure

A failure of wood crushings more consistent arutedictable whereagesserembedment length

to washer sizeatio would promde a wood splitting failure which is highly unpredictalieom

the beamto-column connedbn tests performed, the connections that failed due to thetemb

rod yieldingwerestrongerwhile the connections that failed due to theod crushingunder the
washer haa higher ductility ratio. The results of the four configurations from the ambient-beam
to-columnconnectionsvere used to verify the calculated moment capacities of the test assemblies
so they all ould be loaded to the fuliervice design load of the weakest connection assembly
before being exposed to CAN/ULE101 standard fire in the largeze fire testing ftnace
accommodated at Lakehead Universitybds Fire Te
results showd that using a smaller washer prowidenore wood cover to protect the steel
componentdrom the effects of elevated temperatures. Alstiljzing longer rod embedment

length providd more shear resistance. By combiningséhtwo parameteraconcealed bea#to-



column timberconnectiorthat utilized two mechanicalfastened steel rodsan besuccessfully
designed to achieveamehourfire resistancevith no fire protection
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Chapter 1 Introduction

1.1Background

The use of wood as the main construction materialdastrialbuildings is @ uncommorconcept
thatprovides a unique visual aestheii¢ooden buildings are cost effective, quickier build, and

amore sustainable choiesghen compared tmore traditionally usedoncrete and steabaterials
(Ramage, et al., 201AVood is a renewable resource that stores carbon during growtétaims

it indefinitely after it has been harvested. In the lifecycle of a veobdilding, it will produce less

air and water pollution, use less energy, andt less greenhouse gases compared to structural
steel or concrete buildings. Traditional sawn lumber can be easily attained, but it has size
limitations which can restrict desigrs when larger sections are required. Thus, engineeyed
productsfill the gap inconstructiordemandssuch as gluethminated timber (glulam) and cress
laminated timber (CLT), which & opened new possibilities to further utilize wood in
engineeringdesign and construction. Glulam members are structural mass timber members
manufactured from smaller sections of wood known as laminatiosma@hufacturing process

can utilize trees that were previously unusable as a building material due to thegizsreatid/or

low mechanicaproperties butre the pdect size for laminations. Whdaminations are glued
together, they form a final product with a greater length, cross sectiogreadr mechanical
properties than those of the individual laminatigNsrdic Wood Structures, 2015%tarting in

2009, 2013 and 2015, the provinces of British Columbia, Quebec and Ontario, respectively, made
amendments to their provincial building codes facilitating the use of timber asrtaykuilding

system for construction of up to six storeys. Prior editions of the National Building Code of Canada
(NBCC) restricted the use of wood as the primary building system by limiting its application to
buildings with a maximum height of four stgee The current version of the National Building
Code of Canada has increased the height restriction to include buildings up to six storeys (National
Research Council of Canada 2015). As fadd highrise buildings are expected to undergo
loading beyondhe capacity of sawn lumber, this presents an ideal application for tdtdem
structural components, as they are capable of sustaining considerably larger loads when compared
to commercially available sawn lumber. Current technical documentatiordesigd guidelines

in Canaddave some lack in trgesignof momentresistingtimber beartto-column connections,

a key requirement fdaller buildings expected to resistteralloadscombined withheavy vertical



loads In this context, the primary concerhusing timber momentesisting frames igs capability

to resist moments without undergoing brittle failure modes. In terms of designing for elevated
temperatures, there liack of supporting framework for determining the fire resistance rating of
momentresisting connections, and extremely limited research on the behaviour of moment
resisting connections at elevated temperatures. The fire performance of wood structures is a
primary concern of the public and regulatory bodies overseeing building codes, especially in the
context of safety and designing buildings to withstand fire and needs to be addressed in order to

further the use of wood alse primary building systemmi mid- and hgh-rise buildings.

1.2 Problem Statement

The primary concern of using timber in structural applicatianambienttemperatures the
formation of brittle failure. This concern is important in the desigtalér timber buildings due

to the increased veratheight carrying a wind load when compared to-fe buildings, as well

as the increased load expected during an earthqUbhkeuse of metal connectggeomote heavy
timber connections to behave in a relatively ductile manner by providing a souerergly
dissipation and designing the connection to fail in the staponentistead of the wood (Murty

et al.,2008; Andreolli et al., 2011). Howeverittle failure can be developed before the connection
can experience any possible ductile behaviplumbert et al., 2014). An additional consideration
for optimizing glulam for practical construction use, is its behaviour as a rotatiwasthained
member in framed structures. Such studies have been conducted on the behaviourtohbeavy
connectims used in frames subjected to axiafyplied compressive and tensile loads (Gattesco,
2004). Very few research projects, such as the work done by (Quenneville, 2014; Xu et al., 2015),
have been undertaken to study the behaviour and moment resistape®\girhber connections

as part of a frame, especially in the context of frames latesetance (Xiong et al., 2016).

Most guidelines in North America for fire design are prescripthaveverthe general trend has
been to adopt a performanrbased médtodology for structural fire design (Hadjisophocleous and
Benichou, 1999Barber, 201yY. The trend has been supported by extensive testing of building
materials as: individual components, sagsembliesassembliesand even entire structures.
However, thefocus of the fire safety field has predominantly been on steel and concrete
components, not glulam or other timber products (Bisby et al., 2013). Specifically, there is

considerable lack in theevailable literature on the fire behaviour of heéiypber manentresisting

2



connections either as individual components or as part of a structural frame. Primarily, the focus
has been on axially loaded connections (Racher et al., 2010), under compressive or tensile loading,
parallel to the grain (Peng. et al., 20D0)perpendicular to the grain (Audebert et al., 2012). At
elevated temperatures, the studies showed that timber connections either fail due to brittle failure
in the wood, such as splittingndrow sheatout or due to ductile failure modesuch as hole
elongation and woodrushing or yielding in the steel components at elevated temperatures.

1.3 Scope and Objectives

The results presented in this thesis show an experimental studpweglaoncealed glulam beam
to-column momentesisting connection. The moection was evaluated based on the failure
modes, maximum tension capacity, maximum moment capacity, stiffness, ductility, and fire
resistance. A comprehensive experimental testing program consisted ofséviety fullsize
tension assemblies and eigulifsize bearto-column test connections subjected to static loading
at ambienttemperature, and eight test connections at elevated temperalest variables
investigated in this research project included rod embedment length and washer sizesféact the

of these variables on the normal and elevated tempesagtertormance of the newdgesigned
concealed glulam beatn-column momentesisting connection.The results of the nine
configurationsfrom thetension testas explored in Chapter \Bere usd to find the four most
ductile and predictable configurations to be used for the #ieamlumn connectionas discussed

in Chapter 4 The results of the four configurations from the ambient bwacolumn test
assembliegsn Chapter 4vere used to verifthe calculated moment capacities of the test assemblies
so they all can be loaded to the fedirvice design load of the weakest connection assembly before
being exposed to CAN/ULG101 standard fire in the largee fire testing furnace
accommodated atdtk e head Universityds Fire Testasng ani

discussed in Chapter 5
A few objectives othis research are listed below:

1. Create a new concealed glulam beaagolumn connection configuration using
mechanically fastened steel rods tbatsurpass 60 minutes standardire exposure
2. Develop a simple design guideline ftime new concealed glulam bedm column

connection



3. Experimentally investigate the effects of variqpaametersi.e., rod embedment length
and washer size, on the strength and stiffness of the ftmwBloped glulam beato-

column connection



Chapter 2 Literature Review

2.1 Glulam

Larger sawn lumber members are becoming increasingly difficult tirolbdor heavytimber
construction because trees are limited in thesspenetimes required way to negate this issue

is to use gluedaminated timber (glulam) sections. Glulam is manufactured by gluing together
small sections of wood, known as lamina,férm a larger wood section. The laminas used are

varied in size depending upon the manufacturer with common sizes used from traditional lumber
such as 2.0 inches by 4.0 inches, or smaller. Some manufacturers are using laminas as small as 25
mmx50mm{o x 20) from wood that is normally was
of trees, side cuts, and small brancfidsrdic Wood Structures, 2015)hese wood sections were
previously ignored as a building material due teittsmall size or low mechanical properties
individually. When these laminas are gluedetherthey can form a largeandstronger member

than that from sawn lumber of the same species.

Glulam has been used in Canada in the construction of industmameaial, and institutional
buildings. Recently, amendments were made to the National Building Code of Ghaéidaal
Research Council of Canada, 2048} several provincial building codes that allowed wood to be
theprimary building material in midise buildings up to six storeys. These changes have increased
the potential scope for glulam sections in Canadian construction as glulam mem!essreae

with much larger crossections, lengths, and even be curveddento support greater loads than

sawn lumber members. As these changes have been recently made to the building code, there is
little technical design documentation providing adequate design guidelimaagsrtimbebeam

to-column connections.

2.2 Timber Mo ment Connections

The most lacking areas in the available design guidelines are embeddszhnections (Hunger

et al., 2016) and momengsisting connectionéPetrycki & Salem, 2020)Moment frames as

lateral force resisting systems are favoured overrotheventional frame systems such as
concentrically braced frames, crossed braced systems, or chevron brace frames because of their

ability to provide an open, uninterrupted syst{@tetten, 2012)There are clauses in the Caiazad



steel design standarqCanadian Standards Association, 2088d concretedesign standard
(Canadian Standards Association, 201%)d the National Buling Code of Canad@éNational
Research Counailf Canada, 2015hat allow for the design of moment frames in steel or concrete,
but as of date, no conventional regulation or guidelines exist for moment frames constructed from
timber. This is mainlpbecauseluctility is required for moment frameshich cannot be achieved

with timber members alone.

The primary focus on research into the capacity of glulam heamolumn momentesisting
connections is the reductiozgntrol,and prediction of brittle failure modes. Ductile failure modes

are well unlerstood and can be designed for, while brittle failure modes are often unpredictable;

both in their development and effect on the capacity of the connection. To ensure the safety of
occupants in taller buildirggnade of wood, every effomiustbe made teither avoid brittle failure

modes or ensure that failure is ductile, this reduces any chance of a catastrophic ddikapse.

limited research on momente si sting connections has focuse:¢
parameters, such as type of fastened #weir locations, as well as the capacity, rotational

behaviourand falure modes in the glulam beams.

Gehloff et al (2010) increased the ductility and moment capacity of a bolted -bmaciumn
connection by inserting long threaded screwbetween the bolt lineCanadian glulam 24
Douglas fir was used with 9.5 mm thick steel plates. The steel plates were slotted into a 130 mm
x 304 mm beam, sandwiched between two 130 mm x 304 mm columns and bolted together with
25.4 mm bolts. An exampla one connection bolt and screw layout is presented in Figur@g 2.1

and 2.1(byespectively.The perpendicular reinforcement provided by the long screws prevented
early splitting of the member, but could not fullgepent it as shown in Figure 2.2essk, where

the screws were closer to the bolt hotamuld not significantlyricrease the connection capacity

but did reduce the standard deviation. With the reduction in edge distance of bolts in the column
and larger diameter bolts used, the tendency gbiting increased greatly, but the use of the
reinforcing long screwsvere very effective in reducing this tendency. The decrease in edge
distance from 94.5 mm to 49.5 mm also increased the ultimate moment capacity by a factor of
1.35 to 1.38. The decreasdge distance also had lower rotation values even though the ultimate
capacity was increased which would not have been achieved without the use of the long screws to

prevent premature splitting.
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Figure 2.1. Layout for connection configuration-8R: (a) bolt layout; (b) STS layoGehloff
et al., 2010)

Figure 2.2. Typical failure ofabolted connection with ST&ehloff etal., 2010)



The use of long threaded and large diametertaplfing screwscan bedifficult to install,
therefore Wanget al (2015) used locally crodaminated glulam instead of long threaded screws

to increase the moment capacithie glulamand steel plates wetbe samesize asGehloff et al.
(2010)and tested in the same configuration. The tests compared normal glulam, glulam with self
tapping screws, and locally crdssninated glulam bolted connectionghe glulam with sel

tapping screws failed similar to the unreinforced glulbynsplitting with a shear plugust at

higher load and rotation as shown in Figure 2.8¢ajforced with seltapping screwsind 2.30)
unreinforced. The locally crodaminated glulam exhibited super deformability as well with no
substantial load drop. There was a large amount of bearing deformation in the bolt holes, but no
tensile splitting was observed in the outer laminas as shown in Figure 2.3(c).

(b) (c)

Figure 2.3. Failure modes of bolted glulam bedamcolumn connections: (a) failure mode of
unreinforced glulam; (b) failure mode of STS reinforced glulam; (c) failure moldealfy
crosslaminated glulanfWang et al., 2015)

Table 21 shows the average yielding and maximum moments with theespmnding rotations
for each connection configuratiohe selftapping screws increased the yielding moment
capacity by 70% while the locally creksminated only increased the yielding momieyn5%. The
locally crosslaminated did have a larger gain for maximum moment by 52%, but thH=gpihg
screws were still better with a gain of 80Bven though the sethpping screws performed better
than tle locally crosdaminated, the prefabricati of the locally crostaminated glulam could

make up for savings in construction time installing the-tsglping screws.



Table 2.1. Results of bolted glulam beato-column test configuration®ang et al.2015)

Connection Yielding moment | Maximum noment | Yielding Maximum
configuration (KN.m) (KN.m) rotation () | rotation ()
Unreinforced 33.9 38.4 5.9 10.4

Self-tappingscrews 57.8 69.3 8.2 27.3
Locally crosslaminated 35.6 58.3 6.1 21.1

Closenand Lam(2012) usedension and compression plates attached withtapffingscrews
inclined at 30 degreess the primary fastenémstead of bolts to increase the moment capacity.
The glulan was of the same type and saed tested in the same configuration as the tests
performed byGehloff et al. (2010)The steel shoes were also made of 9.5 mm thick steel similar
to Gehloff et al.(2010) The general test layout and testing equipment are shown in Figure 2.4.

Figure 2.4. General test layout and testing equipment fortsgdping screw fastening beaim
columnconnectionClosen & Lam, 2012)

The average ultimate moment resisting capacity exceeded the design moment capacity of the
glulam section by a factor of 2. The main failure modes were tension fracture and withdrawal of

screws as shown iRigure 2.5. Even though the connection had a high moment capacity, the



ductility of the connection was relatively low. By changing the details of the steel shoe one could
design the connection to promote steel shoe to yield instead of failing with ¢fnesscr

(©)

Figure 2.5. Failure modes déelf-tapping screw fastening beamcolumn connection(a)
disassembled Ziplate with compression screws bending and tension screws fractured removed
from beam section; (lisassembled Ziplate with compression screws bending and tension
screws fracturedttached tdeam section(c) Seew withdrawal in bottom membéClosen and
Lam, 2012)

While severaresearches focugdon the interaction between wooegmbers andtsel connectors,
such as platedolts,and screwspther researchers have focused on developing novel connections

to pronote ductile failure modes. In experimental studieaducted by Andreolli et al. (2011)
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(Tomasi et al., 2008} unique conection configuration that focused on providing deformation
capability and energy dissipation in the steel components of the connection to limit brittle failure
in the wood was developes shown in Figure 2.6 has beerfound that the connections could

be designed to behave in a seigid fashion without a reduction in its momeesisting capacity

and that it could be designed to yield in the steel components before any failure occurred in the
wood section. The versatility of the connection configaraaind potential for prefabricating most

of the components highlighted the need to conduct further experiments on the connection in the

context of a fullframe assembly

X
fad
-

Figure 2.6. End-plate joint in the stedgimber structureTomasi et al., 2008)

Similar conclusions were drawn by Humbert et al. (2014) during their experimental study on the
mechanical behaviour of post and beam joints secured with metal fasteners. In theihstudy, t
found that although the connection capacity could be increased by increasing the stiffness in the
connection steel components, this resulted in brittle failure modes in the wood section before the
steel yielded in plastic failuras shown in Figure 2.A steel cross plate (+) was inserted into the

end of 180 mm x 180 mm Japanese larch glulam posts. The plates that were 6 mm thick had
deformation in the steel while the 8 mm thick pfatalthough did increase moment resistance, had
the wood section spliThis requires good optimization of the connection design to increase the
thickness and stiffness of the steel connecting components enough to just provide sufficient
momentresistance without promoting the formation of brittle failure in the wood sebtfore

failure occurs in the steel components.

11



Figure 2.7. Post base joint with concealed connedtimbert et al.2014)
2.3Embedded Rod Connections

Gluedin threaded steel rods have been in use and experimentally itesiedber connections

since the late 1980s, but there are no consistent design procedures for their application (Barillas,
2014; Fragiacomo and Batchelar, 2012). Some design approachesdenthadels have been
published however, there are some discrepancies and even partial contradictions between the
different models (Steiger et al., 2006). Experimental work has shown that threaded steel rods
inserted into wood can providlee connection wth a certain degree of ductility, preventing brittle
failures from developing in the wood section (Tomasi et al., 2008). As these connections are
composed of several materials, they are considered a hybrid connection. The interaction between
wood, adhesiveand metal introduces several variables that need to be considered, which have
made it difficult to pr©WdR04d8)Fattdisehathavebeendoundo n 6 s
to affect the connection strength are the nodbedment length, the size of the hole compared to

the rod diameter, the type of adhesive used, and the species of wood (Hunger et al., 2016; Steiger
et al., 2006).

Steel rods can be epoxied into one member and secured with a nut and washer to the btrer mem
or the same rod can be glued into two separate members making a permanent connection
(Fragiacomo and Batchelar, 2012)c#tical issue with connections composedstéelrods glued

in both members is that the connection has to be made owkith has been shown to carry a

high risk of being improperly bonded since the effectiveness of the grouting operation cannot be

visually checkedBatchelar & MclIntosh, 1998)Therefore, it is highly recommended that the
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gluing procas be done in a controlled environment where skilled workers can check their work
and ensure a proper bond.

Steiger et al(2006) completed a gluad rod tension testing program using a variety of parameters

to try and find some consistency betweeroélhe parameters. Norway spruce glulam was used
consisting of low and high density samples. Three different rod diameters; M12, M16, and M20;
were selected using a class 8.8 steel rod to promote a timber shear failure rather than a steel yielding
failure. Each roddiameter had four different rod embedment lengths as well in relation to the
timber and steel, and their corresponding area and modulus of elasticity to give the joints an
optimal performancelhe results of all of the tests are presented inrEig.B.
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Figure 2.8. Ultimate tension loads for single glued in tedts(Steiger et al., 2006)

The smallest rod diameter had the smallest standard deviations and the highest load transfer
between thevood and steel, while the largest rod diameter had the largest standard deviations and
the lowest load transfer between the wood and steel. The density of the wood clearly shows that
the high density wood has a higher pulit resistance compared to thevidensity woodEven

though the largest rod diameter and embedment length gave the strongest connection, preference
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should be given to the smaller rod diameter since it has the highest load trasbfexa# Table
2.2.

Table 2.2. Mean ultimate tensile strength and stress of tension asserfad@gsted fronSteiger
et al., 2006)

Rods M12 M16 M20
Mean Fu,mean(kN) 43.8 77.2 110
(ico (N/mm?) 145 | 137 | 12.2

Hunger et al. (2016) completed a tendiesting program as wekimilar toSteiger et al. (2006)

but with different parameters. The crestions were consistent at 120 mm x 120 mm, the steel
rod was M12 and embedded at an anchorage depth of 90rherimber tested was Norway
spruce glulamrd LVL, European ash and European beech glulam, and European beech LVL.
The two types of adhesives tested were ad¢amponent epoxy resin and a teomponent
polyurethane casting resifhe results othe ultimate load versus ductility are shown in Figure
2.9. The higher modulus ofgidity of the hardwoods led tuigher shear stress in the timber when
compared to the softwood Norway spruce. This also led to higher ducilitgs for the hardwood
glulams. There was no noticeable difference between thestyf adhesives used. The beech
glulam showed higher strength values than the LVL, while the Norway spruce showed no

noticeable differences.
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Figure 2.9. Ultimate load versus ductility for glulam and LVL glued in rod tension tests (Hunger
et al.,2016)
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An extensive study was done by Oh (2016)UBC testing gluedn rod momentresisting
connections. Douglas fir glulam beams were used with 12. dimmetemild steel rods glued in

using polyurethane based adhesives. Multiple rod layouts were tested to determine its effect on the
connections moment capacity. It was found that ductile failure in the steel rods is achieved when
the shear force induced into thennection is less than 25% of the axial rod strengthitiple

failure modes to be observed include splitting of the wood, shear failure in the glue line, vod pull
out, group tear out for multiple glued rods, and tensile failure of the timber at thd ehthe rod.
Recommendations have been suggested to prevent each brittle failure mode and promote the
ductile failure mode

To prevent wood splitting and group teart, the most stringent recommendation comes from the
German regulation (DIN 1052:20@8). It is recommended that an edge distance of two and a
half times the rod diameter and a bar spacing of five times the bar diameter be used (Oh, 2016).
Another measure to prevent wood splittiaghe use of selfapping screws as previously explored

in section 2.2. To preventod pullout failures and shear failure within the glue line, the gined

rod connection should be designed so thaictpacity of those failuresgseater than the capacity

of all other failure modes. Oveay to ensure adequatepeity of rod puHout failure is to ensure
sufficient embedment length and rod diameter which will increase the surface area resisting shear
along the adhesive timber interface. The problem with that solution though is that the relationship
between the dlrout strength of the rods and their embedment length in complex and challenging
to define as discussed earlier by Steiger et(2006) The pultout capacity increases with
embedment length, but at a certain pdim¢ increase in capacity reduces digantly, indicating

a nonlinear relationship between the capacity and embedment lefdgthprevent shear
concentration at the end of the gldadrods it is recommended that the steel rod and timber
member have a similar tensile stiffness for a smoaHt toansfer as discussed earlierSigiger

et al. (2006) To ensure a ductile failure in the steel rods it is recommended that mild steel be used
with a smaller diameter as opposed to high strength steel rodsawétger diameter. This
recommendation Wi promote the yielding of the steel rodgroviding a more ductile and
predictable failurefFigure 2.10 and Table 2.3 show the specimen layouts that were tested following

these recommendations. Table 2.4 shows the results of the monotonic testing aditihestions.
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Figure 2.10. Layouts of gluedn rod moment resisting connectioifa) Al; (b) B2; (c) C3; (d)
D2; (e) D4(Oh, 2016)

Table 2.3. Specimen layouts @luedin rod moment resisting connectiof@3h, 2016)

Base, | Height, | Length, g;ijr SR::‘I g;:l::e SR::I Embed. Testing
Label | b h 1 ea® ;}1“} - stw-e uength Mon. = Cyclic

(mm) | (mm) {mm) (mm) | (mm) (mm) (mm) ()
Al{a) 80 266 1400 33 0 40 0 203 (16d) e 4
Al(b) 80 266 1400 33 0 40 0 102 (8d) 4 0
Bl(a) 130 266 1400 33 0 33 64 203 (16d) 4 3
C3(a) 175 266 1400 33 ] 235 64 203 (1ad) 4 3
C3(b) 175 266 1400 33 0 235 64 102 (&d) 4 0
D2({a) 130 456 1400 33 0 33 64 203 (16d) 4 4
D2(b) 130 456 1400 33 0 33 64 102 (8d) 4 0
Ddia) 130 456 1400 33 64 33 64 203 (16d) 3 3

) Denotes in the direction of loading

2 Denotes perpendicular to the direction of loading
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Table 2.4. Results of gluedn rod moment resisting monotonic testing (Oh, 2016)

Measured Maximum Maximum Type of Failure

Specimen Moment Arm Load Displacement " Observed
(m) (KN) (mm)

Al(a)-1 (1) 1.250 8.77 44 83 Steel - Tension
Al(a)-1(2) 1.250 9.04 41.44 Steel - Tension
Alia)-11(3) 1.240 9.01 43.78 Steel - Tension
Alia)-1(4) 1.240 B.67 45,33 Steel - Tension
B2(a)-1(1) 1.240 . 20002 47.80 Steel - Tension
B2(a)-1(2) 1.250 17.07 44.39 Wood - Splitting
B2{a)-1(3) 1.250 18.01 50.00 Steel - Tension
B2{a)-1(4) 1.245 16.38 47.16 Steel - Tension
C3(a)-2(1) 1.210 2919 49.76 No Failure
C3(a)-2(2) 1.250 23.27 52.46 Steel - Tension
C3{a)-2(3) 1.240 29.06 54.29 Steel - Tension
C3(a)-2 (4) 1.240 2497 5480 Steel - Tension
D2(a)-1(1) 1.240 33.04 35.46 Steel - Tension
D2(a)-1(2) 1.260 29.10 22.72 Wood - Splitting
D2(a)-1(3) 1.260 29.61 33.77 Steel - Tension
D2(a)-114) 1.270 3381 39.59 Steel - Tension
Ddia)-1(1) 1.270 65.10 51.62 Steel - Tension & Pullout
Dd(a)-1(2) 1.255 47.48 50.64 Steel - Tension & Pullout
Dd(a)-203) 1.265 40.07 4547 Steel - Tension & Pullout
Al(b)-1(1) 1.240 9.15 2228 Pullout
Al(b)-1(2) 1.240 8.07 18.15 Pullout
Al(b)-1(3) 1.240 8.04 13.76 Pullout
Al(b)-1(4) 1.235 7.42 14.10 Pullout
C3(b)-1 (1) 1.210 18.84 15.19 Pullout
C3(b)-1(2) 1.240 20.37 26.81 Pullout
C3(b})-1(3) 1.240 21.29 27.69 Pullout
C3(b)-114) 1.240 . 17.37 20.28 Pullout
D2(b)-1(1} 1.260 15.79 12.03 Pullout
D2(b)-1{2) 1.270 21.49 16.97 Pullout
D2(b)-1(3) 1.260 . 24.50 17.92 Pullout
D2(b)-1{4) 1.260 23.66 16.90 Pullout
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As predicted from the recommendations, all of the tests with the shorter embedment length
experienced rod puthut, while the tests with the longer embedment length mainly experienced
tension failure in the steekigure 2.11 shows the ductile failures that were observed by every
configuration with the longer embedment length.

(e)

Figure 2.11 Ductile failures of gluedn rod moment conneicins: (a) Al(a); (b) B2(a); (c)
C3(a); (d) D2(a); (e) D4(a) (Oh, 2016).
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Figure 2.12 shows the brittle splitting failures that occurred for two of the tests. Even though they
were not common, it shows how unpredictable timber can be when usirnylbhid connection

of steel, wood, and glue.

(b)
(a)

Figure 2.12 Brittle splitting failures of glueein rod moment connections: (a) B2HR); (D
D2(a)}1(2) (Oh, 2016).

2.4 Fire Performance of Timber Connections

Most guidelines in North America for fire design are prescripthavever, the general trend has

been to adopt a performanbased methodology for structural fire des{gtadjisophocleous and
Benichou, 1999Barber, 201Y. The trend has been supported by esitee testing of individual
components, subassembliesassembliesand even entire structures. However, the focus of the fire
safety field has predominantly been on steel and concrete components, not glulam or other timber
products (Bisby et al., 2013). Specifically, therealsnostno available literature on the fire
behaviour of heawstimber momentesisting connections either as individual components or as
part of a structural frame. Primarily, the focus has been on axially loaded connections (Racher et
al., 2010), under compressive or tensile loading, parallel tatha| (Peng. et al.,, 2010) or
perpendicular to the grain (Audebert et al., 2012). At elevated temperatures, the studies showed
that timber connections either fail due to brittle failure modes in the wood, such as hole elongation,
splitting, row sheaput, crushing or due to ductile failure modes caused by yielding in the steel

components at elevated temperatures.
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A study was done on thérsctural fire performance of woesteelwood bolted connections with

and without perpendiculdo-wood grain reinforcem# by Petrycki and Salem (20)L8sing the

same type and crosgction of glulam presented in this thesis. The connection Slatted cut to
accommodate T-stub steel connector amehs connected witholts forminga wood-steelwood
concealed glulam beaconnectioras shown in Figure 23{a). There were also long screws placed

in between the bolt rows for half of the connections tetstéry ard increase the connections fire
resistance timelhe long screws preverteéhe connection from splitting and adden average 2
minutes of fire resistance time, but the metal bolts still charred the holes at an accelerated rate
causing the holes to become elongated as shown in Fig&®)2Tlhe connection wasubjected

to similar design loaglas the connection pesged in this thesis, bthie strongest connection was

only able toachievel9 minutestill failure in standard fire condition

Figure 2.13. Bolted moment resisting connection reinforced with-taghping screws exposed to
fire: (a) bolted connection configuration with s&pping screws; (b) connectioneffire with
char layer remove(Petrycki & Salem, 2019)

The use of embedded rods has the advantage of being superior in fire performance compared to
other connections because the steel components are completely concealed inside the wood section.
Even a connection where only a slight portion of the steel redpesed still has a considerably

high charring rate because steel components quickly conduct heat into the con(izotben,

2017) One setback though is that issues with epoxy at elevated temperatures still néedherbe
investigated. A study done by Di Maria et al. (2017) shows that epoxy deteriatatksated
temperatureas shown in Figure 2.18nd thus, the connection can easily fail wiiee temperature

reaches only @to 60°Cin the epoxy An epoxy resirwith two differentviscositieswas used for
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testinga single steel rod under tension in the end of spruce glulam and solid sawn Douglas fir.
Half the shear strengtat ambient temperature testimgas chosen as the design load for the
elevated temperaturedting Figure 2.14shows the connectisrailing at temperatures between

40 and 60C in the epoxyor the two different viscosities.

EX1:1 Cold-Elevated Temperature

16 | | | |
° e FIR EX1 Cold
14 | = CLEX1Cold [
19 . +FIR EX1 Elevated
“ L + GL EX1 Elevated
10
I~ 6 B ¢ w T i
4 i
2 _
[] | .I | "\
0 10 20 30 40 50 60
T [°C]
EX3:1 Cold-Elevated Temperature
16 . 2 . :
e FIR EX3 Cold
14 s = GL EX3 Cold
19 . +FIR EX3 Elevated
- + GL EX3 Elevated
_ 10F $ .
5
= 8F i
) 6 - & :‘ ¢ A AA‘ )
4
2
0 ' ' 5 ‘ ' :
0 10 20 30 40 50 60

'I- [ ('

Figure 2.14. Shear strength versus temperature of tension connections at ambient and elevated
temperatres(Di Maria et al., 2017)
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Figure 2.15 Crumbling effect of epoxy resin after being exposed to elevated temperatures (Di
Maria et al., 2017)

2.5Summary

Section 2.2 shows that there have been many attempts to create a moment tesisting
connection that is stronget ductile using a variety aonfigurations, additions, and completely
innovative solutions. The problem with such connections is that even though they are strong and
ductile, there is little research in regard to their fire performance. Section 2.3 shows moment
resisting connectiorthat utilize embedded glued steel rods. The connections can provide great
strength with the possibility of a ductile failure. The ghiledod connections flaw is that it must

be assembled in the factory under controlled conditions to ensure a qaatityiih the glue and

is therefore not recommended for assembly in situ. Section 2.4 shows that connections with any
exposed steel have poor fire performance due to the steel conducting the heat into the connection
and char the wood at an accelerated r&te. concealed glueid rod connection also needs more
research as the deterioration of the epoxy at elevated temperatures is not fully understood. A
practical solution to the epoxy problem at elevated temperatures is to mechanically fasten the steel
rodsinstead. The fastening can be done by cutting a small hole in one side of the beam section to
meet the end of the rod, then a nut and washer can be utilized to mechanically fasten the steel rod.
Once the beam is connected, a small wood plug can be ghoetthénhole, covering the nut and
washer, which will provide a fully concealed connection just like the bemdesti connection.

Such a connection can be easily assembled in the field as well, which eliminates the risk of bond

failure of the gluedn rodsdone in the field.
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Chapter 3 Rod Pull-out Experimental Testing

3.1 Introduction

Thirty-seven fullsize test assemblies were examined in ghaliminary experimental study
presented in thichapter Nine configurations were used for the esdbed rod in glulam
connectionsvith each configuration tested four times (A, B, C, The 37" connection assembly

was tested using the strongest configuration and a weaker steel rod to prove that the wood can
cause the steel rod to fail due to yieldingsing the collected loadisplacement data, the
connectionso strengt medaand failwd modds wers ebsewedlraed d et

documented.

3.1.1Materials

3.1.1.1Glulam sections

The gulam beam sections (135 mm x 3i¥n) used in all test assemblies were made-B{FS
comprised of 90% black sprugdlordic Wood Structures, 2015\ picture of the glulam beam
crosssection is shown in Figure 3.The beam sections were manufactured to meet the 24F
ES/NPG(Canadian Standards Association, 20tdgss grade with architectural appearance grade.
The individual lamina stocks that were used to build up the beam sections measured approximately
25 mm x 50 mm. The lamina stocks were finger jointed at their ends and glued together in
horizontal and vertical layers. Since the laminas are glued along thew dad edges, and the
beam section has a homogeneous layup, the strength properties are the same along the cross
section regardless of orientation. With the laminas being of the same quality throughout the beam
crosssection the strength properties of theam section are the same no matter where the rods of
the connection are placed. The principle mechanical design properties of the glulam sections are
listed in Table3.1.
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Figure 3.1. 135 mm x 314 mm glulam beam cresetion

Table 3.1. Mechanical properties of glulasectiongNordic Wood Structures, 2015)

Property Unit (MPa)
Bending momenty 30.7
Longitudinal shearfy 2.5
Compression perpendicular to gréiy, 7.5
Compression parallel to graif, 33.0
Tension parallel to grairi 20.4
Tension perpendicular to graiig, 0.51

Modulus of elasticity, E 13100

3.1.1.2Threadedrods

The threaded radused forall test assembliesad anominaldiameter 0f19.05 mm 8/4"), and
original length of 90 mm. The steel rods were of two differesiiress gradeto guarantee the
connection failure to occur in the wood section, not in the sbeleSAE J429Grade SandClass
10.9. Using a horizontal band saw thegsegtre cut tothe desired lengths to allow the required
rod embedment lengths into the glulam gectAny remaining cubff lengths of the steel rods

were utilized as tension coupatasconfirm the stress grade of the sod

24



3.1.1.3Washers

The washers used for all test assemblies were fabricated from steel flat bar with a stress grade of
300W, as specifitby CSA G40.2004/G40.2113(Canadian Standards Association, 20T3)ree

di fferent washer sizes were fabricated: 38. 1
(2.00 x 2.00) and 63.5 mm x récittogoughrength2vithsad x 2
horizontal band saw, and then they were trimmed to final dimensions using a milling machine. A
19.05mm (3/4") diameter hole was drilled at the centre of each washer. Also, two different
thicknesses, 8.0 mm and 12.7 mm weredu®r the different washers.

3.1.2Testassemblydetails andfabrication process

Nine different configurations of threaded rod in glulam beam connections werewgstehch
configuration tested four times (A, B, C,.O)he matrix of the test configurations shown in
Table 3.2The four configurations of the weaker test assemblies were: a rod embedment length of

150 mm with a 38.1 mm (1.50) square wis8her ; a
mm (2. 00) s agmaembedmeatdengthrof 200 mmw h a 38. 1 mm (1. !
washer ; and a rod embedment l ength of 200 mm

replicates of each connection configuration were tested with the SAEGI42i@ 5 steel rods and
the 8mm thick washers. Also, each connenticonfiguration was tested an additional time with
the Class 10.9 steel rod and the 42 thick washers to ensure that the connection failure

occurred in the wood section.

The five configurations of the stronger test assemblies were: @mbddment length of 150 mm

with a 63.5 mm (2.50) sguare washer; a rod e
square washer; a rod embedment | ength of 250
embedment length of 250 mm witha 50.8 n2m (0 0 ) square washer; and

of 250 mm with a 63.5 mm (2.50) sqguare wastl
configurations were tested with the Class 10.9 steel rods and thenfi2thick washers. The
connection configuration with od e mb e d me n't |l ength of 250 mm a
washer was tested an additional time with a grade 2 steel rod andrari2iick washer to prove

that with an understanding of the wood sections strength a weaker steel rod can be selected to
cause the rod to fail due to yielding with little to no damage to the wood section as shown in section

3.6.
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Table 3.2. Threaded rod in glulam sections tests matrix

Test configuration ID | TestReplicates Rodembedment length  Washer size

(mm) (mm)
Test 1561.5 4 150 38.1
Test 1562.0 4 150 50.8
Test 1562.5 4 150 63.5
Test 20601.5 4 200 38.1
Test 2062.0 4 200 50.8
Test 2062.5 4 200 63.5
Test 2561.5 4 250 38.1
Test 2562.0 5 250 50.8
Test250-2.5 4 250 63.5

Notes: For the test configuration ID; 150, 200, and 250 are the rod embedment lengths in (mm);

1.5, 2.0, and 2.5 are the square washer size in (inches).

The glulam beam sections with an embedment length of 150 mm were cut to a minimum length of

450 mm, while the beam sections with an embedment length of 200 mm were cut to a minimum
length of 500 mm, and the beam sections with an embedment length of 2%@ransut to a

minimum length of 550 mm using a horizontal band saw. The length of each beam section ensured
that there was enough space separating the connection end to be tested from the end where the
tension attachment would be which would keep theraibontained in the tested connection end.
A206mm (13/160) diameter hole was then drill ed
section to the required embedment length using a precise portable drilling station. Every beam
section had a line maekl perpendicular to the wood grain at the required embedment length, and

a line marked parallel to the wood grain down the centre of the widest face. A little rectangle was
mar ked directly below the embedmentsfrantdacegt h | i
Rectangles measured 41.3 mm (1 5/80) wide for
wide for the 50.8 mm (2.00) washer, and 66. 7
with all measuring3dnm hi gh wer e mar htdade tmwaccomhniodate the washérs f r «
and nut thicknesses. All rectangles were then carved out into a rectangular prism using wood
chisels to a depth where the centre of the washer hole would line up with the centre of the hole
made through the end of the beaettion. The depth of the hole chiselled out was approximately

88 mm for the 38.1 mm (1.50) washer, 94 mm f ol
63.5 mm (2.50) washer. The oppomint el&hid6om)f ha

drilledon t he beambébs front face to match the hol e
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support the test assembly in the Universal Testing Machine (UTM) which was utilized to apply
the tensile forces. The design of the tension attachment had at |dalstidbe expected maximum

load of the strongest connection; therefore, there should be no noticeable deformation or slippage
in the bolts for the bottom half of the beam section. An example of a prepared beam section is
shown in Figure8.2(a), and the temsn steel attachment used in experiments is shown in Figure
3.2(b).

(b)
Figure 3.2. Components of a general test assemaly prepared beam section; (b) tension steel
attachment.

3.1.3Testassemblydesign

The purpose of thigreliminary study as part of the research projegas to experimentally
determne the maximum strength of tigkulam sectia itself when it fails in the threadead-in-
glulambeam connection configurati; therefore a sufficient strong threaded steel rod and thick
washer were selected for each respe connection configuratiaio ensure that the failure would
happen in the wood section and not in any of the steel connecting components. The fired test w
the only exception as a grade 2 steel rod was utilized in the connection configuration with a rod
embedment | ength of 250 mm and a washer si ze
section was strong enough to make a lower grade stegieldd without any damage to the wood
section as shown in section 3.6. The anticipated failure of the glulam beam section was rod pull

out, similar to the failure in the case of gltiedods connections. Since there was no clause for
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glued in rods or rogull-out parallel to the grain ithe CSA O8619 Engineering design in wood
(Canadian Standards Association, 20djuidelines irthe current version of the Canadian Wood
Design Manual(Canadian Woodouncil, 2018)a simple shear equation was adapted to fit the
parameters of this connectiddimilar to the failure of a glueid threaded rod pulbut, the strength

of the connection is in the area of wood to be sheared. Theigltie@taded rod aa to be sheared

is the circumference of the rod multgd by the embedment lengfMuciaccia, 2017)The area

to be sheared by the mechanically fastened rod is the perimeter of the square washer multiplied by
the rod embedméeiength.

According to Clause 12.2ith the CSA 08614 standardCanadian Standards Association, 2014)

all connection design formulas must consider certain modification reduction factors (K factors) to
accuratelypredict their true strength values. These K factors include the load duration fagtor, K
the service condition factor,dand the treatment factor,rfKThe glulam beam sections were
tested under short duration loading till failure (less than seven dags3fore, the load duration
factor, Kp, equals 1.15 as per Clause 12.2.1.6 inGB& 08614 standard Canadian Standards
Association, 2014)The beam sections were under dry service condition and were untreated,;
therefore, he service condition factor,Kand the treatment factor,rKboth equal 1.0 as per

Clause 12.2.1.5 and Clause 12.2.1.7, respectively.

The specified shear strength for the glulam beam sectipregbials 2.5 MPa according to a
technical note putshed byNordic StructuregNordic Wood Structures, 2015Combining all

these values gives Equation 1, as shown below.

Equation3.1 Rod pultout failure formula

02 £+ + + DI Eqgn. G.1)
Where; PR = Pulbut resistance of threaded rod in glulam section () specified shear strength
(MPa), Ko = load duration factor, & = service condition factor for shears K treatment factor,
p = washer perimeter (mm), ahd rod embedment length (mm)
Using Equatior.1, the expected ultimate puthut strength values were calculated as shown in
Table 3.3. For the first half of the weaker experiments, the maximum expectedyiuiensile
force of the glulam beam section fible strongest connection configuration was 116.8 kN, while
the tested yielding tensile force resisted by the grade 5 threaded steel rod was 150 kN; therefore,

all failures should occur in the wood section, not in any of the steel connectors.
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For the secamh half of the stronger experiments, the maximum expecteebptiblensile force of
the glulam beam section for the strongest configuration was 182.6 kN, while the tested yielding
stress of the class 10.9 threaded steel rod was 960 MPa. When the strgsplisdvby the rod
crosssectional area, the yield tensile force was calculated at 200 kN; therefore, all failures should

be wood failures, not steel failures.

Table 3.3. Threaded rod in glulam section tesigected tensile force

Test Rod Washer| Expected tensile
configuration TQSt embedmen size force
D Replicates  length (mm) (kN)
(mm)
Test 1561.5 4 150 38.1 65.7
Test 1562.0 4 150 50.8 87.6
Test 1562.5 4 150 63.5 109.5
Test 2001.5 4 200 38.1 87.6
Test 2062.0 4 200 50.8 116.8
Test 2062.5 4 200 63.5 146.1
Test 25601.5 4 250 38.1 109.5
Test 2562.0 5 250 50.8 146.1
Test 2562.5 4 250 63.5 182.6

3.1.4Testssetup

A schematic of the test assembly is shown in FigureTh& tension steel attachment for the beam
section was placed in the bottom gripping jaws of the UTM accommodated in the Civil
Engineeringdés Structures Labor aptate was attachedioa k e h e
the end of the beam, and an attachment for a Linear Variable Differential Transducer (LVDT) was
secured to the side of the beam section near the end, both of which were used to help with
measuring the displacement using two LVDTse Tulam beam section then had the threaded

rod inserted through the end hole and was secured using a washer and nut through the small
rectangular hole carved out of the beam front face. The beam section was then placed on the tension
steel attachment arsgcured using six A325M bolts, while the threaded rod was slipped up into
the top assembly of the UTM. The top assembly used gripping jaws for the tests using the 600 mm
grade 5 rod, and a fixed assembly for the tests using the 750 mm class 10.9 rojsv8uotbre

drawn tight for the 600 mm rod, and just the bottom jaws were drawn tight for the 750 mm rod,

while a minimal initial load was applied to the test assembly to secure the machine jaws.
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Figure 3.3. Tension assembly diagram

One drawwire displacement transducer was attached to the UTM head block and the stationary
block to measure the displacements of the esyiseemincluding possible slippage in the top and
bottomsets of jaws, as shown in Figu8d(a). The two installed LVDTs were attached at the top

end of the beam section, as shown in Fidiéb); one was attached to a metal pole next to the
small plate to measure the displacement between the pole and thelat@awhile the other was
attached to the side of the glulam section to measure the displacement between the beam section
and the UTM head block. Both were measuring the displacement between the beam section and
the UTM head block, therefore, the olbid results from both LVDTs shall be the same. It is

important to mention that the measurements of the two LVDTs accounted for the displacements
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of the beam section and any potential slippag
measuring instrments were in place and zeroed, the initially applied load was recorded, then the

test assembly was loaded at a rate of 8.0 KN per minute. The slow rate of loading was chosen to
prevent premature brittle failure that might be caused from loading tod\fest.the loading rate

of force per time versus displacement per time was chosen due to the same preventative measure
of not loading too quickly. The test was terminated when the glulam beam section developed a
wood failure with no additional load gainh@ full test setup with the top gripping jaws is shown

in Figure3.4(c). The fixed top assembly used is shown in Figued).
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(d)

Figure 3.4. Full test setup of a generainsiontest assemblya) Drawwire displacement
transducer(b) Two LVDTs installe¢l(c) Test setup of a general assemldly Fixed top
assembly

3.2 Experimental Results and Discussion

The meastements of the two LVDTs were nearly identical, which confirmed the displacement
between the UTM head block and the glulam beam section, as well as any potential slippage that
might developed in the top assembly. However, the dvae displacement transder showed an
increase in displacements by an average of 3.
measurements, which indicate that there was a slight slippage in the bottom jaws. There was no
noticeable deformation in the six bolts of the bottmnnection and the bolts where tightly fitted

into the tension assembly; therefore, the slight slippage in the bottom half of the assembly was not
caused by slippage in the six bolts. Also, when therf0long rod was removed from the top

jaws, the threds were bent in the direction of the pulling jaws, which confirms that there was
slight slippage in the top jaws as well. Accordingly, the results showed slightly more displacements
occurred in the pubut of the rod than what it should be. However, tkaceslippage cannot be
proven, therefore, the obtained displacement measurements are more on the conservative side.

When the 750 mm rods were used with the fixed top assembly, there was no slippage noticed. The
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extra tests done on the first four assensbhgth the 750 mm rod and fixed top assembly show an
enhanced stiffness since there was no slippage when compared to the 600 mm rod and gripping

top jaws. A summary of the maximum load sustained is shown in Babitelow.

Table 3.4. Maximum load results of all test replicates, A through D

Test Expected load | Test A load| Test B load| Test C load| Test D load
configuration ID (kN) (kN) (kN) (KN) (KN)
1501.5 65.7 66.6 64.5 67.5 82.2
1502.0 87.6 75.6 93.8 73.5 67.9
1502.5 109.5 69.7 76.4 82.3 90.1
200-1.5 87.6 80.3 74.6 67.6 65.0
2002.0 116.8 114.6 105.0 109.5 83.7
200-2.5 146.1 142.0 115.6 101.8 132.4
250-1.5 109.5 76.9 79.0 80.5 87.3
2502.0 146.1 138.0 146.3 135.4 133.9
2502.5 182.6 217.9 136.9 127.9 125.8

The failure modes of every test are presented in Tableelow. The short forms for each failure

are rod pultout (RPO), wood crushing (WC), and splitting (S). For the tests that had two failures,
the first one listed is the first one observed.

Table 3.5. Failure mode of all test replicates, A through D

Teg Test A . TestB . Test C . Test D .

. . Failure Failure Failure Failure
configuration| load mode A load mode B load mode C load mode D

ID (KN) (KN) (KN) (KN)

150-1.5 66.6 RPO 64.5 RPO 67.5 | WC:RPO| 82.2 RPO

150-2.0 756 | SIRPO | 93.8 | SIRPO | 73,5 | SIRPO | 679 | SIRPO

150-2.5 69.7 | S(RPO | 764 | SIRPO | 823 | SIRPO | 90.1 | S!RPO

200-1.5 80.3 | WC:RPO| 74.6 | WC:RPO| 67.6 | WC:RPO| 65.0 | WC:RPO

200-2.0 1146 | RPO:S | 105.0] RPO:S | 109.5| RPO:S | 83.7 | S:RPO

200-2.5 142.0 | RPO:S | 115.6| S:RPO | 101.8| S:RPO | 132.4| S:RPO

250-1.5 76.9 WC:S 79.0 WC:S 80.5 WC:S 87.3 | WC:RPO

250-2.0 138.0 | WC:RPO| 146.3 RPO 135.4 | RPO:S | 133.9 | WC:RPO

250-2.5 2179 | RPO:S | 136.9| S:RPO | 127.9| S!RPO | 125.8| S:RPO
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3.2.1Failure modes

The desirable failure mode was rod palit as shown in Figurg5. In Figure3.5(a), the failure

was a rod putbut of a square area of a similar size of the utilized washer. In F3di(t®, the

failure was similar to that shown in Figusé(a) excepthat instead of shearing along the fourth

side of the washer closest to the small hole, the wood surrounding the rod sheared along the three
walls of the small hole that was chiselled out. In Figséc), the failure was similar to that shown

in Figure 3.5(b), except that one or two 4fegree cracks also formed on the end surface at

approximately where the washer corners were.

(©)

Figure 3.5. Rod pultout failures (a) Rod pullout shearing along washer edgés; Rod pultout
shearing along carved out hole edde$ Rod pultout shearing along carved out hole edges with
45 degree crack
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As shown in Figur&.6(a), Test 202.0 had a rod pulbut failure with partial wood splitting. The

rod pullout failure occurred like that shown in FiguB€(c); in addition, the beam section had a
clear split down the middle on the back side of the small hole, which didmotuntil the end,
during the last 5.0 KN before rod pullit failure. The connection configurations of Test-200
were strong enough to cause the®u@ washer to yield slightly, as shown in FigGr&(b). Since

most of the yielding occurred at the gers of the washer, therefore it can be assumed that more
stresses happened at the corners to cause teg4®e cracks to form at the end of the beam

section. For the additional test and all other stronger connection configurations -tie 8nxick

waster was replaced with a 12r@m thick washer.

(b)

Figure 3.6. Failure mode of Test 26D.0 replicates(a) Rod pulout shearing along carved out
hole with 45degree cracks artlskam splitting(b) Yielded 8mm thick washer
As shown in Figurg.7(a), the first replicate of Test 2805 had a rod pulbut failure with a split
happening at the back of the connection simultaneously. Also, the wood section showed no
noticeable cracker damage until the very end when the connection sheared. The test replicate A
was strong enough to cause the washer to yield slightly, as shown in Big{lm)e The strength
of this replicate of Test 25P.5 went well beyond the maximum expected loati@mly happened

once; therefore, the same washer type was used for the other tests.
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(b)

Figure 3.7. Failure mode of the first replicate of Test 258: (a) Rod puHout failure (b)
Yielded 12.7mm thick washer
The next desirable failure mode was wood crushing as shown in B@urehe wood crushing
failure happens first and can displace intowlo®d section a large amount, e 30mm, as shown
in Figure3.8(a). The final failure of the beam section after the wood was done crushing was either

wood splitting failure as shown in FiguBa(b), or rod pulout failure as shown in Figu3(c).

(b) (c)

Figure 3.8. Wood crushing failure with associated failures at the end of the tesi&/ood
crushing failure(b) Wood splitting failure(c) Rodpull-out failure
The final failure mode experienced was wood splitting as shown in Fguréhe wood would
either partially or fully split in half first, as shown in FiguB9(a). Next, the wood would

experience a rod pudut failure, as shown in Fige 3.9(b). In some specimens, the two failures
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would happen simultaneously, but usually, the wood would split first then the test specimen would
experience rod pulbut failure.

(b)

Figure 3.9. Wood splitting failure (a) Wood splitting before final failur€¢b) Rod pultout
failure after wood splitting

3.2.2Load-displacementr elationships

The displacements used to develop the ddiagdlacement curves were those measured by the
LVDT attached to the metal pole. The displacement measurements of the LVDT attached to the
glulam section were very similar to those of the other LVDT except foendeof the test when

the glulam section failed under rod palit. The sudden jerk of the rod pollit would slightly

move the sensor and give a higher displacement value than what the actual value should be.

Figures 3.10 through 3.18 show the loadlisplacement relationships of the nine different
connection configurations. For Figurgd40, 3.11, 3.13, 3.14, replicates A, B, and C were tested
using the machinebds top gripping |jaws, wher e
assembly. Test replicaizexhibited the greatest initial stiffness, which proves that the top gripping

jaws exhibited slippage while the top fixed assembly had no slippage. Also, F3gl2e3.15-

3.17 were tested using the top fixed assembly and there graphs show the inifiafsh e s s 6 s o f

test configuration very close proving that there was no slippage in the top fixed assembly.
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Figure 3.10 show the loadlisplacement relationship for Test 15(5. All tests show a steady
increase in load sustained before a sharp droppeXest C, which follows the trend of a rod pull

out failure. Test C experienced a few millimeters of wood crushing before experiencing the final
rod pultout failure.
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Figure 3.10. Load-displacement relationships foest 1561.5 connections
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Figure 3.11 shows the loadlisplacement relationships of the connection configurations of Test
200-1.5. Only test replicate A experienced sudden failure of rodoollsimilar to the failure
developed in the connection configurations of Test150 The other teseplicates experienced
crushing of the wood section, similar to the failure developed in the connection replicate C of Test
150-1.5, and at around the same failure load of 65.0 kN. Also, the wood crushing was experienced
for much deeper in the wood secticompared to the 3.0 mm experienced in the connection
replicate C of Test 150.5, by up to 15.0 mm. This extended crushing is because the connection
configuration of Test 26Q.5 has an extra 50 mm of length to hold the wood at this failure load
before eperiencing rod pulbut failure.
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Figure 3.11 Loaddisplacement relationships foest 2081.5 connections
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Figure 3.12 shows the loadlisplacement relationships of the connection configurations of Test
250-1.5. All four test replicates experienced crushing of the wood to some degree before
experiencing a splitting or rod ptdlut failure. These four replicates of Test 266 experienced

wood crushing at a slightly greater load of about 70.0 KN compared to that of Te$t5200
replicates. The extra 50 mm of length in Test-20replicates helps the wood section to hold this

crushing failure for even longer, by up to 5énrbefore experiencing the final failure.

Test250-1.5-A ===-=Test250-1.5-B Test 250-1.5-C Test 250-1.5-D
100.00
90.00
F“"‘FJ"’—?‘.:;?
80.00 £ -_—
70.00 i gt 0
I 4 1
WJ.’.‘{!I I'.II ﬂ
= 60.00 s \ ;
-E- fl i II|| !
= 50.00 ¥ \ \\ i
© ‘E \ \ ]
S 1000 2 \ S
=TT { | :
30.00 !
20.00 %’
10.00

0.00

o

10 20 30 40 50

Displacement (mm)

60

Figure 3.12 Loaddisplacement relationships foest 2561.5 connections

The displacement before wood crushing failure and rodqutlfailure for the threeonnection

configurations using a 38.1 mm (1.50) wide wa
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Figure 3.13 shows the loadlisplacement relationships of the connection configurations of Test
150-2.0. All test replicates had the wood section split partially to fully in half from the hole in the

front to the back side before experiencing rod-puli failure. Thesplit happened around the last

5.0 kN before rod pulbut failure. The split is believed to happen due to uneven bearing on one
side of the washer causing a slight lateral force in the section, or due to the compression under the
larger washer which dispges some of the load laterally and the short embedment length of 150
mm wasnot strong enough to resist the | ateral

is the wood weakest load orientation.
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Figure 3.13. Load-displacement relationships foest 1562.0 connections
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Figure 3.14 shows the loadlisplacement relationships of the connection configurations of Test
200-2.0. All four test replicates experienced very slighittapg before experiencing rod pediut

failure and major splitting. The first failure happened within the last 5.0 kN before redyull
failure. However, the slight drop in load during the final 5.0 kN before ultimate failure was not
experienced for # connection configurations of Test 2@ when compared to Test 13M
configurations. The longer embedment length of 50 mm extra provided enough resistance to the
lateral tensile force acting perpendicular to the wood grain so that even though thevagod

starting to split, there were enough fibres to hold the section together until resuptdilure

developed.
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Figure 3.14. Load-displacement relationships foest 2082.0 connections
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Figure 3.15 shows the loadlisplacement relationships of the connection configurations of Test
250-2.0. Test replicates B and C experienced a sudden redydutilure. However, test replicate
D experienced slight wood crusly before having a rod putiut failure, whereas test replicate A
experienced a long wood crushing failure before having a roebptfiailure. The displacement

of test replicate A during the wood crushing failure was about 12.0 mm.

Test 250-2.0-A ====Test 250-2.0-B Test 250-2.0-C Test 250-2.0-D

160.00
140.00
EV%%T ﬁ-\
120.00 by e
/A \
i/ %
100.00 S

_ af 9
: A WA \
S 80.00 - S
© g / S
S g / )
60.00 %
g %
40.00 /i e\
' 3 |}
\
20.00 % Y
N
0.00
0 2 4 6 8 10 12 14 16 18 20

Displacement (mm)
Figure 3.15. Load-displacement relationships foest 2562.0 connections

The displacements measured before the wood crushing failure and raditpfailure for the
connection configurations using a 5&r8Bn  ( 2wid® washer and the top fixed assembly with

the three different rod embedment lengths were all between 5.0 and 6.0 mm.
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Figure3.16 shows the loadisplacement of the connection configurations of TestZL50All test
replicates had the wood section split fully in half from the hole in the front to the back side before
experiencing rod pubut failure. The split happened at the nmaxm load and then rod ptdut

failure happened shortly after. Since the split happened across the entire section, there was not
enough area of wood to be sheared by the washer for the resuptdilure to gain a higher load.

The split is believed to Ippen due to uneven bearing on one side of the washer causing a slight
lateral force in the wood section. Also, the split is believed to happen due to the compression under
the larger washer which disperses some of the load laterally and the short embdedgikruf

150 mm is not strong enough to resist the lateral tension load perpendicular to the wood grain.
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Figure 3.16. Load-displacement relationships foest 1562.5 connections
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Figure 3.17 shows the loadlisplacement relationships of the connection configurations of Test
200-2.5. All test replicates experienced rod padk failure and splitting at the same time except

for test replicate C which had the wood section split before expergerampullout failure. The

connection configurations of Test 2Q(®b experienced similar wood section splitting as those of

Test 1562.5; however, because of the extra 50 mm of embedment length in the preceding

configurations, the wood section was able rasist the lateral tension force developed

perpendicular to the wood grain for longer. Similar comparison is valid for the connection
configurations of Test 15R.0 versus those of Test 2Q0.
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Figure 3.18 shows the loadlisplacement of the connection configurations of Test250 Test

replicate A experienced rod puwut failure, whereas testplicate B had the wood section split at
maximum load before experiencing rod polit failure. While test replicates C and D had their

sections split but were still able to sustain more load until rodquilfailure. The connection
configurations of Tes2502.5 experienced splitting at a slightly higher loads than those of Test
200-2.5 connection configurations, except for replicate A of Test250as the maximum loads

obtained for the connection configurations of both test groups wéhne nange ©120.0 to 140.0

kN. Also, since test replicate A of Test 28(% experienced no splitting until the end, it was able

to achieve a simultaneous rod pailt and splitting failure which provided the highest tensile

resistance force when compared to all odextions that experienced splitting beforehand.
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3.2.3Maximum load comparison

Shown in Figure3.19 are the expected maximum and the actual maximum loads of the test
replicates of each connection configuration grouped by washer size. The expected maximum load
was calculated from Equation 1. Results of all test replicates are either within the exaegted r

or above the expected maximum load value. Also, all test replicates that experienced pure rod pull
out failure had their maximum load close to, or above, the maximum load value predicted from
Equation 1, without the use of the resistance factor. Tdrexefor test replicates predicting pure

rod pultout failure, Equation fits this failure mode the bedReplicates of Test 15D.5 and Test
250-2.0 show the best fit for pure rod pollt failure.

The connection configurations with the 381m ( 1wid® washer experienced a longer wood
crushing failure as embedment length increased. Connection configurations of Fésh bad

one replicate experienced slight wood crushing failure while the rest experienced pure-rod pull

out failure. The other twoamfigurations with the same washer size experienced mainly wood
crushing failure which happened due to the wood under the small washer acted like a small fully
supported column crushing. Sincethe 3 (1. 50) wi de washer 6s bea
wood under the washer behaved like a fidlypported short column and crushed before
experiencing large enough load to experience a splitting or roebpiullailure. As the rod
embedment length increased, the displacement before final failure increasdd Blsenacrease

in displacements with embedment length suggests that the wood would crush, and thus reduces
the area to be sheared until the strength of such area to be sheared is equal to the strength of the
wood crushing. Therefore, the connection wofdd under shear from rod pudlut until the

increase in resistance from rod embedment length is greater than the resistance of wood crushing,
and then the connection would fail due to wood crushing. The transition from remuptdl wood

crushing failue is between th&50- and 200mm embedmentengths The maximum load only

increases slightly with the increase in embedment length for then8®1 ( 1. 50) wi de w
therefore there is a strong correlation of wood crushing with washer size and a veeatatian

of wood crushing with embedment length.

The connection configurations withthe5m8n ( 2. 00) wi de washer exper
failure, rod pultout failure, and wood crushing failure. Test 250 had three replicates that

experienced wab splitting failures which are shown in between the maximum and minimum
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expected loads. The second replicate, test B, experienced a rodtdalilure with wood splitting

failure and is shown slightly above the maximum expected load. Te.Q0d thee replicates

that experienced rod putlut failures which are shown to be close to the maximum expected load.
The fourth replicate, test D, experienced a wood splitting failure and is shown in between the
maximum and minimum expected loads. Test-2%Dhad two replicates that experienced wood
crushing failures, and all test replicates experienced eventual redypiutilures close to the
maximum load of the wood crushing failures which are shown to be close to the maximum
expected load. The connectioonéigurations withthe 50-&am ( 2. 00) wi de washer
spread of failure types. The wood splitting failure happens with a larger washer versus a smaller
embedment length as shown for Test-PSDreplicates. The wood crushing failure happened with

a smaller washer versus a larger embedment length as shown for T2sD 2&0licates. The rod
pull-out failure happened when the washer size and embedment lengths were in a certain
proportion to each other in between wood splitting and wood crushihgefaResults of the
replicates of Test 20R.0 and Test 25Q@.0 showed that Equation 1 without the resistance factor

is a reliable equation when predicting a pure rod-putlfailure.

The connection configurations withthe 63m ( 2. 50) wi ricecedwnaishhwood e X p e
splitting failure. Test 15@.5 had all replicates experienced wood splitting failure, and their
maximum load ranged wide in between the maximum and minimum expected loads. T2& 200
replicates were the strongest connection configuma that exhibited combined wood splitting

and rod puHout failure at the same time, with its weaker replicate experienced a wood splitting
failure earlier on. The stronger test replicates that experienced the combined failure modes were
close to the mamum expected load of a pure rod pallt failure. The range of maximum loads

for Test 2002.5 replicate was very large in between the maximum and minimum expected loads
since the wood splitting failures were developed at lower loads compared to theedfaldures

that were developed at higher loads. Test250four replicates exhibited wood splitting failure

except for the first replicate, test A, that experienced a pure rodyuthilure which is why it
experienced a very large maximum failuradoThe results of the connection configurations with
the63.5mm (2. 50) wide washer showed that there i
washer size and with rod embedment length. The large washer induced a wood splitting failure
which is verybrittle and spans a large range of maximum loads between the test replicates, as

shown in Figurg.17. The rangef wood splitting failures gets smaller for Test 2&6 replicates
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as it gets closer to the likely hood of a rod fmut failure. The maxinm load increased linearly
from Test 15€2.5 replicates to Test 2605 replicates since connection configurations of both test
groups experienced wood splitting failures. From Test-260replicates to Test 2505
replicates, the maximum load increaskghdly, and the range of wood splitting failures decreased
since Test 25@.5 replicates were close to the transition point of wood splitting failure to red pull

out failure.
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Figure 3.19. Maximum load with changing rod embedment length comparison
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Figure 3.20. Maximum load with changing washer size comparison

Shown in Figure3.20 are the expected minimum, egqied maximum and the actual maximum
loads for all tests of each configuration grouped by embedment length. The order of failures with

increasing washer size goes from wood crushing to roebptilithen to wood splitting failure.

The three different comttion configurations with the 150 mm embedment length experienced
wood crushing failure, rod pudiut failure, and wood splitting failure. Test 5@ replicates
experienced rod puthut failures with one replicate having a slight signs of wood crughihge,
whereas Test 15P.0 replicates experienced wood splitting failures with one replicate having a
rod pultout failure.While Test 1502.5 replicates experienced wood splitting failures. The rod
pull-out failure exhibited by the second replicateTafst 1562.0, test B, occurred at greater
maximum load than that of all replicates of Test-23& This comparison is similar to how the

rod pullout failure of the first replicate of Test 2@Q05, test A, occurred at greater load than that

50



of all replicates of Test 25Q.5, which experienced wood splitting failures, as shown in Figure 18.
The spread in the range of the obtained maximum load for wood splitting failure increases from
Test 1562.0 to Test 15@.5 since Test 150.0 replicates sustained maxum loads that were just
greater than that required for the transition from rod-putlfailure to wood splitting failure. This
comparison is similar to how the spread in the maximum load range for wood splitting failure
increased from Test 2805 to Tes200-2.5, as shown in Figuiz18.

The connection configurations with the 200 mm embedment length experienced wood crushing
failure, rod pullout failure, and wood splitting failure. Replicates of Test-2experienced

wood crushing failurewhereas Test 200.0 replicates experienced rod pollt failure except for

one replicate which experienced wood splitting failure. While Test2b0eplicates were the
strongest and experienced a combined wood splitting and rodyiuidilure at the ame time,

with the weakest test replicate experienced a wood splitting failure earlier on. There is a slight
spread in the range of the obtained maximum load for TestlZ@eplicates due to wood
crushing, however Test 2005 replicated had a larger spd in the range of the obtained
maximum load due to wood splitting being more brittle and unpredictable. The spread in failures
highlights again that rod putiut failure happens when the washer size and rod embedment lengths

are in a certain proportion each other in between wood splitting and wood crushing failures.

The connection configurations with the 250 mm embedment length experienced wood crushing
failure, rod pultout failure, and wood splitting failure. The connection configurations with tbe 25
mm embedment length showed an excellent spread of failure modes. All replicates of Fest 250
1.5 had experienced wood crushing failure, whereas all replicates of Teai02%8d experienced

rod pullout failure except for one replicate which experiensleght wood crushing failure. Test
250-2.5 four replicates had experienced wood splitting failure except for one replicate which
experienced rod puthut failure. The wood crushing failure in Test 266 replicate shows a slight
spread in the range of meaum load between the maximum and minimum expected loads,
whereas the rod pudiut failure in Test 25@.0 replicates shows a sharp increase in maximum
load and the spread in the range of the maximum load was very similar to Tdsb2b6@ close

to its maximum expected load. The wood splitting failure in Test250shows a slight decrease

in the maximum load and the spread in the range of maximum load was very similar to Test 250
2.0. The connection configurations with the 250 mm embedment length shmatede rod pull

out failure is the strongest and has the most consistent maximum failure load.
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3.2.4Summary oftestresults

Table 3.6 summarizes the results of all experiments using the strong threaded rods. When the
average of the closest three replicatesach test with similar failure types was taken into account,
Test 1501.5, Test 202.0, and Test 25@.0 had their maximum loads closest to the maximum
expected values. These three connection configurations had experienced +aat pailures

which exlains why their maximum load values are close to the maximum expected loads
calculated from Equation 1. The three connection configurations also had on average the smallest
standard deviation compared to the other connection configurations. The two tmnnec
configurations that experienced mainly wood crushing failure were Tesit.3Ghd Test 250.5.

The connection configurations that had wood crushing failures had the second closest standard
deviation, close to the standard deviation of the configamrathat had rod puthut failures. The

other connection configurations that experienced wood splitting failures had the worst standard
deviation because wood splitting is brittle and unpredictable. Therefore, a rexuptdilure is

preferred, followedy a wood crushing failure while a wood splitting failure is undesirable.

Table 3.6. Summary of test results for the nine threadsaiin-glulam beam configurations

Test Maximum Average| Average load of Standard| Standard deviatior

configuration| expected load| load closest 3 tests| deviation| of closest 3 tests
ID (kKN) (KN) (kN) (kN) (kN)
1501.5 65.7 70.18 66.18 7.01 1.24
150-2.0 87.6 77.71 72.34 9.72 3.27
1502.5 109.5 79.64 76.16 7.50 5.15
200-1.5 87.6 71.86 69.06 5.99 4.05
2002.0 116.8 103.19 109.69 11.75 3.92
2002.5 146.1 122.93 129.98 15.45 10.91
250-1.5 109.5 80.92 78.79 3.91 1.47
2502.0 146.1 138.39 135.76 4.79 1.69
2502.5 182.6 152.13 130.21 38.20 4.82

3.2.5Failure modesformula analysis

The splitting failure mode is difficult to express in a formula and unpredictable as shown by the
tests with the largest standard deviations of the closest three tests iB.bablere tests will need
to be completed to fully understankig failure mode. The wood crushing failure mode has a

smaller standard deviation compared to the splitting failure mode and has a similar standard
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deviation compared to the rod polit failure mode. Therefore, a formula for the wood crushing
failure modes achievable using the data presented in this paper.

The wood directly under the washer is acting as a fully supported column in its resistance to
crushing, and the wood along the four edges of the washer are shearing as the wood crushes under
the washerTherefore, a combination of a column formula and the rodquitformula were used.

The formula for compressive resistance parallel to the wood grain from the CS20G8&ndard
(Canadian Standards Association, 20dlduse 7.5.8.4.2 is shown in Equat®g below.

Equation3.2 Compressive resistance parallel to the wood grain

O n&l+ + Egn. 8.2)

Where; P = Compressive resistance parallel to grain ()= 0.8 (resistance factor for brittle
failure),& A& + + + + = factored strength in compression parallel to g(dMPa), & =
specified strength in compression parallel to grain (MPa)s kKbad duration factor, K= system
factor, Ksc = service condition factor for compression parallel to grains ikeatment fadr, A =

crosssectional area being compressed @nm ™ Y 8 P8t = size factor Z =

member volume (A), and Kk = slenderness factor.

The formula in EquatioB.2 can be simplified for the special case of the wood crushing failure.
The specified sength in compression parallel to grain for the glulam beareglials 33.0 MPa
according to a technical note published by Nordic Struc{iNeslic Wood Structures, 2019)he

glulam beam sections were tested under gloia#ling till failure (less than seven days); therefore,

the load duration factor,d{ equals 1.15 as per Clausé.1 in the CSA 0884 standardCanadian
Standards Association, 2014)he wood crushing under the washer is dmyng considered as

one column; therefore, the system factow, Kquals 1.0 as p&lause 7.4.3. The beam sections
were under dry service condition and were untreated; therefore, the service condition fgctor, K
and the treatment factor;rKboth equal..0 as per Clause 7.4.2 and Clause 7.4.4, respectively. The
volume of the column under the washer being considered is always under’Otbérafore, kg

will always equal 1.0. The column being considered under the washer is fully supported since the
washer is bearing in the middle of a section of glulam larger than the washer on all sides of the

washer; therefore, the slenderness facter,dquals 1.0 as per Clause 7.5.8be « resistance
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factor is ignored for the testing comparistsing all the &orementioned values in Equati8®
results in EquatioB.3 as shown below.

Equation3.3 Simplified compressive resistance parallel to the wood grain

0 A+ Eqgn. (33)

The maximum expected values associated with compression parallel to the grain under the washer
were calculated as shown in TaBIl&.

Table 3.7. Threadeerod-in-glulam section expected tensile and compressive forces

_ _ Washer size Maximum expected Maximum gxpected
Test configuration ID (mm) PRforce compression force
(kN) (kN)
Test 1501.5 38.1 65.7 42.4
Test1502.0 50.8 87.6 85.2
Test 1502.5 63.5 109.5 140.3
Test 2001.5 38.1 87.6 42.4
Test 2002.0 50.8 116.8 85.2
Test 2002.5 63.5 146.1 140.3
Test 2561.5 38.1 109.5 42.4
Test 2562.0 50.8 146.1 85.2
Test 2562.5 63.5 182.6 140.3

The wood crushing failure is being resisted by both compression parallel to the grain and shear
along the four edges of the washer; therefore, the strength of the wood crushing failure is a
combination of these two resistances. Since the wood under temiaseing crushed, it is

assumed that the full value of the compression parallel to the grain is resisting the applied load;
therefore, only a fraction of the shear resistance is resisting the load. The formula that best fits the

tests that experiencedbod crushing failure is shown in Equatidd.
Equation3.4 Wood crushing failure formula

7# 0 02 -  Egn BG4

Where; WG = Wood crushing resistance under the washer (N} Bompressive resistance

parallel to grain (N), and PR = Pullt resistance of threaded rod in glulam (N).
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The full resistance for compression parallel to the wood grain was used and trying different fraction
combinations of the shear resistance fourad tising 3/8 of the resistance for shear fits best with

the connections that failed due to wood crushing, as shown by the grouping of the tests around the
maximum expected values, which are shown in Fi@2& The results for the expected wood

crushingfailure areshown in Table 3.

Table 3.8. Threadeerod-in-glulam section expected wood crushing forces

Test configuration Maximum expected Maximum expected Maximum exgected
D PRforce compforce wood crusiforce
(kN) (kN) (kN)
Test 1501.5 65.7 42.4 67.0
Test 1502.0 87.6 85.2 118.1
Test 1502.5 109.5 140.3 181.4
Test 2001.5 87.6 42.4 75.3
Test 2002.0 116.8 85.2 129.1
Test 2062.5 146.1 140.3 195.1
Test 2501.5 109.5 42.4 83.5
Test2502.0 146.1 85.2 140.0
Test 2502.5 182.6 140.3 208.8

55



220.0 A

=
200.0
| — |

180.0 —

160.0
— = Expected
= AA
1]
s

A
140.0 T
L J
= o U 8 ¢B
ecC

120.0 —
: ¢ oD
100.0 hd o)
== [+
80.0 ﬂ)\ 5 2 Q © -i-
w 2 WV
60.0 +N\—r

150-1.5 150-2.0 150-2.5 200-1.5 200-2.0 200-2.5 250-15 250-2.0 250-2.5
Test Number

Figure 3.21 Maximum load for expected wood crushing failure

The three tests configurations that utilizedthe38m ( 1. 50) wi de washer exfg
crushing failure along with one test from Test 250. The test configurations with the largest

washer size of 63:im wide had their expected wood crushiaguire well above the actual

results since the amount of wood resisting crushing far surpassed its probability to split. From
these results, it shows that the formula presented in Equadidor wood crushing failure is very

plausible, but more tests Wileed to be completed to prove its validity.

3.2.6Ductile steelfailure

From the experimental results of the strength of the wood, a connection could be designed so that
the steel component would yield before the wood experiences any deformation. The connectio
configuration used was Test 22®M which had an average maximum load of 135.76 kN. The steel
rod used had a grade of SAE J426ade 2 and a yielding tensile force of 90.0 kKN. When Test
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2502.0-AR was conducted, only the steel rod deformed and brokee whé wood section
experienced no noticeable deformation, as shown in F&jp2eFigure3.23 shows the load versus
displacement curve for Test 2200-AR, and the curve follows a similar trend to how a steel rod
yields during a tension tesiest 2502.0-AR proves that a predictable failure in the steel can be

achieved once the strength and faelmode of the wood is known.

(a) (b)

Figure 3.22 Yielded steel rod and nesteformed glulam sectioria) Steel rod broken in glulam
(b) Fractured steel rod
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Figure 3.23. Load-displacement relationship fdiest 2502.0-AR
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3.3Conclusions

Based on the obtained experimental results and analysis performed afterwards, the formula shown
in Equation3.1 is highly plausible for pure rod ptdut failures whereas théormula shown in
Equation3.4 is plausible forwood crushing failureshbut moretests need to be performed to
confirm their validity. It should be noted that these equations have only been tested on glulam
beams with a homogenous layup and tests should be done on other types of glulam beams to
confirm their validity.The followingcorclusionshave beemrawn

1 Keeping an embedment length versus a emasize ratio of around 100 mm ah@5 mm
to 25.4 mm (1.00) provides a wmaandamareedi ct &
predictable failure load with the least amount of deviation.

1 Keeping the embedment length slightly larger compared to the washer size will keep the
failure mode closer to a wood crushing failure which is more consistent and predictable.

1 Having a larger washer size compared to embedment lengthriscootmended because
the failure mode will be closer to a wood splitting failure which is more brittle and
unpredictable compared to a wood crushing failure.

1 With an understanding of how the wood section would fail, a connection can be designed
so that itsmetal components would yield before the wood experiences any damage as
shown in Test 25Q@.0-AR.

With the information from the rod puflut series of tests, the four optimum and predictable
configurationswere selected to be used for the moment resistiegnto-column connection.
Those four configurations include 2006 and 25€L.5 which failed due to woedrushing under
the washer, and 2e®2.0 and 25.0 which failed due to rod putiut.
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Chapter 4 Ambient Temperature Moment Connection Testing

4.1 Intro duction

Four different connectiononfigurations of mechanically fastened steel rodgluiam sections
were experimentally examined, with each test assembly tested(&vened B) to verify results
Test variables for the connection configurations inalud® embedment length and size of the
square washelJsing the collected loadisplacement data, the connect®strength and stiffness

weredeterminedandthe connectioffiailure modes were observed and documented.

4.1.1Materials

4.1.1.1Glulam sections

The glulam beam sectionsedwere the exact same as described in se@ibri.1of this thesis

4.1.1.2Threadedrods
The threaded rods used in the experiments had a diameter of 19.05 mincl{3/ength of 910

mm, and stress grade of SAE J42fade 2which is the common grade used for wood
construction Using a band saw, the rods were iotih pieces o470-mm and 526mm long that
were used irthe test assembliesf 200 mm and 250nm embedment lengths, respectively. The
remaining cut off rod sectiongere prepared angsed as tension coupgiasd thus weretested to
confirm the stress grade of the rods. The avexagid tensile force exerted by the rods was

recorded at 90 kN, confirming the rods stress grade.

4.1.1.3Washers

The washers used for the experinsewere fabricated from a 12@m thick steel flat bar with a
stress grade of 300W, as specified by CSA G404£G40.2113 (Canadian Standards
Association, 2013)There were four washers fabricated: two were 38.1 x 38.1 nBnx(1.5
inches); and two were 50.8 x 50.8 mm (2.0 x 2.0 inches). A hole of 20.6 mm (13/16 inch) diameter

was drilled in the centre of each washer.
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4.1.2Testassemblydetails andfabrication process

The two threaded rods employed in the glulam beam pilot connection configuration had
embedment lengths of either 200 or 250 mm. Every beam section had a line marked perpendicular
to the wood grain at the required embedment length, and a line marked! patakegrain down

the centre of the beam wide face. Two lines were then marked parallel to the grain, and each one
was offset 80 mm on either side of the centre line. Next, two little rectangles were marked directly
below the embedment length line anahtced on each of the offset lines. Rectangles measured
41.3 mm (15/8 inches) wide for the 38.1 mm square washer and 54.0 Aif8 {(Aches) wide for

the 50.8 mm square washer, and 30 mm thick to accommodate the washer and nut were marked,
as shown irFigure 4.1. All rectangles were then carved out into a rectangular prism using wood
chisels to a depth of approximately 87 mm for the 38.1 mm square washer and 93 mm for the 50.8
mm washer, as shown in Figut2(a). A206mm ( 13/ 160) di ambietdirlme hol e
and centred of each carved out hole on therBtwide face and centred on the 48/ wide

face at the end of the beam section to the required embedment length using a precise portable
drilling station as shown in Figu#e2(b).
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Figure 4.1. Connection configurationga) Connection configuration with 38.1 mm square
washer (b) Connection configuration with 50.8 mm square washer

(b)

Figure 4.2. Preparation of beanfa) A beam section being chiseljgtd) A beam section being
drilled.
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4.1.3Testassemblydesign

The rod puHout tests performed earlier helped determine the optimal embedment length and
washer size configurations to be usedom the individual rod pubut strength tests, the four
configurations that yielded the most predictable results were esgléat the bearto-column
connection configurations. With the bedoacolumn connection experiencing a bending moment,

the top rod in the connection was subjected to tension; a lower portion of the wood section was
subjected to compression; and the bottochwas subjected to minimal tension since it is close to
the neutral axis of the connection. Using the results from the ro@pidests as the top tension

rods strength, the momergsisting capacity of the connection was possible to be calcukaied.

ease of calculation, the bottom rod was not included as it would add very little to the connections
capacity.

The compression force at the bottom of the connection is calculated based on the factored
compression resistance of glulam parallel to grain exsGlause 7.5.8.4 of thESA 08614
standardCanadian Standards Association, 20B58veral modifications factors are applied to the
compression resistance formula to accurately determine the actual compression strengist, but m
of them can be omitted or equal to 1.0 due to the nature of the connéctiaxample, the size
factor,Kzcg, can be omitted because the amount of wood being compressed is very small, and this
factor only changes when dealing with large volumes.slérederness factor,d{can be omitted

since only a small area of the section is under compression and is fully supported along the
connect i on 0Theloackduratiorafactorakkequals 1.15 as per Clause 12.2.1.6 in the
CSA 08614 standard Canadian Standards Association, 20ddgause thglulam beam sections

were tested under quick loading till failure (less than seven dlgs)system factoiKy, equals

1.0 since only an individual connection is being tested and not a sy&terservice condition

factor, Ks;, and the treatment factoryKboth equal 1.0 as per Clause 12.2.1.5 and Clause 12.2.1.7,

respectivelybecause thbeam sections were undiny service condition and were untreated

The specifiegparalletto-the graincompressivestrength for the glulam beam, €quals33.0MPa
according to a technical note published by Nordic Struc{iNeslic Wood Structures, 20159)he
area being compressed (a x b) is the compression block on the bottom of the connection where (a)
is the compression block gt and (b) is the compression block width which is 135 mne

final value to account for ithe resistancaeductionfactor, ¢, which equals 0.8 as p&iause

62



7.5.8.4.2 Combining allthe abovementionedvalueshelped in determininghe force that the

compression block can resist (C), as showiagoation4.1.

Equationd4.1 Compression block resistance

# N E+ + + + ADA Eqn. @.1)

With the values inserted into Equatiéni, the famula can be simplified to C €Fc a.b; where k

eqguals the factored compressive resistance parallel to the grain which equals 37.95 MPa. With the
tension force equalling the compression force in the connection, the compression block height, a,
can be calculated. Finally, the connection moment resesti@hccan be calculated using Equation

4.2 with the assistance of Figu4es.

O ———p T

A l‘l il

Figure 4.3. Beam end cross section and stress diagram
Equation4.2 Moment resistance formula

M:=T (di 0.5a) Eqgn. @.2)

Where;M, = connection moment resistance (N.min}; tension force in top rod (N, = distance

from midpoint of ension force to bottom of beam= compressionlick height (mm).

From the previous tension tests done on individual steel rods in glulam sectionsndihe

strengths at failure along with the calculatedximummoment resistances are shown in Table
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4.1. The failure mode of the tension tests with 8381 mm washer was crushing of wood under

the washer, which was same as the predicted failure mode for the top rod of the two test
configurations with the 38.1 mm washer. The two test configurations with the 50.8 mm washer
had their expecte@sile force over 90 kN which wathe average yield strength of the steel rods;
thereforethe steel strength was used to calculate the connection moment resistance. The steel rods
yielding tensile strength were 90 kN and ultimate tensile strength was 104 kN. Also, the predicted

failure mode of the top rod was steel rod yielding.

Table 4.1. Concealed beafto-column connection tests matrix

Test Test | Embedmen|{ Washer Average Maximummoment
configuration ID | replicates|  length size tensile force resistance
(mm) (mm) (KN) (KN.m)
TestBC 200-1.5 2 200 38.1 71.9 16.4
TestBC 200-2.0 2 200 50.8 | 103.2 (steel 104.0| 23.3(20.3yielding)
TestBC 250-1.5 2 250 38.1 80.9 18.4
TestBC 250-2.0 2 250 50.8 | 138.4 (steel 104.0] 23.3 (20.3 yielding)

Notes: For the test configuration I2Z00 and 250 are the rod embedment lengths in (mm); 1.5 and

2.0 are the square washer size in (inchig€)stands for Bearto-Column.

4.1.4Testssetup and procedure

The cantilever beam was held in place with a crane so that thediehcould be attached to a

strong steel support in a Universal Testing Machine (UTM). The two steel rods were inserted
through the column and into the beam end, then each rod end was fastened using a steel nut and
square washer desirable for the confagion being tested. A rigid steel strip was attached on the
underside of the beam and placed 200 mm from the column face to allow the installment of a
Linear Variable Differential Transducer (LVDT), labelled T1, which was then used to measure the
beam veiital displacements that were then used to calculate the rotations of the beam. A second
steel strip was placed inline and perpendicular to the top tension rod with another LVDT, labelled
T2, against that strip to measure the gap between the beam ene ang@pbrting column at the

top tension rod. A third steel strip was attached to the underside of the beam but at a distance of
1400 mm from the column face with a Drawire Displacement Transducer, labelled T3, attached

to it to measure the beam verticemlacements inline with where the load was applied. A pinned

steel attachment was placed between the UTM crosshead and the top side of the beam at a distance

of 1400 mm from the column face so the load would always be applied at the same spot as the
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beamrotated. Once the displacement measuring transducers were in place and zeroed, the test
assembly was loaded at a rate of about 8.0 kN per minute. The test was terminated when the glulam
beam achieved failure with no additional load gain. The full tespsefta general assembly is

shown in Figuret 4.

Load

Sizel Supporting Co erx‘
Thresded R od=—
/—Gt..llam Beam
(or 250 \
] :E\\___ I
T2

Mutand Washa'\ﬂ:
] =

! 1400 !z

L]
=

B TESTBCs .
. ~200-20-4
-

(b)

Figure 4.4. Full test setup of a genedadamcolumn connectiotest assembly(a) Full test
assembly diagramb) Frontside of assembly setufr) Back side of assembly setup
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4.2 Experimental Results and Discussion

Theexperimentaftesultspresentedn thischaptemwerethe displacements measured by the LVDT
located at 200 mm from the column face, labelled T1, which was used to calculate the beam
rotation, and the associated loads that were applied and then were used to calculate the moment
magnitudes on the beam end ceation.

The initial s t 1 f { yeldiags ndomentsand maximum moments were determined using the
method developed by Yasumura and Kawai (1998) instead of other methods as it was found to
provide the most consistent results for different types of timéambconnectiong-ollowing this
method, the connection initial stiffness,oléo, is calculated between 10% and 40% of the
maximum load. The yielding moment of the connection is estimated based on determining the
intersection of the initiastiffness line (the tangent to the momewiiation curve from the zero

point) and the straight line drawn offset and parallel to the secant line plotted between 40% and
90% of the peak load. This point of intersection is then projected horizontally entocitment

rotation curve to determine the yigld rotation of the connection. Finding the point of intersection

is demonstrated in Figure 4.5.

' Pmax

>

A Y Alll'c'lX A

Figure 4.5. Yasumura and Kawai method for finding yielding marn@Iluioz et el. 200§
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The peak moment and rotation of the connection were based on the maximum load sustained by
the connection before an appreciable load drop, greater than 5%, occurred in conjunction with
observable brittle failure in the wo@dound the connection. The failure rotation was based on the
maximum rotation sustained before either fracture failure in the steel rod or brittle failure in the
wood occurredThe ductility ratio was determined using the rotation values measured at the
yielding moment and failure rotation as opposed to the deformation ratio which uses the rotation
values measured at the yielding and maximum moments. The reason for the use of the ductility
ratio instead of the deformation ratio sv¢éhat the connection dicbhhave a brittle failure in the

wood occur once the maximum moment was reached. Instead, some of the connections had the
steel rod fail by yielding and some of the connections had the wood under the washer compress
into the beam for a significant displawent before a brittle failure occurred.

4.2.1Failure modes

The primary failure mode for the tests with the 38.1 mm (1.5 inches) washer was wood crushing
under the washer of the top steel rod, as shown in F&6(@, which confirms the prediction

from the preious tension tests performed prior to this studior this failure, the top washer
compressed into the wood by an average of 40 mm, whereas the bottom washer compressed into
the wood by an averagé 10 mm, as shown in Figure 4.6(fhere was no sheawd pullout or

beam splitting observed at the end of thareection, as shown in Figure 4.6(€he compression

block width, a, was observed and measured between 17 to 21 mm for all the tests with the 38.1

mm washer, as shown in Figure 4.6(d)
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(b) (d)

Figure 4.6. Test failuresof BC with 38.1 mm (1.5 inch) washefa) Top and bottom washers
after failure (b) Depth of top and bottom washmmpressed into wogdc) Rotation of beam
end (d) Width of compression block

TestBC 200-1.5-A failed similar to the other tests with a 38.1 mm washer, except at the end when
the top rod failed by shear rod pollit as shown in Figure 7@). The easorfor the pultout failure

was that the 200 mm embedment length has less wood surrounding it to resist shearing along the
edges of the washers compared to the 250 mm embedment length. As a result, test configuration
200-1.5 has a chance for the wood to sheaal ong t he washerds edges
wood which shortens the embedment length of the amount of wood resisting shear forces. As
shown in Figuret.7(), the wood under the washer only compressed 20 mm when compared to

the 40 mm that the oth&zsts with the 38.1 mm washer experienced.
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(@) ™ )

Figure 4.7. TestBC 2001.5-A failure: (a) Top rod shear putiut failure (b) Compressed depth
of top washer intovood

The primary failure mode for the tests with the 50.8 mm (2.0 inches) washer was yielding of the
top steel rod, as shown in Figute(@), which confirms the prediction from the previous tension
tests performed prior to this studd crack was obserekto form along the face of the beam on
each side in line with the bottom rod, just above the compression zone, as shown id.Bigure
Figure 4.8(c) shows the top washer having no noticeable deformation or compression into the
wood. Figure4.8(d) shows the bottom washer having no noticeable deformation, but the washer

did compress into the wood slightly along the bottom edge.

(b)
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(€) (d)

Figure 4.8. Failures ofTestBC connectiorwith 50.8 mm (2.0 inch) washefa) Connection end
with top rod snappedb) Crack along face of beam just above compression fon€op washer
with no deformation to woqdd) Bottom washer with little deformation to waod

TestBC 250-2.0-B failed similar to the other tests with a 50.8 mm washer, except at the end when
the top rod had the washer compressed into the wood before the rod snapped as shown in Figure
4.9@). Figure4.9(b) shows that the top steel rod yielded & ithtersection where the washer was
bearing against the wood. Since the steel rod yielded at the wasbdrinterface, it could have

caused slightly more rotation at that point which would have made the washer apply more pressure
along one edge instead along the entire surface. The uneven pressure would then cause the
washer to start compressing into the wood allowing for the beam to endure a greater rotation than
the other tests with the 50.8 mm washer. As shown in Fiy®e€), the beam experiencea n

cracks along the face just above the compression zone. Since the beam was allowed to rotate more
due to the washer compressing the wood, the force was distributed more towards the steel yielding
allowing the wood in the compression zone not to cratle compression block width, a, was
observed and measured between 25 to 30 mm for all the tests with the 50.8 mm washer, as shown
in Figure4.9(d).
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(b)
(@)

(c) (d)

Figure 4.9. TestBC 2502.0-B failure: (a) Top and bottom washers after faituft® Top rod
snapped at edge of wash@r) Compression of wood with no cracks in compression;Zoje
Width of compression block

4.2.2Moment-rotation relationships

The moment versus rotation relationships shown in Figur@show that most of the connections

have a considerable degree of ductility. The four tests with the 50.8 mm washer failed due to the
steel rod yielding, and most of those assemlifided at a connection rotation over 0.1 radians.
Whereas, the four tests with the smaller washer (38.1 mm) failed due to wood crushing under the
washer, and all were more ductile than the tests with the steel rod yielding failure with most tests
failing over 0.175 radians. The general trend shows the connections with the larger washer (50.8

mm) have greater stiffness and moment resistance compared to those with the smaller washer (38.1
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mm), however the connections with the smaller washer have highertguatibs. All tests have
the yielding moment at around 0.02 radians.

30

=——=Test-BC 200-1.5-A
eessss Test-BC 200-1.5-B
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m— Test-BC 250-1.5-A
== == Test-BC 250-1.5-B

Test-BC 250-2.0-A

Test-BC 250-2.0-B
0 0.05 0.1 0.15 0.2

Rotation (rad)
Figure 4.10. Moment versus rotation relationships for all eight tests

Figure 4.11 shows the effect of increasing the washer size from 38.1 mm to 50.8 mm on the
momentrotation relationships for the connections that utilized steel rods of 200 mm embedment
length. It was noticed that the increase in the washer size increased the oanyielttimoment
capacity by about 35% (from an average of 12.77 to 17.28 kN.m), and the connection maximum
moment by about 38% (from an average of 18.98 to 26.16 kN.m). The failure mode also changed
with the increase of the washer size from wood crushimeiuthe washer to steel rod yielding.

The average ductility ratio of the connections with the 50.8 mm washers, which failed due to steel
rod yielding, was 7.40 while those with the smaller washers (38.1 mm), which failed due to wood
crushing, had an aveaga ductility ratio of 8.49. The failure moderfTestBC 200-2.0 connections

was steel rod yielding, which wavery predictable and explains why their morrretation curves

are very similarWhile the failure mode for Te®C 200-1.5 connections was woarushing

under the washer, except for T&L 200-1.5A connection which experienced a shear rod-pull

out failure at the end, as shown in Figdré@). The shear rod puthut failureexplains why Test

BC 200-1.5A connection had a higher moment resistanoe a lesser dudty ratio when
compared to TedBC 200-1.5-B connection.
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Figure 4.11. Momentrotation relationships for Te&C 2001.5 versus 20Q.0

Figure 4.12 shows the effect of increasing the washer size from 38.1 mm to 50.8 mm on the
momentrotation relationships for the connections utilized steel @d250 mm embedment
length. Itwas noticed that the increase in the washer size increased the connection yield moment
capacity by about 58% (from an average of 10.51 to 16.60 kN.m), and the connection maximum
moment by about 74% (from an average of 15.56 to 27.03 kN.m). Similard¢orthections with

200 mm embedment length, the failure mode of the connections with longer rod embedment length
changed with the increase of the washer size from wood crushing under the washer to steel rod
yielding. The average ductility ratio of the contieas with the 50.8 mm washers, which failed

due to the steel rod yielding, was 8.25; while the connections with the smaller washers (38.1 mm),
which failed due to wood crushing, had an average ductility ratio of 15.17. The failure mode for
both Test 25€..5 connections was woodushing under the washer, whichswahy their moment

rotation curves are very similar. The fadumode for TesBC 250-2.0 connections was steaed
yielding, except for TesdBC 250-2.0-B connection which experienced wood crushing under the
washer at the end of the test, as shown in Fig@@). The wood crushing under washer combined
with the rod yieldingfailure explains why TedBC 250-2.0-B connection had a similar ductility

ratio as the connections of T&€ 250-1.5, and had higher dugtil ratio when compared to Test

BC 250-2.0-A connection.
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Figure 4.12. Momentrotation relationships for Te&C 2501.5 versus 25@.0

Figure4.13shows the effect of increasing the steel rod embedment length from 200 to 250 mm
for the connections that utilized teealler washers (38.1 mm). It svaoticed that increasing the

rod embedment length decreased the connection yield momewitgdpaabout 18% (from an
average of 12.77 to 10.51 kN.m). The increase of the rod embedment length also decreased the
connection maximum moment by about 18% (from an average of 18.98 to 15.56 kN.m). However,
the failure mode stayed the same for connastisith both embedment lengths as wood crushing
under the washer. The average ductility ratio of the connections with the 200 mm rod embedment
length was 8.49, while it was 15.17 for the connections with longer embedment length of 250 mm.
The ductility ratos for both connection configurations would had beenivelgtthe same except

that TestBC 200-1.5-A connection failed at the end of the test due to shear rogpulvhich

increased the connectiastrength butlecreased its ductility ratio.
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Figure 4.13. Momentrotation relationships for Te&C 2001.5 versus 250.5

Figure4.14shows the effect of increasing the steel rod embedment length from 200 to 250 mm
for the connections that utilized the larger washers (50.8 mm). It was noticed that increasing the
rod embedment lengthad very little effect on the yield moment capadiyom an average of

17.28 to 16.60 kN.m), anthe maximum moment capaciffrom an average of 26.16 to 27.03
kN.m). Similar to the connections with the smaller washer size, the failure mode stayed the same
for the connections with both embedment lengthseddipg of the steel rod. The average ductility

ratio of the connections with the 200 mm rod embedment length was 7.40, while for the
connections with the 250 mm embedment length the ductility ratio was 8.25. Since the failure
mode for the connections wiloth embedment lengths and the same larger washer size (50.8 mm)
was steel rod yielding, it was expected that there would be very little difference in the results
because steel material behavioursaaore predictable and consistent when it fails. Acogiy

as long as the steel rod svethe only component failing in those connection configurations, the

connection strength can be predicted with a high degree of certainty.
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Figure 4.14. Momentrotation relationships for Te&C 2002.0 versus 25@.0

4.2.3Summary of testresults

Shown in Tablel.2is a summary of all results including the calculated moment resistance, yielding
moment, maximum moment, and ductility ratio for d&IC connection configurations

experimentally examined in this study.

Table 4.2. Results summary for all BC connection configurations tested

TestBC Initial Myiels | Yield Mmax | Failure | Ductility | Estimated Mhax
ID stiffness | (kN.m) | Rotation| (kN.m) | Rotation| ratio (KN.m)
(KN.m/rad) (rad) (rad)
2001.5A 831.47 | 13.59 | 0.0164 | 20.10 | 0.1229 7.52 16.4
200-1.5B 597.24 | 11.94 | 0.0200 | 17.86 | 0.1894 | 9.47 16.4

200-2.0-A 1365.08 | 18.16 | 0.0133 | 26.11 | 0.1058 7.95 | 23.3 (20.3 yield)

200-2.0-B 1058.63 | 16.41 | 0.0155 | 26.21 | 0.1062 6.85 | 23.3 (20.3 yield)

250-1.5A 749.15 | 1041 | 0.0139 | 1497 | 0.1908 | 13.72 18.4

250-1.5B 964.30 | 10.61 | 0.0110 | 16.14 | 0.1827 | 16.61 18.4

250-2.0-A 896.63 16.99 | 0.0189 | 27.86 | 0.1166 6.15 | 23.3 (20.3 yield)

250-2.0-B 959.45 | 16.21 | 0.0169 | 26.21 | 0.1750 | 10.36 | 23.3 (20.3 yield)
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The connection configuratiohestBC 200-1.5 had an average mmum moment of 19.0 kN.m

which is aboutl6% greater than the connection maximum moment resistance calculdigd at
kN.m. The connection configuratiollestBC 250-1.5 with the small washers but longer
embedment length had an average maximum moment of 15.6 kN.m whis¥ iessthan the
connectim  moment resistance calculated H.4 kN.m. The reason why the connection
configurationTestBC 200-1.5 had a higher increase in maximum moment versus the calculated
maximum moment as compared the connection configurdgetBC 250-1.5 could be atibuted

to two reasons. First, wdhat the bottom rod was adding a small increaseeimthment resistance

and second wathat a bending factor was added to the calculated predicted moment resistance
since the pure tension force was only used in the calcogatiche bending force applies slightly

more pressure along the top edge of the washer; causing the compression failure to happen slightly
earlier than if the washer was under uniform tension, which causes the pressure to be distributed

evenly.

The maximunmoment of the TedBC 250-1.5 connectios was less than that of the T&BC 200-

1.5 connections because the washer in the connection with the 250 mm embedment length was
further from the supporting column than the connection with the 200 mm embedmeht leng
therefore, when the beam was rotating, the further washer travelled a greater vertical tthiatance

the closer washer with the same rotation caus

edge, and thus caused the T86t250-1.5 connectionto fail atlessermoments.

One positive result in the longer embedment length comparing the connection atiaiguwith

the smaller washer wgathat thedecrease in moment resistancesvgained by the increase in
ductility ratio. Theaverage ductility rdo for the TestBC 200-1.5 connection was 8.5 while the
average ductility ratio for th&estBC 250-1.5 connection was increased by about 79% to 15.2.
Also, the ductility ratios for both connections with the larger washer were both slightly below 8.5
mearing the wood crushing failures exhibited by the connections with the smaller washer has a
higher ductility ratio than the steel rod yielding failures exhibited by the connections with the

larger washer.

Regardless of the steel rod embedment length, theection configurations with the larger
washers (50.8 mm) had its maximum moments and yielding moments almost the same. The

connections with the largevasher had gielding moment average of 16.9 kN.m which was about
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17% lower than the calculated yieldimgoment resistance of 20.3 kN.m, while their average
maximum moment resistance was 26.6 kN.m which was about 14% greater than the calculated
maximum moment resistance of 23.3 kN.m. An explanation for the lower yielding moment
compared to the calculated wihst the top tension rod was not undereptension. As shown in

Figure 4.86) and Figure 4.%), both steel rods were bent at the interface between the beam end
and the column side. Also, the rotation of the connection caused the top rod to bend atthe be
to-column interface creating a starting point for the rod to start yielding slightly early similar to
what happened in the connections with the smaller washers (38.1 mm). The increase in maximum
moment compared to the calculated was similar with thélesnveasher connections in which the

bottom rod adds a slight increase in resistance to the moment resistance.

4.3 Conclusions

Based on the obtained experimental results and analysis performed afterwards, the $haauia

in Equatiors 4.1 and 4.2 are plausible forthe glulam beam end connection configurations
experimentally examined in this study. Howeveqgre tests need to be performedatculate the
bending factor that caused the connection to fail at slightly smaller momens trednehat if he

top rod was under uniform tension, instead of being subjected to combined tensile and bending

forces.The followingconclusionave beemrawn

1 Depending on the desired failure, a connection configuration can be designed to promote
a steel rod yieldig failure which is stronger and also predictable, or a wood crushing failure
which can provide the connection with a high ductility ratio.

1 Thelonger steel rod embedment length affects the strength of the connection slightly
negative due to theneven presure under the washebut increases the ductility ratio
greatly when the failure mode waood crushing under the washer.

1 The increase in washer sizesmhe largest gain in the connection strength as it increases
the area of wood to be crushed and ineesahe area of wood to resist shear rod-qoutl!
failure.Increasing the area of the washer bys8Bcreased the 200 mm embedment length
connections maximum moment resistance by 38% and increased the 250 mm embedment
length connections maximumoment resistance by 74%.

1T The increase in washer size from 38.1 to

rotation of the connectiomut from previous tension tests, as showChapter 3of this
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thesis a larger washer of 63.5 mm (2.5 inches) wlserved to cause splitting in the wood
underneath, and therefore should be avoided.

1 For a comparison of a simply supported beam with the same section size, the moment
resistance is 70.5 kN.m and the strongest connection had a yielding moment resfstance o
about 17 kN.m giving the connection an efficiency of 24%.

With the information from thembient moment resisting bedoicolumn connectiorseries of
tests, the elevated temperature tests can be performed using the exact same connection
configurations. Knowing that the actual results are slightly lower than the expected results, a

design moment of 10 kN.m was selected to test each connection at elevated temperatures.
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Chapter 5 Elevated Temperatures Moment Connections Testing

5.1 Introduc tion

The four connectioconfigurations tested adetailedin Chapter 4 were experimentally examined
at elevated temperatures, with each test assembly tested Awacel B)to verify results Using
the collected loaddisplacementtime, and thermal datg the connectio@s time to failure and
internal temperaturewere determined andthe connectiorfailure modes were observed and

documented.

5.1.1Materials

5.1.1.1Glulam sections

The glulam beam sections used were the exact same as described irBskdtibof this thesis

5.1.1.2Threadedrods

The threaded rods usedtre the exact same as described in sedtibri.20f this thesis

5.1.1.3Washers

The washers useslere the exact same as described in sedtibri.3of this thesis

5.1.2Testassemblydetails andfabrication process

Thebeamto-column connections fabrication process and assembly details were the exact same as
thatdescribed irsection4.1.20f this thesis

5.1.3Testassemblydesign

The purpose of thistage of the experimental program of this stigdyo confirm that a fully
concealed glulam beato-column connection sized at 135 mm x 314 mm high can achieve a o
hour fire resistance ratinfrrom the previous tests done at ambient temperature, as described in
Chapter 4of this thesisthe safe design capacity of the weakest connection configurations was
10.0 kKN.m For consistency to compare how changing the embedment length and washer size

affects the time to failure the 10.0 kN.m moment was applied to all four connection configuration
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The nominal char rate of the glulam sections teatehis stage of the experimental program of

this studywas 0.7 mm/min(Nordic Wood Structures, 2015Y herefore, after onbour fire

exposure, a char layer of about 42 nanio beformed on the bottom and the two sides of the

glulam beam as shown Figure 51. The top surface of the beam will be covered with a layer of
insulatingceramic fibre blankeb represent a slab on top of the beam. Therefore, there will be no
charing on the top surface of the bea@onsidering the width of the 38.1 mmasherocated in

the centre of the beam width, the beam should still have about 6.5 mm of wood protection at the

wa s h er sConsidering éhe width of the 50.8 mwasherlocatedin the centre of the beam
width, the beam should still have abThatéestsO. 1 mi
matrix with the corresponding fire resistance predicted times to failure is presefmtdulerb.1

Figure 5.1. Beamto-c o | u mn c opnedigedcrosssattolfter standardire exposure
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Table 5.1. Threaded rod in glulam beato-column connection fire tests matrix

Testconfiguration| Test | Embedmen| Washer| Safe design loa( Predicted time
ID replicates  length size applied to failure
(mm) (mm) (KN.m) (min)
TestBCF 200-1.5 2 200 38.1 10.0 60
TestBCF 200-2.0 2 200 50.8 10.0 60
TestBCF 250-1.5 2 250 38.1 10.0 60
TestBCF 250-2.0 2 250 50.8 10.0 60

Notes: For the test configuration I2Z00 and 250 are the rod embedment lengths in (mm); 1.5 and

2.0 are the square washer size in (inchH&S)- stands for Beasto-Column Fire

5.1.4Testssetup and procedure

Each test assempivas fixed to a strong steel support using two threaded steel rods. The carved

cut of fs

on

t he b

eam

f ace,

whi ch

plugged with a small fitting chunk of glularwhich was themlued in place as shown Figure

5.2(a) Both, the glulam beam and the fpeotected support were placed inside the laige fire

testing

furnace

accommodat ed

at

Lakehead

(LUFTRL), as shown irrigure 5.2(b) The beam top sideas fire protected using aidch thick

accommodat e

Uni v

layer of ceramic fibre blanket insulation to simulate the existence of a slab on top of thébeam.

hydraulic jack mounted to the strong loading steel structure that surrounded the furnace was used

to apply the trangarse load on the beam via an insulated steel post which was installed #mough

opening in the furnace roof.

et e oYl

DRAG o s 4

(b)

Figure 5.2. Fire test setup(a) Beam section holes being pluggés) A general fire resistance

test setup
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One drawwire displacement transducer was installed outside the furnace and attached to a ceramic
rod that was inserted through the furnace roof 200fram the face of the steel support to capture

the vertical displacemenbf the beam. Anothetrawwire displacementransducewasinstalled

outside of the furnace and attached to the insulated steel post to measure the vertical displacement
of the beamend. The locations of the transducers are shown in Figure $8. mieasured
displacements from both transducers were used to determine the rotation of tHe-belkmn
connections. As for thermal measurements of the wood and steel components of tbgocmnne
during fire tests, twelve metahieldedK-type thermocouples were placed on each specimen as
detailed inFigure 5.4 Six thermocouples were installed in the wood section on the beam front face
and the other six mirrored on the back face of the b&asrmocouples 1, 3, 7, and 9 were installed

just at the edge of the cavity where the nut and washer were located. Thermocouples 4, 6, 10, and
12 were installed just at the edge of the cavity where the steel rod was located (57 mm deep).
Thermocouples 2, 8, and 11 were placed a depth similar to thermocouples 1, 3, 7, and 9 (49

mm for the 38.1 mm washer and 43 mm for the 50.8 mm washes).beams were loaded to

100% of the calculated design momessisting capacity of the weakest connection comdijon.

v \

@, |

Figure 5.3. Fire test transducer locations
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Figure 5.4. Fire test thermocouple locations

As per CAN/CSAS101, the total transverse load wasplied in 25% increments at least 30
minutes before the test assembly was expos€@AN/ULC-S101 standaréire time-temperature

profile. Deflections of each test assembly were measured during fire testing until the test assembly
could no longer hold thapplied load, or the test assembly reached the maximum measurable
amount of deflection, at which the test was termindtgglire 5.5showsa general test assembly

that underwent fire exposure after about 30 minutes with no noticeable deflection.

Figure 5.5. Beamto-column connection assembly exposed to 30 minutes of a standard fire
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5.2 Experimental Results and Discussion

The experimentalesultspresentedn this chapterare mainly the temperatures measured by the
thermocouples, and tltesplacements measured by trawwire transducetocated athe end of

the beamn line with the loading, labelled T2vhich was usetb calculate the beam rotation. The
drawwire transducer, labelled Il located at 200 mm from the column fammaild not be used
because when the beam fdile would snap theeramic rod, as shown in Figure 5&hd was
therefore stopped after the second atteSipice all of the beams lasteldse to an hour there was

not much wood left to be salvaged for examination and the residual heat of the furnace during the

cool down phase would burn the remaining amount of wood that was left.

Figure 5.6. Fire tested beam upa@ompletion of testing

5.2.1Failure modes

For all tests, the top rod did not bend due tonthed not bearing on the rod after the test has been
terminated.However, he bottom rod experiendevaried degrees of bends after the test was
terminated due to the wodzkaring on the bottom rod and the amount of time the steel rod was

exposed to fire.

The pictures shown ifigure 5.7are in good agreement with the graphed results presented in
Figure5.11; where the failure of the 26@m embedment length connections \aawrittle failure
mode due to the wood splitting as showirigure 5.7(a) The wood splitting caused the test to be
terminated due to the connection not being able to holiithepplied design load. With the wood
splitting and the second least firesistance timethe bottom steel rod experienced slightl

deformations as shown kigure 5.7(b)
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