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Abstract

The widespread availability of Cross-laminated timber (CLT) provides opportunities to
extend the use of wood beyond traditional low-rise residential construction. Glued-in rods
(GiR) are an interesting technical solution for numerous structural applications in timber
engineering. Although GiR connections have the potential to be used in combination with
CLT, research on this application is scarce. In this thesis, an experimental investigation
on the performance of GiR in CLT is presented. Two different 5-ply CLT panel
thicknesses (139 and 175 mm), two steel rod diameters (d = 12.7 and 19.1 mm) and five
different anchorage lengths (/. = 6d, 10d, 12d, 14d and 18d) were considered in single
and multiple rod connections. A total of 260 specimens were fabricated and subsequently
tested under uni-axial quasi-static monotonic tension. The results were assessed in terms
of load-carrying capacity, stiffness and failure modes and demonstrated that GiR in CLT

offer an alternative high capacity timber connection.
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1 Introduction

1.1 Cross-laminated timber

Cross-laminated Timber (CLT), an engineered wood product developed in Europe in the
early *90s, has been called a game-changer in the wood construction industry [1]. CLT is
produced by adhesively bonding wood lamellas together in a commonly crosswise
alternating manner to form panels. CLT panels offer a good weight to strength ratio,
precise off-site prefabrication, speed and ease of construction [2]. As a result, CLT has
increasingly gained popularity in residential and non-residential applications, as well as
in multi-story buildings [3, 4]. CLT member sizes are limited due to transportation and
fabrication capabilities. Consequently, CLT walls or floor diaphragms are composed of
smaller members to be jointed. For a CLT system composed of different elements, the
shear strength and stiffness depend on the load-deformation characteristics of its
connections [5, 6]. Connectors ensure the continuous distribution and transfer of forces
from different structural members to the foundation. Connection systems for CLT range
from the traditional dowel type fasteners such as nails, lag screw, bolts, rivets, etc. to the

innovative connection systems such as self-tapping screw [7] or Glued-in rods (GiR).

1.2 Glued-in rod connections

GiRs are high strength connectors that are concealed inside the wood member, which is
both an architecturally pleasing feature and also provides the joint with excellent fire
protection when compared to conventional dowel-type timber fasteners. They have high
load-carrying capacity and stiffness per cross-sectional area [8]. GiR connections are
composed of multiple components, namely timber, rod (mostly steel), and adhesive.

These three materials which have different properties and are expected to transfer load



and equally deform simultaneously under loading conditions [9]. Due to the different
materials involved, GiRs are hybrid connections and a rather complex system [10]. The
performance of GiR has been shown to depend on several parameters, mainly the
anchorage or embedment length of rod (/,), rod diameter (d), slenderness ratio (4), which
is the ratio between /, and d, edge distance (eq), number of rods (), glueline thickness (7),
type of adhesives, load-to-grain angle (6), and moisture content (MC) of timber [10].
Some principal failure modes associated with GiR connections are recognized. These can
be broadly categorised as yielding of the rod (if made from steel), shear along the rod,
glue line failure, tensile failure or splitting of the wood member, and block shear failure
in the wood member (for multiple rods). While in practice a single GiR connection is
seldom used, previous research mostly focused on single rod configurations to isolate the
effects of these parameters on the joint performance. In examining these parameters,
previous studies focused on solid structural timber [11, 12], Glue-laminated Timber
(Glulam) [13, 14], Laminated Veneer Lumber (LVL) [15], and more recently CLT [16,

17].

1.3 Research need

Although GiR connections in CLT can be used in a variety of structural applications such
as for panel-to-panel joints in walls, joints between CLT walls and concrete foundation,
they are not yet widely applied. Only a few studies are available on the performance of
GiR connections in CLT. Azinovic et al. [16, 17] reported on different failure modes such
as the edge lamination tear out, complete tear out of CLT layer, failure along non-glued
timber edges and failure of timber next to adhesive, all of which deviate from the regular
failure modes seen in other wood products and recommended further studies. Research

gaps exist regarding the performance of single and multiple rods GiR in CLT such as the
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impact of rod edge spacing, shifting of anchorage length to inner members, load-to-grain

angle and spacing between multiple rods.

1.4 Objectives

Based on the aforementioned reasons, this research focused on examining the strength
and stiffness of single and multiple rod GiR connections under uniaxial tension in CLT.
The load-carrying capacity and stiffness of GiR connection in CLT by determining the
effects of the factors: panel size, rod diameter, number of rods and anchorage length on

the strength of the connection was examined. Specifically, the objectives were to:

1. Investigate the structural performance of single GiR connected parallel to the major

strength axis with the rod completely and partially glued inside CLT (Phase 1).

2. Investigate the structural performance of single GiR connected perpendicular to the

major strength axis with embedded rod completely glued inside CLT (Phase 2).

3. Investigate the structural performance of multiple GiR in CLT connected parallel to

the major strength axis (Phase 3).

1.5 Organisation, scope and limitations of thesis

In chapter two of this thesis, the components of GiR, the manufacturing process, the
mechanical behaviour of GiR, failure modes and design equations are reviewed. In
chapter three, the experimental campaign is presented and in chapter four, the results are

reported and discussed. The study is concluded in chapter five.

This study focused on the structural performance of single and multiple GiR in CLT under
quasi-static monotonic loading in two directions; parallel and perpendicular to the major
strength axis of CLT. The single steel rods were glued at both ends of timber and tested

in a pull-pull test configuration in short term static loading. For every failed specimen,
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the damaged rod was cut off from the timber and the second end which is undamaged was
retested in similar test configuration after drilling holes into them. It was assumed that
the undamaged end of the connection will have either equivalent or higher capacity than

the damaged rod end of the CLT.

This study was limited to varying four main parameters: rod diameter, CLT thickness,
anchorage length and the number of the rods glued-in. Threaded steel rods of grade
ASTM A193 B7 with diameters 12.7 and 19.1 mm, CLT panels made from SPF species
with the thickness 139 mm and 175 mm and anchorage length of 6d, 10d, 12d, 14d and
18d were combined for one, two and three-rod connections. The two-component adhesive
CR 821 Purbond was used. Comparisons were made between the load-carrying capacities
of the experimental values and the GIROD design equations. No new analytical methods

for the connection stiffness or load-carrying capacity were proposed.

The testing was limited to uniaxial quasi-static monotonic short-term tension loading in
a pull-pull configuration under normal temperature and constant moisture content. Other
loading conditions such as bending or shear, cyclic or long-term loading, or high
temperature or fire conditions were not considered. The impact of manufacturing

parameters and tolerances was beyond the scope of this research.

12



2 Literature Review

2.1 Background information

2.1.1 Engineered wood products

Wood is an orthotropic material; therefore, it exhibits different properties based on its
three (longitudinal, radial and tangential) mutually perpendicular axes. It is hygroscopic
in nature and thus, swells and shrinks when exposed to humidity variations. Engineered
wood products (EWPs) are a class of products made from wood to serve as a reliable
construction material for the replacement and reduction of, or in combined use with steel
and concrete. The use of EWPs has provided viable building solutions that reduce the
carbon footprint in construction [18, 19]. They are gaining acceptance in building
applications and architectural design as evident by the many raising wooden structures
across the world [20, 21, 22] and the 2-15% annual growth rate experienced by some
EWPs in Europe [23]. Among the advantages of EWPs are that thinner diameter trees
residues from wood processing plants and lower-quality lumber can be effectively
utilized as feedstock to create products with improved dimensional stability, better
durability, and enhanced performance [24, 25, 26]. Common EWPs suitable for structural

applications are Glulam, LVL, and increasingly, CLT.

2.1.2 Cross-laminated timber

CLT is a prefabricated engineered structural composite which has been identified as a
suitable alternative to concrete [27]. It is a plate-type product manufactured mostly with
an odd number of lumber layers adhesively bonded at 90° to the adjacent layer. Usually,
the same grade and species are used for all laminations in a given direction and for the

adjacent layer alternative grades and lumber species may be used. The alternating grain
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directions give CLT stiffness and strength in two directions. As a result of its high in-
plane stiffness and out-of-plane load-bearing capacity; it is used as a shear wall or floor
diaphragm [28]. It has been shown to have high thermal energy storage and high strength
to weight ratio [29]. The crosswise configuration of its layers reduces swelling and
shrinkage. The popularity of CLT has grown not only in Europe but also in North
America, and seismic prone countries like Japan, New Zealand and China [30]. Although
the mean density of CLT is similar to the base material, the variability in its properties is

much lower than the base material (sawn lumber) [31].

Although CLT can be customized to meet specific width, length and thickness
requirements, panels are typically produced in widths of 1.2 m, 2.4 m and 3m; lengths of
up to 18 m or more and thickness of up to 500 mm [32]. In North America, CLT stress
grades are achieved in two ways: one is based on the tested mechanical properties of
specific panel layup whose lamination size and base material species are known to possess
certain structural properties [28, 32]. The other is based on the use of alternative panel

layup that can be proven to meet design requirements by the manufacturer.

For CLT design, three shear failure modes as discussed in [31, 33] are important to be
checked: 1) shear failure parallel to the grain in the gross cross-section of CLT occurring
in unglued joints sections within the lamellae having the same shear stresses in the
transverse and longitudinal layers; ii) shear failure perpendicular to the grain in the net
cross-section of CLT occurring within the parts that intersect with unglued joints with the
shear stresses developed in the lamella perpendicular to the joint, and iii) failure due to
torsional and unidirectional shear stresses in the orthogonal lamellae. With a focus on the
shear resistance of single glued nodes of CLT loaded in-plane, Brandner et al. [34] studied
the influence of the layer thickness, layer width and width of gap on the shear capacity

perpendicular to the grain and concluded that these parameters significantly affect the
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shear strength of CLT. Specifically, the shear strength was reported to decrease with
increase in the layer thickness for the three thicknesses considered, significant lower shear
strength was reported in the rift grain board than the flat grain boards, shear at the edges
occurred more in wider boards and in the tangential-longitudinal layer. The structural
performance of CLT systems largely depends on the properties of the connectors used in

the system to connect members.

2.1.3 Timber connections

Connectors in wooden structures ensure the continuous distribution and transfer of forces
from different structural members to the foundation. They are essential for the
performance of a structure in providing stability, strength, stiffness and ductility. Timber
connectors can be broadly categorised into dowel-type mechanical fasteners such as nails,
bolts, wood screws, dowels etc. It is generally a good practise to use small and multiple
fasteners as it prevents the concentration of loads thereby allowing loads to spread over
the connectors. However, local stresses should be checked in connections with multiple
fasteners. Also, when a group of fasteners are closely spaced on timber and loaded parallel
to the major strength axis, wood failure may limit the capacity of the fasteners. Second
categories are carpentry joints such as grooves, holes, notches. A third category is
adhesive joints which effectively transfer and distribute stresses between timber elements.
The bond strengths depend on the type of adhesive, cure cycle, environmental factors,
glueline thickness etc. [35, 36]. Combining the aforementioned connector categories
creates a hybrid joint such as GiR that combines mechanical fasteners with adhesive

bonding.

The stiffness, strength and energy dissipation of a structure depends on its connections
[37]. Ductility is essential to obtain large deformation in structures, to allow stress

redistribution within members, to allow for energy dissipation and to increase structural
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robustness [38]. The yielding of the fastener is desirable for ductile joint failure. It has
been reported [39] that ductile failure modes can be achieved when the number of
connectors for a given specimen is relatively small and when the spacing and the end

distances of the connectors are large enough.

When traditional connectors such as nails and screws are used to edge connect CLT
members, the connection only achieves up to 30% of the panel’s shear capacity [40].
Consequently, there is no balance between the load-carrying potential of CLT and the
shear connection. Moreover, because the shear strength and stiffness of CLT members
consisting of multiple elements are governed by the behaviour of the connection between
them, to fully maximize the load-carrying potentials of CLT, it is important to use
connectors with increased stiffness and load-carrying capacity. Thus, the characteristics
of connectors used in structural applications are very important and must be given
attention. Therefore, a potential solution is GiR which offers a suitable and effective

alternative connection system to fully maximize the capacity of CLT panels.

2.2 Glued-in rod connections

2.2.1 Rod material

The most commonly used rod material for GiR connections is steel [41], either threaded
or smooth. The steel rod is mostly used for a number of reasons: i) the preferred failure
mode of GiR is yielding of the rod rather than adhesive or wood brittle failure [42]; ii)
mild steel rod provides ductility for this connection [43]; iii) they can withstand high axial
forces [41]; and iv) they can easily be connected to other steel elements [9, 10]. The
threads on the steel rod ensure an effective mechanical interlock with the adhesive [10].
Although the stress is distributed along the bonded length [44], there are stress

concentrations at the face and bottom of the bored hole [43]. Therefore, the positioning
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of the rod is important to the performance of the joint [41]. A ductile connection can only
be achieved when the rod is designed to be the weakest link. Thus, for multiple rod

connections, it is important to ensure a load uniform distribution in all the rods [45, 46].

2.2.2 Adhesives used in GiR

The adhesives used in GiR connection act as an interface to transfer the forces between
the rod and the timber material. The adhesive must be able to effectively bond the joint
members to provide continuous adhesion [13]. Bearing in mind that shrinkage of an
adhesive may occur in the initial hardening stage of the adhesive [41], it is important to
avoid the adhesive from being the weakest link in the connection. Consequently, the
adhesive should possess good gap filling properties. The most commonly used adhesives
for GiR connections are epoxy (EPX), polyurethane (PUR) and to some extent phenol-
resorcinol-formaldehyde (PRF) and melamine-urea- formaldehyde (MUF) [15]. When
selecting the adhesives, properties like the viscosity, porosity, curing temperature and
time, ease of application and the compatibility with the type of timber and rod should be
considered [12, 47]. Since various adhesives may develop differing bonding strengths
with different adherends, the pull out strength of GiR is not only related to the type of
adhesive but also the wood species [41, 48]. Consideration should also be given to the

timber moisture content before applying the adhesives.

The extensive GIROD research project, amongst other things, concluded that EPX and
PUR adhesive joint showed the best performance. If all parameters are the same, EPX
joints exhibited the highest axial capacity, followed by PUR and then PRF [49]. Other
studies [44, 50] have reported that both EPX and PUR generally have good gap-filling
possibilities, unlike PRF, making them appropriate for GiR applications. PUR adhesives
perform well in wet conditions and for practical reasons, two-component adhesives are

preferred over one component ones [15, 51]. Other recent research [52] characterised nine
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different adhesives based on their stiffness, strength and rheology and also demonstrated

that PUR had good bonding properties suitable for GiR joints.

2.2.3 Manufacturing of GiR

The process begins with the drilling of holes into the timber that are larger (usually
between 1 and 4 mm) than the diameter of the rod to achieve a uniform glueline thickness.
The hole is then cleaned using compressed air or vacuum [41] to remove excess wood
shavings which may create debris and prevent the GiR components from proper adhesion.
This step is followed by inserting the rod in the hole. One technique used is to fill the hole
with a predetermined calculated quantity of adhesive after which the rod is twisted into
the hole to remove voids. The viscosity of the adhesive determines how much twisting
force is applied. The drawback to this technique is that the adhesive may not fill the whole
cavity and assurance may not be given that no voids exist in the adhesive. Another way
to glue the rod is to insert the rod into the hole to its full depth and then create a second
hole at a lower point close to the base of the rod from which the adhesive can be injected
into the drilled hole until it flows out from the top surface of the timber; however, this
method is time-consuming. Another technique is to drill the rod into an undersized hole
or hole of an equal diameter which is already filled with adhesive [53]. This method offers

the advantage of better retention of the adhesive in the hole before curing.

Factors such as the inclination of drilled holes within the timber, time and temperature
required for the adhesive to cure, uniformity of glueline, the moisture content of timber
in relation to the adhesive curing requirements and the correct positioning of the rod in
timber during manufacturing are critical to the optimum performance of the joint.
Consequently, to achieve the optimum performance of GiR joint, quality control must be
ensured when positioning the rod in timber [41] and flaws such as off-centre position,

voids in the glue line, undesired slanting of the drilled hole, inclined positioning of rod
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and incomplete insertion of the rod should be avoided. To avoid eccentricities, several
devices such as plastic or metal rings, toothpicks [9, 13], spacers [14], a countersink hole
[54] have been used. Rod contamination with dirt, oil, or rust may affect the performance

of GiR connection and should also be avoided [14, 55, 56].

2.2.4 Geometric parameters

The GiR geometric parameters (c.f. Figure 2.1) that impact the load-carrying capacity
include anchorage length (/,), rod diameter (d), diameter of hole (d;), glueline thickness
(¥), edge distance (eq), slenderness (1), rod spacing (s), number of rods (#), and rod-to-
grain angle (0). Although in practice single GiRs are seldom used, these allow isolating

geometric parameters to determine their influence on the joint performance.
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Figure 2.1: Schematic showing GiR connection parameters

The anchorage length /, (also referred to as embedment length) refers to the length of the
rod glued into the timber. Although many studies e.g. [13, 16, 43, 57] have shown that
the GiR strength increase with the anchorage length, some studies have reported that this
increase is not linear due to stress concentrations [43, 58, 59]. Gehri [45] suggested
moving the anchorage zone of steel rod away from the surface of timber into the inner
part by leaving a gap at the face of the drilled hole where no adhesive is applied along the
anchorage length, thus preventing the mechanical interlock around this zone, see Figure

2.2.
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Gap without adhesive in bonded rod
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Figure 2.2: Schematic showing specimen with adhesive gap

The rod diameter (d) is one of the most commonly investigated GiR parameters. Most
studies agree that a larger rod diameter leads to increase in strength and stiffness [12, 42,
60, 61]. Only one study reported no significant effect of rod diameter on the pull-out
strength [54]. Although the influence of rod hole diameter on shear strength could not be
verified in [61], it has however been reported that the diameter of steel rod had little
influence on the average shear stress [60]. Reducing the rod cross-section (necking) over
a given length to prevent shear force transfer and indentation at the surface facilitates the

desirable plastic steel deformation inside the timber [42, 62, 63].

Rather than characterizing rod diameter as a separate factor, some studies have combined
the rod diameter with embedment length [42, 64], into the term called slenderness as the
ratio of anchorage length to the rod diameter: A = /,/d. Shear stresses in GiR joints have
been shown to decrease asymptotically with slenderness ratio [8]. It was reported that the
mean shear stresses in the wood/adhesive interface decrease with increasing slenderness
[63] and that the strength increases with higher slenderness values [46, 59, 65]. Research
has also indicated that GiR joints made with denser wood are less affected by the joint
slenderness [59]. There are differences between the slenderness of rods connected parallel
to grain and those connected perpendicular to the grain. For those connected parallel to
the grain, the mean shear stress decreases with increasing slenderness but for the rods
glued perpendicular to the grain, the shear stress is constant and also does not depend on

the joint slenderness [65].
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The rod distance to the edge of the timber and the spacing distance between two or more
rods are other important parameters that influence the load-carrying capacities and failure
modes in GiR joints. In an effort to determine the minimum edge distance and rod spacing
requirement, when the edge distance and rod spacing is less than 2.5d and 5d respectively,
a decrease may occur in the total load-carrying capacity [54]. Blass et al. [66] also
reported a reduction in capacity when the edge distance used was less than 2.5d. It was
therefore recommended that the minimum edge distance should be equal or greater than
2.5d. Likewise, Steiger ef al. [42] found the failure load to reduce when the edge distance
was less than 2.3d. Elsewhere [57], the optimum edge distance of 3.5d was identified as
the distance with greatly reduced splitting failure and maintained strength. The edge
distances were evaluated in [67] and it was recommended that greater than 3d should be

used to prevent splitting failure of timber.

Sufficient spacing between rods is necessary to avoid premature timber failure [57]. In
previous work [13], spacings of 3d, 4d and 5d were used and the load-carrying capacity
of the connection increased with larger spacing and large spacing resulted in the yielding

of the rod. Consequently, the spacing of 5d was recommended.

Although some studies [54, 67, 68] have pointed out that there’s no proportionality
between an increase in glueline thickness and higher load capacity, the glueline thickness
can have a significant effect on connection failure mode [67]. The influence of the
glueline is largely dependent on the adhesive properties [56]. Typically, the hole diameter
on timber is drilled to an excess of between 1 and 4 mm. This guarantees a glueline
thickness of between 0.5 and 2 mm [8, 41]. A larger glueline thickness increases the
contact area but does not significantly increase strength [43]. A thickness of 2 mm was

recommended by [48, 67].
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The behaviour of GiR in timber inserted at different grain angles differs. The rod-to-grain
angle is the angle between the grain direction of timber and the longitudinal axis of the
rod [17]. Because timber is generally strongest in the longitudinal axis, one would assume
GiR joints positioned parallel to this axis would have higher strength. While one study
[69] affirmed this, several others [16, 42, 61] suggested that the specimens with GiR

positioned perpendicular to the longitudinal axis exhibited higher pull-out strength.

2.2.5 Material parameters

The ability of wood as a hygroscopic material to swell and shrink depending on the
prevailing environmental conditions can cause moisture-induced stresses in the glueline
which can lead to cracks especially when the MC during bonding is much higher than the
in-service MC [70]. Broughton and Hutchinson [71] revealed that both the strength and
failure modes of GiR joints are significantly influenced by the MC of timber. Specimens
were conditioned to 10%, 22% and 38% and it was reported that a MC above 25%,
reduced the pull-out strength by 60-64%. Yet Otero et al. [72] reported no visual crack
deformation on inspection of GiR specimens subjected to climatic cycles of relative

humidity 20% to 87.5% and temperature varying from 10°C to 50°C.

A relationship has been shown to exist between the strength of a GiR joint and the density
of timber. Although this relationship is not linear, according to Otero et al. [59, 73], the
joint strength increases with the density of timber and the density also relates to the
strength properties of the specific timber. A formula was proposed to predict the strength
of GiR joint using density and slenderness. Stiffness also tends to increase with density
[56]. Widmann et al. [61] stated that Norway Spruce species of GiR joints connected
perpendicular to grain are less influenced by the density of their resident timber but those

connected parallel to grain as reported in [42] for the same wood species are influenced
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by the timber density. Higher density timber fails usually in tension but the lower density

ones tend to show compressive buckling before any signal of failure in tension [74].

2.2.6 Loading and boundary conditions

To assess the pull-out capacity of GiR in timber, different loading configurations have
been used. For example, the pull-pull test configuration (Figure 2.3) is a common loading
set-up for connections parallel to the grain. For connections such as the moment-resisting
connections where bending forces have to be accounted for, a pull-bending test set-up is
appropriate [57, 75]. Variations of the pull-pull test can also be made to fit specific
specimen configuration. For example, rods can be glued only on one side of the specimen
as opposed to gluing the rods on both ends of the specimen. In this case, a test fixture is
constructed to effectively hold down the specimen to be tested. For rods inserted
perpendicular to the grain (Figure 2.3), three loading conditions can be used namely pull-
compression, pull-push, and pull-pile foundation test configurations [10]. Pull-
compression configuration is affected by compression stresses perpendicular to the grain,

pull-push by bending stresses and tension failure can occur [76].

lT\F

Figure 2.3: Different loading configurations: (a) pull-pull (b) pull-push
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2.2.7 Failure modes

The failure mode of a GiR connection depends on the connection materials’ (rod,
adhesive and timber) mechanical properties and the bond between them [10]. The

principal failure modes identified for GiR in timber [10, 13, 16, 41] are:

1. Rod failure
a. Yielding of the (steel) rod in tension. This is a desirable ductile failure mode.
b. Buckling of the rod if loaded in compression.
2. Rod pull-out which may be
a. Adhesive failure at the interface between the steel rod and adhesive
b. Shear failure of adhesive
c. Shear failure of adhesive at the interface between the adhesive and timber
d. Shear failure of timber close to glueline
3. Tensile failure of timber
4. Timber plug pull out
5. Splitting or cracking of timber
Additional failure modes specific to joints containing multiple GiR are group tear out and

splitting of timber between rods as a result of short distances between rods.

1 1 ?
e
" b c d
[

Figure 2.4: Typical GiR failure modes: (a) rod yielding, (b) rod pull out, (c) timber tensile

failure; (d) wood plug pull out; (e) timber splitting
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2.2.8 Analysis methods

Critical to the GiR glueline adhesive strength analyses are the material and geometry
properties of the joint such as the strength and stiffness of timber, strength of adhesive,
glueline thickness and conditions of loading [10]. Three fundamental approaches are
available for analysis of the adhesive bond strength: i) Traditional strength analysis; ii)
Linear Elastic Fracture Mechanics and iii) Non-linear Fracture Mechanics [77]. Based on

these methods, multiple design approaches for GiR were developed.

Herein, only the approach presented in the GIROD project [49] is reported. The model

allows estimating the characteristic axial capacity of a single rod GiR in Glulam:

P,  tanhw
e TR P (1)
1 eo
w= |& 2)
Im
Lo ndl?2 (1 E./Ey,
o= 5 \at A 3
l. = E, Gy
m= 2 4
lgeo  1s a geometrical length parameter
L is a material length parameter (a measure of the ductility of the bond line)
ndl  is the area of the bond and
B, is the characteristic axial capacity of a single rod glued-in connection
¢ local bond line shear strength
w Stiffness ratio of the joint

A, The cross-sectional area of the rod (mm?)

E, Modulus of elasticity of rod material

A, The cross-sectional area of timber host (mm?)
E, Modulus of elasticity of timber host

Gr Fracture energy calculated from I, E,= 210,000 N/mm?
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2.2.9 Application of GiR in CLT

Information about the behaviour of GiR in CLT is scarce in the literature. Azinovic et al.
[16] tested 60 GiR specimens in CLT in the pull-pull configuration. Threaded high-grade
steel rods with diameters 16 and 24 mm were glued at 0° (parallel) and 90°
(perpendicular) into the middle layer of the 5-ply CLT using a brittle epoxy adhesive. The
anchorage lengths were varied between 80mm and 400 mm. Across all specimens, the
study demonstrated that the load-carrying capacity increased with bonded length and the
global connection stiffness depended more on the rod diameter rather than the bonded-
length. Specifically, for the short anchorage lengths (80-240 mm), significantly different
failure modes (Figure 2.5) were reported. Rod pull-out was predominant in specimens
connected parallel to grain but the specimens glued perpendicular to grain were marked
by the failure of the CLT panel due to edge lamination tear out of a layer. The
perpendicular specimens were also reported to have more ductile response than the
parallel specimens and their load-bearing capacity depended on the geometry of the panel.
In contrast, the longer anchorage lengths (320 and 400 mm) specimens with larger rod
diameter 24 mm failed predominantly by tear out of the CLT panel for those connected
perpendicular to the grain and both pull-out of rod and CLT failure for those bonded

parallel to the grain.

Figure 2.5: Failure modes for GiR in CLT: (a) complete lamination tear-out of core CLT layer,

(b) edge lamination tear out of core CLT layer
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The experimental results were compared to six of the existing GiR design equations. The
design equation tended to overestimate the maximum load of the rods embedded parallel
to the grain and also underestimated the maximum load of the specimens bonded
perpendicular to the grain. Although the estimated capacities with the GIROD equation
was close to the experimental values, it was concluded that in most cases, these existing

design equations are not suitable for GiR in CLT.

This previous study on GiR in CLT [16] had some limitations: the panels for the
specimens perpendicular to the grain were relatively narrow (300 mm). As a result, it was
not possible to conclude if larger panel sizes will follow a similar mode of failure. Also,
the panel thickness was limited to only one size and only single rod specimens were
considered. There is every tendency for the connection to display completely different

behaviour when multiple rods are glued into the specimens.

Azinovic et al. [17] further conducted parametric finite element studies of GiR in CLT
for the rod-to-grain angles 0°, 15°, 30°, 45°, 60°, 75° and 90° to examine the effects of
the rod diameter, glued-in length and the rod-to grain angle on the load-carrying capacity
and stiffness of the GiR connection. Generally, a good agreement was found between the
experimental data and the finite element analyses. The parametric studies showed that the
capacities of the rods oriented perpendicular to the grain were higher than those oriented
parallel to the grain. The simulation further indicated that the maximum axial load
carrying capacity and stiffness is neither at rod placed parallel (0°) nor perpendicular
(90°) to the major strength axis. Rather, it is at an intermediate rod-to-grain angle of about

20°.
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2.3 Summary of literature review

GiR represents an efficient and effective timber connection system because of its high
load-carrying capacity and stiffness. It is often desired to be used with other structural
elements due to its excellent performance, the aesthetic it offers and fire protection ability.
GiR has three major components that are essential to the formation of the joint: timber,
rod and adhesive. Generally, some parameters have been identified to be critical to the
performance of GiR joint: anchorage or embedment length of the rod, rod diameter,
slenderness ratio, rod edge distance, number of rods, spacing between rods, load-to-grain

angle, type of adhesives and moisture content.

To maximize the performance of GiR joints, it is important to utilize timber which offers
an equivalent load carrying potential as the joint itself. EWPs offer these possibilities. For
over three decades, extensive studies have been conducted into the use of EWPs for GiR
connections. These investigations have led to the identification of the failure modes
occurring in GiR. They are broadly categorized as yielding of the rod (if made from steel),
glueline failure, tensile failure or splitting of the wood member and block shear failure in
the wood member (for multiple rods). In the numerous available studies on GiR in solid
structural timber and EWP, several adhesives have been tested and consistently in these
studies, EPX and PUR have been shown to possess good bonding properties suitable for

GiR applications. This has informed the choice of PUR adhesive in this study.

Although GiR in CLT can be used in a variety of structural applications, the engineering
community is yet to give its use the necessary attention. This largely accounts for the very
few available studies on GiR connection in CLT, especially when compared with the
numerous studies on glulam. CLT offers a promising alternative because of its good
mechanical properties. In one of the available investigations on GiR in CLT, two distinct

failure modes that have not been reported on solid structural timber and EWPs were
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reported: edge lamination tear-out of core CLT layer and the complete tear out of CLT
layer. In the same study, the pull-out forces from six of the available GiR design equations
were compared with the experimental values. Although generally, they -either
overestimated or underestimated the pull-out force, the GIROD equation was reported to

be the closest to the experimental values.

When dealing with GiR in CLT, additional complexities which may affect the
performance of the connection are involved. For example, the thickness of CLT cross-
layer may have an influence on the response of the connection since the axial stiffness
and shear performance depend on the thickness of CLT layers. A different behaviour may
be seen in the connection when the rod is glued in-between two-panel layers, when it is
glued at the boundary between two parallel boards (edge glued or not edge glued) and a
perpendicular board and when it is positioned at the intersection of two parallel boards.
Also, the use of multiple GiR may trigger splitting or other failure modes when the
spacing between the rods and the edge spacing is not sufficient. Information about the
necessary parameters such as the optimum rod spacing and the right edge spacing to
prevent splitting failure must be made available. The aforementioned reasons have

necessitated the study of GiR in CLT to fulfil the three main objectives of this research.
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3 Experimental investigations

3.1 Overview

The experimental investigations conducted in this work were grouped into three Phases
with each Phase comprising of different test configurations in terms of the panel size and
thickness, the number of rods and rod diameter as well as the anchorage length. These

Phases, shown in Figure 3.1, were:

Phase 1: Single GiR installed parallel to the major strength axis of the CLT
Phase 2: Single GiR installed perpendicular to the major strength axis of the CLT
Phase 3: Multiple GiR installed parallel to the major strength axis of the CLT

Experimental
Phases
- = -
Panel Rod Embedment
thickness diameter length r T 1
| | | Panel Rod 1 Embedment
175and | | 12.7and 6d, 10d thickness | § diameter lecgth
139 mm 19.1 mm 14d, 18d | | |
139 12.7and 6d,12d,1
= g 19.0mm 8d
Panel Rod Embedment No of Rods
thickness diameter length rods spacing
| | | | |
l 139 mm | l 12.7mm | l 10d, 184 | l 2r 3r Il 4d 6d |

Figure 3.1: Overview of test program
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3.2 Materials

321 CLT

For Phase 1, two CLT panel lay-ups were used: 1) 139 mm and 2) 175 mm thick 5-ply
panels with individual layer thicknesses of 35-17-35-17-35 mm and 35-35-35-35-35 mm,
respectively. The material was provided by Structurlam [78] and produced in accordance
with ANSI/APA PRG320 [79]. The grade E1M4 panels were made from SPF species
with an apparent density (based on the average of the weight and volume of the specimen)
of 484 kg/m* and a coefficient of variation (CoV) of 2.6% for the 139 mm CLT and 456

kg/m? (CoV of 3.2%) for the 175 mm CLT.

The moisture content (MC) of each specimen was measured with an electronic resistance
moisture meter at three different locations and then averaged for each test series. It was
determined as on average 12.6% with a CoV of 2.2%. Based on the results of Phase 1, it
was decided to limit CLT panel size to the 139 mm thickness for the subsequent Phases
2 and 3. In Phase 2, the 5-ply CLT panels were cut to length perpendicular to the major
strength axis. The apparent density (based on the average of the weight and volume) was
determined as 481 kg/m? (CoV of 2.4%) with the average MC of 11.3% (CoV of 3.2%)
and in Phase 3, the apparent density was measured as 509 kg/m* (CoV of 2.9%) with the

MC of 11.6% (CoV of 7.0).

3.2.2 Steel rod

ASTM A193 B7 [80] steel rods of diameter 1/2” (12.7 mm) and 3/4" (19.1 mm) were
used for Phases 1 and 2. In Phase 3, multiple rods of only the 12.7 mm diameter were
used. The yield strengths of the rods were experimentally determined following the
standard test methods for tension testing of metals as outlined in ASTM E8/E8M [81].

These rods were cut to length from the supplier and no surface treatment was done. Five
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samples for each rod diameter was inserted into a collet grip and tested in a 250 kN
hydraulic Universal Test Machine (UTM), see Figure 3.2a. The yield strengths were
determined as on average 658 MPa and 681 MPa for the 1/2" and 3/4" rods, respectively,

with CoVs of 8% and 15%. Failure in all specimens occurred as necking, see Figure 3.2b.

a) [ b)

Figure 3.2: Steel rod tensile strength: a) test set-up; b) failed specimen

3.2.3 Adhesive and adhesive shear strength

Two-component polyurethane adhesive Loctite CR 821 Purbond, manufactured by
Henkel, was used herein. As this adhesive was still not commercially available at the time
of this study, information on the mechanical specification was not yet provided in a
datasheet. The adhesive shear strength was experimentally determined following the
standard test method for apparent shear strength of single-lap-joint of metal-to-metal
bonded specimens by tension loading as outlined in ASTM D1002-10 [82]. Grade A36
steel plates, 102 x 25.4 mm and 6.35 mm thick, were used for the shear test. The overlap
length and width of each specimen to be bonded were dimensioned to 25.4 x 25.4 mm for
a gluing area of 625 mm?. To avoid any potential contaminants (such as grease, oil, dirt,
dust and rust particles) that may affect the results, the steel surfaces were cleaned with

ethanol before applying the adhesive. The specimens were tested on a 100 kN hydraulic
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UTM (see Figure 3.3a) at a displacement control rate of 1 mm/min. In total, 10 test
samples were fabricated and tested. Failure in all specimens occurred at the bonding
interface, see Figure 3.3b. The tensile force from the test frame was divided by the
adhesive overlap shear area to obtain the shear strength of the adhesive at failure as on

average 7 MPa, with a CoV of 22%.

|—25_4-| ——| [—6.4

102.0

Figure 3.3: Adhesive shear strength tests: a) test set-up, b) typical failed specimen

3.3 GiR Specimen configurations

3.3.1 Phasel

Phase 1 consisted of 19 test series. In most series, the rods were completely glued-in all
along the embedment length. In some selected test series, labelled with the # symbol, the
rods were partially left un-glued (i = 4d) inside CLT. For the completely glued
specimens, most CLT specimens were 200 mm wide and 600 mm long with two different
thicknesses (¢ = 139 and 175 mm). Some selected test series consisted of 150 mm wide

and 800 mm long panels.
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Two different steel rod diameters d = 12.7 mm (1/2") and 19.1 mm (3/4”) and four
different anchorage lengths /, = 6d, 10d, 14d and 18d were used. Figure 3.4a illustrates
all geometry parameters: / is the length of the CLT panel, /. the clearance between the
opposite rods in each specimen, /-, the rod length, es the edge distance and /, the unglued

anchorage length.

To avoid wood splitting and glue line failure, the test specimens were designed with the
minimum requirements for edge distance and glue line thickness as reported for solid

timber and glulam [41, 57], 4d and 1.6 mm were used.

Each specimen combination had five replicates. In total, 18 test series for a total of 90

specimens were fabricated and subsequently tested, see Figure 3.4 and

/
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Figure 3.4: Single rod schematic for (a) completely and (b) partially bonded rods

Table 3.1. The series naming consisted of the rod diameter in inches (1/2 or 3/4), followed
by anchorage length (6L, 10L, 14L or 18L) and the panel thickness (139 or 175). The test
series with partially un-glued specimens see Figure 3.4b, included two different

anchorage lengths (/, = 6d and 10d) and were labelled as 6L# and 10L#, respectively.

34



2 ,
(@) =
dIl |[dn
-
Ve Ia 7 Ic 7 Ir 7
[
b —
(b) p
dll [dh
%
L T

Figure 3.4: Single rod schematic for (a) completely and (b) partially bonded rods

Table 3.1: Test series overview for Phase 1

Label t d dn [ la eq Ly le Ir
(mm)  (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
1/2-6L-175 175 12.7 15.9 600 76 100 - 448 376
1/2-10L-175 175 12.7 159 600 127 100 - 346 427
1/2-14L-175 175 12.7 15.9 600 178 100 - 244 478
3/4-6L-175 175 19.1 222 600 114 100 - 371 264
3/4-10L-175 175 19.1 222 600 191 100 - 219 491
3/4-14L-175 175 19.1 22.2 600 267 100 - 67 567
1/2-6L-139 139 12.7 159 600 76 100 - 448 376
1/2-10L-139 139 12.7 15.9 600 127 100 - 346 427
1/2-14L-139 139 12.7 159 600 178 100 - 244 478
1/2-18L-139 139 12.7 159 600 229 75 - 143 404
3/4-6L-139 139 19.1 22.2 600 114 100 - 371 414
3/4-10L-139 139 19.1 222 600 191 100 - 219 491
3/4-14L-139 139 19.1 22.2 600 267 100 - 67 567
3/4-18L-139 139 19.1 22.2 800 343 75 - 114 518
1/2-6L#-139 139 12.7 159 600 76 75 51 244 353
1/2-10L#-139 139 12.7 159 600 127 75 51 143 404
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3/4-10L#-139 139 19.1 222 600 191 75 76 67 442
3/4-10L#-139 139 19.1 222 800 267 75 76 114 518

3.3.2 Phase?2

Most specimens in Phase 2 were composed of 200 mm wide and 500 mm long CLT strips
cut out from larger panels. Series 3/4-18L-139p and the Lp series, comprised of 200 mm
wide and 800 mm long and 400 mm wide and 500 mm long panels respectively. The
panel sizes were dimensioned to ensure sufficient spacing between opposite glued rods
so that no stress interactions existed between the two rods. Two-rod diameters (d = 12.7
and /9.] mm) and three anchorage lengths (l.=6d, 12d and 18d) were used. The

geometry parameters are illustrated in Figure 3.5.

Each test series comprised of 5 fabricated replicates. A total of 8 test series (see Table
3.2) were combined in 40 specimens. The series naming consisted of the rod diameter in
inches (1/2 or 3/4), followed by the anchorage length (6L, I12L or I18L), the panel
thickness (/39) and the letter p indicating that the series was cut perpendicular to the
major strength axis. The letter L indicated that a large panel with the width 400 mm was
used. For the test series 1/2 -12L-139Lp and 3/4-12L-139Lp, the steel rod was glued at

only one end of the panel rather than both ends.

pa I 7/
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Figure 3.5: Schematic for single rods perp. to the major strength axis of CLT

Table 3.2: Test series overview for Phase 2
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dn [(mm) [, eq I

Label ¢t (mm) (mm)  (mm) (mm) (mm) [ (mm) (mm)
1/2-6L-139p 139 12.7 15.9 500 76 100 348 251
1/2-12L-139p 139 12.7 15.9 500 152 100 195 327
1/2-18L-139p 139 12.7 15.9 500 229 100 43 404
3/4-6L-139p 139 19.1 22.2 500 114 100 271 289
3/4-12L-139p 139 19.1 22.2 500 229 100 43 404
3/4-18L-139p 139 19.1 22.2 800 343 100 114 518
1/2-12L-139Lp 139 12.7 15.9 500 152 200 - 327
3/4-12L-139Lp 139 19.1 22.2 500 152 200 - 327

3.3.3 Phase3

The test series in Phase 3 involved the use of multiple rods on each panel, only one-rod
diameter (d = 12.7 mm) was considered and these were glued at only one end of each
specimen, see Figure 3.6. Two anchorage lengths (/; = 10d and 18d) were considered.
Two numbers of rods (n- = 2 and 3) were investigated using two spacings (s= 4d and 6d).
To avoid splitting failure, in accordance to the recommendations of previous work [13,
54, 67] that the minimum edge distance of at least 3d should be used to avoid this failure,
the edge distance (es > 4d) was used. In Phase 3, 8 test series with 5 replicates per series
for a total of 40 specimens were tested. The series naming consisted of the number of
rods; 2r and 3r for two and three rods, the embedment length (/0L or 18L) and the spacing
between rods (4d or 6d). Specimens were made from 250 mm wide 5-ply CLT panels and

either 400 or 500 mm long, see Table 3.3.
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Figure 3.6: Schematic for multiple rods par. to the major strength axis of CLT

Table 3.3: Test series overview for multiple rods in Phase 3

Label t(mm) d(mm) n, [(mm) [,(mm) [ (mm) e;(mm) s (mm)

2r-10L-4d 139 12.7 2 400 127 302 99.5 51

3r-10L-4d 139 12.7 3 500 127 302 74 51
2r-10L-6d 139 12.7 2 400 229 404 87 76
2r-18L-6d 139 12.7 3 500 229 404 87 76
2r-18L-4d 139 12.7 2 400 127 302 99.5 51
3r-10L-6d 139 12.7 3 500 127 302 49 76
3r-18L-4d 139 12.7 2 400 229 404 74 51
3r-18L-6d 139 12.7 3 500 229 404 49 76

3.4 Specimen fabrication

The CLT specimens were cut from larger full-size panels and into the dimensions
specified in section 3.2. Subsequently, holes were drilled into the CLT using a hand drill
with custom-made jigs as a guard for proper alignment (Figure 3.7a). Holes with
diameters dn = 15.9 and 22.2 mm for the 12.7 and 19.1 mm diameter rods, respectively,
each approx. 3 mm larger than the actual rod diameter, were drilled to allow fora 1.6 mm
glueline thickness. The holes were cleaned with compressed air to remove the residual

sawdust and wood shavings. The adhesive was injected into the drilled hole using a
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pneumatic glue gun to provide a reliable mix of the two-components. Calculated
quantities of adhesives were injected in each hole (Figure 3.7b) and the rods were inserted
in the holes by twisting them along the way to remove any trapped air. The rods were
positioned straight and held in place with the use of toothpicks distributed around the
circumference of the holes (Figure 3.7c). For the multiple rod test series in Phase 3,
multiple holes were drilled into the CLT panels based on the required spacing between
the rods. The glued specimens were left to cure and placed in a controlled climate room

for at least 14 days before testing (Figure 3.7d).

Figure 3.7: Specimen manufacturing: (a) hole drilling; (b) applying adhesive, (c) rod

positioning; (d) specimen storage

3.5 Test methods

The tests were performed in a pull-pull configuration using a 500 kN hydraulic UTM in
the Wood Innovation and Research Lab at the University of Northern British Columbia,
Prince George, Canada. Threaded cylindrical steel sleeves were attached to the rods at
both ends and inserted into the hydraulic collet grips attached to the testing machine. The
collet grips held the rods firmly in position and also ensured the precise alignment during

testing, see Figure 3.8a.
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A steel plate (90 x 0.5 x 160 mm) was attached to each rod. Two Linear Variable
Differential Transformers (LVDTs) were installed on both ends of the test specimens
touching these steel plates to measure the relative displacements between the rods and
CLT panel. A displacement-controlled rate of 1 mm/min was used so that each test was
typically completed in approximately 5 minutes. The applied load was recorded by the
test machine’s calibrated load cell and subsequently plotted against the LVDT relative

displacement measurement.

a- Collet grip
b- Steel plate
c- LVDT

d- Steel rod
e- Sleeve

Figure 3.8: Test set-up for: a) Phase I and 2; b) Phase 3

In accordance to previous work [8], which showed that the first tests on two ended GiR
test specimens did not significantly damage the surviving connection end, two-ended GiR
test specimens were used for specimens from Phase 1. Upon failure of the connection in
the first test, the rod on the failed specimen side was cut off and the unbroken second GiR

was re-tested.

For the specimens with multiple rods from Phase 3, two or four holes (depending on the

expected capacity of each test series) were drilled into the sides of the panels. Steel test
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fixtures (see Figure 3.8b) were designed (see Appendix A: GiR test fixture) and Grade 8
steel bolts (22 mm) were used to attach the CLT panel from Phase 3 and retesting
specimens from Phase 1 to the UTM. To attach the multiple rods to the testing machine,
additional test fixtures were designed and fabricated. In Phase 3, no LVDTs were
mounted to the individual rods; rather, the recorded actuator head movement was used as

a proxy for the relative displacement between rod and CLT.

The results were assessed in terms of the load-carrying capacity (Fmax), the displacement
at capacity (dr,max), and the initial stiffness (k). The latter was evaluated for the loading

range between 10% and 40% of load-carrying capacity.

3.6 Statistical analyses

Analysis of variance (ANOVA) was performed to determine the effects of the considered
individual connection parameters (anchorage length, rod diameter, number of rods and
spacing between rods) and their interactions on the strength of the connection. ANOVA
can be used to compare means and to determine the statistical significance of observed
differences in means [83]. In an ANOVA, a p-value is computed to indicate the
probability of accepting or rejecting the null hypothesis — usually stating that there is no
effect of the treatments on the outcome. Thus, the p-value helps to decide whether a null
hypothesis can be accepted or rejected. For all tests, this p-value was compared to a
significant level (a). As typical in engineering practice, the significant level (a) of 0.05
was used [84]. In any cases where the p-value was less than or equal to a, the factor was
accepted as significant and where the p-value was more than o, the factor was deemed
insignificant. For those tests, where interactions between these parameters showed
evidence that the means were significant, Tukey’s multiple comparison test was

conducted. Tukey’s multiple comparison test, also called Tukey’s honest significant
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difference (HSD) test, is a pairwise comparison technique that can be used to determine

which means amongst several means differ from the others [85].

For Phase 1, a blocked factorial design was chosen. The panel thicknesses (139 mm and
175 mm) were treated as a block. Blocking is useful in the reduction of unit variance with
the expectation that similar responses may be received from units within a block [83].
The first factor; anchorage length had four levels (64, 10d, 14d and 18d) and the second
factor; rod diameter had two levels (12.7 and 19.1 mm). All test series consisting of the
different combinations of these factors with their load-capacity were statistically
analysed. For Phase 2, two-way ANOVA was performed. The first factor; anchorage
length had three levels (6d, 12d and 18d) and the second factor; rod diameter had two
levels (12.7 and 19.1 mm). For Phase 3 consisting of multiple rods, a three-way ANOVA
was performed. The first factor; anchorage length has two levels (10d and 18d), the
second factor; number of rods had three levels (1, 2 and 3) and the third factor; spacing
between rods had two levels (4d and 6d). In all three Phases, following the determination
of the “main effects”, the interactions between the factors were analysed and Tukey’s

HSD test was performed on the individual parameter combinations.
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4 Results and discussion

4.1 Phase 1: single rod parallel to major CLT strength axis

4.1.1 Overview

Table 4.1 provides a summary of the results from the 18 series tested in Phase 1 with the

average values and their respective CoVs. For dr,max and £, the reported values are for the

failed side of the test specimen.

Table 4.1: Summary of test results for Phase 1

Series

Fnax [kKN] [CoV%]

Test

Retest

k [kKN/mm] [CoV%]

Test

Retest

1/2-6L-139
1/2-6L-175
1/2-10L-139
3/4-6L-175
1/2-10L-175
3/4-6L-139
1/2-14L-139
1/2-14L-175
1/2-18L-139
3/4-10L-139
3/4-10L-175
3/4-18L-139
3/4-14L-139
3/4-14L-175
1/2-61#-139
3/4-61L#-139
1/2-10L#-139
3/4-10L#-139

25.5 (41%)
26.0 (8%)
49.9 (12%)
51.3 (17%)
55.2 (17%)
60.4 (13%)
60.6 (8%)
67.8 (10%)
69.3 (9%)
86.3 (13%)
95.9 (14%)
103.4(25%)
111.9 (19%)
115.0 (18%)
38.6 (20%)
51.7 (23%)
58.1 (13%)
64.7 (10%)

35.3 (14%)
33.0 (11%)
51.4 (18%)
52.0 (13%)
62.6 (17%)
61.3 (10%)
65.2 (12%)
76.2 (10%)
75.2 (13%)
99.3 (19%)
99.0 (11%)
146.8 (21%)
111.5 (21%)
130.0 (18%)
38.8 (19%)
71.5 (27%)
66.0 (6%)
88.5 (11%)

OF,max [Mm]
Test Retest
0.4 29
14 2.0
1.1 29
0.6 1.4
1.1 1.9
1.2 1.6
2.0 2.6
2.0 2.7
14 4.4
1.1 1.8
1.1 1.6
09 23
1.0 1.4
1.2 1.7
1.0 1.7
0.8 1.5
1.5 1.9
03 1.8

93.6 (>50%)
29.1 (>50%)
154.2 (>50%)
511.4(>50%)
54 (47.5%)
66.6 (>50%)
246.1 (>50%)
136.8 (>50%)
65.7 (37%)
351.2 (>50%)
141.2(>50%)
162.7 (45%)
168.9 (>50%)
340.3 (>50%)
39.7 (32%)
209.2 (>50%)
47.5 (47%)
333.5 (>50%)

13.8 (>50%)
13.5 (50%)
23.1 (>50%)
79.6 (>50%)
61.8 (>50%)
65.8 (>50%)
29.5 (>50%)
45 (42%)
445.4 (>50%)
67.6 (>50%)
160.8 (>50%)
62.4 (>50%)
176.6 (>50%)
511.1 (>50%)
100.1 (>50%)
54.5 (>50%)
72.7 (>50%)
72.9 (>50%)
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The test series average load-carrying capacities as a function of the investigated geometric
parameters ranged from 25 to 147 kN. Within the range of the parameters investigated,
there was an increase in load-carrying capacity with increasing anchorage length up to
the length of 14d beyond which no further increase was observed. The load-carrying
capacity increased with the rod diameter between 39% and 81% for the same embedment
length. The panel thickness did not have any impact on the load-carrying capacity. The
displacements at maximum load ranged from 0.3 to 4.4 mm. The displacements at failure
of the retested specimens were higher than those from the first tests. The test series
average joint stiffness ranged from 40 to 511 kN/mm. These values, however, were
characterised by high variability (CoV > 50%) for most series. No consistent increase in
load-carrying capacity was observed for the partially glued test series. The CoVs for those
series were between 6 and 27% higher than that of the completely glued test series. The

retested specimens exhibited higher capacities than the first test for all test series.

4.1.2 Load-displacement behaviour

Figure 4.1 shows the load-displacement curves of a typical specimen from each test series.
All individual load-displacement curves are provided in Appendix B: Load-displacement
curves from Phase 1. The responses were linear up to failure in most cases except for a
few where small decreases in stiffness were observed just before reaching Fmax. All test
specimens exhibited very small displacements at failure (between 0.5 and 3 mm) with no

ductility.
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— 1/2-6L#-139
—1/2-10L#-139
—1/2-10L-175
1/2-6L-139
— 1/2-14L-139
—1/2-18L-139
1/2-6L-175
1/2-10L-139
1/2-14L-175

——3/4-18L-139
—3/4-14L-139
——3/4-10L-139
3/4-6L-139
—3/4-6L-175
——3/4-10L-175
3/4-14L-175
3/4-6L#-139
3/4-10L#-139

Figure 4.1: Load-displacement curves of selected specimen for each series from Phase 1: a)

12.7 mm rods and b) 19.1 mm rods

4.1.3 Failure modes

The typical failure modes, illustrated in Figure 4.2 and Figure 4.3, can be described as: 1)

Rod pull-out at the interface between timber and the adhesive as a result of the loss of

adhesion between the timber and adhesive (c.f. Figure 4.2a,b,d,e); and 2) Wood plug pull-

out failure which is the shear failure in timber (c.f. Figure 4.3d,f-1).
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The failure mode depended on the rod diameter and the anchorage length. For the
specimens with 12.7 mm rods, independent of anchorage length and regardless of the
panel thickness, the typical failure mode was the pull-out of the rod characterised by the

failure at the interface between adhesive and wood, c.f. Figure 4.2.

However, for the specimens with 19.1 mm rods, the failure mode observed for both panel
thicknesses was wood plug failure in which a large volume of the wood surrounding the
rod away from the adhesive failed. In most instances, it was observed that the wood plug
was larger for the longer anchorage length 10d, 14d and 18d (Figure 4.3d,f-1) and smaller
for the shorter lengths 64 and 10d (Figure 4.3a,b,e). It should be noted that some of the
rods were glued in-between two non-glued edges of timber in the same CLT layer and
also near the non-edge glued timber in other next layers. This could have contributed to

the type of failure modes obtained.

In all test series, just as no adhesive failure was recorded, none of the specimen split.
Independent of the CLT layup, the rods were glued parallel to the grain into the CLT core

layer. Hence, there was no interference of the rod between two-panel laminations.

For the partially glued specimens where the anchoring zone was shifted to the inner part
of the timber, the failures were internal, c.f. Figure 4.2c,g and Figure 4.3c, confirming
that moving this anchoring zone worked as desired by moving the shear away from the

surface. In all specimens, no visible crack or splitting failure of CLT occurred.
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Figure 4.2: Typical failure modes for 12.7 mm GiR par. to the major strength axis
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Figure 4.3: Typical failure modes for 19.1 mm GiR par. to the major strength axis
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4.1.4 Statistical analysis (Phase 1)

Table 4.2 provides the summary of the ANOVA conducted for Phase 1. The results
provide strong evidence that the parameters rod diameter and anchorage length are
statistically significant for the joints load-carrying capacity. Furthermore, the results
confirmed that the interaction between the rod diameter and the anchorage length is
statistically significant. These factors with their interactions are explaining a significant

proportion of the variance, with the R? value of 0.79.

Table 4.2: Summary of ANOVA for Phase 1

Factor  p-value

d <0.0001
Ly <0.0001
d*l, <0.0001

Additionally, knowing the influence of the levels of the significant factors on the load-
carrying capacity of the connection is important; to evaluate this, Tukey’s HSD test was
performed. The results are summarized in Table 4.3 in which all interactions between the
levels of the factors are represented. The interaction levels having the same letter are not
significantly different and those with no letter in common are significantly different.
Since the panel thickness has been assigned a blocked factor, the Tukey’s HSD test was
performed on the interaction between the variables rod diameter and anchorage length.
Considering the rod diameter interaction with the anchorage lengths 18d, 14d, 10d and
6d, while for the 19.1 mm rod, the result indicates that the capacity of the connection at
the anchorage length of 184, is not significantly different from the anchorage length of
14d (they both share A) it is significantly different for the lengths 10d and 6d. This
implied that for this rod diameter, increase in the anchorage length from 184 to 14d did
not have a significant impact, in agreement with the observations made earlier. The load-

carrying capacities at the anchorage lengths of 14d, 10d and 6d are all significantly
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different. The 19.1 mm rod at the embedment length of 184 had the highest mean
difference thereby having the greatest influence on the load capacity of the connection
followed by 14d, 10d and lastly 6d. Similarly, for the smaller rod diameter of 12.7 mm,
the length of 184 is not significantly different from the length of 14d. This implied that
for this rod diameter, increase in the anchorage length from 184 to 14d did not make any
difference from the length 14d. Although the 12.7 mm rod at the length of 64 (marked by
D) is significantly different from the anchorage lengths of 184 and 14d, there is no

statistically significant difference for the 12.7 mm rod at the length of 10d.

Table 4.3: Summary of Tukey test results for Phase 1

Category Groups
d-19.1%la-18d A
d-19.1%la-14d A
d-19.1%la-10d B
d-12.7%la-18d B
d-12.7*la-14d B
d-19.1%la-6d

d-12.7%la-10d

d-12.7*la-6d

oNeoNoNe!

o O

4.1.5 Discussion

From the results summarized in Table 4.1, it can be observed that Fmax increased with
increase in /,. This increase is attributable to the increased surface area for bonding at the
rod/adhesive and timber/adhesive interface. The relations between the load-carrying
capacity and embedment length across the two-panel thicknesses is illustrated in Figure

4.4 and Figure 4.5 for the 12.7 and 19.1 mm diameter rods, respectively.

Considering the specimen sides that failed first, for the 139 mm panel and the four
anchorage lengths under consideration (6d, 10d, 14d and 18d), the greatest increase in the

average capacity was seen from 6d to 104 while smaller increases were observed between
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10d and 18d. A similar increasing trend was observed for the 175 mm panel. The average
load-carrying capacity more than doubled from 6d to 104 and only increased by another

20% to 14d.

For the partially glued specimens, Fimax also increased by 51% from 64 to 10d with higher
lo. Interestingly, for the 19.1 mm rod in the 139 mm panels, the load-carrying capacity in
the partially glued specimens was higher than in the completely glued ones, 51% and 16%

for 6d and 10d, respectively.

Comparing the retest results with the first test result, the load-carrying capacities of the
retested specimen irrespective of the panel thickness were consistently higher than the
first test specimens except for the 3/4-14L-139 test series which were equal (112 kN).
Increases of up to 35% (3/4-18L-139) were obtained in comparison to the first test.
Furthermore, the shorter embedment length specimens (specifically 6d) tend to have very

similar capacities between the first test and retest.

Fmax [KN] 1/2" rods mFirst Test ®Retest

100

80

60

40

Figure 4.4: Effect of anchorage length and panel thickness on Fa with 12.7 mm GiR
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Fmax [KN] 3/4" rods mFirst Test  m Retest
200

160

120

80

40

Figure 4.5: Effect of anchorage length and panel thickness on Fax with 19.1 mm GiR

For the 19.1 mm diameter rods, for both partially and completely embedded rods, the
results obtained were similar to those reported for the 12.7 mm rods. In general, the
capacity increased from lower anchorage length (6d) to higher length (104 and 18d) but
reduced gradually with increase in anchorage length. Figure 4.5 also shows that there is
no remarkable difference between the results obtained for the 139 and 175 mm panel

thickness.

Figure 4.6 shows the effects of the rod diameters on the load-carrying capacity. Unlike
the 12.7 mm rods, which increased for all embedment lengths considered, the increase in
the 19.1 mm rods was observed until the embedment length reached 14d (267 mm). From
the length 14d to 18d (343 mm), the load-carrying capacity of the 19.1 mm steel rod
decreased by 10%. Although as stated earlier, no significant difference exists between the
two-panel sizes, it was observed that the 19.1 mm steel rod had a more visible shear
failure evident by the removal of a large block of timber surrounding the rod in the 175

mm panels.
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Figure 4.6: Effect of rod diameter on Fpax (Phase 1)

4.1.6 Comparison to design equations

The experimental results of Fmax Were compared to the predictions using the GIROD
design equation [49], see Figure 4.7, based on the hole diameters of 22.2 mm and 15.9
mm, and the panel thickness of 139 mm. In the calculations, the following parameter
values were used: £ = 210 GPa, 7= 7 MPa, Ey, = 12.4 GPa, Gt = 1750 Nm/m?. The
modulus of elasticity of the wood E was taken from the manufacturers technical design
guide [78] for grade E1M4, 7 was determined from the shear test, and the fracture

parameters Gr and Eyw from the literature [16].

Whereas the resulting load-carrying capacity from the GIROD design equation closely
predicted the experimental data for the series with the smaller rod diameter (12.7 mm),
the equation clearly overestimated the capacity of the connections for the series with the
larger rod diameter (19.1 mm) at embedment lengths above 6d. Similarly, for the retest
data of the 19.1 mm rod having higher load capacity, at the embedment lengths of up to
10d, the capacities of the retest series were higher than the design equation, beyond which

the GIROD estimation became much higher.
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It can therefore be stated that for the 19.1 mm rod, at lower embedment lengths up to 10d,
the GIROD design equation closely represented the experimental data but at bonded
lengths above 10d, the equation overestimated the joint capacity by up to 41%.
Consequently, it is, therefore, a function of the rod diameter, anchorage length and the

diameter of the hole.

Fmax [kN]
180 : : :
! ! ! X 12.7 mm first
! ! ! test
150 ______________ D e L e ___
H=12.7 mm
120 fmmmmmmmmmono- L L L Ery Er GIROD
i : E . 12.7 mm retest
010 S R - S — -
: i i ;2 ¢ 19.1 mm first
60 L--m-- P R - R test
i X i E —&=-19.1 mm
30 foeee- S | S GIROD
i i E 19.1 mm retest
O I 1 1
6d 10d 14d 18d

Anchorage length [mm]

Figure 4.7: Comparison GIROD design precitions vs. experimental results from Phase 1

4.2 Phase 2: Single rod perpendicular to major CLT strength axis

4.2.1 Overview

Table 4.4 provides a summary of the test results from the 8 test series with the mean
values and their respective CoV. The average load-carrying capacity of the test series
ranged from 14 to 154 kN. In all test series, within the range of the parameters
investigated, Fmax increased with increasing /.. The individual specimens exhibited a
greater consistency evident by their low CoV values ranging from 3-15%. The specimens

with the longest embedment length (184) had the lowest CoV (3 and 6%) and those with
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the shortest embedment length had the highest CoV (15%). The displacements at
maximum load ranged from 0.9 to 6.3 mm and the test series with the larger panel width
had the highest displacements. The average joint stiffness of the test series ranged from

39 to 306 kN/mm. However, some of these values were characterised by high variability

(CoV > 50%).
Table 4.4: Summary of test results for Phase 2

Series Finax [KN] [CoV]  OFmax [mm] & [KN/mm] [CoV]
1/2-6L-139p 13.7 (15%) 0.9 305.6 (>50%)
3/4-6L-139p 41.2 (10.1%) 0.7 76.0 (9%)
1/2-12L-139p 43.5 (8.8%) 1.5 58.1 (>50%)
1/2-12L-139Lp  72.5 (10.7%) 6.3 38.9 (>50%)
1/2-18L-139p 79.6 (2.9%) 2.1 115.6 (>50%)
3/4-12L-139p 90.6 (7.9%) 1.1 117.8 (29%)
3/4-12L-139Lp  112.0 (8.3%) 2.0 107.9 (>50%)
3/4-18L-139p 154.4 (5.5%) 1.8 145.9 (26%)

4.2.2 Load-displacement behaviour

Figure 4.8 shows the load-displacement curves of a typical specimen from each test series.
All individual load-displacement curves are provided in Appendix C: Load-displacement
curves from Phase 2. There was a seemingly linear increase at the initial stage —in some
instances— the curves flattened on reaching the maximum load. The specimens loaded
perpendicular to the major strength axis exhibited the ability to continue carrying high
loads after failure. The cross layering of the CLT panel may have accounted for this
behaviour. Consequently, there was also less variability within each series; the load-
displacement behaviour was reproducible. Despite the non-linear behaviour, none of the

steel rods failed by yielding.
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Figure 4.8: Load-displacement curves of selected specimen for each series from Phase 2

4.2.3 Failure modes

Figure 4.9 illustrates the typical failure modes observed. Unlike the failures seen in Phase
1, the failure modes observed in the specimens installed perpendicular to the major

strength axis were mainly characterised by:

1) Partial tear-out of core CLT layer in which the first non-edge bonded panel lumber is
detached from the panel (c.f. Figure 4.9a,b). This indicates the failure of the CLT

adhesive.

2) Complete tear-out of core CLT layer. This was visible in specimens with longer

anchorage length and 19.1 mm rod diameter rod (c.f. Figure 4.9¢,d).

3) Shear failure of the CLT panel due to the edge lamination tear-out of the core CLT
layer in which the rod is embedded (c.f. Figure 4.9¢,f). This occurred in specimens having

both rod diameters.

56



4) Timber failure due to rolling shear effect and panel splitting which primarily occurred

in the series with the shorter panel width of 200 mm (c.f. Figure 4.9g,h).

It must be stated that in practice, the CLT panel size that will be used as a structural
member will be larger than what was used in this experimental campaign. Consequently,
failures like the rolling shear could be avoided if panel sizes were large enough. This
assumption was confirmed with the two test series 1/2-12L-139Lp and 3/4-12L-139Lp
with the increased panel width of 400 mm. In these two series, rolling shear and splitting
of the panel did not occur but only the edge lamination tear-out and partial tear out of
core CLT layer occurred. Although for all specimens in each test series, the rods were
glued only in the core layer of each panel, a different failure may also have occurred if

the rods were bonded between two CLT layers.

For specimens with the longer anchorage length (12d and 18d), a complete tear-out of the
core CLT layer together with the rod and the edge lamination of the core layer was
observed (see Figure 4.9c,d). The rod in each case was still intact and such connections
may be said to not have reached their full capacity as clearly observed in Table 4.4. The
only exceptions to this were the panels with the larger width sizes (1/2-12L-139Lp and
3/4-12L-139Lp test series) where none of the panels had a complete tear-out of its layer
nor did any split (see, Figure 4.9¢,f). The panel width of 400 mm used for these two test
series was sufficient to prevent splitting failure and complete tear-out of the panel core

layer for both rod sizes considered.
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Figure 4.9: Typical failure modes for single GiR perp. to the major strength axis.
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4.2.4 Statistical analysis (Phase 2)

Table 4.5 provides a summary of the ANOVA conducted for Phase 2. These results
confirmed that the parameters rod diameter, anchorage length of the rods and the
interaction between them are statistically significant for the joints load-carrying capacity.
With a combined the R? value of 0.94, the rod diameter and the embedment length

accounts for 32% and 62% of the variations, respectively.

Table 4.5: Summary of ANOVA for Phase 2

Factor  p-value
d 0.000
la 0.000
d*la 0.000

Tukey’s HSD test was performed, see Table 4.6, where the factor levels having the same
letter are not significantly different. For the 19.1 mm rod, the results confirmed that the
three anchorage lengths (64, 12d and 18d) are significantly different. The difference was
highest for the length 18d, followed by 124 and then 6d. Similarly, the anchorage lengths
are significantly different for the 12.7 mm rod. The difference was highest at the longest
length of 184. However, the 12.7 mm rod at the length of 124 is not different from the

19.1 mm rod embedded at the length of 6d.

Table 4.6: Summary of Tukey's HSD test for Phase 2

Category LS means Groups

d-19.1%1,-18d 154380 A

d-19.1*1-12d  101.370 B

d-12.7%,-18d  79.640 C
d-12.7%1-12d ~ 58.040 D
d-19.1%1,-6d 41.380 D
d-12.7*1,-6d 13.720 E
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4.2.5 Discussion

As shown in Table 4.4 and Figure 4.10, Fmax increased with increase in /x for both rod
diameters. One reason for this is the increase in the contact area for bonding at the
rod/adhesive and timber/adhesive interface. The lowest capacity was recorded for the 12.7
mm rod at the embedment of 6d. From 6d, the capacity increased by 218% at 10d and at
18d, increased by 481%. These larger increases were less for the 19.1 mm rod in which

the capacities increased by 172 and 275% at 10d and 18d respectively.

Considering the test series 1/2-12L-139p and 1/2-12L-139Lp with the same anchorage
length (12d) and rod diameter (12.7 mm) but different panel width (200 and 400 mm
respectively), a considerable difference of 50% in their load-carrying capacity was
achieved. Similarly, a difference of 21% was obtained for the series 3/4-12L-139p and
3/4-12L-139Lp. In both cases, the wider panel (400 mm) achieved higher capacity than
the 200 mm wide panels. This showed that the wider panel connections reached their full
capacity before failure as against the other series that failed due to the splitting of the

panels caused by insufficient panel width.

Fmax [KN] 1/2" and 3/4" rods
200
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Figure 4.10: Effect of anchorage length on F.x for Phase 2
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The lowest capacity, obtained at 64 (13.7 kN) is much lower than the value for the same
[, and panel configuration in Phase 1 (25.5 kN). Whereas for the other embedment lengths
considered in this study and in [16] as well, the perpendicular to grain specimen
consistently showed higher load carrying capacities than those connected parallel to the
major strength axis, a similar lower capacity at the short embedment length of 80 mm for
the perpendicularly bonded specimen was reported in [16]. It is therefore important that
GiR to be bonded perpendicular to the grain should have sufficient embedment length

larger than 6d when small-diameter steel rods are used (12.7 mm in this case).

The effects of the rod diameter on Fiux are presented in Figure 4.11. The capacity of the
connections increased with the increase in rod diameter. Across all embedment lengths,
the higher diameter rod (19.1 mm) achieved a higher load-carrying capacity than the 12.7
mm steel rod. This ranged from 94% for the 184 length to 201% for the 64 anchorage
length. This further support previous studies that have shown that increase in rod diameter

increase the capacity of the connection [8, 16, 86].

Fmax [kN]
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Figure 4.11: Effect of the rod diameter on F .y for Phase 2

61



4.2.6 Comparison to design equations

The results of the comparison between the load-carrying capacities of the experimental
values and the GIROD design equation for the rod diameters 19.1 mm and 12.7 mm
bonded perpendicular to the major strength axis of the CLT panels are shown in Figure
4.12 based on the hole diameters 22.2 mm and 15.9 mm respectively, and panel thickness
139 mm. For both rod diameters, within the range of the investigated parameters, the
design equation overestimated the experimental values from the embedment 64 up to the
highest embedment length of about 18d. The differences were highest at the embedment
length of 6d, 64% for the 12.7 mm rod and 30% for the 19.1 mm rod. However, the design
equation showed a tendency to continue to match and probably be higher than the
experimental values at embedment lengths greater than 18d. Considering the various
parameters contributing to the pull-out strength of GiR bonded perpendicular in CLT and
their failure modes, new design equations derived in consideration of these parameters

are required.

Fmax [KN]

180 T -

E i 12.7 mm rod
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E i 19.1 mm
30 fo-mmmmmm e i _________________ .i __________________ GIROD
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Anchorage length [mm]

Figure 4.12: Comparison GIROD design equation vs. results from Phase 2
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4.3 Phase 3: Multiple rods parallel to major strength axis of CLT

4.3.1 Overview

The summary of the results of the multiple rods test series is shown in Table 4.7. The
average load-carrying capacity of the joints ranged from 50 to 167 kN. Generally, within
the studied parameters in the series, the results show that with an increase in the number
ofrods, the distance between the rods and the embedment lengths of the rods in the panels;
the capacity increased. The only exception to this is the test series 37-10L-4d where with
3 rods on the specimen at 4d rod spacing, it behaved like 2 rods spaced at 6d distance
apart. The embedment length is seen to be of great importance to the overall capacity of

the connection.

The displacements at maximum load ranged between 0.9 and 12.8 mm. The longest
embedment length (18d) had the highest displacements. It should be noted that LVDTs
were not used to record the displacements. Rather, measurements were taken directly

from the test machine. Consequently, the connection’s stiffness was not evaluated.

Table 4.7: Summary of test results for Phase 3

Series Frnax [kKN] OF max
1/2-10L 49.9 (12%) 0.8
1/2-18L 69.3 (9%) 1.4
2r-10L-4d  73.7 (28%) 53
3r-10L-4d  94.6 (13.1%) 59
2r-10L-6d  98.5 (12.8%) 8.6
2r-18L-6d  120.9 (3%) 12.8

2r-18L-4d  130.4 (10.9%) 10.3
3r-10L-6d  143.6 (11.3%) 9.0

3r-18L-4d  155.6 (13%) 11.4
3r-18L-6d  166.8 (11.1%) 10.4
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4.3.2 Load-displacement behaviour

The load-displacement curves shown in Figure 4.13 shows the typical curves for the
specimens from each test series at different anchorage lengths and rod spacing based on
the numbers of rods. All individual curves from Phase 3 are provided in Appendix D.
Generally, an increase in load with displacement is observed. This increase is however
not linear. While the test series with embedment length of /= 104 demonstrated increase
up to failure with no plastic deformation (see Figure 4.13a), specimens with /. = 18d
regardless of the rod spacing, exhibited a different behaviour. The 184 series (see Figure
4.13b) which was initially linear showed non-linear deformation behaviour up to failure.

This was more obvious when multiple rods were used.

F [kN]
200
160 1/2-10L
——2r-10L-4d
120 ——3r-10L-4d
” 2r-10L-6d
/ 3r-10L-6d
40 .
0
a) 0.0 3.0 6.0 9.0 12.0 15.0
d [mm]
F [kN]
200
160 1/2-18L
——2r-18L-4d
120 ——3r-18L-4d
80 2r-18L-6d
3r-18L-6d
40
o 2
b) o0 3.0 6.0 9.0 12.0 15.0
d [mm]

Figure 4.13: Load-displacement curves of selected specimen for each series from Phase 3. (a)

l,=10d, s=4d and 6d (b) 1,=18d, s=4d and 6d

64



4.3.3 Failure modes

Figure 4.14 illustrates the typical failure modes observed in the multiple GiR test series.
Similar to the failure modes obtained in Phase 1, independent of the number of rods on
the specimens, two typical failure modes were observed namely: 1) Rod pull-out failure
of wood at the interface between the adhesive and timber due to the loss of adhesion; and
2) Wood plug failure in which a large volume of the wood surrounding the rod away from
the adhesive fails. This plug failure was caused by the shear failure of timber as evident
in some of the specimens. Although with longer anchorage length and number of rods,
the capacities of the connection increased, no visible difference was observed in the type
of failure for the two embedment lengths. In a few specimens, a knot close to the glued
rod contributed to the plug failure. These plug failures had no defined perimeter, they are
sometimes large and extend to the neighbouring CLT panel lamella (Figure 4.14a), or

very small (Figure 4.14b-d.)

As a result of the sufficient rod spacing (4d and 6d), there was no rod interference with
other rods and no group tear out occurred. However, the failure of a rod is usually
accompanied by the corresponding failure of another or more rods. It was noted in many
of the specimens that failure of a rod usually triggered an accompanying failure in other
rods even when the capacity of the connection was not yet reached. In some three-rods
specimens (Figure 4.14¢,f), one outer rod did not fail. This might have been caused by
the uneven distribution of load between the rods from the crosshead due to deviations in
either the orientation of the rod or the grain direction on the panel even as attempts were
made to equally tighten the nuts attaching all rods to the test fixture. This led to different
levels of stress on each rod end. In addition, since high-grade steel rods were used for the
connections, plastic redistribution may not occur. Thus, the connection might fail before

reaching the load-carrying capacity.

65



h

Figure 4.14: Typical failure modes observed in specimens with multiple rods.
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4.3.4 Statistical analysis (Phase 3)

Table 4.8 provides a summary of the ANOVA conducted for Phase 3. These results
confirmed that the number of rods, anchorage length and the spacing between rods are
statistically significant for the joints load-carrying capacity. Additionally, the interactions
between the number of rods and spacing between rods, as well as the anchorage length
and spacing between rods are statistically significant. With the R? value of 0.82, these

factors explain 82% of the variation.

Table 4.8: Summary of ANOVA for Phase 3

Factor  p-value

n 0.000
L 0.000
s 0.001
n*l, 0.782
n*s 0.018
la*s 0.000

n*l*s 0.847

To identify the differences between the treatment levels of the significant factors, Tukey’s
HSD test was performed. The results, summarized in Table 4.9, show that there is a
significant difference between the numbers of rods and the spacing between rods. The
load-carrying capacities of the joints are significantly different between n=3, n=2 and n=
1 as well as between s= 4d and s= 6d. The capacities of the test series with =3 and spaced
at 6d significantly differ from those spaced at 4d. The highest difference was at the
spacing of 6d4. Similarly, the series with n=2 and spaced at s= 6d and those spaced at 4d
significantly differ. Interestingly, there is no significant difference in the load-carrying
capacity of the joint between the series with 3 rods spaced at 4d and those with 2 rods
spaced at 6d. Additionally, for the anchorage length of 184, there is no significant
different between the two spacings 4d and 6d (both share E). This result has confirmed

that at sufficiently deeper embedment length-in this case 184, changing the rod spacing
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from 4d to 6d did not have significant impact and thus, is not significantly different from
the larger spacing of 64. However, for the embedment length of 104, the two spacing are

significantly different.

Table 4.9: Summary of Tukey test results in Phase 3

Category LS means  Groups

n-3%s-76 155.190 A

n-3%s-51 125.150 B

n-2%s-76 109.730 B C
n-2%s-51 102.070 C
n-1%s-- 59.660 D
l~18d*s-76  143.820 E

l-18d%*s-51  143.030 E

l-10d*s-76  121.100 F
l-10d*s-51 84.190 G

4.3.5 Discussion

Figure 4.15 shows the capacities of the single and multiple rod test series at the different
embedment lengths under consideration. The figure summarizes the effects of the
anchorage lengths, the rod spacing and the number of rods on each specimen in
determining the load-carrying capacities of multiple GiR. From Figure 4.15, it can be
seen that for every specimen with multiple rods, there was a consistent increase in
capacity with increasing embedment depth. This increase varied from 50 kN for a single
rod to 167 kN for multiple rods depending on the number of rods and the spacing between

the rods.
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Figure 4.15: Effect of anchorage length, rod spacing and number of rods on Fyax

Comparing the single rod specimens with those of two rods, it can be seen that for [, =
10d, Fmax increased by 48% at spacing of 4d and when the distance was increased to 6d,
there was a 97% increase in Fmax. A similar result was obtained when the anchorage length
was increased to 18d. The capacity increased by 75% and 88% for double rods at the
spacing of 6d and 4d respectively. With the percentage difference of 7.6% between the
capacities at these two spacing (6d and 4d), it may, therefore, be deduced that at deeper
embedment of rods, in this case, 184, no pronounced difference is seen in the joint

capacity with an increase in rod spacing.

Comparing the single rod specimens with those of three rods, at /o = 10d, there was 90%
increase in the joint capacity at spacing of 4d and 188% at the spacing of 64. While the
former represents about two times the capacity of the single rod, the latter represent about
three times the capacity of a single rod. Thus, a threefold increase in the number of rods

increased the capacity by approximately a factor of three. Similarly, at the anchorage
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length of 184, the connection capacity increased by 125% and 141% at the spacing of 4d

and 6d respectively.

Generally, the load-carrying capacity increased with increase in the rod spacing except
for the 2r-18L test series where a slight decrease of 7.3% occurred in the joint capacity.
The results showed that the capacity of multiple GiR joints can be increased by just
changing the rod spacing. This change for the 4d spacing represents a little over two times
the capacity for the single rod and about two and half times the capacity for the 6d spacing.
It can also be observed that the capacity between the 4d and 6d spacing has a difference
of 7% which is the same as the value (7%) obtained for the double rod embedment of
10L. Again at the anchorage length of 18L, the difference (here, 11 kN) between the
capacities at the two considered spacing (4d and 6d) is not pronounced. Therefore, it can
be said that at sufficiently deeper embedment length (in this case 18d), changing the rod

spacing does not make a significant difference in the joints capacity.
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5

Conclusions

5.1 Summary of results

In the research presented herein, the performance of single and multiple GiR in CLT

oriented parallel and perpendicular to the major strength directions were investigated

under quasi-static monotonic tension loading. The single rods were partially and

completely glued in the timber and the multiple rods were completely glued-in with either

two or three rods embedded in the timber. Based on the 260 tests, the results allow for the

following conclusions to be drawn

5.1.1 Single rod installed parallel to the major CLT strength axis

1)

2)

3)

4)

5)

6)

Within the range of the parameters investigated, there was an increase in load-carrying
capacity with increasing anchorage length up to the length of 14d beyond which no
further increase was observed.

The load-carrying capacity increased with the rod diameter. The higher diameter rods
(19.1 mm) attained higher load-carrying capacity than the lower diameter (12.7 mm)
rods (between 39% and 81%).

The panel thickness (herein 139 and 175 mm) did not impact the load-carrying
capacity of the connections.

The GiR connections were very stiff but there was very large variability between and
within tests series.

The displacements at failure for all test series were very small ranging from 1.4 to 4.4
mm for the retested specimen and from 0.3 and 2.0 for the first tests.

The predominant failure modes were rod pull-out at the interface between timber and
the adhesive and wood plug pull out failure which is the shear failure in timber. These

failure modes depended on the rod diameter and the anchorage length.

71



7)

8)

9)

The impact of partially moving the anchoring zone towards the centre of the CLT
panels on the load-carrying capacity was not consistent across test series.

For all test series (except one), the retested specimens achieved a higher load-carrying
capacity than the first test (up to 35%). The second test showed that the connection
was not damaged by the first test performed.

The GIROD design equation closely predicted the experimental data for the test series
with the smaller rod diameter (12.7 mm), but the equation overestimated the capacity
of the connections for the series with the higher rod diameter (19.1 mm) at embedment

lengths above 8d.

5.1.2 Single rod installed perpendicular to the major CLT strength axis

1)

2)

3)

4)

5)

6)

Within the range of the investigated parameters, there was an increase in the load-
carrying capacity with increasing anchorage length which is much higher than those
of the parallel to the major strength direction in Phase 1.

The load-carrying capacity increased with the rod diameter. The higher diameter rods
of 19.1 mm attained higher load-carrying capacity than the lower diameter rods (12.7
mm). This increase ranged between 54% and 200%.

The capacity of the panel also played a vital role in determining the load-carrying
capacity of the connection at failure because of its cross-layer arrangement. Having
insufficient panel width reduced the capacity of the connection by up to 50%.

The GiR connections were very stiff and there was high consistency within the test
series. However, there was large variability (CoV) in some of the test series.

The displacements of the test series at failure were small ranging from 0.9 to 6.3 mm.
The predominant failure modes were panel splitting and rolling shear failure for test

series with the short width of 200 mm, shear failure of CLT due to the edge lamination
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7)

of the core layer of CLT, and the partial and complete tear-out of the core CLT layer
which indicates the CLT adhesive glueline failure.

The GIROD design equation overestimated the experimental values from the
embedment 64 up to the highest embedment length of about 18d. The differences
were highest at the embedment length of 6d, 64% for the 12.7 mm rod and 30% for

the 19.1 mm rod.

5.1.3 Multiple rods installed parallel to the major CLT strength axis

1)

2)

3)

4)

5)

6)

Within the range of the studies parameters, the load-carrying capacity increased with
the number of rods and with the rod spacing for all the test series.

The load-carrying capacity increased between 48% and 188% with an increase in the
number of rods (from 1 to 2 and 3) and rod spacing (from 4d to 6d). The increase was
up to 97% for the two-rod specimen and 188% for the three-rod specimen at the
highest spacing of 6d.

The minimum rod spacing of 4d as used herein was sufficient to avoid failure as a
result of multiple rod interference.

At sufficiently deeper embedment length (in this case 18d), changing the rod spacing
from 4d to 6d did not make a significant difference in the joint’s capacity.

The displacements at failure for all test series ranged from 0.8 to 12.8 mm.

The predominant failure modes were rod pull-out of wood at the interface between
the adhesive and timber, and wood plug failure caused by the shear failure of timber.
Although with longer anchorage length and the number of rods, the load-carrying
capacities increased, no visible difference was observed in the type of failure for the

two anchorage lengths (herein 10d and 18d).
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5.2 Outlook

This thesis presented the experimental tests on single and multiple GiR connections in

CLT. To transition into the use of GiR in CLT for construction applications, the following

areas for further studies can be identified:

1)

2)

3)

4)

It is anticipated that the performance of GiR in CLT will be different based on the
location of the rod in the panel. In this thesis, the rods were located in the core layer
of the panels but for example, the rod may be located between two layers of the panel,
between two edge glued or non-edge glued panel lamella in one or two layers, etc.
Similarly, multiple rods may be located likewise in these positions other than the core
layer of the panel. Further studies are required.

Numerical analysis for GiR in CLT design equation which incorporates and account
for the various configurations unique to CLT such as the alternating layer of the panel,
number of panel ply, etc. and the failure modes that have been reported are required
for the accurate prediction of the pull-out force of GiR in CLT.

The load-carrying capacity of GiR is influenced by environmental conditions. As GiR
in CLT will potentially be used for indoor and outdoor applications, studies on the
impact of environmental factors; especially the exposure to varying (high and low)
temperature and humidity are needed to provide guidance for the eventual formulation
of a regulatory framework for GiR in CLT. The performance of GiR under fire long-
term should also be studied.

The load-carrying capacity of GiR is influenced by the loading conditions. Studies on
the long-term and fatigue performance of GiR joints are recommended for further

development of this research.
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Appendix B: Load-displacement curves from Phase 1
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Appendix C: Load-displacement curves from Phase 2
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Appendix D: Load-displacement curves from Phase 3
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