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ABSTRACT

The use of right angle beam-column moment connections in rigid portal frames in glued-
laminated timber construction is not common practice. It is customary tc design the
connections in wood structure as simple connections. This results in the need for more
wood and a lateral force bracing system. To increase the competitiveness of wood in non-
residential construction, it is necessary to develop an economical and reliable moment
connection for wood construction. The objective of this study, therefore, is to develop a
moment connection and method for its design to be used in glued-laminated timber. The

glulam timber manufactured from Alberta spruce and pine is used in this study.

Two test phases are considered in this program. The first series of tests employs six
specimens with different connection patterns. Three glulam rivet plate connections and
three shear-plate bolted connections are used. The results of this phase are used to
determine the best connector configuration to be further investigated and developed in the
second phase of the program. In the second phase, one bolted connection is to determine
the location of the instantaneous center of the butt joint. Another four riveted connections
are tested to study the behaviour and methods to improve the performance, both strength

and stiffness of the connection.

Moment rotation characteristic curves are developed for each connection tested. The
beam-line concept was used to evaluate the viability of the connections in moment
resistant frames. The use of the connec* ..; as semi-rigid joints are discussed. In addition,
the behaviour of the specimens during t  test, modes of failure and strain distribution are

observed and recorded throughout the tests.



All specimens in the first phase failed in wood splitting perpendicular to the end grain. The
riveted connections appear to be the most promising ones, although they still exhibit low
rigidity and strength ratios with respect to rigid connections. Hence in the second phase,

local strengthening for the riveted specimens to improve their performance is applied.

A design model and procedure are recommended for the design of the moment
connections in glued-laminated timber. Predictions from this model are compared with the
test results. Finally, methods for further improvement of the strength and stiffness of such

,oims are recommended and discussed.
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a = curve fitting constant
fiy+ = specified stength in bending, positive moment (MPa)
f- = specified stength in bending, negative moment (MPa)
f = specified stength in compression parallel to grain (MPa)
fcp = specified stength in compression parallel to, combined with bending (MPa)
fcp = specified stength in compression perpendicular to grain (MPa)
fin = specified stength in tension parallel to grain at net section (MPa)
fcg = specified stength in tension parallel to grain at gross section (MPa)
fip = specified stength in tension perpendicular to grain (MPa)
fy = specified stength in shear (MPa)
Ga = strain gauge
I1.C. = instantancous center
L = span length (m)
M = applicd moment (kN.m)
M.C. = Moisture Content (%)
M{ = design moment value based on materials’ strength specified on CAN/CSA-086.1
M89 (kN.m)
M.O.E. = Modulus of Elasticity (MPa)
Mp = Predicted moment value based on materials' tests' results (kN.m)
M, = ultimate moment resistance (kN.m)
N; = resistance of embedded fastener loaded at an angle ¢ to the grain (kN)
P, = embedded fastener resistance parailel to the grain (kN)
P\, = ultimate load resistance (KN)

Q = embedded fastener resistance perpendicular to the grain (kN)



rj = radius from instantaneous center (m)

S = measured slip (m)

Sp = spacing between rivets in both directions to grain (mm)

Tj = force component in a direction normal to rj (k)

€4 and €y = longitudinal strains in x and y axes directions respectively (microstrain)
¢ = angle between wood grain direction and individual fastener load direction (degree)
op = principle strain directions in the steel plates (degree)

Yxy = shear strain about x and y axes (microstrain)

HE = microstrain

O = relative rotation of joint members (radians)

0 = rotational angle change between two connected members (degrec)

6lu = ultimate rotational angle change (degree)



1.0 INTRODUCTION

1.1 GENERAL

Moment resistant rigid portal frames have been widely used in steel and concrete
structures. This practice has lead to the efficient and economical use of materials in steel
and concrete construction. In wood construction, it is customary to design the connections
as simple connections, i.e. no moment resisting capability for the connections. This causes
not only the use of more wood, but also the need for a bracing system, thus reduces the
competitiveness of wood in construction, especially in non-residential construction. There
are very few studies on the design and/or behaviour of moment connections for wood

structures and, in particular, moment joints for glued-laminated timber.

Of the few researches and applications where moment resistant joints exist, are portal
frames with nailed plywood gussets (Batchelar, 1982). However, they are only used in
light structures. Chapter 2 discusses this application further and the few research studies

conducted on moment joints in glued-laminated timber.

1.2 OBJECTIVES AND SCOPE

It is the intention of this study to develop practical moment connections to be used in
wooden frames; hence, a more economical design can be achieved. Glued-laminated

timber manufactured from Alberta spruce and pine is used in this study.

This study includes the two series of the experimental program aiming at studying the

behaviour and performance of various types of moment connections under monotonic



loading. The results from the first series were used to further develop and improve certain

configurations of glulam rivet joints.

The testing of the first phase was conducted on a total of six specimens: three glulam rivet
moment joints that varied with respect to the rivet layout pattern, and three shear-plate
bolted moment joints, (one butt joint type of connection with steel cover plates and two
lap joints with circular bolted patterns, one with plywood cover plates and another with
steel cover plates). The moment capacity results from the tests were compared with those

predicted from theory.

The location of the instantaneous center (1.C.) for the butt type joints is determined in the
second phase where a rectangular shear-plate bolted joint similar to that of the first phase
is tested with the appropriate instrumentation. Four glulam rivet moment joints similar to
the first phase were tested with additional improvements. The connections were reinforced

with steel brackets and/or steel bearing plates to improve their performance.

A design model and procedure were developed for the moment connections in glued-
laminated timber. Further improvement of the strength and stiffness of such joints were

also discussed.



2.0 LITERATURE REVIEW

2.1 RESEARCH ON MOMENT CONNECTIONS

There is very little research on moment connections in timber construction. Crews (1990)

investigates work in this area throughout the world.

2.1.1 Bolted Joints

Crews (1990) states that in Europe, the use of circular bolted patterns has become widely
accepted as a means of connection design for moment resisting connections, particularly

between columns and rafters in large free-spanning timber structures.

Work conducted by Rodd (1973) on circular connectors and split rings at Brighton
Polytechnic has formed the basis of ongoing work to construct moment resistant joints for
glued-laminated timber portal frames, which can be readily fabricated on site. His
observations demonstrated circular pattern joints made with circular dowels that had high
circumferential friction with the timber, increased the strength of the joints. Hence, by
filling the tolerance of the bolt holes with resin, strength is increased and all fasteners can
be assumed to take up the load instantaneously, leading to stiffer joints. However, the
ultimate strength capacity of the joint is governed by the tension strength perpendicular to
the grain of lumber. Several conclusions were discussed such as the shift in the center of
rotation away from the centroid of the bolt group resulted in significant differences in the
loads per bolt. The higher forces tended to occur in bolts closest to the corners of the
connections. It was also concluded that gluing a 3 mm thick plywood to the sides of the
laminates limits the splitting and increases the ductility of the joint, but not significantly the

strength (maximum of 20%).



In truss structures, work by Gehri (1982) has focused upon the development of high
capacity end plate connections utilizing dowels. The theory for design is based on
Johansen's theory (1949) which assumes that both the fastener and the timber are ideal
rigid-plastic materials. His equations predicted bearing failure of the timber member or
simultaneous development of plastic hinge formation in the fastener. Gehri's testing
confirmed that a careful selection of fin plate interfaces and dowel size will result in a high
strength ductile connection which has a "gentle" failure mode rather than a brittle and

"catastrophic" timber failure mode.

2.1.2 Glued and Epoxy Injected Connections

Syme (1987) highlighted the use of glued bolt connections. His technique uscs slightly
undersized holes (1 mm to 2 mm), which are half filled with gluc. A groove is needed
along the length of the thread to allow the glue to mix around the embedded portion of the
dowel as well as permitting relief of hydrostatic pressure from the epoxy in the umber.
The disadvantages of this system are that splitting can easily occur within the timber
member and quality control is difficult to monitor. It is also impossible to determine
whether the glue has been evenly distributed across the interface between the dowel thread
and the timber. A newer technigue slightly different from the above was developed by
Riberholt (1986). In this technique the rods were placed in oversized holes about 2 mm
larger than the thread diameter and an epoxy glue is injected through a hole in the timber
at the bottom of the embedment hole for the dowel rod. This tackles the disadvantages of

the previous technique.

Crews (1990) indicates that epoxy injected connections have been used successfully in

Denmark for over ten years and have resulted in moment resisting connections which have



a capacity of approximately 75% of that of a glue laminated beam. Similar work was

investigated by Rodd et al. (1989).

Other applications include Gehri's work (1982) on the use of pre-stressed post-tensioned
rods and cables ducting inside the laminates, couped with epoxy to cope with high shear
and bearing stresses. Gardner's work (1989), however, focuses upon beam elements which
have steel reinforcing deformed rods set in high strength epoxy and built into the outer top
and bottom laminates of the beam, to form a "composite” beam section as shown in Figure
2.1. This system has been adapted for use in moment resistant connections as shown in
Figure 2.2. Buchanan (1990) indicates that the failure mechanism for this type of
connection is a combined tension parallel and perpendicular to the grain failure, and at the

end of the tension dowels.

The analytical models used to predict the performance of the moment joints are normally
based upon rivevbolt group theory. Modifications to account for the injected resin

frictional bond werc made to the models by Rodd et al. (1989).

2.1.3 Nailed Gusset Plates Connections

Research on moment resistant joints in wood structures have been conducted on nailed
plywood gusset joints for timber portal frames by Batchelar (1982). He developed a
design procedure covering laminated beam connections formed with nailed plywood
gussets. He modified his design from a mitred joint at the intersection of the glued-
laminated leg and rafter members to a joint where the rafter rested on top of the leg
member. This was accompanied by a change in the orientation of the plywood gusset.

Further methods of analysis to determine nail loads and gusset stresses were described by



Walford (1988). He indicated that a method described by Mitchell (1979) was both simple
and consistent over a wide range of joint shapes when compared to an "exact" analysis
which allowed for non-linear load/slip behaviour of nails. He also recommended that a
torsion tube analogy for nail load-slip analysis may be more appropriate in calculation of

ultimate joint capacity.

A study by Perkins, et al. (1964) concluded that the torsion or rivet formula as in Eqn. 2.1
was found to be adequate for most nail patterns. The equation notations are shown
schematically in Figure 2.3.

Tj = (M.ry)/Zr2 (Eqn. 2.1)
where Tj is the force component in a direction normal to the distance rj (radius from the

centroid of the pattern) and M is the applied moment.

In their study, the relative rotation of the joint members as shown in Figure 2.4 was
related to load-slip behaviour by Eqn. 2.2 and Eqn. 2.3.
O=M/(a Zr). (Egn. 2.2)
S;=0Or; (Eqn. 2.3)
Where © is the angular rotation in radians, S; is the measured slip and a is a fiting

constant. This formula fitted his test curves quite sufficiently.

The torsional formula makes no provision for distortion in a joint and indicates that the
portion of the entire load carried by the individual nails will be proportional to their
respective distances from the instantaneous center; whereas the curvilinearity of the load-
slip relationship dictates that once a nailed joint does slip there will be automatic lessening
of the load on the extreme nail. This causes the other nails in the pattern to share the load

in greater than linearly proportional amounts.



Finally, Kivell et al. (1981) produced hysteretic models of nailed gussets in moment-

resistant timber joints where they later conducted research on cyclic loading on such joints

(1982).

2.2 RESEARCH ON TIMBER FASTENERS AND TIMBER JOINTS

2.2.1 Nailed Connections

Through the mid 1970's, Foschi (1974) investigated the load-slip characteristics of nails,
which is defined as a nonlinear relationship between a force applied to the head of a nail
(which is alrcady driven into the wood) and the head displacement, caused by a force

applied in a normal direction to the nail shank.

Foschi's work led to the development of analytical models which are useful in predicting
the yielding mechanism of the nail due to bending and the nonlinear bearing behaviour of

the wood material due to the effects of the load.

Characteristic properties of nailed and bolted joints under short-term lateral loads were
investigated by Smith et al. (1987). The short-term test observations suggest that bolted
connections are more prone to brittle failure than nailed connections. Higher load factors
relating working strength to ultimate strength might therefore be reasonably applied. In
nailed joints, high load factors are used to reduce the ultimate load capacity to a level
which will give a slip that is sufficiently jow to ensure serviceable connections at the
working load levels. Bolts are often used in connections where slip is less critical and
where design loads can be assigned a higher proportion of the ultimate capacities than is

appropriate for nailed connections. Rather than using tabulated data for design, Smith



suggested that the basic material property equations and the set of yield equations be
presented instead. This would enable designers 10 calculate the appropriate ultimate load

for any arrangement, and would identify the mode of failure to be expected.

2.2.2 Glulam Rivet Connections

In the late 1960's, Madsen developed a high strength nail (commonly called glulam rivet)
to be used in conjunction with a steel plate and glued-laminated timber. The glulam rivet
has geometric properties as shown in Figure 2.5, where the rectangular shaft is pushed
through an undersized circular hole in a steel plate. The high stresses developed on the
sides of the shaft holds the nail firmly in place. The cantilever action from the nails was
used to resist the lateral load as shown schematically in Figure 2.5. Rescarch by Aunc and
Patton-Mallory (1986) has indicated that for joints with an initial gap between the
members, the effect of driving the nails flush to the surface is to increase the laterul load by
about 30%. In practical structures naii heads may not be driven flush to the surface, and
the timbers may not be in close contact after shrinkage movements have occurred, hence it

is more appropriate to ignore this increase in design.

McGowan (1966) studied the glulam rivet plate connector's performance under different
variables such as nail length, nail spacing, fixity of nailhead in plate, form of shank, and
end and edge distances. Profound differences were realized. He concluded that where
fastenings contained large numbers of nails, strength on a per nail basis was not constant,
but was largely dependent on the number of nails aligned in the direction of the applied
load. He also found that glulam rivet plate fastenings were superior in stiffness properties

to bolted shear plate connectors.



In glulam rivet connections, a stress analysis for the cluster of rivets loaded parallel and
perpendicular to the grain has been done by Foschi (1974). This analysis, together with a
report on the maximum load-carrying capacity of a single rivet, allows a simple design
procedure for this type of connection. The procedure is advantageous in that it permits
taking into account all different parameters controlling the design of these connections
such as rivet spacing in both directions, end and edge distances and the number of rows
(parallel to the grain) and columns (perpendicular to the grain) of rivets in a joint. Foschi

work was conducted on Douglas fir species of wood.

Further work by Foschi and Longworth (1975) investigated group behaviour of glulam

rivets and the effects of loads distribution and nailing patterns. The conclusions were:

1) Nail spacing control the mode of failure of the connection, with wider spacing

producing nail yielding modes.

2) Close nail spacing may produce brittle wood failures, usually by shearing

around the groups of nails at loads less than the nail capacity.

3) For the same nail spacing a longer end distance increases the ultimate load

based upon shear failure.

4) Tt is possible to estimate both nail yielding failure and wood bearing failure so
that wood failures will not occur before na:™ - «luing, thus optimizing nail

utilization.



In order to extend the use of glulam rivets to other wood species, Karacabeyli and Fraser
(1989) carried out tests using spruce glulam and solid timber. Buchanan and Lai (1993)
found that glulam ;i-eis i radiata pine have 70-90% of the strength of rivets in Douglas
fir. He also found that the European yield theory (originally developed by Johansen
(1949)) gave excellent predictions of rivet strength and failure mode in those conditions
where wood tension failures were not expected. This theory predicts the ultimate lateral

load of a nailed timber joint assuming plasticity in both the wood and the fastener.

2.2.3 Shear Plates, Split Rings and Bolts in Timber Joints

The investigation of Masse et al. (1988) on the lateral strength and stiffness of single and
multiple bolts in glued-laminated timber loaded parallel to the grain was part of a study to
determine if the analytical yield model based on Larsen (1973) could predict adequately
the strength of single and multiple bolt connections. His study dealt only with the
experimental determination of bolted connections with varied end distances, bolt spacing,

number of rows, and columns of bolts.

Wilkinson (1993) later investigated the propertics of bolted connections with steel side
plates. He found that the European Yield Model predicted bolted connection yield load
with acceptable accuracy, and that the yield load slightly increased with increased steel
member thickness, except when the increased thickness caused the side member to bear on
the bolt threads. He also found that connections loaded parallel to the grain by tension or

compression loading gave the same results.

Lheude (1985) conducted studies where he found that the maximum tension load capacity

of 102 mm diameter shear plates and split rings was approximately 50% of the

10



compression capacity, however the capacities were similar for the smaller diameter
connectors. In addition, where connectors were fittled into grooves cut in the green
condition and allowed to dry, splitting reduced the average green tension capacity by 20%.
Lheude also found that an increase in end distance with the larger diameter shear plates

improved the tension load capacity for two species tested.
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3.0 EXPERIMENTAL PROGRAM

3.1 INTRODUCTION

The experimental program was conducted in two phases. The first was a preliminary
investigation to establish a comparison between the different glued-laminated timber
moment connections based on the type of mechanical fastener used to hold the joint. The
joint with the best performance in this phase was further investigated and studied in the

second phase where improvements were also made and evaluated.

32 GEOMETRY AND MATERIAL SPECIFICATION
3.2.1 Specimens and Connections Patterns

The first phase consisted of six specimens (Al to A6): three steel rivet plate connections,
and three bolted connections. The three riveted connections had rivet patterns of 7x10,
10x10 and 10x7 for specimens Al to A3, respectively. Figures 3.1 and 3.2 show the 7x10
and 10x19 patterns, respectively. Figures 3.3 and 3.4 show the rivet plate used in
Specimen A3 in which 10x7 signifies 10 rows of rivets multiplied by 7 columns of rivets.
A row of rivets is a line of rivets parallel to the grain in the top member, whereas the
column of rivets is a line of rivets in a direction perpendicular to the grain in the top
member (See Figure 3.4). The opposite is true for the bottom member. The dashed linc
shows the boundary between the two connecting members. The same patterns were used
on each of the two connecting members and on both sides. The specimens were designed

to study the effects of the number of the rivets and their patterns on the behaviour of the
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connections under the action of a moment. Specimen A4 had two steel side plates (size
270 mm x 600 mm) with a rectangular 4x2 bolt pattern as shown in Figures 3.5 and 3.6.
These specimens where the two connecting members lie in the same plane are butt type
joints. The differences between butt and lap type joints are shown in Figure 3.7. Two
circular bolt patterns as shown in Figures 3.8 and 3.9, one with wooden side plates and
another with steel side plates for Specimens AS and A6, were tested using lap type joints.
This phase aimed at studying the effect of various rivet and bolt patterns on the
performance of moment connections. All bolted connections (Specimens A4, AS, A6 and

B1) utilized 67 mm (2-5/8") shear plates on each side of every member in each joint.

The second phase consisted of 5 specimens. This phase was further divided into series B
and C. Series B consisted of Specimen B1 which had a rectangular bolted connection as
shown in Figure 3.5, similar to Specimen A4, but different with respect to the thickness of
the members. This specimen was designed to study the force distribution among the bolts

and locate the instantaneous center (I.C.) of the butt type of joints.

Series C consisted of 4 specimens. Specimen C1 was similar to Specimen A3 (i.e. 10x7
rivet pattern) with the addition of a 6.3 mm thick bottom steel bracket, as shown in Figure
3.10, fixed to the bottom corner of the joint with wood screws. Specimens C2 and C3
(Figures 3.11 and 3.12) were also similar to specimen A3 (i.e. 10x7 rivet pattern) with the
addition of a botiom steel bracket and a rivet 6.3 mm thick top steel bracket as shown in
Figure 3.13. Specimen C3 had a larger moment arm than Specimen C2. A steel bearing
plate between the two connecting members was used in lieu of the bottom steel bracket in
Specimen C4. Both the bearing plate and the top bracket had a thickness of 9.5 mm. In
addition, a Sx4 rivet pattern was used in Specimen C4 instead of the 10x7 used in the

other specimens tested in series C. Hence, the spacing between the rivets in both parallel
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and perpendicular directions to the grain was increased from 25 mm in the 10x7 patterns

to 40 mm in the 5x4 pattern.

3.2.2 Specimen Size, Preparation and Specified Strengths

Alberta spruce and pine glued-laminated timber manufactured by Westem Archib in
Edmonton, Alberta was used for the specimens. The cross section of the main member in
the lap joints and both members in the butt joints were chosen to be 130 mm x 380 mm.
That is 10 laminates of 130 mm x 38 mm timber sections. The smaller section, 80 mm x
380 mm (i.e. 10 laminates of 80 x 38 mm) was chosen for Specimen Bl and the side
members in the lap joints (AS and A6), since only one half of the applied force on the

middle member is applied on each of the side members.

Specimen C3 had member lengths of 1500 mm and 1880 mm forming a moment lever arm
of 980 mm. All the other specimens had member lengths of 1120 mm and 1500 mm
providing a moment lever arm of 720 mm (see Figure 3.14). The length of all the members
in the lap joints were 1500 mm giving a moment lever amm of 720 mm since the
instantaneous center of the lap joints is in the center of the circular bolt pattern as opposed

10 the bottom corner in all the butt joints.

The timber used was spruce and pine of grade 20f-EX. Its specified strengths arc
presented in Table 3.1 (CAN/CSA-086.1-M89, 1989). The bolts and rivets used conform
to the requirements of CSA Standard CAN3-G40.21 (1989) and ASTM Standard A36
(1988). The bolts were 19 mm (3/4") diameter of type ASTM-A307 with a specified shear
strength of 33.4 kN in single shear. The specified properties of the glulam rivets used (also

called "griplam nails"), are shown in Table 3.2.
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The rivets were driven through using a sledge hammer, positioned by aligning their
longitudinal axis parallel to the wood grain of each member. The bolt holes, however,
were made using a 21 mm (13/16") bit drill to fit the 19 mm (3/4") steel bolts, then a
special grooving tool was attached to the drill to create the groove holes for the 67 mm
(2-5/8") shear plates.

3.3 TESTSETUP

The test setup is shown in Fig. 3.14. The photographic setup is illustrated in Figure 3.15.
A manual hydraulic ram (shown in Figure 3.16) with a capacity of 200 kN was used to
apply the load. The specimen was mounted on rollers at the load point and on a stub beam
bolted to the ground at the other end (Shown in Figure 3.17) using two steel brackets.
The attachment was achieved u:ing pins to allow rotation at the ends of the specimens.
Friction from the pins was ignored since its effect on the moment applied was considered
to be negligible. Bolt holes of 27 mm (1-1/16") in diameter were created in the brackets
and the ends of each specimen, to attach the brackets to the specimen. To prevent out-of-
plane side sway of the specimen during the test, a beam with attached angles was set on

two columns and used to brace the specimens at the apex as shown in Figure 3.15.
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3.4 INSTRUMENTATION

The instrumentation can be categorized based on the measurements taken: loads,
displacements, slips measurements and strains. Figure 3.14 shows the location of the

various instrumentation used.

The main characteristic to be found from this test is the load-rotation (moment-rotation)
curve. A load cell was installed at the load point to measure the applied load. To measure
the rotation, electronic rotational gauges were installed approximately on the quarter
points of each member away from the joint. The influence of the beam bending and
verification of rotational gauge data was of some concern, hence cable transducers were
installed at the quarter points and half points of cach member to measure the movement of
each of the members at points of concern. The cable transducer boxes were fixed to a
plywood board and on a timber column mounted on the board in the first series of tests;
however, they were mounted on the member itself in the later serics to reduce the

measurement error (see Figure 3.18).

The movement of the point load (i.e. the stroke) was measured using a cable transducer.
The slippage of the reaction frame (stub column) was also measured using a mechanical
dial gauge mounted on a fixed point against the frame. Measurements of the movement of
the cover (side) steel or wooden plates with respect to the timber were taken throughout
the f°: st series using the SO mm spaced demec points at selected locations on both sides of

each plate.

Strain gauges were used in the second phase of the experimental program. Rosctie strain

gauges were mounted on the steel plate at the far row of bolts in Specimen B1 as shown in
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Figures 3.19 and 3.20 to locate the principal strains. In series C, longitudinal strain gauges
were mounted on the side plate below cerain rivets (see Figures 3.21 and 3.22) to
measure the stress distribution between the rivets. Since Specimen C4 had a different rivet
pattern on the side plates, the strain gauge layout varied as in Figure 3.23. Longitudinal
strain gauges were also mounted on the top bracket as in Figures 3.24 and 3.25. Some of
the gauges were mounted only on the outer surface to measure the stress distribution
between the rivets. However, at four locations strain gauges were placed on both sides of

the bracket to measure its total average cross-sectional strain.

3.§ TESTPROCEDURE

During the test, all data from the cable transducers, the load cell, the strain gauges, and the
rotational gauges were gathered automatically by a computerized data acquisition system.
This data was measured and collected continuously during the test every fourth scan on
the computer system (i.e. about every 10 seconds). The reaction frame displacements and
the demec measurements were gathered manually. The load, which was applied cn the
specimen manually, was stopped at load increments of 3 kN, and after allowing it to settle
down for a short period of time, that is until the Joad cell reading stabilized, the manual
readings were taken and the propagating cracks were marked. The sustained load
increased as well as the propagation of the cracks until ultimate loading capacity was
achieved, and a significant drop in the sustained load occurred. The experiments averaged
a testing period of two hours, after which, photographs were taken for each failed

specimen.
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In Specimen B1, however, the loading process was different. The load was applied in four
cycles. The highest load reached in each cycle was 5 kN, 9 kN, 11 kN and finally the

ultimate load capacity of the specimen.

3.6 MATERIAL AND EMBEDMENT TESTS

Tests were conducted to determine the properties of the steel used in the top brackets of
the specimens in series C, and the embedment strength of glulam rivets and shear plates in

glued laminated timber used to construct the specimens.

Three steel tension coupons were fabricated from the top bracket of Specimen C3, and
three from Specimen C4. A 50 mm gage length was used. All coupon tests were
conducted in accordance with ASTM Standard A370-92 (1992). Embedment tests for the
rivets and shear plates were conducted in accordance with ASTM Standard D1761-88

(1990).

Two distribution patterns of rivets were tested in the parallel to the grain direction. Two
replications were tested in each pattern. A 5x4 pattern (similar to the side plate of
Specimen C4) with a spacing (Sp) between rivets equal to 40 mm in both directions, and a
8x4 pattern (used in the top brackets of series C) with a spacing (Sp) between rivets equal
to 25 mm in both directions. The test setup is shown in Figure 3.26, where only one plate
of the tested pattern was attached to one end of the beam, and two heavily riveted plates
were attached on the other end. This guaranteed that the failure wouid occur at the pattern
to be tested. Concern of some eccentric loading was eliminated since the load def ormation

characteristics of both ends were not equal.
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Shear platc embedment tests were conducted in a direction once parallel and once
perpendicular to the grain, where a 67 mm (2-5/8") shear plate was embedded on both
sides of the beam and loaded. A 4x4 rivet pattern with a spacing (Sp) between rivets of 25
mm was attached to both sides of the beam and loaded perpendicular to the grain as
shown in Figure 3.27. A clear distance between supports greater than three times the

transverse depth of the member was maintained as required in ASTM Standard D1761-88

(1990).

Table 3.1 - Specified Strengths and Modulus of Elasticity of Specimens (MPa)

fh+ f:h- fv fc fcb ch Itn ft g fm M.O.E.
266 1256 | 1.75 {153 }17.2 |53 |17.0 {127 0.51 | 10300

Table 3.2 - Specified Properties of Glulam Rivets

Length (mm) | Hardness Ult. Tensile Strength | Finish
65 Rockwell C32-39 | 1 000 MPa, minimum | Hot-dip galvanized |
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Figure 3.9 - Circular Bolted Pattern
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Figure 3.12 - Specimen C3

Figure 3.13 - Top Bracket (Specimen C2 & C3)
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Figure 3.15 - Photographic Test Setup
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Figure 3.18 - Rotation Gauges and Cable Transducer Boxes
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Figure 3.25 - Strain Gauge Layout on Top Bracket
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Figure 3.26 - Photographic Test Setup for the 5x4 Rivet Plate
Loaded Parallel to the Grain
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Figure 3.27 - Photographic Test Setup for the 4x4 Rivet Plate
Loaded Perpendicular to the Grain
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4.0 EXPERIMENTAL RESULTS

41 INTRODUCTION

The results of the two phases of the experimental program are presented in this chapter.
The material properties of the test specimens are presented in Section 4.2. The full test
behaviour of each specimen is presented in Section 4.3. This includes the physical
behaviour of the specimens, the moment vs. rotation curves, and the strain distribution in

the steel fastener plates.

4.2 MATERIAL PROPERTIES

Table 4.1 presents the results from the steel coupon tests. That includes the elastic
modulus, the static yield, strength and the ultimate strength. Both the thin and thick
sections provided lower than expected elastic moduli. The thick section had a higher
average static yield strength than the thinner one but a lower average ultimate strength. A

typical plot of stress vs. strain is shown in Figure 4.1.

The results of the fastener embedment tests are presented in Table 4.2. For the patterns
where more than one test was performed, the average embedment strength is presented.
The specified strength of each connection from CAN/CSA-086.1-M89 (1989) is also
listed. Both the specified and tested strengths were very similar for all but test #3 where
the embedment strength of the 67 mm (2-5/8") shear plate loaded parallel to the grain was

50% higher than the specified value.
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The embedment strength of the riveted plates was divided by the number of rivets, hence
the average strength per rivet in both directions, can be uscd in the analysis to calculate
the moment resistance of the moment connections. Typical plots of load vs. deformation
for fasteners loaded in both parallel and perpendicular directions to the grain are shown in
Figures 4.2 and 4.3. In addition, the moisture content (M.C.) for each specimen is

presented in Table 4.3.

4.3 TEST RESULTS

The summary of the results from all series of experiments is presented in Table 4.3. The
ultimate loads at which the connection failed are presented accompanied by the rotational
angles. The rotation values represent the change in the 90 degrec angle of the joint. The
moment vs. rotation curves of all specimens are presented in Figures 4.5 and 4.6. The
moment was calculated based on a lever arm as shown in Figure 3.14. The Sccant
Stiffness (The slope of the line that intersects the moment-rotation curve at 50% of the
ultimate moment and at zero moment) for each specimen is also presented in Table 4.3.

They are illustrated using the moment vs. rotation curve of Specimen A2 in Figurc 4.4.

4.3.1 Phase 1 - Preliminary Investigation

43.1.1 General

This section provides a descriptive behaviour of the tested connections. Referring 10
Figure 4.5, Specimens A2 and A3, which have rivet patterns of 10x10 and 10x7,
respectively, appeared to have performed similarly in terms of strength and stiffness;

however, the latter exhibited a longer period of plastic rotation. Specimen Al, with 7x10



rivet, yielded less strength and stiffness than Specimens A2 and A3. Nevertheless, all three

riveted connections performed better than the other three bolted specimens (A4 to A6).

Specimen AS and A6, having circular bolt pattemns, performed with higher strength and
stiffness, than Specimen A4 with the rectangular bolt pattern. Specimen A6 with steel side
plates performed slightly better than Specimen AS. Nevertheless, all three exhibited large

rotations,

4.3.1.2 The Riveted Connections

The ultimate load at which Specimen Al (7x10 rivet) failed was 31 kN corresponding to
a moment of 22.3 kN.m. The specimen witnessed an ultimate rotational angle change of
3.9°, After this point, the load dropped dramatically (Figure 4.5). The specimen failed
mainly in splitting along the side grain near the farthest rivet from the bottom corner of
the connection. Cracks in the end grain started to develop at 8.6 kN.m and opened up as
wide as 20 mm at the end of the test, as shown in Figure 4.7. These cracks opened up
and spread throughout the top member. The highest cracks in the end grain occurred first

and opened up the most since they were the ones closest to the most stressed rivet.

Another phenomenon of interest was the crushing of the wood at the bottom corner of the
joint where the two members met. This was not a cause for failure, but the differential
displacement between the bottom of the joint (where the crushing occurred) and the top
(where the gap opened) contributed to the joint rotation hence reducing the joints

stiffness.
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Specimen A2 (10x10 rivet) had an ultimate loading capacity of 45 kN. corresponding to a
moment of 32.4 kN.m. The ultimate rotational angle change achieved in this specimen was
3.55°. Similar to Specimen Al, Specimen A2 failed in splitting along the side grain. The
pattern provided a large number of rivet columns perpendicular to the grain, hence one big
crack occurred just above the highest row of rivets, as shown in Figure 4.8, leading to a
brittle sudden failure. The crack spread throughout the specimen similar to Specimen Al.
Crushing of the wood at the joint also occurred in the same manner. Before the test on
Specimen A2 commenced, the gap between the two connecting members on the cast side
was smaller than that on the west side, so during the test, it was observed that the cast

side crack spread less through the member than on the west side.

Specimen A3 (10x7 rivet) failed ultimately at a load of 43 kN, corresponding to a moment
of 31.0 kN.m. The ultimate rotational angle change achieved in this specimen was 5.5°.
Similar to the two previous butt joint specimens, the mode of failure was the same.
However, since less rivet columns perpendicular to the grain existed, more cracks werc
distributed along the side grain at the furthest column of rivets from the instantancous

center than the previous two specimens as shown in Figure 3.4.

4.3.1.3 The Bolted Connections

The ultimate load capacities of the bolted connections arc smaller than the riveted
connections. Specimen A4 (4x2 bolted pattern) failed at a load of 24.5 kN that
corresponds to a moment of 17.6 kN.m. It witnessed an ultimate rotational angle change
of 6.2°. The mode of failure was somewhat different from the riveted conncctions.
Bearing failure occurred at the location of the shear plates where the top ones crushed

through the wood, splitting it along the grain. Figure 4.9 shows the dislocation of the
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shear plates from both sides of the specimen, whereas Figure 4.10 shows the splitting of
the grain. Similar to the rivet connections, cracks developed and spread throughout the
top member (where bolt forces occurred perpendicular to grain), and openings in the end
grain as high as 40 mm were observed; however, no damage to the bolts or shear plates

was found.

The connections in double shear exhibited higher strengths than Specimen A4. Specimen
AS (lap joint with wooden side plates) failed at an ultimate load of 30 kN, corresponding
10 a moment of 29.7 kN.m. The ultimate rotational angle change achieved in this specimen
was 6.6°. This specimen failed in splitting along the grain mostly in the middle member as
shown in Figures 4.11 and 4.12. The cracking started at moments about 15.3 kN.m in the
middle member. Cracks in the outer members were developed in the end grain at moments
around 20 kN.m. Throughout the test, cracks opened up and spread throughout the
middle member as apparent in Figure 4.11, caused by the stress at the bolt closest to the

outer edge.

Specimen A6 (lap joint with steel side plates) failed at a higher uldmate load of 36 kN (or
a moment of 35.6 kN.m). Similarly, the ultimate rotational angle change achieved in this
specimen was 6.5°. The mode of failure was similar to that of Specimen AS where
splitting along the side and end grain occurred as shown in Figure 4.13. The difference

was that the cracks opened up at loads higher than those in Specimen AS.
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4.3.2 Phase 2 - Further Studies on Riveted Moment Joints
4.3.2.1 General

The addition of various combinations of steel plates and steel brackets in series C
increased the strength and stiffness of the rivet connected specimens. Specimens C2 and
C3 performed very similar to one another since both had a bottom bracket and a top
riveted bracket. Specimen C1, with a bottom bracket only, performed with less strength
and stiffness than Specimens C2 and C3. The bottom bracket, substituted with a bearing
plate in Specimen C4 which alsc had a top riveted bracket but less side rivets, performed

with more ductility but less strength and stiffness than the previous three specimens.

4.3.2.2 SpecimenCl

The strength and stiffness exhibited in this specimen were superior to that of Specimen A3
which had the same rivet pattern in the side plates as Specimen Cl1. The specimen
achieved an ultimate load capacity of 50 kN corresponding to a moment of 36 kN.m. The
ultimate rotational angle change obtained was 6.0°. The mode of failure was similar where
end grain splitting of the wood occurred in the top member at the side rivets as in Figure
4.14. Crushing of the top member at the bottom corner of the joint was reduced duc to the

existence of the bottom bracket.

The longitudinal strain gauges (Ga#! to Ga#12) mounted on the side plate as in Figures
3.21 and 3.22 provided strain readings throughout the loading of the specimen. Figure
4.15 shows the strain readings for the top portion of the side plate. Strain rcadings from
Ga#] increased linearly in compression until a reading of -700 microstrain (J€) was

obtained at the ultimate applied moment of 36 kN.m. Ga#2, Ga#3, Ga#4d, and Ga#6 all



had non-linear increasing tension readings until about 90% of the ultimate loading capacity
when these strain readings descended and went through a sign change to exhibit
compression behaviour up to a similar strain reading of -1000 pe. Throughout the
loading, Ga#$ and Ga#7 witnessed low compression. Ga#8 however witnessed very high

tension behaviour giving a reading of 1500 pe.

Figure 4.16 shows the strain readings for the bottom portion of the side plate. Strain
reading from Ga#9 was significantly the highest compared with the other gauges in this
portion. The strain reading was in tension and reached a high of 800 pe at the ultimate
load capacity after which it started to drop until a reading of 200 pe. Ga#10 exhibited
negligible readings; however, Ga#11 exhibited an increasing tension strain until a reading
of 200 e was obtained at an applied moment of 25 kN.m after which the tension began
to decrease. Finally, the strain reading from Ga#12 increased linearly in compression with

the load until -120 pe was achieved at the ultimate applied load.

4.3.2.3 Specimen C2 and Specimen C3

Both specimens will be discussed together since their behaviour was almost identical.
Specimens C2 and C3 performed with higher strength and stiffness than Specimen CI.
The specimens achieved an ultimate moment capacity of 45 kN.m. This corresponded to a
load of 61 kN in Specimen C2, which had a lever arm of 720 mm (similar to all previous
specimens). However, this moment corresponded to a load of 45 kN in specimen C3,
which had a lever arm of 980 mm. The ultimate rotational angle changes achieved in both

specimens were 6.0° and 7.0°, respectively.
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The mode of failure in these specimens was somewhat different. During the loading
process, splitting along the side grain occurred at the furthest column of rivets from the
bottom corner of the joint (see Figure 4.17). At the ultimate load, Specimens C2 and C3
witnessed local yielding at the apex of the joint in addition to further bending throughout
the bracket. Crushing at the bottom corner of the joint was reduced due to the attachment
of the bottom bracket. However, at the ultimate load, Specimen C2 (with a moment arm
of 0.72 m) witnessed a sudden brittle fracture where the grain split wide open at the
bracket bolts used to load the specimen as shown in Figure 4.18. It was believed that the
ultimate moment resistance of the joint was achieved from the yield plateau on the
specimen's moment-rotation curve (Figure 4.6). However, in order to verify such
conclusion, a second test (Specimen C3) wiin a larger moment arm of 0.98 m was
constructed and tested. Precaution was taken to prevent a similar type of sudden brittle
failure in the form of rivet plates nailed at the bottom of the member (where the previous
member failed). The ultimate moment resistance of Specimen C3 reached the same level as
Specimen C2. Specimen C3, however, exhibited continuous splitting along the side grain,
yielding at the apex, and crushing at the bottom corner unti! the ultimate load was reached.
The magnitude of the stresses in the side plates was less than that in Specimen C1 because

of the existence of the top bracket.

The longitudinal strain gauges (Ga#1 to Ga#12 and Ga#la to Ga#7b) mounted on the side
plate and top bracket respectively, as in Figures 3.21, 3.22, 3.24, and 3.25, provided strain
readings throughout the loading of the specimens. Strain readings for both specimens werc
very similar. Therefore, the average strain readings of the two specimens were used in

Figures 4.19 and 4.20.
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Figure 4.19 shows the strain readings for the top portion of the side plate. Strain readings
from Ga#2, Ga#3, and Ga#6 witnessed negligible linear increases up to a maximum of 300
He in tension, then decreased as the ultimate load approached. Ga#4 started in tension up
to a strain reading of SO pe at a 1aoment of 25 kN.m then decreased in tension and
increased nonlinearly in compression up to a strain of -S00 pe at the ultimate load.
Readings from Ga#1, Ga#5, and Ga#7 increased linearly in compression at a moment of
35 kN.m then increased nonlinearly up to -1000 pe at the ultimate load. Ga#8, however,

witnessed a continuous strain increase in tension up to a strain reading of 1500 pe at the

ultimate load.

In the bottom portion of the side plate, Ga#9 gave strain readings that increased linearly in
tension up to around 400 pe at 90% of the ultimate load then decreased to 100 pe at the
ultimate load. Strain readings from Ga#10 and Ga#11 increased linearly up to -200 pe
(compression) and 200 pe (tension), respectively, at the ultimate load. Finally, Ga#12
gave negligible strain readings throughont the test. Strain readings for the bottom portion

of the side plate are shown in Figure 4.20.

For the top bracket, every strain gauge gave readings very similar to the readings of the
neighbouring gauge on the same line of the top bracket (i.e. Ga#da and Ga#4b gave
similar results). Therefore, averages of the two were presented in Figure 4.21. From
Figure 4.21, there was negligible strain at both Ga#4 and Gat#7. Strain readings from Ga#3
and Ga#6 increased linearly in tension up to 1500 pe and 2500 pe respectively. There
was no plate bending between the glulam rivets, hence such strain values for the top
bracket could be used as the average cross-sectional strain from which the force through
the plate could be calculated. However, there was considerable bending at the locations of

Gat#1, Ga#2, and Ga#S. Nevertheless, strain readings from Ga#2 (on the outside surface
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of the bracket) increased linearly in tension until 90% of the ultimate load then inelasticaly
up to a strain of 1500 pe. Ga#1 (on the outside surface of the bracket) gave a negligible
strain gauge reading until the applied moment was 37 kN.m then it increased in tension up
to 600 pe at the ultimate load. The strain reading from Ga#S (on the outside surface of
the bracket) increased linearly in tension up to 2000 pue at 90% of the ultimate load, then

it increased inelasticaly up to 4500 pe at the ultimate load.

4324 SpecimenC4

This specimen performed with less strength and stiffness but with more ductility than the
other specimens in series C. Specimen C4 achieved an ultimate load capacity of 47 kN
corresponding to a moment of 34 kN.m. The ultimate rotational angle change that the

specimen witnessed was 9.5°.

The mode of failure for this specimen was somewhat different from the other specimens.
There was little splitting along the side grain at the furthest column of rivets from the
bottom corner of the joint. The bearing plate between the two connected members did not
significantly reduce the crushing at the bottom corner of the butt joint, in addition to the
fact that the plate bent quite significantly as shown in Figure 4.22. Another mode of failure
feature is shown in Figure 4.23 where the rivets of the top bracket in the top member
withdrew completely in addition to the wood split type of failure in the top grain.
However, similar to Specimens C2 and C3, local yielding at the apex in the top bracket
was noticed in addition to severe bending throughout the rest of the bracket as shown in

Figure 4.22.
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The strain gauges mounted on the side plate are shown in Figure 3.23. The strain gauge
readings for the side plate and top bracket are shown in Figures 4.24 to 4.26. On the
upper side (Figure 4.24), only Ga#6 gave a significant strain gauge reading, which
increased linearly in tension up to 700 pe at the ultimate load. Ga#1 to Ga#S gave
negligible strain readings ranging from -100 pe in compression (Ga#5) to 100 pe in
tension at Ga#4. On the lower side (Figure 4.25), Ga#7 provided a strain reading of S0
pe at 90% of the ultimate load, then decreased and changed to -150 pe at the ultimate
load. Ga#8 and Ga#10 output readings that increased up to 100 pe in tension at the
ultimate load. The reading from Ga#9 increased linearly up to 200 pe in tension at the

ultimate load.

Figure 4.26 shows the strain rcadings of the top bracket. Only Ga#1, Ga#2 and Ga#5 were
mounted on both sides of the top bracket dissimilar to that of Specimens C2 and C3 (see
Figure 3.21). Readings from Ga#2 increased linearly on both sides up to 1500 pe in
tension on the outside and -S00 pe in compression on the inside at the ultimate load.
Ga#] output low readings until a moment of 28 kN.m when the inside gauge reading
increased to -S00 pe in compression and the outside gauge reading increased up to 1000
He in tension at the ultimate load. The largest readings were provided by Ga#S5, where the
inside gauge reading increased linearly up to -2500 pe in compression at the ultimate
load, and similarly the outside gauge reading increased linearly up to 2500 pe in tension

at the ultimate load.

4.3.3 Location of the Instantaneous Center (1.C.)

To locate the 1.C., Specimen B1 was tested. Similar to Specimen A4, it failed with a low

strength and stiffness. The ultimate load capacity was 18 kN corresponding to a moment
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of 14.3 kN.m. The ultimate rotational angle change witnessed was 3.7°. The specimen
failed after large cracks occurred along the side grain and in the end grain as in shown

Figure 4.27, in addition to plug shear failure in the wood by the shear plates.

Behaviour of the specimen and the stress distribution in the connecting plate was to be
determined from the strain gauges mounted as shown in Figure 3.19. The strain readings
of Ga#l and Ga#2 are shown in Figure 4.28. Four sets of rosette gauge readings arc
shown in Figures 4.29 to 4.32. The strain readings from Ga#1 increased linearly up tc 180
pe in tension at the ultimate load. Readings from Ga#2 were in compression at a load of 8
kN in cycle 1, then a slip occurred (friction between shear plate and stecl cover plate
diminished). Hence, strain readings increased to S0 pe in tension, then in applying the

load cycle 3, the strain changed to compression again up to -100 g< at the ultimate load.

For the rosette gauge, (Figure 4.29) that contained Ga#3, Ga#4, and Ga#5, strain rcadings
were mainly in tension. Ga#4 and Ga#5 had readings that increased lincarly until the load
equaled 13 kN then continued nonlinearly up to 250 pe at the ultimate load. Ga#3
witnessed a change when the load equaled 7 kN, nevertheless, it provided a ncgligible

strain reading up tc 40 pe.

From Figure 4.30, the readings from Ga#6 increased in compression up to -1(X) pe at the
ultimate load. The readings were in the tension zone for a brief period in load cycle 3 after
the load equaled 7 kN. A change in the strain path occurred when the load equaled 13 kN.
The strain readings from Ga#7 and Ga#8 increased linearly in tension, then diverted and

increased inelasticaly up to a strain of 200 pe at the ultimate load.
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The readings from Ga#9 to Ga#ll are shown in Figure 4.31. The readings from Ga#9

increased in the compression zone up to -140 pe at the ultimate load. A path diversion
was noticed at a load of 10 kN. The readings from Ga#10 and Ga#11 were negligible until
a load of 13 kN when readings from Ga#l11 increased in tension up to 60 pe at the

ultimate load.

In Figure 4.32, the readings from Ga#12 were negligible and increased in compression
only after a load of 13 kN, up to -30 pe at the ultimate load. The strain readings from
Ga#13 were negligible also and altemated between tension and compression readings
during the first three load cycles. In load cycle 4, it increased after a load of 13kNupto -

60 pe at the ultimate load. Finally, the strain readings from Ga#l14 increased in

compression up to

tension after a load of 14 kN, up to 20 pe at the ulimate load.

-40 pe at a load of 7 kN, then decreased to zero and increased in

Table 4.1 - Material Properties for Top Steel Brackets

Specimen Cross-Sectional Elastic Yield Static Ultimate
Area Modulus Strength Strength (MPa)
(mm?2) (MPa) (MPa)
Coup 1 78.94 188501 338 475
Coup 2 77.75 182815 327 475
Coup 3 78.19 200000 338 477
Avcrage 1-3 78.29 190439 334.3 475.7
Coup 4 116.84 197195 363 456
Coup 5 117.35 188877 366 454
Coup 6 117.65 202448 369 454
Avcrage 4-6 117.28 196173 366 454.7
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Table 4.2 - Fastener Embedment Strengths

Test # Fastener/ | Direction to #of Embed. | Strength Avg.
Pattern Grain Tests Strength | wrt Code | Embed.
(kN) (kN.m) | Strgth./Ri
v
(kN)
1 5x4 Rivet Parallel 2 62 70 3.5
Sp*=40
mm
2 8x4 Rivet Parallel 2 97 96 3.0
Sp*=25
mm
3 2x 67 mm Parallel 1 65 46 32.0
Shear Plts.
4 2x 67 mm Perpend. 1 35 34 17.5
Shear Plts.
5 2x (4x4 Riv) | Perpend. 1 29 23 0.9
Sp*=25
mm
Note: Spt= spacing between rivets in both directions.
Table 4.3 - Summary of Test Results
Spec. | Conn. M.C. Ult. Ult. Ult. Rot. Secant
Config. (%) Load Mom. Ang. Stiffness
Py M, 6y (kN.m/Dcg)
(kN) | (kN.m) (Deg)
Al 7x10 11 31 223 3.9 9.3
A2 10x10 10 45 324 3.55 13.5
A3 10x7 12 43 30.9 5.5 17.1
A4 4x2 12 24.5 17.6 6.2 3.6
AS 8circw 11 30 29.7 6.6 6.9
A6 8cirst 11 36 35.6 6.5 7.9
Bl 4x2 11 18 14.3 3.7 3.6
Cl 10x7b 12 50 36 6 14.4
C2 10x7bt 11 61 44 6 20.0
C3 10x7bt 11 45 45 7 20.0
Cc4 5x4tbr 12 47 34 9.5 15.5
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Figure 4.7 - Cracks in the End Grain for Specimen Al
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Figure 4.10- Large Cracks In End Grain for Specimen A4
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Figure 4.11 - Splitting in the Middle Member (Specimen AS)
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Figure 4.12 - Splitting in the End Grain (Specimen AS)
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Figure 4.13 - Cracks in the End Grain (Specimen A6)
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Figure 4.14 - Cracks in the End Grain (Specimen C1)
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Figure 4.17 - Wood Splitting and Bracket Bending (Specimen C2)
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Figure 4.18 - Brittle Fracture through Member at Bracket Bolts (Specimen C2)
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Figure 4.19 - Strain Gauge Readings for Top Part of Side Plate (Specimen C2,C3)
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Figure 4.20 - Strain Gauge Readings for Bottom Part of Side Plate
(Specimen C2,C3)
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Figure 4.23 - Rivet Withdrawal and Wood Crack in Top Grain (Specimen C4)
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rigure 4.25- Strain Gauge Readings for Bottom Part of Side Plate (Specimen C4)
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Figure 4.29 - Strain Readings Ga#3-Ga#5 (Specimen B1)
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§.0 DISCUSSION OF THE TEST RESULTS

§.1 LOCATION OF THE INSTANTANEOUS CENTER (1.C.)

The need to accurately locate the 1.C. arises when calculating the moment lever arm about
which the moment is applied. Specimen B1 was tested to confirm that the 1.C. of butt type
joints is at the bottom corner of the joint. A simple rectangular bolted pattern butt joint
was used for simplicity. The load applied is transferred from the bolts and shear plates in
the one member to the steel cover plates then to the other member through the bolts again.
Rosette gauges were mounted on the steel cover plate beneath cvery bolt to determine the
direction of the principal strains in the steel plates, hence the direction of the principal
force on every bolt could be determined. The principal force lever arms from the bolts are

extended to coincide at the of the joint as in showa Figure 5.1.

A rosette strain gauge consists of three longitudinal strain gauges positioned with 45°
between each as in Figure 5.2. The strain readings from the gauges mounted on the steel

cover plate as shown in Figure 3.20, are presented in Chapter 4.

Referring to Figure 5.2, the shear strain Yy, is calculated as in Eqn. 5.1
Y, =2€.- €, *€g) (Eqn. §.1)
where €y and Ey are longitudinal strains.

The principal strains are then calculated as in Egn. 5.2:
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+ +g)’
e - e,zeyi[(& 2&) oy T (Eqn. §.0)

Most importantly, the principal strain directions are determined as ¢p and ¢p + 90° from

the €y axis as in Egn. 5.3:

2
tan 2¢p = ZE—'Y_—"-EXT (Eqn. 8.3)
x~ &y

During the initial loading, the force lever arms coincided at a point on the interboundary
line between the two connecting members 85 mm from the bottom corner of the joint (i.e.
point a in Figure 5.1). This point shifted outwards quickly as the load progressed until it

reached the bottom corner of the joint (i.e. point b in Figure 5.1) at a load of 7 kN.

The load was initially carried by the friction between the shear plates and the steel cover
plates. After small loads, the friction was overcome and the load path transferred to the
bolt bearing against the steel cover plates. Also, as soon as cracks developed, the load
redistributed itself among the bolts. These phenomena are apparent in the individual strain

graphs shown in Chapter 4.
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§.2 DESIGN AND EVALUATION

§.2.1 Design Model and Calculation of Design Values

A design model for the calculation of the moment resistance values was chosen based on
elastic analysis and principle of equilibrium. The design values did not consider the
redistribution of forces among the rivets; only elastic analysis was performed. The material
strengths specified in the CAN/CSA-086.1-M89 (1989) and obtained from the material
tests listed in Table 4.2 were used in calculating the design and predicied moment
resistance, respectively. The design (excluding the safety factor) and predicted moment
resistance values, compared with the ultimate moment resistance values arc presented in

Table 5.1. See Appendix A for sample calculations and comments.

The design values were calculated as follows:

D An analysis was conducted based on the pattern of the rivets or bolts and the
assumed 1.C.(bottom corner for butt joint and pattern centroid for lap joint). The
resultant force components (x and y) were, then, found based on Egn. 2.1, as

shown in Figure 2.3 .

2) The resistance of the 65 mm rivets and of the embedded 67 mm (2-5/8") shear
platec with 19 mm (3/4") bolts were calculated in the perpendicular and parallel
directions to the grain from the resistance values published in the CAN/CSA-
086.1-M89 (1989) or obtained from the material tests. The Hankinson Formula
(Eqn. 5.4) was used to calculate N which is the resistance of the fastener loaded

at an acute angle ¢ to the grain.
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r s g} FQ, ) (Eqn. 5.9)
P, sin“¢+Q,cos” 9

where Py is the fastener resistance parallel to the grain.

Qy is the fastener resistance perpendicular to the grain.

3) The load and resistance for each individual fastener parallel and perpendicular to
the grain and at angle ¢ to the grain was determined based on points 1 and 2 using
a spreadsheet as shown in Appendix A. The moment resistance of the joint was,
hence, determined as the load-resistance ratio approached 1.0 for the most stressed
fastener. The effect of the shear and axial loads on the mechanical fasteners and the

joint was ignored because it was significantly less than the effect of the moment.

§.2.2 Evaluation of Specimen Performance

The results of the experiments show that the specimens failed at loads greater than the
design values and the predicted values (except Specimen Bl). The comparison of the
ultimate moment rcached in each specimen with the design values (My/Mq) and the
predicted values (My/Mp) is listed in Tabje 5.1. Both the (My/Mg) and the (M/Mp)
ratios ranged between 1.0 and 2.0 for all specimens with the exception of Specimen Bl

(My/Mp = 0.88).

§.2.2.1 Phasel
§.2.2.1.1 The Riveted Connections

For Specimens Al to A3, no material tests have been conducted for rivet patterns greater

than 8x4. However, since the various rivet patierns in the material tests gave resistance
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values within 5% of the specified values in CAN/CSA-086.1-M89 (1989), it was assumed
that the strength of the 10x10, 10x7 and 7x10 rivet patterns would also be similar to the
specified values. Hence, the predicted moment resistance values were equated to those of

the design values.

The riveted connections failed at loads higher than the design and predicted values.
Specimen A2 (10x10 rivet pattern) failed at a moment of 32.4 kN.m higher than the
expected 26.6 kN.m. The expected failure moments for Specimen Al and A3 were 14.4
kN.m and 21.6 kN.m, respectively, whereas their ultimate failure moments were 22.3
kN.m and 30.9 kN.m, respectively. The main cause for this discrepancy, is that the
predicted values were based on the specified strengths published in the CAN/CSA-086.1-
MB89 (1989) since there is no tested material strength data for rivet patterns greater than
8x4. The use of the specified strengths led to conservative design values different from the

ultimate load capacities.

The mode of failure in the riveted connections is splitting on the side (along the grain) and
in the end grain. This is due to the high stresses that sceur at the furthest rivets from the
1.C. in the rectangular rivet pattern in the top member. The cracks then start to spread
through the member. During the testing of Specimen A2, the side crac..; on the cast side
were noticed to be much shorter than the west side. The air gap betw .en the two
connecting members on the easi siue was initially smal’cr than that un the west side, hence
as the test progressed, the smaller gap closed much sooner. This lcad to carlier and higher
compressivc forces between the laminates through the member on the cast side; hence,

resisting the spread of the east side.
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5.2.2.1.2 The Bolted Connections

Specimen A6 failed at an ultimate moment of 35.6 kN.m higher than the design and
predicted values of 19.0 kN.m and 22.3 kN.m, respectively. This is a significant increase,
caused partly by the fact that the existence of the steel side plates was not accounted for in
the calculation of the design fai'ure loads since their interactive behaviour with the shear
plates is not well understood. However, they do increase the resistance of the bolted shear
plates. The steel plates added more resistance than the wood sided plates since Specimen
AS (exact same connection but with wooden side plates) failed at a moment of 29.7 kN.m,
still higher than the design and predicted values of 19.0 kN.m and 22.3 kN.m respectively
but less than the moment of Specimen A6 (35.6 kN.m).

Specimen A4 failed at a moment of 17.6 kN higher than the design and predicted values of
14.4 kN.m and 16.2 kN.m, respectively. The addition of the steel side cover plates caused
part of the difference similar to Specimen A6. Since the bolt pattern in Specimen A4 was a
rectangle, high stresses were induced perpendicular to the grain at the most distant bolt
from the 1.C. when subjected to a moment, causing an early failure. The use of a circular
bolted patiern in Specimens AS and A6 appeared to be quite advantageous. It climinated
the high stress point by uniformly distributing the applied stresses among all bolis. This
increased the ultimate moment resistant capacity of the joint. The failure in circular
patterns occurs as splitting of the grain at the bolt closest to the end grain where the edge

distance is least.

The use of shear plates in conjunction with bolts increases thc bearing arca in the wood,

hence, providing a higher resistance value. This indicates that the use of high strength
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bolts would not increase the resistance of the joint, since its failure was governed by wood

fatlure.

Part of the discrepancy between the design and actual resistance values for the moment
joints is attributed to the use of the published specified strengths in the CAN/CSA-0O86.1-
M89 (1989) which are usually conservative. ‘The predicted values were higher than the
design values but still lower than the ultimate moment. This is probably due to the

redistribution of stresses among the shear plates in the moment joint.

§5.2.2.2 Phase2

Similar to phase 1, the specimens failed generally at moment; higher than the design and
predicted values. As in Table 5.1, Specimen C1 failed at an applied ultimate moment of
36.0 kN.m higher than the design and predicted value of 21.6 kN.m. The discrepancy is
larger than that of Specimen A3 (ultimate moment of 30.9 kN.m) due to the existence of
the bottom steel bracket which was not accounted for in the analysis. The bottom bracket
was mounted on the inner side at the boitom corner of the joint with 8 relatively small
screws (size #8x19 mm). Its shear resistance was considered to be negligible compared to
glulam rivets. However, its existence between the two members during the loadin~
process increased the stiffness of the moment joint and reduced crushing of the wood. The
side grain and end grain cracks at the furthest column of rivets from the I1.C. were the main

failure criteria.
Specimens C2 and C3 had ultimate moment resistance of 45 kN.m higher than the design

and predicted values of 40.0 kN.m and 41.0 kN.m, repectively. The resistance of the top

rivet bracket was included in the analysis, but not the bottom bracket. Cracks in the side
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grain did develop, however, failure was attributed to the local yielding at the apex in
addition to the overall bending of the bracket. The bracket kept the end grain fr;)m
splitting and cracks in the top member confined as the specimen was loaded, hence
increased its strer:gth. The top bracket strain gauges showed that the top bracket carried a

significant porti>n of the load, up to 60% of the total applied moment.

Specimen C4 failed at a moment of 34 kN.m higher than the design and predicted valucs
of 26.6 kN.m and 27.2 kN.m, repectively. The existence of the bearing plate between the
two members was not accounted for. However, its contribution to the performance of the
specimen is limited to a slight increase in the stiffness of the joint since it commenced to
bend at an early stage during the loading. Its effectiveness in reducing the crushing of the
wood between the two members was small. It bent as shown in Figurc 4.22 and still

allowed crushing but at a later stage.

In this specimen, the spacing between the rivets on the side plate was increased to increase
the chance of rivet yield type of failure rather than wood splitting, hence increasing the
ductility of the joint. At failure, there was no significant side cracks or cracks in the end
grain. The strain gauges mounted on the top bracket indicated that it carried up to 85% of
the total applied moment. Similar to Specimens C2 and C3, the failure was due to local

yielding at the apex and the overall bending of the top bracket.

The magnitude of the stresses in the side plates was less than that in Specimen Cl1, again
because of the existence of the top bracket. Specimen C4 had a top rivet bracket greater in
thickness than that of Specimens C2 and C3, since it was predicted to carry a larger
portion of the applied load. This encouraged the wood shear mode of failure in the top

grain and the rivet withdrawal mode of failure ai the same location.
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Specimen B1 failed at 2 moment of 14.3 kN.m higher than both the design value of 10.6
kN and the predicted value of 12.2 kN.m. For the material tests, all shear plates were
tested in members of 130 mm thickness only. However, for Specimen B1 (with a member
thickness of 80 mm), a connector end distance factor of 0.75 (as in CSA/CAN-086.1-

M89 (1989)) was included to account for the smaller member thickness.

5.3  EFFECT OF RIVET DISTRIBUTION PATTERN

The strain gauges mounted on the side plates indicate the rivets at the furthest column
from the 1.C., especially the ones closest to the interboundary line between the two
members such as Ga#8 in Figure 3.21, were the most critical tension stress in the
surrounding steel plate. The steel plate surrounding the rivets in the columns closer to the

L.C. was mainly in compression (Ga#] and Ga#7 in Figure 3.21).

The interaction between the steel plate and the wood distributes the load in a non-uniform
mode in tension joints (Cramer, 1968). Similarly in these tests, the steel plate interaction
with the wood affected the load distribution among the rivets. Hence, the rivets in the top
row in the top membx - carried the most significant loads in their respective columns

causing them to bend the most.

If it was required to reduce the number of rivets on the side grain, then from the
spreadshect analysis based on Eqn. 5.4, it appears that by removing the close end column
of rivets to the I.C,, a stress increase of 10% takes place among the rest of the rivets.

However, by removing the far end column, a stress increase of 25% occurs. If the two
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rows of rivets closest to the L.C. were removed, an increase of 15% weuld take place as

opposed to 43% if the last 2 rows were removed.

So removing the line of rivets with the lowest force component parallel to the grain (the
row close to the 1.C.) causes the lowest increase among all rivets and maintains more
uniform stress distribution than if the furthest row (from 1.C.) was removed. Hence, it is
preferable not to remove the row of rivets with the highest force component parallel to the

grain (furthest from 1.C.).

5.4 GENERAL COMPARISON AND IMPLICATION OF THE TEST
RESULTS

The moment rotation curves presented in Figures 4.5 and 4.6 demonstrate the difference
in performance among the different tested specimens. However, any future
recommendations based on this data will be based on the initial portions of the curve
(mainly linear), that is the portions with relatively low rotation changes. Hence, the
portion of the curves up to a rotation of 3° is presented in Figure 5.3. Furthermore, in
order to evaluate the performance of the connections in a portal frame application, it is
necessary to compare the performance of the moment connections with the strength and
stiffness of the beam used to construct the tested specimens. This led to the employment

of the beam-line concept as apparent in Figure 5.3.

The y-axis intersection of the beam-line represents a fixed-ended moment for a
transversely loaded beam corresponding to a rotation equal to zero (in this case, it is the
maximum bending moment that this 130 mm x 380 mm glulam beam can withstand). The

x-axis intersection of the line represents the rotation of the cnd of a simply supported
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beam under a concentrated moment at the other end, as shown schematica!ly in Figure 5.3

corresponding to span lengths of L=4.5 m and L= 9 m respectively.

The intersection of the moment vs. rotation curves with the beam-line indicates the
amount of moment the connection can abscrb. The rigidity ratio of the connection is the
ratio between the amount of moment the connection can absorb and the fixed-ended
moment. The notation of "Rotation Ratio" is used here to indicate the ratio between the
amount of rotation the connection exhibits, (the value of the rotation corresponding to the
moment that the connection can absorb) ani the rotation of the end of the simply
supported beam. The rotation ratio is inversely proportional with the stiffness of the
connection. Hence, as the rotation ratio approaches unity, the connection approaches a
simply supported edge boundary condition. Where as the rigidity ratio approaches unity,
the connection approaches a fixed-ended boundary condition. The stiffness of such
connection is the slope of the moment-rotation curve. Table 5.2 is based on Figure 5.3,
and shows the rigidity ratioc and rotation ratios of the different moment resistant joir:ts for

a span lengths of L=4.5 m and L=9 m.

Table 5.2 shows the superiority of the riveted connections. Rigidity ratios as high as 39%
and rotation ratios as low as 63% were achieved in Specim2ns C2 and C3. The rivet plate
connections have a higher number of fasteners among which it can more unif- mly
distribute the load; hence, less highly stressed fasteners and higher joint strengths are
obtained. This was apparent in Specimen A4 where there was only a total of 8 fz teners
hence, the stress distribution per fastener was high leading to severe cracks at the ultimate
load. The rivet joints also had a higher stiffness since the tolerance in the bolt holes
allowed more rotation in the bolted joints. Specimens A2 and A3 performed very similar in

terms of strengih and stiffness even though Specimen A3 is 120 rivets less in total. In
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addition, since in Specimen A3 there were less columns of rivets perpendicular to the grain
(i.e. holding the grain together), more side grain cracks developed in licu of one big
sudden crack, hence it performed with much more ductility than Specimen A2. This
underlines the importance of the rivet spacing, rivet distribution, and their effect on the
performance of the joint. The distance from the 1.C. 10 the furthest rivet in Specimen Al is
longer than that in Specimen A3. This led to a higher rivet stress perpendicular to the

grain; hence, earlier failure in Specimen Al

In series C, the existence of the bottom bracket increased the stiffness and strength
slightly, but both were increased significantly with the addition of the top bracket. This
bracket kept the end grain splits and cracks in the top member confined as the specimen
was loaded; hence, increasing its strength. The ultimate load for Specimens C2 and C3
was achieved when the top steel bracket commenced yielding at the apex, after which, the
specimen underwent large rotations. These two specimens presented the most strength
and stiffness among all tested specimens. The number of splits along the side grain and end
grain was significantly reduced by increasing the space between the rivets and reducing the
number of rivets on the side plate as done in Specimen C4. However the strength and
stiffness achieved in this specimen was less than that of Specimen CI, but the ductility
shown by this specimen was the highest among all (ultimate rotation 8= 9.5°) (scc Tablc

5.2 and Figure 5.3).

5.5 ADVANTAGE OF SEMI-RIGID JOINT APPLICATION

In series C of the tests, Specimens C2 and C3 achicved a moment resistance cqual to 39%

of the fixed end moment of the beam used in Table 5.2. Hence, when this joint is utilized
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in a portal frame, it cannot be considered as a fully rigid joint, and to consider it as a fully

pin joint would be too conservative and a waste of its potential as a resistant joint.

It 1s, therefore, beneficial to utilize such a joint and account for its use in a frame as a
partially restrained joint or semi-rigid joint. These joints can te applied to improve
strength design or stiffness for serviceability needs. The benefit is significant for reducing

beam mid-span deflections leading to a reduction in materials and cost.

The use of partially restrained joints reduces the mid-span moments in pinned end
connections and redistributes them to the ends as in Figure 5.4. If such restraint was used

in design, one should check the satisfaction of the serviceability requirements.

One advantage is that for inertia-oriented loads such as earthquakes, the energy absorption
of szmi-rigid connections could keep excessive lateral drift of tall portal frames within
rcason. Nevertheless, on a philosophical level, it is apparent that neither pinned nor rigid
connections are actually obtained in real structures. The need exists to approach reality.
Even approximate estimates of frame flexibility are closer to truth than the assumed ideals

of nil or full restraint in the connections (Chen et al., 1992).
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Table 8.1 - Summary of Test Results

Spec. | Conn. | Ult. Ul Ul Design | Pred. My |My/
Config. | Load | Mom. |[Rot. | Mom. [Mom. |Mg |Mp
Py My Ang. | Value | Value
kN) | kN.m) | 8, Mq Mp
(Deg) | (kN.m) | (kN.m)
Al 7x10 31 22.3 3.9 144 14.4 1.5 | 1.55
A2 10x10 | 45 324 3.55 ]26.6 26.6 1.22 [1.22
A3 10x7 43 30.9 5.5 21.6 21.6 143 1143
A4 4x2 245 117.6 6.2 14.4 16.2 1.22 11.08
AS 8circw | 30 29.7 6.6 19.0 223 1.56 |1.33
A6 8cirst | 36 35.6 6.5 19.0 223 1.87 | 1.6
Bl 4x2 18 14.3 3.7 10.6 12.2 1.3 | 1.17
Cl1 10x7b [ 50 36 6 21.6 21.6 1.67 | 1.04
C2 10x7bt | 61 44 6 40 41.0 1.10 11.07
C3 10x7bt | 45 45 7 40 41.0 1.13 | 1.1
C4 Sx4tbr | 47 34 9.5 26.6 27.2 1.28 | 1.25
Table 5.2 - Evaiuation of Specimen Performance
L=45m L=9m
Spec. | Confg. [ Mom. | Rot. Rig. Rot. Mom. | Rot Rig. Rot.
(kN.m) | (Deg.) | Ratio | Ratio | (kN.m) | (Deg.) | Ratio | Ratio
Al 7x10 10.0 1.0 0.14 10.83 15.0 1.9 0.21 0.79
A2 10x10 | 15.0 0.9 0.21 0.75 23.0 1.7 0.33 j0.71
A3 10x7 17.0 085 1024 1071 23.0 1.7 0.33 10.71
Ad 4x2 4.0 1.15 1006 1096 170 2.15 0.10 {0.90
AS 8circw | 7.0 1.1 0.1 0.92 15.0 1.9 0.21 0.79
A6 &cirst [ 7.0 1.1 0.1 0.92 13.0 1.9 0.19 10.79
Bl 4x2 5.0 1.15 0.07 096 19.0 2.1 0.13 10.88
Cl 10x7 13.0 1.0 0.19 10.83 22.0 1.6 0.31 0.67
Cc2 10x7 17.0 085 [024 10.71 27.0 1.5 0.39 ]0.63
C3 10x7 18.0 085 [026 071 27.0 1.5 0.39 10.63
C4 5x4 14.0 095 1020 j0.80 |21.0 1.6 0.30 10.67
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6.0 SUMMARY AND CONCLUSIONS

6.1 GENERAL

A preliminary study and experimental program has been conducted to develop a moment
resistant joint in glued-laminated timber manufactured from Alberta spruce and pine. The
first phase of the study investigated the performance of moment joints made with various
types of fasteners. Further investigation and improvements to glulam rivet connections

were conducted in the second phase of the program.

The test results in the first phase exhibit the superior performance (both strength and
stiffness) of the glulam rivet side plate moment joints compared with the bolted type
moment connections. The tolerance of the bolt holes allow slight bolt free movement;
hence, reducing the stiffness of the joint. Specimen A2 and A3 (10x10 and 10x7) were

very similar in their performance even though the number of rivets were reduced by 30%

in Specimen A3.

In the second phase, the rosette strain gauges on Specimen B1 located the instantaneous
center in the rectangular patterns of butt type of joints to be at the bottom corner of the

joint (point (b) in Figure S5.1).

Improvements to glulam rivet joints such as the addition of a bottom steel bracket in
Specimen C1 increased the strength and stiffness of the joint. However, a more significant
improvement in the performance was achieved with a top cover rivet steel bracket (in
addition to the bottom bracket) as in Specimens C2 and C3. The maximum rigidity

achieved was 39% (of the bending strength of the beam). The contribution of the top steel
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bracket in Specimen C> reached values of 60% of the total moment resistance. In
Specimen C4, exchanging the steel bottom bracket with a bearing plate between the two
members did not eliminate the wood crushing between the two members, nor did it
increase the stiffness of the joint. Using the bearing plate and reducing the number of
rivets on the side plates by 70% caused the top cover bracket in this specimen to carry a

higher portion of the total applied moment (up to a maximum of 85%).

All failures witnessed wood splitting in the end grain and on the sides at the most distant
column of rivets from the 1.C. and at the closest bolt to the outer corner edge in the
circular bolted patterns, indicating the high stresses and the weak tensile strength of the
timber perpendicular to the grain. The splitting of the wood was reduced significantly with
the reduction of rivets on the side plates, and the increase of the spacing between the
rivets in both directions. This enhances the rivet yielding mode of failure; however, in
Specimens C2, C3 and C4, the top bracket confined the whole connection, hence the

mode of failure was in local yielding in the apex and bending of the bracket.

The failures also occurred at loads higher than the design values and the predicted values.
This took place since the conservative strengths of the materials specificd in CAN/CSA-
0O86.1-M89 (1989) were used in the design values' calculation, and since the redistribution
of forces among the fasteners was not accounted for in the predicted values' calculation

(i.e. only an elastic analysis was performed).

6.2 RECOMMENDATIONS

In order to predict the design strength of a moment joint, the use of the torsional formula

(Egn. 2.1) and the specified strengths in CAN/CSA-086.1-M89 (1989) is recommended.
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The predicted design values found throughout this study were reasonable and conservative
results; however, more investigation is required to asses the validity of this formula for
other types of moment joints. Further research should include the examination of benefits
obtained in the use of semi-rigid moment resistant connections in glued-laminated portal

timber frames.

Further research to improve the performance of the glulam rivet moment connections is
required. The maximum rigidity ratio achieved (39% of the bending strength of the beam)
is still moderate. Some of this research should be directed towards the utilization of other
fasteners and techniques to increase the strength and stiffness of the joint, such as the use
of fibre reinforced plastic sheets glued to the end grain to strengthen the tensile strength of

the timber perpendicular to the grain.

Other ideas to improve the performance of the joints include prestressing tendons with
triangular wedges on each erd which could be very effective in increasing the stiffness of
the joints. The result of split ring use in moment joints was not examined in this study, but

is rccommended as part of future research for this project.

The glulam rivet pattern layout on the side plates is an important variable worth
investigating, since the quantity, spacing and location of the rivets dictate the strength and
mode of failure of the joint. The effect of the end and edge distances should also be re-

examined.

In addition to the above, other variables that should be investigated in future research

include the size effect of the members, the effect of the loading rate ard load duration. The



study of cyclic loading on the moment joints is also important to achieve a comprehensive

understanding of the joints' behaviour.
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SAMPLE CALCULATIONS OF MOMENT
CONNECTIONS' RESISTANCE

Calculation of Moment Resistance of Specimen AS5/A6
Based on Material Tests

From the material tests, embedment strength of 67 mm (2-5/8") shear plate as in Table
4.2:

1- Parallel to grain P = 32 kN.
2- Perpendicular to grain Qp = 17.5kN.

From Figure 3.8 and 3.9, four embedded shear plates are at 45° to the grain direction.
Hence using equation 5.4, strength of each plate :

So the moment is calculated as the contributed resistance of each plate about the centre of
the pattern. There are 2 plates parallel and 2 plates perpendicular to the grain in addition
to the 4 mentioned above.

Mp=[(2x17.5kN)+ (2x32kN) + (4x 22.6 kN)] x 120x 103 m

=22.3 kN.m. as in Table 4.3.

Calculation of Moment Resistance of Riveted Specimens
Based on Specified Material Strengths
and Material Tests

Strength of rivet joints tested parallel to grain based on rivet patterns 8x4 (Sp=25 mm)
and 5x4 (Sp=40 mm), and strength of the 4x4 rivet pattern tested perpendicular to the
grain were found to be very similar to those specified in CAN/CSA-086.1-M89 (1989).
Hence these values (strength per rivet) will be used in determining the strength of the
moment connections. The specified strength values per rivet will be used in the rivet
patterns that differ from the above mentioned rivet patterns. See Table 4.2.

Moment resistance of Specimen C4 is presented.
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Note: Moment resistance of Specimen A4 and B1 is calculated similarily however. using
the tested resistance values of the shear plates in both directions as presented above. In
addition, shear plate resistance values used to calculate the moment resistance in Specimen
B1, would include a connector end distance factor of 0.75.
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