Li et al. Journal of Wood Science (2021)67:71
https://doi.org/10.1186/510086-021-02002-5

| Journal of Wood Science

ORIGINAL ARTICLE Open Access
®

Check for
updates

Experimental investigations

into the mechanical performance of glulam
dowel-type connections with either bolts
or screws as fasteners

Zheng Li'? Wei Feng', Jiajia Ou®, Feng Liang' and Minjuan He'*"

Abstract

Dowel-type connections are the most common connections in glulam structures. Bolts are often used as fasteners
for dowel-type connections. However, the clearance between the bolts and the pre-drilled bolt holes leads to low
rotational stiffness and insufficient moment-resisting capacity. To achieve better mechanical performance, screws can
be used as alternative fasteners for dowel-type connections. In this paper, monotonic and cyclic loading tests were
conducted on glulam dowel-type connections with either bolts or screws as fasteners. The failure modes, moment-
resisting capacity, ductility ratio, stiffness degradation, and equivalent viscous damping ratio of the specimens were
analyzed and reported. Results showed that compared with traditional bolted connections, the screwed connections

had larger moment-resisting capacity and better ductility. The hysteretic loops of the screwed connections were
plumper, and the pinching effect was gentler compared to those of traditional bolted connections.
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Introduction

Dowel-type connections are the most commonly used
connections in glulam structures. The mechanical per-
formance of dowel-type connections plays a significant
role for the load-resisting performance of the structure.
Usually, nails, bolts, screws, or tubes can be used as the
fasteners for dowel-type connections. However, the fab-
rication techniques and behaviors of these connections
differ a lot. Bolts are often used as fasteners in dowel-
type connections. For traditional bolted connections, the
bolts usually go through the pre-drilled holes in both the
glulam and the slotted-in steel plate to make these two
components connected. Relative research shows a few
shortcomings for traditional bolted connections, such
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as low rotational stiffness, insufficient moment-resisting
capacity, and unpredictable brittle failure, which result
in unfavorable lateral load-resisting performance for the
glulam structures [1-5]. Therefore, some reinforcing
methods were proposed in order to improve the mechan-
ical performance of the bolted connections. Based on the
idea of reinforcing the glulam in the perpendicular-to-
grain direction, Blass and Bejtka [6], Lam et al. [7], and
Gehloff et al. [8] investigated the performance of self-tap-
ping screws (STS)-reinforced bolted connections with a
series of experiments, and results showed the STS could
effectively mitigate the crack propagation and improve
the ductility of the connections. Meanwhile, both the
moment-resisting and the energy dissipation capaci-
ties were increased. With the similar idea, plain round
rods (PRP), locally cross-laminated members and fiber-
reinforced polymer (FRP) were also used to reinforce
the glulam in the perpendicular-to-grain direction, and
experimental together with numerical results showed
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obvious enhancement on the mechanical performance
of bolted connections [9-11]. On the other hand, glued
plywood plates, weft knitted textiles, and steel inserts
were used to reinforce the wood region around the dowel
holes, and the results showed the load-resisting capac-
ity and the ductility of the connections were improved
[12-14]. In addition, wedge angles were used to reinforce
a kind of hybrid timber beam-to-tubular steel column
bolted connection by Karagiannis et al. [15]. The pre-
tension technique and energy dissipation devices were
introduced into the bolted connection to provide a re-
centering force for the glulam connections by Li et al.
[16].

Except for the development of traditional bolted con-
nections, research was also conducted to investigate the
mechanical performance of some novel dowel-type con-
nections. Steel tubes were used as fasteners and densified
veneer wood was glued to the glulam to prevent wood
splitting by Leijten et al. [17]. A kind of dowel-type con-
nection using slotted-in compressed wooden plate and
compressed wooden dowels instead of the steel plate and
bolts for traditional bolted connections was investigated
by Jung et al. [18, 19]. Araki et al. [20] proposed a new
connection using hollow steel tubes as fasteners. The
tubes were inserted through the slotted-in steel plate and
were fixed to the wood member with resin injection. A
kind of pre-stressed tube bolted connection, in which the
pre-stressed bolts went through the steel tubes to con-
nect the slotted-in steel plate and the glulam beam more
effectively was investigated by He et al. [21]. Research
results showed these connections could provide bet-
ter performance compared with traditional bolted con-
nections, but problems might exist such as the complex
assembling process of the tubes and the steel dowels.

Recently, the fastener of coach screws was used in the
connections of timber-concrete or timber-steel compos-
ite members, and research was carried out to investigate
the mechanical performance of these kinds of connec-
tions [22—-24]. Relative research results showed that the
screwed connections might overcome the disadvantage
of low rotational stiffness for traditional bolted connec-
tions because of the tight contact between the screws and
the screw holes. The factors influencing the performance
of coach screws, such as the diameter of the screws and
the wood species, were studied by Smith et al. [25]. The
load-resisting capacity and the load-slip characteristics
of the coach screwed connections in the timber-concrete
composites were studied by Symons et al. [26], Sebas-
tian et al. [27], Jiang et al. [28], and Du et al. [29]. The
mechanical performance of both lap laminated veneer
lumber (LVL)-steel composite connections and cross-
laminated timber (CLT)-steel composite connections
with coach screws was investigated by Hassanieh et al.
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[30, 31]. Furthermore, hysteretic performance of the con-
nections with both bolts and screws as fasteners in CLT
shear walls was investigated by Li et al. [32] and Sun et al.
[33].

A kind of dowel-type connection using coach screws
as fasteners was investigated in this paper. The connec-
tion consisted of the glulam beam, a n-shaped steel, and
the coach screws. The coach screws were drilled into
the glulam through holes in the clamps of the 7-shaped
steel. It could avoid the clearance between the fasten-
ers and the pre-drilled holes, and was also a relatively
efficient way of assembling. To investigate the mechani-
cal performance of this kind of screwed connection and
compare its behavior with traditional bolted connections,
monotonic and cyclic loading tests were conducted. The
failure modes, moment-resisting capacity, ductility ratio,
stiffness degradation, and equivalent viscous damping
ratio were analyzed and reported. The mechanical per-
formance of the bolted connection and the screwed con-
nection was compared.

Materials and test methods

Two kinds of dowel-type connections with different fas-
teners were designed. One was the bolted connection
(BC) and the other was the coach screwed connection
(CSC), as shown in Figs. 1, 2. The BC specimen is com-
posed of a T-shaped slotted-in steel and the glulam beam
which is connected with the web of the T-shaped slotted-
in steel with bolts. The CSC specimen is composed of a
m-shaped steel and the glulam beam which is connected
with the clamps of the 7-shaped steel with coach screws.
The geometric dimension of the glulam beams was the
same for both the BC specimens and the CSC specimens.
Therefore, the influence of different fasteners can be
studied by analyzing these specimens. Both the BC speci-
mens and the CSC specimens were divided into 2 groups.
The first group had two replicates (named BC1, BC2 or
CSC1, CSC2, respectively) and was tested under mono-
tonic loading protocol. The second group had one repli-
cate (named BC3 or CSC3, respectively) and was tested
under cyclic loading protocol.

Materials

The glulam beams were fabricated by No. 2 stress-graded
Douglas fir dimensional lumber. The air-dry density of the
dimension lumber was 509 kg/m? and the moisture con-
tent was 10.57% on average. The parallel-to-grain modu-
lus of elasticity, parallel-to-grain compressive strength,
and perpendicular-to-grain compressive strength of the
dimension lumber were 11,742 MPa, 46.00 MPa, and
6.69 MPa, respectively. Both the T-shaped steel and
the m-shaped steel were made of mild carbon struc-
tural steel Q235B with a nominal yielding strength of
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235 MPa conforming to Chinese Standard for Design of
Steel Structures [34]. The bolts were 8.8 grade bolts with
a length of 180 mm (the length of the thread part was
40 mm), and the outer diameter of the bolts was 12 mm.
The coach screws were imported hexagonal coach screws
(08A grade) made by the Rothoblaas company with
a length of 80 mm (the length of the thread part was
64 mm), and the outer diameter of the screws was 8 mm.
Particularly, the characteristic yielding moment-resisting
capacity and the tensile-resisting capacity of the screws
were 1.69 x 1072 kN-m and 15.7 kN, respectively.

Specimen design

The configurations of the BC specimens and the CSC
specimens are illustrated in Fig. 3. The specimens are
full scale. The glulam beams were 200 x 150 mm in
cross-section and 1000 mm in length. The cross section
size of the beam was chosen based on a common size in

glulam structures. Both the BC specimens and the CSC
specimens were designed according to Structural Tim-
ber Design to Eurocode 5 [35], to have the same design
moment-resisting capacity as the glulam beam. The con-
nection details, such as the spacing, end, and edge-dis-
tance of bolts or coach screws, also met the requirements
of literature [35]. For the BC specimens, the diameter
of the pre-drilled holes was 13.5 mm in the glulam and
12.5 mm in the web of the T-shaped steel, respectively.
The oversized pre-drilled holes in the glulam made it
convenient to assemble different structural components
with bolts, because the rough inner surface of the pre-
drilled holes in the glulam and the alignment error of
the pre-drilled holes might affect the assembling if small
size of pre-drilled holes was used. However, the clearance
between the bolts and the pre-drilled holes in the glulam
makes the bolted connection rotate with low stiffness in
the initial stage. Pre-drilled holes in the end plate of the
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Fig. 3 Configurations of the specimens. a The BC specimens. b The CSC specimens

T-shaped steel were 18.5 mm in diameter because high
strength bolts with 18 mm in diameter were used to con-
nect the BC specimens with the rigid foundation beam.
The thicknesses of the end plate and the web were 20
and 16 mm, respectively. In addition, there was a gap of
20 mm between the end plate and the bottom of the glu-
lam beam, which was designed to avoid the compaction
between them.

For the CSC specimens, the diameter of the pre-drilled
holes was 8.5 mm in the clamps of the m-shaped steel.
There are also pre-drilled holes in the glulam beam,
which were about 5.5 mm in the diameter. However, holes
in the glulam did not need locating accurately or cutting
through the glulam compared to those of the bolted con-
nections, and the size of the pre-drilled holes was smaller
than that of the coach screws. This is because the thread
of the coach screws made themself able to be drilled into
the glulam, and these pre-drilled holes were only for the
ease of drilling. Therefore, oversized pre-drilled holes
were not necessary and it would not affect the assembling
if the drilling precision was not that high. Furthermore,
because there is almost no clearance between the screws
and the screw holes, this kind of connection could effec-
tively resist the applied load with high rotational stiffness

even in the initial stage. Pre-drilled holes in the end plate
of the m-shaped steel were the same as the BC specimens
and the high strength bolts with 18 mm in diameter were
also used to connect the specimens with the rigid foun-
dation beam. The thicknesses of the end plate and the
clamps were 24 and 16 mm, respectively. The designed
gap between the end plate and the glulam beam was
20 mm, which was the same as the BC specimens.

Test methods

As illustrated in Fig. 4, both the BC specimens and the
CSC specimens were rotated by 90° to be loaded availably
with the specific loading equipment. The specimens were
fixed on the rigid foundation beam using high strength
bolts. The lateral load was applied through the electro-
hydraulic servo loading system with the actuator. The
load range is + 300 kN and the displacement range is
=+ 250 mm, respectively. The rotation angles of the glulam
beam and the T-shaped steel (or s-shaped steel) were
calculated using the horizontal displacements collected
by the linear voltage displacement transducers (LVDTs).
LVDT 1 was used to record the horizontal displacement
of the actuator. LVDT 3, 5 were used to calculated the
rotation of the glulam beam, and LVDT 2, 4 were used
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to calculated the rotation of the steel clamps or slotted-in
web.

For the monotonic loading test, the displacement-con-
trolled loading method was used with the loading rate of
5 mm/min based on ASTM D1761-12 [36]. The test would
be stopped either when the applied load falls to 80% of the
ultimate load or when the tested specimen severely damaged.

For the cyclic loading test, the CUREE displacement-
controlled reciprocating loading method was used with
the loading rate of 60 mm/min based on ASTM E2126-
11 [37]. The loading regime is illustrated in Fig. 5 and
the reference displacement A is determined as 60% of
the ultimate loading displacement under the monotonic
loading test. At first, 6 loading cycles were performed
with equal displacement amplitude of 0.05A. Then, the
subsequent loading included the primary cycles and the
trailing cycles, wherein the displacement amplitude of
the primary cycle successively increased from 0.075A to
2.0A (i.e., 0.075A, 0.1A, 0.2A, 0.3A, 0.4A, 0.7A, 1.0A, 1.5A,
2.0A, respectively). After each primary cycle, a series of
trailing cycles were implemented as 75% of the primary
cycle’s amplitude. Especially, there were 6 trailing cycles
after the primary cycles of 0.075A and 0.14A, 3 trailing
cycles after the primary cycles of 0.2A and 0.3A, and
2 trailing cycles after the primary cycles of 0.4A, 0.7A,
1.0A, 1.5A, and 2.0A.

Results and discussion
Monotonic loading test

Cycle Specimen BC1, BC2, CSC1, and CSC2 were tested under
Fig. 5 CUREE loading protocol monotonic loading protocol. The moment-rotation
curves are depicted in Fig. 6 through the data recorded
by the loading equipment and the LVDTs.
For the BC specimens, small sound of cracking was
heard and the relative slip between the web of the
35 35
30 30
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Fig. 6 Moment-rotation curves under monotonic loading protocol. a The BC specimens. b The CSC specimens
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T-shaped slotted-in steel and the glulam beam was
observed in the initial loading stage. Because of the
existed clearance between the bolts and the bolt holes
in the glulam, the moment-rotation curves showed rel-
atively low stiffness in the initial stage. As the contact
between the bolts and the bolt holes was complicated,
the range of this low stiffness segment was unpredict-
able. Previous experimental research on bolted beam-
to-column connections [9, 21, 38] had shown that this
stage of low stiffness ranged from 0° to 0.7° on average.
From this point, the test results were more reliable. With
the increase of the applied load, the rotation of the glu-
lam beam became obvious and the slip between the
web and the beam became larger. Because the bolts had
already contacted with the bolt holes tightly, the curves
presented a relatively high stiffness until obvious plastic-
ity occurred in the specimens. The first crack appeared
either on the tension or the compression side of the glu-
lam beam. Then, the cracks slowly spread to the upper
part of the beam and occurred on both the tension and
the compression sides. Large sound of cracking could be
heard. At last, as shown in Fig. 7a, splitting cracks on the
tension side developed rapidly and the load applied to the
specimens descended suddenly, so the loading was termi-
nated. As depicted in Fig. 6a, the plastic stage of the BC
specimens was not obvious and the stiffness in the final
segment of the curves was relatively high before failure,
which conformed to the previous research of Yu [38]. It
could be explained by that the diameter of bolts was rela-
tively big while the distance from the bolts to the end of
the glulam beam was small, thus resulting in large trans-
verse tensile stress and brittle splitting failure of the glu-
lam. That is also one of the reasons why traditional bolted
connections have a relatively low moment-resisting
capacity and poor ductility. It was noticed that specimen

Cracks on
compressio:

Plastic hinge ‘

a Failure of the glulam

b Deformation of bolts

Fig. 7 Failure modes of the BC specimens. a Failure of the glulam. b
Deformation of bolts
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BC2 had a lower moment-resisting capacity and the lat-
ter part of the curve fluctuated obviously compared with
specimen BC1. Through observation in the test, an initial
defect of the wood knot was found on the path of a crack
and accelerated the spread of the crack, making speci-
men BC2 behaved worse than specimen BC1. After the
experiments, the specimens were disassembled to further
study the deformation modes of the bolts, as shown in
Fig. 7b. Bolts in the top edge zones presented the most
severe deformation which conformed to the “one-hinge”
yielding mode. To explain the mechanism, the bolts were
thought to resist the shear force and the bending moment
in the same time caused by the lateral load, and the rota-
tion center could be assumed to be the geometric center
of the bolts group. Therefore, the magnitude of the force
caused by the bending moment of one bolt was linear
to the distance from the rotation center to this bolt, and
the direction of this force was perpendicular to the line
going through the rotation center and the bolt. On the
other hand, the force caused by shear was assumed to
be distributed averagely to each bolt and pointed paral-
lel to the direction of the shear force. Finally, the result-
ant force was obtained by adding the force caused by the
bending moment and the force caused by shear according
to the rule of vectors, which could be concluded that the
top edge bolts suffered the biggest force. Therefore, the
deformation of the top edge bolts was the most obvious.
For the CSC specimens, the initial stiffness was much
higher than that of the BC specimens without the initial
low stiffness stage, as shown in Fig. 6b. The initial linear
segment of the moment—rotation curves indicated that
the specimens were under elastic stage. Contrary to the
BC specimens, because the coach screws were drilled
into the glulam beam, which made no initial clearance
between the screws and the screw holes, the screws con-
tacted tightly with the wood fibers and worked effectively
as soon as the external force applied to the specimens.
With the increase of the applied load, relative slip was
observed between the clamps of the m-shaped steel and
the glulam beam. The glulam beam rotated obviously.
The sound of cracking could be heard but cracks were
not able to be observed because of the covering of the
clamps. The slope of the curves became smaller, meaning
that plasticity developed in the specimens. The applied
load continued to increase and the cracks became visible,
which extended from the area under the clamps to the
upper part of the glulam beam. Then, more cracks devel-
oped and the screws in the top edge zone were sheared.
The applied load could hardly rise any more. Finally, the
splitting crack on the tension side of the glulam beam
propagated rapidly and the applied load descended sud-
denly, so the loading was terminated. The relative slip
between the clamps and the glulam beam was as large as
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20 mm. In contrast with the BC specimens, the moment—
rotation curves of specimen CSC1 and specimen CSC2
were similar due to the fact that there was no unpredict-
able initial low stiffness stage or significant initial defect
in the CSC specimens. The CSC specimens presented an
obvious plastic segment in the curves, which meant the
plasticity developed more effectively compared with the
BC specimens. This could be explained by that the rela-
tively small diameter of screws relieved the large trans-
verse tensile stress for the bolted connections, so the
ductile embedment failure together with the brittle split-
ting failure happened during loading, as shown in Fig. 8a.
Therefore, the failure of CSC specimens was more duc-
tile. The shear failure, “one-hinge” and “two-hinge” yield-
ing failures were observed in the top, bottom and edge
zones, as illustrated in Fig. 8b. The different degrees
of damage in screws could be explained with the same
mechanism as the BC specimens, which was the addition
of the force caused by the bending moment and the force
caused by shear.

Mechanical properties, such as the initial stiffness (K,),
the yielding moment (My), and the ductility ratio (4), can

.

| imbeddment}fai

a Failure of the glulam b Deformation of screws

Fig. 8 Failure modes of the CSC specimens. a Failure of the glulam. b
Deformation of screws

Table 1 Mechanical properties calculated based on Y&K method
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be calculated based on the Y&K method [39]. The results
are listed in Table 1, in which 6, is the corresponding
rotation angle of M; M, is the maximum moment and
0, is the corresponding rotation angle; M; is the failure
moment and 6 is the corresponding rotation angle; and
is equal to ¢ divided by 6,. Because the initial stage of the
BC specimens was unpredictable and the stiffness was
quite low, if the initial stage was considered when apply-
ing the Y&K method, some problems might happen. For
example, the stiffness in the plastic stage might be much
bigger than that of the elastic stage, and the yielding
moment would be also underestimated, which were not
reasonable to describe the behavior of the BC specimens.
Therefore, the initial stage of low stiffness was not con-
sidered when using the Y&K method.

The initial stiffness of the CSC specimens was 133%
higher than that of the BC specimens on average, which
was mainly improved by the tight contact between the
screws and the screw holes. The yielding moment of the
CSC specimens was 22% higher that of the BC speci-
mens. The yielding rotation angle of the CSC specimens
was 59% lower than that of the BC specimens, and this
was because the BC specimens had to experience the
initial stage of low stiffness until the yielding point. The
ultimate moment and the failure moment of the CSC
specimens were 93% and 87% higher than those of the
BC specimens, respectively. The ultimate rotation angle
and the failure rotation angle of the CSC specimens were
39% and 54% higher than those of the BC specimens,
respectively. It showed that the performance after yield-
ing of the CSC specimens was better than that of the BC
specimens. Although the BC specimens and the CSC
specimens had the similar yielding moments, the ulti-
mate and the failure moments of the CSC specimens
were much higher, which could serve as a safety margin.
The initial stage of low stiffness for the BC specimens
made it a higher yielding rotation angle, but after yield-
ing the BC specimens failed quickly and could hardly
develop the plasticity effectively, so the ultimate and the

Specimens Initial stiffness Yielding point Maximum point Failure point Ductility ratio
K, (kN-m/°) M, (kN-m) 0, () M, (kN-m) 6, () M; (kN-m) 6:(°) p =646,

BC1 10.46 10.63 1.58 16.56 242 14.71 2.51 1.59

BC2 9.72 13.18 1.56 1318 1.56 14.06 191 122

Avg BC 10.09 11.91 1.57 14.87 1.99 14.39 2.21 141

CsC1 2145 1440 0.66 30.12 3.10 29.90 3.89 592

CsC2 25.61 14.74 0.62 2742 244 24.39 292 4.68

Avg CSC 2353 14.57 0.64 2877 2.77 27.15 341 53
Improvement (%) 133 22 — 59 93 39 87 54 276
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failure rotation angles were smaller than those of the
CSC specimens. For the same reason, ductility of the BC
specimens was also worse than that of the CSC speci-
mens. To describe the ductility performance exactly, the
ductility ratio was used. Ductility ratio of 5.3 for the CSC
specimens, which was greater than 4, indicated the CSC
specimens had a good ductile performance [40]. In con-
trast, ductility ratio of 1.41 meant it tended to be a brittle
failure for the BC specimens. In general, the moment-
resisting capacity and the ductility of the coach screwed
connections improved a lot compared with the bolted
connections.

Cyclic loading test

Specimen BC3 and specimen CSC3 were tested under
cyclic loading based on CUREE loading protocol. The
hysteretic loops are depicted in Fig. 9. Under cyclic load-
ing protocol, the specimens failed similarly to those
under monotonic loading protocol, except that failure
on both sides of the glulam was similar because either
side of the specimens could be in tension or compression
under cyclic loading protocol.

Compared with specimen BC3, the hysteretic loop of
specimen CSC3 was plumper, and the pinching phenom-
enon was gentler. The total energy dissipation was calcu-
lated, equal to the area enclosed by the hysteretic loop.
As illustrated in Fig. 10, the energy at each displacement
amplitude included the energy dissipated both in the pri-
mary circle and the trailing cycles. Specimen BC3 failed
in the primary cycle of 1.5A and the hysteretic curve was
not complete for this cycle, so the total energy dissipated
of 1.5A was unable to calculate. The hysteretic loops and
the total energy dissipation indicated a better energy dis-
sipation capacity of specimen CSC3. The skeleton curves
also presented the characteristics of high initial stiffness
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and good ductility of the CSC specimens, as those shown
under monotonic loading protocol.

To further study the performance of the specimens
under cyclic loading protocol, the stiffness degradation
and the equivalent viscous damping ratio (EVDR for
short) were analyzed. The secant stiffness (K;) of each pri-
mary cycle can be calculated using Eq. (1), where +AM;
and — M, are the positive and negative peak moment of
the i-th primary cycle, respectively; + 6, and — 6, are the
rotation angles corresponding to +A; and — M, The
EVDR (seq) can be calculated based on Eq. (2), where E,
is the dissipated energy in a primary cycle; E;, is the avail-
able potential energy in a primary cycle. The calculated
results are illustrated in Fig. 11.
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As can be observed in Fig. 11, the performance of stiff-
ness degradation and EVDR of specimen CSC3 was bet-
ter than those of specimen BC3.Specimen BC3 failed in
the primary cycle of 1.5A and the hysteretic curve was
not complete for this cycle, so the EVDR of 1.5A was
unable to calculate.

From the displacement amplitude of 0.2—0.4A, the rota-
tion angle of specimen BC3 was relatively small but con-
tained a large part of low stiffness. Therefore, the secant
stiffnesses in this range were relatively low. After the dis-
placement amplitude of 0.4A, as the bolts and the bolt
holes contacted more and more tightly, the secant stift-
ness began to increase until the displacement amplitude
of 1.0A. Then, large cracks were observed and propagated
gradually, so the secant stiffness started to decrease,
which indicated the damage accumulation in specimen
BC3. On the other hand, the energy dissipation capacity
that can be described by the EVDR mainly depends on
the deformation of the bolts, the compression between
the bolts and the bolt holes, and the friction among the
bolts, the web of the T-shaped slotted-in steel, and the
glulam beam. With the displacement amplitude increas-
ing until 0.4A, the contact among each component
became more and more sufficient, while cracks did not
occur in the specimen, so the energy dissipation capacity
continued to increase. After the displacement amplitude
of 0.4A, cracks spread gradually in the specimen, which
was not conducive to the compression between the bolts
and the glulam beam. In addition, the effect of cyclic
loading caused looseness between the glulam and the
web, thus reducing the friction between them. Therefore,
the capacity of energy dissipation kept decreasing.

For specimen CSC3, it showed a high secant stiff-
ness and energy dissipation capacity in the initial load-
ing stage, which could be explained by the tight contact
among the screws, glulam beam and the clamps of the
m-shaped steel. As the displacement amplitude increased
in the following primary cycles, plasticity developed in
the screws as well as in the wood fibers. Then, cracks
appeared and propagated gradually. Therefore, the secant
stiffness continued to decrease. Similar to specimen
BC3, the energy dissipation capacity of specimen CSC3
depends on the deformation of the screws, the compres-
sion between the screws and the screw holes, and the
friction among the screws, clamps and the glulam beam.
With the increase of the displacement amplitude, plastic
deformation and the appeared cracks made the contact
insufficient, which also led to the failure of the screws
and larger cracks in the final loading stage. The effect of
cyclic loading also caused looseness between the glulam
and the clamps. As a result, the secant stiffness and the
EVDR kept decreasing. However, the secant stiffness and
the EVDR were still larger than those of specimen BC3
under different displacement amplitudes.

Conclusions

A kind of dowel-type connection with hexagonal coach
screws as fasteners was investigated. Monotonic and
cyclic loading experiments were carried out to study
the mechanical performance of this kind of connection
and its load-resisting properties were further compared
with traditional bolted connections. The failure modes,
moment-resisting capacity, and hysteretic performance
were obtained and compared. It can be concluded the
following:

(1) Under monotonic loading protocol, the failure
modes of the bolted connections were the splitting
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failure on the tension side of the glulam beam, and
the “one-hinge” yield failure was observed in the
top edge bolts. However, for the screwed connec-
tions, the failure modes of the glulam beam were
the splitting failure on the tension side together
with embedment failure of the screw holes. In addi-
tion, shear failure, “one-hinge” yielding failure and
“two-hinge” yielding failure were observed in coach
SCrews.

(2) The initial stiffness, yielding moment, ultimate
moment, and ductility ratio of the screwed con-
nections were respectively 133%, 22%, 93%, and
276% larger than those of the bolted connections.
Especially, the screwed connections could over-
come the disadvantages of low initial stiffness and
low ductility existed in bolted connections. And
the higher ultimate moment-resisting capacity
could serve as the safety margin.

(3) The hysteretic loops of the screwed connection
were plumper, and the pinching effect was gentler
compared to those of the bolted connection. The
energy dissipation capacity of the screwed connec-
tion was also better compared to the bolted con-
nection.

It should also be noted that the sample size in this
study is relatively limited. Therefore, the influence of
material variabilities on the mechanical performance of
the bolted connection and the screwed connection may
not be fully considered. Further research is still needed
to investigate the mechanical behavior of the screwed
connection.
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