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Abstract: Light-frame wood structures are the most common type of construction for residential and
low-rise buildings in North America. The 2015 edition of the National Building Code of Canada has
increased the height limit for light-frame wood construction from 4 to 6 stories. With the increase
in building height, it was noticed that light-frame wood structures may be governed by inter-story
drift under wind and seismic loads. To reduce the inter-story drift, a hybrid system, consisting of
CLT cores and light-frame structures, is proposed. The efficiency of this hybrid system is dependent
on the performance of the connections between the two sub-systems. In this project, self-tapping
screws (STSs) were used to connect the CLT core and light-frame wood structures on the floor level.
Monotonic and reversed-cyclic tests were carried out on CLT-wood frame connections connected with
STSs inserted at 45°, 90°, and mixed angles (45° and 90°). The connection performance was evaluated
in terms of strength, stiffness, ultimate displacement, ductility, and energy dissipation capacity.
Results show that a joint with STSs inserted at 45° had high stiffness and ductility but low energy
dissipation, while connections with STSs installed at 90° had high ductility and energy dissipation but
low stiffness. Connections with STSs inserted at mixed angles (45° and 90°) achieved the advantages
of both configurations when the STSs were inserted at 45° or 90° individually, i.e., high stiffness,
ductility, and energy dissipation. The ductility and energy dissipation were significantly improved
compared with connections with STSs only inserted at 45° or 90°. This mixed angle connection
can be an ideal design for connecting light-frame wood structures to a CLT core to resist wind and
seismic load.

Keywords: light-frame wood structure; cross-laminated timber; self-tapping screw; monotonic test;
reversed-cyclic test; connection capacity; ductility

1. Introduction

Traditional light-frame wood buildings have proven to be a practical and sustainable
solution for residential construction. The height limit of light-frame wood construction has
been increased from four to six stories in the National Building Code of Canada (NBCC) [1].
With the increase in building height, these structures become more flexible and may have
large lateral deformation under wind and seismic loads. As a result, the drift requirements
may be hard to meet for the design of mid-rise wood frame buildings. Elevator shafts and
stairwells commonly exist in multi-story buildings and can be used as part of the lateral
load resisting system to reduce the lateral drift of the wood frame system. Cross-Laminated
Timber (CLT) core has become more popular in multi-story light-frame wood buildings
due to its fast construction compared with a reinforced concrete or masonry core. This core
can provide the building with additional lateral load resistance, if sufficiently connected to
the wood frame, and reduce the lateral deformation [2]. In this project, a hybrid system
consisting of a light-frame wood structure connected to a CLT core was proposed. CLT
cores are connected to light-frame structures on the floor level as shown in Figure 1a, where
light-frame wood shear walls dissipate energy through deformation of the sheathing-to-
framing nail joints [3], while CLT panels are rigid and rely on the panel-to-panel and
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panel-to-foundation connections to provide ductility [4]. Therefore, connections between
the two sub-systems play an important role in the performance of the hybrid structure and
can be used as one source of energy dissipation for seismic design if ductile performance is
achieved through detailed design. In this project, self-tapping screws were used to transmit
lateral loads between the two sub-systems.

Double header 2 x 6

N

Sheathing

B T~ | { Floor double

(a) (b)

Figure 1. Self-tapping screw connections: (a) schematic of STS connections used in CLT and light-
frame wood hybrid systems; (b) test specimen setup.

Previous studies on CLT light-frame wood hybrid structures have been very limited.
Nguyen et al. [5] tested a hybrid shear wall system consisting of wood frame shear wall
segments and post-tensioned CLT panels. The CLT wall was connected to the studs of
the wood frame shear wall using common nails. Test results showed that this hybrid wall
system had high stiffness, energy dissipation, and a self-centering capability. Anandan
et al. [6] conducted a full-scale shake table test on a one-story post-tensioned CLT building.
Additional wood frame shear walls were connected to the CLT floor diaphragm through
threaded steel rods. The hybrid system was tested under the 1994 Northridge earthquake,
with a hazard level of 10% and a 2% probability of exceedance in 50 years, which corre-
sponds to design-basis earthquake (DBE) and maximum considered earthquake (MCE),
respectively. Results showed that the system was able to recenter itself after shaking. The
sheathing of the wood frame was marginally shifted after DBE excitation. The wood frame
sustained moderate damage under MCE excitation.

Self-tapping screws (STSs) are commonly used in CLT construction [7]. With relatively
higher capacity compared with dowel-type connections, STSs are very efficient in resisting
lateral and axial loads for timber-to-timber connections [8]. There has been much research
conducted on the STSs used in CLT structures. Munoz et al. [9] studied typical CLT
floor-to-floor and wall-to-floor connections connected with STSs. Results showed that
lap connections using STSs had better lateral capacity, stiffness, and ductility than spline
configurations with normal wood screws. Hossain et al. [10] studied the performance of
STS connections connecting 3-ply CLT panels under cyclic and monotonic loading. They
found that STS connections with mixed angles had high stiffness and ductility. Tomasi
et al. [11] also confirmed the superior performance of STSs installed with mixed angles in
glued laminated timber joints. Gavric et al. [12] performed reversed-cyclic tests on different
configurations of STS connections used in coupled CLT wall panels. They concluded that
90° STSs can achieve high ductility if sufficient spacing is provided. Brown et al. [13]
investigated the behavior of STS joints between CLT panels with varying ratios of STSs
installed inclined and at 90° to the timber grain. They found that a ratio of 2:1 yielded
more efficient design. These studies were all focused on CLT-to-CLT or CLT-to glulam
connections. There has been no investigation on CLT shear wall-to-light-frame wood floor,
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i.e., CLT-lumber connections connected with STSs. In this project, cyclic and monotonic
tests were conducted on CLT-lumber STS connections to assess the stiffness, load-carrying
capacity, ductility, and energy dissipation capacity of this connection. In order to obtain
a ductile connection system, CLT-lumber connections with different STS insertion angles
were investigated.

2. Test Program

Figure la shows a schematic of the CLT-lumber connection. The CLT wall panel
was directly connected to the floor headers of light-frame wood structures with STSs.
Figure 1b shows the test setup of the connection specimen. Five-layer CLT panels with a
thickness of 175 mm were used in this project. The panel had an E1 stress grade according
to ANSI/APA PRG 320 [14] and was made of Spruce-Pine-Fir (SPF) machine stress rated
lumber in longitudinal layers and No. 3/Stud SPF lumber in transverse layers [15]. Table 1
shows the mechanical properties of E1 stress grade CLT panels cited from ANSI/APA PRG
320 [14] as no material tests were performed in this project. Three types of connection
configurations with different STS insertion angles were studied, i.e., STS inserted at 90°
(Figure 2a), 45° (Figure 2b), and mixed angles (90° and 45°) (Figure 2c) to the grain of the
lumber (hereafter named 90° STS, 45° STS, and mixed angle STS). Two diameters of ASSY®
SK and VG CSK STSs made from carbon steel (8 and 10 mm) were tested (Figure 2d). The
mechanical properties of STSs cited from the CCMC report [16] are listed in Table 1. The
90° STS loaded in shear was partially threaded (PT) and 160 mm long, and the 45° STS
loaded in both shear and withdrawal was fully threaded (FT) and 240 mm long. The floor
header was composed of double 2 x 6 SPF lumber. For the 90° STS or 45° STS connections,
each specimen had 2 screws. The mixed angle (90° and 45°) connection had two screws
installed at 45° and the other two installed at 90°. Screws penetrated around two and a half
layers into the CLT panel for all cases. Initially, 10d (d = 10 mm) was used as the screw
spacing and end distance for both diameter screws. However, with the splitting of lumber
in two replicates of STS connections with 10 mm diameter screws inserted at 90° under
monotonic load, it was decided that 12d and 15d (d = 10 mm) be used for screw spacing
and end distance, respectively, according to the MTC Solution Handbook [17].

Table 1. Material properties.

Layers

cLr il Longitudinal Transversal
Bending at extreme fibre, f;, (MPa) 28.2 7.0
Longitudinal shear, f, (MPa) 15 1.5
Rolling shear, fs (MPa) 0.5 0.5
Compression parallel to grain, f. (MPa) 19.3 9.0
Compression perpendicular to grain, f, (MPa) 53 5.3
Tension parallel to grain, f; (MPa) 15.4 3.2
Modulus of elasticity, E (MPa) 11700 9000
Shear modulus, G (MPa) 731 563
Longitudinal shear, f, (MPa) 73.1 56.3

Diameter
STS [16] 8 mm 10 mm
Bending yield strength (MPa) 1015 942
Unfactored tension strength (kN) 18.9 24

Unfactored shear strength (kN) 641 691
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Figure 2. STS connection configurations (mm): (a) 90° STS; (b) 45° STS; (c) mixed angle (45° and 90°)
STS; (d) self-tapping screws.

In the proposed hybrid system, lateral forces were assumed to be transferred between
the CLT core and floor header through the STSs. Cyclic and monotonic loadings were ap-
plied parallel to the grain of the lumber (Figure 1b). A summary of tested series is provided
in Table 2. Four replicates were tested for each configuration, and there were 48 specimens
tested in total. According to ASTM 1761-20 [18], the speed of the monotonic and cyclic
test was set to 0.05 and 2 mm/s, respectively. Test method C (CUREE) [19] was used to
define the loading protocol of the reversed-cyclic tests. The reference deformation of the
CUREE protocol was derived based on monotonic test results, which were 3.6 and 30 mm
for the 45° and 90° STS connection test, respectively. To measure the relative displacement
between lumber and the CLT panel, two Linear Variable Differential Transformers (LVDTs)
were attached to both sides of the lumber, as shown in Figure 1b. Prior to testing, lumbers
were conditioned in an environmental room with 20° C and 65% relative humidity until
they reached equilibrium moisture content (EMC). Lumber with relative density within
0.4 & 0.04 were used in this project.

Table 2. Test matrix.

. . Diameter of Length of
Loading Type STS Insertion Angle STS Type Fasteners (mm) Fasteners (mm)
. 8 160
90°
T 10 160
8 240
Monotonic 45° 2
FT 10 240
8 160 + 240
45° +90° FT +PT
10 160 + 240
8 160
90° PT
10 160
Cyclic 45° ET 8 240
10 240
8 160 + 240
45° +90° FT +PT
10 160 + 240

Notes: !: partially threaded. ?: fully threaded.
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3. Experimental Results

Displacement from both LVDTs was averaged. Data was recorded at a frequency of
10 and 100 Hz for the monotonic and cyclic tests, respectively. An example of cyclic load-
deformation curves is shown in Figure 3a—c. It can be seen that both 90° STS and mixed
angle STS connections achieved large displacement at around 30 mm without significant
reduction in resistance, while the 45° STS connection had higher resistance compared with
the 90° STS but failed at much smaller displacement. Figure 3d,e shows comparisons of
individual backbone curves for each connection configuration and the superposition of
45° STS and 90° STS curves under cyclic and monotonic load, respectively. It can be seen
that the shape of the superposition curve and mixed angle connection curve were similar,
which indicates that in the mixed angle connection, 45° STSs mostly contribute to the initial
stiffness and 90° STSs mainly contribute to the ultimate displacement. There was a clear
drop-down phase of the curve in the mixed angle connection when the 45° STSs withdrew
from the CLT panel. After that, the resistance recovered and further increased when the 90°
STSs contributed more resistance due to redistribution of the load between the two groups
of fasteners.

30 30
o X
—_ 10 4 — 10 4
Z Z
% %
5 0 5 0
2 2
£ £
101 101
~20 1 w= Cyclic test ~20 1 w= Cyclic test
—— backbone —— backbone
=30 v v =30 i y
—40 -20 0 20 40 —40 -20 0 20 40
Displacement (mm) Displacement (mm)
(@) (b)
30 30
— 45e
20 204 —— 90°
— 45°+90°
. 101 10 -
z z | Superposition of
¥ ) 45° and 90°
o 0 s 0
2 2
=} (=}
= 10 = 104
-20 == Cyclic test ~20
—— backbone /
-0 ; ; - -30 : Rass .
—40 =20 0 20 40 —40 =20 0 20 40
Displacement (mm) Displacement (mm)
(©) (d)
— 90°
401 450
—— 45°+90°
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45° and 90°

Force (KN)
(3]

0 20 40 60 80
Displacement (mm)

(e)

Figure 3. Load-displacement curves for 8 mm STSs (single replicate data): (a) 90° STS; (b) 45° STS;
(c) mixed angle STS; (d) cyclic backbone curves; (e) monotonic curves.
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The positive and negative backbones of the cyclic tests were averaged. All the averaged
backbone and monotonic curves of tests with their associated failure points are shown in
Figure 4. Failure was defined when the load dropped to 80% of the maximum resistance.
In the case of the mixed angle connections, failure was defined after the second peak load
when the 90° STSs also lost their resistance. Although in some cases there was a 20%
drop-down after the first peak when the 45° STSs lost their resistance, the overall resistance
of the mixed angle connections was recovered due to redistribution of forces between the
two groups of fasteners. The drop-down amount after the first peak can be optimized by
adjusting the ratio of 45° STSs over 90° STSs [13]. As shown in Figure 4, two specimens of
10 mm STSs inserted at 90° under monotonic load (10d screw spacing, 10d end distance,
and 7d edge distance) and one specimen of 10 mm STS inserted at 90° under cyclic load
(12d screw spacing, 15d end distance, and 7d edge distance) failed at much smaller ultimate
displacement than the other replicates. One specimen of 8 mm STS inserted at mixed angles
(12d screw spacing, 15d end distance, and 3d edge distance) failed at a slightly smaller
displacement than the other replicates. These failures happened because of splitting in the
lumber (Figure 5d,e). In the other cases, wood only showed localized crushing around
the STSs (Figure 5a—c). Therefore, connections with lumber splitting showed a less ductile
behavior compared with the other replicates. With larger end distances or predrilling,
this failure may be prevented. In general, 10 mm STS connections have higher resistance
and are more prone to splitting wood than 8 mm STS connections. Mixed angle and 90°
STS connections failed at much smaller displacement under cyclic load compared to those
under monotonic load; however, there was not much difference for 45° STS connections.

Using the Equivalent Energy Elastic-Plastic [19] method, the mechanical properties of
CLT-lumber STS connections were obtained. The ultimate displacement was defined as the
displacement at 80% of the maximum load on the descending phase (after the second peak in
the case of mixed angle connections) (Figure 4) [19]. The mean and coefficient of variation (COV)
of these properties were: yield force (Fy) and its corresponding yield displacement (Ay), peak
force (Fpeak) and its corresponding displacement (Apeax), ultimate displacement (Ay), stiffness
(K), ductility (), and energy dissipation (E). These are presented in Tables 3 and 4 for monotonic
and cyclic loading. Comparison of the mean values of these mechanical properties is shown
in Figure 6. Specimens with STSs installed at 90° had larger ultimate displacement (around
70 mm under monotonic load and 30 mm under cyclic load) than that of STSs inserted at
45° (around 5 mm under both monotonic and cyclic loads). Interestingly, although the 90°
STS connections had much larger ultimate displacement, the ductility was similar to that of
the 45° STS connections. This is because the 45° STS is much stiffer than the 90° STS, so the
yield displacement of STSs inserted at 45° (around 1.1 mm under both monotonic and cyclic
loads) was much smaller than STSs inserted at 90° (around 17 mm under monotonic and
6 mm under cyclic load). Therefore, the ratio of ultimate displacement to yield displacement
(i.e., ductility value) was similar for these two groups of connections. It is worth mentioning
this conclusion is dependent on the definition of the ductility ratio. Despite having similar
ductility, 90° STS connections have higher energy dissipation capacity than that of 45° STS
connections (more than six times under monotonic load and 1.9 times under cyclic load).
For the mixed angle STS (45° and 90°) connections, small yield displacement and large
ultimate displacement are both presented. Accordingly, the ductility of the specimens with
mixed angle connections greatly increased (around 56 under monotonic and 32 under cyclic
load) compared with connections with 90° STSs or 45° STSs. Mixed angle STS connections
had an energy dissipation of more than 11 times the value of 45° STS connections. This
effect was more pronounced in 8 mm STSs compared with 10 mm STS specimens. The
45° STS connection had on average more than 50% load-carrying capacity (52% for 10 mm
STSs and 64% for 8 mm STSs) compared with 90° STS under cyclic loading. However, it
had relatively less capacity under monotonic loading. Connections with mixed 45° and 90°
STSs had higher peak resistance compared with that with 90° STSs or 45° STSs only but
less than the sum of the resistance of the two connections. This is because the 45° STSs and
90° STSs in the mixed angle connections did not reach their peak resistance at the same
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displacement. A transition of load sharing between 45° STSs and 90° STSs was observed in
mixed angle connections.
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Figure 4. Cyclic backbones and monotonic curves of STS connections: (a) 90° STS under monotonic;
(b) 90° STS under cyclic; (c) 45° STS under monotonic; (d) 45° STS under cyclic; (e) mixed angle (45°
and 90°) STS under monotonic; (f) mixed angle (45° and 90°) STS under cyclic. Notes: Failure points
are marked with dots at 80% of maximum load on the descending phase.
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Figure 5. Failure on wood: (a) wood crush in 90° STSs; (b) wood crush in 45° STSs; (c) wood crush in
mixed angle connection (90° and 45°); (d) wood splitting in 10 mm connection with STSs installed at
90°; and (e) wood splitting in 8 mm connection with STSs installed at mixed angles (90° and 45°).

Table 3. Mechanical properties of STS connections under monotonic loading.

Monotonic oW Ay (mm)  Fy (kN)  Foou kN) Aoy (mm) Ay (mm) K E?
Diameter y y peak peak u (kN/mm) H (kN -mm)
18.4 21.1 26.2 53.9 66.9 1.1 3.6 1217.5
224 20.6 25.7 61.1 86.1 0.9 3.9 15429
90° 8 mm
12.3 18.8 22.6 52.0 72.3 1.5 59 1243.6
8.7 16.6 20.3 61.7 79.1 1.9 9.1 12409
Mean 154 19.2 23.7 57.2 76.1 14 5.6 1311.2
COov 34% 9% 10% 8% 10% 27% 39% 10%
0.9 20.6 229 1.7 3.1 239 3.6 54.6
1.0 20.0 22.2 2.0 4.8 21.0 5.1 86.0
45° 8 mm
1.3 21.2 23.4 22 54 16.0 4.1 100.7
0.9 17.5 18.6 1.9 52 194 5.8 83.1
Mean 1.0 19.8 21.8 1.9 4.6 20.1 4.6 81.1
COov 18% 7% 9% 9% 20% 14% 19% 21%
1.12 249 29.0 56.5 68.8 22.2 61.5 1699.2
1.18 27.6 32.0 55.2 75.0 23.3 63.4 2053.7
45° +90° 8 mm
1.63 22.1 26.3 47 .4 58.5 13.5 35.9 1274.8

1.17 334 40.2 58.4 73.6 28.5 62.9 2438.7
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Table 3. Cont.

Monotonic - SW A (mm)  Fy(N)  Fpeu kN)  Ajey (mm) Ay (mm) K E?
OnotOMIC  pyiameter y y peak peak v (kN/mm) H (kN-mm)
Mean 1.28 27.0 319 54.4 69.0 21.9 55.9 1866.6
COV 16% 16% 16% 8% 9% 25% 21% 23%
20.8 22.7 27.2 57.3 759 1.1 37 1486.9
1411 2111 2571 3931 4111 151 291 71851
90° 10 mm
5.61 1621 20.81 20.71 23.31 291 421 33211
16.0 24.6 294 52.6 64.7 1.5 4.0 1394.8
Mean 18.4 23.6 28.3 425 70.3 1.3 3.8 1440.8
COov 13% 4% 4% 33% 8% 17% 5% 3%
1.4 254 28.0 2.3 6.1 17.5 42 137.2
1.5 28.3 31.1 27 7.0 18.7 4.6 176.9
45° 10 mm
1.5 23.0 25.8 25 6.5 15.2 43 132.3
1.5 22.3 243 2.6 7.3 14.7 4.8 146.1
Mean 1.5 24.8 27.3 25 6.7 16.5 4.5 148.1
COov 2% 9% 9% 6% 7% 10% 5% 12%
1.21 39.3 44.5 51.0 724 325 59.9 2821.5
1.15 37.4 43.4 63.1 74.6 325 64.9 2768.5
45° +90° 10 mm
1.30 40.3 43.2 448 727 31.1 55.9 2903.6
1.53 47.5 52.3 38.6 72.6 31.1 47.5 3412.2
Mean 1.30 41.1 45.8 494 73.1 31.8 57.1 2976.5
COov 11% 9% 8% 18% 1% 2% 11% 9%
Notes: ! The specimen failed due to splitting of wood, and its mechanical properties are not used in calculation
of mean and COV. 2 Energy dissipation under monotonic load is calculated to the failure point (Figure 4). The
energy dissipation under cyclic load is calculated to the end of the first primary cycle that causes drop of the peak
resistance below 80% of the maximum load. The two subsequent cycles with 75% amplitude are not included.
Table 4. Mechanical properties of STS connections under reversed-cyclic loading.
. Screw K E2
Cyclic Diameter Ay (mm) Fy (KN) Fpea (KN)  Bpeak (mm) - Ay (mm) (KN/mm) H (kN-mm)
6.1 13.0 16.6 26.8 29.8 2.1 49 550.6
42 11.8 14.4 26.2 28.3 2.8 6.7 495.8
90° 8 mm
54 13.3 16.7 26.5 279 2.5 52 530.3
44 13.0 15.5 20.2 29.7 3.0 6.8 520.6
Mean 5.0 12.8 15.8 249 28.9 2.6 59 524.3
COov 15% 4% 6% 11% 3% 13% 15% 4%
1.0 21.5 239 2.5 43 219 44 174.8
1.1 255 28.1 2.0 3.8 23.6 35 150.2
45° 8 mm
1.2 249 27.8 2.2 3.9 20.5 3.2 174.1
0.8 221 242 1.8 35 27.0 43 151.4
Mean 1.0 235 26.0 2.1 39 23.2 39 162.6
COov 14% 7% 8% 12% 7% 10% 13% 7%
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Table 4. Cont.

. Screw K E?2
Cyclic Diameter Ay (mm) Fy (KN) Fpeak (KN) Apeak (mm) Ay (mm) (KN/mm) 1 (KN-mm)
0.92 29.4 32.9 34.1 34.1 32.0 37.1 2214.5
0.81 24.2 27.2 27.9 31.3 30.0 38.8 2184.1
45° +90° 8 mm
0.91 29.3 36.6 27.5 29.5 32.2 32.5 24114
1.11 26.0 30.6 19.9 26.5 234 239 2409.2
Mean 0.94 27.2 31.8 27.4 30.4 29.4 33.1 2304.8
Ccov 12% 8% 11% 18% 9% 12% 17% 5%
7.0 17.3 20.9 26.4 30.0 2.5 43 621.5
8.3 18.6 23.0 25.8 30.3 2.2 3.7 663.4
90° 10 mm
5.4 16.8 20.9 23.5 25.8 3.1 4.7 608.3
1.81 911 10.41 8.01 9.01 521 521 163.0 1
Mean 6.9 17.6 21.6 25.2 28.7 2.6 4.2 631.1
Ccov 17% 4% 5% 36% 7% 13% 10% 4%
1.5 31.8 35.7 2.3 48 21.9 3.3 250.0
0.7 35.1 39.5 0.6 4.0 52.6 6.0 261.1
45° 10 mm
0.9 28.8 32.2 1.0 5.8 329 6.6 300.0
1.5 21.4 23.8 3.2 6.6 14.3 44 252.3
Mean 1.1 29.3 32.8 1.8 5.3 30.4 5.1 265.8
Ccov 32% 17% 18% 59% 18% 47% 26% 8%
1.10 34.5 38.3 33.6 41.7 31.2 37.7 3052.6
1.15 39.9 48.9 24.8 33.5 34.8 29.2 3252.6
45° +90° 10 mm
1.17 449 50.2 27.1 32.7 38.4 27.9 3326.7
1.06 36.6 41.3 27.5 34.1 34.4 32.0 2614.9
Mean 1.12 39.0 447 28.2 35.5 34.7 31.7 3061.7
Ccov 4% 10% 11% 11% 10% 7% 12% 9%

Notes: ! The specimen failed due to splitting of wood and its mechanical properties are not used in calculation
of mean and COV. 2 Energy dissipation under monotonic load is calculated to the failure point (Figure 4). The
energy dissipation under cyclic load is calculated to the end of the first primary cycle that causes drop of the peak
resistance below 80% of the maximum load. The two subsequent cycles with 75% amplitude are not included.

There was a high variance in the stiffness of 10 mm STSs inserted at 45° under cyclic load
(Table 4). This was due to the eccentric installation of STSs. There was a 2d offset (Figure 2b)
between the two 45° STSs, which led to twisting in the lumber. Figure 7 demonstrates the
failure modes of self-tapping screws under monotonic and cyclic loads. All specimens with STSs
inserted at 90° showed two yielding points under monotonic loading, but all of them broke at
these two points under cyclic loading. The breaking of 90° STSs under cyclic load was due to the
cumulated damage in plastic deformation, which causes reduction of the ultimate displacement
under cyclic load compared with that under monotonic load (Tables 3 and 4). In 45° STS
connections, one of the screws inserted at 45° broke due to a combination of compression and
shear, and the other yielded in shear and was withdrawn under monotonic loading. When
loaded under reversed-cyclic load, all STSs inserted at 45° were slightly bent at two points.
Therefore, the ultimate displacement of STSs inserted at 45° under cyclic load was similar to
that under monotonic load (Tables 3 and 4). The 45° STS broken because of the combination of
compression and shear under monotonic load may have been due to buckling. Similarly, the
45° STSs in mixed angle connections remained unbroken and slightly bent, while the 90° STSs
were broken under cyclic tests. Specimens with mixed angle STSs had the same failure modes
as individual 45° STS and 90° STS connections under monotonic loading.



Buildings 2022, 12,1018

11 0f 14

s M| 300 N SM - M
8C 8C w0 8C
/€15-0 Bl 10M 25001 mmm 10M  10M
8 wc |z 10C z 10C
g 122 £ 2000 £ 30
5 100 2
& 561500 &
% 75 X AS‘.S 20
= s 1000 ~
T 50
-~ 10
)5 500
0.0 0 m 0
90° 45° 90° + 45° 90° 45° 90° +45° 90° 45° 90° +45°
(a) (b) (c)
. 5V *| mm sM . sM
70
= 8C o 8C 50 8C
E 60 l 10M El 10M l 10M
= 10C B2 10C o 0 10C
£ £ E
) Z -
= 40 2% 230
¢ ; 2
S 5 £° 5
% = a 20
w
Ex 10
5
0 5 10
. L
90° 45° 90° +45° 90° 45° 90° +45° 90° 45° 90° +45°
(d) (e) ()

Figure 6. Comparison of average mechanical properties of STS connections: (a) yield displacement;
(b) energy dissipation; (c) peak force; (d) ultimate displacement; (e) stiffness; (f) ductility ratio.
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The relationship between energy dissipation and ductility is not usually straight-
forward. The total energy dissipation depends largely on the displacement history, i.e.,
the loading protocol. However, the ductility is sensitive to the yielding displacement or
initial stiffness. Therefore, another parameter commonly used for evaluation of the energy
dissipation capacity of a system, the equivalent viscous damping, is calculated for each
cycle of the hysteresis loops using Equation (1) [20].

Apatf-1
ghyst = geq.viscous = telfloop_ (1)

70.Finax-Dimax
where Ahalf—loop is half of the energy dissipated in each hysteresis loop. Fay and Dy are
the maximum force and displacement of the same loop, respectively.

Equivalent viscous damping characterizes the energy dissipation due to plastic be-
havior. As shown in Figure 8, before yielding, the equivalent viscous damping was more
than 10% for connections with 90° STSs, but for connections with 45° STSs and mixed
angle connections, damping was smaller. At higher displacement, the equivalent viscous
damping reached up to at least 20% for all configurations, which indicates good energy
dissipation capacities of these connections. This conclusion seems neither consistent with
what is derived based on ductility ratio nor energy dissipation. This is because the equiva-
lent hysteretic damping is proportional to the energy dissipation normalized with the peak
load and its corresponding displacement on each cycle (see Equation (1)), which is different
from the value of total energy dissipation and ductility ratio. Further research should be
carried out on the energy dissipation capacity of the three types of STS connections used in
a hybrid CLT-wood frame structure through time history analysis.
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Figure 8. Equivalent viscous damping ratio of STS connections under reversed-cyclic loading:
(a) 8 mm STS at 90°; (b) 10 mm STS at 90°; (¢) 8 mm STS at 45°; (d) 10 mm STS at 45°; (e) 8 mm STS at
mixed angles (45° and 90°); and (f) 10 mm STS at angles (45° and 90°).
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4. Conclusions

Forty-eight self-tapping screw (STS) connections used to connect a CLT core to light-
frame wood floor headers were tested under monotonic and reversed-cyclic load to investi-
gate the strength, stiffness, ductility, and energy dissipation capacity of the connections.
Three types of STS insertion angles were tested and compared: 45°, 90°, and mixed angles
(90° and 45°). The results showed that all configurations of the connections have acceptable
lateral load capacity and ductility. Furthermore, the connections with mixed angle STSs
possessed high stiffness, ductility, and energy dissipation capacity and can be an efficient
way to connect the light-frame wood structure to CLT cores under wind and seismic load.
The detailed findings are summarized below:

e  STSs were capable of transferring high lateral forces, which makes them feasible to be
used in hybrid light-frame wood structures connected to CLT cores where a limited
length of CLT core is available for installing the connections.

o  Connections with 10 mm STSs had slightly higher strength than that with 8 mm STSs.
However, 10 mm STSs were more prone to splitting wood; therefore, distance should be
maintained between screws when they are connected to dimension lumber. Predrilling
may also help prevent lumber splitting if enough distance cannot be guaranteed.

e  45° STS connections had greater stiffness but significantly lower ultimate displacement
than 90° STS connections. It is recommended that these connections be detailed in
accordance with capacity design principles and be regarded as non-dissipative (force-
controlled) connections.

e  Although the 90° STS connections had similar ductility to 45° STS connections, which
is due to the definition of ductility ratio, their energy dissipation capacity was much
larger than that of 45° STS connections.

e  When combining 45° and 90° STSs in a connection, the system benefitted from the advan-
tages of individual connection and made the STS joint a much more ductile connection.

o  All test specimens provided acceptable energy dissipation capacity, as indicated by
equivalent viscous damping values, which is not consistent with the conductions
derived based on ductility ratio and energy dissipation values. Further research is
needed to address this issue.
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