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� Load sharing mechanism between the outer frame and infill midply subsystems.
� Hold-down connectors are unnecessary for the infill midply shear walls.
� The post-peak lateral resistance is no less than 70% of load-carrying capacity.
� Midply shear wall is more efficient as an infill than standard wood shear wall.
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a b s t r a c t

This paper presents the results of an experimental study on the lateral loading behavior of glulam frame-
midply hybrid lateral systems. Such systems are composed of glulam post-and-beam frames and infill
midply shear walls. Reversed cyclic tests of six full-scale glulam frame-midply hybrid systems and two
bare post-and-beam frames were conducted. The initial lateral stiffness, lateral load-carrying capacity,
ductility and hysteresis characteristics of the hybrid systems were investigated. The load sharing mech-
anism between the outer frame and the infill midply subsystems was evaluated. Test results show that
the installation of the infill midply shear walls can bring great improvements in the lateral resistance
and the energy dissipation to the bare post-and-beam frames. The outer post-and-beam frames are basi-
cally in elastic range and can effectively restrain the infill midply shear walls from suffering further sev-
ere damages. For this reason, the post-peak lateral resistances of the hybrid systems can keep no less than
70% of their own load-carrying capacities within 4.41% drift ratio, and there is no need to install hold-
down connectors in the infill midply shear walls. The load-carrying capacity of frame-midply hybrid lat-
eral system is at least 1.5 times that of comparable frame infilled with standard wood-frame shear wall.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Timber building is well known as the favorable characteristics
of environment-friendliness, easy assembly and excellent seismic
performance. With the increase of population and the limitation
of land resources, conventional low-rise wood-frame constructions
become increasingly unsuited in the urban areas, and correspond-
ingly, mid- and high-rise timber buildings have been attracting
more and more attention from researchers and engineers. Timber
Frame 2000 program initiated by the Building Research Establish-
ment (BRE) of the U.K. was conducted to demonstrate the feasibil-
ity and reliability of multistory timber buildings through a series of
tests on a full-scale six-story residential building [1,2]. In 1999, a
five-year national project was promoted in Japan to develop
high-performance timber-based composite members and hybrid
structures [3–5]. The SOFIE research project was conducted in Italy
to analyze a 7-story building built with cross laminated timber
(CLT) panels, considering every single aspect of the building behav-
ior, such as static, fire, acoustic, thermal and, particularly, seismic
performance [6–8]. The design methods for mid-rise CLT timber
buildings were also discussed, as reported by Fragiacomo et al.
[9]. Two notable projects occurred in succession, the CUREE project
and the NEESWood project, provided greater understanding,
improved analytical modeling, and advances in force- and
performance-based seismic design (PBSD) of wood-frame build-
ings, respectively [10–13].

It is commonly accepted that higher timber buildings often cre-
ate more demands on the lateral load resisting systems and conse-
quently necessitate improvements in design and construction
methods to increase the lateral resistance and ductility of the sys-
tems. From a structural point of view, hybridization is an effective
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method to explore improvements in high-rise timber buildings,
since it can take full advantage of the respective benefits of differ-
ent materials or structural systems. A considerable effort has been
reported in the literature for improving the lateral resistance, duc-
tility, and energy dissipation of wooden frames by means of
hybridization. Yamada et al. [14] and Miyazawa [15] introduced
the effects of three different seismic resistance elements (i.e., plas-
ter walls, wooden braces, and plywood walls) on improving the lat-
eral performance of Japanese conventional wooden frames. The
wooden post-and-beam frames hybridized with wood shear walls
showed a significant increase in both lateral stiffness and load-
carrying capacity under dynamic load conditions. Shim et al. [16]
and Park et al. [17] investigated the lateral performance of the glu-
lam frame-shearwall hybrid system which is composed of timber
post-and-beam frame and infill wood-frame shear wall. He et al.
[18] evaluated the lateral performance of timber-steel hybrid shear
wall system under cyclic loading condition. The test results
revealed that stronger infill led to higher lateral resistance and
energy dissipation of timber-steel hybrid shear wall system.

Midply shear wall developed by FPInnovations [19] has been
shown to provide two to three times as much lateral resistance
as comparable standard wood shear wall, as reported in Varoglu
et al. [20–22]. Apparently, this novel shear wall can be considered
as an improved infill in the post-and-beam frame, forming frame-
midply hybrid lateral system to resist lateral loads. Although the
lateral performance of glulam frame infilled with standard wood-
frame shear wall has been investigated by some researchers, it is
necessary to investigate the behavior of frame-midply hybrid sys-
tem under earthquake loads, particularly the load sharing mecha-
nism between the outer post-and-beam frame and the infill midply
shear wall. This paper presents the cyclic test results of six full-
scale frame-midply hybrid systems and two bare post-and-beam
frames, aiming to provide technical support for the application of
this hybrid system in mid- and high-rise timber buildings.

2. Experimental program

2.1. Material

The materials adopted in this experimental study are as follows:

1. Canadian Douglas fir glued-laminated (glulam) timber was used to fabricate the
columns and beams for the post-and-beam frames. The elastic modulus of the
glulam members was about 12000 MPa, and the moisture content was 15% on
average.

2. Bolts and anchor bolts in 8.8-grade (equivalent to ASTM A325 bolts), conform-
ing to Chinese Standard GB/T 1231-2006 [23], were used as fasteners in the
specimens. The maximum tensile stress of all the bolts was no less than
800 MPa, and the yield stress was no less than 640 MPa.

3. Mild carbon Q235B steel plates of 10 mm in thickness, conforming to Chinese
Standard GB 50017-2017 [24], was welded to fabricate the T-shape steel con-
nectors for the wood-steel-wood bolted connections in the glulam frames.
The yield stress of the steel plates was 235 MPa.

4. Performance rated 19/32 (Engineered Wood Association panel grade) oriented
strand boards (OSB), 1220 � 2440 mm in panel size, 12.5 mm and 15.5 mm in
thickness, were used as mid-sheathing panel for the infill midply shear walls.
Table 1
Test matrix.

Specimen number Length � height
(m �m)

Size of infill midply
(m �m)

FMW1 3.25 � 2.72 3.05 � 2.46
FMW2 3.86 � 2.72 3.66 � 2.46
FMW3 3.86 � 2.72 3.66 � 2.46
FMW4 3.86 � 2.72 3.66 � 2.46
FMW5 3.86 � 2.72 3.66 � 2.46
FMW6 3.86 � 2.72 3.66 � 2.46
F1 3.25 � 2.72 —
F2 3.86 � 2.72 —
5. Canadian No. 2 spruce-pine-fir (SPF) 38 � 89 mm lumbers, with an average
moisture content of 12%, were used as framing members (i.e., studs, top plates,
and bottom plates) of the infill midply shear walls.

6. Galvanized spiral nails of 3.6 mm in diameter and 82 mm in length were
adopted as framing-sheathing-framing fasteners in the infills. The nails were
driven with a nail gun. The bending behavior of the nails was tested according
to ASTM F1575 [25], as reported in Zheng et al. [26]. The nominal fastener yield
strength was 706.7 MPa.

2.2. Specimen design

Six frame-midply hybrid systems (‘‘FMW” series) were designed and tested
under cyclic loading conditions to check the effect of the following variables: (1)
size of infill midply shear wall; (2) nail spacing and mid-sheathing panel thickness
in infill midply shear wall; (3) application of vertical load. Two bare post-and-beam
frames (‘‘F” series) with different aspect ratio were tested similarly for comparison.
Table 1 shows the detail information of the specimens.

Fig. 1 shows a typical glulam frame-midply hybrid lateral system in detail. The
outer glulam frame and the infill midply shear wall served as subsystems in the
hybrid system. In the infill midply shear wall, one ply of OSB sheathing panels
was placed at the center of the wall between a series of pairs of studs and plates
oriented in 90� rotated position relative to those in standard shear walls, as detailed
in Varoglu et al. [21]. No. 2 SPF 38 � 89 mm lumbers were used as studs and plates.
The studs were spaced 406 mm on center. The OSB panels were sandwiched
between pairs of studs and plates with 82-mm-long � 3.6-mm-diameter spiral
nails at 100 or 150 mm spacing along the panel edges and at 200 or 300 mm spacing
along the intermediate studs. A 12-mm gap was reserved between the bottom edge
of the mid-sheathing panel and the lower edge of the bottom plates, and the same
relationship held for the top edge of the mid-panel and the upper edge of the top
plates. Therefore, the rotation of the mid-sheathing panels would not be restricted
during the test.

The outer glulam frame was assembled with two square columns and a rectan-
gular beam. The sectional dimensions of the column and the beam were
200 mm � 200 mm and 150 mm � 260 mm, respectively. Wood-steel-wood bolted
connections were adopted in the outer glulam frame, as shown in Fig. 1(c) and (d). A
height of 2.72 mm and two lengths of 3.25 mm and 3.86 mm were designed for the
outer frames, according to the sizes of their infill midply shear walls. The bare post-
and-beam frames (specimens F1 and F2) for comparison were constructed
identically.

In order to make the two subsystems working as a whole, four pairs of M12
bolts, with two in a row and row spacing of 600 mm, were used to connect each pair
of end studs of the infill midply shear wall to the frame column, and similarly, sev-
eral pairs of bolts with row spacing of 406 mm connected the top plates to the
frame beam. There were no hold-down connectors installed in the infill midply
shear walls.
2.3. Test setup

Fig. 2 shows the test setup for the cyclic tests of the specimens. A hydraulic
actuator capable of 250 kN was situated in line with the frame beam through a
specially-made steel connector to exert racking forces on the specimen during a
test. The stroke of the actuator is 500 mm. The testing started at the midpoint of
the stroke so that the specimens could be pushed and pulled 250 mm either way
in a reverse-cyclic test. The frame column base was rigidly mounted (by four
M18 bolts) on a steel ground beam which was securely fixed on the structural floor.
The bottom plates of the infill midply shear walls were fixed on the steel anchor
beam with a series of pairs of M12 bolts at 406 mm row spacing. A constant vertical
load of 200 kN was designed for specimens FMW3 and FMW6, with 100 kN applied
on each column via stretching steel strands with two hydraulic central-hole jacks.
The vertical load represented the weight of about three storeys above the hybrid
system. Additionally, out-of-plane stability of the specimens was ensured via sev-
eral steel rollers installed on the lateral supports.
Mid-sheathing thickness
(mm)

Nail spacing (mm) Vertical load
(kN)edge/interior

12.5 100/200 —
12.5 100/200 —
12.5 100/200 200
15.5 100/200 —
15.5 150/300 —
15.5 100/200 200
— — —
— — —



Fig. 1. Configurations of a typical glulam frame-midply hybrid lateral system: (a) overview; (b) top view section; (c) beam-to-column connection; (d) column base
connection (all dimensions are in mm).
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2.4. Test procedures

The reversed cyclic loading protocol in this research was determined accord-
ing to Chinese Standard JGJ 101-96 [27] (Specification of test methods for earth-
quake resistant building) and the ISO Standard ISO-16670 [28] (Timber
structures—joint made with mechanical fastener—quasi-static reversed-cyclic test
method). The protocol employed a displacement control scheme consisting of two
displacement patterns, as follows: (1) single reversed cycle at displacement of 2.5,
5.0, 7.5, and 10% of 4m (the ultimate displacement); (2) phases containing three
reversed cycles of equal amplitude, at displacement of 20, 40, 60, 80, 100, and
120% of 4m. For the bare post-and-beam frames, in consideration of their high
deformability, additional three reversed cycles of equal amplitude at displacement
of 160, and 120% of 4m were added following the second displacement pattern.
The ultimate displacement 4m was set as 100 mm according to the test results
of midply shear walls reported in Varoglu et al. [21]. The detailed loading proto-
cols were shown in Fig. 3.



Fig. 2. Test setup.

Fig. 3. Test protocols for (a) frame-midply hybrid systems; (b) bare post-and-beam frames.
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2.5. Data acquisition

The lateral deformation of each specimen was recorded by a LVDT (linear vari-
able displacement transducer) situated in line with the central axis of the frame
beams. For each frame-midply hybrid system, 16 strain gauges were used to record
the strain of the outer frame columns, as shown in Fig. 4. As the lateral force applied
on frame-midply hybrid system was simultaneously resisted by the outer post-and-
beam frame and the infill midply shear wall, the following calculation procedure
proposed by He et al. [18] was employed to evaluate the load sharing behavior
between the two subsystems.

For each frame-midply hybrid system, the applied shear force P was separated
into two parts: the shear force carried by the outer post-and-beam frame (Pf) and
that carried by the infill midply shear wall (Pw). Pf could be calculated as the sum-
mation of the shear force in the left column (Pl) and that in the right column (Pr).
Strain gauges S1 to S8 located at the 1.2-m length of the left column were used
to calculate Pl, and similarly, strain gauges S9 to S16 located at the 1.2-m length
of the right column were used to calculate Pr. The 1.2-m portion of column was
close to the inflection point and was always in elastic range during the test. Since
the shear force equals to the changing rate of bending moment, Pl and Pr can be
obtained according to Eq. (1):

Plorr ¼ Mt þMb

L
¼ etmax þ ebmax � etmin � ebmaxð ÞEW

2L
ð1Þ
in which, Mt (Mb) represent the bending moment at the top (bottom) section of the
1.2-m-length frame column; L is equal to 1.2 m; et max (et min) is the maximum (min-
imum) strain at the top section of the 1.2-m-length column, and equals to the aver-
age reading of the two strain gauges on one (another) side of the top section; eb max

(eb min) is the maximum (minimum) strain at the bottom section of the 1.2-m-length
column, and equals to the average reading of the two strain gauges on one (another)
side of the bottom section; E and W represent the elastic modulus of glulam timber
and the section modulus of the frame column, respectively. Finally, the shear force in
the infill midply shear wall (Pw) can be calculated by using Eq. (2):

Pw ¼ P � Pl þ Prð Þ ð2Þ
3. Results and discussion

3.1. Failure modes

For the bare post-and-beam frames, there was no significant
damage observed during the whole period of the test, except for
slightly cleavage crack developed along the grain at the bottom
of the frame column when the lateral displacement reached



Fig. 4. Arrangements of LVDT and strain gauges.

Fig. 5. Failure modes: (a) cleavage crack at the bottom of the frame column; (b) nail tear out failure; (c) nail fatigue fracture; (d) nail withdrawal; (e) detachment of the
intermediate studs at the panel joints; (f) buckling of the mid-sheathing panel.
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Fig. 6. Hysteretic loops of specimen: (a) FMW1; (b) FMW2; (c) FMW3; (d) FMW4; (e) FMW5; (f) FMW6; (g) F1; (h) F2.
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Fig. 7. First envelope curves of: (a) the bare post-and-beam frames; (b) the frame-midply hybrid systems.

Table 2
Summary of test results.

Specimen number Ppeak
(kN)

Vpeak

(kN/m)
Dpeak

(mm)
Ke

[(kN/mm)/m]
Pyield
(kN)

Dyield

(mm)
Du

(mm)
D

FMW1 100.57 30.94 80 0.56 88.62 48.21 117.33 2.43
FMW2 100.15 25.95 59.7 0.71 84.63 30.82 75.98 2.47
FMW3 108.9 28.21 60.1 1.0 95.8 25.12 77.62 3.09
FMW4 125.27 32.45 60.1 0.82 107.26 33.73 72.86 2.16
FMW5 78.36 20.3 59.48 0.79 66.61 21.84 119.71 5.48
FMW6 148.33 38.43 60.07 0.91 124.77 35.99 72.33 2.01

Fig. 8. Cumulative energy dissipation.

Fig. 9. Stiffness degradation.
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120 mm, as shown in Fig. 5(a). The crack did not spread through
the bolt hole, and therefore it had little effect on the behavior of
the wood-steel-wood bolted connection. Moreover, there was no
bending deformation observed on the bolts after splitting the joint
connections.

For the frame-midply hybrid systems, the failure modes were
quite similar and mainly occurred in the infill midply shear walls.
Initially, nail tear out failures were observed on the edge of the
mid-sheathing panel, as shown in Fig. 5(b). The specimens reached
their ultimate bearing capacity state at the lateral displacement of
about 60 mm (2.21% drift ratio), along with lots of nail fatigue frac-
ture failures and few of nail withdrawal failures appeared, as
shown in Fig. 5(c) and (d), respectively. The nail fatigue fracture
was mainly due to the reversed cyclic slippage between the mid-
sheathing panel and the SPF studs, which causes the reduplicative
bending of nail. At the end of the tests, it was precisely because of
these mentioned nail connection failures, the pair of studs at the
panel joint detached from the mid-sheathing panel, and then fur-
therly leading to the buckling of mid-sheathing panel, as shown
in Fig. 5(e) and (f). The bolt connections between the outer frame
and the infill subsystems kept in good condition during the whole
period of the test, and little relative slip between the subsystems
was observed. Moreover, there was hardly any uplift of the end
studs observed in the infill midply shear walls. Hence, it can be
concluded that the installation of hold-down connectors is unnec-
essary for the infill midply shear walls.
3.2. Lateral load capacity

Fig. 6 shows the hysteretic loops of the test specimens. It can be
observed that the hysteretic loops of the frame-midply hybrid sys-
tems (specimens FMW1 � FMW6) are much plumper than those of
the bare post-and-beam frames (specimens F1 and F2). Fig. 7
shows the comparison of the first envelope curves of the test spec-
imens. The first envelope curves of the two bare post-and-beam



Fig. 10. Lateral load sharing in the subsystems of specimen FMW1: (a) shear force in the outer post-and-beam frame; (b) shear force in the infill midply shear wall.

Fig. 11. Lateral load sharing in the subsystems of specimen FMW2: (a) shear force in the outer post-and-beam frame; (b) shear force in the infill midply shear wall.
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frames are almost overlapping and exhibit linear elastic features.
These phenomena were primarily determined by the moment-
rotation behavior of the beam-to-column connections and the col-
umn base connections in the frames. By contrast, obvious nonlin-
earities are observed on the first envelope curves of the frame-
midply hybrid systems, mainly resulting from the nail connection
failures in the infill midply shear walls. By comparing the envelope
curves in Fig. 7(a) and (b), it can be found that both the lateral load
capacity and the initial stiffness of specimen FMW1 and FMW2 are
much higher than those of the bare post-and-beam specimen F1
and F2, respectively, although they have identical overall sizes.
Hence, the installation of infill midply shear wall can significantly
increase the lateral resistance of bare post-and-beam frame.

The lateral load capacity parameters for the frame-midply
hybrid system can be calculated from their first envelope curves
according to ASTM E2126 [29]. The definitions and calculations
of the parameters are listed as follows:

1. Ppeak (kN): maximum shear load of the frame-midply hybrid
system;

2. Vpeak (kN/m): average shear strength of the frame-midply
hybrid system, which means the lateral load capacity of the unit
length of the hybrid system. Vpeak = Ppeak/L, where L is the length
of the hybrid system;

3. Dpeak (mm): displacement corresponding to maximum shear
load;

4. Ke [(kN/mm]/m]: average initial stiffness of the unit length of
the frame-midply hybrid system. Ke = 0.4Ppeak/(D0.4Ppeak L),
where D0.4Ppeak is the displacement at 40% of maximum shear
load;
5. Pyield (kN): yield load of the specimen, which was determined
by using the EEEP (equivalent energy elastic-plastic) curve,
according to ASTM E 2126 [29];

6. Dyield (mm): displacement corresponding to yield load, Dyield = -
Pyield/Ke;

7. Du (mm): ultimate displacement of the frame-midply hybrid
system, which is the displacement at the load degraded to the
value equal to 80%Ppeak;

8. D: cyclic ductility factor, D = Du/Dyield.

Push-pull average values of the above-mentioned parameters
for the hybrid systems, as given in Table 2, were used to evaluate
their lateral loading behavior.

As shown in Table 2, the shear strength and the initial stiffness
of specimen FMW4 were equal to 32.45 kN/m and 0.82 (kN/mm)/
m, respectively, which were 59.85% and 3.8% greater than those
of specimen FMW5, respectively, and 25.05% and 15.49% greater
than those of specimen FMW2, respectively. It should be noted that
the shear strength of specimen FMW2was at least 1.5 times that of
the comparable frame infilled with standard wood-frame shear
wall as reported by Park et al. [17] and Xiong and Liu [30]. In the
research of Park et al., the shear strength of the glulam frame
infilled with standard wood-frame shear wall (Specimen NSW)
was 18.6 kN/m. The sectional dimensions of the glulam column
and beam were 150 mm � 150 mm and 150 mm � 240 mm,
respectively. The infill standard wood shear wall
(3.48 m � 2.45 m in size) was sheathed on both sides with 11.1-
mm-thick OSB panels at 150/200 mm nail spacing. Xiong and Liu
[30] obtained an identical result of shear strength (Specimen
CFW1) which was equal to 18.7 kN/m. The infill standard wood



Fig. 12. Proportion of shear force resisted by the subsystems in specimen: (a) FMW1; (b) FMW2; (c) FMW3; (d) FMW4; (e) FMW5; (g) FMW6.

W. Zheng et al. / Construction and Building Materials 220 (2019) 53–63 61
shear wall of specimen CFW1 was 3.83 m � 2.46 m in plan size,
and the sectional dimension of the glulam frame is
150 mm � 150 mm for the column and 150 mm � 240 mm for
the beam. It also should be noted that if the infill standard
wood-frame shear walls were sheathed on single side, the shear
strength of the hybrid systems would be even lower.

The shear strength of specimens FMW3 and FMW6 (subjected
to 200 kN vertical load) were equal to 28.21 kN/m and 38.43 kN/
m, respectively, which were 8.74% and 18.41% greater than those
of specimens FMW2 and FMW4 (without vertical load), respec-
tively. Besides, the initial stiffness of specimens FMW3 and
FMW6 were 41.03% and 11.18% greater than those of specimens
FMW2 and FMW4, respectively. Hence, it can be concluded that
the application of vertical load also can effectively improve the lat-
eral resistance of frame-midply hybrid system.

The displacement ductility factor (D) is introduced to evaluate
the ductility performance of the frame-midply hybrid systems.
As presented in Table 2, the values of D range from 2.01 to 5.48.
Among them, the displacement ductility factor of specimen
FMW5 with 150/300 mm nail spacing was the highest, and those



62 W. Zheng et al. / Construction and Building Materials 220 (2019) 53–63
of the other specimens with 100/200 mm nail spacing were quite
close and much lower than the former. However, the hybrid sys-
tem with a nail spacing smaller than 150/300 mm is preferable
when used in mid- and high- rise timber buildings, due to the high
demands on their lateral stiffness and strength.

It also should be noted that the post-peak lateral resistance of
each frame-midply hybrid system maintained no less than 70% of
its own load-carrying capacity (Ppeak), according with the plateau
region in the descending phase of the first envelope curve, as
shown in Fig. 7(b).
3.3. Hysteretic characteristics

Since the energy-dissipating capacity is beneficial for a building
to prevent from collapsing, energy dissipation is generally
regarded as an important parameter for evaluating the lateral per-
formance of a structure or system. Under cyclic loading conditions,
energy dissipation of frame-midply shear wall hybrid systems
mainly derived from the internal frictions of components, the fail-
ures of the nail connections, and some unrecoverable deforma-
tions. The energy dissipation of the specimens can be measured
by calculating the area of the hysteretic loops (as presented in
Fig. 6).

Fig. 8 shows the cumulative energy dissipation for the two bare
post-and-beam frames and six frame-midply hybrid systems. It can
be found that the cumulative energy dissipation in the bare post-
and-beam frames was far less than that in the frame-midply hybrid
systems, indicating that the energy-dissipating capacity of the
hybrid systems was mainly provided by their infill midply subsys-
tems. The hysteretic energy dissipation for each frame-midply
hybrid system was extremely small during the first seven loading
cycles corresponding to the drift ratio of 0.74%. In this stage, the
hybrid systems worked approximately elastically without any
damages. After that, the energy dissipation increased rapidly, due
to the continuous failures of the nail connections in the infill mid-
ply subsystems. Among all the six frame-midply hybrid systems,
specimen FMW6 (subjected to 200 kN vertical load) dissipated
the most energy, and specimen FMW5 (with 150/300 mm nail
spacing) exhibited the lowest energy dissipation. Thus, it can be
concluded that nail spacing and upper vertical load were the two
most sensitive factors affecting the energy-dissipating capacity of
frame-midply hybrid systems.

Stiffness degradation is another important parameter in the
evaluation of the lateral performance of a structure or system,
which can be determined using the secant shear stiffness of each
loading cycle calculated as Eq. (3) [27]:

Ki ¼
Fþ
i

�
�

�
�þ F�

i

�
�

�
�

Dþ
i

�
�

�
�þ D�

i

�
�

�
�

ð3Þ

in which, Ki is the secant shear stiffness of the ith cycle, kN/mm; Fi is
the maximum load in the ith cycle, kN; and Di is the displacement
corresponding to the maximum load Fi, mm.

Fig. 9 shows the stiffness degradation results of all the speci-
mens. It can be found that the secant shear stiffness of the two bare
post-and-beam frames were exactly similar and roughly kept in a
constant value of 0.15 kN/mm, according with their elastic load-
displacement behaviors. By contrast, all the six frame-midply
hybrid system exhibited obvious stiffness degradation characteris-
tics, which occurred mainly within the first fourteen cycles (within
2.94% drift ratio). After that, the speed of stiffness degradation slo-
wed. The secant shear stiffness of the hybrid systems subjected to
200 kN vertical load (specimens FMW3 and FMW6) were higher
than those of the identical specimens without the vertical load
throughout the test.
3.4. Load sharing mechanism between frame and midply

For each frame-midply hybrid lateral system, the shear forces
resisted by the two subsystems were calculated according to Eqs.
(1) and (2). For instance, the calculation results of specimens
FMW1 and FMW2 are shown in Figs. 10 and 11, respectively. It
can be found that the outer post-and-beam frame and the infill
midply shear wall roughly maintained their own lateral loading
behaviors in the hybrid systems. Especially, the shear force-
displacement curves of the outer frames in specimens FMW1 and
FMW2 agreed well with the hysteretic responses of the bare
frames F1 and F2, respectively, as shown in Figs. 10(a) and 11(a).
Based on the calculation results, the proportion of the shear force
resisted by each subsystem was obtained and shown in Fig. 12.
These percentage values were calculated with the method of divid-
ing the shear forces in each subsystem by the shear force applied to
the structure.

All the six frame-midply hybrid systems exhibited similar load
sharing mechanism. Before the hybrid systems achieved their peak
strength (within 2.21% drift ratio), the infill midply subsystems
carried almost 90% of the applied load, due to the huge gap
between the initial lateral stiffness of the two subsystems. As test-
ing proceeded (above 2.21% drift ratio), more and more nail con-
nection failures occurred in the infill midply subsystems,
resulting in the decline of the infills’ lateral load resistance. How-
ever, until the end of the tests, the percentage values of the shear
force in the infill midply subsystems still kept more than 80 per-
cent, even though the studs at the panel joint detached (see
Fig. 5(e)) from the infill midply shear walls at 2.94% drift ratio. This
was mainly due to the fact that the infill midply subsystems were
effectively restrained by the outer frame subsystems from suffer-
ing further severe damages, such as the buckling failure or the ten-
sion failure at the end stud, as reported by Varoglu et al. [21].
During the whole period of the tests, the proportions of the shear
force resisted by the outer frame subsystems kept increasing
slowly. However, the values did not exceeded 20 percentages
within 4.41% drift ratio, indicating that the lateral load resistance
of the outer frame subsystems could not be fully employed in
frame–midply hybrid systems.
4. Conclusions

This paper presents the cyclic test results of six frame-midply
hybrid lateral systems and two bare post-and-beam frames. The lat-
eral load capacities and the hysteretic characteristics of the frame-
midply hybrid lateral systems were investigated. The load sharing
mechanism between the outer frame and the infill midply subsys-
tems was discussed. The test results show that the installation of
the infill midply shearwalls bring great improvements in the lateral
resistance and the energy dissipation of bare post-and-beam
frames. The lateral load-carrying capacity of the frame-midply
hybrid lateral system tested is at least 1.5 times that reported for
comparable frame infilled with standard wood-frame shear wall.

The detachment of the stud at the panel joint in infill midply
shear walls, resulting from the failures of nail connections, is the
final failure mode of frame-midply hybrid lateral systems under
cyclic lateral loading. The lateral load resistances and the hys-
teretic characteristics of the hybrid systems are dependent mainly
on their infill midply subsystem, and are correspondingly affected
by the infill midply’s variables in terms of nail spacing, mid-
sheathing thickness and wall size. The application of vertical load
can increase the initial lateral stiffness, the strength and the energy
dissipation of the hybrid systems. Rapid stiffness degradation of
the hybrid systems develops mainly within 2.94% drift ratio, due
to the damage accumulated in the infill midply shear walls.
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In terms of the load sharing effect between the outer frame and
the infill midply subsystems, the infill midply shear walls are very
effective, absorbing more than 80% of the lateral load. The outer
frames are basically in elastic range, but can effectively restrain
the infill midply shear walls from suffering further severe damages
in the case of large deformation. For this reason, there is no need to
install hold-down connectors in the infill midply shear walls.
Moreover, the post-peak lateral resistances of the hybrid systems
can keep no less than 70% of their own load-carrying capacities
within 4.41% drift ratio, contributing to prevent them from
collapsing.

This study aims to provide an excellent lateral force resisting
system for mid- and high-rise timber buildings, and the presented
results may provide technical support for the development of
guidelines for using such hybrid system in practical engineering.
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