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ABSTRACT

Wood is a green material in line with the sustainable development strategy. From the excellent performance of
engineering wood products, modern wood structures represented by light wood structures have gained more
development opportunities. As an indispensable part of light wood structure systems, the wood-frame shear wall
plays a vital role in the bearing capacity and earthquake resistance of light wood structure systems. This paper is
focused on a review of the lateral performance of wood-frame shear walls and classifies the influencing factors in
relevant experimental research into three categories, including internal factors such as shear wall structure, exter-
nal factors such as test scheme, and other factors of material production and test process. Finally, the research
prospects in this field were introduced based on the summary of the research status. This work can be a reference
for further research on the lateral performance of wood-frame shear walls.
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1 Introduction

Since the concept of sustainable development is increasingly being advocated, and environmental
protection awareness is highly enhanced [1-4], green building materials represented by wood have attracted
extensive attention. Wood is a naturally growing, renewable and organic material whose mechanical
properties, such as strength and elastic modulus, can meet the needs of structural use, so wood has been
widely used in various structural systems. Nowadays, the world vigorously promotes prefabricated
buildings and advocates the concepts of energy conservation, emission reduction and environmental
protection [5], making modern wood structure buildings a major innovation in the building materials
industry. Engineering wood products not only overcomes the natural wood shortage but also greatly
improves the strength and utilization of wood. It is a modern wood structure that has realized factory
processing and assembly construction and developed towards large span, high-rise and super high-rise [6].
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At present, modern wood structures, as one of the important forms of sustainable resource utilization and
low-carbon building structures, are encouraged in many countries around the world [7,8], and the common
structural forms are mainly light wood structures, glued wood structures and wood hybrid structures. Among
them, the structural system of the light wood structure is mainly composed of wood-frame walls, wood
floors, and wood roof systems. The system is nailed by specification materials and wood-based structural
plates to bear and transfer various loads acting on the structure. In general, light wood structure buildings
have the advantages of excellent seismic performance, good thermal insulation performance, high degree
of prefabrication, fast and convenient construction, high material utilization rate and beautiful design [9].

As one of the three important components of the light wood structure system, the wood-frame shear wall
is the most important lateral resistance member, which plays a vital role in resisting the horizontal effects of
wind load and earthquake load for light wood structures [10,11]. The study of structural properties of wood-
frame shear walls is the basis for the overall analysis of houses, and many scholars have researched the
performance of wood-frame shear walls. Therefore, this paper presents a review of domestic and
international experiments and research results on the lateral performance of wood-frame shear walls in the
hope that it can provide a reference for future research and engineering applications.

2 Wood-Frame Shear Wall

2.1 Basic Structure

As shown in Fig. 1, the wood-frame shear wall is composed of a wall column, wall panel, top beam
plate, bottom beam plate and other units, and the connection between components is nailed. As a high-
order statically indeterminate structural system, the bearing capacity of a wood-frame shear wall is
obtained through the joint action of main structural members (wood frame) and secondary structural
members (wall panel, floor panel, roof panel). The lateral force of the shear wall is mainly borne by the
panel and then transmitted to the wood frame through the panel-wood frame nail joint. The wood-frame
shear wall in the panel plane has high lateral stiffness, so it can withstand horizontal shear and reduce
lateral deflection.

top beam plate

‘\\</ wall panel

wall column

=

bottom beam plate

Figure 1: Wood-frame shear wall [12]

2.2 Lateral Performance

The lateral performance of the wall is an important factor in determining whether the building can be
safe under the effect of earthquake hazards and is also a basic guarantee to strengthen and maintain the
safety of the building. In modern wood buildings, the wall accounts for a large proportion, which is the
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key to building performance, structural safety, and architectural design and construction. Scholars around the
world have found that the type and specification of wood-based structural panels, joint connection mode,
wall column layout, and wall structure form in wood building walls are all important factors affecting
seismic performance [13—16].

The study of the lateral performance of wood-frame shear walls is a top priority in the study of light
wood structures. Therefore, many scholars have studied the lateral force resistance of wood-frame shear
walls under different factors by conducting different tests and comparative analyses [17-20]. After
reading the relevant literature, this paper classified them into the following three main categories of
causes: intrinsic factors of shear wall structure, extrinsic factors of test scheme, and some other factors
such as differences in the shear wall fabrication process and test procedure.

3 Intrinsic Factors of Shear Wall Structure

3.1 Effect of Panel Material on Wall Performance

It was the material, thickness, and size of the panel that had a significant impact on the mechanical
properties of the shear wall, which would directly affect the nail joints and the damage degree of the wall
[21,22]. Several scholars from China carried out comparative tests to verify the mechanical properties of
the domestic board. He et al. [23] conducted tests on wood-frame shear walls of 2.44 m x 2.44 m covered
with imported oriented strand board (OSB) panels, domestic OSB panels, domestic plywood panels,
magnesium board, and gypsum board. As shown in Table 1, the shear walls with domestic plywood and
OSB panels were better than that with imported OSB boards in terms of bearing capacity, ductility, and
energy consumption. Magnesium board was not only of excellent fire and waterproof performance but
also higher strength and toughness than gypsum board. In general, the OSB panel was still the most
common and reliable choice for the construction of shear walls, while plywood could also meet the
requirements of part buildings.

Table 1: Test results of wood-frame shear walls with different panels [23]

Number Panel material Ultimate load Failure displacement Energy consumption
(kN) (mm) ()
1 Imported OSB panels  23.60 63.11 1160.58
Domestic OSB panels  31.08 103.35 2576.50
3 Domestic plywood 32.57 107.56 2694.75
panel
Magnesium board 15.04 46.68 569.82
5 Gypsum board 7.42 46.23 292.66

As shown in Table 2, Du et al. [24] tested three groups of the wood-frame wall, which used different
panel materials with the same wall column material. When using the same wall column material, the
shear strength of the wall with imported OSB board and domestic plywood board was relatively close,
showing good shear performance, while the shear performance of the wall with douglas fir board was
poor. Compared with the wall with OSB panel, the ultimate displacement of the wall with plywood was
increased, while that of the wall with douglas fir board was greatly reduced, and the main reason for this
was that the plywood had high strength, high toughness, and was easy to deform, on the contrary, the
texture of the douglas fir board was relatively hard and brittle, which was prone to rupture. Overall,
plywood could replace OSB for the fabrication of shear walls compared to traditional shear walls using
OSB as panel material, while douglas fir was not suitable for that as a structural plate.
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Table 2: Test results of different panel materials under cyclic load [24]

Number Panel material Wall column material Shear performance  Ultimate displacement
(kN/m) (mm)
1 Imported OSB board Imported spruce-pine-fir 6.16 48.41
2 Domestic plywood (SPF) 6.52 55.84
board
3 Douglas fir board 2.77 39.16

Gypsum wall boards (GWB) were widely used in light wood structures, which had a significant
influence on the strength, stiffness, and ductility of those structures. Chen et al. [25] investigated the
racking performance of shear walls with OSB and GWB under different panel orientations. Part of the
parameters is listed in Table 3. It could be seen from Fig. 2 that the stiffness and strength of the shear
wall with OSB or GWB in vertical panel orientation were higher than that in horizontal panel orientation.
A full-scale X-type GWB sheathed shear wall test was conducted to further study the effect of the
fastener type, spacing at panel edges, and panel edge distance [26].

Table 3: Parameters of specimens [25]

Number Sheathing Panel orientation Loading
SW-01 OSB Vertical
SW-02 OSB Horizontal )
. Cyclic
SW-03 GWB Vertical
SW-04 GWB Horizontal
3r- 0SB 257 OSB
GWB GWB
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Figure 2: Comparison of test results: (a) Stiffness; (b) Strength [25]

Zhu et al. [27] found that the stiffness of shear walls with GWB single-clad was significantly greater than
that of OSB. Compared with the shear wall with OSB single-clad, the bearing capacity and stiffness of the
shear wall with double-clad increased by 30.8% and 371.3%, respectively. Zhou [28] further studied the
influence of GWB on wall performance under the premise that GWB could improve the lateral resistance
of the light wood shear walls. It was found that when only one side was covered with GWB, the damage
to the shear wall was more serious, and the panel was prone to large rotational deformation until failure.
The results proved that the GWB could effectively improve the ultimate bearing capacity of the wall and
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can significantly increase the stiffness of the wall in the elastic stage. Therefore, the contribution of GWB
should be taken into consideration during the design of wood-frame shear walls.

On this basis, many scholars proposed new panel materials based on the shortcomings of existing
materials and also innovatively combined with reinforcement measures to effectively enhance the overall
stability and lateral resistance of shear walls, achieving the expected results [29,30]. Li et al. [31] and
Wang et al. [32] introduced a new light shear wall with ply-bamboo sheathing panels, which indicated
that the mechanical properties of the new light shear wall were similar to those of the traditional light
shear wall, except that the initial stiffness and peak load were higher, and the ductility was slightly worse.

Di et al. [33] tested the performance of light wood-frame shear walls with SPF, parallel bamboo strand
lumber (PBSL), and OSB under two loading directions and compared the failure modes of the walls. As
shown in Fig. 3, it was found that the stronger the mechanical properties of the panel, the greater the
deformation of the panel nail at failure. Fig. 4 indicated that the use of PBSL and OSB for the panel not
only enhanced the deformability but also improved the bearing capacity compared to the use of SPF. It
was worth mentioning that the ultimate load of panel nails with PBSL for the panel under two directions
was nearly doubled compared to SPF for the panel.

(i) (i) (iii)
@ (b) ©

Figure 3: Failure modes of different panel-frame connections: (a) OSB (i) NAIL pulled out; (ii) Nail
embedded; (b) SPF; (i) Nail bending; (ii) Panel tearing; (c) PBSL; (i) Nail pulled out; (ii) Nail breaking;
(iii) Panel tearing [33]
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Figure 4: Comparison of test results: (a) Ultimate displacement; (b) Ultimate load [33]
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In brief, the above research tested and compared the properties of commonly used panel materials
through experiments. OSB and SPF with good performance were selected as structural plates to construct
traditional wood-frame shear walls. However, plywood, ply-bamboo, and engineered bamboo represented
by PBSL had been demonstrated to have good mechanical properties, which provided a new research
direction for modern wood structures. If the advantages of local fast-growing bamboo resources were
exerted, it could completely replace wood and be used in light wood structure buildings.

3.2 Effect of Wall Column on Wall Performance

The existence of the wall column could significantly improve the lateral resistance of the shear wall, and
the mechanical properties of the wall column material would directly affect the failure form of the nail joints
and the wall. As shown in Table 4, Du et al. [24] set imported SPF and domestic fir as the wall column for the
comparative test, and found that the shear performance of the wall with SPF columns was generally better
than that of the wall with domestic fir columns, and also that the ultimate displacement was smaller when the
damage occurred. Furthermore, compared with the wall made entirely of imported materials, the wall made
of domestic fir and board plywood had obvious disadvantages in shear strength, stiffness, and ultimate
displacement.

Table 4: Test results of different panel materials under monotonic load [24]

Number Panel material Wall column Shear performance Ultimate displacement
material (kN/m) (mm)
Imported OSB board imported SPF 6.53 53.98
2 Domestic board imported SPF 6.80 69.66
plywood
3 Imported OSB board domestic fir 5.75 61.85
Domestic board domestic fir 6.58 71.39
plywood

Zhou et al. [34] studied in depth the relationship between the maximum bearing capacity and the load
displacement of the wood skeleton in the shear wall when acting alone. Firstly, the bending properties of the
nails were tested by the skeleton nail test, which verified that the material properties of the nails met the
specification requirements; secondly, the skeleton nail joint test was carried out to detect the bending,
shear, and pullout mechanical properties of the nail joints, and the calculation formula of the nail node
was derived. Then, the lateral resistance performance of the empty wood skeleton was tested, and finally,
the calculation formula for the lateral resistance performance of the wood skeleton was derived.
Therefore, the conclusion that the lateral resistance of wood skeleton was largely determined by the
bending and pulling resistance of nail joints was proposed. Zhang et al. [35] investigated the influence of
wall columns on lightweight composite wood shear walls with glass fiber-enhanced cladding and
concluded that wall columns could significantly improve the bearing capacity and stiffness of wall panels.
In addition, the peak bearing capacity of wall columns under tension was higher than that under compression.

As mentioned above, there was little research to study the effect of wall columns on the performance of
shear walls alone. However, there is no doubt that the wall column, as an important component of shear
walls, had a direct impact on the deformation of shear walls by their bearing capacity. It should be noted
that in the design and construction of shear walls, it was necessary to avoid nailing the panels on both
sides of the wall to the same column. When the beam was placed on the top of the wall column, there
should be a composite column composed of several wall columns directly below the beam. Besides,
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setting double top beam plates in load-bearing walls was also an effective method to enhance the lateral
performance of shear walls.

3.3 Effect of Nailing Joint on Wall Performance

In the standard wood-frame shear walls, the nail joints are the most dominant form of joints in wood-
frame houses. According to the different nail connection members, the nail connection nodes can be divided
into panel-wood frame nail joints and wood frame nail joints. Since Countryman first conducted the related
nail joint test in 1952, domestic and foreign scholars have carried out research in this field for nearly 70 years.
Zhu et al. [27] fully demonstrated that nail joints technology is the key factor directly determining the bearing
capacity of shear walls, and many studies have shown that most of the damage to the shear wall was caused
by the failure of nail joints between the wall column and bottom beam plate.

Chen et al. [36] tested 268 specimens with nail joints in wood shear walls and found 6 failure modes,
among which the specimens with nail joints pulled out had the highest bearing capacity and the best ductility.
The test also found that the strength of the nail joints was not affected by the angle of the wood grain but by
the insufficient margin. Bagheri et al. [37] explored the influence of structural details on the performance of
shear walls and proposed that the diameter and spacing of nails have significant effects on wall strength.
Moreover, the reduction of nail spacing did not affect the bearing capacity of the wall, but it would have
an obvious impact on the stiffness. In order to promote the application of bamboo materials in the
construction industry. Li et al. [31] discussed that shear walls with ply-bamboo sheathing panels should
be made with two different types of nails: spiral nails and nail staples. The bearing capacity of two shear
walls was 5.2 and 6.2 kN/m, respectively, which could meet the design value of 3.5 kN/m for the bearing
capacity of ordinary wood-based structure plate shear walls with the same thickness, therefore leading
Wang et al. [32] to introduce a new shear wall made with a laminated bamboo (glubam) stud frame and
ply-bamboo sheathing panels, the tests of such shear walls with three different panel-frame nailing
connections were performed. And the results demonstrated that when the failure mode of the panel-frame
connection was the yielding of the nails, increasing the diameter of the nail effectively improved the
bearing capacity of the wall. If the failure mode was changed to the pull-through of nails from the ply-
bamboo panels, increasing the diameter of the nail was no longer effective. Table 5 compares the test
results of shear walls with different connections.

Table 5: Test results of shear walls with different connections

Reference Number Connection Nail spacing (mm) G’ (kN/mm) u
04Ppeac Ppea

5310 SW-1 Spiral nails Edge:150 Middle: 300 0.485 0.179 343
SW-2  Nail staples 0.606 0.257 3.54
GB6-1 45-mm T-shaped nail 150 +0.92 —1.34 +0.54 —0.55 2.78
CB6-2 50-mm common nail +0.97 -0.65 +0.56 —0.48 2.11

(3] GB6-3 60-mm common nail +1.06 —0.70  +0.50 —0.53 2.48
GB9-1 45-mm T-shaped nail +1.14 -1.37 +0.57 —0.80 2.93
CB9-2 50-mm common nail +0.69 —0.80 +0.31 —0.42 2.94
GB9-3 60-mm common nail +0.85 -1.09 +0.24 —0.23 3.00

Note: G’ was the secant shear modulus, # was the ductility ratio.
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Based on clarifying the important influencing factors of panel nail joints on the lateral performance of
wood-frame shear walls, many scholars have begun to innovate conventional panel nail joints. Dinehart et al.
[38] inserted the viscoelastic polymer between the sheathing and the stud framing, proving that the new panel
nail joints had higher stiffness and higher energy consumption capacity. Wang et al. [39] used high-strength,
high-toughness glass fiber reinforced plastic (GFRP), pasted with epoxy resin on both sides of the node
range, to make reinforced nail connections. It turned out that GFRP had an outstanding reinforcing effect
on the nail connection, and with the increase in the number of bonding layers, the reinforcing effect
became larger, but the reinforcing amplitude decreased. Yang et al. [40] tried to strengthen the wood
members’ end with powdered carbon fibers and found that under monotonic loading, the joints shearing
resistance of Fraxinus mandshurica and Larix olgensis wood members’ reinforcement end had been
increased by 102.54% and 78.23%, respectively, which also effectively reduced the generation and
expansion of end cracks. Xia et al. [41] proposed that rubber connection could improve the bearing
capacity and displacement of joints by pasting rubber strips between the stud and panel. Different failure
modes are shown in Fig. 5. Wang et al. [42,43] designed a new type of nail joint with a silica gel strip,
whose bearing capacity was significantly higher than that of the conventional one. Furthermore, the new
type of shear wall with nail joints had relatively less damage and lower maintenance costs.

(a)

Figure 5: Failure modes of nails: (a) Nail yielding; (b) Nail cap penetration; (c) Rubber tearing; (d) Rubber
tearing and nail yielding [41]

In case the shear walls were subjected to an earthquake, the connection between the wall column and the
wall column, the wall panel and the wall column, and the wall and the main body were the most critical.
Scholars have conducted extensive research on the lateral performance of wood-frame shear walls by
focusing on the types, diameters, lengths, spacing, and other parameters of nail joints. In addition, they
have also innovated based on conventional nail joints and designed a variety of new panel nail joints with
more characteristics, further enhancing the performance of the wall.

3.4 Effect of Opening on Wall Performance

As the use of wood-frame building products expanded, building geometric irregularities increased, and
more and larger wall openings gave rise to further research into the lateral performance of wood-frame
buildings, including the form and size of the openings. After comparing them with intact shear walls
without openings, the effect of openings on the mechanical performance of shear walls was analyzed.
Doudak et al. [44] established a finite element model for analyzing shear walls with openings and tested
the accuracy of the model through full-scale shear wall tests. Both experiments and modeling in Table 6
demonstrated that openings above shear walls affected the stiffness and strength of the structure, but
without a certain proportion.
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Table 6: Comparison between test results, model predictions and Canadian timber design code [44]

Number Character description Maximum load (kN)

Test Model Code
Wall 2 No openings 20.8 20.1 17.0
Wall 3 Pedestrian door opening 9.3 9.3 11.1
Wall 5 Window opening 10.9 11.4 11.1

Based on the test results, Liu et al. [45] concluded that the size of the opening had little effect on the shear
strength of the wall and the uplift of the wall column, but the change in the size of the opening changed the
slenderness ratio of the wall limbs, which in turn changed the deformation shape of the whole wall. As the
slenderness ratio of the wall increased, the deformation of the wall tended to be “bending.” As shown in
Fig. 6, Xue et al. [46,47] investigated the performance of glued-laminated timber (GLT) frame and shear
walls infilled with cross-laminated timber (CLT), and also analyzed the collaborative working mechanism of
GLT frame and CLT shear walls. The results in Table 7 showed that the lateral bearing capacity and
stiffness of the GLT frame were improved after the addition of CLT shear walls. In addition, the opening of
the CLT shear wall had a marked weakening effect on the lateral performance, and the greater the ratio of

door openings and window openings, the greater the weakening effect.

(@ (b)
(© ()

Figure 6: Different forms of wood-frame shear walls: (a) TFB; (b) TFBC-1; (¢) TFBC-2; (d) TFBC-3 [46]

Fu et al. [48] established an analysis model on two kinds of wood-frame shear walls and found that the
mechanical performance and deformation capacity of the wall with a door opening were inferior to those of
the wall without an opening. The model better simulated the real stress state and deformation characteristics
of wood shear walls, providing a meaningful reference for theoretical analysis.
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Table 7: Key parameters and mechanical properties of specimens [47]

Number Timber frame size Opening size of the wall Peak lateral  Elastic lateral
Length x height (m xm)  Length x height (m x m) load (kN) stiffness (kN/m)

TFB 24x2.0 2.19x1.97 63.13 0.68

TFBC-1 2.4%x2.0 0.60 x 1.40 173.09 7.25

TFBC-2 2.4%x2.0 0.60 x 0.80 276.46 8.48

TFBC-3 2.4%x2.0 - 332.00 9.59

In general, the above research showed that the opening of a door and window in the wood shear wall
panel would significantly weaken the bearing capacity of the structure, and the larger the opening rate,
the more the bearing capacity was reduced. It was found that the shear wall with an opening was more
prone to lateral instability and bending at the edge of the door under the action of lateral load and vertical
pressure. Therefore, it could be strengthened by adding angle steel and self-tapping screws.

3.5 Effect of the Composite Frame on Wall Performance

As early as the beginning of the 20th century, there were no guidelines for the design of light-gauge
steel-frame wood panel shear walls. However, with the application of this composite structure becoming
more and more widespread, many scholars took the lead in the study. Branston et al. [49] put forward the
design method of the steel-frame wood-panel shear wall and conducted an extensive testing program to
build a database of shear wall information. Boudreault et al. [50] selected two representative buildings to
establish a shear wall model, scaled a set of seismic records into the model, and determined the
corresponding seismic force correction coefficient.

Chen et al. [51] predicted the strength and deflection of the light-gauge steel-frame wood panel shear
walls based on the existing analysis methods and then compared the predicted values with the test results
of full-size shear walls and found that the two results were consistent. Li et al. [52,53] investigated the
lateral performance of the steel-wood hybrid shear wall system through experiments and discovered the
complementary effect between the infill wood wall and the steel frame, which could reduce the inter-story
displacement of the hybrid system. Later on, they continued to study the seismic performance of the
multi-story steel-wood hybrid structure and established a nonlinear numerical model considering damage
accumulation and stiffness degradation, whose accuracy was verified by test.

In 1998, Varoglu et al. [54] in Canada first proposed the concept of a midply wood shear wall system, in
which the wall studs were symmetrically arranged on both sides of the wall panel. And then, the “wall stud-
wall panel-wall stud” was fixed together to obtain a new type of wood shear wall with high lateral force
resistance. The process is shown in Fig. 7. Hong et al. [55] and Varoglu et al. [56] conducted lateral force
tests on the shear wall with the size of 2.4 m X 2.4 m, and discovered that the lateral bearing capacity of
midply wood shear wall was three times higher than that of ordinary standard wood shear walls, and the
lateral stiffness resistance was about two to three times higher. Zheng et al. [57,58] pointed out that
increasing panel thickness and decreasing nail spacing contributed to the improvement of lateral stiffness
and shear strength of plywood wood shear walls, while changes in stud spacing had little effect.

Zheng et al. [59] also concluded in the test that the lateral performance of the wood frame-midply shear
wall hybrid system depended mainly on the performance of the shear wall infilled with midply. Benefiting
from the constraint and protection effect of the outer post-and-beam frame, the uplift of the end studs was
effectively suppressed, and the ductility of the system was improved. Moreover, the ultimate bearing
capacity and lateral stiffness of the wood frame-midply shear wall hybrid system were about twice that of
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the wood frame shear walls infilled with normal wood panels. Similar conclusions were also obtained in the
experiment of Xue et al. [60].

1| wallstud

wall panel

Figure 7: Midply wood shear wall [55]

He et al. [61] experimentally informed that the order of energy consumption capacity, ultimate load, and
failure load was the hybrid structures, the light wood frame constructions, and the post-beam constructions
successively. However, the stiffness of the hybrid structures was still far lower than that of the light-frame
wood shear wall. Similar tests were carried out by Shim et al. [62] and Zheng et al. [63], and it was
proved that the lateral bearing capacity of hybrid structures was significantly higher, which could be
calculated as the arithmetic summation of post-beam structure and the light frame shear wall. In the
research about glued-laminated wood post-beam structures, Xiong et al. [64,65] proposed that the
stiffness in the elastic stage of the pure frame structure system is too small to be used as an anti-lateral
force structure system alone, and designed four lateral strengthened structure systems, all of which
showed good lateral stiffness.

It could be found from the above literature that scholars had proposed composite frame structures
systems including steel-frame, midply shear wall, glued-laminated wood frame, etc., based on wood-
frame shear walls. When the system was subjected to an external load, it not only gave the shear wall a
certain protective effect but also played a synergistic role with the shear wall, so that the lateral bearing
capacity of the composite structure systems was greatly improved compared with that of the single structure.

4 Extrinsic Factors of Test Scheme

4.1 Effect of Upper Load on Wall Performance

Taking the traditional wood-frame shear wall without corner anchors as the object, Cheng et al. [66]
found the upper load could act as a “corner anchor” at the ends of the wall. When the upper load was
applied to the shear wall, it was not only able to restrain the uplift of the studs at the end and both sides
of the opening, but also to increase the shear strength (42%) and elastic lateral stiffness (36%) of the wall
significantly. When it acted on the flange wall, it could also reduce the uplift of the studs at the end of the
flange wall, but it had less effect on the structural performance such as lateral stiffness and ultimate
displacement. The schematic diagram of different loading positions was dawned in Fig. 8.
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4 Flange wall Flange wall Flange wall Flange wall l .
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Shear wall Shé/ar wall

() (b)
Figure 8: Position of upper load: (a) Load on the shear wall; (b) Load on the flange wall [66]

Liu et al. [67] proposed the stiffness of the load spreader connected to the top beam plate had a direct
impact on the performance of the wood-frame shear wall with different sizes of openings, as shown in
Table 8. Compared to the specimen with a flexible load spreader in Fig. 9, adding a rigid load spreader
can effectively improve the shear strength of the wood-frame shear walls. However, since the load
spreader outside the specimen had no constraint effect on the shear wall specimens [68], the shear
strength was smaller than that of other specimens with the same structure.

Table 8: Parameter of the wood-frame shear wall [67]

Number Schematic Size of opening (m)

Wall A -

Wall B 1.2x2.1

Wall C Left: 1.2x1.2
Right: 1.2 x 1.2

It was obvious that the upper load positively contributed to the lateral performance of the wood-frame
shear wall. Whether by applying vertical loads and a rigid load spreader on the top beam plate of the shear
wall or by adding a second storey, it could be understood that a downward force was given to the shear wall at
the top, making the connection between the studs and the top and bottom beam plates stronger. This not only
effectively inhibited the uplift of the studs after the wall was subjected to lateral load but also protected the
nail connection between the studs and the bottom beam plate, thus improving the lateral performance of the
structure.
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4.2 Effect of Diagonal Brace on Wall Performance

The addition of diagonal bracing in the frame of the shear wall could make the frame form a stable
triangular unit composite structure, which effectively restrained the deformation of the frame and enhance
its integrity. As shown in Fig. 10, Xiong et al. [64] designed four lateral strengthened structure systems
based on the fact that the stiffness of the pure frame structure system was too small to bear the external
load. The results confirmed that all four systems showed good lateral resistance, Similar conclusions can
be found in the study of Wadi et al. [69]. Moreover, he proposed that diagonal struts were more
convenient for practical applications. However, the performance and structure of each system still needed
to be further optimized. Du et al. [70] added a cross brace made of soft steel bars to the frame and
acquired experimentally the maximum uplift of end studs was only 22.7% of that in the wall without a
cross brace. The cross brace played a considerable role in improving the stiffness of the wall.

(a) (b)

(©) (d)

Figure 10: Lateral strengthened structure systems: (a) Frame with X-brace; (b) Frame with K-brace;
(c) Frame with knee-brace; (d) Frame filled with light wood shear walls [64]
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Hou [71] and Zuo et al. [72] investigated the prestressed diagonal crossbar reinforced wood shear walls
in Fig. 11, and confirmed that prestressing effectively enhanced the elastic lateral stiffness and ductility of the
walls but had little effect on the shear strength. Furthermore, they concluded that setting corner anchorage
members and cross bars could markedly improve the joint strength of the walls and strengthen the integrity.

(b)

Figure 11: Different types of light wood-frame shear wall: (a) Light wood-frame shear wall; (b) With corner
anchorage members; (c) With cross bars (prestress) [71]

Yang et al. [40] used wood-plastic composites (WPC) and wood structures as the main material to
produce wood-frame shear walls integrated with wood-plastic composites (WPC). It was the WPC
integration method that affected the lateral performance of the wall. Moreover, the walls with a diagonal
brace were superior to ordinary conventional walls in lateral performance, including the A-type, K-type,
and X-type brace.

The main test results of shear walls with a different diagonal brace were summarized in Table 9. In
summary, the above research tested diagonal brace of different materials, shapes, and connection methods
separately and confirmed the contribution of diagonal brace to the improvement of shear wall performance.
It was also found in the comparative tests that the installation of corner anchorage members, crossbars, and
prestressing can effectively enhance the integrity of shear walls and improve lateral resistance.

Table 9: Test results of shear walls with a different diagonal brace

Load (kN) Displacement

Reference Number Enhanced way (mm) Stiffness

(kN/m)
Peak Ultimate Peak Ultimate
N - 13.34 52.01 367.49
[40] Z1 A-type brace 18.88 65.01 416.11
Z2 K-type brace 17.75 52.00 489.08
73 X-type brace 19.76 66.43 426.19

(Continued)
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Table 9 (continued)

Load (kN) Displacement

Reference Number Enhanced way (mm) Stiffness

(KN/m)
Peak Ultimate Peak Ultimate

CFl Pure frame structure 54.5 53.1 204.7 260.0 300

CXB1 X-brace 98.9 27.6 314 319 3200
[64] CKB1 K-brace 129.5 70.1 548 63.6 2400

CHB1 Knee-brace 849 70.3 142.7 2284 600

CFWI1 Wood shear walls 76.9 73.1 167.4 231.5 2200

Wi4b Cross brace 20.21 32.22 810
[69] W5b - 39.3 55.84 1060

T - 3.16 87.53 71

C Corner anchorage 10.09 110.23 202

CBP-0 Corner anchorage + cross bars 16.01 150.23 272
[71] CBP-30 Corner anchorage + cross bars + 30 15.61 135.24 399

MPa prestress
CBP-90 Corner anchorage + cross bars + 90 16.25 113.56 581

MPa prestress

4.3 Effect of Friction Dampers on Wall Performance

With the need for industrialization and the use of more eco-friendly materials, it was a wood hybrid
structure that attracted much attention [73,74]. At present, the main forms of wood hybrid structures
include concrete-wood and steel-wood hybrid structures [75]. Tesfamariam et al. [76] proposed a novel
hybrid structure consisting of a steel moment-resisting frame (SMRF) with CLT infill panels. Loss et al.
[77,78] introduced a highly-industrialized steel-wood hybrid shear wall with steel frames, composite
steel-wood floors, and shear walls with CLT sheets. He et al. [79-81] investigated the seismic
performance of the steel-timber hybrid systems, where prefabricated light wood frame shear walls were
infilled in a steel moment-resisting frame.

To achieve cooperation between the steel frame and wood shear wall, the most important thing was to
ensure the reliability of the connection. Scholars [82—-86] conducted studies on hybrid steel-wood
connections and proposed different connection forms for different situations. He et al. [87] compared two
different connection modes and proposed that both the stiffness and bearing capacity of the steel-wood
hybrid wall with high-strength bolts were higher, while in the ultimate state, the deformability of the
steel-wood hybrid wall with ordinary bolts was better.

Given this situation, some scholars tried to introduce slip-friction connectors originally developed for
the steel frame industry into the steel-wood hybrid structure. Loo et al. [88] attempted to replace
traditional hold-down connectors with slip-friction connectors, shown in Fig. 12, effectively limiting
loads on the walls and providing ductility to the systems. It was evident that the hysteresis characteristics
of lip-friction connectors enabled the wood shear walls to withstand greater seismic loads and avoid
remarkable inelastic deformations.
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Figure 12: Slip-friction connectors [88§]

Pu et al. [89] experimentally found that the addition of dampers to wood structures could effectively
protect the structure systems and reduce the damage of main structural members after load. Poh’sie et al.
[90] applied a tuned mass damper (TMD) to a high-rise cross-laminated (X-Lam) wood building and
tested the improvement effect of different TMD design parameters on the seismic performance of a
seven-story full-scale structure. Through linear dynamic analysis, it was concluded that TMD could
reduce the acceleration of the wood structure floor by up to 40%.

As shown in Fig. 13, the team of Tongji University studied an innovative self-centering steel-wood
hybrid shear wall (SC-STHSW) system, which was composed of the post-tensioned (PT) steel frame, and
the infilled light-frame wood shear wall. The friction damper was assembled into the connection between
the steel frame and the infilled wall. Li et al. [91,92] tested the mechanical properties of friction dampers
and found that the activation force of the damper was linearly positively correlated with the amount of
torque applied to the high-strength bolt. Afterward, the damper was introduced into the steel-wood hybrid
shear wall. The reasonable setting of damper activation force and slotted hole length could reduce the
damage to the shear wall systems under earthquake action. Cui et al. [93] conducted analysis and tests to
verify the self-centering mechanism of the systems and demonstrated that the systems could withstand
large inter-story displacements, and no plastic zone was formed in steel frame members. Dong et al. [94]
proposed a slip-frictional damper connection with a lock-up system between walls and frames and
established a numerical model to further investigate the influence of wall-to-frame stiffness ratios on the
lateral performance for shear walls.

steel beam PT stands friction dampers

steel column wood shear wall steel column

Figure 13: Self-centering steel-wood hybrid shear wall [93]
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To sum up, the steel-wood hybrid structure could meet the structural requirements of modern buildings,
thus gaining more attention [95]. The innovative introduction of friction dampers in the steel-wood hybrid
shear wall system not only provided higher energy dissipation and reduced the damage deformation but also
improved the seismic performance of the wall.

5 Influence of Other Factors on Wall Performance

Compared to engineering wood products such as laminated wood, CLT had ideal in-plane compressive
strength, high stiffness, good integrity, and similar properties in the in-plane orthogonal direction, which
showed a good development prospect in mid-and high-rise buildings, thus attracted much attention.

During the study of the wallboard, a theoretical model was proposed to predict the performance of CLT
suffered to lateral load [96], and the error of the prediction results was confirmed to be within the allowable
range by experimental and simulation results. Wang et al. [97,98] measured the performance of hybrid CLT
shear walls fabricated by lumber and laminated veneer lumber (LVL) and marked that the lateral stiffness of
hybrid CLT shear walls was higher than that of generic CLT shear walls fabricated by lumber, but the shear
strength was lower. For the research on CLT floors, Loss et al. [99,100] presented an innovative steel-wood
hybrid floor and discussed the in-plane stiffness, concluding that the floor diaphragm combining CLT panels
with steel members was an effective solution to replace ordinary wood or wood-concrete. In terms of CLT
connection, Gavric et al. [101,102] conducted a study on the screwed connections and metal connectors,
compared the test results with the analytical formula calculation results provided in the code, and put
forward new suggestions for the design requirements of the two. Dong et al. [103] selected a self-tapping
screw (STS) to connect CLT by direct connection and two-way inclined nails and concluded that
increasing the length and diameter of STS could markedly enhance CLT shear strength.

In the preparation of the CLT shear wall structure, vertical split joints were set between CLT shear walls
to build a large area of wall panels, thus meeting the design and construction requirements. The design
principles of vertical split joints were introduced in the Canadian CLT handbook [104], and the method
for calculating the lateral resistance of CLT shear walls with vertical split joints as specified in the North
American Wood Structure Design Manual [105]. All these provided the theoretical and scientific basis for
scholars to further study the performance of shear walls with vertical split joints.

Casagrande et al. [106] and Nolet et al. [107] proposed a corresponding theoretical calculation model for
CLT shear walls with vertical joints and verified the rationality of the predicted mechanical properties of
shear walls by analysis. Based on the elastic foundation model, Chen et al. [108] performed a parametric
analysis of CLT shear walls and predicted the influence of parameters such as joint stiffness at vertical
split joints on the lateral performance of CLT shear walls. As shown in Fig. 14, Wang et al. [109] further
explored the effect of vertical split joints on the lateral performance of CLT shear walls. It was found that
the performance of the CLT shear wall decreased in ultimate load-resisting capacity, initial stiffness, and
energy dissipation capacity after vertical split joints were set. Whereas, under the same lateral
displacement, the deformation of the shear wall without vertical split joints was more serious. Related
tests are also being carried out in other studies [110,111].
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Figure 14: Layout of CLT shear wall: (a) CLT shear wall with vertical split-joints; (b) CLT shear wall
without vertical split-joints; (¢) Section A-A; (d) Section B-B [109]
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As far as the construction method of the CLT shear wall structure was concerned, it could be divided into
platform-type and balloon-type shown in Fig. 15, according to the different connection modes of the wall and
floor [112]. Among them, the platform type had the advantages of convenient construction and a clear force
transmission path, while the balloon-type retained the integrity of the shear wall, which could effectively
avoid the transverse bearing pressure of the CLT floor at the connection. Popovski et al. [113]
investigated the platform-type CLT shear wall with different aspect ratios, connectors, and screws and
determined the main performance of the wall through the defined Equivalent Energy Elastic Plastic
(EEEP) curves. Based on the developed advanced analysis model, Gavric et al. [114] conducted
parameter analysis on the CLT wall systems with different aspect ratios and wall segmentation. Yasumura
et al. [115] performed a 3D nonlinear analysis via the finite-element method (FEM), accurately predicting
the lateral performance of the wall structure. Ceccotti et al. [116,117] examined the seismic performance
of platform-type shear walls through the destruction of the three-and seven-story full-scale CLT buildings
and calculated the seismic performance coefficient. Related experiments were also conducted in the study
of Ou et al. [118] and He et al. [119].

Previous studies [120—124] have shown that the early damage of CLT shear walls tended to occur at the
connection between the panel and the foundation under lateral loads. Once the connection was damaged, the
lateral bearing capacity of the wall would drop abruptly, leading to the failure of the whole system. In
response to this phenomenon, the idea of interposing prestressed tendons in CLT shear walls had been
proposed [125,126], and due to the presence of prestressing, static friction was generated when the
wallboard was in contact with the foundation surface to resist the horizontal load, which not only
prevented the connection from premature failure but also improved the lateral performance of the CLT
shear wall.
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Figure 15: Construction methods of CLT structures: (a) Platform-type; (b) Balloon-type [119]

Furthermore, the hybrid shear wall system, composed of a post-tensioned rocking CLT wall panel and
conventional light-frame wood shear wall panels, was investigated [127—131]. In this case, the post-
tensioned CLT panels provided the self-centering capability, and the conventional light-frame timber
shear wall system played an energy dissipation role. By combining the advantages of both, the system
exhibited excellent performance and could recover from damage after multiple earthquakes.

Until now, scholars have conducted extensive experimental studies on various factors, including
wallboard, floor, connection, and construction method [132—135]. To further improve the performance of
the shear wall to meet the higher building demand, different measures such as vertical joints, prestressing,
and post-tensioned wall panels were considered based on the traditional shear wall. However, more
comprehensive and systematic tests and analyses are still needed in the future to provide new ideas for
the development of modern multi-story and high-rise wood structures.

6 Conclusions and Prospects

According to the experimental studies on wood-frame shear walls in recent years, this paper analyzed the
factors that affected the lateral performance of wood-frame shear walls and discussed the problems that still
needed to be improved during the comparison. The following conclusions can be obtained:

(1) The material and size of the wood-frame shear wall members have an effect on its ultimate load and
stability. It is better to select panel materials with high strength, set multiple wall columns at corners
or junctions, and stagger the positions of nails. The combination of the composite frame can not only
make up for the strength loss caused by the opening but also give full play to the performance of the
material to achieve twice the result with half the effort.

(2) To face the challenges brought by the development of modern architecture, we must enhance the
lateral performance of wood-frame shear walls to meet greater building demands. It is proved
that the combination of shear walls with a diagonal brace or friction dampers can markedly
enhance the integrity of systems and provide more energy dissipation to avoid serious damage.

(3) Different forms of hybrid structures have also been tried in conjunction with wood-frame shear
walls, with more sophisticated connectors and anchorages. Therefore, more detailed experiments
and theoretical analysis are required, and the corresponding finite element simulation also needs
to be further optimized.

With the change in the housing concept, a diversified pattern of concrete structures, brick concrete
structures, steel structures, wood structures, and bamboo structures will gradually take shape. To further
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study wood structures and apply the wood-frame shear walls, it is necessary to continue to carry out in-depth
research work in many aspects.

(1) For the sustainable development of the construction industry, the combination of shear walls with
resource-rich bamboo has been proven feasible. However, there is still a lack of detailed research
on lateral performance, so the research in this field should be expanded.

(2) In practical application, to meet the mechanical performance requirements of modern high-rise wood
structures, it is necessary to conduct research on the performance of hybrid structures through
experiments and numerical simulation.

(3) To better predict the seismic performance of wood shear walls, more shaking-table tests can be
conducted to obtain accurate data, which is a worthwhile research direction and can provide a
further reference for the design and construction of wood structures.
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