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Abstract: This paper describes experimental and numerical investigations on a new type of strength-
ened light-wood-framed (LWF) shear wall (SW) that has parallel strand bamboo (PSB) panels at each
end. The experiments are divided into two parts: (1) monotonic loading tests of panel-to-frame joints
representing different positions along the wall; (2) monotonic loading tests of a group of traditional
full-scale SWs and two groups of strengthened walls with nailed or screwed PSB panels. The failure
modes, load—displacement curves, ultimate bearing capacity, elastic stiffness, and dissipation are
analyzed, and the mechanical properties of panel-to-frame joints and the lateral performance of SWs
are discussed. Moreover, nonlinear finite-element analysis shows that the numerical results are in
good agreement with the test results. Our findings suggest that using LWF SWs strengthened with
nailed PSB panels effectively improves the failure mode and the ductility, stiffness, and dissipation of
traditional walls. Using sheathing screws on the PSB panels increases the lateral bearing capacity
and the dissipation of the walls, but decreases their ductility ratio. Setting end PSB panels improves
the overturning resistance capacity by restricting the uplift of studs. The LWF SWs strengthened
with end PSB panels are found to meet the design requirements and reduce construction costs.

Keywords: light-wood-framed shear wall; strengthened; lateral performance; monotonic load test;
finite-element analysis

1. Introduction

Wood is a combustible material, which restricts its application in structures. Actually,
wood structures are better able to withstand fire than steel structures [1,2]. Moreover, in
recent years, the fire retardant and thermal insulation properties of wood have been exten-
sively studied in order to make wood structures free from fire and temperature restrictions,
including investigations of wood modification and flame retardant additives [3,4]. These
effective measures have led to a wider use of wood structures [5,6]. Light-wood-framed
(LWF) structures offer excellent ductility and good seismic performance, and are widely
used around the world [7-9]. In the Chinese code for the design of timber structures, civil
buildings with no more than three floors can be constructed using LWF assemblies [10].
However, developments in technology and materials mean that LWF structures are no
longer limited to low-rise buildings, and taller constructions can achieve the necessary per-
formance. The main members for bearing lateral loads are LWF shear walls (SWs) [11,12].
Therefore, multistory LWF structures require SWs that can bear higher lateral loads.

Generally, an LWF SW comprises framing members, sheathing panels, and fasteners.
SWs with traditional sheathing panels (e.g., oriented-strand board (OSB) panels) have
been examined numerically in previous studies [13-16]. These research studies showed
that traditional LWF SWs fail because of joint failures between the framing members and
sheathing panels near the bottom corners. The failure mode of a traditional SW is shown
in Figure 1.
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Figure 1. Failure of traditional light-wood-framed (LWF) shear wall (SW).

Recently, there have been several studies on the use of bamboo in LWF construc-
tion, and the results indicate that bamboo-based materials can be used as construction
elements [17-19]. Xiao et al. [20] investigated the performance of LWF SWs sheathed with
thick strip-ply-bamboo panels, and considered two types of sheathing nails. SWs with
sizes of 1.22 m X 2.44 m and 2.44 m x 2.44 m were tested under lateral loading, and it was
found that the damage patterns were similar to those of traditional LWF SWs; the bearing
capacity and deformation performance were also similar to those of traditional SWs. In
addition, Varela et al. [19] investigated the performance of LWF SWs sheathed with glued
laminated Guadua bamboo (GLG) panels with different aspect ratios and sheathing nail
spacings; lateral performance parameters such as the ultimate bearing capacity (UBC),
secant shear modulus, and ductility ratio were obtained from tests, and the results showed
that the GLG panels had a positive effect on the UBC and failure mode compared with
traditional SWs. The aforementioned research shows that the types of sheathing panels
and fasteners have a significant influence on the load-bearing capacity of LWF SWs, and
their lateral performance can be improved by using high-strength sheathing panels [20,21].
In most cases, a bamboo-based composite material such as parallel strand bamboo (PSB)
would be a good choice [22,23].

The capacity to resist overturning under a lateral force is a crucial factor for shear
transfer in LWF SWs [24-27]. One effective way to increase the overturning capacity is to
set a vertical load [28-30]. Johnston et al. [28] investigated how a vertical load affected the
lateral performance of LWF SWs with and without hold-down; they tested 21 traditional
2.44 m x 2.44 m walls under no vertical load and under vertical loads of 6, 12, and 25 kN /m,
and found that the lateral stiffness and energy dissipation capacity of the vertically loaded
walls were better than those of the unloaded wall. Therefore, based on the aforementioned
research, there is a positive correlation between the overturning resistance capacity and the
lateral performance of LWF SWs.

The traditional SWs of most LWF buildings are fully sheathed with OSB panels, which
limit the lateral resistance of such walls. Based on the failure mode and lateral performance
of pre-existing LWF SWs sheathed with high-strength panels, the damage is concentrated
at the ends of the wall, which means that the mechanical properties of the sheathing panel
in the middle of the wall are under-used. Therefore, a new type of LWF SW strengthened
with PSB panels at both ends is discussed in this paper, with the aim being to increase the
lateral performance of traditional SWs while using less high-strength sheathing material in
the walls. The construction method for this new type of SW is similar to that of a traditional
wall: a 1.70-m-high OSB sheathing panel supplemented by 0.35-m-high PSB panels at each
end. The construction method for the new type of LWF SW is shown in Figure 2.

This paper describes experimental and numerical investigations of LWF SWs strength-
ened with PSB panels. Various factors affecting the lateral performance of the SWs are
studied, including (i) the setting of the end PSB panels, (ii) the type of sheathing fasteners
used on the PSB panels, and (iii) the vertical loads on the SWs. First, joints representing
different positions along the wall are analyzed under monotonic loading. Panel-to-frame
joints with PSB panels are tested to assess how the sheathing type and fastener type in-
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fluence the lateral resistance capacity of the joints; the test data are then used as the basic
data for finite-element analysis (FEA). The test walls, comprising a group of traditional
LWEF SWs and two groups of walls strengthened with PSB panels, are examined under
monotonic lateral loading, and we discuss the enhancement of the lateral performance
due to the PSB panels at the ends. We also study the failure mode and lateral behavior
parameters of this new type of wall with different sheathing fasteners used on the PSB
panels. We then develop FEA models of the strengthened walls for further parametric
studies. We discuss how (i) the capacity of the panel-to-frame joints and (ii) the uniform
vertical loads at the tops of the walls affect the lateral performance of the walls.
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Figure 2. Construction methods for LWF SWs: (a) traditional; (b) strengthened with parallel strand bamboo (PSB) panels.

2. Materials and Methods
2.1. Experimental Program

The new type of SW was subjected to two types of tests: (i) those focused on the
joints in the SW, with two types of joint used to represent different positions along the
SW, namely stud-beam joints and panel-to-stud joints; and (ii) those focused on full-scale
wall units.

2.1.1. Material Properties

The materials and specifications used in the elements of the specimens were selected
according to GB50005-2017 [10,31], and are given in Table 1. PSB and OSB are well known
bio-composites made from natural bamboo and wood, respectively. In this study, the PSB
panels were made of Neosinocalamus affinis, and the OSB panels were made of Aspen.

The moisture content and mechanical properties of the materials used to construct the
test specimens are listed in Table 2.

The moisture content for the materials was measured according to the relevant Chi-
nese code [32]. The mechanical properties of the framing and sheathing materials were
determined according to several Chinese codes [33-38]. The bending strength of the sheath-
ing fasteners was determined and calculated according to ASTM F1575-03 [39]. Therefore,
the bending yield moment of the smooth nails was 2232.66 N-mm, and that of the screws
was 4909.67 N-mm.
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Table 1. Material specifications of the test wall.

Element

Material Specifications
Stud SPF Cross-sectional dimensions:
Top and bottom beam 38 mm X 89 mm
Sheathing panel OSB t=10mm
PSB t =10 mm

Framing nail

Fastener

Sheathing fastener

Smooth nail
Smooth nail
Wood screw

dn =3.5mm, =85 mm
dn =2.5mm, [ =50 mm
de =25 mm, [ =50 mm

Notes: t: thickness of a sheathing panel; d,: diameter of a nail; I: length of a nail; d.: effective diameter of a screw.

Table 2. Mechanical properties of the materials used in test specimens.

Material Properties

SPF OSB PSB
Moisture content 12% 9% 7%
Density (kg/m?) 420 560 1100
Tensile Strength (MPa) 71.57 13.72 115.50
Compression Strength (MPa) 40.03 6.14 108.28
Elastic Modulus x direction Ex (Mpa) 10,000 3100 12,000
Elastic Modulus y direction Ey (Mpa) 880 1450 1400
Elastic Modulus z direction E, (Mpa) 470 120 760

2.1.2. Test Specimens

We fabricated 48 joints in the LWF walls and tested them to failure to obtain their UBC
and elastic stiffness. We then used the test data in the subsequent FEA. Details of the joints
are shown in Figure 3.

Figure 3. Details of test joints.
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The panel-to-frame joints were divided into two groups, traditional (T) and new (N),
depending on the type of sheathing panel. Group T consisted of nailed joints with OSB
panels, which is the form commonly used in traditional LWF SWs; group N comprised
joints with PSB panels, as used in the new type of LWF SW. The joints with the PSB panels
were further divided into four groups according to the types of joint and sheathing fastener.
Each joint in group N had a predrilled hole with a diameter of 2.5 mm. The parameter
values of the test joints are given in Table 3.

Table 3. Parameters of the joints.

Grouping Joints Sheathing Panel Type of Joints Type of Sheathing-Fastener
T T-PB-ON OSB Panel-to-beam joint Smooth nail
T-PS-ON Panel-to-stud joint Smooth nail
N-PB-PN Panel-to-beam joint Smooth nail
N N-PB-PS PSB Screw
N-PS-PN Panel-to-stud ioint Smooth nail
N-PS-PS J Screw

Notes: T-PB-ON: the nailed panel-to-beam joints with OSB sheathing panel in traditional wall; T-PS-ON: the nailed panel-to-stud joints with
OSB sheathing panel in traditional wall; N-PB-PN: the nailed panel-to-beam joints with PSB sheathing panel in new-type wall; N-PB-PS:
the screwed panel-to-beam joints with PSB sheathing panel in new-type wall; N-PS-PN: the nailed panel-to-stud joints with PSB sheathing
panel in new-type wall; N-PS-PS: the screwed panel-to-stud joints with PSB sheathing panel in new-type wall.

We tested six LWF SWs to determine their monotonic lateral performance. The wall
elements were tested in three groups. Test group I was designed to obtain basic information
about traditional walls with nailed OSB panels; in this case, the size of the OSB panel was
1.2 m X 24 m. In test group II, PSB sheathing panels were applied to both ends of a
wall to study the effect of setting those end panels; in this case, the size of the OSB panel
was 1.2 m X 1.7 m and the size of each PSB panel was 1.2 m x 0.35 m. In test group III,
screws were used on the PSB panels at both ends of a wall to study the effect of the type
of sheathing fastener used on the PSB panels. The parameter values of the test walls are
presented in Table 4.

Table 4. Parameters of the light wood-framed shear walls.

Grouping Walls

Material of the Sheathing Panels Fastener Used on OSB Panel  Fastener Used on PSB Panel

I TW-O-N OSB Smooth nail Smooth nail
11 NW-P-N . Smooth nail
I NW-P-S OSB + PSB Smooth nail Screw

Notes: TW-O-N: the traditional light wood-framed shear wall; NW-P-N: the new-type PSB panels strengthened light wood-framed shear
wall with nails used on the PSB panels; NW-P-S: the new-type PSB panels strengthened light wood-framed shear wall with screws used on

the PSB panels.

The wall dimensions were 1.2 m x 2.4 m. The studs and beams were connected with
framing fasteners, and the frame covering was attached at one side of the frame. The nails
used on the OSB panel were spaced at 150-mm intervals along the outside edges of each
panel, or at 300 mm along the interior studs. The PSB panels were connected to the framing
members with either smooth nails or screws. The sheathing fasteners used on the PSB
panels were spaced at 150-mm intervals along the outside edges of the PSB panels and the
interior studs. The details of the walls are shown in Figure 4.

2.1.3. Test Setup, Instrumentation, and Test Procedure

The steel jigs used for the joints are shown in Figure 5. Monotonic tests of the joints
were conducted under deformation control with a loading rate of 2.54 mm/min in accor-
dance with ASTM D1761 [40].
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Figure 4. Details of test specimens: (a) group I; (b) groups II and III.

Figure 5. Experimental setup for joints.

The experimental setup and locations of the transducers for the test walls are shown
in Figure 6. The side frame was set as a lateral brace to ensure the in-plane deformation of
the SWs. The displacement-controlled loading mechanism followed ASTM E564 [41]. The
horizontal loading rate was 7.5 mm/min.

2.1.4. Load-Displacement Relationships and Lateral Performance Parameters

Based on the load—displacement curves, we could calculate the lateral performance
parameters according to ASTM E2126-09 [42]. The UBC Pmax and the displacement at failure
load Af,iiyre Were obtained from the tests. The failure load Pgyjjyre Was the load degraded
to a value equal to 0.8Pmax. The dissipation A was the area under the load—displacement
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curve. The ductility ratio was p = Agajure / Ayield, Where Ayielg was the displacement at the
yield load Py;elq, which was calculated as

2A
Pyield = (Afaﬂure - \/ A2 e — ) K0.4P s 1)

Ko.4Pyay

The load-displacement curve of the joints at the initial stage of loading was greatly
affected by the loading direction. Thus, we defined the elastic stiffness of the joints as

 0.4Pmax — 0.2Pmax

Ke = ,
DN0.4Py — D02Pax

@

The initial stiffness [19,43-45] of SWs was K = P;/A;, where A; was taken as 1/250 of
the wall height H and P; was the corresponding load.
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/
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Figure 6. Experimental setup and arrangement of transducers.

2.2. Nonlinear Finite-Element Analysis
2.2.1. Nonlinear Finite-Element Analysis Model

We conducted nonlinear FEA to further investigate how setting the end PSB panels
and the type of sheathing fasteners used in them affect the lateral performance of the LWF
SWs under vertical loading. We established models of LWF SWs in the finite-element
program 6.12 ABAQUS [46]; simplified two-dimensional models were used to simulate the
lateral performance of the SWs simply and efficiently. The sizes of the FEA models were the
same as those of the experimental specimens. The material parameters of the anisotropic
components were defined according to Table 4. The top beams, bottom beams, and studs
were subjected to axial loads and bending moments simultaneously. Therefore, we used
B21 elements for the framing members and CPS4R elements for the sheathing panels. We
used nonlinear spring units for the joints of the walls. The beam-to-stud joints were also
tested in the same way as the sheathing-to-framing joint tests; the load—displacement curve
of beam-to-stud joints is shown in Figure 7. The parameters of the constitutive model of
the nonlinear spring units were obtained from the test results [47-51].
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Figure 7. Parameters of nonlinear spring unit for beam-to-stud joints.

A specimen was considered to have failed when the load carrying capacity degraded
to 80% of its maximum value [42]. In the single-spring model, because the displacement
trajectory of a sheathing-to-framing joint is primarily unidirectional during monotonic
loading, the total displacement of the joint may be estimated as the resultant displace-
ment [49-51]. However, because of the angle between the joint deformations in the wall
and joint tests, the parameters of the nonlinear spring must be calibrated iteratively [49].
The P-A effect was not accounted for in the analysis. The contact interactions were set
between the OSB panel and the PSB panels. The tangential behavior and normal behavior
were defined as contact properties. The penalty was selected in the friction formulation
of tangential behavior. The boundary condition of the bottom beam was modeled by
restraining the displacement in the x and y directions at the initial analysis step. The
lateral displacement was set on the top beam, consistent with the experiment. The hard
contact was selected based on the pressure—overclosure relationship of the normal behav-
ior. The boundary condition and setting of the spring and contact are shown in Figure 8.
In order to determine the effect of the finite element mesh discretization pattern on the
accuracy of the results, FEA models with meshing sizes of 100, 50, and 25 mm, respectively,
were implemented.

=

I EHLENESCEREEIRIL

Figure 8. Details of FEA model: (a) setting of spring and contact; (b) boundary condition.
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2.2.2. Parametric Studies

Based on the verified model of a PSB-strengthened LWF SW, 12 different configurations
were investigated further, including walls with uniform vertical loads of 6, 12, 18, and
24 kN/m. The parameter values for these wall models are given in Table 5.

Table 5. Parameters of the model of the shear walls.

Grouping Models Panel-to-Frame Joints Vertical Load (kN/m)
M-TW-ON-VL6 6
M-TW-ON ﬁ:?vwv:gg:zliﬁ OSB-smooth nail 1;
M-TW-ON-VL24 24
M-NW-PN-VL6 6
M-NW-PN ﬁ:ﬁx&gﬁ:xiﬁ (PSB-smooth nail) + (OSB-smooth nail) 1;
M-NW-PN-VL24 24
M-NW-PS-VL6 6
M-NW-PS ﬁﬁwg&i; (PSB-screw) + (OSB-smooth nail) ﬁ
M-NW-PS-VL24 24

Notes: M-TW-ON: the model of the traditional light wood-framed shear walls; M-NW-PN: the model of the light wood-framed shear walls
strengthened with PSB panels, with smooth nails used on the PSB panels; M-NW-PS: the model of the light wood-framed shear walls
strengthened with PSB panels, with screws used on the PSB panels.

F. = min

2.3. Comparison with Design Codes

According to Eurocode 5 (EC5) [52], the characteristic load-bearing capacity of the test

joints was calculated as
frixtide
froxtode
frixtide

[yt (o m () -m0

b Kt de 4/311(2+,811)M Rk Fay,
1.05 hzliﬁlh {\/Z/Sh(l + /311) + W%YR —Bu| + 741“(

trd, 4By, (14+28,) My, Fax
1.05f'2‘1+’k22h {\/Zﬁhz(l + Bp) + 4Bn(142Bw) Myri ,Bh] + Do

fnkt2?de
2 Fax,
115,/ 28 /My i e + 2

+

F, ax,Rk

4

@)

f

®)

where t; is the thickness of the sheathing panel, f}; i is the characteristic embedding strength
in timber member i, de is the effective diameter of the fasteners, My gy is the characteristic
fastener yield moment, By, is the ratio of embedding strengths (B = fno k/fh1 k), and Fay r

is the characteristic axial withdrawal capacity of the fasteners
fns = 0.082(1 — 0.01de) px,

where py (=420 kg/m?3) is the density of the timber.

(4)

From ECS5 [52], the characteristic embedding strength for the PSB and OSB sheathing

was calculated as
fp,pse = 30d. 0308,

fhp,OSB = 65d. 711,

where ¢ is the thickness of the sheathing panel.

f ax,kd tpen

F = 7
xRk { fax k@t + fread kfdn?

©)
(6)

@)



Coatings 2021, 11, 1447 10 of 24
fax,n =20 x 10_6szr (8)
fhead,rl =70 x 1076Pk21 (9)

F. = min

where fax n is the characteristic pointside withdrawal strength, fhead n is the characteristic
head pull-through strength, d is the nail diameter, tpen is the pointside penetration length
or the length of the threaded part in the pointside member, ¢ is the panel thickness, and d},
is the nail head diameter.

According to EC5 [52], the characteristic withdrawal capacity for the screws was
calculated as

Fax,Rsk = fax,kdelefkd/ (10)

faxk = 0.52de™ %l 10y 0%, (11)
de

kg = min{ % , (12)

where f, i is the characteristic withdrawal strength perpendicular to the grain, d. is the
effective screw diameter, and I, is the penetration length of the threaded part.
The design strength was calculated using EC5 [52] as
Fy
Fa= %, (13)
M
where Fjy is the characteristic strength and ) (=1.3) is the partial factor.
According to Chinese code (GB50005) [10], the characteristic load-bearing capacity of
the test joints was calculated as

Retadfes (ReR: < 1.0) a
Retadfes (ReR: = 1.0) b
t1d, 2 2

i om0 (2) )]

Jn1xdeBrta 1647y, (1428, )kede? fyx , (14)
h11+2/5’}1 [\/2(1 B+ 3B fi k2 = - 1] d

fhl,ktldeﬁh 2(1+ﬁh) + 1-647[%}1(1+2ﬁ}1)kedt?2fyk -1 e

24Py, B 3B frxh?
2 | L647Byke fyk

S kde 3(1"'.5}1)fh1y,k f

where f ) is the characteristic fastener yield strength.

The design strength was calculated using GB50005 [52] as

Fix
F 4= i p 15
A= (15)

where Fj is the characteristic strength and ; is the partial factor for different failure modes
(7va = 4.38 for fastener using screw; v, = 3.42 for fastener using nail; v, = 3.63 for fastener
using screw; vy, = 2.83 for fastener using nail; y. = 2.22; y4 = 1.88).

The design lateral bearing capacity calculated using EC5 [52], in which design method
B is used for the SW without hold-down, was calculated as

bF,
Fy = kskqukns—oc, (16)
2.4\%4
kq = 1+ (0.0837 — 0.00087°) (b> , 17)

where F. is the lateral design capacity of an individual fastener, b is the wall length, sy is
the basic fastener spacing (sgp = 9.7 d/px), ks is the fastener spacing factor (ks = 1/(0.86 s/sq
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(@)

+0.57), kq is the dimension factor for the wall (kg = b/h for b/h < 1), kq is the uniformly
distributed load factor for the wall, k; is the sheathing material factor (k, = 1 for sheathing
on one side), and g is the equivalent uniformly distributed vertical load acting on the wall.

The design lateral bearing capacity, calculated using GB50005 [10], was calculated as

Fy = kikoksbfyq, (18)

where f 4 is the design value of shear strength of SWs, b is the wall length, k; is the moisture
content factor (k; = 1.0 for moisture content lower than 16%), k; is the framing material
factor (ko = 0.8 for framing using SPF), k3 is the strength factor for the wall without bracing
(k3 = 0.6).

3. Results
3.1. Experimental Results
3.1.1. Failure Modes

The ultimate failure modes of the panel-to-frame joints are shown in Figure 9. In the
tests, the main ultimate failure modes of the nailed panel-to-frame joints with the OSB
panel and PSB panels were nail yielding followed by the withdrawal of nails from the
framing member. Nails embedded into the sheathing panel were found in joints with the
OSB panels, but not in those with the PSB panels. The failure mode of the screwed joints
was brittle failure of the screws.

(b) (0)

Figure 9. Failure modes of panel-to-frame joints: (a) nail embedding into oriented-strand board (OSB) panel; (b) nail
yielding; (c) screw brittle failure.

The ultimate failure modes of traditional SWs are shown in Figure 1. In the traditional
SW specimens, the sheathing nails had pulled out of the bottom beam, and their heads
had become embedded in the OSB panel, splitting its edges. The ultimate failure modes
of the strengthened walls are shown in Figure 10. The main deformation patterns of the
SWs strengthened with PSB panels look basically the same as those of the traditional
SWs, but no embedding of nails or splitting of the PSB panels had occurred in the SWs
strengthened with PSB panels. In addition, splitting of the bottom beam had occurred in
the SWs strengthened using PSB panels with screws.

Compared with the failure modes obtained from the panel-to-frame joint tests, the
failure modes of the SWs at the joints were similar. There was some difference between the
panel-to-frame screwed joints with the PSB panels and the screwed PSB-panel-strengthened
walls, because the effect of multiple screws on the framing material was not accounted for
in the joint tests. The failure modes of the specimens are summarized in Table 6.
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() (d)
Figure 10. Failure modes of LWF SW: (a) uplift of studs; (b) rotation of sheathing panel; (c) yielding and withdrawal of

nails; (d) splitting of bottom beam.

Table 6. Failure modes of wall specimens.

Joints OSB-Nail PSB-Nail PSB-Screw
Nail yielding followed by Nail yielding followed by
Failure modes withdrawal of nail from the withdrawal of nail from the Brittle failure of screw
framing member framing member
Failure number 16 16 16
. . v With OSB-Nail and With OSB-Nail and
Light-Wood-Framed Shear Walls With OSB-Nail Joints PSB-Nail Joints PSB-Screw Joints
Failure modes Tear of OSB sheathing panel  Yielding and Wlthdrawal of Bottom beam failure
near the corners at the bottom nail
Failure number 2 2 2

3.1.2. Load-Displacement Relationships and Lateral Performance Parameters

The average load—displacement curves for the test joints are compared in Figure 11.
As with traditional joints, the load—displacement relationship of the nailed panel-to-frame
joints with the PSB panels was nonlinear; in contrast, the load-displacement relationship
of the screwed joints with the PSB panels was linear. The load—displacement curves of
the joints show that the load of the panel-to-stud joints rose slowly in the early phase of
loading, with the load-displacement curves of the panel-to-stud joints lagging behind
those of the panel-to-beam joints; this was due to the fasteners slipping along the direction
of the wood grain. When the loading direction was parallel to the direction of the wood
grain, the wood-grain bonding was weak, and the concentrated force could easily split
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the wood fibers. For joints with screws, the load—displacement curve rose slowly in the
early phase of loading. This was because the contact between the screw and the component
to which the screw was attached was flexible, and thus, the threads of the screw were
extruded and compacted with the surrounding fibers at the beginning of loading.

3.0
——T-PB-ON — — T-PS-ON
——N-PB-PN — — N-PS-PN
2.5+ ——N-PB-PS — — N-PB-PS

25

Displacement (mm)

Figure 11. Load-displacement curves for panel-to-frame joints.

The parameter values for the mechanical properties of different joints are presented
in Table 7. As can be seen, the sheathing panel types and the sheathing fastener types
affected the mechanical properties of the panel-to-stud joints and panel-to-beam joints
differently. This was because the angle between the wood grain and the loading direction
affected the deformation and force characteristics of the fasteners in the joints. The UBC,
stiffness, ductility, and dissipation of the panel-to-stud joints with the OSB panel were
lower than those of the same joints with a PSB panel; this was because the rigid PSB panel
limited the deformation of the fasteners within it, resulting in the formation of two hinges
in the fastener. However, in the panel-to-beam joints, replacing part of the OSB panel
with PSB panels reduced the UBC of the joints. The lateral bearing capacity of the joints
was determined by the bending strength of the fasteners, the embedding strength of the
sheathing and framing material, and the withdrawal strength of the fasteners. Because
the diameter of the pre-drilled holes in the sheathing and framing members was the same
as that of the nails, the friction between the nails and the framing members was reduced,
which made it easier to withdraw the nails. Replacing the nails with screws when using
PSB panels further enhanced the UBC of the joints. The primary reason for this effect
was that the diameter of the predrilled holes was less than that of the screws, and thus,
the bending capacity and withdrawal capacity of the screws, which were significantly
higher than those of the nails, were used more efficiently. In addition, the elastic stiffness
of the joints with the PSB panels was higher than that of traditional joints, because the
mechanical properties of PSB panels were better than those of OSB panels. Because of the
poor ductility of screws, joints using screws also have poor ductility, although they have
better load-bearing capacity and stiffness.
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Table 7. Mechanical properties of the panel-to-frame joints.
. Pmax Afailure K
Grouping (kN) (mm) (kN/mm) # A

T-PB-ON 1.36 22.48 0.25 4.80 23.56

T-PS-ON 0.81 15.73 0.11 2.55 8.58

N-PB-PN 1.13 9.03 0.37 3.50 7.38

N-PB-PS 2.26 8.42 0.32 1.88 8.87

N-PS-PN 1.08 17.19 0.26 5.22 13.30

N-PS-PS 1.93 12.42 0.30 3.32 11.85

The average load-displacement curves for the test SWs are compared in Figure 12.
The parameter values for the lateral performance of different SWs are presented in Table 8.

6 -
—— TW-O-N
5] ——NW-P-N
——NW-P-S
Z 49
3
2 3
o
—
24
1
0 T T T T T T
0 20 40 60 80 100

Displacement (mm)

Figure 12. Load-displacement curves for light wood-framed shear walls.

Table 8. Experimental results of the light wood-framed shear walls.

Grouping Pax (kN) Afaiture (mm) K (kKN/mm) i A
TW-O-N 2.50 71.56 0.14 4.70 140.33
NW-P-N 2.76 85.63 0.17 8.58 200.31
NW-P-S 4.61 92.10 0.16 3.47 238.18

The main variables considered when studying the SWs were (i) the setting of the end
PSB panels and (ii) the types of sheathing fastener used on the PSB panels. The results show
that these variables had a significant effect on the general load-displacement relationships
of the test specimens. Setting the PSB panels and using screws in them increased the
load—displacement performance of the traditional SWs. He et al. showed experimentally
that using a smaller sheathing panel in the wall results in less strength and stiffness than
using a larger sheathing panel [45]. The PSB-strengthened LWF SW was equivalent to
dividing one large sheathing panel into three, and the deformation of the sheathing panel
changed from rotation of the entire sheathing panel to three panels with varying degrees
of rotation. The deformation of the LWF SW is shown in Figure 13. The UBC of the test
walls was much lower than in existing studies, which reported UBCs of ~10-20 kN for
1.22-m-wide walls [26-29]. This discrepancy is due to the hold-down setting in the previous
studies [26-29]. In contrast, in the present study, no hold-down was provided in the test
walls so that the effect of setting PSB panels at the ends on the restraining capacity of the
wood frame could be clearly observed.
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Figure 13. Deformation of LWF SWs: (a) traditional; (b) PSB-strengthened.

As can be seen in Figure 12 and Table 8, setting the end PSB panels without changing
the sheathing fasteners increased the UBC by 10%, the stiffness by 21%, the ductility by
83%, and the dissipation by 43%. Because the UBC of the walls depended mainly on the
bending resistance of the sheathing fasteners, the increase in the UBC of the wall was
small when the same sheathing nails were used and the PSB panels were set only at the
ends. However, because the material properties of the PSB panels were considerably
better than those of OSB panels, the PSB panels produced a better skin effect when the
wall was loaded. This resulted in a substantial increase in the ductility and dissipation
of the nailed PSB-strengthened SWs. For the walls using screws on the end PSB panels,
the UBC and dissipation of the walls increased by 67% and 19%, respectively, compared
with PSB-strengthened SWs with nails used on the PSB panels. Using screws in the end
PSB panels greatly improved the UBC compared with using nails. This was due to the
high bending strength of the screws and the ability to exploit that bending strength in
combination with the PSB panels. However, the ductility of the walls was 60% lower than
that of nailed PSB-strengthened walls and 26% lower than that of traditional LWF SWs.
The poor ductility of the PSB-screw joints was apparent in the joint tests, but the joints still
had a certain ductility when applied to the wall.

When comparing the performance of the joints with that of the corresponding SWs,
it is clear that there were scaling effects between the joints and the walls. First, there
was a scaling effect on the failure mode. The OSB-nail joints did not exhibit any OSB-
panel splitting, but the OSB panel split in the traditional LWF SW. The main failure mode
of PSB—screw joints was brittle failure of the screws, but the bottom beams split in the
corresponding walls. The second scaling effect concerned the lateral performance. The
lateral performance of the panel-to-beam joints was the main determinant of the lateral
UBC of the walls [12,15]. The performance of panel-to-beam joints is a major consideration
when designing the lateral bearing capacity of walls. Therefore, the lateral performance
of panel-to-beam joints should be compared with the overall lateral resistance of the wall.
The effects of these variables on the stiffness and ductility of the wall were consistent
with those of the corresponding joints. However, there were small deviations in the UBC
and dissipation.

Therefore, because the lateral performance of the traditional SWs was improved, we
reason that an LWF SW strengthened with PSB panels is feasible and workable. The primary
reason for this effect was that the PSB panels showed excellent mechanical properties that
brought all the materials fully into play. In addition, the bending capacity and withdrawal
capacity of the screws were significantly higher than those of nails.
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3.2. FEA Results
3.2.1. FEA Model Verification

Figure 14 compares the experimentally and numerically obtained partial deformations
of several walls. Since there was no bracing in the wall, the gap between the OSB panel and
PSB panel became larger because the rotation angles of the OSB panel and the PSB panel
were different when the wall was in failure mode. Furthermore, there was a horizontal
misalignment displacement between the OSB panel and the PSB panel. The deformation
of the joint at the bottom corner of the wall was mainly expressed by the stud uplift and
the sheathing panel leaving the bottom beam. The vertical displacement of the studs was
larger than the vertical displacement of the sheathing panels. As can be seen, the FEA
results agreed well with the test results.

Figure 14. Comparison between test and finite-element analysis (FEA) results.

Figure 15 compares the experimentally and numerically obtained load-displacement
curves and uplift-displacement curves of several walls. During the subsequent stages
of loading, the deviation between the FEA and experimental results increased, mainly
due to component manufacturing, test errors, and errors in the joint test parameters.
Among these factors, the panel-to-frame joint test data had the greatest impact. Because
the individual test specimens in the joint tests represented only a component force of the
fastener in the wall, the fastener group effect and the internal force redistribution in the
walls were neglected.

During the subsequent stages of loading, the deviation between the FEA and experi-
mental results increased, mainly due to component manufacturing, test errors, and errors
in the joint test parameters. Among these factors, the panel-to-frame joint test data had the
greatest impact. Because the individual test specimens in the joint tests represented only a
component force of the fastener in the wall, the fastener group effect and the internal force
redistribution in the walls were neglected.

The FEA results show that (i) the ultimate load of the traditional SW was overestimated
and (ii) the ultimate loads of the SWs strengthened with PSB panels were underestimated.
This was because the joint tests considered only a single loading direction without account-
ing for panel rotation. The sheathing panel was also subject to rotation, and its bottom
edge actually split because the FEA neglected the weaker performance of the OSB panel;
the FEA also neglected the better skin effect of the PSB panels. However, comparing the
uplift-displacement curves of the end stud of the TW-ON and the NW-PN showed that
the stud uplift was effectively limited when the PSB panels were only set with nails. The
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Load (kN)
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Figure 15 also shows that the PSB panels resist rotation better than OSB panels. Using
screws when setting the end PSB panels further limited the stud uplift.
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Figure 15. Comparison between test and FEA results: (a) load—displacement curves; (b) uplift-displacement curves.
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As can be seen, the curves corresponded reasonably well in each case. Furthermore,
we see that the error in the ultimate load between the FEA and experimental results was
within 10%; therefore, the ultimate loads of the walls simulated through FEA were in good
agreement with the test results. Although the uplift of the end stud differed between the
FEA and experimental results, the influence and trends of the variables given by FEA
were the same as in the experimental results. Consequently, the model developed herein
accurately reflects the force conditions of LWF SWs strengthened with PSB panels.

The load-displacement curves obtained from FEA are shown in Figure 16. According
to Figure 16, it can be seen that the finite element mesh discretization had little effect on
the shape of the load—displacement curve of the model. The load—displacement curves
obtained from the FEA with different meshing sizes were almost the same.
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Figure 16. Load-displacement curves of FEA models with different meshing sizes: (a) TW-O-N; (b) NW-P-N; (c¢) NW-P-S.

The results of the FEA with different meshing sizes are shown in Table 9. According
to Table 9, it can be seen that the meshing size at the top and bottom of the wall affected
the ultimate bearing capacity of the model within 1.8%. This was due to the assumption in
the finite element analysis that the materials were all in the elastic range. The failure of the
wall was caused by the nonlinear springs used to simulate the joints. In addition, for every
doubling of the meshing size in the finite element model of PSB-reinforced light wood
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frame shear walls, the computing time increased by about 40%. Therefore, the meshing
size of the model in the subsequent parametric analysis was 100 mm.

Table 9. FEA results of model with different meshing sizes.

Approximate Global . . . .
Grouping of Models Size of Seeds for End Number of Elements Number of Nodes Total CPU('l;lme of Job Ultimate B:le(a;x)lg Capacity
Panels in Mesh Control s
100 532 761 14.40 2.65
TW-O-N 50 976 1225 16.80 2.64
25 1846 2121 25.40 2.64
100 620 965 13.00 2.64
NW-P-N 50 981 1396 18.60 2.65
25 1876 2407 26.20 2.66
100 620 965 16.30 4.22
NW-P-S 50 981 1396 23.90 4.21
25 1876 2407 33.10 4.24

3.2.2. Parametric Studies

Based on the verified model of a PSB-strengthened LWF SW, 12 different configurations
were investigated further, including walls with uniform vertical loads of 6, 12, 18, and
24 kN/m. Figure 17 shows the deformation of the SW joints under vertical loading. We now
discuss how the vertical load affected the deformation of the wall through comparisons
with an LWF SW with no vertical load. As can be seen, the center of rotation at the bottom
of the sheathing panel moved closer to the center of the wall under the action of the
vertical load. Moreover, the deformation of the sheathing-to-frame joints near the bottom
of the wall changed from nearly parallel to the studs to an increased angle from the studs.
Thus, the combined force of all the sheathing-to-frame joints began to act in the direction
perpendicular to the actual loading direction.

Without vertical load

With vertical load

Without vertical load With vertical load

(b)

Figure 17. Deformation of joints under vertical load: (a) panel-to-beam joints; (b) panel-to-stud joints.
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Because the UBC in the FEA results reflects the force conditions of LWF SWs strength-
ened with PSB panels, we will further discuss the ultimate load of the LWF SW under
different vertical loads. Figure 18 shows the UBC of the SW at the limit state according
to the FEA results. According to Figure 18, the UBC of the SW was proportional to the
vertical load. Additionally, with increasing vertical load, the extent of the increase in the
UBC decreased. For a traditional LWF SW, its UBC with a vertical load of 24 kN/m was
almost the same as that with a vertical load of 18 kN/m; this was consistent with the
conclusions reached in previous studies [28]. In contrast, for a PSB-strengthened LWF SW,
its UBC under a vertical load of 24 kN/m was still significantly higher than that under
a vertical load of 18 kKN /m. Furthermore, the increase in the UBC of the screws used in
the PSB panels was slightly larger than that of the common smooth nails used in those
panels. This was because, with increasing vertical load, the UBC of the wall depended
more on the combined force performance of the panel-to-beam joints and the panel-to-
stud joints than on the performance of the joints in a single loading direction. The joint
test results show that the UBCs of the nailed panel-to-beam joints with the OSB panel
were slightly better than those of the panel-to-beam joints with the PSB panels, but the
nailed panel-to-stud joints with the OSB panel were significantly weaker than the nailed
panel-to-stud joints with the PSB panels. The UBCs of the nailed panel-to-beam joints
and the nailed panel-to-stud joints with PSB panels were similar. Therefore, the combined
performance of the nailed joints with the PSB panels was better than that of the nailed
joints with the OSB panel. In the case of sheathing fasteners with nails, the UBC of a wall
with end PSB panels under vertical loading was slightly higher than that of a traditional
wall under vertical loading. Similarly, for both panel-to-beam joints and panel-to-stud
joints, the UBC of PSB-screw joints was significantly higher than that of PSB-nail joints.
Therefore, the UBC of the PSB-strengthened SWs with screws was significantly higher than
that of the PSB-strengthened SWs with nails. As was previously shown, after increasing
the overturning resistance of SWs by vertical loading, replacing the ends of the OSB panel
with PSB panels slightly increased the UBC of traditional SWs, and using screws in the PSB
panels significantly improved the UBC of SWs with nails.
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Figure 18. Ultimate bearing capacity from FEA models.

3.3. Comparison with Design Codes
3.3.1. Comparison of Bearing Capacity with Eurocode 5

The characteristic and design values of the elements in the joints were calculated
according to EC5 [52], and the results are given in Table 10. The calculated data were
used for subsequent reliability analysis. Compared with the UBC obtained from joint
tests, the characteristic value of the bearing capacity for the joints calculated according
to EC5 decreased by 46% for the OSB-nail joints and by 58% for the PSB-nail joints. This
was because PSB panels offer a more reliable compression strength than OSB panels.
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The characteristic value of the bearing capacity of the PSB-screw joint was 50% of the
UBC obtained from joint tests. This was due to the limitation of the withdrawal strength
of screws in EC5 in order to guarantee the reliability of the design. By comparing the
characteristic values of bearing capacity for each group of joints, it can be seen that the
estimates for the joints using low-density sheathing panels and low-ductility sheathing
fasteners were on the conservative side.

Table 10. Calculated value of the bearing capacity of the joints.

Lateral Load Capacity

Calculated according to EC5 (kN) Calculated according to GB50005 (kN)

OSB-Nail PSB-Nail PSB-Screw OSB-Nail PSB-Nail PSB-Screw
Characteristic value 0.626 0.661 0.781 0.474 0.696 0.791
Design value 0.482 0.509 0.601 0.214 0.313 0.365

Comparing the corresponding load values of the walls calculated in EC5 with the
UBC obtained from FEA shows that the trend for how the vertical load influences the
load-bearing capacity of the walls obtained from FEA was consistent with the calculations
based on EC5. Moreover, the coefficient kq shows that the effect of vertical loading on the
UBC of the wall was nonlinear, which was consistent with the FEA results. These aspects
further demonstrate the validity of the FEA results, as well as showing that the new type
of wall is still suitable for the design methods in EC5. Figure 19 and Table 11 show that the
design values of the UBC of traditional walls are much smaller than the FEA results; this
proves that traditional LWF SW designs are safe. However, the design values of the new
type of PSB-strengthened LWF SWs were closer to the FEA results. As indicated, the load
capacity of the joints calculated according to EC5 was high and the design values were on
the unsafe side. Therefore, the design values of the joints in SWs with PSB panels must be
further studied and revised.
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Figure 19. Comparison between calculated and FEA results: (a) M-TW-ON; (b) M-NW-ON; (c) M-NW-OS.
Table 11. Lateral bearing capacity of the test walls.
M-TW-ON M-NW-ON M-NW-0S
Vertical Load (kN/m)
FEA Design Characteristic FEA Design Characteristic FEA Design Characteristic
0 2.64 1.79 2.32 2.61 1.89 2.45 4.22 2.23 2.89
6 3.68 2.89 3.76 3.97 3.05 3.97 5.18 3.61 4.69
12 4.86 3.86 5.02 5.14 4.08 5.30 6.22 4.82 6.26
18 5.85 4.70 6.10 6.14 4.96 6.44 7.41 5.86 7.61
24 5.86 5.40 7.01 6.75 5.70 7.40 8.27 6.73 8.74

3.3.2. Comparison of Bearing Capacity with Chinese Code

Figure 20 compares the predicted shear strength of the walls with the design values of
the bearing capacity of LWF SWs as specified in the Chinese code [10]. The shear-strength
range specified in the Chinese code [10] is from 3.5 (for 9.5-mm-thick OSB panels with
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2.84-mm-diameter nails and hold-down) to 6 kN/m (15.5-mm-thick OSB panels with
3.66-mm-diameter nails and hold-down). Therefore, the design value range calculated
according to GB50005 for the traditional walls was from 3.36 to 5.76 kN, and the design
value range calculated according to GB50005 of the walls strengthened with end PSB panels
was from 2.02 to 3.46 kN. Moreover, the characteristic and design values of the LWF SWs
were calculated according to the shear wall design procedure in EC5 [52] and the joint
design procedure in GB50005 [10], and the results are given in Figure 20 and Table 12.
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Figure 20. Comparison between calculated and FEA results: (a) M-TW-ON; (b) M-NW-ON; (¢) M-NW-OS.

Table 12. Lateral bearing capacity of the test walls.

M-TW-ON M-NW-ON M-NW-0S
Vertical Load (kN/m)
FEA Design Characteristic FEA Design Characteristic FEA Design Characteristic
0 2.64 0.79 1.76 2.61 1.16 2.58 4.22 1.35 2.93
6 3.68 1.28 2.84 3.97 1.88 4.18 5.18 2.19 4.75
12 4.86 1.71 3.80 5.14 2.51 5.58 6.22 2.92 6.34
18 5.85 2.09 4.62 6.14 3.05 6.78 7.41 3.56 7.71
24 5.86 2.40 5.31 6.75 3.50 7.79 8.27 4.09 8.85

Comparing the corresponding load values of the walls calculated in design value of
joints according to GB50005 with the UBC obtained from FEA shows that the design values
of the UBC of walls were much smaller than the FEA results; this proves that joint designs
based on GB50005 are safe. The range of design values of the new type of PSB-strengthened
LWF SWs calculated in shear wall design procedure of GB50005 were not suitable for the
FEA results. As indicated, the load capacity of the walls without hold-down, calculated
according to GB50005, was high and the design values were on the unsafe side in several
conditions. Therefore, the Chinese design method of the SWs with PSB panels must be
further studied and revised. According to Figure 20, with increasing vertical load, the
design value of the walls with high-strength fasteners exceeded the maximum design value
in the Chinese code when the vertical load reached 24 kN/m. This shows that LWF SW5s
strengthened with end PSB panels are effective in practical applications and, when used
with suitable fasteners, can achieve good lateral resistance and economic efficiency.

4. Conclusions

This paper described a new type of LWF SW with a composite sheathing panel (i.e., an
LWF SW strengthened with PSB panels). Experiments and nonlinear FEA were conducted
to study the factors influencing the lateral performance of the walls under monotonic
loading, including (i) setting the end PSB panels, (ii) the type of sheathing fasteners used
on the end PSB panels, and (iii) the uniform vertical load. The experimental results of the
joints at different positions along the new type of strengthened wall were used to perform
FEA. Furthermore, good agreement was found between the experimental and FEA results,
whereupon FEA modeling of 12 strengthened walls was conducted for further parametric
studies. We can draw the following conclusions from the results presented in this paper.
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Compared with traditional LWF SWs, using LWF SWs strengthened with PSB panels
has a significant positive effect on the lateral performance. Setting PSB panels at both ends
of the wall is effective in restricting the uplift of the end stud in traditional walls, thereby
improving the failure mode and enhancing the integrity of the wall. With nails used for
sheathing fasteners, setting the end PSB panels significantly increases the stiffness, ductility,
and dissipation of traditional walls. The superior mechanical properties of the PSB panels
mean that a better skin effect is produced, thereby increasing the UBC of the walls to a
small extent. Moreover, using screws on the sheathing PSB panels further improves the
UBC and dissipation, but decreases the ductility ratio of the walls.

The overturning resistance capacity is positively related to the lateral bearing capacity
of the strengthened walls. Additionally, setting the end PSB panels on the walls significantly
enhances the overturning resistance capacity of the walls, which effectively restricts the
stud uplift. With increasing vertical load, the increase in the lateral bearing capacity of the
walls is greater when screws are used in the end PSB panels than when nails are used.

The characteristics and design values of the bearing capacity of joints and the corre-
sponding walls were calculated according to EC5 and GB50005. The results show that the
joint design procedure in GB50005 was on the conservative side. The trend of the effect
of vertical load on the lateral bearing capacity of the wall could be predicted by EC5. The
design procedure in GB50005 of the SWs with PSB panels must be further studied and
revised. The design values of lateral bearing capacity at a vertical load of 24 kN /m were
all higher than the maximum design values specified in the Chinese code. Thus, LWF SWs
strengthened with PSB panels at the ends only, and the use of fasteners with high flexural
strength on those panels, are not only effective at increasing the lateral bearing capacity,
but also have the advantage of reducing costs.
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