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Abstract 
In the new 2005 edition of the National Building Code of Canada, the permissible deflections under 
earthquake conditions will be much more restrictive and could potentially become the governing factor 
for the design of wood frame construction.   
 
To proactively respond to the code changes, this three-year project was to develop design procedures for 
determining the stiffness or deflection of shearwalls and diaphragms under these extreme seismic and 
wind load events. While investigating the formulae for predicting deflections, issues related to the overall 
strength or load carrying capacity of shearwalls were also addressed. 
 
Using a “mechanics-based” approach, deflection formulae were developed for unblocked shearwalls, two-
sided shearwalls (gypsum wallboard on one side and wood-based panels on the other side), and 
shearwalls without hold-downs. In collaboration with staff from the Canadian Wood Council, these 
deflection formulae will be submitted for implementation in the next edition of the Canadian Standard for 
Engineering Design in Wood (CSA O86), which in turn forms the basis for acceptance under the National 
Building Code. 
 
The work has also helped to address the following issues in the CSA O86: 
• Height limitations for unblocked shearwalls (currently capped at 2.44m) 
• The use of diagonal lumber as sheathing for walls and diaphragms. This information, which is 

particularly important in upgrading wood buildings to new code requirements, addresses concerns 
raised by designers. 

 
Technical information generated from this project was disseminated in the wood engineering community 
and CSA O86 committee meetings. Two papers entitled “Lateral Resistance of Tall Unblocked 
Shearwalls” and “Deflections of Nailed Shearwalls and Diaphragms” were presented at the 8th World 
Conference on Timber Engineering in Lahti, Finland in June 2004. An article entitled “Racking 
Performance of Tall Unblocked Shearwalls” has been submitted to the ASCE Journal of Structural 
Engineering for publication. Another article entitled “Performance of Shearwalls with Diagonally 
Sheathed Lumber” is being prepared and will be soon submitted to the ASCE Journal of Structural 
Engineering. 
 
By proactively responding to future design code changes, this project will allow the construction industry 
to take advantage of various shearwall options in their designs of wood frame buildings, and will assist 
the wood products industry to maintain its competitive advantage in existing and new markets situated in 
seismic and high wind zones such as those around the Pacific Rim and in the South Eastern United States. 
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1 Objectives 
The objectives of this project are: 

§ To develop design procedures for determining the stiffness or deflection of shearwalls and 
diaphragms under extreme seismic and wind load events. 

 
§ To address issues related to the overall strength or load carrying capacity of shearwalls. 

 
 

2 Background 
Platform frame wood construction is the most commonly used construction system for residential 
buildings in North America. The system is cost competitive, has excellent thermal performance under a 
wide range of climatic conditions, and offers proven structural performance in high seismic regions. It is 
also gaining popularity in many parts of the world such as Europe and Far East Asia.  
 
Over the last two decades, most wood-frame buildings exposed to extreme natural forces survived the 
event and achieved the objective of protecting lives. However, in order to control substantial insurance 
claims due to non-structural damage (e.g. cracking of windows and plaster) caused by excessive 
movement of the structure, code committees have started to make code provisions more restrictive. In the 
new 2005 edition of the National Building Code of Canada, the permissible deflections under earthquake 
conditions will be much more restrictive and could potentially become the governing factor for the design 
of wood frame construction.   
 
To proactively respond to the code changes, this three-year project was launched with aim to develop 
design procedures for determining the stiffness or deflection of shearwalls and diaphragms under extreme 
seismic and wind loads. While investigating the formulae for predicting deflections, issues related to the 
overall strength or load carrying capacity of shearwalls were also addressed.  
 
 

3 Partners 
University of New Brunswick 
University of British Columbia 
Canadian Wood Council  
Structural Engineering Consultants of British Columbia 
University of Florence 
Tongji University 
 
 

4 Progress and Achievement 
Considerable amount of information has been created over the last three years. Using the mechanics-
based approach, deflection formulae were developed for unblocked shearwalls, two-sided shearwalls 
(gypsum wallboard on one side and wood-based panels on the other side), and shearwalls without hold-
downs. The research findings, which were summarized in a paper entitled “Deflections of Nailed 
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Shearwalls and Diaphragms”, were presented at the 8th World Conference on timber Engineering in Lahti, 
Finland in June 2004. The paper is enclosed in Appendix I.   
 
The project also helped to address the following issues in the CSA O86: 

• Removal of the height limitations on unblocked shearwalls (currently capped at 2.44m) 
• Technical support for the use of diagonal lumber as sheathing for walls and diaphragms. This 

information is particularly important in upgrading wood buildings according to the new code 
requirements. 

 
Current design provisions in CSA O86 are limited to horizontally sheathed unblocked shearwalls with a 
maximum height of 2.44 m. To allow unblocked shearwalls taller than 2.44 m to be incorporated in the 
design of engineered structures, tall unblocked shearwalls, 16 ft high by 16 ft long, were tested to study 
the performance of shearwalls with different configurations. A paper entitled “Lateral Resistance of Tall 
Unblocked Shearwalls” was prepared and presented at the 8th World Conference on timber Engineering in 
Lahti, Finland in June 2004. An article entitled “Racking Performance of Tall Unblocked Shearwalls” has 
been submitted to ASCE Journal of Structural Engineering for publication. A manuscript of the ASCE 
paper is provided in Appendix II. 
 
To address concerns raised by designers about the capacities of shearwalls sheathed with diagonal 
lumber, tests of the shearwalls were conducted to study whether or not the shear strengths specified in 
CSA O86 for shearwalls sheathed with a single or double layer of diagonal lumber are appropriate. In 
addition, full-scale tests were also conducted to study: a) whether the capacity of a two-sided shearwall is 
cumulative when different materials (such as diagonally sheathed lumber on one side and gypsum 
wallboard on the other side) are applied on both sides; b) the effect on shearwall capacities due to the 
application of hold-downs at the top and bottom of shearwalls (or continuous threaded rod through the 
height of shearwalls); and c) the effect on shearwall capacities for shearwalls with diagonally sheathed 
lumber spliced at interior studs. Results from these tests and recommendations for the design capacities 
have been presented in CSA O86.1 committee meetings. An article entitled “Performance of Shearwalls 
with Diagonally Sheathed Lumber” is being prepared and will be soon submitted to ASCE Journal of 
Structural Engineering. The draft paper is provided in Appendix III. 
 
 

5 Conclusions 
By proactively responding to future design code changes, this project will allow industry to take 
advantage of various shearwall options in their designs of wood frame construction and to maintain the 
competitive advantage in existing and new markets situated in seismic and high wind zones around the 
Pacific Rim and in the South Eastern U.S. 
 
 

6 Code Implementation 
In collaboration with staff from the Canadian Wood Council, deflection formulae developed in this 
project will be submitted for implementation in the next edition of the Canadian Standard for Engineering 
Design in Wood (CSA O86). 
 
In combination with numerical modelling to investigate greater range of wall framing members, 
sheathings, nail diameters and nail spacing, a solid technical database will be created to support the 
removal of wall height restriction for unblocked shearwalls in CSA O86. In collaboration with the 
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University of New Brunswick, Forintek will prepare a code change proposal to remove the restriction on 
wall height for unblocked shearwalls in CSA O86. 
 
Based on the findings presented in the paper entitled “Performance of Shearwalls with Diagonally 
Sheathed Lumber”, recommendations on the design capacities of shearwalls sheathed with diagonal 
lumber will be presented to CSA O86 code committee.  
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Summary 
In designing shearwalls and diaphragms, engineers need to distribute horizontal shear forces 
from diaphragms to shearwalls, and to wall segments within the shearwalls. In order to 
facilitate those calculations, stiffness or deflection for various types of shearwalls and 
diaphragms need to be determined. Currently, only deflections for blocked shearwalls and 
diaphragms are provided in various wood design codes. Deflection for unblocked shearwalls 
and diaphragms are, however, still not available. In this paper, deflection formulae for 
unblocked shearwalls, shearwalls without hold-downs and shearwalls sheathed on two sides 
are presented and compared to test results.  
 
Keywords: deflections, diaphragms, unblocked shearwalls, shearwalls without hold-downs, 
shearwalls sheathed on two sides 
 
 

1. Introduction 
In designing shearwalls and diaphragms that make up the platform-frame structure, one of the 
remaining questions is how to distribute the horizontal shear forces between shearwalls and 
shearwall segments. This question can be answered when stiffness or deflection equations 
become available for all types of shear walls and diaphragms. Currently, only deflections for 
blocked shearwalls and diaphragms are provided in various wood design codes. Deflection for 
unblocked shearwalls and diaphragms are, however, still not available. In the Canadian wood 
design standard CSA O86-01, design values were provided for shearwalls without hold-downs 
and shearwalls sheathed on two sides. Stiffness or deflection formulae for these types of 
shearwalls are also needed. 
 
In this paper, methodologies for deflections of blocked shearwalls and diaphragms are 
provided. Deflection formulae for unblocked shearwalls, shearwalls without hold-downs and 



 
 

shearwalls sheathed on two sides were developed. Good agreement between test results and 
prediction were obtained.  
 

2. Diaphragm and Shearwall Deflections 
Blocked diaphragms and shearwalls are normally designed in a similar fashion to a steel plate 
girder where the wood-based panels, similar to the webs of girders, are considered to resist 
shear stresses and boundary framing members, similar to flanges, are considered to provide 
resistance to flexural stresses. Intermediate framing members stiffen the panels against 
buckling and provide shear splices at panel edges [1].  
 
Deflection formulae of blocked diaphragms and shearwalls were provided in the Commentary 
of CSA O86-01, Engineering Design in Wood [2]. For a blocked diaphragm, it is assumed that 
the total deflection is the summation of bending deflection from flanges (boundary framing 
members) carry the bending moment, shear deflection of the panels forming the webs, and nail 
slip deflection due to relative movement of panels to framing members along panel boundaries, 
see Equation 1.  
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where: 
A = area of flange cross section, mm2 
Bv = shear-through-thickness rigidity of sheathing, N/mm 
b = diaphragm width, mm, 
E =  elastic modulus of flange, N/mm2 
en = nail deformation, mm 
L = diaphragm length, mm 
v = maximum shear due to factored design loads in the direction under 

consideration, N/mm 
y  = lateral deflection at mid-span, mm 
 
The deflection of a blocked shearwall can be estimated similarly using the same approach. For 
the shearwall, a fourth term is added to account for the rotation of the shearwall due to hold-
down deflection, see Equation 2. 
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where: 
A = area of boundary element cross section, mm2 
Bv = shear-through-thickness rigidity of sheathing, N/mm 
b = wall width, mm, 
d = deflection at the top of the wall, mm 
da = deflection due to anchorage details (rotation and slip at hold-down bolts) 
E =  elastic modulus of boundary element (vertical member at shearwall boundary), 

N/mm2 



 

en = nail deformation, mm 
H = wall height, mm 
v = maximum shear due to factored design loads at the top of the wall, N/mm 
 

2.1 Unblocked Shearwalls 

The behaviour of an unblocked shearwall is quite different from a blocked shearwall. Typical 
failures of the unblocked walls were observed along the unblocked horizontal joints [3]. 
Because of the weak unblocked lines formed by horizontal gaps between panels, unblocked 
shearwalls do not act as girders but more like a series of individual beams which interact 
because of their connection to framing members [1], as shown in Figure 1. Assuming that the 
wood-based panels and framing members are rigid and wood-based panel deflect relative to 
the framing, the deflection of an unblocked shearwall can be estimated as: 
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where: 
n  =  number of continuous unblocked horizontal lines 
hi  =  height of wall section i between unblocked lines, mm  
θ  =  stud rotation, radian 
 

 
Based on moment equilibrium and nail slip formula in A10.9.3.2 of the CSA O86-01 [2], stud 
rotation can be obtained as: 
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where: 
d = nail diameter, mm 
Km = service creep factor 
st = stud spacing, mm 
sn = nail spacing at intermediate studs, mm 

 
Fig. 1 Schematic of a typical unblocked shearwall  
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Fig. 2 Nail slip of wall section 
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ai = neutral point of the rigid stud within the wall section (see Figure 2), mm, which 
is equal to 0.67hi for panels with one unblocked side, and 0.5hi for panels with 
two opposite unblocked sides. 

 

2.2 Shearwalls without Hold-Downs 

 
Based on force equilibrium, the nail deflection at the tension end is 
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where sn  is the nail spacing around panel edge. 
 

2.3 Shearwalls with Sheathings on Two Sides 

Test results showed that the lateral load capacities are cumulative in the elastic range when 
same or different sheathing are applied on both sides [4,5]. As a result, shearwalls with 
sheathings on two sides can be treated as two separate walls, and the deflection of the 
shearwalls can be determined based on shearwalls sheathed with wood-based panels once the 
load distribution between the two sides can be determined.  
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where vp is the factored design load resisted by the side of wood-based panels at the top of the 
wall. Assuming that kn and kg are the respective stiffness of the joints with wood-based panel 
and gypsum wallboard, and sn and sg are the respective nail spacing of the joints with wood-
based panel and gypsum wallboard, the factored design load resisted by the side of wood-
based panels is then: 
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Fig. 3 Schematic of a shearwall without hold-downs 

For shearwalls without hold-downs, 
the uplift force is resisted by nail 
joints attaching the edge of the 
panel to the bottom plate. In this 
case, deflection formula for blocked 
shearwalls can be used where the 
deflection, da, is determined by the 
nail joints along the bottom plate, as 
shown in Figure 3. 



 

3. Comparison with Test Results  
Deflections obtained from tests as well as from predictions are summarized in Table 1. For 
blocked shearwalls and other configurations, predicted deflections are in good agreement with 
test results for loads up to one-third of factored lateral resistances. However, the formulae 
underestimate deflections at the factored lateral resistance. This is probably because the nail-
slip formula in the CSA O86-01 underestimates joint slips at the factored lateral load 
resistance. 
 
Table 1. Comparison of tested and predicted deflections for shearwalls with various 
configurations 

Panel 
thickness 

Nail 
diameter 

Displ. at 1/3 factored 
lateral resistance, mm 

Displ. at factored lateral 
resistance, mm Type 

mm mm 

No. 
of 

tests Test Model Ratio Test Model Ratio 
9.5 3.0 8 1.83 1.86 0.98 13.24 10.1 1.31 
12.5 3.0 4 1.76 2.29 0.77 13.58 12.6 1.08 Blocked 
9.5 3.3 2 1.92 1.71 1.12 15.60 8.94 1.74 
9.5 3.0 2 1.57 1.93 0.81 10.10 10.50 0.96 Unblocked 

9.5 a 3.0 1 2.17 1.95 1.11 13.10 9.22 1.42 
9.5 3.0 1 1.61 1.00 1.61 8.75 5.25 1.67 No hold-

downs 9.5 3.3 2 0.97 0.95 1.02 5.38 4.45 1.21 
9.5 b 3.0 3 0.79 0.79 0.99 4.06 3.61 1.13 Two sides 
9.5 c 3.0 1 0.58 0.52 1.11 2.48 2.30 1.08 

Note:  All shearwalls are 2.44 m in height. Nail spacing are 150 mm around panel edges  (except panel 
edges along unblocked lines) and 300 mm at intermediate studs.  
a. Nail spacing is 150 mm everywhere. 
b. 12.7 mm gypsum wallboard nailed with screws (d = 2.7 mm) at nail spacing 200 mm around panel 

edges. 
c. 12.7 mm gypsum wallboard nailed with screws (d = 2.7 mm) at nail spacing 100 mm around panel 

edges. 
 

4. Conclusion 
Deflection formulae for unblocked shearwalls, shearwalls without hold-downs and shearwalls 
sheathed on two sides were developed and compared to test results. Further work is needed to 
improve the accuracy of the formulae and applicability to tall walls. Work is also needed to 
extend the nail slip formula to joint slip at its capacity so that deflections can be accurately 
estimated under earthquakes or strong winds.  
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ABSTRACT: Design provisions for lateral load resistance of unblocked shearwalls were 
introduced for the first time into the 2001 edition of Canadian standard for Engineering Design 
in Wood. These provisions are limited to horizontally sheathed unblocked shearwalls with a 
maximum height of 2.44 m and blocking omitted at the middle of the wall height. There is a need 
to expand on these design provisions so that design strengths could also be assigned to 
unblocked shearwalls taller than 2.44 m and constructed with other sheathing arrangements. In 
this study, full-scale tests were conducted on unblocked shearwalls with various sheathing details 
and reference blocked shearwalls. A total of eight 4.88 × 4.88 m shearwall specimens were tested. 
Both monotonic and reversed cyclic displacement schedules were used as loading protocols. 
Load-displacement response of each test specimen was recorded, from which the initial stiffness, 
yield point, ultimate load and displacement, energy dissipation and failure modes were calculated. 
The test results were analyzed to study the influence of different configurations on unblocked 
shearwall strengths. Relative load-carrying capacities between blocked and unblocked shearwalls 
were determined. The results show that the provisions currently in CSA O86-01 for 2.44m tall 
shearwalls may be conservatively applied to the four wall configurations tested in this study. 
Data from this study is suitable for verifying structural analysis models that may be used to 
further refine the adjustment factors. 
 
Keywords: Shearwall, unblocked construction, reversed cyclic loading, timber, design provisions 
 
 

INTRODUCTION 

Shearwalls are structural elements that provide resistance to lateral and vertical loads in timber 
frame buildings. They are highly ductile elements and as such are assigned the highest ductility 
factor among the recognized structural timber elements by the National Building Code of Canada 
(NRC 1995). Shearwalls are the prime reason why light timber frame buildings perform 
satisfactorily under over-load conditions (Leiva-Aravena 1996). Numerous research studies, both 
experimental and theoretical, have been performed to investigate shearwall performance under 
static and dynamic loading conditions (Foschi 1977, Griffiths 1984, Itani and Cheung 1984, 
Gupta and Kuo 1985, Gutkowski and Castillo 1988, Dolan 1989, White 1995, Karacabeyli and 
Ceccotti 1996, Johnson 1997, Ni and Karacabeyli 2000, Monique and Shenton ?  2002). Other 
studies investigated the influence of wall openings (Patton-Mallory et al 1985, Yasumura 1986, 
Tissell and Rose 1988, He et al 1999, Ni et al 1999), fastening (Tuomi and McCutcheon 1978, 
Foschi 1982, McCutcheon 1985, Stewart 1987, Dolan and Madsen 1992, Mohammad and Smith 
1994, Ni and Chui 1994, Folz and Filiatrault 2001) and sheathing types (Price and Gromala 1980, 
Atherton 1982, Kamiya 1986, Dolan 1989, Karacabeyli and Ceccotti 1997, Lam et al 1997, 
Shenton et al 1998, He et al 1999, Salenikovich 2000, Durham et al 2001) on shearwall 
performance.  
 
The majority of the previous studies focused on blocked shearwall specimens, that are wall 
specimens with all edges of each sheathing panel fastened to supporting lumber members. This is 
reflected in the design provisions given in the earlier editions of the Canadian timber design code 
(CSA 1989, 1994), which provided design specifications for blocked shearwalls only.  
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In recent years there is growing interest among designers and engineers to have the option of 
specifying a shearwall without blocked edges for all panels, i.e. unblocked shearwalls. 
Unblocked shearwalls have the benefits of leading to savings in construction time and material 
costs. They have found popularity among builders despite their lower lateral resistances 
compared with blocked shearwalls. In some cases where there is ample resistance, designers and 
builders are prepared to accept lower design strengths in return for those cost benefits. As a 
result, design provisions for determining shear resistance of unblocked shearwalls were 
introduced for the first time in 2001 into the Canadian standard for Engineering Design in Wood 
(CSA 2001). 
 
These design provisions are based on the work of Ni et al (2000), who tested 2.44m high 
unblocked, horizontally sheathed shearwall specimens. Consequently the current design 
provisions for unblocked shearwalls in CSA O86-01 are restricted to these construction details. 
There is a need to expand these design provisions to provide corresponding design strengths for 
unblocked shearwalls taller than 2.44 m or constructed with other sheathing arrangements. The 
purpose of the experimental work described in this paper was aimed at providing the 
experimental basis to develop such provisions. 
 
 

TEST PROGRAM 

Test wall configurations 

Four unblocked shearwall configurations were tested in this study. These configurations are 
shown in Figure 1. Reference blocked shearwall specimens were also tested. All shearwalls had 
an aspect ratio of one with a 4.88 m height. The sheathing panels were oriented vertically in 
Type A and Type B and horizontally in Type C and Type D specimens. For Type A 
configuration, specimens were sheathed vertically with staggered horizontal unblocked joints 
spaced at a distance of 1220 mm from each other. For the Type B configuration, specimens were 
sheathed vertically with a continuous horizontal unblocked joint in the middle of the wall. Type 
C specimen was sheathed horizontally with continuous horizontal unblocked joints spaced at a 
distance of 1220 mm from each other, whereas Type D specimen was sheathed horizontally with 
staggered horizontal unblocked joints spaced at a distance of 610 mm from each other. 
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Figure 1 – Configurations of shearwall specimens. 

 
The framing members were 38 × 140 mm No. 2 and better grade (NLGA 2002) spruce-pine-fir 
(SPF) lumber. The lumber studs were spaced at either 406 mm or 610 mm on centres. Top plates 
and end studs consisted of double members that were connected to each other by 12d (83 mm) 
power nails. Canadian softwood plywood (CSP) of thickness 12.5 mm was used as sheathing 
panels, and was connected to the framing members with 8d (63 mm) power nails. The nail 
spacing was 150 mm everywhere for all unblocked shearwalls. For the reference blocked 
shearwalls, the nail spacing was 150 mm around the edges of panels and 300 mm along 
intermediate studs. Commercially available connectors were used as the hold-down at the lower 
corners of the shearwall specimens. No vertical load was applied to the top of the shearwall 
specimens during testing. Construction details of the eight shearwall specimens are listed in 
Table 1. Conditioning and testing were conducted at ambient laboratory where average oven-dry 
moisture contents of lumber and the plywood were approximately 10% and 7% respectively. 
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Table 1 - Test Matrix of Shearwalls 
Nail spacing (mm) 

Specimen Configuration Load 
protocol Blocking 

Stud 
spacing 
(mm) 

Supported 
edges 

Intermediate 
studs 

66-01 Type A Monotonic Blocked 610 150 300 
66-02 Type A ISO 7.380 (1) Blocked 610 150 300 
66-03 Type A Monotonic Unblocked 610 150 150 
66-04 Type A ISO 5.910 (2) Unblocked 610 150 150 
66-05 Type A Monotonic Unblocked 406 150 150 
66-06 Type B Monotonic Unblocked 610 150 150 
66-07 Type C Monotonic Unblocked 610 150 150 
66-08 Type D Monotonic Unblocked 610 150 150 

Notes:   
1. Load protocol ISO 7.380 was developed based on cyclic displacement schedule presented in ISO 

16670 (ISO 2003). The ultimate displacement of ISO 7.380 is 187 mm determined in the monotonic 
test of 66-01. 

2. Load protocol ISO 5.910 was developed based on cyclic displacement schedule presented in ISO 
16670 (ISO 2003). The ultimate displacement of ISO 5.910 is 150 mm determined in the monotonic 
test of 66-03. 

  
 
Loading protocol 

Both monotonic and reversed cyclic displacement schedules were used in the test program. For 
monotonic tests, the rate of loading was 15.2 mm/min. The reversed cyclic displacement 
followed ISO standard 16670 protocol (ISO 2003), and had a constant displacement rate of 20 
mm/sec.  The amplitudes of the reversed cycles are a function of the ultimate displacement 
obtained in the corresponding monotonic tests. The cyclic displacement schedule of ISO 16670 
is shown in Figure 2.  
 

 
Figure 2 – ISO cyclic displacement schedule. 
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Test set-up 

Lateral load was applied along the top plate of the shearwall through a spreader bar which was 
bolted to the top plate of the shearwall and attached to a hydraulic actuator. The bottom plate was 
connected by anchor bolts at a spacing of 406 mm (16?) to a steel channel foundation which was 
attached to the laboratory floor. Hold-downs were used to connect the end studs to the steel 
channel foundation. Displacement transducers were placed at four corners of the shearwall to 
measure the overall displacement (LVDT 1), slip between bottom plate and foundation (LVDT 
2), end stud uplift (LVDT 3) and shearwall uplift (LVDT 4, 5). A schematic diagram of test set-
up is shown in Figure 3. A detailed description of the test set-up can be found in a paper by 
Karacabeyli and Ceccotti (1996). 
 

 
Figure 3 – Shearwall test set-up. 

 

TEST RESULTS AND ANALYSIS 

Load-displacement responses of test specimens were recorded and plotted in Figure 4(a) through 
Figure 4(c). From these load-displacement responses, the maximum load, ultimate displacement, 
yield point and initial stiffness were determined. These parameters are summarized in Tables 2 
and 3 for monotonic and reversed cyclic loading tests, respectively. The ratios of the maximum 
load, ultimate displacement and initial stiffness between unblocked and blocked specimens are 
also included. 
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Figure 4 – Load-displacement responses of tested shearwall specimens 

 
Type A 

Two unblocked shearwalls with configuration Type A and a reference, blocked shearwall with 
the same configuration were tested. When framing members were spaced at 610 mm on centres, 
the load capacity, ultimate displacement and initial stiffness of the unblocked shearwall 66-03 
were found to be approximately 80% of those of the reference, blocked shearwall 66-01. When 
framing members were spaced at 406 mm on centres, the load capacity of the unblocked 
shearwall 66-05 was similar to that of the reference blocked shearwall 66-01, and the initial 
stiffness of unblocked shearwall had approximately 90% of that of the reference, blocked 
shearwall. Tissell (1990) found that the strength of an unblocked shearwall is a function of the 
nail spacing and stud spacing. Ni et al (2000) found that the capacity of an unblocked shearwall 
was related to the type of configuration, framing and nail spacing. Although these observations 
were based on shearwalls with a height of 2.44 m, it seems that they are also applicable to the 
unblocked shearwalls with a height of 4.88 m.  
 

(a) Monotonic loading of blocked and unblocked shearwalls 

(b) Cyclic loading of reference 
blocked shearwalls 

(c) Cyclic loading of unblocked 
shearwalls 
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The ultimate displacement of unblocked shearwall was approximately the same as the reference, 
blocked shearwall. In both shearwalls 66-03 and 66-05, a step failure mode was observed, as 
shown in Figure 5. Failures at sheathing-to-lumber stud joints were either nail head pull-through 
or nail withdrawal along the failure lines. 
 

 
Figure 5 – Failure mode of unblocked shearwall 66-03 (Type A). 

 
Type B 

The capacity and ultimate displacement of the unblocked shearwall 66-06 were found to be 
approximately 90% of those of the reference, blocked shearwall 66-01. Although it was 
anticipated that unblocked shearwall Type A and Type B would have approximately the same 
capacity, the results show that shearwall Type B has about 10% more capacity than shearwall 
Type A. This seems to indicate that shearwall capacity might be a function of total length of 
unblocked joints. However, the initial stiffness of this unblocked shearwall Type B is 10% less 
than the unblocked shearwall Type A. This indicates that shearwalls with continuous unblocked 
joints have lower initial stiffness than the shearwalls with staggered unblocked joints. The failure 
mode of the unblocked Type B shearwall is shown in Figure 6. Again, a step failure mode was 
observed. 
 

 
Figure 6 – Failure mode of unblocked shearwall 66-06 (Type B). 
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Type C 

The capacity and initial stiffness of the unblocked shearwall 66-07 were found to be 
approximately 60% of those of the reference blocked shearwall 66-01. Compared to shearwalls 
Type A and Type B, lower load capacity and initial stiffness were observed. This is probably 
because the space between unblocked joints in Type C was much closer than that in Type A and 
Type B. The ultimate displacement of the shearwall is approximately 110% of that of reference, 
blocked shearwall. As expected, the shearwall became more flexible with increasing number of 
continuous unblocked joints. The deformed shape of the unblocked shearwall 66-07 is shown in 
Figure 7 which indicates that the behaviour of Type C shearwall is similar to shearwalls sheathed 
with horizontal boards.  
 

 
Figure 7 – Failure mode of unblocked shearwall 66-07 (Type C). 

 
Type D 

The capacity of the unblocked shearwall 66-08 was found to be approximately 55% of that of the 
reference blocked shearwall 66-01. This supports the previous conclusion that shearwall capacity 
might be a function of total length of unblocked joints. The initial stiffness of this wall was 
approximately 65% of that of reference, blocked shearwall. This agrees with previous 
observation that shearwalls with staggered unblocked joints have higher initial stiffness than the 
shearwalls with continuous unblocked joints. The deformed shape of the unblocked shearwall is 
shown in Figure 8. 
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Figure 8 – Failure mode of unblocked shearwall 66-08 (Type D). 

 
Reverse cyclic load tests 

To analyze the behavior of tall, unblocked shearwalls when subjected to reversed cyclic 
displacement schedules, the load-displacement envelope curves were constructed by connecting 
the points of maximum load at each displacement level in the first, second and third reversed 
cycles, respectively. The maximum load values and their associated displacements of the first 
five single reversed cycles were taken to be the same for all three envelope curves (ISO 2003). It 
was found that the major degradation of the shearwall load resistances occurred between first and 
second cycle, and there was no marked reduction in peak load between the second and the third 
cycles. This result supports the observation made by Karacabeyli and Ceccotti (1996). 
Consequently, it was decided that the third envelope curve could be used to represent the 
stabilized load-displacement relationship under reversed cyclic displacement schedule. 
 
Based on the third envelope curve, it was found that the capacity of the unblocked shearwall 66-
04 had approximately 90% of that of the reference, blocked shearwall 66-02. The initial stiffness 
of unblocked shearwall was approximately 70% of that of the reference, blocked shearwall, and 
the ultimate displacement of unblocked shearwall was approximately 135% of that of reference 
shearwall. Compared to the shearwalls with the same configuration under monotonic tests, the 
load capacities were reduced by approximately 10% for both blocked and unblocked shearwalls 
under reversed cyclic displacement schedules.  
 
Under reversed cyclic load, nail withdrawal failure was the dominant failure mode in shearwall 
66-02. Shearwall 66-04 failed with both nail head pull-through and withdrawal failure modes. 
All of these failures mainly occurred along the vertical edges of the sheathing panels. 
 

RECOMMENDATIONS ON DESIGN OF UNBLOCKED SHEARWALLS 

The test results suggested that the capacity of an unblocked shearwall was strongly correlated 
with the total length of the horizontal unblocked joints, as shown in Figure 9. This finding may 
be useful in the development of design provisions that cover a variety of construction 
configurations. From Figure 9 the configuration with the shortest length of horizontal sheathing 
joints (i.e. Type B) is preferred over other types of configurations evaluated in this test program. 
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The shear strength of 4.88 m tall unblocked shearwall can be expressed as a ratio of that of a 
reference blocked shearwall with nails spaced at 150 mm on centres around panel edges and 300 
mm on centres along intermediate framing members. This approach (Ni et al 2000) was adopted 
when developing design provisions currently given in CSA O86-01 (CSA 2001) for 2.44 m high 
unblocked shearwalls. 
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Figure 9 – Effect of horizontal joint length on load-carrying capacity of unblocked shearwall. 

 
The reference 2.44 m high blocked wall capacities in the tests conducted by Ni et al (2000) and 
the 4.88 m high blocked wall capacities obtained in this study are in reasonable agreement. This 
indicates that wall height difference does not significantly influence the reference capacity. For 
the four configurations tested in this study, the adjustment factor varies between 0.57 and 0.98 
(Table 2) whereas CSA O86-01 (CSA 2001) assigns a factor of 0.5 for 600 mm stud spacing 
with 150 mm nail spacing at supported edges and intermediate studs. This shows that provisions 
in CSA O86-01 may be conservatively applied to 4.88m high unblocked shearwalls constructed 
with the four configurations evaluated in this study. 
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Table 2 - Summary of Results for Monotonic Loading Tests 
Maximum load Ultimate 

displacement 
Yield 
point Initial stiffness 

Specimen Configuration Blocking 
P 

(kN/m) Rp 
(4) Du 

(1) 
(mm) RDu 

(5) Dy 
(2) 

(mm) 
K (3) 

(kN/m/mm) Rk 
(6) 

66-01 A Blocked 7.99  186  17 0.24  
66-03 A Unblocked 6.65 0.83 149 0.80 17 0.20 0.84 
66-05 A Unblocked 7.83 0.98 205 1.11 19 0.22 0.92 
66-06 B Unblocked 7.34 0.92 169 0.91 23 0.17 0.71 
66-07 C Unblocked 4.97 0.62 211 1.14 18 0.15 0.62 
66-08 D Unblocked 4.55 0.57 267 1.44 14 0.16 0.68 

Notes: 
1. Du ultimate displacement, which is defined as the displacement at 80% of maximum load in the 

descending portion of the load-displacement curve (ISO 2003). 
2. Dy yield point, which is defined as the displacement at half of maximum load in the increasing 

portion of the load-displacement curve (Karacabeyli and Ceccotti  1996). 
3. K initial stiffness, which is defined as the secant stiffness between 10% and 40% of the maximum 

load in the increasing portion of the load-displacement curve (Ni et al  2000). 
4. Rp the ratio of maximum load of unblocked shearwall to that of blocked shearwall. 
5. RDu the ratio of ultimate displacement of unblocked shearwall to that of blocked shearwall. 
6. Rk the ratio of initial stiffness of unblocked shearwall to that of blocked shearwall. 

 
  

Table 3 - Summary of Results for Reversed Cyclic Loading Tests. 
Maximum load Ultimate 

displacement 
Yield 
point Initial stiffness  

P            
(kN/m) Rp 

Du 
(1)     

(mm) RDu 
Dy 

(1)  

(mm) 
K (1)  

(kN/m/mm) RK 

Energy 
dissipation (2) 

 (J) 

 66-02 (Blocked) 
Positive 8.06 111 13 0.37 1st envelope curve Negative -9.10 -116 -15 0.29 
Positive 7.12 106 10 0.36 2nd envelope curve 
Negative -7.32 -116 -11 0.34 
Positive 6.71 92 9 0.37 3rd envelope curve 
Negative -6.80 

 
 
 
 
 
 -98 

 
 
 
 
 
 -10 0.35 

 
 
 
 
 
 

27400 (3) 

 66-04 (Unblocked) 
Positive 7.10 0.88 138 1.24 16 0.23 0.62 1st envelope curve Negative -7.59 0.83 -136 1.17 -17 0.23 0.79 
Positive 6.28 0.88 135 1.27 12 0.24 0.68 2nd envelope curve 
Negative -6.53 0.89 -130 1.12 -13 0.25 0.73 
Positive 5.88 0.88 130 1.41 11 0.25 0.68 3rd envelope curve 
Negative -6.10 0.90 -128 1.31 -12 0.25 0.72 

30600 

Notes: 
1. Definitions of ultimate displacement (Du), yield point (Dy) and initial stiffness (K) are the same as 

those defined in the note of Table 2. All parameters were derived from the envelope curves. 
2. Energy dissipation is the sum of dissipated energy of each reversed cycle (loop) from the 

beginning to the end of last cycle step where the specimen finally reaches the ultimate 
displacement for all 1st, 2nd and 3rd envelope curves. 

3. Energy dissipation of specimen 66-02 only consists of all dissipated energy of reversed cycles 
(loops) from beginning to step 12 where the displacement schedule reaches 80% of the ultimate 
displacement, because test stopped and data were not available after that point. 
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CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE ACTIONS 

Four types of unblocked shearwalls with a height of 4.88 m were tested under monotonic and 
reserved cyclic loading protocols. A strong correlation between shearwall strength and total 
length of horizontal unblocked joints was observed, with the smallest joint length exhibiting the 
highest strength capacity. Data from this study will be used to verify structural analysis models 
that may be used to further refine strength adjustment factors for different configurations of 
unblocked shearwalls. In addition to the horizontal unblocked joints, the nail spacing and stud 
spacing also affect the strength of an unblocked shearwall.  
 
This project focused mainly on the influence of construction configurations on load-carrying 
capacity of 4.88 m tall unblocked shearwalls. Additional tests should be conducted to further 
improve our understanding of the relationships between the load-carrying capacity, nailing 
density and stud spacing for tall unblocked shearwalls. Mathematical modeling should also be 
considered in conjunction with testing to minimize the amount of test work. Once this is done, 
strength adjustment factors could be further refined to reflect the influence of horizontal 
sheathing joint length, nailing density and stud spacing on the strength of unblocked shearwalls. 
Until that is done, it appears that the adjustment factor presented in CSA O86-01 (CSA 2001) for 
2.44 m high unblocked shearwalls can be conservatively applied for 4.88 m tall walls. 
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Performance of shear walls with diagonally sheathed 
lumber 

 
Chun Ni1, Erol Karacabeyli 2 

 
 

1 Introduction 
Wood shear walls are the primary structural elements in wood frame construction that resist wind 
and seismic loads. Historically, the wall system, which is composed of closely spaced lumber 
framing members and plywood or oriented strand board sheathings, has demonstrated superior 
performance in seismic events.  According to the report prepared by Rainer and Karacabeyli 
(1999), majority of wood frame buildings of various age, when subjected to peak ground 
accelerations of 0.6 and greater in the recent major earthquakes, survived the shaking without 
serious structural damage or collapse.  
 
Though less common in modern construction, shear walls can also be formed with diagonal 
lumber, as shown in Figure 1. This type of shear wall may be found in older single-family 
dwellings and low-rise industrial buildings or in special applications where the lumber sheathing 
may be exposed and forms part of the appearance of a building. Sometimes lumber sheathings 
are used as shear wall sheathings because they are left over from the concrete formwork that is 
used for foundations (Helmut, 2003).  
 

 
Figure 1. Shear wall using diagonal lumber sheathings  

 

                                                
1 Wood Engineering Scientist, Western Laboratory of Forintek Canada Corp., 2665 East Mall, Vancouver, B.C., 
Canada, V6T 1W5 
2 Manager, Western Laboratory of Forintek Canada Corp., 2665 East Mall, Vancouver, B.C., Canada, V6T 1W5 
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In CSA Standard O86-01 (CSA, 2001), Engineering Design in Wood, the specified design values 
for nailed shear walls with single- and double-layers of diagonally sheathed lumber are 8 kN/m 
and 24 kN/m, respectively. These specified design values are derived from limited test data 
developed in 1960’s. Doyle (1969) tested seventeen shear walls of which fourteen were sheathed 
with single-layer diagonal lumber sheathings and three were sheathed with double-layer diagonal 
lumber sheathings. For each wall configuration, three walls with aspect ratios of 1.5, 1.0 and 0.5 
were tested. All the shear wall specimens were constructed using 38 mm × 140 mm (nominal 2 
inch × 6 inch) No.1 Douglas-fir lumber, and 19 mm × 140 mm (nominal 1 inch × 6 inch) No.1 
Douglas-fir lumber sheathing. The stud members were spaced at 406 mm on centre. Double 
studs and double plates were used along the edge of the panels. Framing members were 
reinforced at wall corners with heavy metal corner brackets. The diagonal lumber sheathings 
were nailed to each intermediate studs with two 8d common nails and three 8d common nails at 
the ends of each lumber sheathing. All the shear walls were tested under monotonic loads. Test 
results indicated that the specified design values are appropriate.  
 
Although design values are generally developed based on test data obtained from monotonic 
tests, there is growing trend to confirm these design values through reversed cyclic tests given 
the nature of wind and earthquake loads. Behaviour of shear walls is also affected by the types of 
hold-downs used at the corners of the wall framing. As part of Forintek’s Seismic Research 
program, full-scale tests were performed to: 
 

1. Verify the specified shear strengths of shear walls sheathed with single- or double-layer 
diagonal lumber  

2. Investigate the effects of hold-downs, vertical load, lateral load direction and sizes of 
lumber sheathings on the lateral load capacities of shear walls  

3. Examine the conditions where the shear resistance is cumulative when diagonal 
sheathings are used on one side and gypsum wallboard panels on the other 

 

2 Test program 
2.1 Test Facilities 
Figure 2 shows a diagram of the shear wall test set-up. A controlled in-plane monotonic or cyclic 
displacement is applied along the top of the wall through a load spreader which is bolted to the 
top plate and attached to the hydraulic actuator. Supports are provided at the two ends of the load 
spreader to prevent out-of-plane movement. The bottom plate of the specimen is anchored by 
bolts to a steel beam which is fixed to the laboratory reinforced concrete floor. The double end 
studs are tied to the steel beam with a commercially available hold-down bracket. Four hydraulic 
jacks, evenly spaced at 1.22 m, are mounted to the reaction frame to apply equal constant vertical 
loads to the top of the load spreader. The load spreader is stiff enough to provide uniformly 
distributed vertical loads to the wall.  
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Figure 2. Diagram of shear wall test set-up 

 
Test data were continuously collected for lateral load, vertical load, actuator displacement, lateral 
displacement at the top of the shear wall, and uplift displacements at the top and bottom of the 
shear wall, as shown in Figure 3. They were recorded when either the load or displacement 
increment of the actuator was greater than 444.8 N (100 lb) or 0.127 mm (0.005 inch). 
 

2.2 Wall configuration 
A total of thirteen full-scale shear walls with diagonal lumber sheathings were tested. To study 
the conditions where the shear resistance is cumulative for shear walls with diagonal lumber 
sheathings on one side and gypsum wallboard on the other, another shear wall specimen with 
only gypsum wallboards was also tested. Details of the shear wall tests are provided in Table 1. 
All shear wall specimens were constructed using the NLGA No.2 and Better grade of Spruce-
Pine-Fir 38 mm × 89 mm (nominal 2 inch × 4 inch) lumber for the studs, and 1650f - 1.5E MSR 
38 mm × 89 mm lumber for the top and bottom plates. The stud members were spaced at 600 
mm on centre. Utility and Better grade of Northern Species 19 mm × 140 mm (nominal 1 inch × 
6 inch) or 19 mm × 235 mm (nominal 1 inch × 10 inch) lumber was used as sheathing panels. 
The conditioning and testing were performed at ambient laboratory conditions where average 
oven-dry moisture content of the lumber was approximately 9 percent. The average oven-day 
relative densities of dimension and sheathing lumber were approximately 0.46 and 0.40, 
respectively.  
 
Table 1 Shear wall assemblies 

Wall 
No. Hold-down Wall length 

(m) 
Vertical load 

(kN/m) Lateral load Sheathing 

1 PHD5 4.88 0 Ramp-C 4 19 × 140 mm lumber - single layer diagonal  
2 PHD5 4.88 0 Ramp-T 5 19 × 140 mm lumber - single layer diagonal  
3 PHD5 4.88 18.2 Ramp-T 5 19 × 140 mm lumber - single layer diagonal  
4 PHD5 4.88 18.2 Cyclic 19 × 140 mm lumber - single layer diagonal  
5 PHD5 4.88 0 Cyclic 19 × 140 mm lumber - single layer diagonal  

6 1 Steel rod 4.88 0 Cyclic 19 × 140 mm lumber - single layer diagonal  
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7 1, 7 Steel rod 2.44 0 Cyclic 19 × 140 mm lumber - double layer diagonal  
8 2, 7 HD2A 2.44 18.2 Cyclic 19 × 140 mm lumber - double layer diagonal  
9 3, 7 PHD5 2.44 0 Cyclic 19 × 140 mm lumber - double layer diagonal  
10 6 HD2A 4.88 0 Cyclic 19 × 140 mm lumber - single layer diagonal  
11 HD2A 4.88 0 Cyclic 19 × 235 mm lumber - single layer diagonal  

12 2, 8 HD2A  4880 0 Cyclic 19 × 140 mm lumber - single layer diagonal 
13 1, 8 Steel rod  4880 0 Cyclic 19 × 140 mm lumber - single layer diagonal 
14 2 HD2A 4.88 0 Cyclic 12.7 mm GWB – single layer horizontal  
Note: 

1. Threaded steel rods (15.9 mm in diameter) through the height of shear wall were used at both ends of shear 
walls.  

2. Commercially available HD2A hold-downs were used at the bottom of end studs. 
3. Commercially available PHD5 hold-downs were used at top and bottom of end studs. 
4. The actuator is under compression under the controlled monotonic displacement. 
5. The actuator is under tension under the controlled monotonic displacement. 
6. The other side of the shear wall was sheathed with 12.7 mm Type X gypsum wallboard applied 

horizontally. 
7. Double bottom plates were used. 
8. Lumber spliced at interior studs. 

 
For 19 mm × 140 mm lumber sheathing laid at an angle of approximate 45 degrees to plates, 
lumber sheathings were nailed to each intermediate stud with two 8d full-head coil power 
common nails (d = 3.33 mm, L = 64 mm) and one additional nail at lumber sheathing perimeter. 
For 19 mm × 235 mm lumber sheathing, they were nailed to each intermediate stud with four 8d 
full-head coil power common nails and one additional nail at sheathing perimeter. Both shear 
walls had approximately the same nail spacing of 66 mm at sheathing perimeter.  
 
 
For shear walls sheathed with double 
diagonal lumber sheathing, two layers of 
diagonal lumber sheathings at 90 degrees to 
each other were laid on the same side of the 
framing members. The inner layer was nailed 
to framing members the same way as single-
layer diagonal lumber sheathing. Long 8d 
full-head coil power common nails (d = 3.33 
mm, L = 83 mm) with the same nailing 
pattern were used for the outer layer. Nails 
between the inner and outer layers were 
staggered along the perimeter of shear walls, 
as shown in Figure 3. To avoid lumber 
splitting, double bottom plates were used. 

 
Figure 3. Nailing of double diagonal lumber 

sheathings along the perimeter of shear 
walls 

 
Wall No.10 was sheathed with horizontal 12.7 mm Type X gypsum wallboards on the other side 
of the shear wall. Drywall screws, 2.7 mm in diameter and 32 mm in length, were used to 
connect the gypsum wallboards to the framing members at 200 mm around the perimeter and 
300 mm on the interior studs.  Joints between gypsum wallboard were sealed with drywall 
compound and paper tape.  
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All framing members were nailed together in accordance with the requirements in Part 9, 
National Building Code of Canada (NRCC, 1995).  
 

2.3 Load protocol 
Specimens were tested with a displacement rate of 7.62 mm/min under monotonic tests. For 
reversed cyclic tests, the cyclic loading procedure in accordance with ISO 16670 Standard (ISO, 
2003) was used. The cyclic protocol consisted of the following reversed cycles: one cycle at each 
displacement level of 1.25%, 2.5%, 5%, 7.5% and 10% of the reference ultimate displacement, 
three cycles at each displacement level of 20%, 40%, 60%, 80%, 100% and 120% of the 
reference ultimate displacement, as shown in Figure 4. The reference ultimate displacement was 
determined based on the average ultimate displacement of monotonic tests of the same wall type. 
In this study, for shear walls sheathed with single- or double-layer diagonal lumber, or diagonal 
lumber on one side and gypsum wallboard on the other side, the reference ultimate displacement 
was determined from the test results of Wall 1. As the lateral load capacity is governed by 
gypsum wallboard for shear walls with transverse lumber on one side and gypsum wallboard on 
the other side, the reference ultimate displacement for this type of shear wall was determined 
from shear walls sheathed with gypsum wallboard. Based on shear wall tests conducted by 
Karacabeyli and Ceccotti (1996), a reference ultimate displacement of 25.4 mm was chosen for 
shear walls with transverse lumber on one side and gypsum wallboard on the other side.  
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Figure 4. Reversed cyclic displacement protocol (ISO, 2003) 

 

3 Test results 
A summary of the test results is provided in Table 2.  Figure 5 illustrates the influence of the 
direction of lateral load and the presence of vertical loads on wall performance. The performance 
of shear walls loaded under tension (in other words, with the actuator in tension) and 
compression are quite different, showing highly asymmetric behaviour. Although ultimate 
displacements are similar, the lateral load capacity is lower under tensile load. Under 
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compressive load, the movement of the wall forces the diagonal lumber to be elongated, 
therefore creating internal tensile force in the lumber which pulls top and bottom plates towards 
studs, as shown in Figure 6. It also forces the diagonal lumber sheathings to rub against each 
other which results in resistance due to friction. The wall reached its capacity when nails around 
the perimeter of shear wall failed.  
 
Table 2 Summary of shear wall test results  

Pmax 
1, (kN/m) δmax 

2, (mm) Wall 
No. T  C Min (T,C) 3 T C Min (T,C) 3 

Factored shear 
resistance **, 

Vd (kN/m) dV
Pmax  

1 - 13.2 13.2 - 62.0 62 5.15 2.6 
2 7.5 - 7.5 55 * - 55 5.15 1.5 
3 10.0 - 10.0 61 - 61 5.15 1.9 
4 11.8 16.4 11.8 53 73 53 5.15 2.3 
5 7.4 15.0 7.4 81 48 48 5.15 1.4 
6 11.3 16.2 11.3 63 80 63 5.15 2.2 
7 32.1 32.0 32.0 55* 54* 54 15.46 2.1 
8 28.6 26.2 26.2 55 48 48 15.46 1.7 
9 21.2 24.4 21.1 23 34 23 15.46 1.4 

10 9.7 16.8 9.7 47 47 47 6.132 1.6 
11 8.7 14.2 8.7 70* 60* 60 5.15 1.7 
12 8.4 17.4 8.4 73* 63* 73 5.15 1.6 
13 10.5 18.2 10.5 67 65* 65 5.15 2.0 
14 3.6 3.1 3.1 15 13 13 0.98 3.2 

Note: 
1. Pmax –  the maximum lateral load capacity of the shear wall per unit length, kN/m.  
2. δmax – ultimate displacement, defined as the displacement at 80% of maximum load on the descending 

portion of the load-displacement curve, mm.  
* Specimen failed before it reached the ultimate displacement, δmax.  
** Following factors are used for shear walls with diagonal lumber sheathings: a) 0.7 for resistance factor, b) 

0.8 for SPF framing member, and c) 1.15 for short-term loading. 
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Figure 5. Load-displacement responses of Walls 1, 2 and 3 
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Figure 6. Failure modes of shear walls under compressive lateral load 

 
In contrast, under the tensile load, the movement of the wall forces the diagonal lumber to be 
shortened, therefore creating internal compressive force in the lumber. As a result, the top plate 
was pushed away from the studs, resulting in a premature failure at the wall corner, as shown in 
Figure 7. 
 

 
 

 
Figure 7. Failure modes of shear walls under tensile lateral load 

 
The vertical load improves the performance of the shear wall under tensile load. As the vertical 
load offsets the vertical component force generated by diagonal lumber, it helps prevent the 
separation of the top plate from the studs. The lateral capacity of shear wall with vertical load is 
still, however, much lower than that of walls under compressive lateral load. Although the 
vertical load prevents the top plate from separating from the studs vertically, it cannot prevent 
horizontal slip between the top plate and the studs due to the horizontal component force, 
resulting in premature failure at the wall corner, as shown in Figure 8. 
 

Ramp-T 
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Figure 8. Failure mode of shear walls under variable tensile lateral and constant vertical loads 

 
Similar conclusions can be made for shear walls under cyclic loading, as shown in Figures 9a, 9b, 
9c, 9d, 9e and 9f. The lateral load capacities and ultimate displacements under cyclic tensile and 
compressive loads are compatible to that of shear walls loaded under static tensile and 
compressive loads, respectively. For shear walls under the cyclic loading, the premature failure 
at the wall corner due to the tensile load is also observed, as shown in Figure 10. 
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(a) Wall 4 

-20

-15

-10

-5

0

5

10

15

20

-100 -80 -60 -40 -20 0 20 40 60 80 100

Displacement (mm)

L
o

ad
 (

kN
/m

)

 
(b) Wall 5 
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(c) Wall 6 
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(d) Wall 11 
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(e) Wall 12 
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(f) Wall 13 

Figure 9. Load-displacement responses of Walls 4, 5, 6, 11, 12 and 13 

 
For shear walls with diagonal lumber sheathings spliced at interior studs, the lateral load 
capacities and ultimate displacements of Walls 12 and 13 are respectively similar to that of Walls 
5 and 6 which are sheathed with continuous lumber sheathings. Figure 11 shows the failure mode 
of Wall 12. As noticed, it is similar to the failure mode of Wall 5 shown in Figure 10. 

 
Figure 10. Failure mode of Wall 5 under 

cyclic loading 

 
Figure 11. Failure mode of shear walls with 

diagonal lumber sheathings spliced at 
interior studs 

 
 
With vertical load applied on the top of shear wall, the lateral load capacity of the shear wall is 
increased, in particular under the tensile load. Compared to shear wall without vertical load, the 
lateral load capacities are approximately 24% higher under compressive load and 59% higher 
under tensile load. For the shear wall with threaded steel rods through the height of the wall at 
both ends, the maximum lateral load resistance and ultimate displacement are similar to those of 
the shear wall with vertical load. This is expected as the steel rods through the height of the wall 
act like a vertical load, which prevents the top plate from separating from the studs vertically, but 
cannot prevent horizontal slip between the top plate and the studs.  A connection between the top 
plate and the studs at the corner of the shear walls would likely prevent the horizontal slip and 
would lead to higher capacities.  
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The shear wall with 19 mm × 235 mm (1 × 10 in.) lumber sheathings had similar lateral capacity 
as the one with 19 mm × 140 mm (1 × 6 in.) lumber sheathings. As both shear walls had 
approximately the same nail spacing of 66 mm, this suggests that the lateral load capacity is 
governed by the nail spacing, not the width of the lumber sheathings.  
 
Load-displacement responses and failure modes of shear walls with double-layer diagonal 
lumber sheathings are provided in Figures 12a, 12b and 12c.  The responses under tensile and 
compressive loads are similar indicating symmetric behaviour. However, regardless different 
types of hold-downs and vertical loads, shear walls with double-layer diagonal lumber 
sheathings failed prematurely and did not reach their ultimate shear load carrying capacities. This 
was particularly evident in Wall No. 9 where there were no vertical loads and a strong hold-
down connection was used.  Wall No 7 which used steel rods gave the highest lateral load 
carrying capacity despite no vertical loads were applied in that test.  As shown in Figure 12, the 
whole bottom plate of the shear walls split along the anchor bolts. This can be attributed to the 
end stud axial compressive force which creates bearing failure at bottom plate. When the load is 
reversed, the tensile force initiates the crack on the wide face of the bottom plate and propagates 
towards the anchor bolts. If splitting failure at bottom plate can be avoided, the configuration 
with steel rods will likely lead to even greater capacities. 
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(a) Wall 7 
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(b) Wall 8 
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(c) Wall 9 

Figure 12. Load-displacement responses and failure modes of Walls 7, 8 and 9 

 
The load-displacement response of the shear wall with diagonal lumber sheathings on one side 
and gypsum wallboard on the other side is shown in Figure 13. Comparison of the envelope 
curve of the Wall 10 and the superimposed envelope of the Wall 5 and 14 shows that the load-
displacement curves of a wall with single sided diagonal lumber sheathings and single sided 
GWB sheathed wall can be superimposed up to a displacement level of 35 mm to determine the 
lateral resistance of a wall which has diagonal lumber sheathings on one side, and GWB on the 
other side.  
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Figure 13. Load-displacement response of Wall 10 

 

4 Conclusions 
A total of thirteen full-scale shear walls with diagonal lumber sheathings were tested. Based on 
the test results, the following observations are made: 
 

1. For shear walls with single-layer diagonal lumber sheathings, the load-displacement 
responses under tensile and compressive loads are asymmetric. This indicates that load 
direction has a direct impact on the lateral load capacities of the shear walls. The lateral 
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load capacity was found to be higher when the movement of the wall forced the diagonal 
lumber in tension. For shear walls with single-layer lumber sheathings, if the vertical 
loads are not sufficient to offset the vertical component force generated by diagonal 
lumber, connections between the plates and the studs at four corners or continuous steel 
rods at both ends should be used to prevent the separation between the plates and the 
studs.  

 
The behaviour of double-layer diagonal lumber sheathings was found to be symmetric 
but more prone to bottom splitting, resulting premature failure. To prevent bearing failure, 
it is recommended that larger sizes of bottom plate or end stud be used. Large plate 
washers with anchor bolts should also be used. 

 
2. Lateral load capacities are increased for shear walls with vertical loads. For shear walls 

with single-layer diagonal lumber sheathings, the increase is greater under the load which 
forces the diagonal lumber in compression.  

 
3. A shear wall with 19 mm × 235 mm (1 × 10 in.) lumber sheathings has similar lateral 

capacity to the one with 19 mm × 140 mm (1 × 6 in.) lumber sheathings. As both shear 
walls have approximately the same nail spacing of 66 mm, it indicates that for lumber 
sheathings with width in the range of 140 mm to 235 mm, the lateral load capacities of 
the shear walls are a function of nail spacing, not the width of the lumber sheathings.  

 
4. The load-displacement curves of a wall with single sided diagonal lumber sheathings and 

single sided GWB sheathed wall can be superimposed up to a displacement level of 35 
mm to determine the lateral resistance of a wall which has diagonal lumber sheathings on 
one side, and GWB on the other side.  

 

5 Code Considerations 
In CSA Standard O86, the specified design values for shear walls with single- and double-layer 
diagonal lumber sheathings are 8 kN/m and 24 kN/m, respectively. For shear wall with single-
layer diagonal lumber sheathing, the lateral load capacity is equal to the horizontal component of 
the nail capacity multiplied by the number of nails, as shown in Figure 14.  
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Figure 14. Shear resistance of single-layer diagonal lumber sheathing (CWC, 1996) 

 
In CSA O86, the factored lateral load capacity of a shear wall is approximately equal to the 
average ultimate load carrying capacity of a tested shear wall divided by a load factor of 2. Test 
results show that the specified lateral load capacity is appropriate for shear walls with single-
layer diagonal lumber sheathing if connections (or hold-downs) between the plates and the studs 
at four corners or continuous steel rods at both ends are provided. The connections at four 
corners ensure that lateral load carrying capacities of the shear wall loaded in either direction are 
achieved. If there are no connections between plates and the end studs, the lateral load carrying 
capacity should be reduced.  
 
When double diagonal lumber sheathing is used, because bending of the boundary members is 
largely eliminated by the cancelling effect of the transverse components of force in the two 
layers of sheathing, double diagonal sheathed shear walls behave in much the same way as panel 
sheathed walls, as shown in Figure 15. Similarly, the lateral load capacity is equal to the 
horizontal component of the nail capacity of inner layer to plate multiplied by the number of 
nails. To determine the capacity of double-layer sheathed shear wall, two scenarios of nail joint 
force based on force equilibrium of inner lumber sheathing are assumed, as shown in Figure 16. 
In the first scenario, it is assumed that the joint force at both the outer shear plane (between inner 
layer and outer layer) and the inner shear plane (between inner layer and framing member) reach 
their capacities (Figure 16a), the horizontal component of the nail capacity is therefore 2Nr 

cos15°. As the horizontal component of the nail capacity for single-layer sheathed shear wall is 
Nr cos45°, the capacity of a double-layer sheathed shear wall is approximately 2.7 times the 
capacity of a single-layer sheathed shear wall. In the second scenario, it is assumed that the joint 
force at the inner shear plane is parallel to the plate, the nail capacity for the double-layer 
sheathed shear wall is 2 Nr and the capacity of a double-layer sheathed shear wall is 
approximately 2 times the capacity of a single-layer sheathed shear wall. Based on the two 
scenarios, it seems to indicate that the shear strength of a double-layer sheathed shear wall 
should be around 2 to 2.7 times the shear strength of a single-layer sheathed shear wall. In CSA 
O86, the specified shear strength of a double-layer sheathed shear wall is 3 times the specified 
shear strength of a single-layer sheathed shear wall, this seems to be unjustified. In the US 
International Building Code (ICC, 2003), the shear strength of a double-layer sheathed shear 
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wall is 2 times the capacity of a single-layer sheathed shear wall. Based on test results, it seems 
to be conservative, in particular if splitting failure at bottom plate can be avoided, therefore 
leading to even greater capacities.  
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Figure 15. Shear resistance of double-layer diagonal lumber sheathing (CWC, 1996) 
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Figure 16. Force equilibrium of inner lumber sheathing 
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