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Abstract

The focus of this thesis is on the racking shear performance of perforated
shear walls. The objective was to assess the overturning restraint provided by
anchor bolts in perforated shear walls and evaluate the shear capacity adjustment
factor used in the perforated shear wall design method. Also, the effect of high
aspect ratio segments within perforated shear walls was evaluated. Racking shear
tests of twenty-four full-scale light frame wood shear walls sheathed with OSB were
conducted. The shear walls were constructed with a variety of opening sizes and
locations. All of the full-height sheathing segments in the walls had aspect ratios of
either 2:1 or 4:1. Identical wall configurations were tested both with and without
hold downs. The results of the test program were used to investigate the
performance of perforated shear walls and determine how engineering design
methods in the building codes can be improved to result in better predictions of the

strength and stiffness of perforated shear walls.
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Chapter 1: Introduction

1.1 Problem Description

Lateral resistance for light-frame construction is typically provided by walls
sheathed with wood structural panels. The two main approaches for designing light-
frame shear walls are the prescriptive provisions, as found in the Wood Frame
Construction Manual (WFCM), International Residential Code (IRC), and International
Building Code (IBC), and engineered design methods, as found in the American
Wood Council’s Special Design Provisions for Wind and Seismic (SDPWS) referenced
by the IBC.

The prescriptive provisions specify the minimum construction requirements
(sheathing thickness, fastener type and spacing, anchorage, etc.) and the length of
wall bracing which are intended to result in a structure that is able to resist the
applicable wind and seismic loads. The amount of bracing required by this approach
was based on historic practice for light frame construction. In 2009, the prescriptive
provisions for wind loads in the IRC were revised to “have a consistent and logical
framework to ensure wall bracing capacity meets wind load demand” (Crandell &
Martin, 2009). However, this revision was still calibrated to “align with past
successful wall bracing practice” by using an adjustment factor to account for partial
overturning restraint and the contribution of the whole building system (Crandell &

Martin, 2009). The prescriptive design approach is simple to apply.



On the other hand, engineered design methods are based on the principles of
engineering mechanics and/or experimental tests of shear wall assemblies. This
approach provides a method for calculating the resistance of the shear walls system
which is then compared to the applied wind and/or seismic loads specified by the
building code to determine if the design is adequate. Most commercial buildings and
multi-family residences require an engineered design. This method is more
computationally intensive than the prescriptive provisions and tends to give more
conservative results.

It would be expected that the simplifications necessary to develop a
prescriptive approach would result in a more conservative answer than a detailed
engineered design which could take into account the unique features of a structure.
However, as shown in Chapter 2, many prescriptive designs are much less
conservative than an engineered solution. When a detailed engineering analysis
results in a more costly design than the prescriptive provisions, the value of
engineering is reduced. In order to be competitive with the prescriptive wall bracing
measures, the engineered design provisions in SDPWS need to be refined. The goal
of this research project is to investigate the performance of perforated shear walls
and determine how engineering design methods can be refined and expanded to
result in better analysis of perforated shear walls. This paper investigates three
areas of perforated shear wall design that have the potential for development.

Specifically, the use of anchor bolts for overturning restraint, the regression



equation used for the perforated shear wall design method, and the high aspect ratio
reduction factor are evaluated.
1.1.1 Overturning Anchorage

The prescriptive provisions for shear wall construction in the IRC rely on
anchor bolts to prevent walls from displacing or overturning under shear and uplift
loads. Engineered shear walls constructed in accordance with SDPWS require the
use of a hold down to anchor the ends of a shear wall if the dead load stabilizing
moment is not sufficient to prevent overturning. Currently, there are no codified
engineering procedures to design a shear wall that is restrained by anchor bolts
only. This conventional anchorage system is both economical and has a long history

of satisfactory use in light frame structures.

1.1.2 Perforated Shear Wall Method

The perforated shear wall method, developed by Sugiyama (1981), relies on
an empirical adjustment factor to design shear walls with window and door
openings using a limited number of hold downs. The adjustment factor reduces the
perforated shear wall capacity to account for the loss of resistance due to the
openings and the reduced uplift restraint. This method was shown to predict shear
wall capacities significantly below the measured shear wall capacities by
independent testing by Dolan and Johnson (1996a) and by the National Association
of Home Builders (NAHB) Research Center (1998). Engineering calculations need to

be accurate in order for their use to gain acceptance and become widespread in



engineering practice. Greater use of engineered designs will enable more creativity
and innovation than prescriptive approaches which often allow much less design

flexibility.

1.1.3 Aspect Ratio

The IRC allows wall segments as small as 24” in width to count as part of the
braced wall length if they are adjacent to openings less than 64” in height and part
of a continuously sheathed wall. Since the wall height for this provision is limited to
8 feet, a 24” braced wall segment results in an aspect ratio of 4:1. In many cases,
these segments are not required to use hold-downs. Their only resistance to
overturning comes from anchor bolts. Unlike the provisions for engineered design,
there is no reduction factor applied to these 4:1 aspect ratio segments regardless of
whether they are resisting wind or seismic forces. On the other hand, the SDPWS
limits the aspect ratio of light-frame shear walls to 3.5:1 for shear wall designed to
resist seismic forces. Aspect ratios exceeding 2:1 are only allowed to resist seismic
forces if a reduction factor equal to 2bs/h is applied to the nominal unit shear
capacity, where b; and h are the shear wall segment length and height, respectively.
These aspect ratio limitations apply to both the segmented and the perforated shear
wall design methods. However, recent testing indicates that perforated shear walls
with high aspect ratio segments may have the same ultimate capacity as perforated
walls of the same length with lower aspect ratio segments (NAHB Reseach Center,

1998). Furthermore, this study observed that the ductility of perforated shear walls



with high aspect ratio segments was greater than the ductility of perforated walls
with lower aspect ratio segments. Since greater ductility is desired for walls that
must resist seismic forces, the use of high aspect ratio segments for perforated shear

walls should be further investigated.

1.2 Problem Significance

Since the majority of walls in light frame construction have window and/or
door openings, perforated shear walls often serve as an important part of lateral
force resisting systems. Improving the ability of engineering calculations to predict
perforated shear wall performance will result in greater acceptance of the
perforated shear wall method and allow more flexibility in the design of walls with
window and door openings. Incorporating the strength of high aspect ratio
segments will allow for larger/more window and door openings and/or shorter
shear wall lengths. Also, allowing the use of anchor bolts to restrain shear walls will
make engineered designs more competitive with prescriptive methods and increase
the value of engineered solutions.

1.3 Research Objectives

The three primary objectives of this research project are to:
* Assess the overturning restraint provided by anchor bolts in perforated
shear walls,
* Evaluate the shear capacity adjustment factor used in the perforated

shear wall design method, and



* Determine the effect of using high aspect ratio segments in perforated

shear walls.

To achieve the research objectives, full scale racking shear tests were conducted on
twenty-four shear wall assemblies with a variety of opening configurations,
overturning restraints, and aspect ratios. The test data was analyzed to develop
recommendations for future improvements to the current design procedures.

1.4 Scope

This research project is limited to wood-frame shear walls sheathed with
oriented strand board (OSB). Shear walls with other framing and/or sheathing
materials were not evaluated. In addition, only one sheathing thicknesses, framing
lumber species, nail size, nail spacing, and anchor bolt spacing was evaluated. The
ability to extrapolate the test results to other sheathing thicknesses, framing lumber
species, nail sizes, nail spacings, and anchor bolt spacings was not investigated.
Tested shear walls were loaded using quasi-static methods; dynamic testing and
analysis were outside the scope of this project. The walls tested were representative
of a non-load bearing wall in a one story building. The effect of the additional
overturning restraint provided by gravity loading in a bearing wall was not
considered.

1.5 Thesis Organization

Chapter 2 provides background information on perforated shear wall design

methods and a review of the literature published on perforated shear wall testing



and analysis. The chapter starts with a discussion of the code requirements for the
design and construction of perforated shear walls followed by a discussion of the
relevant experimental testing of light-frame shear walls.

Chapter 3 provides the details of the experimental test plan and the reasoning
behind each test. Also, the details of the materials, construction methods, test setup,
and loading protocol are discussed.

The results of the experimental test plan are presented in Chapter 4. The
failure mechanisms, load-deformation response, and a summary of the important
performance parameters are provided for each of the shear wall configurations.
Chapter 5 presents the analysis the shear strength, shear stiffness, and chord forces
for each series of shear wall tests. Also, the chapter discusses the conclusions that
can be drawn from the test data and provides recommendations for improvements
to the current design procedures. The use of anchor bolts to provide shear wall
overturning restraint, the adjustment factor for the perforated shear wall design
method, and the effect of aspect ratio on perforated shear wall performance are
covered in this chapter. Also, the ductility of the shear walls is discussed.

Finally, Chapter 6 summarizes the main points of this thesis, presents the
major conclusions that were derived from the experimental test plan, and provides

suggestions for further research.



Chapter 2: Literature Review

2.1 Code Requirements

In this section, the current code requirements for perforated shear walls in
both commercial and residential construction are investigated. Although some
prescriptive provisions will be discussed, the main focus will be on engineered
design methods.

2.1.1 Special Design Provisions for Wind and Seismic

The primary standard for engineered design of wood shear walls is the
Special Design Provisions for Wind and Seismic (SDPWS) published by the American
Forest & Paper Association (AF&PA). The SDPWS is incorporated into IBC by
reference making its use mandatory in most parts of the United States (International
Code Council, 2012). The standard provides design values and construction
guidelines for plywood and OSB shear walls.

The two main approaches for designing light frame shear walls in SDPWS are
the segmented shear wall method and the perforated shear method (American
Forest & Paper Association, 2008). The segmented shear wall approach requires
hold downs at each end of the full-height wall segments and neglects any resistance
provided by sheathing above and below openings. The hold downs are defined in
SDPWS as “a device used to resist uplift of the chords of shear walls”. A chord is
defined in SDPWS as “a boundary element that resists axial stresses due to the

induced moment”. The shear wall chords usually consist of the double studs at the



ends of the shear wall. The hold down is typically a prefabricated metal bracket that
is nailed, screwed, or bolted to the face of the end studs and bolted either to the
foundation or to a second bracket attached to the wall below. Although the
segmented shear wall method of design has the highest shear capacity, it requires a
large number of hold downs. Perforated shear wall design (PSW), developed by
Sugiyama (1981), is an empirical method for designing shear walls with fewer hold
down devices by applying an adjustment factor to the shear wall capacity to account
for the loss of resistance due to the openings and the reduced uplift restraint. As
with all empirical methods, the PSW method is limited to walls with appropriate
boundary conditions. Also, perforated shear walls have a much lower design
capacity compared to the segmented shear walls. A third method of design, called
force transfer around openings, is also recognized by SDPWS; however, very little
test data has been conducted to verify this method (Yeh, et al., 2011) and it will not
be discussed here.

The shear capacity adjustment factor proposed by Sugiyama’s original
formulation for the PSW design method is a function of the area of the openings and
the length of the full-height sheathing segments (Douglas & Sugiyama, 1994). These
two variables were combined into a single factor called the sheathing area ratio, r,

which can be calculated as follows:

a, (2.1)

where:



A, = total area of openings in the perforated shear wall,

2L; = the sum of the perforated shear wall segment lengths,

h = height of the perforated shear wall.
Sugiyama also defined the shear capacity ratio, F, as the ratio of the shear strength
of a wall with openings to the shear strength of a wall of the same size without
openings. Using the results of experimental shear wall tests, the following
regression equation was derived to relate the sheathing area ratio, r, to the shear

capacity ratio, F:

(2.2)

The shear capacity of a perforated wall, Vperforateq, is then obtained by multiplying the
shear capacity of a wall of the same length but without openings by the shear

capacity ratio as follows:

Voerforatea = F =V " Lior (2.3)
where:
1% = the nominal unit shear capacity for the shear wall,
Lwe = total length of a perforated shear wall including the lengths of

perforated shear wall segments and the lengths of segments
containing openings.
The equation for the PSW method presented in Chapter 4 of SDPWS is given in a

slightly different form than Sugiyama’s original equation. As shown in Section
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4.3.3.5 of SDPWS, the equation for calculating the shear capacity of a perforated

shear wall is:

V=C, v-IL, (2.4)
where:
V' = shear capacity of the perforated shear wall in 1bs,
Co = the shear capacity adjustment factor,
v = the nominal unit shear capacity from Table A4.3 of SDPWS.

The shear capacity adjustment factor is calculated as follows:

LtOt
C, = (#) ST (2.5)

By combining Equation 2.2 and 2.5 and simplifying, the relationship between F and
Co» can be expressed as:
Co (ZLL') = F(Ltot) (2.6)
Where sheathing is not applied to the framing above or below the openings, these
areas are included in the calculation of the total area of openings, A,. Also, where the
opening height is less than h/3, an opening height of h/3 must be used to calculate
Ao. This requirement prevents the shear capacity calculated using the PSW method
from exceeding the shear capacity of a segmented shear wall. The following
limitations apply to the design of perforated shear walls per Section 4.3.5.3 of the
SDPWS:
1. A perforated shear wall segment shall be located at each end of a
perforated shear wall. Openings shall be permitted to occur beyond

the ends of the perforated shear wall, provided the lengths of such
openings are not included in the length of the perforated shear wall.

11



7.

The aspect ratio limitations of Section 4.3.4.1 of SDPWS shall apply.
The nominal unit shear capacity for a single-sided wall shall not
exceed 1,740 plf for seismic or 2,435 plf for wind as given in Table
4.3A of SDPWS. The nominal unit shear capacity for a double-sided
wall shall not exceed 2,435 plf for wind.

Where out-of-plane offsets occur, portions of the wall on each side of
the offset shall be considered as separate perforated shear walls.
Collectors for shear transfer shall be provided through the full length
of the perforated shear wall.

A perforated shear wall shall have uniform top-of-wall and bottom-of-
wall elevations. Perforated shear walls not having uniform elevations
shall be designed by other methods.

Perforated shear wall height, h, shall not exceed 20’.

According to Section 4.3.4.1 of SDPWS, perforated shear wall segments with

an aspect ratio greater than 3.5:1 are not counted in the sum of the full-height shear

wall segment lengths, XL;. Also, for shear walls resisting seismic forces, if the aspect

ratio of the narrowest segment is greater than 2:1, the nominal shear capacity of the

wall must be multiplied by 2bs/h. However, a proposal to revise this provision to

apply the reduction of 2bs/h to only the length of the high aspect ratio shear wall

segments and make it applicable to both wind and seismic forces has been

successfully balloted by the Wind & Seismic Task Committee. This revision will be

included in the 2015 edition of SDPWS.

The chords at each end of a perforated shear walls must be designed to carry

the tension force, T, and compression force, C, due to overturning. Equation 4.3-8 of

SDPWS allows the tension and compression force to be calculated as follows:

Vh

2.7)
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where V is the induced shear force in the perforated wall in pounds. If the dead load
stabilizing moment is not sufficient to prevent uplift due to the overturning forces,
the SDPWS requires a hold down be provided at each end of the shear wall to resist
the tension force.
2.1.2 2012 International Residential Code

The prescriptive provisions for shear wall construction in the IRC do not
require hold downs to prevent braced wall panels from displacing or overturning
under shear and uplift loads (International Code Council, 2012). Instead, braced
wall panels are anchored by bolts spaced 6 feet on center for walls supported by
concrete foundations or by three (3) 10d box (3 %2" x 0.135") nails at 16" on center
when supported by rim joists, band joists, or blocking. For two story buildings in
Seismic Design Categories Do, D1, and D2, and two story townhouses in Seismic
Design Category C, the maximum anchor bolt spacing is reduced to 4 feet on center.
An anchor bolt must be provided not more than 12" from each end of the plate
section and a minimum of two anchor bolts shall be provided for each plate section.
Tests have shown that the IRC specified nail connection is not sufficient to prevent
an isolated 4x8 braced wall panel from overturning (Salenikovich, 2000). Instead,
the IRC provisions count on the system effects of the whole building, such as the
stiffness of the surrounding wall framing and dead load from upper stories, to
prevent overturning of braced wall panels (Crandell & Martin, 2009). Although the
effects of partial restraint and the whole building factor were investigated for over

two years in the development of the IRC wall bracing provisions, the actual
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mechanisms of these effects are still not well understood (Crandell & Martin, 2009).
The IRC wall bracing lengths were calculated using the fully restrained shear wall
design values from SDPWS times a net adjustment factor of 1.2 to account for the
combination of partial restraint and the whole building effect. In addition, a 15
percent increase of this design value can be taken when the walls are continuously
sheathed with wood structural panels (CS-WSP) to account for the sheathing above
and below window openings and sheathing segments not meeting the minimum
length requirements (Crandell & Martin, 2009). The IRC allows wall segments as
small as 24" in width to count as part of the braced wall length for continuously
sheathed applications if the wall height is 8 feet and the height of the openings
adjacent the segment is less than 64". The minimum wood structural panel
sheathing thickness in the IRC is 3/8" and the minimum fastening requirements is
6d common (2.0" x 0.113") nails spaced 6" on center along panel edges and 12" on
center along intermediate framing members. The nominal design value used in the
IRC for braced wall panels of this construction is 500 plf. Applying the two
adjustment factors of 1.2 and 1.15 results in a nominal design value of 690 plf for a
CS-WSP wall that contains no hold down devices.

On the other hand, a shear wall designed using the PSW method in SDPWS
requires as reduction in the shear capacity due to the presence of openings as
discussed in the previously. For the shear wall shown in Figure 1, which is 11 feet
long and has two 27" by 64" openings, the shear strength is reduced by a shear

capacity adjustment factor, Co, of 0.81. If the shear wall is constructed according to
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the minimum requirements of the IRC, the nominal unit shear capacity for wind
loads according to SDPWS is 560 plf X 0.92 = 515 plf where the reduction factor of
0.92 is to account for the use of Spruce-Pine-Fir (SPF) framing members in the IRC.
This nominal unit shear capacity is 34% less than the value that is used in the IRC

for a CS-WSP braced wall.

z?ll % 64“ z?ll % 6‘4“

96“

b

e 27" sl 27" = 24" | 27" Sl 27"

Figure 1: Example Shear Wall
For wind loads, the shear capacity according to the prescriptive provisions of the
IRC is (500 plf x 1.2 X 1.15) X 6.5 ft = 4485 pounds while according to the PSW
design method in SDPWS the shear capacity is (515 plf x 0.81) x 4.5 ft = 1877
pounds. The prescriptive IRC method, which does not require hold downs if a 24"
corner return is provided at each end of the wall, results in 2.4 times the shear
strength of the PSW method and does not require the services of a professional
engineer. Clearly, the engineered design method provides a more conservative
solution for the lateral force-resisting system of a light frame structure than the

prescriptive design method. When engineered designs become non-competitive
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with prescriptive methods, the value of engineered solutions is diminished and the

innovation and creativity that engineering enables is stifled.
2.1.3 2012 International Building Code

The IBC references SDPWS for the shear wall construction of most buildings.
However, for buildings meeting special conditions, a prescriptive solution similar to
the IRC is provided in the IBC. This method, called conventional light-frame
construction, can only be used for buildings three stories or less which meet the
limitations on loading, wall height, roof clear spans and building category. However,
unlike the prescriptive provisions in the IRC which have an engineering basis, the
conventional light-frame construction methods are entirely prescriptive and have
no engineering basis. According to a senior staff engineer of the International Code
Council, they are literally a “set of rules based on upon long-standing custom”
(Henry, 2004). Thus, a direct comparison of this bracing method to engineered
design methods would be difficult to perform and it will not be further discussed in
this thesis.

2.2 Shear Wall Research

Numerous research projects and experimental tests have been conducted on
light-frame shear wall assemblies. In this section some of the relevant shear wall
testing is discussed. The research is categorized into three groups: research on the
PSW design method, research on overturning restraint, and research on the effects

of high aspect ratio segments.



2.2.1 Research on the Perforated Shear Wall Design Method

To evaluate the PSW method proposed by Sugiyama, APA - The Engineered
Wood Association tested four perforated shear walls (Rose & Keith, 1996). The
walls were sheathed with 15/32" plywood fastened to Hem-Fir framing with 8d
common (0.131" x 2 %,") nails spaced 3" on center along the panel edges and 12" on
center along intermediate framing members. Also, %" gypsum wallboard was
applied to the opposite side of the framing with 5d gypsum wallboard (0.092" x 1
5/g") nails spaced 7" on center. Three of the perforated walls had a 6 foot wide
window and the fourth had a door opening located in the center of the wall. The
heights of the three window openings were 47.25", 59.25", and 71.25" and the
height of the door opening was 83.25". All of the perforated shear walls were 8 feet
high and 12 feet long. The walls were tested by applying a displacement to the top of
the wall that increased monotonically. In accordance ASTM E72, tie down rods were
used to attach the load beam to the base of the test fixture to prevent overturning.
For all four tests, the shear strength predicted by the PSW method was within ten
percent of the tested shear strength.

Dolan and Johnson tested four 40 feet long perforated shear walls with
unsymmetrically placed openings under both monotonic and cyclic load protocols

(1996a; 1996b). Table 1 shows the configurations of the four perforated shear walls.
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Table 1: Shear Wall Configurations (Dolan & Johnson, 1996a)

Wall Wall |Sheathing Area Opening Size
Configuration' Type Ratio. (1) Door Window”
7 Z
. %/ / / A 1.0 - -
# & 4 " 1 LE] 1 " ] 1]
7 7 // B 0.76 6-8" x 4'-0 5'-8 x?-l(]'lfz'
%2/ e / “ / i
ATF. T A" " ]-.'r "
/ / // / C‘ 055 6.-8" i 4|_D11 —1' D X ].1 10 2
B S AT 40" x T'-l(}lfz"
0 U " 0.48 O-8"x 40" 4ov x 7m0,
v 6-8" x 12'-0"
; 3
% % E 0.30 (Sheathed at ends) _
2 §-0" x 280"
1: All walls are framed with studs spaced at 16 inches on center. Shaded areas represent sheathing.
2: The top of each window 1is located 16 mches from the top of the wall.
2: Wall E has studs along the full length of wall but 1s sheathed only at the ends of the wall.

The goal of this project was to evaluate the PSW method on long, full-sized,
perforated shear walls. The shear walls were constructed with No. 2 SPF framing
members and sheathed with 15/32 in., 4 ply, structural 1 plywood fastened with 8d
(0.131" x 2 %2™) bright common nails spaced 6 inches on center along the panel edges and
12 inches on center along intermediate framing members. Also, 2" gypsum wallboard
was applied to the opposite side of the wall with 13 gage by 1 %" long drywall nails
spaced 7 inches on center about the perimeter and 10 inches on center in the field. A
Simpson HTT 22 hold down was provided at each end of the wall. The monotonic
loading procedure consisted of a single loading step that displaced the top of the wall six

inches over a time period of ten minutes. The cyclic load protocol used for the tests was a
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modified version of the Sequential Phased Displacement (SPD) procedure. A plot of the
tested shear capacity ratio, F, versus the sheathing area ratio, r, is shown in Figure 2.
Dolan and Johnson concluded that the PSW method provided a conservative prediction of
the shear capacity for all wall configurations tested in their investigation. For the
monotonic tests, the PSW method under predicted the shear strength from 17% to 68%
while for the cyclic tests, the PSW method under predicted the shear strength from 24%
to 77%. Also, it was found that the results became more conservative as the area of

openings in the wall increased.

1.0 4 ;{3
— F=r1/(3-2r)
£ Actual initial cyclic shear load ratio (@ capacity /
0g 44 V Actunal stabilized cyclic shear load ratio @ capacity | . /...
o : : :
B
g
% 0.4
=
4@
: ¥) P
0.0 = i i i i
0.0 0.2 04 06 0.8 1.0

Sheathing area ratio, r

Figure 2: Tested Shear Capacity Ratio vs. the Sheathing Area Ratio (Dolan & Johnson, 1996b)

The National Association of Home Builders (NAHB) Research Center tested
six perforated shear walls with a variety of opening sizes and one fully sheathed

shear wall. The walls were sheathed with 7/16" OSB sheathing fastened to stud



grade SPF framing members with 8d common (0.131" x 2 %2") nails spaced 6" on
center along the panel edges and 12" on center along intermediate framing
members. The walls were also sheathed with 2" gypsum wall board on the opposite
side as the OSB. The gypsum wallboard was fastened with #6 screws spaced 7" on
center along the perimeter and 10" on center in the field. The walls with hold downs
used Simpson Strong-Tie HTT 22 at each end. The walls were tested monotonically
with a displacement rate of 0.3 inches/minute. The shear wall configurations are

shown in Table 2.
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Table 2: NAHB Shear Wall Configurations

Specimen Wall Openings Sheathing Area Anchor Bolt Hold-
Configuration Ratio, r Spacing downs
— r;él' trp.
Wall 1 / / None 1.0 2 o.c Ends
! /20' !
XA
Wall 2 / / (1-12"x4 0.57 T oc Ends
/ A /
! 20° !
= 2'typ
Wall 3 (/s (3)-4" x4 0.57 T oc Ends
L] g v
Yers?
20 !
Al A 7
Wall 4 ﬁ (A -1 x6-8" 0.29 2 oc Ends
] (1
14—
A A
Wall 5° (1)-12"x 68" 0.29 2 oc Ends
72
-~
16—
] A
Wall 6° & 7 & (3)-4" x4 0.57 T oc None
Gerrlonss?
I 20° |
ey
Wall 7 % /4 % (3)-4" x4 0.57 G o.c. Ends
VizZ vz i7Z
| 20° |

ForSI:1ft =03048 m 1m =254 mm
_Calculated from Equation 1.
= Altemmative framing methods used. See section 3.1 Wall Specimens for framing details.



The perforated shear wall method conservatively estimated the shear capacity of
the all of the tested walls. The actual strengths were from 16% to 36% greater than
the predicted strengths for the walls that did not include alternative framing
methods. A modified regression equation for the calculating the shear capacity ratio

was proposed as follows:

r

(2-7)

F= (2.8)

where r represents the sheathing area ratio as calculated using Equation 2.1. This
equation provided a better prediction of the shear capacity for walls 1 through 6 but
over-predicted the strength of wall 7. A plot of the ultimate shear capacity versus

the sheathing area ratio is provided in Figure 3.
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Figure 3: Ultimate Capacity vs. Sheathing Area Ratio (NAHB Reseach Center, 1998)
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Yasumura also investigated the perforated shear wall method using full scale
monotonic and cyclic tests (2010). Overturning restraint was provided by vertical
concentrated loads and/or hold downs. Two wall sizes were tested, a 12 foot long by
8 foot high wall with a 6 foot wide opening of various heights similar the APA
perforated shear wall tests and a 9 foot long by 8 foot high wall with a 3 foot wide
opening of various heights. Like the NAHB Research Center (1998), Yasumura found
that for perforated shear walls, the regression equation for relating the shear

capacity ratio, F, to the sheathing area ratio, r, could be expressed as:

r

(2-7)

F= (2.9)

Yasumura notes that the original regression equation for the PSW method was
developed from ASTM E72 testing in which hold down rods were used to prevent
overturning. Instead of using a hold down rod, Yasumura used a hold down device
bolted to the studs at the ends of the wall to the resist overturning. This is
representative of what is typically used in actual building construction. A plot of the

shear capacity ratio, F, versus the sheathing area ratio, r, is shown in Figure 4.
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Figure 4: Plot of Opening Coefficient vs. Shear Resistance Ratio (Yasumura, 2010)

2.2.2 Research on Overturning Restraint

The current perforated shear wall method is only applicable to walls with
hold downs at each end. However, some research has been conducted on walls with
uplift restraint provided only by anchor bolts. Salenikovich (2000) conducted tests
on shear walls which used three different levels of overturning restraint: full
anchorage of the shear walls with hold downs at each end and anchor bolts 2 feet on
center, intermediate anchorage with anchor bolts 2 feet on center only, and no
anchorage with 16d common nails only. The walls there sheathed with 7/16" OSB
sheathing with 8d common (0.131" x 2 %2") nails spaced 6" on center along the panel
edges and 12" on center along intermediate framing members. It was found that the
4 foot, 8 foot and 12 foot long shear walls tested with intermediate anchorage
developed 25%, 45%, and 60% of the shear capacity of the walls with full

anchorage, respectively. A mechanics-based model for predicting the strength of
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shear walls restrained by anchor bolts was developed but the model was only
applied to shear walls without window and door openings.

Ni and Karacabeyli also developed a mechanics based model for the
performance of partially restrained shear walls (2000). This model was based on
the assumption that a portion of the sheathing fasteners in the bottom plate at one
end of the wall only resist uplift loads and the rest of the sheathing fasteners resist
only lateral loads. Unlike the mechanics model developed by Salenikovich, Ni and
Karacabeyli’'s model could account for the increase in shear strength due to the
addition of dead load on the wall. Their model was evaluated using 42 experimental
shear walls tests with hold downs or with anchor bolts spaced 16" on center and a
variety of dead loads. The 4, 8, and 16 foot long shear walls tested with anchor bolts
resulted in 34%, 58%, and 92% of the shear strength of the walls tested with hold
downs, respectively. These percentages are slightly greater than those determined
by Salenikovich. This is likely due to the fact that the anchor bolt spacing used by Ni
and Karacabeyli was 16" on center while Salenikovich use anchor bolts spaced 24"
on center. Both of these spacing’s greatly exceed the required minimum spacing of 6
feet on center in the IRC. The testing also showed that the secant stiffness for the
tested shear walls with and without hold downs was found to be similar. However,
this model was developed based on fully sheathed shear wall tests and has been
shown to be very conservative for perforated shear walls (Rainer, Ni, & Karacabeyli,

2008).
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Gruber (2012) also examined the performance of shear walls with partial
overturning restraint. Gruber tested 4 foot long by 8 foot high shear walls with five
different anchorage conditions: a mechanical hold down, an anchor bolt with a
concentrated load of three different magnitudes applied to the top of the wall, and
an anchor bolt only. The concentrated loads were applied vertically to the top of the
wall to consider the effect of dead load from additional stories. The shear strength of
the wall with only the anchor bolt was 29% of the wall with the hold down. This
result is similar to what was found by other researchers (Salenikovich, 2000; Ni &
Karacabeyli, 2000). Closed form equations for adjusting the nominal unit shear
capacity to account for the amount of dead load and to obtain a consistent reliability
index were developed using a first order second moment reliability model and a
Monte Carlo Simulation. However, the effects of longer walls or walls with openings
were not considered in this study.

Dolan and Heine (1997a; 1997b) tested two 40 feet long perforated shear
walls using 5/8" diameter anchor bolts spaced 2 feet on center as the only means of
overturning restraint using both cyclic and monotonic loading protocols. The wall
configurations were the same as wall types D and E tested by Dolan and Johnson
(1996a; 1996b). However, these walls were sheathed with 7/16" OSB instead of 15/32"
plywood and used SPF “stud or better” lumber for the framing instead of SPF No. 2
lumber. All other construction materials remained the same. The tests were then
compared to the perforated shear wall tests conducted by Dolan and Johnson

(1996a; 1996b) which had the same opening configurations but contained hold

26



downs at each end of the wall. The perforated shear wall tests with anchor bolts had
from 55% to 90% of the shear capacity of the walls with hold downs. Dolan and
Heine concluded that the performance of perforated shear walls restrained by
anchor bolts “appears adequate for many design conditions where the expected
lateral loads are low to moderate in magnitude”. Dolan and Heine concluded that the
PSW method could be used for shear walls with anchor bolts and that the design
values were conservative. Using the PSW method, the calculated shear wall
capacities were from 61% to 74% of the actual shear wall capacity for the cyclic and
monotonic tests. However, Dolan and Heine noted that more testing is needed to
“Investigate the impact that windows and doors have on wall capacity”. Also, as observed
by other researchers (Rainer, Ni, & Karacabeyli, 2008), the tests by Dolan and Heine
used a continuous steel loading beam at the top of the specimens which could raise the
ultimate capacity of the specimens by introducing additional restraint. Rainer, Ni, and
Karacabelyi stated that “there is a need for further tests of long walls specifically
targeted to conventional and partially restrained wood-frame construction where
the loading, restraints, and construction details are as realistic as possible.” Also,
since only one specimen was tested for each wall configuration, the variability due
to material properties and test or construction errors is unknown.
2.2.3 Research on Effect of Aspect Ratio

The aspect ratio is an important factor in shear wall design. Research by
Salenikovich (2000) investigated the effect of aspect ratios on the strength and

stiffness of segmented shear walls. Salenikovich tested shear walls with aspect
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ratios of 2:3, 1:1, 2:1 and 4:1. A plot of the load-deflection curves for the 2:3
(12FAm1), 1:1 (08FAm), 2:1 (04FAm2), and 4:1 (02FAm) aspect ratio walls is given
in Figure 5. The results for the monotonic tests showed that, on average, there was a
10% decrease in strength for the 2:1 aspect ratio walls and a 24% decrease in the
strength of the 4:1 aspect ratio walls compared to the strength of the 2:3 and 1:1
aspect ratios walls. Also, the stiffness of the 4:1 aspect ratio walls was 50% less than
the lower aspect ratio walls. However, the use of high aspect ratio segments in

perforated shear walls was not considered in this investigation.

0
10 F
=87
=
=
2 °
g
= ¢ 4 12FAml
54t ¢ 4 027
| ¢ ® 08FAm
2|4 + 04FAm?
= 2 e 4 0.14
- = 02FAm
|
08 L L L L 0.00
0 25 51 76 102 127
Wall deflection (mm)

Figure 5: Load-Deflection Curves for Monotonic Tests (Salenikovich, 2000)
The effect of high aspect ratios on perforated shear walls was investigated by
the NAHB Research Center (1998). Comparing wall specimens 2 and 3 in Table 2, it

can be seen that the two walls have the same area of openings but one has two
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segments with a 2:1 aspect ratio and the other has four segments with a 4:1 aspect
ratio. The peak load for these specimens was 7.0 kips and 6.5 kips for wall 2 and 3,
respectively. This is a difference of only 7%. However, the displacement at failure
was 1.92 inches for wall 2 and 2.65 inches for wall 3. This indicates that wall 3 has
greater ductility than wall 2 and can dissipate more energy under seismic loading.
The energy dissipated of wall 2 was 35% less than the energy dissipated by wall 3.
This indicates that high aspect ratio segments in a perforated wall may be beneficial.
However, this conclusion is based on the result of only two shear wall tests. Further
investigation is needed before high aspect ratio segments can be adopted into
current design methods.

2.3 Conclusions

This chapter reviewed the various code requirements for perforated shear
wall design and some of the relevant experimental tests that have been conducted
on light-frame shear walls. The following conclusions can be drawn from the
literature review:

e The PSW method in SDPWS provides a more conservative solution for
perforated shear walls than the prescriptive design methods contained in
the IRC.

e The current PSW method provides close agreement with experimental
results for shear walls tested using hold down rods in accordance with
ASTM E72. However, for shear walls tested using hold down devices

representative of actual building construction, the PSW method provides
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strengths from 15% to 75% less than the tested strength. In addition,
PSW tests using loading beams with a stiffness more representative of
what is found in actual building construction are needed.

Although the strength of a fully sheathed shear wall restrained from
overturning by anchor bolts can be as little as 25% of the same wall
restrained by hold downs, perforated shear walls restrained by anchor
bolts show a much smaller reduction in strength. The two tests of
perforated shear walls restrained by anchor bolts resulted in 55% and
82% of the strength of the same perforated shear wall with hold downs.
Also, the reduction in strength for fully sheathed walls depended greatly
on the length of the wall. A 4 foot long shear wall restrained by anchor
bolts had about a 75% reduction in strength while a 16 foot long shear
wall has about a 10% reduction in strength compared to a shear wall
restrained by hold downs.

Increasing the aspect ratio was shown to decrease the strength and
stiffness of segmented shear walls. However, for the limited number of
perforated shear wall tests with high aspect ratio segments, there was no

change in the stiffness and only a slight (7%) reduction in strength.
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Chapter 3: Experimental Test Plan

3.1 Introduction

The literature review in the previous chapter demonstrates that additional
testing is needed to evaluate the strength of perforated shear walls with flexible
loading beams. Also, since only two published tests of perforated shear walls
without hold downs were found, additional testing is needed to establish the design
shear capacity, stiffness, and ductility of walls that use this method of anchorage.
Finally, additional test data is need to determine the effect of high aspect ratio
segments on perforated shear walls as only one such test was found in the literature
review.

To achieve the thesis objectives, full scale racking shear tests were conducted
on twenty-four wall assemblies with a variety of opening configurations,
overturning restraints, and aspect ratios. The shear wall frames were constructed
by Blenker Building Systems, Inc., a wall panel manufacturer located in Amherst,
Wisconsin. The wall frames were sheathed with OSB and tested using the CUREE
cyclic loading procedure in ASTM E2126 by the Structural Building Components
Research Institute (SBCRI) located in Madison, Wisconsin. The SBCRI test facility is
accredited by ACLASS (see Appendix C), which is one of three brands of the ANSI-
ASQ National Accreditation Board that provides ISO/IEC 17025 accreditation for
testing and calibration laboratories. The shear wall specimens were built in October

of 2012 and testing was conducted during the months of November and December
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of 2012. Detailed descriptions of the test specimens, construction materials,
specimen fabrication, and testing procedures are provided in the following sections.

3.2 Design of Specimens

Five different wall configurations were tested. The key dimensions of the five
shear wall configurations are given in Table 3. All of the shear walls were 8 feet in
height and 23 feet in length. The full-height sheathing segments in each perforated
shear wall had an aspect ratio of either 2:1 or 4:1. A 2:1 aspect ratio was chosen as it
represents the maximum aspect ratio allowed in SDPWS without a reduction in the
nominal unit shear capacity. A 4:1 aspect ratio was chosen to determine the effects
of a high aspect ratio as it is the highest aspect ratio allowed by the IRC. Although
SDPWS only allows aspect ratios as large as 3.5:1 for walls sheathed with wood
structural panels, a 4:1 aspect ratio segment represents a more severe case; thus,
applying the results of 4:1 aspect ratio tests to smaller aspect ratios should be
conservative. The purpose of walls No. 1 and No. 2 was to compare two walls having
8 feet of full height sheathing but with aspect ratios of 2:1 and 4:1, respectively. The
area of the opening between the two sheathing segments in wall No. 1 was equal to
the area of the window and door openings in wall No. 2. This results in the same
sheathing area ratio, r, for the two walls. Walls No. 3 and No. 4 provided a second
comparison of 2:1 and 4:1 aspect ratios with 12 feet of full height sheathing. Also,
wall No. 4 contained a mixture of 4:1 and 2:1 aspect ratio segments to evaluate the
performance of a wall containing multiple aspect ratios. As with walls No. 1 and No.

2, the area of openings in walls No. 3 and No. 4 were equal. Wall No. 5 was the
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benchmark shear wall and was fully sheathed. It was used to calculate the tested
shear capacity ratio, F, of the perforated shear walls.

The four perforated shear wall configurations were tested with two different
methods of overturning restraint: anchor bolts spaced 4 feet o.c. in accordance with
the most stringent spacing required by the IRC and hold-downs at each end of the
wall in accordance with the requirements of the PSW method in SDPWS. For the
walls with only 2:1 aspect ratio segments, the hold down restrains 4 feet of

sheathing compared to only 2 feet of sheathing for the walls with 4:1 aspect ratio

segments.
Table 3: Shear Wall Opening Dimensions
Wall Braced | Aspect .
‘;;?}" Wall Configuration Length | Length | Ratio Sﬁ l::l:;iiun:s OpI;?lti};gs
) (ft) (fr) H/L
1 23 8 2:1 ()-7"x8" | (2)-4'x8
(1)-3"-23%"
) x5'-8" (1)-3"-21%"
2 23 81 * lw-32%| x6-10%"
x5'-9"
) (1)-3"4"x | (1)-5"-4%"
3 23 12 2:1 5-41/," % 6'-10%"
4:1, (2)-2'-5"x | (2)-2'-10"
4 7 7 23 12 2:1 3'-6" x6'-10%"
5 23 23 0.35:1 N/A N/A

33



Thus, to provide a direct comparison between the walls with 2:1 and 4:1 aspect
ratio segments, the walls with 4:1 aspect ratio segments (walls No. 2 and 4) were
also tested with four hold downs, one hold down on each of the first two segments
from the end of the wall. This provided uplift restraint to the same length of
sheathing in the walls with 4:1 aspect ratio segments as for the walls with 2:1 aspect
ratio segments. The benchmark wall with full length sheathing (wall No. 5) was only
tested with hold-downs at each end of the wall. In addition, wall No. 1 was also
tested as a segmented shear wall with hold downs on each end of the 2:1 aspect
ratios segments to serve as an additional benchmark. Two tests were conducted for
each shear wall type, except for the wall No. 4 configuration with four hold downs.
For these walls, each test had a different hold down arrangement. This change was
made due to the observations during testing. A test matrix showing the thirteen
different wall types for the research project is given in Table 4. Detailed drawings

for each of the shear walls are provided in Appendix A.
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Table 4: Shear Wall Test Matrix

Wall Restraint
‘;2!' Anchor Bolts Two Hold Downs Four Hold Downs
1
] 0 ]
"
3 N/A
7. 7
4
7 7 7 7
. Z
5 N/A N/A

Each shear wall is designated by a four character label throughout this paper.
The first character of the label is the wall configuration number (1, 2, 3, 4, or 5). The
next character is the letter “H” followed by the number of hold downs in the wall (0,
2, or 4). Finally, the test replicate is given as either “a” or “b” representing the first

or second test of the same wall configuration. For example, wall 4HOa represents the

first replicate of wall configuration 4 tested without hold downs.
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3.3 Construction Materials

3.3.1 Lumber

All framing members, with the exception of the pre-cut studs, were cut and
marked by the wall panel manufacturer using a computer controlled linear saw.
The lumber used for all framing members was 2x4 Spruce-Pine-Fir. Stud grade
lumber was used for the wall studs and No. 2 grade lumber was used for all other
framing members, such as the top and bottom plates, window sills, headers, etc. All
lumber used for the wall framing was from the wall panel manufacturer’s stock.
3.3.2 Sheathing

Each of the shear walls were sheathed with 7/1¢" Category OSB panels
purchased from a local building material supplier. The panels were manufactured by
LP Building Products in Sagola, Michigan and were dated October 13, 2012. The
panels were APA rated 24 /16 for Exposure 1 and measured 47 - 7/g" wide by 95 - 7/g"
long.
3.3.3 Sheathing Fasteners

The sheathing was fastened to the framing with power driven 8d common
(0.131” dia. x 2- 2" long) nails. The nails were Paslode RounDrive® 30 degree full
head, smooth shank, brite framing nails. The nails had an offset head and a plastic
coating on the end of the shank to improve the withdrawal resistance. Paslode nails
are recognized by the ICC Evaluation Service in ESR-1539. Paslode nails are

manufactured from materials and to tolerances in compliance with ASTM F1667,
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“Standard Specification for Driven Fasteners: Nail, Spikes, and Staples”. Paslode nails
also conform to the Supplementary Requirements of ASTM F1667 and can be
classified and labeled as “Engineered Construction Nails, ASTM 1667”. In order to
meet these requirements, the nails must have the minimum bending yield strength

given in the NDS for determining lateral design loads. For 0.131” diameter nails, a

minimum bending yield strength of 100,000 psi is specified by the NDS.

|2
Fire 6: Sheathing Fasteners
3.3.4 Hold Downs and Anchor Bolts

The hold down device used in the shear walls was a Simpson Strong-Tie HDUS.
The allowable tension load on the HDU8 hold down was 4305 pounds when
attached to a double 2x4 SPF end post. The hold down device was fastened to the
end post with twenty Simpson Strong-Tie Strong Drive® SDS %4" x 21/;" screws.

Hold downs were installed flush with the bottom plates in accordance with the
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manufacturer’s installation instructions. All anchor bolts used in the shear walls
were >/g” diameter bolts with a 3/g" standard cut washer and a 3" x 3" x %" square
plate washer.

3.4 Specimen Fabrication

A linear saw cut the top and bottom, and window sill plates and marked the
stud, cripple, and jack locations on them. The studs, cripples, and jacks were placed
into position using these marks on the plates and the plates were face nailed to the
members with two 16d (0.131” dia. x 3- 1/4" long) nails. The double end studs were
separated by three 12” long 2x4 blocks and were fastened together by two 16d
(0.131” diameter x 3-1/4” long) smooth shank nails in each block. Jacks were face
nailed to the king studs with two rows of 10d (0.131" dia. x 3.0" long) smooth shank
nails spaced 12 inches on center.

Per Section R602.7.3 of the IRC, non-load bearing walls are not required to
have headers if the span is less than 8 feet and the distance to the parallel nailing
surface above is less than 24 inches. Under these conditions, a single flatwise 2x4
member without cripples may be used above the opening. However, since headers
are commonly seen in non-load bearing walls, 2x4 headers were provided for
openings less than 48” in width and 2x6 headers were provided for openings
greater than 48” in width. Headers were constructed of two 2x members with a %/3,"
OSB spacer sandwiched between members and were nailed 16” o.c. along each edge

of the member with 10d (0.131” dia. x 3” long) ring shanked nails. King studs were
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face nailed to the headers with three 16d (0.131” dia. x 3.0" long) smooth shank
nails.

The shear walls were shipped to the test facility before the sheathing was
applied. Before installing the sheathing, the stud spacing and alignment was verified
and any studs with excessive deviations from the plans were repositioned. In
general, studs within +1/4" of the specified location were considered acceptable. The
walls were squared and sheathed OSB panels cut to fit around the openings. A gap of
1/8" was maintained between sheathing panels to allow for expansion due to
changes in moisture content. The location of the fasteners was marked on the panels
to maintain the correct spacing and edge distance. Sheathing fasteners were located
3/g" from the vertical edges, 34" from the bottom edge, and 1- 13" from the top edge
of the panel. Sheathing fasteners were spaced 6" o.c. along the panel edges and 12"
o.c. along intermediate framing members. Nails that missed studs were pulled and
replaced one inch from the original location.

3.5 Test Procedures

All tests were conducted in accordance with the procedures in ASTM E2126,
“Standard Test Methods for Cyclic (Reversed) Load Test for Shear Resistance of
Vertical Elements of the Lateral Force Resisting Systems for Buildings”. This test
procedure evaluates the shear stiffness, shear strength and ductility of wood shear
walls under earthquake loading by applying cyclic displacements to the top of the

shear wall.
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3.5.1 Test Station

The test fixture was designed to simulate the shear wall boundary conditions
that would be seen in actual building construction. Instead of a steel loading beam, a
parallel chord wood truss was attached to the top of the shear wall with code
compliant framing plates to distribute the shear load. Applying the shear load
through the bottom chord of a truss replicates how a roof diaphragm would transfer
shear forces to a lateral load resisting element in a real structure. Another reason
for using a wood truss was to reduce the stiffness of the loading beam. Many shear
wall tests use a continuous tubular steel beam to load the specimens. As stated by
Rainer, Ni, and Karacabelyi, this “relatively stiff and long loading bar introduces
restraints that would raise the ultimate tested capacity, particularly for the
specimens with few or no hold-downs” (2008). The wood truss used in this
investigation is much more representative of the actual end use of the shear wall
than the steel loading beam. The truss was free to translate and rotate within the
plane of the wall, but was constrained from all out-of-plane movements. A double-
acting hydraulic actuator was attached to one end of the truss to apply the cyclic
displacements to the shear wall. The load required to displace the shear wall was
measured by a load cell attached to the hydraulic actuator. The measured load was
accurate to within *0.05%.

The test base was designed to capture the vertical forces in the wall at the
foundation. Instead of a continuous foundation, load cells were placed under each

stud to measure the vertical compression forces at several points along the bottom
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plate. Anchor bolts and the bolts for the hold downs were threaded directly into the
load cells to attach the bottom plate of the wall to the test base and measure the
tension force in the bolts. The shear force at each bolt was also measured by a pair
of load cells. Measuring the horizontal and vertical reactions at the base of the wall
helps to trace the transfer of load through the wall. The sheathing panels were not

allowed to bear on the base of the test fixture. A photo of the test station is shown in

Figure 7.

Figure 7: Photo of Test Station with Test Specimen 2H2b.
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3.5.2 Loading Protocol

The CUREE basic loading protocol was used to perform the tests. This
displacement controlled cyclic loading protocol is described by ASTM Standard
E2126 as a “realistic and conservative representation of the cyclic deformation
history to which a component of a wood structure likely is subjected in
earthquakes” (2011). This loading protocol starts with six initiation cycles with
small amplitudes, followed by series of phases with increasing displacement
amplitudes. Each phase consists of a primary cycle whose amplitude is a percentage
of the reference deformation followed by two or more trailing cycles with amplitude
of 75% of the primary cycle. A reference deformation, A, of 1.0 inches was
maintained for the entire project for the purpose of comparing the different test
configurations. The failure limit state for the wall is defined as “the point on the
envelope curve corresponding to the last data point with the absolute load equal or
greater than |0.8 Ppeqk|”. If the failure limit state is not reached at the reference
deformation, additional cycles are added with amplitude of 4 * (1 + @) until failure
is reached. For the parameter «, a value of 0.25 was selected. A constant rate of
displacement of 0.25 in/sec was used throughout the project. A plot of the cyclic

displacement pattern is given in Figure 8.
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Figure 8: Cyclic Displacement Pattern
3.5.3 Displacement Measurements
Displacements of the walls were measured using string potentiometers. The
ASTM E2126 Standard requires the following four displacement measurements:
1. Horizontal displacement of the specimen at the top plate,
2. Vertical (upward and downward) displacement of both end posts
relative to the rigid base, and
3. Horizontal displacement of the bottom plate relative to the rigid base
(lateral in-plane sliding).
In addition to these displacement measurements, the vertical displacements of the
studs at each end of the full height sheathing segments were measured. Also, the
differential displacement between the framing members and the sheathing panels
was measured along all four edges of the full height sheathing segments and the

panels beneath the window openings. This was accomplished by attaching the base
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of a string potentiometer to the framing member and the free end of the string to the
sheathing panel as shown in Figure 9. The additional displacement measurements

provided supplementary information intended to aid in potential finite element

modeling of the shear walls.

Figure 9: Photos of String Potentiometer Measuring Differential Displacement

The data acquisition system sampled the load cell and string potentiometer
measurements 1024 times a second. These readings were then filtered using a
running average. The filtered data was recorded 32 times a second. The string
potentiometers are capable of recording to the nearest 0.001 inch and are accurate

to within +0.1%.
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Chapter 4: Results of Shear Wall Tests

4.1 Introduction

The results of the experimental test plan are presented in this chapter. The
failure mechanisms, load-deformation response, and a summary of the important
performance parameters are provided for each of the shear wall configurations. The
tests for each wall configuration are grouped together.

4.2 Reported Data

For each test, the shear strength, the load and displacement at the yield,
strength, and failure limit states, the elastic shear stiffness, and cyclic ductility ratio
are reported. The definitions and formulas for calculating the reported values are
provided in the following sections.

4.2.1 Limit State Definitions

ASTM E2126 defines three limit states for shear walls: the yield limit state,
the strength limit state, and the failure limit state. The first major event (FME) is
defined as the first of the three limit states to occur. The yield limit state is the point
in the load-displacement relationship where the elastic shear stiffness of the
assembly decreases 5% or more. The strength limit state is the point on the
envelope curve corresponding to the maximum absolute displacement Apeax at the
maximum absolute load (Ppear) resisted by the specimen. Finally, the failure limit

state is the point on the envelope curve corresponding to the last data point with the
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absolute load equal or greater than [0.8 Ppeqk|. Figure 10 shows an envelope curve

with the three limit states defined by ASTM E2126.
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Figure 10: Envelope Curve for Test 1HOa Displaying the Three Limit States
4.2.2 Load-Displacement Curves
A typical plot of the hysteresis loops for the shear wall tests is shown in
Figure 11. The hysteresis loops are a plot of the displacement applied to the top of
the specimen versus the lateral load measured at the hydraulic actuator. The

hysteresis loops for each shear wall test were plotted and are given in Appendix B.
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Figure 11: Hysteresis Plot for Test 1HOa

No adjustments were made to the measured top plate displacements to
account for the translation of the wall due to the horizontal slip in the shear wall
anchorage and the vertical displacement of the end posts. Since the design of the
perforated shear wall allowed for differential movement between the bottom plates
on each side of the door openings, a single measure of the slip at the base of the wall
could not be obtained. Also, uplift at the end posts depended on the type of
anchorage provided. Walls with hold downs had less vertical displacement of the
end posts than walls without hold downs. Thus, to provide a consistent method for
comparing the different shear wall configurations and anchorage methods, the top

plate displacement was not adjusted to account for shear and uplift deformation of
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the anchorage system. This practice is in accordance with the requirements of ASTM
E2126 which states that the measured displacement “includes both the shear
deflection of the sheathing material and its connections, and the contribution of the
shear and hold-down connection systems”.

The envelope curve (or “backbone” curve) connects the point of maximum
load from the hysteresis loops for the primary cycle of each phase of the cyclic
loading protocol as shown in Figure 11. The positive envelope curve is produced by
the push cycle of the actuator while the negative envelope curve is produced by the
pull cycle of the actuator. The average envelope curve is obtained by averaging the
absolute values of the load and displacement points of the positive and negative
envelope curves. The performance parameters were calculated using the average
envelope curve to determine load and displacement values.

4.2.3 Shear Strength
As described in ASTM E2126, the shear strength is the maximum load per

unit length of the specimen and can be calculated as follows:

P

k
Vpeak =~ (4.1)

where:
Ppeak = the maximum load resisted by the specimen in the given envelope, and
L =thelength of the specimen.

The average envelope curve was used for determining Ppeqk. For perforated shear

walls, the sum of the full height segment lengths, XL;, was used to calculate the shear
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strength. However, for perforated shear walls, this parameter was less meaningful
as the strength of the wall was dependent on more than just the length of the
specimen.
4.2.4 Elastic Shear Stiffness

The elastic shear stiffness, K., is defined as “the resistance to deformation of a
specimen in the elastic range before the first major event (FME) is achieved, which
can be expressed as a slope measured by the ratio of the resisted shear load to the
corresponding displacement.” The equation for determining K. is given in Section

9.1.4 of ASTM E2126 as:

K, = 0.4IA’peak
e

(4.2)
where:

A. = displacement of the top edge of the specimen at 0.4 Ppeax in inches.
4.2.5 Yield Load and Displacement

Since wood frame shear walls behave non-linearly, the enveloped curve for a
cyclic test does not have a well-defined yield point. One method for determining the
yield limit state given in ASTM 2126 is to use the equivalent energy elastic-plastic
(EEEP) curve. This curve is defined by ASTM E2126 as “an ideal elastic-plastic curve
circumscribing an area equal to the area enclosed by the envelope curve between
the origin, the ultimate displacement, and the displacement axis.” The stiffness of

the elastic portion of the EEEP curve is equal to the elastic shear stiffness defined

earlier. The yield load of the EEEP curve is defined as follows:
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2A
Pyield = Au - Au - K_ Ke (4‘3)
e
where:
Pyicia = yield load in lbs,
A =thearea under envelope curve from zero to ultimate displacement
(Ay) of the specimen, lbs-in,
A, =the displacement corresponding to the failure limit state, inches.

It follows that the yield displacement can be calculated as:

Py, ld
Ayield= % (4.4)

Figures 10 and 11 show a typical EEEP curve for the shear wall tests. The EEEP
curves for the positive and negative backbone curves are plotted along with the
hysteresis loops for each shear wall test in Appendix B.
4.2.6 Cyclic Ductility Ratio

The cyclic ductility ratio, D, is defined as the ratio of the ultimate displacement,
4,, to the yield displacement, 4y, by ASTM E2126. This ratio is a measure of the
energy dissipation capacity of the shear wall. This parameter is crucial in the design
for earthquake resistance, because, for seismic loads, it is expected that the shear
wall will undergo plastic deformations. A more ductile shear wall can absorb more
seismic energy before the wall reaches the failure limit state, resulting in less

likelihood of a collapse and greater life safety.
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4.3 Results for Shear Wall Configuration 1

4.3.1 Failure Modes

The configuration 1 shear walls with four hold downs (i.e. walls 1H4a and
1H4b) failed either by the head of the sheathing fasteners pulling through the OSB
or by the sheathing fasteners tearing out the edge of the OSB panel. The nails did not
withdraw from the framing member although some of the nail holes in the studs did
elongate %" or more. The nails had a single plastic hinge at the interface between
the framing and sheathing. This is representative of a mode IlII; failure, which is the
failure mode predicted by the yield limit equations in the NDS for an 8d common
nail fasting 7/16” OSB to a 2x4 SPF framing member. The sheathing fasteners
started to fail at the bottom corners of the panel first. As the test progressed,
fasteners along the vertical edges of the sheathing began to fail further up on the
stud. On the two panel edges furthest from the center of the wall, the fasteners failed

along the entire vertical edge while on the panel edges closest to the center of the

Figure 12: Failure Mode Il
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wall, only the first few fasteners at the bottom of the stud failed. Also, all of the
fasteners along the bottom plate of the wall failed, allowing the bottom edge of the
panel to pull free from the framing. Figure 13 shows photos of the types of failure

typical of walls 1H4a and 1H4b.

a) Fastener failure by edge tear out along b) Fastener failure along vertical panel edge
panel edge closest to the center of the wall farthest from the center of the wall
(1H4a) (1H4a)

s

c) Fastener failure along bottdrﬁ plate (1H4b) d) Fastener failure along bottom plate (1H4a)
Figure 13: Typical Failure Modes of 2:1 Aspect Ratio Benchmark Shear Walls
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For the configuration 1 shear walls with two hold downs (i.e. walls 1H2a and
1H2b), the sheathing fasteners failed along the bottom plate and the stud with the
hold-down similar to walls 1H4a and 1H4b. Some nail withdrawal was observed, but
most of the nails failed by either tearing through the sheathing or pulling out of the
side of the panel. Except for the first few, most of the fasteners on the stud without
the hold-down were in good shape after the peak load was reached. The studs
without hold-downs lifted as much as 1% inches off of the sill plate when subject to

uplift forces. Figure 14 shows photos of the types of failure typical of walls 1H2a and

1H2b.

a) No failures for fasteners along
panel edge without hold down
(1H2b)

b) Stud without hold down lifting off of bottom plate
(1H2a)

Figure 14: Typical Failure Modes of Walls 1H2a and 1H2b
For the configuration 1 shear walls without hold downs (i.e. walls 1HOa and

1HOb), the walls failed when the bottom plate fasteners pulled through the
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sheathing. The wall lifted about 2 to 2% inches off of the bottom plate at each end.
For wall 1HOb most of the bottom plate fasteners withdrew while for wall 1HOa the
bottom plate fasteners pulled through the sheathing. The withdrawal failure

allowed wall 1HOb to reach a higher ultimate displacement than wall 1HOa. Figure

15 shows photos of the types of failure typical of walls 1HOa and 1HODb.

a) Fastener failure by edge tear out b) Fastener withdrawal failure along
along bottom plate (1HO0a) bottom plate (1HOb)
Figure 15: Typical Failure Modes of Walls 1HOa and 1HOb

4.3.2 Load-Displacement Plots

Figure 16 provides the average envelope curves for each of the configuration
1 shear walls. The walls with four hold downs are plotted as solid lines, the walls
with two hold downs are plotted as dashed lines, and the walls with no hold downs

are plotted as dotted lines.
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Figure 16: Load-Displacement Curves for Shear Wall Configuration 1
4.3.3 Test Data Summary
Table 5 provides a summary of the main performance parameters for each of
the configuration 1 shear walls.

Table 5: Test Data Summary for Shear Wall Configuration 1

Test No.
Parameter Units | w/oHold Downs | Two Hold Downs | Four Hold Downs
1HOa 1HOb 1H2a 1H2b 1H4a 1H4b
Shear Strength, Vpeak Ibs/ft 357 360 536 513 583 594
Yield Load, Py Ibs 2560 2631 3885 3737 4283 4355
Yield Displacement, Ayiei in 0.819 0.846 0.788 0.908 0.895 0.864
Peak Load, Ppeak Ibs 2855 2877 4288 4105 4661 4750
Displacement at Ppeak in 1.75 1.69 213 214 1.918 2112
Load at Failure, 0.8*Ppeak Ibs 2284 2302 3430 3284 3729 3800
Ultimate Displacement, A, in 2.76 3.02 2.98 3.09 3.242 2.947
Elastic Shear Stiffness, Ke | Ibsfin 3125 3109 4932 4116 4784 5040
Cyclic Ductility Ratio, D - 3.37 3.56 3.78 3.40 3.62 341




4.4 Results for Shear Wall Configuration 2

4.4.1 Failure Modes

For the configuration 2 shear walls, the first failure to occur was the
sheathing nails in the cripple studs breaking through of the edge of the sheathing
panels under the window openings. The major failure mode of this wall
configuration was tearing of the sheathing on the wall pier located between the
windows. The sheathing panels on either side of this pier prevented it from rotating.
As the top of the wall displaced, the pier bent into an S-shape and the sheathing tore
at about mid-height due to the flexural tension stress as shown in Figure 17a. The
piers located on either side of the window openings failed by crushing and/or
buckling of the sheathing at the corners of the windows due to the bearing on the
adjacent sheathing panels. Some of the fasteners on these panels failed in
withdrawal due to the buckling of the panel. However, the nails were still intact on
most of the studs. The main damage to the sheathing nails occurred at the top and
bottom of the full height piers and along the vertical seams above and below the
window openings. These failure modes were typical for all of the configuration 2
walls. For wall 2H2a only, the bottom plate broke at the anchor bolt to the left of the
door opening. For wall 2HOa, the bottom plate had a small split due to cross grain
bending at one end of the wall. Figure 17 shows photos of the types of failure typical

of configuration 2 walls.
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c) Failure of Vertical Seam Below
Window Opening (2H2a)

d) Crushing of OSB Sheathing (2H2b)



g)

Bottom Plate Cross Grain Split (2H0a)

h)

astener Failure (2H2b)

< &

Bottom Plate Cross Grain Split (2H0a)

58



59

d : \ W
i) Bottom Plate Bending (2HOb) j) Header-King Stud Separation (2H4a)
Figure 17: Typical Failure Modes of Wall Configuration 2

4.4.2 Load-Displacement Plots

Figure 18 provides the average envelope curves for each of the configuration
2 shear walls. The walls with four hold downs are plotted as solid lines, the walls
with two hold downs are plotted as dashed lines, and the walls with no hold downs

are plotted as dotted lines.
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Figure 18: Load-Displacement Curves for Shear Wall Configuration 2



4.4.3 Test Data Summary
Table 6 provides a summary of the main performance parameters for each of
the configuration 2 shear walls.

Table 6: Test Data Summary for Shear Wall Configuration 2

Test No.

Parameter Units w/o Hold Downs | Two Hold Downs | Four Hold Downs

2H0a 2H0b 2H2a 2H2b 2H4a 2H4b
Shear Strength, Vpeak Ibs/ft 835 833 959 859 972 931
Yield Load, Py Ibs 5950 5794 6774 5997 6889 6480
Yield Displacement, Ayl in 0.867 0.798 0.950 0.717 0.939 0.826
Peak Load, Ppeak Ibs 6680 6660 7669 6870 777 7446
Displacement at Ppeax in 2.04 1.63 1.99 1.66 2.34 1.88
Load at Failure, 0.8*Ppeak Ibs 5344 5328 6135 5496 6221 5957
Ultimate Displacement, A, in 2.94 2.37 2.71 2.58 3.14 3.02
Elastic Shear Stiffness, Ke Ibs/in 6859 7262 7134 8369 7341 7842
Cyclic Ductility Ratio, D - 3.38 2.98 2.86 3.60 3.35 3.65

4.5 Results for Shear Wall Configuration 3

4.5.1 Failure Modes

The first failure to occur for the configuration 3 walls without hold downs
was the fasteners on the vertical edge of the sheathing below the window opening
which tore through the edges of the panel. The peak shear load for these walls
occurred when the nails tore through the sheathing or withdrew from the framing
members along the bottom plate. Also, for wall 3HOb, the bottom plate failed in
bending at the anchor bolt on the end of the wall to the left of the window opening.

Figure 19 shows photos of the types of failure typical of walls 3H0a and 3HOb.




- T2,
a) Fastener failure by edge tear out and pull b) Back view of panel in the photo on the
through along panel at the left end of the left showing the studs lifting off of the
wall (3HO0a bottom plate (3H0a)
- ;

.}.\

Nl L

c) Bottom Plate Splitting (3HO0a)

) /

e) Bottom Plate Failure (3HOb) f) Bottom Plate Failure (3HOb) ‘
Figure 19: Typical Failure Modes of Wall Configuration 3



For the configuration 3 walls with two hold downs (i.e. walls 3H2a and
3H2b), the sheathing fasteners first failed at the top corners of the panel below the
window opening, followed by a failure of the fasteners in the bottom left corner of
the sheathing panel to the right of the door opening. Then, the sheathing fasteners
at the hold down locations and the remaining corners of the 4’ wide panels failed.
Also, some splitting of the bottom plate in cross grain bending was observed on one
end of wall 3H2a at the peak load. On wall 3H2b, the left edge of the panel under the
window and the top of the panel to the left of the window tore completely free from

the wall. Figure 20 shows photos of the types of failure typical of walls 3H2a and

3H2b.

a) Fastener failure along bottom plate for the b) Fastener failure along bottom plate for the
panel at the left end of the wall (3H2a) panel at the center of the wall (3H2a)
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e) Fastener failure along vertical seam (3H2a) f) Fastener failure along vertical seam (3H2a)
Figure 20: Typical Failure Modes of Walls 3H2a and 3H2b

4.5.2 Load-Displacement Plots
Figure 21 provides the average envelope curves for each of the configuration
3 shear walls. The walls with two hold downs are plotted as dashed lines and the

walls with no hold downs are plotted as dotted lines.
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Figure 21: Load-Displacement Curves for Shear Wall Configuration 3

4.5.3 Test Data Summary
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Table 7 provides a summary of the main performance parameters for each of
the configuration 3 shear wall tests.

Table 7: Test Data Summary for Shear Wall Configuration 3

Test No.
Parameter Units w/o Hold Downs Two Hold Downs
3HOa 3HOb 3H2a 3H2b
Shear Strength, Vpeax Ibs/ft 527 505 649 665
Yield Load, Py Ibs 5487 5459 7111 7242
Yield Displacement, Ayie in 0.526 0.619 0.723 0.821
Peak Load, Ppeak Ibs 6327 6059 7788 7975
Displacement at Ppeak in 1.59 2.00 2.01 2.37
Load at Failure, 0.8*Ppeak Ibs 5062 4847 6231 6380
Ultimate Displacement, A, in 250 3.35 3.86 4.05
Elastic Shear Stiffness, Ke Ibs/in 10436 8814 9840 8819
Cyclic Ductility Ratio, D - 4.75 5.41 5.34 493




4.6 Results for Shear Wall Configuration 4

4.6.1 Failure Modes

For the configuration 4 walls without hold downs, the first failure to occur in
the wall was the bottom plate sheathing fasteners on the 4 foot wide panel. Then,
the fasteners on the vertical edges of the panels under the window openings failed.
The fasteners on the bottom of the two foot wide piers then began to fail. The two
foot wide pier on the right end of the walls did on have any visible damage.

For the configuration 4 walls with two hold downs, the failures were similar
to the 4HO series; however, the walls were more ductile. The fasteners at the bottom
of the two foot piers failed due to the wall deflecting over 5 inches before reaching
the failure limit state. Also, the fasteners on the vertical edge of the 4x8 sheathing
panel failed along the door opening. In addition, fasteners on the bottom of the pier
on the west end of the wall failed on these walls.

For the configuration 4 walls with four hold downs, the fasteners on the 4x8
sheathing panel failed along the bottom plate first followed by the fasteners on the
vertical edges the pieces of sheathing under the window openings. The wall was
quite ductile, reaching about 4 inches of displacement before the test was stopped.
The fasteners at the bottom of the two foot piers only started to fail after the peak
load was reached. For wall 4H4b_m, the fasteners on the vertical edge of the panel to
the right of the 4x8 sheathing panel failed first. Figure 22 shows photos of the types

of failure typical of the configuration 4 walls.
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a) Fastener failure along vertical edge of b) Fastener failure along vertical edge of

panel under window opening (4H2a)

panel under window opening (4H0a)

- 4 =

c) Fastener failure along vertical edge of 4x8 d) Fastener failure along vertical edge of
panel adjacent to door opening (4H2a) panel under window opening (4H2b)



==

e)mli';aitéer failure along bottom ede of 2 f) Fastener failure along bottom edge of 4x8
foot pier at the right end of the wall (4H2a) panel adjacent to door opening (4H4a)
Figure 22: Typical Failure Modes of Configuration 4 Walls

4.6.2 Load-Displacement Plots

Figure 23 provides the average envelope curves for each of the configuration
4 shear walls. The walls with four hold downs are plotted as solid lines, the walls
with two hold downs are plotted as dashed lines, and the walls with no hold downs

are plotted as dotted lines.
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Figure 23: Load-Displacement Curves for Shear Wall Configuration 4



4.6.3 Test Data Summary
Table 8 provides a summary of the main performance parameters for each of
the configuration 4 shear wall tests.

Table 8: Test Data Summary for Shear Wall Configuration 4

Test No.

Parameter Units w/o Hold Downs | Two Hold Downs | Four Hold Downs

4H0a 4H0b 4H2a 4H2b 4H4a | 4H4b_m
Shear Strength, Vpeak Ibs/ft 561 568 589 637 637 598
Yield Load, Pyl Ibs 5948 6613 6438 6822 6783 6438
Yield Displacement, Ayl in 0.669 0.744 0.743 0.695 0.778 0.755
Peak Load, Ppeak Ibs 6731 6817 7072 7643 7642 7172
Displacement at Ppeak in 2.03 241 2.04 2.04 240 2.03
Load at Failure, 0.8*Ppeax Ibs 5385 5454 5657 6114 6114 5737
Ultimate Displacement, A, in 3.61 3.30 4.64 412 419 3.73
Elastic Shear Stiffness, Ke Ibs/in 8888 8886 8670 9816 8719 8522
Cyclic Ductility Ratio, D - 5.39 443 6.24 5.93 5.38 493

4.7 Results for Shear Wall Configuration 5

4.7.1 Failure Modes

The fully sheathed benchmark shear wall tests (i.e. wall 5H2a and 5H2b) had
similar failure modes to the configuration 1 shear walls with four hold downs.
Although most of the fasteners failed in head pull through, there were some cases of
nail withdrawal particularly along the bottom plate. Each individual 4x8 sheathing
panel translated and/or rotated as the lateral load was applied. At the first vertical
seam from either end of the wall, the fasteners failed along the entire length of the
panel closest to the center of the wall. The two 3 %4" long by 0.131" diameter nails

used to connect each of the spacer blocks to the studs for the double end post failed




allowing the stud fastened to the hold down to separate from the stud fastened to
the sheathing. This failure limited the effectiveness of the hold down as the wall
approached its ultimate load. All of the prior tests had this connection reinforced
with a 4 %2” FastenMaster HeadLOK® screw in each block. Figure 24 shows photos
of the typical sheathing and hold down failures observed in the fully sheathed

benchmark tests.

I -l
b) Fastener failure along bottom plate (5H2a)

a) Failure along vertical seam (5H2a)

69




c) Separation of double end studs (5H2a) d) Separation of double end studs (5H2a)
Figure 24: Typical Failure Modes of Configuration 5 Walls

4.7.2 Load-Displacement Plots

Figure 25 provides the average envelope curves for the configuration 5 walls.
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Figure 25: Load-Displacement Curves for Shear Wall Configuration 5




4.7.3 Test Data Summary
Table 9 provides a summary of the main performance parameters for the two

configuration 5 shear wall tests.

Table 9: Test Data Summary for Shear Wall Configuration 5

Test No.

Parameter Units Two Hold Downs
5H2a 5H2b

Shear Strength, Vpeak Ibs/ft 515 551
Yield Load, Pyl Ibs 10505 11579
Yield Displacement, Ayl in 0.259 0.429
Peak Load, Ppeak Ibs 11852 12680
Displacement at Ppeak in 1.172 1.701
Load at Failure, 0.8*Ppeax Ibs 9482 10144
Ultimate Displacement, Ay in 2.220 2.532
Elastic Shear Stiffness, Ke Ibs/in 40597 26961
Cyclic Ductility Ratio, D - 8.58 5.90




Chapter 5: Discussion of Results
5.1 Introduction

In this chapter, the analysis of the test data from the shear walls in Chapter 4
is presented. The wall configurations are grouped into three categories: the
benchmark segmented shear walls, perforated shear walls with hold downs, and
perforated shear walls with anchor bolts. For each group of shear wall tests, the
shear strength, shear stiffness, and chord forces were examined. For the benchmark
shear walls and the perforated shear walls with hold downs, the shear strength,
shear stiffness, and chord forces were compared to the predicted values in SDPWS.
For the perforated shear walls with anchor bolts, no predicted values are given in
SDPWS. Thus, the shear strength, shear stiffness, and chord forces for these walls
were compared to the perforated shear walls with hold downs. In addition, the
effect of the full height sheathing segment aspect ratio on the performance of the
perforated shear walls is discussed. Finally, the cyclic ductility ratios of the
perforated shear walls were evaluated. Recommendations for improvements to the
current design procedures are provided throughout the chapter.

5.2 Benchmark Shear Walls
5.2.1 Shear Strength
To establish the shear capacity of a base condition, two benchmark

configurations were tested with the following list of characteristics: 7/16” OSB

sheathing, 8d common (0.131” dia. x 2-1/2" long) nails spaced 6" o.c along the edges
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and 12" o.c. in the field, and SPF studs spaced 16" on center. The first benchmark
test (Configuration No. 1) contained two 4 foot segmented shear walls located 4 feet
from each end of a 23 foot wall. This test determined the shear capacity for a 2:1
aspect ratio shear wall with hold downs. The second benchmark test (Configuration
No. 5) was a fully sheathed 23 foot wall with hold downs at each end. The ultimate
shear capacity for the average of the positive and negative backbone curves for both
benchmark test configurations is given in Table 10.

Table 10: Ultimate Shear Capacity of Benchmark Shear Walls

Confiauration Wall No Ultimate Load, Allowable Load | ASD Reduction
g : (plf) (Wind), Vaso (plf) Factor

7 7/ 1H4a 583 336 1.73
nl

I% % 1H4b 594 336 1.77

O 7/7/ 7 5H2a 515 336 1.53

//A% / / 5H2b 551 336 1.64

Average Test Value 561 336 1.67

Values from SDPWS 672 336 2.00

The nominal unit shear capacity (NUSC) for wind from Table 4.3A of SDPWS
for the base configuration is 670 plf. Since the stud spacing is 16” o.c., the capacity is
allowed to be increased to that of 15/32” WSP sheathing which is 730 plf. This NUSC
is then multiplied by the specific gravity adjustment factor of 0.92 to account for the
use of SPF framing instead of Douglas Fir-Larch or Southern Pine. The resulting
NUSC in SDPWS for the tested wall construction is 672 plf.

The NUSC in SDPWS does not correspond to a tested ultimate capacity. The
SDPWS defines the nominal strength (or NUSC) as the “strength of a member, cross

section, or connection before application of any strength reduction factors”. The
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commentary to SDPWS further clarifies that the “nominal strength (or nominal
capacity) is used to provide a common reference point from which to derive ASD or
LRFD reference design values.” For WSP, fiberboard, and lumber shear walls, the
NUSC values in SDPWS were derived as 2.8 times the ASD values from industry
design documents. The industry design document reference by SDPWS for the WSP
design values is APA Research Report 154 “Wood Structural Panel Shear Walls”
(Tissell, 1999). This report provides an allowable shear capacity of 260 plf for 7/16”
WSP sheathing with 8d common nails spaced 6” o.c. which becomes 728 plf when
multiplied by a factor of 2.8. This design shear is based on four tests of 5/8”
plywood and three tests of 19/32” plywood which have a combined average
ultimate capacity of 913 plf. This ultimate capacity results in a design value with an
average factor of safety of 3.5 (913/260 = 3.5). Thus, it is clear that the NUSC given
in SDPWS can be slightly less than the average ultimate shear capacity but should be
close to this value. However, this was not the case for the 7/16” OSB shear walls
tested in this project.

Contrary to what was expected, the average tested capacity of the benchmark
shear walls for this research project was only 83% of the NUSC in SDPWS. The factor
of safety on the tested shear walls was only 1.67, less than half of the factor of safety
of 3.5 in APA Research Report 154. Although it is not known why the NUSC is
greater than the tested ultimate shear capacity for the benchmark walls, there are

several factors that could be involved.
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The test results in APA Research Report 154 were obtained from ASTM E72
testing. This test standard uses steel hold-down rods to attach the loading beam to
the foundation and prevent the wall from overturning under racking shear. The
hold-down rods are supposed to provide a fully restrained shear wall which is only
allowed to deform laterally. This type of restraint has a dramatic impact on the
capacity of a shear wall. Gruber (2011) concluded that the shear capacity of a wall
with conventional hold-downs has only 87% of the capacity of a wall that is fully
restrained from overturning by using hold-down rods. According to Gruber, the
hold-down rods serve to clamp the studs to the bottom plate. This increases the
capacity of the wall in two ways. First, it reduces the tension force in the sheathing
fasteners at the corner of the wall and, secondly, it allows shear forces to be resisted
by the framing nails which connect the studs to the bottom plate. The walls tested
for this research project did not use hold-down rods. A hold-down, such as would be
used in actual building construction, was used to prevent overturning. The
difference in overturning restraint could explain the difference between the results
of the APA Research Report 154 and this project.

Another possible reason for the difference between the APA Report 154 and
this project is the sheathing material. The maximum and minimum ultimate loads
for the APA plywood shear wall tests were 1033 and 689 plf, respectively. This is a
range of 344 plf. Since the purpose of an E72 test is to determine the relative
performance of sheathing products, this difference is presumably due to the

variation in the properties of the sheathing material. Based on recent testing by the
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Structural Building Components Research Institute (SBCRI), this same variability is
present in OSB sheathing products. It is possible that some of the sheathing material
used in the APA testing had above average strength properties. It is assumed that
the sheathing obtained by SBCRI for this project is an accurate representation of the
typical strength properties of OSB found in current the market.

Throughout this project, the perforated shear wall tests were compared to the
benchmark shear capacity of 561 plf instead of the published NUSC. Since the
purpose of this research project was not to determine the appropriate NUSC for
WSP shear walls, but rather to evaluate different methods of overturning anchorage,
the perforated shear walls adjustment factor, and the performance of high aspect
ratio segments, using the benchmark shear capacity was necessary to provided valid
comparisons.

5.2.2 Shear Stiffness

The elastic shear stiffness values, Ke, for the benchmark shear walls were
calculated in accordance with ASTM E2126 and are given in Table 13. The elastic
shear stiffness is calculated as the slope of the secant line between the origin and the
point on the envelope curve with a load that is 40% of the peak load as was defined
in Chapter 4. The average envelope curve was used to calculate the stiffness values
given in Table 13. To determine the stiffness used in SDPWS, the three-term shear
wall deflection equation (Equation 4.3-1 of SDPWS) shown below was rearranged to

calculate the stiffness.
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8vh3 vh hA,

= 5.1
Osw EAb * 1000G, * b (>-1)
Where:

b = shear wall length, ft

A, = total vertical elongation of wall anchorage system (including fastener
slip, device elongation, rod elongation, etc.) at the induced unit shear in
the shear wall, in.

E = modulus of elasticity of end posts, psi

A = area of end post cross section, in2

Ga = apparent shear wall shear stiffness from nail slip and panel shear
deformation, kips/in

h = shear wall height, ft
v = induced unit shear, lbs/ft
dsw = maximum shear wall deflection determined by elastic analysis, in.

This equation calculates the shear wall deflection due to bending of the wall,
fastener slip, sheathing shear deformation, and vertical elongation of the anchorage
system. In order to calculate the wall stiffness from this equation, the vertical
elongation of the anchorage system, A,, needs to be determined as a function of the
shear force applied to the wall.

The relation between the chord force and the vertical elongation of the
anchorage system was determined from the measured forces and displacements of
the benchmark shear wall chords. A plot showing the four chord load-displacement

curves for the push cycle of wall 1H4a is shown in Figure 26.
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Chord Load-Displacement Plot - 1H4a Push Cycle
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Figure 26: Chord Load-Displacement Curve for Push Cycle of Wall 1H4a
From Figure 26, it can be seen that the load-deflection curve for the chords is linear.
The slope of the chord load-deflection curve represents the anchorage stiffness.
Table 11 shows the anchorage stiffness for the push and pull cycles for each test
along with the average stiffness for the entire set of benchmark shear wall tests.

Table 11: Anchorage Stiffness for Benchmark Shear Walls

Configuration Lol Cycle LI
g No. ¥ Stiffness (Ib/in)
Push 20527
e 1H4a
I %. %I Pull 19170
é // 1H4b Push 19884
Pull 25189
Push 19968
5H2a
Pull 22206
Push 25485
5H2b
Pull 16829
Average 21157
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The vertical force in the shear wall chords can be calculated as vh in accordance
with Equation 4.3-7 of SDPWS. Using the average anchorage stiffness for the
benchmark shear walls, the relation between the chord force, vh, and the vertical

elongation of the anchorage system can be expressed as follows:

vh

= 5.2
Ba 21157 (52)

By substituting the equation above into the three-term deflection equation and

rearranging, the following equation is derived:

v 1

Sow <8h3+ R ) (5.3)
EAb T 1000G, T 21157b

By multiplying both sides of the above equation by the shear wall length, b, an
equation for the shear stiffness given by the three-term deflection equation in

SDPWS (in 1b/in) is shown to be as follows:

|4 b

Sem <8h3 L h R )zKSDPWS (5.4)
EAD * 1000G, * 21157b

where V is the induced shear force in pounds. The values used for each of the
variables in the above equation are given in Table 12. The modulus of elasticity is
the value given in the 2012 NDS Supplement for Stud grade SPF lumber. The
apparent shear stiffness is taken as the value for 7/16" OSB sheathing from Table

4.3A in SDPWS.
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Table 12: Variables in Benchmark Shear Wall Stiffness Equation

. Wall No. .
Variable Units
1H4aand b 5H2a and b
Modulus of Elasticity of End Post, E 1,200,000 1,200,000 psi
Area of End Post Cross Section, A 5.25 10.5 in2
Shear Wall Length, b 8 23 ft
Shear Wall Height, h 8 8 ft
Apparent Shear Stiffness, G, 15 15 kips/in

The expected shear wall stiffness is compared to the measured shear wall stiffness

in Table 13. For the benchmark shear wall configuration, the three-term deflection

equation provided a reasonable prediction of the stiffness.

Table 13: Elastic Shear Stiffness of Benchmark Shear Walls

Confieuration Tl Elastic Shear Stiffness (Ib/in) Percent
'grati ’ Measured, K. | Predicted, Ksppws | Difference
-15%
/ /l 1H4a 4784 5509 15
Ié é 1H4b 5040 -9%
. 5H2a 40597 17%
/// 33874
/A// i 5H2b 26961 -26%

5.2.3

A plot of the vertical forces at the foundation for walls 1H4a and 1H4b is
shown in Figure 27. Also, shown in the plot are the theoretical forces as predicted by
Equation 4.3-7 of SDPWS. The vertical forces shown in Figure 27 were measured at

the maximum lateral load developed during a push cycle. Tension forces are shown

Chord Forces

as negative values and compression forces are shown as positive values.
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Figure 27: Plot of Vertical Forces for Benchmark Wall Configuration No. 1

Table 14 provides the percent difference between the measured and
theoretical forces for the push and pull cycles that developed the maximum lateral
load for walls 1H4a and 1H4b. Since the bottom plate can distribute compression
forces from a stud to several of the adjacent load cells, the compression forces in the
table are the resultant force from the three or four load cells closest to the
compression chord. The tension force in the table is the force measured by the load
cell bolted to the hold down on the shear wall segment. The average percent
difference between the predicted and measured forces was 18%. All except one of
the measured forces were less than the predicted forces. Thus, Equation 3.4-7 in
SDPWS provided a reasonable and often conservative prediction of the tension and

compression forces for the 2:1 aspect ratio segmented shear walls.
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Table 14: Comparison of Measured to Theoretical Chord Forces

Measured | Theoretical | % Difference
Cycle Wall Segment Force
Ibs Ibs --

1 Tension -3888 -4569 15%
Compression 4697 4569 -3%

1H4a
5 Tension -4282 -4569 6%
push Compression 4190 4569 8%

us

1 Tension -3267 -4852 33%
1H4b Compression 4146 4852 15%
5 Tension -4220 -4852 13%
Compression 3888 4852 20%
1 Tension -3972 -4661 15%
Compression 3861 4661 17%

1H4a
2 Tension -3116 -4661 33%
pull Compression 4236 4661 9%

u

1 Tension -3885 -4647 16%
1H4b Compression 3691 4647 21%
5 Tension -2770 -4647 40%
Compression 3516 4647 24%
Tension Only 21%
Average Compression Only 15%
Both Tension and Compression 18%

A plot of the measured and theoretical vertical forces at the foundation for
the push cycle that developed the ultimate load of walls 5H2a and 5H2b is shown in
Figure 28. The theoretical forces were calculated using the average ultimate load for

the two tests.
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Figure 28: Plot of Vertical Loads for Benchmark Wall Configuration No. 5

Table 15 provides the percent difference between the measured and
theoretical forces for both the push and pull cycles that developed the maximum
lateral load for walls 5H2a and 5H2b. The compression forces in the table are the
resultant force from the three load cells at the compression end of the shear wall
due to the bottom plate distributing the compression forces to the adjacent load
cells. The tension force is the force measured by the load cell bolted to the hold-
down at each end of the shear wall. The average percent difference between the
predicted and measured forces was 16% for the compression forces and 41% for
the tension forces. The percent difference for the compression force was similar to
what was seen for walls 1H4a and 1H4b. However, the tension forces were
significantly over-predicted compared walls 1H4a and 1H4b. As shown in Figure 28,
three of the anchor bolts in the fully sheathed wall were carrying tension force. The
maximum tension force in the anchor bolts was 1288 lbs. On average, the anchor

bolts resisting uplift in the fully sheathed wall carried 755 lbs of tension force. The
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distribution of the load between the anchor bolts and the hold-down results in a

tension chord force that was about 60% of the value predicted by equation 3.4-7 in

SDPWS.
Table 15: Comparison of Measured to Theoretical Chord Forces
Measured | Theoretical
Cycle Wall Force I?ercent
Ibs Ibs Difference
5H2a Tension -2374 -4344 45%
push Compression 5361 4344 -23%
Tension -2914 -4868 40%
5H2b
Compression 5671 4868 -17%
Tension -1963 -3914 50%
5H2a
pull Compression 3218 3914 18%
Tension -2888 -3953 27%
5H2b
Compression 3700 3953 6%
Tension Only 41%
Average Compression Only 16%
Both Tension and Compression 28%

5.2.4 Summary

For the benchmark shear walls, the tested shear strength was found to be
less than the NUSC provided in SDPWS. This resulted in a factor of safety of 1.67 for
the allowable unit shear capacity instead of the factor of safety of 2.0 required in
SDPWS. The deflection equation in SDPWS was found to provide an accurate
prediction of the stiffness for the benchmark shear walls. Also, the chord forces
determined using the equations in SDPWS were reasonably accurate for the shear
walls with a 2:1 aspect ratio. However, the tension chord forces predicted by SDPWS
were found to be conservative for the 23 foot long benchmark walls due to the

anchor bolts in the wall taking some of the tension force away from the hold downs.
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5.3 Perforated Shear Walls with Hold Downs

5.3.1 Shear Strength

In Table 16, the tested shear capacity for the perforated shear walls with
hold downs and the benchmark shear walls is compared to the nominal capacity
from SDPWS. The nominal shear capacity was calculated as the nominal unit shear
capacity of 672 plf times the length of the full-height sheathing segments, regardless
of the aspect ratio limitations, times the shear capacity adjustment factor, C,. For all
of the perforated walls, the nominal capacity was less than the tested capacity.

However, as discussed earlier, the tested shear capacity of the benchmark shear

walls was less than the SDPWS nominal capacity.

Table 16: Perforated Shear Wall Tested and Nominal Capacities

wall Sheathing Tested Nominal Ratio of Tested
Configuration No. Area Ratio, Capacity Capacity to Nominal
r (Ibs) (Ibs) Capacity

1H2a 0.53 4288 2779 1.54
1H2b 0.53 4105 2779 1.48
2H2a 0.52 7669 4124 1.86
2H2b 0.52 6870 4124 1.67
3H2a 0.64 7788 5690 1.37
i 3H2b 0.64 7975 5690 1.40
' %’% ! 4H2a 0.63 7072 5625 1.26
U 4H2b 0.63 7643 5625 1.36
4H4b_m 0.83 7172 6281 1.14
1H4a 1.00 4661 5373 0.87
1H4b 1.00 4750 5373 0.88
5H2a 1.00 11852 15447 0.77
5H2b 1.00 12680 15447 0.82
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In Table 17, the tested shear capacity ratio, F, is compared to the shear
capacity ratio predicted by SDPWS for the perforated shear walls with hold downs.
For each shear wall, the tested shear capacity ratio was greater than the ratio
predicted by SDPWS. This difference increased as the sheathing area ratio
decreased. Also, the ratio of the tested to predicted shear capacity ratios shows a
greater difference than the ratio of the tested to predicted nominal strength. This is
because the NUSC used to calculate the nominal strength was 20% greater than the
tested capacity of the benchmark shear walls, as shown earlier. Thus, the over-
prediction of the NUSC reduced the level of conservatism contained in the
perforated shear wall method by a factor of 1.2 (672/561 = 1.2).

Table 17: Comparison of Tested and Predicted Shear Capacity Ratios

wall Sheathing Tested Shear SDPWS Shear Ratio of
Configuration No. Area Ratio, | Capacity Ratio, | Capacity Ratio, | Tested F to

r F F SDPWS F
1H2a 0.53 0.51 0.28 1.85
1H2b 0.53 0.49 0.28 1.77
2H2a 0.52 0.59 0.27 2.23
2H2b 0.52 0.53 0.27 2.00
3H2a 0.64 0.60 0.37 1.64
3H2b 0.64 0.62 0.37 1.68
4H2a 0.63 0.55 0.36 1.51
4H2b 0.63 0.59 0.36 1.63
4H4b_m 0.83 0.84 0.61 1.37
1H4a 1.00 1.04 1.00 1.04
1H4b 1.00 1.06 1.00 1.06
5H2a 1.00 0.92 1.00 0.92
5H2b 1.00 0.98 1.00 0.98
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In Table 18, the shear capacity ratio, F, was converted to the shear capacity
adjustment factor, C,, given in SDPWS by multiplying by the ratio of the total wall
length, L, to the sum of the full height sheathing segments, XL;. Also, the shear
walls were re-arranged so the tested shear capacity adjustment factor is in order of
least to greatest. One way of looking at the shear capacity adjustment factor is that it
determines what percentage of the segmented shear wall capacity can be used for
the full height sheathing segments in a perforated wall. In other words, it
determines the reduction in strength due to the lack of hold downs at each end of
the perforated shear wall segments. In SDPWS, C, is limited to a value less than or
equal to one. This means that the contribution of the sheathing segments above and
below openings are not allowed to increase the strength of the perforated shear wall
beyond that of a segmented shear wall with the same length of full-height sheathing.
However, as shown by Table 18, the tested shear capacity adjustment factor was
actually greater than one for all of the perforated shear walls with sheathing above
and below the openings. For the perforated wall with openings extending the full
height of the wall (i.e. no sheathing above or below the opening), the shear capacity

adjustment factor was a little less than one.
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Table 18: Comparison of Tested to Predicted Shear Capacity Adjustment Factors

. Length of Tested Shear | SDPWS Shear
Sheathing . . .
Configuration Wall Area Ratio Sheathing Capacity Capacity
g No. ; ! Below Adjustment Adjustment
Openings (ft) Factor, C, Factor, C,
) | 2H2a 0.52 11.42 1.71 0.77
.
0, 2H2b 0.52 11.42 1.53 0.77
4H4b_m 0.83 4.83 1.28 0.94
3H2a 0.64 5.38 1.16 0.71
3H2b 0.64 5.38 1.19 0.71
4H2a 0.63 4.83 1.05 0.70
4H2b 0.63 4.83 1.14 0.70
1H2a 0.53 0.0 0.96 0.52
1H2b 0.53 0.0 0.92 0.52
1H4a 1.00 N/A 1.04 1.00
1H4b 1.00 N/A 1.06 1.00
5H2a 1.00 N/A 0.92 1.00
5H2b 1.00 N/A 0.98 1.00

This demonstrates that the sheathing above and below openings can increase the
strength of the perforated shear wall segment above that of a segmented shear wall
with the same length of full height sheathing. Also, as the length of the sheathing
below the openings increased, the shear capacity adjustment factor also increased.

Figure 29 shows the increase in the shear capacity adjustment factor as the length of

sheathing under the window openings increased.
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Figure 29: Length of Sheathing vs. Shear Capacity Adjustment Factor

Figure 30 plots the sheathing area ratio, r, versus the shear capacity ratio, F,
for both the tested data points and the predicted relation given in SDPWS. As seen in
Figure 30, the relationship between r and F does not follow the relationship
predicted by SDPWS. Instead, the relationship is nearly linear. This suggests that the
equation F = r would provide a more accurate prediction of the capacity of
perforated shear walls. However, although this relation provides the best prediction
on average, nearly half of the data falls below the line F = r. Thus, a slightly more

conservative equation of F = is recommended as a replacement for the

125 - 0.257
current equation found in SDPWS. This equation results in only one test with a
predicted shear capacity ratio greater than the tested ratio. The shear capacity
adjustment factors predicted by the recommended approach are compared to the

tested adjustment factors in Table 19.
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Table 19: Tested vs. Proposed Shear Capacity Adjustment Factor

Sheathing Tested S.hear Proposed. Ratio of
. . Wall Capacity Shear Capacity
Configuration Area . . Tested C, to
No. Ratio. Adjustment Adjustment Proposed C
! Factor, C, Factor, C, P °
1H2a 0.53 0.96 0.90 1.07
1H2b 0.53 0.92 0.90 1.02
2H2a 0.52 1.71 1.34 1.27
2H2b 0.52 1.53 1.34 1.14
3H2a 0.64 1.16 1.12 1.04
3H2b 0.64 1.19 1.12 1.06
4H2a 0.63 1.05 1.11 0.95
4H2b 0.63 1.14 1.11 1.02
4H4b_m 0.83 1.28 1.21 1.06
! ¢ SDPWS
1.0
I A 1H2a-b
0.8 >
Lo y = 0.99x 2H2a-b
~ 2 _
£ R*=0.95 X 3H2a-b
® 0.6
% F= r 4H2a-b
3 1.25 — 0.25r -
{,: 0.4 4+ 4H4b_m
o
5 5H2a-b
0.2 S m 1H4a-b
r
F =
3—-2r e SDPWS Eqgn.
0-0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0 Proposed Egn.

Sheathing Area Ratio, r

Figure 30: Shear Capacity Ratio vs. Sheathing Area Ratio
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5.3.2 Shear Stiffness
The stiffness of perforated shear walls was calculated similar to the method
used for the benchmark shear walls. From Equation 4.3-9 of SDPWS, the unit shear

in a perforated wall can be calculated as follows:

|4

Umax = C, 2L (5.5)

By substituting v,,,,, for v and }; L; for b in Equation 5.3 of this thesis, the following

formula for the stiffness of perforated shear walls was obtained:

Vo Co2L; _K
S ( 8h3 L h h?2 ) — TSDPWS (5.6)
EAYL; " 1000G, " 21157 % L;

Table 20 gives the values used for the variables in Equation 5.6 for each perforated
shear wall. Shear wall 4H4b_m was treated as two perforated shear walls in a line
and its stiffness was calculated as the sum of the stiffness of the two shear walls. The
shear capacity adjustment factors were calculated using Equation 4.3-5 of SDPWS.

Table 20: Variables in Perforated Shear Wall Stiffness Equation

Wall No. .
. Unit
Variable 1H2a& | 2H2a& | 3H2a& | 4H2a& | , . |
1H2b 2H2b 3H2b 4H2b -
Modulus of Elasticity of End 1,200 1,200 1,200 1,200 1,200 ks
Post, E
Area of End Post Cross 5.25 10.5 10.5 10.5 10.5 in?
Section, A
Sum of Perforated Shear
Wall Segment Lengths, ) L; 8 8 12 12 4,6 ft
Shear Wall Height, h 8 8 8 8 8 ft
=
Apparent Shear Stiffness, G, 15 15 15 15 15 ﬂ
n
Shear Capacity Adjustment | ., 0.77 0.71 070 |0.92,094| -
Factor, C,
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The measured elastic shear stiffness was compared to the theoretical values for the
perforated shear wall in Table 21. For the most part, the predicted stiffness is within
+20% of the measured values. Thus, using current shear capacity adjustment factor
in the three-term deflection equation in SDPWS provides a reasonable prediction of
the shear stiffness of a perforated shear wall.

Table 21: Elastic Shear Stiffness of Perforated Shear Walls

. . wall Elastic Shear Stiffness (Ib/in) Percent
Configuration .
No. Measured, Ke Predicted, Ksppws Difference
1H2a 4932 15%
4170
1H2b 4116 1%
2H2a 7134 10%
1 6450
2 2 2H2b 8369 23%
7/ 3H2a 9840 -6%
/V 10417
7 i 3H2b 8819 -18%
1 4H2a 8670 -19%
10304
4H2b 9816 5%
4H4b _m 8522 7880 8%

5.3.3 Chord Forces
The chord forces in a perforated wall can be determined by using Equation

4.3-8 of SDPWS as shown below:

Vh

T=C =
COZLL'

(5.7)

Table 22 provides a comparison of the chord forces measured from each shear wall
test to the chord forces predicted by SDPWS. Tension forces are shown as negative

values and compression forces are shown as positive values in Table 22.
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Table 22: Chord Forces for Perforated Shear Walls

93

Push Cycle
M d | SDPWS Ratio of Ratio of
Wall Shear casure . Measured Proposed atoo
Chord Predicted Measured
No. Force, V to SDPWS | Chord Force
Force, Tor | Chord Force ; to Proposed
o) C (Ibs) (Ibs) ARCIAR Jles Chord Force
Chord Force
1H2a 4132 -4373 -7988 55% 4614 95%
4132 1915 7988 24% 4614 42%
1H2b 3970 -4081 -7674 53% 4433 92%
3970 2117 7674 28% 4433 48%
2H2a 7882 -3732 -10268 36% 5877 64%
7882 4744 10268 46% 5877 81%
2H2b 7438 -2836 -9690 29% 5546 51%
7438 5074 9690 52% 5546 91%
3H2a 8148 -4212 -7694 55% 4859 87%
8148 5075 7694 66% 4859 104%
3H2b 8344 -4322 -7879 55% 4976 87%
8344 5556 7879 71% 4976 112%
AH2a 7357 -2989 -7027 43% 4421 68%
7357 4216 7027 60% 4421 95%
AH2b 7533 -3616 -7195 50% 4526 80%
7533 4309 7195 60% 4526 95%
Pull Cycle

1H2a -4444 2261 8593 26% -4963 46%
-4444 -4606 -8593 54% -4963 93%
1H2b -4240 2183 8197 27% -4735 46%
-4240 -4544 -8197 55% -4735 96%
2H2a -7457 2498 9714 26% -5561 45%
-7457 -3486 -9714 36% -5561 63%
SH2b -6335 3176 8253 38% -4724 67%
-6335 -2618 -8253 32% -4724 55%
3H2a -7428 3318 7014 47% -4430 75%
-7428 -4357 -7014 62% -4430 98%
3H2b -7606 3446 7182 48% -4536 76%
-7606 -4440 -7182 62% -4536 98%
AH?a -6949 3700 6637 56% -4175 89%
-6949 -3996 -6637 60% -4175 96%
AH2b -7754 3492 7406 47% -4659 75%
-7754 -3777 -7406 51% -4659 81%
Average of Both Cycles 47% -- 78%




On average, the chord force that SDPWS predicts was a little more than twice
the measured chord force. This was due to the conservative nature of the shear
capacity adjustment factor used in SDPWS. When the shear capacity adjustment
factor proposed earlier was used, the measured forces were on average 78% of the
forces predicted by Equation 5.7. These results, although conservative, provide a
much better prediction of the actual chord force than the current SDPWS adjustment
factor.

5.3.4 Summary

For the perforated shear walls with hold downs, it was found that the PSW
method in SDPWS was conservative. A revised regression equation for the shear
capacity adjustment factor was recommended for calculating the shear capacity and
the chord forces of perforated shear walls. However, the current shear capacity
adjustment factor was found to provide accurate stiffness predictions for the
perforated shear walls.

5.4 Perforated Shear Walls with Anchor Bolts

5.4.1 Shear Capacity

Since there is no code established shear capacity for shear walls without
anchorage devices, the performance of these walls were compared the performance
of the perforated shear walls with hold downs. In table 23, the tested unit shear
capacity of the perforated shear walls with anchor bolts is compared to the tested
unit shear capacity of the perforated shear walls with hold downs. The unit shear

capacity was calculated as the applied shear force, V, divided by the sum of the
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perforated shear wall segment lengths, XL;. Segments that exceeded the aspect ratio
limitations in Table 4.3.4 of SDPWS were included in the sum of the perforated shear
wall segment lengths. The perforated shear walls with anchor bolts had a minimum
of 68% of the strength of perforated shear walls with hold-downs at each end of the
wall. This percentage increased to 92% as the number of full-height segments in the
perforated shear wall increased. This suggests that the effectiveness of the hold
downs decreased as the number of sheathing segments increased. As an example,
consider shear wall 4H2a which had five perforated shear wall segments. Only two
of the segments had hold downs. The remaining three segments had the same
amount of restraint as in the perforated shear wall without hold downs. Therefore,
the increase in strength for the two segments with hold downs resulted in only a
small increase in strength for the overall shear wall.

Table 23: Comparison of Perforated Shear Walls with and without Hold Downs

. . Wall No. Average Ultimate Strength (plf)

Configuration :
(AB/HD) | Anchor Bolts Only | HD atEach End | Ratio of AB to HD
1HOa&b/ .
1H2a&b 358 525 68%
3H0a&b/ o
3H2a&b 516 657 79%
4H0a&b/ 0
AH2a8&b 564 613 92%
2HO0a&b/ 0
IH2a&b 834 909 92%

As demonstrated earlier, the sheathing above and below openings can

increase the strength of a perforated shear wall. This was observed to be true for the
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unit shear capacity of the perforated shear walls with anchor bolts only, as well as
for the perforated shear walls with hold downs. To determine what effect the
sheathing below openings had on the shear strength, the shear strength of each
perforated shear wall was divided by the strength of a perforated shear wall with
the same length of full height sheathing but with full height openings (i.e. no

sheathing below and/or above the openings). This strength ratio was calculated as

follows:
E, = v (5.8)
Vo 2 Li
where:
V' = Shear strength of perforated shear wall in Ibs,
Ve = Unit shear strength of perforated shear wall without sheathing below
the openings in plf (average of walls 1HOa and 1HOb),
ve = 358plf
YXL; = the sum of the perforated shear wall segment lengths in feet.

The strength ratio is plotted against the total length of sheathing under the window
openings, XLw, in Figure 31. It can be seen from Figure 31 that the unit shear
capacity of the wall increased linearly with the total length of the sheathing below

the window openings.
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Figure 31: Length of Sheathing vs. Measured Adjustment Factor

It is clear that the relationship shown in Figure 31 will depend on the height
of the sheathing located below the window openings. For the shear walls tested,
there was little variation in the height of the panels below the openings. The height
ranged from 3' - 4 1/," to 3' - 8 1/g". This range was not sufficient to determine a
relationship between the adjustment factor and the height of sheathing below the
opening. However, it is reasonable to expect that smaller (larger) heights would
result in smaller (larger) increases to the shear capacity. Also, the ratio of area of
sheathing below the openings to the area of full height sheathing will likely affect
the amount of strength increase observed. For example, a wall with a sheathed area
that consists of 70% full height segments and 30% sheathing below the openings
will have a smaller increase in strength due to the sheathing below the openings
than a wall with a sheathed area that consists of 30% full height sheathing segments

and 70% sheathing below the openings. To account for these two effects, a new
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variable, rs, was defined as the area of the sheathing below the window openings
normalized by the area of full height sheathing. The area of full height sheathing in a
perforated shear wall can be calculated as follows:
Af =h- 2L (5.9)

where

2L; = the sum of the perforated shear wall segment lengths, and

h = height of the perforated shear wall.
If the total area of sheathing below the openings in a perforated shear wall is

designated as A, then the area ratio, rs, can be calculated as:

_As A
A hYL;

Ts

(5.10)

Figure 32 is a copy of Figure 31 with the newly defined area ratio, rs, plotted on the
horizontal axis instead of the total length of sheathing below the windows, ZL..
Figure 32 shows that the unit shear capacity of the wall increased linearly with the

area ratio, rs.
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Figure 32: Normalized Area of Sheathing vs. Measured Adjustment Factor
From the linear regression equation in Figure 32, a shear capacity

adjustment factor for shear walls with anchor bolts, C,, can be calculated as follows:

Ag
Ca= 142 =1+255 0 (5.11)

The shear capacity of a perforated shear wall with anchor bolts could then be
determined as the nominal unit shear capacity for a wall restrained by anchor bolts,
ve, multiplied by the sum of the shear wall segment lengths, 2L;, and by the shear
capacity adjustment factor, C,, determined from Equation 5.11:

V,=C,v,-2L; (5.12)
where v, = the nominal unit shear capacity for a perforated shear wall with a full
height opening and restrained by anchor bolts only. The value of v, for the base

configuration of 7/16" OSB with 8d common (0.131" x 2 %") nails spaced 6" on
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100
center along panel edges and 12" on center along intermediate framing members is

established by wall configuration No. 1 as 358 plf. The values of v, for shear walls
using other sheathing and fastener configurations would need to be established by
experimental tests. Table 24 shows the measured and predicted shear capacities of
the perforated shear walls without anchor bolts.

Table 24: Comparison of Predicted vs. Tested Shear Capacity

Length of Area Predicted Tested Ratio of
Confieuration | Wall No Full-Height Ratio. r Shear Shear Predicted to
g " | Sheathing, ZL; (ftz; s Capacity Capacity | Tested Shear
(ft) (Ibs) (Ibs) Capacity
1HOa 8 0.00 2866 2855 1.00
1HOb 8 0.00 2866 2877 1.00
2H0a 8 0.66 6627 6680 0.99
2HOb 8 0.66 6627 6660 1.00
3H0a 12 0.20 6004 6327 0.95
3HO0b 12 0.20 6004 6059 0.99
4HO0a 12 0.17 5760 6731 0.86
4HOb 12 0.17 5760 6817 0.84

As an additional check, the Equations 5.11 and 5.12 were used to calculate
the strength of the perforated shear walls with no tie down anchors tested by Dolan
and Heine (1997a). These perforated shear walls had the same type of framing, stud
spacing, sheathing type and thickness, and fastener size and spacing as the tests in
this study with the exception that 1/2" gypsum wallboard was applied to the
interior side of the walls with 13 gauge x 1-1/2" drywall nails spaced 7" on center
along the perimeter and 10" on center in the field. Similar to wall configuration No.
1 of this study, Wall type E of Dolan and Heine’s test program has a full height

opening (i.e. no sheathing is used above or below the opening). Therefore, it was
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used to determine the benchmark shear capacity of 7/16" OSB sheathing with

gypsum wallboard. For the monotonic test, wall type E had a shear capacity of 367
plf and for the SPD test wall type E had a shear capacity of 400 plf. For wall type D,
the area of sheathing under the window opening, As, was 2.66' x 7.875' = 21 square
feet. According to Equation 5.11, this results in a shear capacity adjustment factor,
Cq, of 1.33. The shear capacity of wall type D was calculated using Equation 5.12 as
7,803 lbs for the monotonic test and 8,512 lbs for the SPD test. The tested shear
capacity was 9,800 lbs for the monotonic test and 10,100 lbs for the SPD test. The
predicted capacity is 80% and 84% for the monotonic and SPD tests, respectively.
The conservative predictions by Equations 5.11 and 5.12 were likely due to the steel
loading beam used in the tests by Dolan and Heine. As found by Rainer, Ni, and
Karacabelyi, this “relatively stiff and long loading bar introduces restraints that
would raise the ultimate tested capacity, particularly for the specimens with few or
no hold-downs” (2008).

The walls in this project had only a small amount of sheathing above the
window and door openings which was neglected in the analysis above. Taller walls
or walls with window openings having a large amount of sheathing above the
openings could see a substantial increase in strength from these sheathing
segments. However, it is unknown if the equations derived here would work for
these conditions. Further testing would need to be conducted to determine if this

method is applicable for these scenarios.



5.4.2 Shear Stiffness
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The measured stiffness of the perforated shear walls with anchor bolts are

provided in Table 25. The average stiffness for the tests of perforated shear walls

with hold downs, determined in Section 5.32 of this thesis, is also provided. The

percent difference between the stiffness of the shear walls with and without hold

downs was about 10% for all of the walls except for 1HOa and 1HOb. These walls

had no sheathing above or below the window opening. Therefore, they were not as

stiff as the other three perforated wall configurations. Thus, the shear stiffness of

perforated shear walls without hold downs can be calculated using the formula in

SDPWS if the vertical elongation of the wall anchorage system is calculated using

Equation 5.2 of this thesis and sheathing is provided above and below the window

openings. For walls without sheathing above and below the window openings, the

measured stiffness was about 50% less than the predicted stiffness.

Table 25: Elastic Shear Stiffness of Perforated Shear Walls with Anchor Bolts

. . Elastic Shear Stiffness, K. (Ib/in) Percent
Configuration Wall No. .
w/o Hold Downs | w/ Hold Downs | Difference

1HOa 3125 -45%
4524

1HOb 3109 -45%

2HO0a 6859 -13%
7752

2HOb 7262 -7%

3H0a 10436 11%
9330

3HOb 8814 -6%

4HOa 8888 -4%
9243

4HOb 8886 -4%




103
5.4.3 Chord Forces

Currently, there is no procedure by which the chord forces for perforated
shear walls with anchor bolts can be calculated. The wall bracing provisions in the
IRC specify a maximum anchor bolt spacing that is intended to resist the shear loads
from wind and seismic forces. No provisions are made in the IRC for the resistance
of the axial loads created by overturning moments. However, the uplift forces in a
wall restrained by anchor bolts are not concentrated at the tension chord. Instead,
the uplift force is transferred into the bottom plate at many different points by
means of the sheathing-to-bottom plate fasteners. The bottom plate then transfers
the uplift loads to the anchor bolts through shear and bending. The magnitude of the
uplift force in an anchor bolt depends on the size and spacing of the sheathing-to-
plate fasteners and the shear and bending strength of the bottom plate. If the anchor
bolts are closely spaced, the sheathing-to-plate fasteners should control the uplift
capacity of the shear wall. If the anchor bolts are spaced far apart, bending of the
bottom plate could control. The sheathing-to-plate fasteners controlled the shear
walls tested in this study. The only exception to this observation was wall 3H2b for
which the bottom plate failed in bending at one of the anchor bolts. This was
attributed to the poor quality of the bottom plate on this wall. On the other hand,
compression forces in shear walls restrained by anchor bolts should be similar to
those seen in shear walls with hold downs since the type of uplift restraint should

not affect the behavior of the compression chord.
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To support the above discussion, the chord forces that might be expected in

perforated walls restrained by anchor bolts were determined by using Equation 2.7

modified as shown below:

Vh

T =C =
CaZLi

(5.13)

where C; is the shear capacity adjustment factor for anchor bolts as defined by
Equation 5.11. Table 26 provides a comparison of the chord forces measured from
each shear wall test to the chord forces predicted by Equation 5.13. Tension forces,
which are indicated by negative values, are the force in the first anchor bolt from the
end the shear wall. On average, the tension chord force that Equation 5.13 predicts
was about twice the measured anchor bolt force. However, the predicted
compression chord force was on average within about 8% less than the measured
force. These results confirm the expectations that the tension force is not
concentrated at the end of the wall and that the compression chord force can be

calculated in the same way as for perforated shear walls with hold downs.
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Table 26: Chord Forces for Perforated Shear Walls with Anchor Bolts

Cycle | Wall No. Shear Force, | Measured Chord | Predicted Chord Rati¢:'> of Measured to
V (Ibs) Force, T or C (lbs) Force (lbs) Predicted Chord Force

1HOa 2842 -1509 -2842 53%

1HOa 2842 2412 2842 85%

1HOb 2881 -1109 -2881 38%

1HOb 2881 2622 2881 91%

2HO0a 6832 -1398 -2955 47%

2HO0a 6832 3751 2955 127%

2HOb 7140 -1100 -3088 36%

< 2HOb 7140 3091 3088 100%

& 3HO0a 6705 -1634 -3201 51%

3HO0a 6705 4825 3201 151%

3HOb 6385 -1818 -3048 60%

3HOb 6385 3686 3048 121%

4H0a 7157 -1589 -3561 45%

4HOa 7157 4178 3561 117%

4HOb 7204 -2127 -3584 59%

4HOb 7204 4143 3584 116%

1HOa -2868 3180 2868 111%

1HOa -2868 -1340 -2868 47%

1HOb -2951 2741 2951 93%

1HOb -2951 -1673 -2951 57%

2HO0a -6529 2966 2824 105%

2HO0a -6529 -1933 -2824 68%

2HOb -6180 2802 2673 105%

= 2HOb -6180 -1460 -2673 55%

e 3H0a -5949 3055 2840 108%

3H0a -5949 -1575 -2840 55%

3HOb -5734 3103 2737 113%

3HOb -5734 -948 -2737 35%

4HO0a -6428 2443 3198 76%

4HO0a -6428 -1843 -3198 58%

4H0b -6430 3358 3199 105%

4H0b -6430 -1698 -3199 53%

Uplift Only 51%

Average Compression Only 108%

Both Uplift and Compression 79%
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Since the tension forces are distributed in a shear wall without hold downs, it

does not make sense to require a check of the tension chord as such a boundary
element does not actually exist. Rather, the design shear capacity for the shear wall
should account for the possibility of failure of either the bottom plate or the
sheathing-to-plate fasteners due to uplift forces. The sheathing-to-plate fasteners
controlled the uplift capacity of the shear walls in this project. This failure mode was
accounted for in the 358 plf nominal unit shear capacity established for the base
shear wall configuration. Other shear wall configurations are outside the scope of
this investigation.
5.4.4 Summary

For the perforated shear walls with anchor bolts, an empirical design method
was presented. This method provided accurate predictions of the shear strength and
compression chord forces for the perforated shear walls with anchor bolts. Also, it
was found that the stiffness of the perforated shear walls with anchor bolts could be
calculated using the equations in SDPWS if an adjustment factor of 0.5 is applied to
walls with full height openings.

5.5 Effect of High Aspect Ratios

One of the objectives of this test program was to determine the effect of high
aspect ratio segments on the performance of perforated shear walls. To evaluate
this effect, the test results for perforated shear walls with the same length of full-
height sheathing but different aspect ratios were compared. In order to establish the

performance of the high aspect ratio segments, the strength and stiffness of the
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perforated shear walls with 4:1 aspect ratio segments was compared to the

perforated shear walls with 2:1 aspect ratio segments.
5.5.1 Strength Comparisons

In Table 27, the strengths of the perforated walls with 2:1 and 4:1 aspect
ratio segments are compared. The first pair of shear wall configurations in Table 27
both had 8 feet of full-height sheathing. Although the two walls had the same area of
openings, the wall with the 4:1 aspect ratio segments had a greater total length, Lo
As shown by Equation 4.3-5 of SDPWS, the shear capacity adjustment factor increase
as the total length increased. Thus, the shear wall with the 4:1 aspect ratio segments
should be stronger by the ratio of the total lengths for the two walls, a factor of
23 ft/15 ft = 1.53. All of the shear walls with 4:1 aspect ratios had shear
strengths more than 1.53 times the corresponding shear wall with 2:1 aspect ratio
segments. As described earlier, this is due to the strengthening effect of the
sheathing segments above and below the window/door openings which were
present in the wall with 4:1 aspect ratio segments. The second pair of shear wall
configurations in Table 27 both had 12 feet of full-height sheathing. Comparison of
this set of shear walls shows that replacing the two 2:1 aspect ratio segments with
four 4:1 aspect ratio segments had almost no effect on the strength of a perforated

shear wall.



Table 27: Strength Comparison by Aspect Ratio

Wall N 2:1 Aspect Ratio 4:1 Aspect Ratio Ratio of
a oO. % Z [ S, e e atio O
(2:1/4:1) I%I%I /-%-Zlé 4:1to2:1
1Ho/ 2866 6670 2.33
1H2/ 4196 7270 1.73
1H2/ 4196 7611 1.81
Wall N 2:1 Aspect Ratio 2:1&4:1 Aspect Ratio Ratio of
(2:31/4:3 /./ I/I ?I% 4::ttI: ::1
//7/// / , 7 / ,

3HO/ 6193 6774 1.09
3H2/ 7882 7357 0.93
3H2/ 7882 7642 0.97
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In Table 28, the shear strength of the perforated shear wall configurations 2

and 3 were divided by the number of full height sheathing segments. One 2:1 aspect

ratio segment was compared to two of the 4:1 aspect ratio segments. The ratio of

the shear strength of two 4:1 segments to one 2:1 segment was about 1.5 on

average. Thus, the two 4:1 aspect ratio segments in a perforated wall produced

almost 50% more strength than one 2:1 aspect ratio segment in a perforated wall.

Table 28: Average Strength per Full Height Sheathing Segment

2:1 Aspect Ratio 4:1 Aspect Ratio x 2 -
Wall No Ratio of
N - . i 4:1x2to
eyjan | L I
3Ho/ 2064 3335 1.62
3H2/ 2627 3635 1.38
3H2/ 2627 3806 1.45




109

5.5.2 Stiffness Comparisons

Stiffness is an important parameter because it controls the distribution of
load. If higher aspect ratio segments are significantly less stiff than lower aspect
ratio segments, then most of the shear force will be transferred into the segments
with the lower aspect ratio. These segments will reach their capacity before the high
aspect ratio segments, rendering the high aspect ratio segments less effective in
resisting loads.

The stiffness of the perforated walls with 2:1 and 4:1 aspect ratio segments
are compared in Table 29. For the first pair of shear wall configurations in Table 29,
the perforated shear walls with 4:1 aspect ratio segments were stiffer than the walls
with 2:1 aspect ratio segments. The stiffness ratio for these shear walls was similar
to the strength ratio determined in Section 5.5.1. As explained in Section 5.5.1, the
increase in stiffness for the wall with the 4:1 aspect ratio segments was due to the
greater total length and the use of sheathing above and below the openings. Table
29 also provides a comparison of a wall that had three 2:1 aspect ratio segments to a
wall that had the same area of openings but replaces two of the 2:1 aspect ratio
segments with four 4:1 aspect ratio segments. It is important to evaluate a mix of
high and low aspect ratio segments within a single wall to determine if the
interaction results in worse performance. The results in Table 29 show the four 4:1
aspect ratio segments had about the same stiffness as the two 2:1 aspect ratio
segments. Therefore, replacing a 2:1 aspect ratio segment with two 4:1 aspect ratio

segments had almost no effect on the stiffness of a perforated shear wall.



Table 29: Stiffness Comparison by Aspect Ratio

2:1 Aspect Ratio 4:1 Aspect Ratio
Wall No. 7 7 S Ratio of
O
(2:1/4:1) I%l%l - /I 4:1t02:1
) ) ////M// 2
1HO/ 3120 7471 2.39
1H2/ 4529 8157 1.80
1H2/ 4529 7695 1.70
2:1 Aspect Ratio 2'1 & 4:1 Aspect Ratio
Wall No. 7z P27 ,,,7,,” Ratio of
(2:1/4:1) l I / I% 4:1to 2:1
/% A
3HO/ 9146 0.93
3H2/ 9387 0.98
3H2/ 8806 0.92
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The shear stiffness of perforated shear wall configurations 2 and 3 was

divided by the number of full height sheathing segments to determine the average

stiffness per full-height sheathing segment shown in Table 30. The average stiffness

of one 2:1 aspect ratio segment was compared to the average stiffness of two of the

4:1 aspect ratio segments. The ratio of the shear stiffness of two 4:1 segments to one

2:1 segment was about 1.2 on average. Thus, a wall with two 4:1 aspect ratio

segments in a perforated wall can be 20% stiffer than a wall with one 2:1 aspect

ratio segment.



Table 30: Average Stiffness per Full-Height Segment

Average Stiffness per Full-Height Segment (lbs/in)
Wall No 2'1 Aspect Ratio 4:1 Aspect Ratio x 2 Ratio of
///// n /// Z ’, 2:1
3HO/ 3272 3736 1.14
3H2/ 3198 4078 1.28
3H2/ 3198 3847 1.20
Wall No 2:1 Aspect Ratio 4:1 Aspect Ratio x 2 Ratio of
' @ 7 4:1x2to
2:1/4:1 _ o :
(2:1/4:1) % g 21
SDPWS 2868 1773 0.62
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Also shown in Table 30 is the shear stiffness of a 2:1 and a 4:1 aspect ratio
segmented shear wall. Using Equation 5.4, the stiffness of each of these segmented
shear walls was calculated in accordance with the provisions of SDPWS. This
analysis shows that, unlike the perforated walls, the sum of two 4:1 aspect ratio
segmented shear walls did not produce a stiffness greater than one 2:1 aspect ratio
segmented shear wall. Also, the calculated stiffness of the segmented shear walls
was less than the measured stiffness of the perforated shear wall segments. This
suggests that perforated shear wall segments can be stiffer than their segmented
shear wall equivalents. This increase in stiffness was likely due the sheathing
segments applied above and below the openings.

To further evaluate the influence of narrow segments on shear stiffness,
shear wall configuration 4 was examined to determine what percentage of its
stiffness was due to the 4:1 aspect ratio segments. Since wall configuration 2 had

only 4:1 aspect ratio segments, the stiffness of this wall was used to represent the
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four 4:1 aspect ratio segments in wall configuration 4. To represent the stiffness of
the 2:1 aspect ratio wall, the stiffness of shear wall configuration 1 was divided by
two. Since the 2:1 aspect ratio segment in shear wall configuration 5 was restrained
by anchor bolts only, the average stiffness for wall configuration 1 with anchor
bolts, i.e. walls 1HOa and 1HOb, were used in calculating the stiffness of the 2:1
aspect ratio segment. As shown in Table 31, summing half the stiffness of the
isolated panel wall and the wall with four 4:1 segments gives a reasonable estimate
(x5%) of the stiffness of the wall with one 2:1 segment and four 4:1 segments.
Furthermore, the 4:1 aspect ratio segments account for more than 80% of the shear
wall stiffness. Based on the ratio of the total length of the 4:1 aspect ratio segments
to the sum of all the perforated shear wall segment lengths for wall configuration 5,
one would expect the 4:1 aspect ratio segments to account for only two-thirds, or
67% of the overall stiffness. This suggests that the 4:1 aspect ratio segments in
perforated shear walls do not distribute their load to the lower aspect ratio
segments; therefore, they do not cause a decrease in the shear wall strength
compared to segments with aspect ratios of 2:1.

Table 31: Stiffness Comparison

Wall No 2:1 Aspect Ratio — 2+4:1 Aspect | 2:1& 4:1.Aspect Percentage
(2:1+4: 1} . . Ratlo : _ _ at| = Percent | of Stiffness
> 8 4'_1) I%.% . %””””’%”’”’”’Zi’ I/ I /I Difference | due to 4:1

3 5 b e 7

| == el e Segments

1

HO+ / 1560 + 7471 = 9031 9146 1% 82%
1

Ho+2H2/ 1560 + 8157 = 9717 9387 4% 87%
1

HO+ / 1560 + 7695 = 9255 8806 -5% 87%
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In conclusion, the test data from this investigation shows that if high aspect

ratio sheathing segments are used in a perforated shear wall instead of low aspect
ratio sheathing segments, the stiffness and strength of the wall does not decrease.
Therefore, for perforated shear walls, the use of the aspect ratio adjustment factor,
2bs/h, contained in SDPWS is not necessary and should be eliminated.

5.6 Ductility

In Table 32, the cyclic ductility ratios, as defined in Chapter 4, for wall
configurations No. 1 and No. 2 are shown for comparison. Comparing these values
shows that the perforated shear wall configuration with the higher aspect ratio
segments had almost the same amount of ductility as the perforated shear walls

with the lower aspect ratio segments.

Table 32: Cyclic Ductility Ratio Comparisons

Cyclic Ductility Ratio
Wall No % % Az Ratio of
(2:1/4:1) 2:1 Aspect Ratio 4:1 Aspect Ratio 4:1to 2:1
- Average - Average
LT Ductility DucH LY Ductility
1HO 3.37 3.38
o/ 3.47 3.18 0.92
1HOb/ 3.56 2.98
1H2 3.78 2.86
o/ 3.59 3.23 0.90
1H2b/ 3.40 3.60
1H4a/ 3.62 3.35
3.52 3.50 1.00
1H4b/ 3.41 3.65

Similarly, Table 33 provides a comparison of the cyclic ductility ratios for
wall configurations No. 3 and No. 4. Comparing these ratios shows that the

perforated shear wall configuration with the higher aspect ratio segments had
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almost the same to slightly more ductility than the perforated shear walls with the

lower aspect ratio segments, depending on whether there are hold downs in the
wall or not. Thus, neither the aspect ratio of a shear wall nor the use of hold downs
appears to have a significant impact on the ductility of the shear wall.

Table 33: Cyclic Ductility Comparisons

Cyclic Ductility Ratio
T | B
Wall No %%% % i Ratio of
(2:1/4:1) 2:1 Aspect Ratio 2:1 & 4:1 Aspect Ratio | 4:1to 2:1
- Average - Average
a1y Ductility 2Ll Ductility
3H0a/ 4.75 5.08 >-39 4.91 0.97
3HOb/ 5.41 4.43
3H2a/ >34 5.13 6.24 6.09 1.21
3H2b/ 4.93 5.93
3H2a/ >34 5.13 >-38 5.16 1.02
3H2a/ 4.93 4,93
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Chapter 6: Summary and Conclusions

6.1 Summary

To investigate how the engineered design methods for perforated shear walls
can be refined and expanded to result in better predictions of strength and stiffness,
racking shear tests were conducted on twenty-four full-scale shear walls. The
objectives of the test program was to evaluate the use of anchor bolts for
overturning restraint, the shear capacity adjustment factor used in the perforated
shear wall design method, and the effect of high aspect ratio segments.

6.2 Conclusions

This project found that the shear capacity of perforated shear walls with
anchor bolts for overturning restraint could be predicted and was sufficient to be
used in buildings with moderate lateral loads. The perforated shear wall method
was determined to be conservative due to restrictions on the shear capacity
adjustment factor. Finally, any decrease in shear wall performance due to the use of
narrow aspect ratio segments was found to be negligible. Incorporation of these
findings into current engineering design methods will result in higher shear wall
capacities and increase the value of engineered solutions. The most significant
conclusions resulting from this study are summarized below.

1. The area of sheathing under window openings in a perforated shear wall
restrained by anchor bolts has a major impact on its stiffness and strength.

The increase in stiffness and strength provided by this area of sheathing can
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result in a shear wall restrained by anchor bolts with the same stiffness and

strength as a shear wall of the same dimensions restrained by hold downs.

Perforated shear wall tests with anchor bolts as the only overturning
restraint had 68% to 92% of the strength of perforated shear walls with
hold-downs at each end of the wall. This percentage increased as the area
of sheathing below the window openings increased.

The percent difference between the stiffness of the perforated shear walls
with hold downs versus without hold downs was about +10% for all of
the walls with sheathing above and/or below the openings.

A shear capacity adjustment factor for shear walls with anchor bolts, C,,

can be calculated as follows:

As

Ca=1+2h2Li (6.1)
where:
As = thearea of sheathing below the window openings,
2L; = the sum of the perforated shear wall segment lengths, and
h = height of the perforated shear wall.

The nominal shear capacity of perforated shear walls with anchor bolts
can be calculated as follows:
V, =C,-v,-2L; (6.2)

where:



117

Ve = the nominal unit shear capacity for a shear wall restrained by
anchor bolts only.

2. The perforated shear wall design method in SDPWS results in strength
predictions significantly below the tested shear strength. This method needs
to improved and better calibrated to the available test data to give more
accurate shear strengths.

— The tested ultimate strength ranges from 127% to 186% of the nominal
shear capacity predicted by the perforated shear wall method contained
in SDPWS.

— The equation for the shear capacity adjustment factor, C,, in SDPWS used
to predict the shear capacity and chord forces of perforated walls could
be revised as follows to provide a more accurate prediction of the

nominal shear capacity:

_ r Lot
Co = (1.25 - 0.25r)2Li (6:3)

where:

Liwe = total length of a perforated shear wall including the lengths of
perforated shear wall segments and the lengths of segments
containing openings,

A, = total area of openings in the perforated shear wall, and
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3. The use of high aspect ratio of sheathing segments in a perforated shear wall

does not decrease the stiffness or strength of the wall. Thus, for perforated
shear walls, the aspect ratio adjustment factor, 2bs/h, in SDPWS should be
eliminated.

6.3 Future Research

The results of this study are based on a limited number of shear wall tests.
Further research on perforated shear walls is needed to verify and expand the
observations to shear walls with different construction details. The maximum
anchor bolt spacing for this test series was 48 inches. Decreasing (increasing) the
anchor bolt spacing should increase (decrease) the strength and stiffness of the
shear walls. Also, decreasing the sheathing fastener spacing may result in an
increase in the shear wall strength. The use of gypsum wallboard on the interior
side of shear walls could also increase the shear strength of the walls but was not
included in the scope of this project. Furthermore, the addition of gravity loads due
to a second story or roof framing will have a dramatic impact on the overturning
resistance of shear walls with anchor bolts. Additional research is needed to
determine how design procedures can account for these variables. Finally, this
project established the nominal unit shear capacity for shear walls restrained by
anchor bolts, v, for only one sheathing thickness and fastener spacing. Nominal unit
shear capacities for several sheathing thickness and fastener spacing, similar to
what is currently contained in SDPWS for fully restrained shear walls, needs to be

developed.



References

American Forest & Paper Association. (2008). ASD/LRFD Special Design Provisions
for Wind and Seismic. Washington, DC: AF&PA.

ASTM Standard E2126. (2011). Standard Test Methods for Cyclic (Reversed) Load
Test for Shear Resistance of Vertical Elements of the Lateral Force Resisting
Systems for Buildings. West Conshohocken, PA: ASTM International.
doi:10.1520/E2126-11

Crandell, ]., & Martin, Z. (2009). The Story Behind the 2009 IRC Wall Bracing
Provisions (Part 2: New Wind Bracing Requirements). Forest Products
Society, 19(1).

Dolan, D.]., & Heine, C. P. (1997a). Monotonic Tests of Wood-frame Shear Walls with
Various Openings and Base Restraint Configurations. Virginia Polytechnic
Institute and State University, Department of Wood Science and Forests
Products. Blacksburg, VA: Timber Engineering Report No. TE-1997-001.

Dolan, D.]., & Heine, C. P. (1997b). Sequential Phased Displacement Cyclic Tests of
Wood-Frame Shear Walls with Various Openings and Base Restraint
Configurations. Virginia Polytechnic Institute and State University,
Department of Wood Science and Forests Products. Blacksburg, VA: Timber
Engineering Report TE-1997-002.

Dolan, D.]., & Johnson, A. C. (1996a). Monotonic Tests of Long Shear Walls with

Openings. Virginia Polytechnic Institute and State University, Department of

119



120
Wood Science and Forests Products. Blacksburg, VA: Timber Engineering

Report TE-1996-001.

Dolan, D.]., & Johnson, A. C. (1996b). Cyclic Tests of Long Shear Walls with Openings.
Virginia Polytechnic Institute and State Univertisy, Department of Wood
Science and Forest Products. Blacksburg, VA: Timber Engineering Report TE-
1996-002.

Douglas, B. K., & Sugiyama, H. (1994). Perforated Shearwall Design Approach.
Washington, DC.: American Forest and Paper Association.

Gruber, J. J. (2012). Reliablility and Effect of Partially Restrained Wood Shear Walls.
Wayne State University Dissertations.

Henry, J. R. (2004, May). Building Design Made Simple: An Overview of IBC
Conventional Construction Provisions. Structural Engineer.

International Code Council. (2012). International Building Code. Falls Church, VA:
International Code Council.

International Code Council. (2012). International Residential Code. Falls Church, VA:
International Code Council.

NAHB Reseach Center. (1998). The Performance of Perforated Shear Walls with
Narrow Wall Segments, Reduced Base Restraint, and Alternative Framing
Methods. Washington, DC: National Association of Home Builders (NAHB).

Ni, C.,, & Karacabeyli, E. (2000). Effect of Overturning Restraint on Performance of
Shear Walls. World Conference on Timber Engineering. Whistler, B.C. Canada:

Proceedings of the World Conference on Timber Engineering.



121
Rainer, H., Nj, C., & Karacabeyli, E. (2008). Mechanics-Based Model for Seismic

Resistance of Conventional Wood-Frame Walls. 10th World Conference on
Timber Engineering, (pp. 2-5). Miyazaki, Japan.

Rose, J. D., & Keith, E. L. (1996). Wood Structural Panel Shear Walls with Gypsum
Wallboard and Window/Door Openings. Tacoma, Washington: APA - The
Engineered Wood Association.

Rosowsky, D., Elkins, L., & Carroll, C. (2004). Cyclic Tests of Engineered Shearwalls
Considering Different Plate Washer Sizes. Corvallis, OR: Oregon State
University.

Salenikovich, A.]. (2000). The Racking Performance of Light-Frame Shear Walls.
Blacksburg, VA: Virginia Polytechnic Institute and State University.

Sugiyama, H. (1981). The Evaluation of Shear Strength of Plywood-Sheathed Walls
with Openings. Mokuzai Kogyo (Wood Industry), 36(7).

Tissell, J. R. (1999). Wood Structural Panel Shear Walls. Tacoma, WA: APA-The
Engineered Wood Association.

Yasumura, M. (2010). Racking Resistance of Panel-Sheathed Shear Walls with
Opening. World Conference on Timber Engineering. Trentino, Italy.

Yeh, B, Skaggs, T., Lam, F., Li, M., Rammer, D., & Wacker, . (2011). Evaluation of
Force Transfer Around Openings - Experimental and Analytical Studies.

Tacoma, WA: APA - The Engineered Wood Association.



Appendix A: Detailed Drawings of Shear Walls

Walls 1HOa-b

e 16" On-Center Stud Spacing

e Studs: 2x4 x 92-5/8 SPF Stud Grade

e All Other Framing Members: 2x4 No. 2 SPF

e 7/16" OSB: 8d (0.131" - 2 1/2") Nails, 6" On-Center (Edges) / 12"On-Center (Field)

7/16" OSB attached with
8d(0.131"- 21/2") Nails
Edge spacing = 6in. olc
Field spading = 12in. olc

plates of walls w/ (3) - 3-1/4"
x.131" nails. (end nail)
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5/8" anchor bolt w/ \\\ ‘\\\ N\ N \\\\ \\ R \\\
3'x3" cut washer \\\\\ \\\\\ \\\\\ N \\\\\ W
(typ) R ERRTNNR U

NN RSN AR SRR

Studs attached to bottom N \\\\: AN \\\\\ X §\\\ N

11-6"

22

23

FRONT ELEVATION
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Walls 1H2a-b

e 16" On-Center Stud Spacing

e Studs: 2x4 x 92-5/8 SPF Stud Grade

e All Other Framing Members: 2x4 No. 2 SPF

e 7/16" OSB: 8d (0.131" - 2 1/2") Nails, 6" On-Center (Edges) / 12"On-Center (Field)

7/16" 0SB attached with
8d(0.131"-21/2°) Nails:
Edge spacing = 6 in. olc
Field spacing = 12in. olc

| o
A%W
2 4 . i o2 —\
AR NN SRR
Attached top plates of walls to SRV NRANSR N N NN
studs with 3- 3 1/4x 131 nais RENRN NN NN \\\\\\ NN
(end nai). \\\§\ \\\ NN \\\\ N \\\
N N
SRR AR
DR NN NN DRNRARNN N
N \\ \\\ N SNONN \\\. \\
3 SN
AR : AR
TR NN E
AR SRR NN NN b
N N N X N
NN NN QNN N N N\
NN NIRRT
5/8" anchor bolt w/ ISR RNERNTNEN \\Q\ N
3"x 3" cut washer AR \\\. NN SO
(typ) \ \\\\ \\\§ \§‘§ NN i\\\ '\\\'\
’ DR RERNTARN ORI RN
Studs atached to bottom N R R N
plates of walls w/ (3) - 3-1/4" —X
x.131" nails. (end nail) HDU8 Holdcwn/ L
attached to stud w/ 1
(20) 1/4" x 3" SDS e A
screws (typ.) z
o
116"
1@
1o
22
23

FRONT ELEVATION




Walls 1H4a-b

e 16" On-Center Stud Spacing

e Studs: 2x4 x 92-5/8 SPF Stud Grade

e All Other Framing Members: 2x4 No. 2 SPF
e 7/16" OSB: 8d (0.131" - 2 1/2") Nails, 6" On-Center (Edges) / 12"On-Center (Field)

Attached top plates of walls to
studs with 3- 3 1/4 x 131 nais
(end nai).

5/8" anchor bolt w/
3" x 3" cut washer
(typ)

Studs attached to bottom
plates of walls w/ (3) - 3-1/4"
x.131" nails. (end nail)

7/16" OSB attached with
8d(0.131" - 21/2") Nails:
Edge spacing = 6in. olc
Field spading = 12in. olc

o

7/
ik

.,
=
77

777

S5/
000

AT
////// //
///{////(//////

HDU8 Holdown —/
attached to stud w/
(20) 1/4" x 3" SDS
screws (typ.)

22

23

FRONT ELEVATION
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Walls 2H0a-b

e 24" On-Center Stud Spacing

o Studs: 2x4 x 92-5/8 SPF Stud Grade

o All Other Framing Members: 2x4 No. 2 SPF

e 7/16"OSB: 8d (0.131" - 2 1/2") Nails, 6" On-Center (Edges) / 12"On-Center (Field)

m T
z \ z
£ % 4 g 9
e I . A .
N R AR RN RN AN NN NN N
Attached top plates of walls to NN a 4 NN > L AN SR
studs with 3-31/4 x 131 nails NN SARENRAENRDERASRRS | NN AN RENRDERNN N\
(end nail). \Q&\\ 5.8 { \E\ 5.9 2% R \\§
XN 7716 058 atached in o iR SR
NI (0.431"- 2 112) Nais: Ll NI NI
\\\\ Edge spacing = 6 in. olc NN & \\
§§\ Field spacing = 12 n. olc 3 \§\ RN
NS NN N
\\\\\\ NI X \\\\ R VRN
NIRRT TR \
W\ SRR YRR NN RO N NN NN
518" anchor bolt w/ MRS \\\\ \\\\\\\ NN RN \i\\ i\\ NN
X3 AN ARV NN IR N
3" x 3" cut washer OB AN AN NN RN NN IR ARIRIN YRR
R AN A ATAMAT A R AR W
R v o\ 3
Studs attached to botom A TR ii\ NN AR §\\\ N
plates of walls w/ (3)- 3-14" - W
x 131" nails. (end nail) JL
1~
F— 203 —f
73
e
537
o
3,
’ 743
. 10
13-4
1
1543
@
204113
»
2

FRONT ELEVATION
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Walls 2H2a-b

e 24" On-Center Stud Spacing

o Studs: 2x4 x 92-5/8 SPF Stud Grade

o All Other Framing Members: 2x4 No. 2 SPF

e 7/16"OSB: 8d (0.131" - 2 1/2") Nails, 6" On-Center (Edges) / 12"On-Center (Field)

2 g
| /f,/z_,
N RN RN AN RN AN
Aftached top plates of walls to NSR NNSN NS NN N &
studs with 3- 3 1/4 x 131 nais N SERNERRNERRERRNR N :
(end nai. 5 %‘ \\\\\ a2l N
3187 0SB atlached W6 — s NN NN
(0.113"- 2.3(8") Nais: 23 NN AN
Edge spacing =8in. olc \\\ D \\
Field spacing = 12 in. olc \\ { NN
\\\\ }\ Bie
N\ e
> . \\ N N - o
NI NI NN TN E:
DAY N W
DOV NN NN N
518" anchor boltw/ N \\§\\ NN NXSH  Hous Hoigoun ~ [ENINY
3 X3 cutwasher RN MR NN attached o studw/ - [INYRN
A RN DRRRINERN NN " 3 NN
(typ) § \§§ \\\\\ {\\\\ \\\, (20) /4 xa(sos N \\ )
e ).
Studs attached to bottom \\ \§§ NN \\\\ .\\ stvs ) \\
plates of walls w/ (3)- 3-1/4"
x.131" nails. (end nail) )Bn‘,
1=
F— 208 —
530
"
3.
; 743
. 10
13-4
/ 14
153"

20-117"

226"
23

FRONT ELEVATION
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Walls 2H4a-b

e 24" On-Center Stud Spacing

o Studs: 2x4 x 92-5/8 SPF Stud Grade

o All Other Framing Members: 2x4 No. 2 SPF

e 7/16"OSB: 8d (0.131" - 2 1/2") Nails, 6" On-Center (Edges) / 12"On-Center (Field)

T
2 g
| A,/z_,
N RN RN AN ANREN AN
Aftached top plates of walls to NSR NNSN NS NN N
studs with 33 114 x 131 nals NN SUR) PR RREERNR N R
(end nai. 5.8 %‘ \\\\\ 32—
.. : NN N
7/16" 0SB attached with 8
(0431"-2 112 Nais: w NN )
Edge spacing = 6 in. olc \\\ N
Field spacing = 12 in. olc \\\\ N
N \
RN N \
N AR RN SR NN N
SN NYRONNYY
58" anchor boltw/ N \\\\\ \\§\\ NS NN +us Hadoun —[RX
3 x 3" cut washer RN R R AR RN NRR NN attached to stud w/ [N
typ) N \\§\\ \\\\\\ €\§\ NN (20) 1747 x 3 sDS N
NN N\ screws (typ.)
Studs attached to botom \\ NN NN \\\v .\\
plates of walls w/ (3)- 3-1/4"
x.131" nails. (end nail)
F— 208 —
530
5730
’ 4
64"
Y T4
10
13-
"
14103
1543

22-6"

2

FRONT ELEVATION
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e 16" On-Center Stud Spacing
e Studs: 2x4 x 92-5/8 SPF Stud Grade
o All Other Framing Members: 2x4 No. 2 SPF
e 7/16" OSB: 8d (0.131" - 2 1/2") Nails, 6" On-Center (Edges) / 12"On-Center (Field)
W X , ——
4 ’| 4'
e
I =
Attached top plates of walls to NN IR N\ N N\ NN N NG N N \\ 0 & N \’
smdswnh3-31/4x(.:;:;|)s §$\3$§ \\\ Sk, : \\\\\\\\ \\\\\\ R RONE \\\\\\\\\\\\§ N
: TN O RN NRIONNRUN
\\i\ &\\\\ N Nail header to king \\\\\\ \\\\ NN : ) \\\\\ \\\3 NN
DONRRRNNNNIER studwith (3)-3 114" R NN 716 08B attached wih SRR
\\§\ AN X 0.131" nais (yp) ORI 0.131"- 2 1/2°) Nails: RN
N \\\\ \\\ X \\\\ v\\\ N\ Edge spacing = 6 in. olc \\\ \}\ \\
\&\ §\\\\ N \\\\ \\\\\ % Field spacing = 12 in. olc N \\\\\\{ N
AN 5 ORI el AR
SORN NN ’ R i NNV i
NN NN RN E
NN NN N\ NI i o NI ©
R R NN N R R Y NN RNV RN [t S S NNN NN
RN \\\ N RN NSRS RN NN together with 3" x0.131 Ny NN N
HDUS Holdown attached to N R BN AN DN AR AR RRVOSRNINN nais, 12" 0. (typ.) SRR
stud wl (20) 14" x 3" SDS N \\\i N\ \\Q\\ NN AN \\\ W NRVNN NN N
screws (Walls 3H2a-b only) \\\\ \\:\\\ N 0 i\\\ SRR \\i\ \\}\ N 58" anchor bo't with \\\\ NN NN
M AR N e NN
Studs attached to bottom plates ~. NRANDRNINN N RN RN YIRS (typ.) NN
of walls w (3)- 3-1/4" x 131" > ) BN — o
nails. (end nail) LJ'G'
Tt
343 —
4
iy
95§
1044
1363
1@
18
1811
2
226"
»




Walls 4HOa-b

e 16" On-Center Stud Spacing
o Studs: 2x4 x 92-5/8 SPF Stud Grade
o All Other Framing Members: 2x4 No. 2 SPF

e 7/16" OSB: 8d (0.131" - 2 1/2") Nails, 6" On-Center (Edges) / 12"On-Center (Field)

Lt —2— v 22—
Attached top plates of walls \Q\\\ NN SRR R \\\\\ ARG \§§\\ R N
{0 studs with 3-3 1/4x 131 \§\\ : NI NN NS ENARNY \-\\ N > N
nails (end nail). \\\\\\ X \\ N 3 \\,\\\ \\\
7/16" 0SB attached with 6d— [N\ NN N NN

: NN SN N\ N

(0.431"- 2 112") Nails: NN \\ NN \7'\\\ \\\
Edge spacing = 6in. olc \\\ N\ E’\\{ X \'\\
Field spacing = 12 n. olc NN N RN N NN
NN 210" NN 25— NN 210 N

\\\ N NN \\ ) \\

Lateral slide boted to the bottom \\\\\ R N \ \\\ RSN NS \\\\- §\\

plate with 5/8" bolt to represent \\\ N A\ D \\\ S N W\

the required 1/2" anchor bolt \\Q\\ N N NV NN N N RN
3'x 3" cutwashers at each NN N 0% DR NN RN RGN \H N

3 N N

DRI N NSNS DNRN NN

Studs attached to bottom — N N OONHERNNR S R N
plates of walls w/ (3) - 3-1/4" = =
x.131" nails. (end nail) L
1~
203 —
565
/ 708
92"
» o5}
12410
1363
16:43"
1703
18-63°
1973
20113
2

23
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Walls 4H2a-b

e 16" On-Center Stud Spacing

o Studs: 2x4 x 92-5/8 SPF Stud Grade

o All Other Framing Members: 2x4 No. 2 SPF

e 7/16" OSB:8d (0.131" - 2 1/2") Nails, 6" On-Center (Edges) / 12"On-Center (Field)

" . =
LA ——— —r1—
= —_—\
Attached top plates of wals \\‘\:Q§‘ »\\[ﬁ‘ N NN RN \\\§\§ \\\\\ MRS \\\\\\ \\\ \\\\ N
1o studs with 3- 3 1/4 x 131 N N A 2 DOV N NN )
nails (end nail). \\\\\\\ N \\\\:i\ \Q\\\\\ \\\\\ \\\\\‘ N \\\\ _
7116" 0SB attached with 64— [N N\ SRR NN NN AR R
" G NN N NN NNRN NN NONRN NN\
(0.131"-2112") Nails: N g N \} 3 {\\ NN \.\ \§\
Edge spacing = 6in. olc \\\\\ N v \\\ \\\\ NN N \i NN
Field spacing = 12 in. olc XN N NNSHRNNN N \\\\\ N \\\\
\\i\ 25 YR N 2-10" N \\\§\ 25— N N —2-10° N e
W 3 NN N N 5
Lateralsids boted othe botom (RN y NN R NN NN 5 o®
plate with 5/8" bolt to represent \_\\\ \Q \\\\ R N \\\\\ \\\ NN \\\\ QAN \\\\ \\
the required 1/2" anchor bolt é:&i NN }\\\i N \\ \\\\\ \‘i\ \\\ \\\\\ \\\' N \i\ N
3"x 3" cut washers at each \\;\ N \\\\ -gk N \§ \\\\\ NN \\{ N \.;\\\ HDUS Holdown \i
holddown. N R \{\\\ VAN \\\\ NN \\\\ \\}\\ N \;\&\ attached /|4° stud N
NI NN NN NN R I
Studs attached to bottom — '\A\\ §\\\ N\ N N MR NN NN N (typ) IR
plates of walls w/ (3) - 3-1/4"
x.131" nails. (end nail) L}G
4
1~
26—
a0y
; 563
70l
gon
95}
12410"
1363
16-43"
1703
18-63"
1973
2011}
2
226"
23

130




131

e 16" On-Center Stud Spacing
o Studs: 2x4 x 92-5/8 SPF Stud Grade
o All Other Framing Members: 2x4 No. 2 SPF
e 7/16" OSB: 8d (0.131" - 2 1/2") Nails, 6" On-Center (Edges) / 12"On-Center (Field)
i ) 8 N
B - M—"—T ——
Attached top plates of wals ! \\\\\ \\f&"\ \\ R \\%\\ \\\\ \\\\ \‘\ \\\\{fg\\‘] \\\\\\\ \\B\\\\‘;ﬂ{ : \\\
10 studs with 3- 3 1/4x .131 IS R X \\\ \\\\_ N N N A 7 NN
nails (end nail). \\\\ }-\ NS §\\ \$ N \\\\' N }\\
\ N ~ N
716" 0SB attached with 6d— i\\\- N \\\\\ \§\§ N \\ N
-2 12)Nais: RN N RN NN NN
Edge spacing = 6in. olc NN \\\ NN\ NN \\?’\\i \'\\
Field spacing = 12 n. olc N N NN NN \\\ \\\\ NN
\\\\\\ e 2-10 \\\\§ \\\§\ 25— \$ 210 N
\ NNCHRY XN N
Lateral side boted to the bottom \\\\\ N R \\\\\\ N \\\\ TR \\\\\ \§\
plate with 5/8" bolt to represent NN N S \\\\ RN N N N
the required 1/2" anchor bolt NN NN NOONRROMR QURNIN NN N
b, DN ITRY N NSO NN RN SR AN N\
e AN \ AL RN RV Er I
rolgdoun. \\\\\\ N N AR \\\\\ \\\\§\ NN \"’i\‘ wi0) 14 x 3 (I \\\
Studs attached to bottom — \\\\i \ \\ \\\§ \\\\\ \\ NG \\\ \i\\\} SDSsc(v;ws) N
plates of walls w/ (3)- 3-1/4" ARk AN NS A p.
x.131" nails. (end nail) L LG‘
1
Z-O%"—'
4103
o
92"
95}
12410°
- 1363
1643
1703
1813
1863
19-73"
2011
22
226"
23




Walls 4H4b

e 16" On-Center Stud Spacing

o Studs: 2x4 x 92-5/8 SPF Stud Grade

o All Other Framing Members: 2x4 No. 2 SPF

e 7/16" OSB:8d (0.131" - 2 1/2") Nails, 6" On-Center (Edges) / 12"On-Center (Field)

Attached top plates of walls
to studs with 3- 3 1/4 x 131
nails (end nail).

7/16" OSB attached with 6d—
(0.131"-2 1/2") Nails:
Edge spacing = 6in. olc
Field spacing = 12 in. olc

Lateral slide bolted to the bottom
plate with 5/8" bolt to represent
the required 1/2" anchor bolt
3"x 3" cut washers at each
holddown.

Studs attached to bottom —
plates of walls w/ (3) - 3-1/4"
x.131" nails. (end nail)

~

y
R N NSRRI RSN NN 2N
N TN RN EasTN
N AR N\ W\
NN RN N N RO NN
NN N DN AN
N NIRRT X N\
N N NN DN\
\\\\‘{\ \\\\ \\\ N\ }"\\\i \\\\
N RN N NN
e )\ e N\ S N
NBW NN N R
N NSNSV
N N S NV N\
NN AR RN N
SR HDUB Holdown — IR SN RS REIROYRN N
\\\ N atiached tostud - ARV YNNRNNHRR T MY QOINN
DS wl (20) 14" x 3" NN \\\—\ NN NN
\\\\ N\ SDS screws SN \k\ N\ }\\
NN ) HN NN SRR AN D
i
2'-0%"—1
1
sl
4
b Top
gz
953"
13224
1363
1643
169"
1868
19.73"
2011
2
26"
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Walls 5H2a-b

e 16" On-Center Stud Spacing

e Studs: 2x4 x 92-5/8 SPF Stud Grade

o All Other Framing Members: 2x4 No. 2 SPF

e 7/16" OSB: 8d (0.131" - 2 1/2") Nails, 6" On-Center (Edges) / 12"On-Center (Field)

7116" OSB attached with
8d (0.131"- 2 1/2") Naills:
Edge spacing =6 in. o/c
Field spacing = 12 in. o/c

I
£ 1.8 R
23 11 1 El 23 l2) 1] [ 2l g —
Attached top plates of walls to A7 V2 V275 2 2 VA 7, Z AN
studs with 3-3 114 x 131 nais ////// /////// ////// ////// %, ’///// /’//// ////;/ 72 //////////}// ///){/ //;( ///// /;{/ /////// /;
(end nail). 2 A W A oA, Yok A S A o L IR A A A %)
A A% s W A A s A S o e e A Al 7%
L A e 5% A 4 A% SR A S A % A e 7
VAN AL, T A% A4 R e A AR e A i iAo
A I A A e A e A A oA A s s M.
AL A A A T A A e Al 1 2 A B A 5%
oM /// 177 7% »/// 7. /// /// 4 %A 77 /// /// /// /-
A A R s 74 s o A s A % % i W v
AN A A 7% A s 2% % i i Yo o Y T (%
/8" anchor boltw/ K % e % A s 2 o L% e e A s A A A A
3'x 3" cut washer G A e 2% s S A ) A A T A AR s 7 <o
WAL Al A e A2 0% A2 At A A A e A2 e % | Il
(typ) 8:; A AN A A A5 % R0\ 22s A s A YA A A ®
AL A A A A s A A A% A AAA A A A A
R Tk Al AN A (A A A% AN A sk A
HDUB Holdown attached to ) /////////// //}/// ////// //;{// ///{// //{/// ////// /’//// 777 ////; ////// ////;/ ///// ////
i LAY / 2 g A MW }
stud w/ (20) 14 x 3" SDS 777 % 7N 77 7 70 SN N 77 ///// % 9% 09475
screws (Walls 3H2a-b only) /// //// LA //// ///. ///// //. ;// /// /// /// % /// _///_, /// ///// //
AL i A 7SR /// (AP IZALy AN A v 7
Studs attached to bottom plates 4 ///// 757 gz/// 54 %4 S0 A B ok % 4498574
of walls w/ (3) - 3-1/4" x .131" —
nails. (end nail) [ Jo+
J'—s
y g
. 116"
S 1%
/ 18
226"
o

FRONT ELEVATION
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Appendix B: Hysteretic Load-Displacement Curves



Displacement (in)

3000
2000 /-
1000
g /
(5]
—
-1000 / /
= Full Data Set
Positive Backbone Curve
22000 = Negative Backbone Curve| |
/ Positive EEEP Curve
== Negative EEEP Curve
-3000 ! ! !
-4 -3 -2 -1 0 1 2 3
Displacement (in)
Hysteresis Plot for Test 1HOa
3000
2000
1000
m
2
> 0
(5]
o
—
-1000
e Fyll Data Set
= Positive Backbone Curve
2000 - Negative Backbone Curve
= Positive EEP Curve
== Negative EEEP Curve
-3000 | | |
-4 -3 -2 -1 0 1 2 3

Hysteresis Plot for Test 1HOb
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5000
4000
3000 /-
2000 T /
1000
3 o
= 0 /
3
= _1000 / 7
-2000 // Full Data Set |
Positive Backbone Curve
-3000 = Negative Backbone Curve [
4000 Positive EEP Curve n
== Negative EEEP Curve
-5000 ' ' '
-4 -3 -2 -1 0 1 2 3 4
Displacement (in)
Hysteresis Plot for Test 1H2a
5000
4000
3000
2000
__ 1000
17}
2
> 0
® | T S S LA
S
-1000
-2000 Full Data Set
Positive Backbone Curve
-3000 — Negative Backbone Curve ||
-4000 Positive EEP Curve ||
== Negative EEEP Curve
-5000 ' ' '
-4 -3 -2 -1 0 1 2 3 4

Displacement (in)

Hysteresis Plot of Test 1H2b
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Displacement (in)

6000
4000 /=
2000 7/
m
2
> 0
©
o
] 4
-2000 == Full Data Set i
Positive Backbone Curve
-4000 y == Negative Backbone Curve ||
Positive EEP Curve
== Negative EEEP Curve
-6000 I I T
-4 -3 -2 -1 0 1 2 3 4
Displacement (in)
Hysteresis Plot of Test 1H4a
6000
4000
2000 /
m
2
> 0
©
” “
-2000 / Full Data Set -
L Positive Backbone Curve
= Negative Backbone Curve
~4000 Positive EEP Curve -
=== Negative EEEP Curve
-6000 [ [ [
-4 -3 -2 -1 0 1 2 3 4

Hysteresis Plot of Test 1H4b
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Displacement (in)

8000
6000
4000
2000
m
2
> 0
(5]
o
—
-2000
= Full Data Set
-4000 Positive Backbone Curve ||
— Negative Backbone Curve
-6000 Positive EEP Curve H
== Negative EEEP Curve
-8000 ' ' '
-4 -3 -2 -1 0 1 2 3 4
Displacement (in)
Hysteresis Plot of Test 2HOa
8000
6000
4000
2000
m
2
> 0
@®
S
-2000
= Ful| Data Set
-4000 Positive Backbone Curve ||
== Negative Backbone Curve
-6000 Positive EEP Curve -
== Negative EEEP Curve
-8000 ! ! !
-4 -3 -2 -1 0 1 2 3 4

Hysteresis Plot of Test 2HOb
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8000
6000 /
4000 / /
2000 /
m
2
> 0
©
o /
—
-2000 v
/ / = Fyll Data Set
-4000 / Positive Backbone Curve
= Negative Backbone Curve
-6000 — Positive EEP Curve
== Negative EEEP Curve
-8000 ! ! !
-4 -3 -2 -1 1 2 3
Displacement (in)
Hysteresis Plot of Test 2H2a
8000
6000 [
4000 ,
2000 /
7 74
2
> 0
©
3 /
-2000 /
/ = Full Data Set
-4000 Positive Backbone Curve
= Negative Backbone Curve
-6000 X Positive EEP Curve
== Negative EEEP Curve
-8000 . . .
-4 -3 -2 -1 1 2 3

Displacement (in)

Hysteresis Plot of Test 2H2b
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Displacement (in)

10000
8000
6000
4000
g 2000
3
o 0
—
-2000
= Full Data Set
-4000 == Positive Backbone Curve | |
= Negative Backbone Curve
-6000 Positive EEP Curve -
== Negative EEEP Curve
-8000 ' ' '
-4 -3 -2 -1 0 1 2 3 4
Displacement (in)
Hysteresis Plot for Test 2H4a
10000
8000
6000 /
4000 /
2 2000
2 y
3 -
9 0
-2000
= Full Data Set
-4000 { Positive Backbone Curve [
= Negative Backbone Curve
-6000 Positive EEP Curve T
== Negative EEEP Curve
-8000 | | | |
-5 -4 -3 -2 -1 0 1 2 3 4 5

Hysteresis Plot for Test 2H4b
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8000
6000
4000
2000
m
2
> 0
(5]
o
—
-2000
= Fyll Data Set
-4000 Positive Backbone Curve
—— Negative Backbone Curve
-6000 Positive EEP Curve u
= Negative EEEP Curve
-8000 : : :
-4 -3 -2 -1 0 1 2 3 4
Displacement (in)
Hysteresis Plot for Test 3HOa
8000
6000 /
4000 /i /]
2000 / 7
= /
2
> 0
3 -
S
-2000 / /
e Fyll Data Set
-4000 Positive Backbone Curve
d = Negative Backbone Curve
-6000 Positive EEP Curve u
== Negative EEEP Curve
-8000 . . .
-4 -3 -2 -1 0 1 2 3 4

Displacement (in)

Hysteresis Plot for Test 3HOb
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10000
8000
6000 /_
4000 //
__ 2000 4,
(7]
2
> 0
(5]
S
-2000
= Full Data Set
-4000 —
Positive Backbone Curve
-6000 | Negative Backbone Curve [
Positive EEP Curve
-8000 —
= Negative EEEP Curve
-10000 ' ' ' '
-5 -4 -3 -2 -1 0 1 2 3 4 5
Displacement (in)
Hysteresis Plot for Test 3H2a
10000
8000
6000 /
4000
__ 2000
(7]
2
> 0 —
@®
S
-2000
-4000 Full Data Set -
Positive Backbone Curve
-6000 _I = Negative Backbone Curve| |
-8000 Positive EEP Curve .
=== Negative EEEP Curve
-10000 ! !
-5 -3 -1 1 3 5

Displacement (in)

Hysteresis Plot for Test 3HOb
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-8000

8000
6000 [ B~
4000 / /
2000 /
m /
2
> 0
T
g //
-2000
// = Full Data Set
-4000 7, Positive Backbone Curve |
’ - Negative Backbone Curve
-6000 Positive EEP Curve -
== Negative EEEP Curve
-8000 [ [ [ [
-5 -4 -3 -2 -1 0 1 2 3 4 5
Displacement (in)
Hysteresis Plot for Test 4HOa
8000
6000
4000
2000
m
2
> 0
©
S
-2000
e Full Data Set
-4000 Positive Backbone Curve
= Negative Backbone Curve
-6000 Positive EEP Curve ]
== Negative EEEP Curve
I I I

-2 -1 0 1 2 3 4

Displacement (in)

Hysteresis Plots for Tests 4HOb
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8000
A"l’ "' >
6000 , ,// ‘
4000 ,"/ /4 " -
I‘ ’
//’
2000 e
m
2
> 0
° /1
g //////
= 7y
-2000 / / ’ // /
/)
4000 ’ f ’I’// ,” = Ful| Data Set
"”/’/,y Positive Backbone Curve
6000 : 41-1_‘ .IJ! —Neg'a.tlve Backbone Curve
S 220 Positive EEP Curve
== Negative EEEP Curve
-8000 . .
-4 2 2 4
Displacement (in)
Hysteresis Plot for Test 4H2a
8000
6000
4000
2000
m
2
> 0
@®
S
-2000
= Fuyll Data Set
-4000 Positive Backbone Curve
= Negative Backbone Curve
-6000 Positive EEP Curve
=== Negative EEEP Curve
-8000 . .

2 4

Displacement (in)

Hysteresis Plot for Test 4H2b
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10000
8000
6000
4000 /
_. 2000 /
(7]
2
> 0
©
S
-2000 / /
-4000 / e Full Data Set
Positive Backbone Curve
-6000 3 Negative Backbone Curve
2000 Positive EEP Curve
i == Negative EEEP Curve
-10000 | |
-6 -4 -2 0 2 4
Displacement (in)
Hysteresis Plots for Test 4H4a
8000
6000 [
4000 /
2000 /
3 0
©
8 2000 //
-4000 == Full Data Set
Positive Backbone Curve
-6000 / . |
Lt - Negative Backbone Curve
-8000 Positive EEP Curve
== Negative EEEP Curve
-10000 ! ! ! !
-5 -4 -3 -2 -1 0 1 2 3 4

Displacement (in)

Hysteresis Plot for Test 4H4b
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Load (lbs)

15000

10000

5000

-5000

-10000

-15000

P
/

— I
= Full Data Set
Positive Backbone Curve
/ Negative Backbone Curve H
Positive EEP Curve
== Negative EEEP Curve
-3 -2 -1 0 1 2 3

Displacement (in)

Hysteresis Plot for Test 5H2b
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Appendix C: SBCRI Accreditation Certificate

CERTIFICATE OF ACCREDITATION

ANSI-ASQ National Accreditation Board/ACLASS
500 Montgomery Street, Suite 625, Alexandria, VA 22314, 877-344-3044

This is to certify that

Structural Building Components
Research Institute (SBCRI)

6300 Enterprise Lane
Madison, WI 53719

has been assessed by ACLASS
and meets the requirements of international standard

ISO/IEC 17025:2005

while demonstrating technical competence in the field(s) of

TESTING

Refer to the accompanying Scope(s) of Accreditation for information regarding the
types of tests to which this accreditation applies.

L ACCR
w b £o

AT-1371
Certificate Number 5 &
CAMCLMOD )
e \/ Ny o
-
.“ L]
ACLASS Approval
it
Certificate Valid: 01/24/2013-02/05/2015 G
Version No. 003 Issued: 01/24/2013 i@/&q\m&
mmi

This laboratory is accredited in accordance with the recognized International Standard ISO/IEC 17025:2005. This
accreditation demonstrates technical competence for a defined scope and the operation of a laboratory quality
management system (refer to joint ISO-ILAC-IAF Communiqué dated January 2009).
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ANSI-ASQ National Accreditation Board/ACLASS

SCOPE OF ACCREDITATION TO ISO/IEC 17025:2005

Structural Building Components Research Institute (SBCRI)
6300 Enterprise Lane, Madison, W1 53719

Dan Hawk Phone: 608-274-4849
TESTING
Valid to:February 5, 2015 Certificate Number: AT - 1373
I. Construction Materials / Mechanical
SPECIFICATION, .
ITEMS, MATERIALS OR SPECIFIC TESTS STANDARD DETECTION
OR PROPERTIES LIMIT/ RANGE/
PRODUCTS TESTED MEASURED METHOD OR EQUIPMENT
TECHNIQUE USED
ASTM E72, E73, E455,
Compression, E564, E2126, E2127, .
Building Systems Deflections, Tension, E2322 Loéd Cells, A.ctuators,
String Potentiometers
& Flexure &
TPI 2
ASTM A1023/1023M,
A931, C165, C203,
C€293/293M, D1037, D143,

C . D1761, D198, D3043,
Building Flements Dcﬂcg?oT:SSTlgﬁs'i on D3500, D3501, D4761, Load Cells, Actuators,
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