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(Abstract)

This study investigates the monotonic and cyclic response of light-frame wood

shear walls with and without openings.  Effects of overturning restraint in the form of tie-

down anchors and corner segments on light-frame shear walls with and without door and

window openings were quantified.  While the results are useful to refine a design

methodology for shear walls containing openings, they also provide important knowledge

that is needed to accurately quantify anchorage requirements for shear wall design, and

assess remaining load and ductility capacity of wood frame buildings after earthquakes or

hurricanes.

Sixteen full-scale wall specimens were tested using monotonic and sequential

phased displacement (SPD) patterns.  A total of five different wall configurations, five

anchorage, and two loading conditions were used.  All walls were eight feet (2.4m) high.

Straight wall specimens were forty feet (12.2m) long, whereas corner walls measured

twelve feet (3.7m) in length.  The analysis includes data from a previous investigation in

order to further expand the scope of this study.  Results reveal that ultimate capacity and

stiffness increase with increasing overturning restraint.  A shift in failure mode was

observed when overturning restraints were omitted.  Accumulated damage experienced

by the wall specimens tested cyclically was fairly uniform, regardless of the amount of

overturning restraint or size of openings present
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Chapter 1

Introduction

1.1  Problem Overview

A typical light-frame structure resists lateral wind or earthquake forces by

transferring the load to the side walls which are then primarily loaded in shear.  Such

walls are commonly referred to as shear walls.  It is assumed that the wall’s structural

sheathing resists the entire shear and transfers it to the foundation.  Today, oriented

strandboard (OSB) or plywood sheathing usually provide the shear resistance in light-

frame walls.

Established engineered design of exterior shear walls containing wall and door

openings involves the use of multiple, fully-sheathed shear wall segments.  In engineered

design one assumes that a shear wall segment acts as a cantilevered beam and overturning

forces are calculated using principle structural theory (Figure 1.1).  An individual

segment is typically restrained against overturning forces at both ends, and the design

capacity of an entire shear wall is simply the sum of the capacities for each wall segment.

Contribution to design capacity of segments above and below openings is usually not

accounted for to keep the procedure simple.  However, it is obvious that segments above

and below openings must affect the overall behavior of the shear wall.

An alternate empirical-based approach to the design of shear walls with openings

is the perforated shear wall method which was adopted by the Standard Building Code

1994 Revised Edition (SBC 1994) and the Wood Frame Construction Manual for One-

and Two-Family Dwellings – 1995 High Wind Edition (WFCM 1995).  The perforated

shear wall method consists of a combination of prescriptive provisions and empirical

adjustments to design walls containing openings.  Tabulated adjustment factors are used

to reduce the theoretical strength of a fully-sheathed shear wall segment to compensate

for the presence of openings.  The method requires mechanical tie-down devices at each

end of the entire wall rather than at the end of each fully sheathed segment.  Accordingly,

the number of tie-downs required for shear walls containing openings is reduced

compared to traditional engineered design (Figure 1.2).
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Figure 1.1: Forces acting on a shear wall segment according to the simple diaphragm

theory (simplification), where B stands for wall width and H indicates wall

height (from Stewart 1987)

Figure 1.2: a) Shear wall composed of traditional shear wall segments. b) perforated

shear wall containing unrestrained segments

Tie-down

a)

b)
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Under low to moderate seismic conditions, overturning restraint may not be

required at all.  Especially if one considers that two mutually perpendicular walls

intersecting in the corners of a building provide some hold-down capacity to each other.

A remarkable body of literature exists concerning the lateral resistance of

sheathed light-frame walls.  However, most of those walls were tested using a monotonic

(one-directional) testing procedure and overturning restraints at the ends that essentially

eliminate the overturning failure mode (separation of sheathing and studs from bottom

plate).  A synthesis of all previous work on testing of timber framed shear walls is

virtually impossible, due to different test objectives, lack of test standards, and thousands

of material combinations and test configurations possible (Foliente and Zacher 1994).

The writer is not aware of any investigations that quantify the capacities of monotonically

and reversed cyclically loaded full-scale shear walls without overturning restraint, with

perforated shear wall method restraint, and fully restrained according to engineered

design.

1.2  Objectives and Scope

The purpose of this study is to quantify the effects of overturning restraint on the

performance of light-frame shear walls.  Other objectives that supplement the main

purpose are to:

• Quantify the effect of tie-down anchors on full-size wood frame shear walls with and

without openings loaded reversed cyclically and monotonically.

• Compare and evaluate the results of the monotonic and reversed cyclic testing

procedure.

• Determine the applicability of the empirical, perforated shear wall design approach to

conventionally built walls without considering overturning restraint provided by tie-

down devices or gravity loads.

• Quantify the effects of transverse walls on uplift restraint of light-frame wood shear

walls tested reversed cyclically
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Apart from the walls with corner framing, each wall configuration was tested only

once due to the high costs and time required to test full-scale specimens.  Therefore, no

statistical analysis is included.  Furthermore, to reduce the total number of specimens,

only five different wall configurations were tested.  It must be noted that inherent to the

property variation of wood, the results presented are part of a distribution of values one

would obtain if a number of replications greater than one were used.  However, due to the

nails being the controlling failure mechanism and the large number of nails in each

specimen, the performance should tend toward the mean value and the distribution of

property values for wall specimens will have a small variance.  Therefore, a large number

of replicates is not necessary in most shear wall tests.

The framing lumber contained in all specimens was spruce-pine-fir.  Since shear

wall racking performance is influenced by the specific gravity of the framing material,

the results presented have to be adjusted accordingly if compared with results from shear

walls tested using different framing species.

Results of the walls including perpendicular segments are to be viewed as

preliminary results only.  Comparisons made between corner walls and walls containing

tie-down anchors and the trends presented are to be confirmed with additional tests since

there was a significant difference in length between the specimens.

1.3  Thesis Overview

Based on published research conducted in the past, Chapter 2 presents a brief

review of general shear wall performance, testing procedures and proposed models that

predict shear wall response.  Chapter 3 describes test organization and set-up as well as

construction of the wall specimens, and elaborates on the testing protocols and loading

histories used in this study.  Chapter 4 defines how performance indicators are

determined.  Results and discussion of the monotonic and reversed cyclic tests of walls

without corner framing are presented in Chapters 5 and 6, respectively, and the results of

the reversed cyclic test of the walls with corner segments attached are discussed in

Chapter 7.  Chapter 8 draws comparisons between monotonic and cyclic tests and
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elaborates on the effect of corner framing.  The conclusions, which address the

objectives, are presented in Chapter 9.
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Chapter 2

Background

2.1 General

A typical wood-framed shear wall consists of softwood framing which is

composed of studs, spaced at a regular interval, bottom and top plates, some kind of

sheathing that braces the wall and provides the shear resistance, and metal connectors that

fasten the components together.  In North America, the shear resistance in modern light-

framed walls is frequently provided by oriented strandboard (OSB) or plywood

sheathing, typically applied on one side of the wall.  Interior sheathing generally consists

of gypsum wallboard.  The fasteners are usually smooth shanked nails of different length

and diameter, depending on which elements are connected.  Screws and glue are less

frequently used since the structures exhibit rather brittle failure when these types of

connections are incorporated (Foschi 1990).

A vast body of literature is available on the structural performance of shear walls.

However, the behavior of shear walls during earthquakes or high wind events is still not

completely understood.  In fact, researchers point out that to this date, there still exists a

large lack of knowledge and understanding, which may result in billions of dollars wasted

on unnecessary components or in leaving out needed elements (Diekmann 1994).  This is

partly attributed to the fact that previous experimental studies of shear walls are difficult

to compare due to different test objectives and lack of test standards (Foliente and Zacher

1994).  Experimental studies are still of the essence today as they closely monitor

structural behavior under loading and provide useful information to develop analytical

models.

This chapter summarizes current test methods and highlights important findings on

shear wall and connection behavior.
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2.2 Test Methods

Until recently, the most commonly used testing procedure to evaluate mechanical

properties of wood structural systems and connections has been the static-monotonic

procedure, standardized by the American Society of Testing and Materials (ASTM 1997).

The first standard to evaluate shear walls was published in 1977 under ASTM E 72-77.

The main purpose of this test is to compare the performance of sheathing types.

Although the load is applied in four “cycles” with increasing amplitude and constant rate

until failure, it is still considered to be a monotonic test since the load is only one

directional and each loading stage is applied separately. The procedure has been

criticized as it stipulates a steel tie-down rod tying the top plate to a rigid base to prevent

uplift at one end of the wall where the load is applied.  Griffiths (1984) pointed out that

the tie-down mechanisms over restrained the panel which resulted in unrealistic failure

values. In order to overcome this problem the ASTM E 72-77 standard has been

displaced by the ASTM E 564-76 standard, which uses uplift anchors connecting the end

studs to the rigid base to resist the overturning moment.  The specifications for the static,

monotonic procedure to evaluate timber connections are published under ASTM D1761.

The advantage of static monotonic procedures is the ease of set-up and performance and

associated lower expense.  Nevertheless, researchers have agreed that results do not

provide sufficient information to evaluate earthquake performance of timber structures

(Foliente 1996, Skaggs and Rose 1996).

The following test methods all try to quantify the reversed cyclic behavior of

shear walls.  However, a standardized procedure to serve as a common basis for research

and design efforts has not yet been adopted.  A relatively simple and feasible procedure,

also employed in this study, is the quasi-static procedure.  Quasi-static testing is

commonly referred to as cyclic testing with slow rates of loading eliminating inertia

effects.  Today, quasi-static procedures are the most widely used procedures in structural

earthquake engineering (Foliente 1996).  Many quasi-static procedures follow

displacement patterns where the amplitude increases over time at constant frequency until

failure.  Thus, the rate of loading is not constant.
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A more versatile, but also more cost intensive, testing method is pseudodynamic

testing.  As the term “dynamic” indicates, the procedure uses higher rates of loading

usually taken from earthquake records.  Since inertia effects are included in the wall

response, tests results are often difficult to interpret.

In contrast to the procedures discussed above where the load is applied uniformly

along the top plate of the wall specimens, a different procedure, referred to as shake table

testing, does not directly apply the load.  Instead, the wall is attached with the sill plate

and additional tie-down devices to the table and an inertial mass is mounted onto the top

plate.  The table simulates the ground motion during an earthquake, and is therefore

closest to reality regarding load application.  However, shake table testing is very costly

and the forces created in the wall can only be determined indirectly by measuring

accelerations.  In addition, shake table sizes often limit the width of the wall specimens.

2.3 Nailed Timber Connections

It is well established that the behavior of metal fasteners determines the response

characteristics of light-framed shear walls subjected to cyclic or monotonic loading

(Tuomi and McCutcheon 1977, Foschi 1982, Falk and Itani 1989).  Nails are the most

commonly used fasteners in structural components such as wooden shear walls.  Dowrick

(1986), Stewart (1987) and Dolan (1989) observed that the nailed sheathing-to-stud

connection governs the static and dynamic performance of light-framed shear walls.

Light-framed wood shear walls of that kind are able to sustain loads close to capacity

over a relatively large displacement, and exhibit good energy dissipation characteristics,

due to plastic deformations in the metal connectors.  As a result, the characteristics of

nailed joints are presented in some detail here.

Even though the first reversed-cyclic load tests on nailed timber joints were

conducted almost forty years ago (Kaneta 1958), a standardized testing procedure has not

been developed to date.  Dolan (1993) proposed a modification of the Sequential Phased

Displacement Procedure (Porter 1987) as standard test method to be adopted by the

American Society of Testing and Materials.  The procedure is still in review process.
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2.3.1 Characteristics of Nailed Joints

Stewart (1987) discussed in great detail the factors influencing nail joint behavior.

Based on a summary of the past literature he identified fastener slenderness and timber

density, joint moisture content, grain direction, timber thickness, loading rate, relaxation,

and the number of nails per joint as the major parameters that influence joint behavior.

In shear wall assemblies, nail joints are primarily loaded in single shear.  Johansen

(1949) first developed equations to predict the ultimate strength of a dowel type joint.

Johansen’s equations have later been verified experimentally by many researchers

including Möller (1951), Larsen (1973), Aune and Patton-Mallory (1986), and Hilson et

al. (1990).  For fasteners in single shear, Johansen identified four modes of failure

(Figure 2.1).  Johansen’s yield theory has been adopted by the Eurocode 5, the European

code for the design of timber structures (ENV 1995-1-1 and 1995-1-2), and the National

Design Specification for Wood Construction (AF&PA, 1991).

Figure 2.1: Failure modes of a nail joint in single shear (after Stewart, 1987)

The load-slip relationship of a nailed joint in single shear subjected to static

loading does not exhibit linear elastic behavior or distinct yield point.  Stewart (1987)

tested nailed sheathing-to-timber joints under reversed cyclic loading to investigate

failure modes.  As noted by Thurston in 1984, Stewart obtained the typical “pinched”

load-slip hysteresis loops due to a progressive degradation of lateral stiffness for each

successive loading cycle.  He also observed that the resisted load decreased between two
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successive cycles at the same displacement level. Stewart further noted that depending on

sheathing thickness the nail either partially withdrew from the framing or the nail head

pulled through the sheathing at larger displacements.  Nails penetrating thinner sheathing

failed in fatigue as a result of a developed “plastic hinge” (Mode III) and the

corresponding high reverse curvature demands on the nail shanks.

Dean (1988) found that a nailed sheathing-to-timber connection exhibits the

highest ductility at a high sheathing thickness-to-nail-length ratio.  In this case, the

clamping force of the sheathing is greater than that of the framing and induces sufficient

axial tension to incrementally withdraw the nail from the framing.  As a result a single

plastic hinge is less likely to develop and nails don’t fail in fatigue at lower displacement

levels.  In addition, the withdrawn nail head does not damage the sheathing surface as do

nails penetrating thinner sheathing which eventually pull through the sheathing (Figure

2.2).

Figure 2.2: Failure of joints with relatively thin sheathing (after Stewart, 1987)

2.4 Light-frame Shear Walls

2.4.1 Principal Shear Wall Action

Figure 2.3 shows a typical shear wall unit and its distortion when subjected to

lateral load. Frame joints can be regarded as being pinned.  An induced shear load, H, at

the top of the wall causes the framing to distort.  Considering that the studs are attached

to the plates by the sheathing and metal fasteners, the shear displacement of the timber

frame is then resisted by the sheathing and the nails connecting it to the frame.  Due to



Chapter 2 Background 11

the rigidity of the sheathing panel, it rotates less than the framing and slips over it

because the nails deform and crush the wood fibers.  Neglecting uplift, the total wall

distortion, γ, is then a function of nail slip and shear distortion of the sheathing.

However, the latter is relatively small compared to nail slip and is often neglected.

Fasteners located at the corners resist the highest load because the largest displacement of

the sheathing relative to the frame occurs in that area.  Interior framing studs prevent the

sheathing from buckling and support gravity loads (Stewart, 1987).  Nails fastening the

sheathing to the intermediate studs generally contribute little to wall strength.

Shear load induces tension and compression forces, respectively, along the

vertical edges of the sheathing panel which are transferred to the end studs by the

sheathing nails.  The depicted shear wall action according to the simple diaphragm theory

in Figure 1.1 is a strong simplification to facilitate the computation of uplift forces.  In

reality, due to the sheathing rotation as indicated in Figure 2.3 the end stud where the

load is applied experiences tension at the bottom and compression at the top.  The end

stud away from the load application is under compression at the bottom and tension at the

top.  Both tension and compression forces reach their maximum at the bottom plate.  The

tension force causes the wall to separate from the bottom plate when the framing is not

restrained against uplift.

Figure 2.3: Typical structural behavior of a shear wall unit (after Almsarker, 1995)
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A rather simple method may be used to calculate the shear capacity of a shear

wall segment.  Let t denote the distance between the fasteners along the perimeter of one

sheathing panel, and let b stand for the panel width then the load carrying capacity of one

shear wall panel can be determined using the simple equation (Eurocode 5 1995)

(1.1)

where Ff,d is the design capacity of an individual fastener.  This equation, however, does

not account for concentrated forces at the corners of the panel and may not be used if

uplift is important.

2.4.2 Parameters Influencing Shear Capacity

2.4.2.1 Uplift Restraints and Gravity Loads

Different testing standards diverge when it comes to the type and degree of

overturning restraint required.  For instance, Australian testing organizations do not

require any uplift restraints (Reardon 1980).  However, Stewart (1987) concluded from

his shear wall tests that anchorage connections have a large influence on capacity and

stiffness of shear walls.  Dolan (1989) found that the overturning anchor connection

fastening the end studs of his test walls to the foundation greatly enhanced wall

performance.   The anchor prevented the walls from rotating as a rigid body and averted

separation from the bottom plate.

If the wall in Figure 2.3 were not restrained against uplift, the total horizontal

deflection would be the sum of frame distortion and rigid body rotaton of the wall unit.  It

is obvious that this will influence the stiffness of the system since it is safe to assume that

the force required to rotate the wall unit about one edge is smaller than the force needed

to distort it (note that this assumption is only valid for narrow wall units).  The result is

that a higher displacement with less force is achieved, thus the stiffness of the system is

lower.

The higher the aspect ratio (height/length) of a given shear wall, the more it will

act like a cantilevered beam and tie-down anchors will obviously improve the strength
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when loaded in shear.  However, for walls with relatively small aspect ratios (i.e. walls

with lengths being several times the height) it is hard to believe that the wall would

behave under lateral load as a cantilevered beam.  Many engineers doubt that wood shear

walls with low aspect ratios will overturn during earthquakes and questions have been

raised whether this kind of anchorage is required (Diekmann 1994).  The anchorage

effect on such walls has yet to be quantified and is a major objective in this study.

Gravity loads reduce, or sometimes eliminate, panel uplift forces due to lateral

loading and work similar to a tie-down device.  During earthquakes, gravity loads may

increase the stiffness of the shear wall.  However, during high wind events uplift forces

can exceed gravity loads and add to uplift forces caused by the overturning moment.

2.4.2.2 Effect of Window and Door Openings

Size and location of openings in shear walls generally affect wall capacity and

stiffness.  Ge (1991) found in a parametric study that openings significantly reduce

racking stiffness of shear walls at low load levels.  Johnson (1997) observed during

sequential phased displacement tests of walls containing various openings that the fully-

sheathed segments performed in a racking manner, whereas segments above and below

openings more or less rotated as rigid bodies.

Many design procedures neglect the contribution to shear strength of sheathing

segments below and above openings.  Design capacity is assumed to be the sum of the

shear capacities of each fully sheathed segment.  However, Tissel and Rose (1988) noted

that the sheathed area below or above large openings contributed significantly to the

overall wall strength and stiffness.

2.4.2.3 Other Parameters

Fastener strength and spacing, and shear strength of the sheathing are other

important parameters influencing the lateral load resisting capacity of shear walls.  Ge

(1991) reported that the sheathing stiffness influences the wall stiffness significantly at

lower load levels only.  At higher load levels and associated higher displacements

sheathing stiffness becomes less important and the nail load-slip characteristic governs
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wall performance.  More parameters are covered in the following summary of

experimental work on shear walls that has been conducted in the past.

2.4.2 Experimental Shear Wall Studies

Price and Gromala (1980) used ASTM E 72-77 to compare ultimate strength and

stiffness of 8 feet (2.4 m) square panels sheathed with different structural flakeboards and

plywoods.  The authors reported the most common monotonic failure mode to be bending

of the nail shank and withdrawal from the framing material.  Results revealed that

plywood sheathed panels reached slightly higher ultimate strength values than structural

flakeboard

Wolfe (1983) used ASTM E 564-76 and evaluated the contribution of gypsum

wallboard, wall length, and windbracing to racking performance of shear walls.  A total

of thirty, full scale walls were tested with aspect ratios ranging from 1 to 1/3.  Wolfe

found that gypsum wallboard in general contributed significantly to monotonic wall

racking performance.  He also observed that taped joints transferred load between

individual boards, and contributed to stiffness and ultimate strength as the boards act

together as a continuos diaphragm.  Walls with gypsum boards oriented horizontally were

up to 40 percent stronger than walls containing vertical oriented gypsum boards.  The

study concludes that for walls with gypsum board sheathing and windbracing, the sum of

the stiffness for each individual component approximately equals the overall stiffness of

the tested system.

Griffiths (1984) summarized the results of monotonic shear wall tests with

different sheathing and framing materials, conducted at the University of Surrey in

Guildford, England.  Due to major disadvantages of the ASTM E 72-77 procedure, in the

early 1970s the Princes Risborough Laboratories in England introduced a different

monotonic testing procedure, the so-called standard PRL/Uofs test.  Rather than

restraining the wall panels from uplift using tie-down anchors, the English method

incorporates vertical load applied to the panels using jacks.  Stiffness and ultimate

strength tests of 8 feet (2,4 m) square walls were conducted at different vertical load

levels.  Griffiths pointed out that a zero vertical load level represented a ‘lower bound
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case’ accounting for light-weight structures subjected to ‘hurricane type uplift

conditions’.  Most walls tested sustained 90 percent of the maximum load over a

reasonably large displacement.  Walls sheathed with plywood showed a 13 percent

increase in racking strength when the frame species was changed from Spruce-Pine-Fir to

Hem-Fir.  Griffiths indicated that the modes of failure vary with board types, nail size,

vertical loading and frame timber.

In 1984 Patton Malory et. al. addressed the need for data on racking strength of

timber shear walls longer than 8 feet (2.4 m), i.e. with an aspect ratio smaller than unity.

Subsequently, Patton Mallory et. al. (1984 and 1985) published two articles about two

static-monotonic test series conducted on small- and full-scale shear walls with aspect

ratios ranging from 1 to 1/4.  For both, small- and full-scale walls, ultimate shear strength

was linearly proportional to wall length, but stiffness was not.  Small-scale tests were

found to be a good alternative to full-scale walls in terms of evaluating sheathing

differences and composite action.  The authors observed a shift in failure mode from an

approximately symmetrical to a rather unsymmetrical pattern in longer walls.

Consequently, longer walls with an aspect ratio smaller than one did not exhibit sheathing

rotation about a geometric centroid during racking.  This was contradictory to the belief

that sheathing displacement would not change with increasing wall length.  The tests also

supported the hypothesis stated by Wolfe earlier in 1983, namely the sum of the strengths

and stiffnesses of two walls sheathed on one side is equal to the total strength and

stiffness of a wall sheathed on both sides, neglecting the contribution of the frame.

Altogether eleven full-size walls were tested where 4 walls, 24 feet (7.3 m) in length,

contained window and door openings.  Based on values obtained from the tests, Patton-

Mallory et al. suggested to estimate the racking strength of shear walls with openings by

dividing the effective length (length with full-height sheathing) by the total length of the

wall.  This effective length ratio was then multiplied with the racking strength of a fully

sheathed wall.

In Japan, Sugiyama (1981) proposed an empirical equation for shear walls

containing openings without intermediate tie-down devices.  The so-called perforated
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shear wall design method which was adopted by the Standard Building Code 1994

Revised Edition (SBC 1994) is based on Sugiyama’s equation.  Yasumara and Sugiyama

(1983) noted a significant strength reduction for shear wall assemblies subjected to

reversed cyclic loads when compared to static monotonic loading.  One year later

Yasumara and Sugiyama (1984) studied the influence of openings in shear walls on

stiffness and capacity employing static monotonic tests.  They developed a design

method that is based on a “shear strength ratio”.  The shear strength ratio indicates the

capacity reduction of a wall containing openings when compared to a fully sheathed wall

with the same dimensions.  In 1994, Sugiyama and Matsumoto introduced three

empirically derived equations to calculate shear strength reduction at shear deformation

angels of 1/60, 1/100, and 1/300 radian.  The shear strength ratio as well as the three

equations are used in this study and are further discussed in Chapter 4.  Johnson (1997)

verified Sugiyama’s empirical equations through full-scale shear wall tests and concluded

that the method predicts overly conservative values for walls with large openings.

At the University of British Columbia, Canada, Dolan (1989) tested a total of 22

plywood and 20 waferboard sheathed, 8 feet (2.4 m) square wall panels in order to

validate his proposed finite element model.  He used five different test methods (only

four are described here) with the intent to obtain more information about actual shear

wall performance in earthquakes.  The first specimens were tested in accordance with the

ASTM E 72-77 procedure, with the exception that similar tie-down mechanisms, as

described in ASTM E 564-76, were used.  The panels sheathed with waferboard had

slightly higher stiffness values than the plywood sheathed walls.  However, differences in

racking strength were statistically insignificant.  Intending to make inference about the

hysteretic behavior of shear walls Dolan carried through a quasi-static cyclic test with

increasing displacement amplitudes.  The essence of his results was that the peaks of the

hysteretic curves appeared to coincide with the curve obtained in the monotonic test.  In

addition, the load capacity of the walls tested decreased as the number of cycles with

constant displacement amplitudes increased.  The shapes of the load deflection curves for

all specimens tested, whether tested monotonically or cyclically, resembled curves
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obtained from connection tests with nails, which led to the conclusion that racking and

cyclic behavior of shear walls is mainly a function of fastener behavior.  Wall stiffness

increased with a more dense nailing schedule of the sheathing.  Consequently walls

containing more fasteners experience higher loads in earthquakes due to higher stiffness

properties.  Free vibration tests enabled Dolan to measure the natural frequencies of the

walls before and after dynamic tests.  Since the natural frequency of a whole assembly is

different than that of a single panel the researcher modeled the missing structure by

subjecting each panel to a respective dead load.  Results showed that the fundamental

frequency changed significantly as the walls were strained, which confirmed the ductile

characteristic of nailed shear walls.  Dolan summarized that there was no appreciable

difference in the performance of walls sheathed with waferboard or plywood.

Furthermore walls with sheathing oriented horizontally and fully blocked showed no

difference in performance.

2.4.3 Analytical Modeling

Analytical modeling is a complimentary part to experimental analysis for

understanding the behavior of structural systems.  There are essentially two types of

analytical models, the finite element model and the closed form equation.  Empirical

equations are considered as method rather than model since they are limited to testing

procedures and configuration used to derive them.

2.4.3.1 Finite Element Models

In the last twenty years the finite element analysis gained popularity and became,

thanks to improving computer technology, a useful tool to model almost any type of

structural problem.  However, the finite element method is reasonably comprehensive

and time consuming.  Since the number of computations exponentially increases with the

number of equations, the lack of sufficient computer speed remains the reason why there

has yet to be proposed a general and easy-to-use finite element program suitable for

detailed analysis of shear wall buildings.  Thus, the current formulations are for research

purposes rather than everyday design.
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Foschi (1977) introduced a general finite element model for the monotonic

analysis of wood diaphragms modeling a shear wall as a composite of four structural

elements.  The model addressed nonlinear load-deformation relationship by employing an

exponential function and allowed the analysis of wood diaphragms by a computer

program.  Foschi estimated the parameters used to describe the exponential load-slip

relationship by employing nail withdrawal data and methods published earlier in the

literature. Nevertheless, the results of 20 feet (6 m) by 60 feet (18.2 m) diaphragms

correlated well with analytical values.

A relatively similar finite element formulation was proposed by Itani and Cheung

(1984).  Connections between sheathing and frame were modeled as joint elements

consisting of mutually perpendicular spring pairs.  One joint element represented a single

line of fasteners.  For larger diaphragms, any sheathing arrangements, load applications,

or diaphragm geometry could be analyzed and modeled with this method.  The problem,

however, was that with larger diaphragms the number of degrees-of-freedom increased to

a great extend.  Subsequently, Falk and Itani (1989) developed a super element that

models a sheathing element together with all the fasteners connecting it to the framing.

In other words the element represents multiple lines of fasteners as opposed to a single

line as presented in the earlier model.  Consequently, the number of degrees-of-freedom

could be reduced by as much as 40 percent.  The authors used the model to investigate

the effect of nail spacing on overall stiffness of diaphragms.  A decrease in nail spacing

of perimeter nails resulted in a significant increase of diaphragm stiffness whereas

various spacing between field nails had only a secondary effect on stiffness.

None of the models mentioned above accounted for cyclic or dynamic response of

shear walls.  Thus, all those models were validated through data of test walls subjected to

one-directional, monotonic loading only.

In 1987 Stewart developed a single-degree-of-freedom method that simulated the

response of timber shear walls subjected to dynamic loading.  The advantage of a single-

degree-of-freedom model is that it is less elaborate and uses less computation time.  On

the other hand, such a model is only capable of examining the overall wall response.
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Furthermore, since necessary parameters are taken out of experimental results, single-

degree-of-freedom models lose accuracy as the wall configuration changes.

Unlike the formulations discussed above, Dolan (1989) proposed a more general

finite element model that allows a time-step dynamic analysis of shear walls until failure.

Dolan extended and improved the model presented by Foschi in 1977.  He modeled each

sheathing-to-framing connector using three non-linear spring elements.  In addition, three

dimensional buckling of sheathing panels and bearing elements between sheathing panels

were incorporated in the formulation.  The result was a computer program capable of

predicting the time-history of dynamic displacements of timber shear walls without

limitations to wall configurations.  In 1995, White and Dolan successfully included the

feature of calculating forces and stresses in the program and reduced the analysis time.

2.4.3.2 Closed Form Models

Efforts in the past have been made to find a less elaborate analysis such as a so

called closed-form equation.  These are, on the basis of global assumptions, simplified

straight forward equations, which are relatively easy to solve.  Many of these models that

have been proposed in the past correlate fairly well with experimental results.  The

downside, however, is that the equations are less versatile than finite element models.

They are often tied to a certain wall configuration.

At the Forest Product Laboratory in Madison (WI) Tuomi and McCutcheon

(1977) developed an equation to predict the static racking strength of wood stud shear

walls sheathed on one side.  The equation was derived by equating the energy of the

racking load with the summation of the energy absorbed by each fastener.  Potential

energy of the system was assumed to be zero.  The deformation of a single fastener with

respect to racking load was determined by presuming that the diagonals of the deformed

wood frame coincide with the diagonals of the sheathing.  Initially, the two researchers

neglected the shear deformation of the sheathing and assumed a linear load-slip behavior

of the fasteners.  Robertson (1980) indicated that experimental results had revealed that

the unit racking strength does not remain constant as the total number of sheathing panels
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changes.  The developed equation, however, was based on a constant unit racking

strength.

Itani et. al. (1982) extended the approach of Tuomi and McCutcheon such that

they modeled the system ‘sheathing plus fasteners’ with two diagonal, linear-elastic

springs.  The result was a relatively simple method capable of determining the stiffness of

continuous walls with and without openings. Panels below and above openings were

neglected.  However, at total wall displacements of 0.1 inch (2.54mm) the model

deviated up to 18 percent from test values.  In addition, the fact that the actual nail load-

slip relationship is highly nonlinear severely limited the application of this method.

Based on observations of corrugated metal shear diaphragms (Easley, 1977)

Easley et. al. (1982) derived a closed-form equation to calculate the stiffness of

continuous wood shear wall panels sheathed on one side and subjected to static one-

directional loading.  The equation is essentially derived from a moment equilibrium

formula for a particular sheathing panel.  The method assumes a sheathing movement

relative to the frame that differs from the movement pattern proposed by Tuomi and

McCutcheon (1977).  Easley et. al. proposed that the sheathing only distorts relative to

sill and top plate whereas the studs remain parallel to the sheathing edges as the wall

deforms.  The researchers also assumed a certain nail force distribution and nail-slip

pattern.  Pertaining to this approach Gupta and Kuo (1985) stressed the fact that ‘the

model has dual assumption’ and tends to underestimate the overall stiffness.

Nevertheless, experimental results of 8 feet (2.4 m) high and 12 feet (3.7 m) wide walls,

exposed to one directional, static load, matched predicted values fairly well.

Gupta and Kuo (1985) saw a need for a model that is not as elaborate as finite

element models but more accurate than closed-form equations.  Higher accuracy obtained

through less assumptions implies more unknown variables or degrees-of-freedom.

Consequently, the method offered an iterative solution only.  The boundary conditions for

the model were no uplift movements, no openings, and one-sided sheathing.  Otherwise,

there was no particular deformation pattern of the sheathing assumed, and there was no

limitation regarding the length of the wall panel.  The model also used an energy
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approach, but as opposed to the method of Tuomi et. al. (1977) Gupta and Kuo

acknowledged potential energy in terms of elastic bending and shear energy of studs and

sheathing.  It was found that the bending stiffness of studs and the shear stiffness of the

sheathing do not contribute significantly to the load-deformation properties of shear

walls.

McCutcheon (1985) revised the racking resistance equation introduced in 1977.

He fit a simple power function to the test data of small-scale walls to account for

nonlinear nail load-slip behavior.  The deformation of the sheathing was also considered.

Below design loads predicted racking displacements correlated well with experimental

results of gypsum or plywood sheathed, 8 ft (2.4 m) high and up to 24 ft (7.3 m) wide

walls.

Patton-Mallory and McCutcheon (1987) applied four types of curves to describe

the nonlinear load-slip of nails in shear walls and substituted each one in the previously

developed racking resistance equation.  The study concluded that an asymptotic equation

best describes fastener behavior until maximum capacity.  Experimental results of 200

walls 22 inches (559 mm) high and up to 8 feet (2.4 m) wide proved that it is possible to

predict racking performance of walls sheathed on both sides with different materials by

applying the equation to each side.  The drawback of the model first developed by Tuomi

and McCutcheon (1977), however, is that it does not account for uplift movements of the

sheathing.  Further, the model has not been verified through long full-scale shear walls

and reversed cyclic loading.

Two years after they had presented their model, Gupta and Kuo (1987) published

a model that uses the same approach as the first one but takes stud and sheathing uplift

into account. The model was applied to test data from the literature. The two authors

found that vertical load and uplift constrains significantly increase the overall stiffness of

shear walls.

2.5 Summary

Based on the preceding literature review the following conclusions can be made.
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• Shear wall response is influenced by nail density, sheathing thickness and loading

rate.

• The nailed sheathing-to-stud connection governs the overall response of timber–

framed shear walls.  Nail slip is the main cause of wall distortion when subjected to

lateral load.

• Ultimate shear strength is linearly proportional to wall length.

• Peaks of hysteretic curves obtained through cyclic testing appear to coincide with the

load deflection curve from monotonic tests.

• Stiffness of sheathing does not influence shear wall capacity.

• Gypsum wallboard contributes significantly to wall racking performance.

• Wind uplift forces can exceed dead loads.  In case of light-weight structures such as

residential buildings the lower bound case is zero vertical load for shear wall tests.

• There is no significant difference in performance of OSB and plywood sheathed

walls.
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Chapter 3

Test Walls and Procedures

3.1 General

Twelve straight1 walls and four walls with corner framing were tested using a

monotonic and a sequential phased displacement (SPD) pattern.  Construction

specifications matched those used by Johnson (1997) for the straight walls so that

additional data could be used.  The corner wall specimen configuration was provided by

the National Association of Home Builders (NAHB).  Straight wall specimens were 40

feet (12.2m) long and 8 feet (2.4m) high.  Corner wall specimens measured 12 feet

(3.7m) in length and were 8 feet (2.4m) tall.  The size of the wing walls was either 2 feet

by 8 feet (0.6m x 2.4m) or 4 feet by 8 feet (1.2m x 2.4m).  Together with the results

obtained by Johnson (1997), a total of five different wall configurations, three anchorage,

and two loading conditions were included in this study (Table 3.1).  The hatched areas in

Table 3.1 represent the sheathing panels (OSB on one and gypsum sheathing on the other

side).  All walls were constructed with the sheathing panels oriented vertically (i.e. the

long dimension of the panel ran parallel to the studs).

Each wall was composed of the same type of framing and sheathing nails.  The

nailing pattern was the same for every wall.  Walls investigated by Johnson (1997) were

sheathed with plywood but were constructed equivalently.  All other walls had OSB

sheathing.  It is important to point out that all walls were tested without gravity load (in

the form of dead or live load) applied.  The intention was to test the most conservative

condition such as possible uplift during high wind events that could exceed gravity loads

or the contingency that the wall is a non-load bearing, partition wall in a building.

Because of the size of the specimens all walls were assembled and tested outside.

During the assembly the walls were covered with a watertight plastic foil to protect them

                                                
1 The term “straight” indicates that the walls did not contain corner framing
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from rain.  However, there was no control over ambient humidity and temperature.  The

measured moisture content of the lumber ranged between 8 and 12 percent at the time of

testing.  Moisture content was measured with an electric resistance meter.

Table 3.1: Specimen configurations

Wall Configurations - Straight Walls

No Tie-down Anchors Anchors at End of Wall

Only(1)

Maximum Amount of

Tie-down Anchors

Wall

Type(2)

Testing

Procedure

A(3)

Monotonic

and

SPD

D

Monotonic

and

SPD

E

Monotonic

and

SPD

Wall Configurations - Walls with Corner Framing

2 feet Corner Segments

No Tie-down Anchors

4 feet Corner Segments

No Tie-down Anchors

SPD

(one

replication)

(1)These specimens were tested by Johnson (1997) and had plywood sheathing
(2)Wall types B and C were only tested by Johnson (1997) and are not included here
(3)Wall A had only two anchorage conditions due to it being fully sheathed
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3.2 Description of Test Walls

3.2.1 Design and Construction of Straight Test Walls

Straight wall specimens included three different configurations.  Table 3.2 lists

the opening dimensions and pertinent sheathing area ratios determined using Equation 4.1

(Chapter 4).  Wall A was fully sheathed.  Wall D contained a garage door, a pedestrian

door, and a window opening.  Wall E had structural and gypsum sheathing at the ends

only.  Wall E was meant to represent conventionally constructed walls where a minimum

of area was covered with structural sheathing.  The middle area of this wall type is

commonly sheathed with non-structural sheathing such as insulation board.  The only

deviation from conventional construction as defined in the 1994 or 1997 NEHRP

Provisions was that the distance between structural sheathing panels was three feet

(0.91m) greater than the 25 feet (7.62m) required.

Table 3.2: Opening sizes for wall configurations

Wall Sheathing Area Wall Opening Size

Configuration Ratio (r) Type Door Window(1)

1.0 A - -

0.48 D
6'-8" x 4'-0"

6'-8" x 12'-0"

4'-0" x 7'-101/2"

0.30 E
(Sheathed at ends)2

8'-0" x 28'-0"

-

(1)The top of the window is located 16 inches from the top of the wall.
(2)Wall E has studs 16 in. o.c. for the full length of wall but is sheathed only at the ends of the wall.

The general wall assembly and the four different types of nails and different nail

schedules used in constructing the wall specimens is shown in Figure 3.1.  This system is

recognized by the American model building codes.  All framing connections used 16d
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(3.8mm diameter and 82.6mm length) brite common nails.  Brite common 8d (3.3mm

diameter and 63.5mm length) nails attached OSB sheathing to the framing. Gypsum-to-

framing connections used 13 gage x 1-1/2 inch (∅2.4mm x 38.1mm) drywall nails.  A

nail spacing of 6 inches (152mm) around the perimeter and 12 inches (305mm) for

intermediate framing was used for OSB sheathing and 7 inches (178mm) perimeter and

10 inches (254mm) field to fasten the gypsum wallboard to the framing (Figure 3.1).

OSB sheathing fastened to the double end studs received double rows of nails, spaced 6

inches (152.4mm) on center.  All nails were hand driven.

The bottom plate was bolted to a fixed steel structural tube 24 inches (610mm) on

center, beginning one foot from the end of the wall with bolts 5/8 inch (∅15.9mm)

diameter National Coarse thread.  Steel plate washers, 3 inches x 3 inches square, 1/4

inch thick (76.2mm x 76.2mm x 6.4mm) distributed the load from the bolt head and

prevented cross-grain bending in the wood.  With the exception of the tie-down anchor

bolts, all bolts were located a minimum of one foot from the edges of each sheathing

panel and from the studs adjacent to openings.  The steel load distribution beam and

double top plate were connected in the same manner as the bottom plate with the rigid

foundation (Figure 3.2).
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Figure 3.1: Wall assembly

Figure 3.2: Wall construction

8d brite common 6in. o.c.  (perimeter)
12in. o.c. (field)

13 gage 1.5in. 7in. o.c. (perimeter)
10in. o.c. (field)

16d brite common 12in. o.c

16d brite common 

Tie-down (if applied)
fastened with 32 16d sinker nails

16d brite common 24in. o.c
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Studs, spaced 16 inches (406mm) on center, double top plates, single bottom

plates, double end studs, and double or triple studs around doors and windows were the

main components of the wall framing (Figure 3.2).  A local lumberyard supplied the

lumber for framing.  All framing lumber was spruce-pine-fir and was graded “Stud or

better”.  Members were arbitrarily chosen when placed in the wall specimens.  All lumber

was stored at least two weeks prior to assembly in a covered laboratory.

The size of all full height sheathing panels was four feet by eight feet (1.2m x

2.4m).  Exterior sheathing was 7/16 inch (11mm) OSB rated sheathing and interior

sheathing consisted of 1/2 inch (13mm) gypsum wallboard.  For the walls containing

openings, the OSB and gypsum were cut to fit above and below the doors and windows

without overlapping the header to jack stud connection.  To be compatible with common

construction practices, a gap of 1/8 inch (3mm) between OSB sheets was maintained to

account for potential swelling of the sheets.  All drywall joints were taped and covered

with drywall compound.  Compound drying times complied with manufacturer’s

recommendation and were adjusted to ambient temperature and humidity.  The steel test

fixture was narrower than the top and bottom plates to allow free rotation of exterior and

interior sheathing past the test fixture at the top and bottom.  Materials and construction

details for the wall specimens are summarized in Table 3.  Included are the sizes of

headers and jack studs used around openings.

Six specimens were tested monotonically and reversed cyclically without

overturning restraint.  Simpson Tie-down HTT22 with 5/8 inch (∅15.9mm) diameter

anchor bolts were used on an additional six walls with one tie-down at the end of each

fully sheathed segment (Table 3.3).  Tie-down anchors were attached to the bottom of the

end studs of the respective segment by thirty-two (32) 16d (∅3.8mm and 82.6mm length)

sinker nails.



Chapter 3 Test Walls and Procedures 29

Table 3.3: Wall materials and construction data

Component Fabrication and Materials

Framing Members Stud, Spruce-Pine-Fir, 2 x 4 in. (nom.) (51 x 102mm) @ 16 in. (406mm) o.c.

Sheathing:

   Exterior Structural oriented strandboard (OSB)(1), 7/16 in., 4 ft. x 8 ft. (11mm x 1.2 x

2.4m) sheets installed vertically.

   Interior Gypsum wallboard, 1/2 in. (13mm), installed vertically, joints taped

Headers:

   4'-0” opening (2) 2 x 4 in. (nom.) (51 x 102mm) with intermediate layer of 7/16 in. (11mm)

structural OSB.  One jack stud at each end.

  7’-101/2” opening (2) 2 x 8 in. (nom.) (51 x 203mm) with intermediate layer of 7/16 in. (11mm)

structural OSB.  Two jack studs at each end.

  12’ opening (2) 2 x 12 in. (nom.) (51 x 305mm) with intermediate layer of 7/16 in. (11mm)

structural OSB.  Two jack studs at each end.

Tie-down Simpson HTT 22, nailed to end studs with 16d (∅3.8 x 82.6mm) sinker nails.

5/8 in. diameter (∅ 15.9mm) A307 bolt to connect to foundation.

Anchor Bolts 5/8 in. diameter (∅ 15.9mm) A307 bolt with 3 in. square x 1/4 in. (76 x 76x

6.35mm) steel plate washers.

(1)Exterior sheathing was plywood, 15/32 in. (12mm) in Johnson’s (1997) specimens

3.2.2 Attachment to Test Frame and Instrumentation of Straight Walls

Walls were tested in horizontal position as depicted in Figure 3.3.  To ease the

installation of the measuring equipment and load cell, the walls were raised

approximately 16 inches (406mm) above the ground.  A hydraulic actuator, with a range

of ±6 inches (152mm) and capacity of 55,000 lbs. (245 kN), displaced the top right

corner of each shear wall as shown in Figure 3.3.  A 5 inch by 3 inch (127mm x 76mm)
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steel tube distributed the loading to the wall’s double top plate.  Eight casters ensured

horizontal motion of the wall top with minimum frictional loss.  The casters were fixed to

the load distribution beam parallel to loading (Figure 3.3).  Johnson (1997) conducted a

test to determine the amount of friction created by the wheels.  He found that the

magnitude of the friction was negligible (275lbs. or 1.2 kN) when compared to the

capacity of the walls.  Nevertheless, the friction was deducted from the absolute value of

the recorded load resisted by each wall in both Johnson’s and this study.

Figure 3.3 depicts the location of three linear variable differential transducers

(LVDT) that were attached to the foundation to measure wall displacements.  LVDT #0

was built into the hydraulic actuator, measuring the relative displacement of the actuator.

The actuator also contained a sensor that recorded the load resisted by the wall.  LVDT

#1 and LVDT #2 recorded the compression and uplift displacement of the end studs

relative to the foundation depending on which corner of the wall was in compression or

tension, respectively.  For walls with tie-down anchors, the data recorded were corrected

to compensate for amplifications caused by the lever arm of the LVDT fixtures.  This

ensured that actual compression and uplift displacements of the end studs were measured.

Anchored studs were assumed to rotate about the bolt attaching the anchor to the

foundation (Figure 3.4).  However, this assumption could not be made for the walls

without overturning restraint because the end stud did not have a defined point of

rotation.  In this case the data recorded by LVDT #1 and #2 were not corrected.
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Figure 3.3: Straight wall orientation and test set-up

x

y
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Figure 3.4: Geometry of LVDT fixture to measure stud uplift

LVDT #3 measured the horizontal displacement of the bottom plate relative to the

foundation.  Through this measurement, rigid body translation of the wall could be

subtracted from the global displacement to obtain interstory drift.  Interstory drift is

defined as the drift between top plate and bottom plate of the wall.  Therefore, interstory

drift was the reading of LVDT #0 less the reading of LVDT #3.  Note that the interstory

drift as measured here includes the shear wall deflection arising from rigid body rotation

of the wall when tie-down anchors were omitted.  By reason of the length of each

specimen it was not possible to measure the change in diagonals to separate interstory

drift arising from uplift.

To exclude slip between the load distribution beam and the top plate a fourth

LVDT was originally included that measured the displacement of the top plate with

respect to the foundation, rather than measuring the displacement of the load distribution

beam (or hydraulic actuator).  However, the data suggested that slip was negligible.

Furthermore, at wall displacements greater than 3 inches (127mm), gaps formed between

top plate and end stud, which often caught the core of the LVDT and the measurement
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became unreliable.  For these reasons, the displacement data recorded by the hydraulic

actuator (LVDT#0) was used for all calculations.

An instrumented tension bolt, replacing a normal bolt that attached the bottom

plate to the foundation, was inserted close to the end stud.  When tie-down anchors were

applied, the tension bolt replaced the bolt that fastened the anchor and bottom plate to the

foundation (Figure 3.3).  Instrumented tension bolts were incorporated to measure uplift

and compression forces in the stud and plate during testing.  Since the tension bolts

connected the tie-down anchors to the rigid foundation the measured force was equal to

the tension force resisted by the anchors at the ends of the walls.  In case of no

overturning restraint, the recorded load was assumed to equal the uplift load resisted by

the sheathing nails in the bottom plate close to the wall end.  Compression forces could

be measured by pretensioning each load bolt.  Consequently, the compression force

equals the tension load before the test less the recorded load during the test.

The interior of the five walls listed in Figure 3.5 was equipped with eight LVDTs

each to measure the panel movement in respect to the framing. The LVDTs were fastened

to the OSB sheathing.  The dimensions given in Figure 3.5 are measured from the OSB

edges.  For better clarity, the intermediate studs are omitted in the drawing.  The point of

fixity of each LVDT is represented by the intersection of two dashed lines shown in

Figure 3.5.
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Figure 3.5: Interior instrumentation of straight wall specimens

Wall A no anchors (SPD test)
Wall A anchors (SPD test)

Wall D max. amount of anchors (SPD test)
Wall D max. amount of anchors (monotonic test)

Wall E max. amount of anchors (SPD test)

y

x
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3.2.3 Design and Construction of Corner Walls

Walls with corner framing were essentially constructed in the same manner as the

straight walls.  Fastener types and schedules were identical. Figure 3.6 reveals the

construction detail of the corner.  Construction of the corner connection complied with

the specifications provided by NAHB.  The design is typical for American light-frame

construction.  At the end of each corner segment, double studs were incorporated to

simulate the start of an opening.  The corner walls were not restrained against uplift.  In

other words, no tie-down anchors were used.

As with the straight walls, all joints between the gypsum sheathing were taped

and covered with drywall compound.  For the 2 foot corners, the OSB and gypsum

wallboard panels were cut in half lengthwise.

Figure 3.6: Construction detail corner
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3.2.4 Attachment to the Test Frame and Instrumentation of Corner Walls

The test setup that was used for the straight wall specimens was not substantially

changed when the corner wall specimens were tested.  As with the straight walls, the

corner walls were raised 16 inches off the ground.  The same load distribution beam and

rigid foundation were employed.  Since the corner walls were 12 feet long, only four

casters supported the load distribution beam.  The amount of friction subtracted from the

load data was divided in half, when compared to the straight wall specimens.  A welded

steel frame consisting of 3 inch by 5 inch (76mm x 127mm) steel tubes served as the

rigid foundation for the wing walls (Figure 3.7).  The steel frame was bolted to the

concrete foundation with large steel braces that ensured sufficient sturdiness.  At the top

plate of each wall two 7/16 inch (11mm) thick OSB sheets were fastened to the end and

main wall using 8d brite common nails (∅3.3mm, 63.5mm length), 6 inches (152mm) on

center in order to simulate the assumed “lower bound” stiffening effect of a floor or

ceiling diaphragm (Figure 3.7).

The exterior instrumentation of the walls is depicted in Figure 3.8.  Four LVDTs

were attached to the foundation and load distribution beam of each wall to record wall

displacements.  Due to the short length of the corner wall, large slip displacements were

observed during preliminary tests.  Therefore, LVDT# 0 was fixed to the load distribution

tube and measured the slip between the tube and the wall.  Again, two transducers,

LVDT# 1 and # 2, were incorporated to measure the compression and uplift

displacements of the end studs of the middle wall relative to the foundation.  For uplift

calculations, the corner wall sheathing was assumed to rotate about the outer bottom edge

of either corner wall.  Data from LVDT# 1 and # 2 were corrected to compensate for

amplification effects caused by the geometry of the LVDT fixtures (Figure 3.9).  LVDT

#3 measured the horizontal displacement of the bottom plate relative to the foundation to

subtract rigid body motion from the total wall displacement measured at the top plate.

Total wall displacements were again recorded using the LVDT that was built in the

hydraulic actuator; this time labeled as LVDT# 4.  Interstory drift was calculated as

readings of LVDT# 4 - (LVDT# 0 + LVDT# 3).  Uplift and compression forces that were
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exerted on connections between the bottom plate and the sheathing, as a result of the

applied load, were measured by a tension bolt located close to the end stud of the middle

wall (Figure 3.8).



Chapter 3 Test Walls and Procedures 38

Figure 3.7: Test set up for corner walls
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Figure 3.8: Corner wall instrumentation
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Figure 3.9: Measurement amplification of the LVDT fixture

Each specimen with corner framing was equipped with four interior LVDTs to

record the displacement of the middle OSB panel in respect to the framing.  The

transducers were attached to the OSB panel at the same location in each wall (indicated

by the intersection of the dashed lines in Figure 3.10).
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Figure 3.10: Interior instrumentation of corner walls

3.2.5 Precision of Instruments

The resolution of the LVDT built into the hydraulic actuator was 0.0024 inch

using a 16 bit analog/digital converter card.  All other LVDTs had a higher resolution.

The resolution of the load cell using the same recording equipment was 50 lbs.  The

resolution of the tension bolts was ± 12 lbs.  The reader should be aware that the results

given are to be considered with the resolution of the respective instrument used to obtain

them.

3.3 Testing Procedures

Monotonic and Sequential Phased Displacement (SPD) loading were applied to

the straight walls.  The corner walls were tested using SPD loading only.

3.3.1 Monotonic Loading

Monotonic (one-directional) loading displaced the walls at a constant rate of 0.6

inch per minute.  This rate was approximately the same rate that the initial peaks
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increased in magnitude during SPD loading procedure (Figure 3.11).  The actual

displacement rates used in the SPD protocol are significantly higher than the

displacement rate used for the monotonic tests.  The monotonic test specimens were not

subjected to load increments as specified in the ASTM E72 procedure.  Rather, the

monotonic test was a continuous increase in displacement until failure occurred.  As

opposed to ASTM E 72, the walls were tested without a “stop” at the end of the wall.  A

LVDT monitored the potential slippage between wall and test frame during these tests.

The stop in the ASTM procedure is applied to prevent slippage of the wall on the test

frame.  During monotonic tests, the data acquisition system recorded the data 10 times

per second.

3.3.2 Sequential Phased Displacement Loading

Cyclic loading protocol used in this study was a modification of the “Sequential

Phased Displacement Procedure” developed by the Technical Coordinating Committee

on Masonry Research (TCCMAR), a joint earthquake research project between USA and

Japan.  The procedure was first described by Porter (1987) and later revised by Dolan

(1993), Dolan and Johnson (1996b), and the Structural Engineers Association of

Southern California (SEAOSC) in 1996.

In general, the SPD protocol is displacement controlled and involves triangular

reversed cyclic loading at incrementally increasing displacement levels.  The incremental

increase is controlled by the experimentally determined displacement at the first major

event (FME) of the structure.  The FME is defined as the displacement at which the

structure starts to deform inelastically (anticipated yield displacement).  For the walls

tested in this study an FME of 0.1 inch (2.54mm) was determined.  The cyclic frequency

was held constant at 0.5 Hz.  Note that with a fixed frequency and changing displacement

amplitudes the displacement rate is not constant.  Figure 3.11 depicts the displacement

pattern of SPD loading employed along with the monotonic time-deflection plot for

comparison.
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Figure 3.11: Displacement pattern of monotonic and SPD loading

In order to monitor the elastic performance of the structure, the SPD procedure

embodies three phases, consisting of ordinary reversed cyclic displacement cycles at

displacement levels smaller than FME displacement (Table 3.4).  An initial displacement

level of  25 percent of FME displacement, followed by 50 percent and 75 percent of FME

for phase two and three, respectively, was used as described by Porter (1987).  The

displacement level of the fourth phase is increased to 100 percent of FME for the initial

cycle which is followed by three degradation and three stabilization cycles.  The

degradation cycles are used to determine if there is a lower bound on displacement

necessary for energy dissipation.  The amplitude of each consecutive decay cycle

decreases by a quarter of the initial displacement (Table 3.4).  The displacement then

increases to the initial displacement level and is kept constant over sufficient cycles to

obtain the stabilized response of the system.  Stabilized response is defined as a decrease

in load between two successive cycles of not more than 5 percent.  The stabilized
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response is an important characteristic to assess structural performance after high wind

events and during repetitive cyclic earthquake loading.  Furthermore, the utilization of

three cycles at the same displacement level allows the researcher to monitor the stiffness

degradation of the system.  For nailed wood joints and nailed shear walls, it has been

determined that three stabilization cycles are sufficient to obtain a stabilized response.

All following phases consist of initial, decay, and stabilization cycles.  In this

investigation the displacement amplitude increase between each successive phase was

twice the FME displacement (i.e. 0.2 inch in this study).  Porter (1987) proposed this rate

for ductile or flexible systems.  However, Table 3.4 reveals that between Phase 5 and 6

the displacement differs only by the amount of a FME displacement.  Unfortunately this

error was discovered after testing several walls and in order to be consistent with

preceding tests the protocol was not altered.  The displacement of each phase was

increased until failure or a total of 6 inches displacement was obtained.  The data was

recorded between 15 and 35 times per second.
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Table 3.4: SPD protocol of the first eight phases

Time
(sec.)

Cycle
No.

Displ.
(in)

Phase
No.

Time
(sec.)

Cycle
No.

Displ.
(in)

Phase
No.

2 1 0.025 48 24 0.4
4 2 0.025 1 50 25 0.3
6 3 0.025 52 26 0.2
8 4 0.05 54 27 0.1 6
10 5 0.05 2 56 28 0.4
12 6 0.05 58 29 0.4
14 7 0.075 60 30 0.4
16 8 0.075 3 62 31 0.6
18 9 0.075 64 32 0.45
20 10 0.1 (FME) 66 33 0.3
22 11 0.075 68 34 0.15 7
24 12 0.05 70 35 0.6
26 13 0.025 4 72 36 0.6
28 14 0.1 74 37 0.6
30 15 0.1 76 38 0.8
32 16 0.1 78 39 0.6
34 17 0.3 80 40 0.4
36 18 0.225 82 41 0.2 8
38 19 0.15 84 42 0.8
40 20 0.075 5 86 43 0.8
42 21 0.3 88 44 0.8
44 22 0.3
46 23 0.3

3.4 Summary

Displacement controlled monotonic and SPD testing procedures were employed

to assess the structural behavior of walls with maximum overturning restraint and without

restraint.  The testing scheme embodied two distinct corner wall structures and three

different straight wall configurations.  All sixteen walls were constructed inline with

specifications used by Johnson (1997) and provided by NAHB in order to draw

comparisons between the results of this testing and the results obtained by Johnson

(1997).  For safety reasons, each configuration was tested horizontally supported by

casters to minimize friction.  Various exterior and interior instrumentation of the

specimens allowed close monitoring of the individual wall component and overall wall
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response.  The next three chapters introduce and discuss the results obtained from the

experimental study that has been described herein.
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Chapter 4

Property Definitions

4.1 General

Key properties that describe the performance of a light-frame system acting as a

shear wall are strength, stiffness, deformation characteristics and energy dissipation (i.e.

damping) of the system.  Numerous definitions of properties such as ductility, yield point

and damping have been introduced in the past.  In light of the fact that the obtained

property indicators alter significantly with the chosen definition, a standardized test and

evaluation procedure for timber structures has yet to be agreed upon.  This chapter

defines and elaborates on the methods that were used in this study to obtain key

properties that are used to interpret the collected data and rate the performance of each

wall.

4.2 Perforated Shear Wall Method

Although the perforated shear wall method was derived for walls with one

overturning restraint at each end, the empirically derived adjustment factors are applied

to all wall configurations in this study.  The perforated shear wall method relates the

strength of shear walls with openings to fully sheathed shear walls by expressing the

shear load ratio as a function of the sheathing area ratio.  The method is based on

empirical equations derived by Sugiyama and Matsumoto (1994).  It was adopted by the

Standard Building Code (SBC) in 1994 and provides an alternative to the traditional

engineered method for designing shear walls with openings.

4.2.1 Sheathing Area Ratio

Sheathing area ratio classifies walls based on the area of openings and total length

of structural full-height sheathing panels present.  Sheathing area ratio parameters are

portrayed in Figure 4.1, and the ratio can be calculated by the following expressions:



Chapter 4 Property Definitions 48

(4.1)

 (4.2)

(4.3)

where: r = sheathing area ratio,

α = opening area ratio,

β = wall length ratio,

ΣAi= area of all openings,

ΣLi = sum of the length of full-height sheathing,

L = shear wall length, and

H = wall height.

Figure 4.1: Sheathing area ratio variables
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According to Equation (4.1) the sheathing area ratio of a fully-sheathed wall equals unity.

Equation (4.1) approaches zero as the total area of openings increases.

4.2.2 Shear Load Ratio

The shear load ratio is an empirically derived equation that incorporates sheathing

area ratio to account for the fact that shear capacity for a wall with a given length

decreases as the size of openings increases.  The shear load ratio is determined as:

(4.4)

where F stands for the shear load ratio and r is the sheathing area ratio.  It is important to

point out that the shear load ratio does not account for the location of openings.

4.3 Sugiyama’s Empirical Equations

Sugiyama and Matsumoto (1994) originally introduced Equation (4.4) to predict

the shear load ratio for walls deflected at a shear deformation angle of 1/100 radian.  For

an 8 feet tall wall this corresponds to a 0.96 inch (24mm) interstory drift.  Equation (4.4)

has also been proposed to determine the shear load ratio at capacity and was therefore

incorporated in the Perforated Shear Wall Method.  Additionally, the two researchers

derived an equation to determine the shear load ratio at a shear deformation angle of

1/300 radian (0.32 inch (8mm) interstory drift for 8 foot tall wall):

(4.5)

and for a shear deformation angle of 1/60 radian (1.6 inch (40mm) interstory drift for 8

foot tall wall):

(4.6)

The above equations were developed based on test data of 1/3-scale walls with openings.

F
r

r
=

−3 2
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4.4 Capacity and Failure

All of the key properties can be determined from the load-interstory drift curves.

For walls tested cyclically, the load-interstory drift plot is a series of hysteresis loops.  In

order to compare walls tested monotonically and reversed cyclically, the load envelope or

backbone curve was introduced.  A load envelope curve is the locus of extremities of the

hysteresis loops and resembles the shape of a load-interstory drift curve obtained from

static monotonic tests.  Due to the loading pattern applied, two types of load envelope

curves were obtained in this study (Figure 4.2).  The initial envelope curve contains the

peak load from the first cycle of each phase of SPD loading whereas the stabilized

envelope curve represents the peak loads from the last cycle of each phase of SPD

loading (refer to Chapter 3).

Figure 4.2: Typical hysteresis loops of a shear wall under SPD loading

4.4.1 Wall Capacity

Ultimate or initial capacity, Fpeak,initial, is the highest average of the absolute
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loading.  Likewise, the average value of the corresponding interstory drifts determined

the displacement at initial capacity, denoted as ∆peak,initial.  Stabilized capacity,

Fpeak,stabilized, is the highest average load resistance occurring in the last cycles of each

phase of SPD loading, and ∆peak,stabilized stands for the corresponding average interstory

drift at this capacity.  Monotonic capacity is simply the highest load, Fpeak, resisted by the

wall, with the corresponding interstory drift ∆peak.

4.4.2 Failure

Walls are considered to have failed after a significant drop in resistance or when

the resistance reaches 0.8 Fpeak (or 0.8 Fpeak,initial depending on the test procedure),

whichever first occurs.  Often restrained shear walls do not exhibit a catastrophic failure.

Instead, the resisted load declines in form of a parabola.  If no sudden decrease in

resistance is present, this definition sets a standard of what is to be considered as failure

and limits variation between studies.

4.5 Equivalent Energy Elastic-Plastic Parameters

As opposed to the idealized steel material response that undergoes an almost

perfectly elastic-plastic behavior when loaded, light-frame systems do not exhibit typical

yield behavior, and the proportional limit can not definitely be set.  Various definitions of

the yield point have been proposed in the past (Foliente 1996).  In this study the yield

point is obtained through the use of an equivalent energy elastic-plastic (EEEP) system as

described by Porter (1987).  The essence is to determine a perfectly elastic-plastic curve

circumscribing an area equal to the area enclosed by the obtained load-interstory or load

envelope curve between zero drift, failure, and the drift axis (Figure 4.3).  This area is a

measure of toughness of the system.  Toughness is the energy required to fail a system.

However, in case of cyclic loading the energy obtained from the area under the load

envelope curve is less than the total dissipated energy by the structure until failure since

the hysteresis loops in Figure 4.2 overlap.  Nevertheless, the same definitions apply to the

cyclic properties in order to obtain parameters for making comparisons.
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Note that all parameters were computed from positive and negative performance

indicators (at positive and negative drifts) and the absolute numbers of the results were

averaged.  One obtains slightly different values if the response is averaged first and then

the parameters are calculated.

Figure 4.3: Equivalent elastic plastic curve and load-interstory drift (envelope) curve

4.5.1 Elastic Stiffness

Elastic stiffness, ke, is approximated by the slope of the secant passing through the

origin and a point on the load envelope (or load-interstory drift curve) where the load

equals 40 percent of Fpeak.  This definition has been used in European standards and is

employed by the proposed ASTM E 06.11 connection test.  For SPD loading, this point is

in close vicinity to the load resisted at the first major event (FME).  For both loading

types 0.4 Fpeak is within the elastic range.  Since two envelope curves describe the

reversed cyclic behavior, the average initial and stabilized elastic stiffness from the

positive and negative envelope curves were determined for each wall.
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4.5.2 Yield Strength and Yield Displacement

The elastic portion of the EEEP curve contains the origin and has a slope equal to

the elastic stiffness, ke.  The plastic portion is a horizontal line equal to Fyield (Figure 4.3).

Porter (1987) suggested to obtain Fyield by moving the horizontal line until the areas

circumscribed by the EEEP curve and the load-interstory drift (or load envelope curve)

with the EEEP curve being the lower margin are equal to the areas with the EEEP line

being the upper margin.  However, with the definitions elaborated above, Fyield can

clearly be determined by equation:

(4.7)

where, A is the area under the respective true load-interstory drift or load envelope curve.

In case of a load envelope curve, Fyield represents the average value of Fyield, positive and

absolute Fyield, negative.  Per definition, Fyield must be greater or equal to 0.8 Fpeak.

Displacement at yield, ∆yield, was defined as the displacement at the intersection of the

elastic and plastic lines of the EEEP curve.

4.5.3 Ductility

A standard measure of a material’s ductility is the specimen’s elongation or

reduction of area in a tension test.  This deformation is related to the initial length or

initial cross-sectional area and is expressed in percent.  In case of shear walls, ductility is

defined somewhat different since it is not an elongation or a reduction of area that is of

interest but a distortion.  For light-frame shear walls, ductility has been defined by

relating the deformation at failure to the deformation at yield.  As wood systems do not

exhibit perfectly elastic-plastic behavior, deformations to determine ductility are obtained

from the EEEP curve.  The ratio of ∆failure and ∆yield defines the ductility D:

(4.8)
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Note the ductility ratio as defined here does not necessarily quantify the ability of

a structure to undergo large distortions without failure.  The reason for that is that it

weighs two variable deflections against each other.  Deformation at yield primarily

depends on elastic stiffness and capacity.  Deformation at failure actually directly shows

the ability of the system to deform and resist load.  However, deformation at failure

depends on the individual specimen and is therefore not a material property.  Considering

a structure with relatively low elastic stiffness, high capacity and large deflection at

failure, the ductility value will remain low since ∆yield will be relatively large.  Therefore,

ductility should always be considered together with other performance indicators.

4.6 Earthquake Performance Indicators

4.6.1 Damping

When energy is removed from a vibrating system and transferred into heat or

radiated away, it is called damping.  For linearly or viscously damped elastic systems,

that can be modeled as a dashpot in parallel with a spring, damping is quantified through

the damping loss coefficient that compares the amount of damping energy per radian

Wd/2π   with the linear peak potential energy Ul:

(4.9)

Damping energy dissipated per cycle, also referred to as the hysteretic energy, is

simply the area enclosed by a hysteresis loop.  Linear peak potential energy is derived

from viscously damped systems (dashed hysteresis loop in Figure 4.4) and is represented

by the area of the triangle ABC and ADE for negative and positive displacements,

respectively.  In other words, the damping loss coefficient compares the energy dissipated

with the total energy that can be released by the system in any form.  In order to obtain

the average damping loss coefficient per cycle, the dissipated damping energy is divided

by the sum of the two potential energies, or the absolute areas enclosed by triangles ABC

and ADE, respectively.  The damping loss coefficient has frequently been used to
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quantify damping of reversed cyclically loaded wood systems, and is referred to as

equivalent viscous damping ratio (EVDR) in the literature.  Considering wood structures,

it is important to point out that the concept of EVDR is a good approach to approximate

real damping values within the elastic range only (Chopra 1995).  However, for the

purpose of comparison between other tests, this study quantifies EVDR values obtained

from data where the specimens were loaded beyond the elastic limit.  EVDR values from

this data are not adequate in evaluating the system response for inelastic dynamic

analysis (Foliente 1997).  Furthermore, the linear peak potential energy used to compute

the EVDR is not the true potential energy since timber structures do not exhibit entirely

viscous behavior but a rather complex mix of elastic-plastic and viscous-elastic

performance.  The true peak potential energy could better be approximated by the area

enclosed by the centerline of the hysteresis loop (dashed line pasing through CAE in

Figure 4.4), the drift axis, and the lines BC and DE.  However, the centerline is difficult

to accurately compute from test data.  For simplicity, the easier to determine linear peak

potential energy has been used in the past to determine the (more conservative) damping

ratio.

The amount of energy dissipated will change with changing excitation amplitude.

Therefore an EVDR was determined for each phase.  Since the EVDR is determined by a

complete cycle, the corresponding interstory drift was specified to be the maximum

positive intersory drift of the respective cycle (Point C).
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Figure 4.4: Typical initial or stabilized hysteresis loop plotted to determine cyclic

stiffness and potential energy

4.6.2 Cyclic Stiffness

Cyclic stiffness, kc, is used to monitor the stiffness degradation of the structure

during cyclic testing.  Wood structures, when tested cyclically, typically exhibit pinched

hysteresis loops with continuously changing stiffness as shown in Figure 4.4.  Cyclic

stiffness is defined as the average slope of the hypotenuse of the two triangles ABC and

ADE in Figure 4.4.  This is a computed value, and when considering that the slope is

influenced by the length of the pinched part of the hysteresis loop, it can be taken as a

measure to make inferences about stiffness degradation in wood structures.

4.7 Concluding Remarks

The presented methods to obtain performance indicators were chosen to allow

comparisons between the results obtained in this study and the study conducted by

Johnson (1997).  Outcomes of previous tests that used other methods should be re-

analyzed when compared with results from this investigation.  It is important that a
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uniform format of property definitions and a constant notation and nomenclature be

established in the near future to facilitate comparisons between test results.
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Chapter 5

Monotonic Test Results of Straight Walls and Discussion

5.1 General

The monotonic test program was comprised of six straight walls, 40 feet (12m) in

length and 8 feet (2.4m) in height.  Results obtained by Johnson (1997) were

incorporated, and the effects of three anchorage conditions on a total of three different

wall configurations were analyzed.  Due to expense, each configuration was tested only

once.  The present chapter provides the results of the monotonic tests in the form of load-

displacement curves, and lists performance indicators such as capacity, yield strength,

elastic stiffness, and ductility.  Furthermore, uplift forces and stud and sheathing

displacements are included and discussed.

5.2 Load-Drift Relationship

Load-deflection curves for a total of nine walls are depicted in Figures 5.1, 5.2,

and 5.3.  For the purpose of comparison, each graph is plotted using the same scale. Table

5.1 contains load resistance at capacity and elastic-plastic curve parameters.  Wall A was

tested with only two anchorage configurations, due to it being fully sheathed.  In other

words, Wall A was tested twice with tie-down anchors at the ends.  Therefore,

differences in capacities between the two tests cannot be explained by differences in the

amount of tie-down anchors.  Recall that Johnson (1997) tested plywood sheathed walls.

Although OSB equivalency to plywood sheathed walls is given in all three building codes

and has been shown by Foschi (1980) and Dolan (1987), differences could be a result of

the two different sheathing materials and/or statistical variation between the two

specimens.

The curves reveal that the amount of tie-down anchors influences the load-drift

characteristic, dissipated energy, ultimate capacity, and failure mode.  The magnitude of

influence depends on the amount of openings in the wall.  The fully sheathed Wall A
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without overturning restraint reached 73 percent of the ultimate monotonic capacity of

the OSB sheathed wall with maximum amount of overturning restraints (Table 5.2).  In

addition, the area under the load versus drift curve for Wall A without restraint is rather

narrow compared to the curves shown for walls with restraint.  Consequently, in case of

Wall A without tie-down anchors, a substantial amount of induced energy was

transformed into rigid body rotation, rather than racking resulting in lower ductility.  The

same trend, however, was not apparent for Walls D and E.  For these configurations the

elastic stiffness was significantly lower and therefore racking was the primary resistance

component (Table 5.1).  However, ultimate capacity decreased up to 59 percent (Wall E)

if tie-down devices were omitted when compared to walls with maximum overturning

restraint (Table 5.2).

Figure 5.1: Load vs. interstory drift curves of wall configuration A
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Figure 5.2: Load vs. interstory drift curves of wall configuration D

Figure 5.3: Load vs. interstory drift curves of wall configuration E
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Table 5.1: Load-displacement data

Wall Specimens

no tie-down anchors
(OSB)

anchors at end of
wall only (1)

(Plywood)

maximum amount of
tie-down anchors

(OSB)

A D E A(2) D E A(2) D E

Peak Load (kips) 25.1 9.8 4.4 38.6 12.0 8.0 34.6 15.5 10.8

Fyield (kips) 22.5 8.7 4.0 35.4 10.9 7.3 31.5 14.7 9.9

Elastic Stiffness (kips/ in) 54.0 13.5 8.7 64.3 17.7 7.8 73.3 20.6 13.7

∆yield (in) 0.4 0.6 0.5 0.6 0.6 0.9 0.4 0.7 0.7

∆failure (in) 1.6 3.3 2.3 4.0 4.0 4.9 3.7 3.8 3.2

Ductility 3.9 5.1 5.0 7.3 6.6 5.3 8.6 5.3 4.5

Drift @ 0.8 Fpeak 1.7 3.3 2.3 4.0 4.0 4.9 3.7 3.8 3.8

(1) From Johnson (1997)
(2) Wall A has the same anchorage requirements for the anchors at the end of wall only and maximum

amount of tie-down anchors due to being fully sheathed

Note: The numbers presented are rounded.  All calculations were done using original values.

Table 5.2: Relative capacities based on engineered construction.

Wall Specimens

no tie-down anchors(1) anchors at end of wall
only(2)

maximum amount of
tie-down anchors(1)

A D E A(3) D E A(3) D E

Relative Capacity (%) 73 63 41 112 77 74 100 100 100

(1) These specimens had OSB sheathing
(2) These specimens had plywood sheathing (Dolan and Johnson 1996 a and b)
(3) Wall A has the same anchorage requirements for the anchors at the end of wall only and maximum

amount of tie-down anchors due to being fully sheathed.

Ultimate capacity of Wall D and E with tie-downs at the ends only was 23 percent

and 26 percent, respectively, lower than the capacity of the same walls with maximum

amount of tie-down anchors (Table 5.2).  The elastic stiffness of Wall E was almost

doubled by increasing the amount of tie-down anchors from two to four.  Wall D showed
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a 16 percent increase in elastic stiffness as tie-down anchors were increased from two to

eight.  Thus, the perforated shear wall method, compared to traditional engineered design,

decreases ultimate capacity and stiffness of the walls.  This is due to the intermediate,

fully-sheathed segments behaving more independently as the opening size increases

resulting in end stud lifting from the bottom plate of each segment.  Subsequently, when

tie-down restraint is omitted, the sheathing nails have to transfer the entire uplift to the

bottom plate resulting in higher nail slip and therefore higher wall displacement.

As expected, compared to unrestrained walls, the ultimate capacity and stiffness

increased with increasing overturning restraint.  It should be noted that these results are

representative of conditions where no gravity load from dead and live loads are present.

The ultimate capacity and stiffness may increase with an increase in gravity loads due to

the probable reduction in uplift of the end stud.  This probable increase would be largest

for walls without overturning restraint.

5.3 Ductility

Ductility values alone are not very informative regarding wall performance (Table

5.1).  As previously mentioned, ductility is defined by dividing the interstory drift at

failure by the interstory drift at the determined yield load.  However, drift at yield load is

decisively dependent upon stiffness.  Ductility values ranged from 3.9 (Wall A, no

anchors) to 8.6 (Wall A, anchors, OSB sheathing).  The values obtained show no

apparent trend.

Considering the load-deflection curves of all walls, the perforated shear Walls E

and D appear to carry the highest proportion of maximum capacity over the greatest

displacement, whereas Wall A without tie-down devices shows the most brittle behavior.

Nevertheless, the values in Table 5.1 do not reflect that trend.  Note that for all anchorage

conditions the elastic stiffness of Walls D and E is significantly lower than that of the

fully-sheathed configuration, Wall A.  Although the ultimate capacity decreased with

increasing opening size, the substantially lower stiffness led to relatively high yield

displacements which in turn reduced the ductility ratio.  Furthermore, there is some



Chapter 5 Monotonic Test Results of Straight Walls and Discussion 63

variation in defining the point of failure.  If no sudden load drop occurs, the load at

failure and the corresponding displacement is taken at 0.8 Fpeak.  However, a sudden load

drop is not necessarily clearly identified since the shape of a load-displacement curve can

be altered significantly when plotted on different scales.  For that reason, the drift at 0.8

Fpeak was included in Table 5.1.  Considering those drifts for all walls, anchors at the ends

of the wall increased the deformation at failure (if consistently taken as 0.8 Fpeak).  Yet,

this deformation did not increase when the number of tie-downs was increased from two

to maximum.

5.4 Perforated Shear Wall Method

Table 5.3 contains actual and predicted shear strength ratios determined using

Equation 4.4 (Chapter 4).  Actual shear strength ratios are higher than the predicted ratios

in all cases.  Table 5.3 illustrates that the amount of conservatism increases as the amount

of opening in the wall increases.  The same behavior was found by Johnson (1997).

Actual shear strength ratios range in conservatism from zero percent for a fully-sheathed

wall to 240 percent for Wall E with maximum number of tie-down anchors.  Wall A has

an actual shear strength ratio of 1.0 because the predicted ratio given by Equation 4.4 is

based on the fully-sheathed configuration.



Chapter 5 Monotonic Test Results of Straight Walls and Discussion 64

Table 5.3: Capacities and actual and predicted shear strength ratios

Wall Specimens

no tie-down anchors
(OSB)

anchors at end of
wall only (1)

(Plywood)

maximum amount of
tie-down anchors

(OSB)

A
r=1.00

D
r=0.48

E
r=0.30

A(2)

r=1.00

D
r=0.48

E
r=0.30

A(2)

r=1.00

D
r=0.48

E
r=0.30

Displacement (in) @ Peak Load 1.2 2.0 1.2 2.3 1.9 2.6 1.6 2.0 2.2

Peak Load (kips) 25.1 9.8 4.4 38.6 12.0 8.0 34.6 15.5 10.8

Predicted shear strength ratio, (F) 1.00 0.24 0.13 1.00 0.24 0.13 1.00 0.24 0.13

Actual shear strength  ratio, (f) 1.00 0.39 0.17 1.00 0.31 0.21 1.00 0.45 0.31

Actual / Predicted 1.00 1.62 1.34 1.00 1.29 1.60 1.00 1.86 2.40

(1) From Johnson (1997)
(2) Wall A has the same anchorage requirements for the anchors at the end of wall only and maximum

amount of tie-down anchors due to being fully sheathed
Note: The numbers presented are rounded.  All calculations were done using original values.

Figure 5.4 shows the actual shear strength ratios from the load-interstory drift

curves for the monotonic tests, along with the curve for predicted shear strength ratio

given by Equation 4.4.  Values from the walls with the maximum amount and without

overturning restraint suggest rather linear relationships and indicate that the perforated

shear wall method does predict conservative capacities for those walls but seems to be

inaccurate.  Yet, more tests are needed to confirm this observation.  As expected, the

amount of conservatism increases as the number of tie-downs is increased from two to

maximum.
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Figure 5.4: Shear strength ratios at capacity (Eq. 4.4)

5.5 Sugiyama’s Equations

Sugiyama and Matsumoto (1994) derived Equations 4.4, 4.5, and 4.6 to predict

the resistance reduction of a wall with openings compared to a fully-sheathed wall at

shear deformation angles of 1/300, 1/100 and 1/60 radian.  For an 8 feet tall wall this

corresponds to the interstory drifts listed in Table 5.4.  Johnson (1997) concluded that for

walls with overturning restraints at the ends only, Sugiyama’s equations predict

conservative ratios.  For comparison, Johnson’s data is listed in Table 5.4 along with the

actual and predicted shear strength ratios of the walls tested in this study.

The amount of conservatism of the predicted ratios at these displacements

increases when applied to walls with maximum overturning restraint.  However, the

predictions using Equations 4.4, 4.5, and 4.6 for walls without overturning restraint, are

between 8 and 41 percent higher than the actual values and still fairly conservative.
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Table 5.4: Actual and predicted shear strength ratios at various interstory drifts

Wall Specimens

no tie-down anchors
(OSB)

anchors at end of
wall only (1)

(Plywood)

maximum amount of
tie-down anchors

(OSB)

A
r=1.00

D
r=0.48

E
r=0.30

A(2)

r=1.00

D
r=0.48

E
r=0.30

A(2)

r=1.00

D
r=0.48

E
r=0.30

Load (kips) @ 0.32 in. int. drift 14.5 4.1 2.4 19.0 5.1 2.5 19.6 6.5 4.4
Actual shear strength  ratio, (F) 1.00 0.28 0.17 1.00 0.27 0.13 1.00 0.33 0.22
Predicted shear strength  ratio 1.00 0.26 0.14 1.00 0.26 0.14 0.14 0.26 0.14

Actual / Predicted 1.00 1.10 1.20 1.00 1.04 0.95 1.00 1.29 1.62

Load (kips) @ 0.96 in. int. drift 23.9 7.6 4.2 33.4 10.7 6.2 31.9 12.3 8.5
Actual shear strength  ratio, (F) 1.00 0.32 0.18 1.00 0.32 0.19 1.00 0.39 0.27

Predicted shear strength  ratio 1.00 0.24 0.13 1.00 0.24 0.13 1.00 0.24 0.13
Actual / Predicted 1.00 1.35 1.41 1.00 1.36 1.49 1.00 1.64 2.13

Load (kips) @ 1.6 in. int. drift 22.1 9.5 4.2 37.7 11.9 7.4 34.3 15.0 10.3
Actual shear strength  ratio, (F) 1.00 0.43 0.19 1.00 0.32 0.20 1.00 0.44 0.30
Predicted shear strength  ratio 1.00 0.32 0.18 1.00 0.32 0.18 1.00 0.32 0.18
Actual / Predicted 1.00 1.36 1.08 1.00 1.00 1.11 1.00 1.38 1.70

(1) From Johnson (1997)
(2) Wall A has the same anchorage requirements for the anchors at the end of wall only and maximum

amount of tie-down anchors due to being fully sheathed
Note: The numbers presented are rounded.  All calculations were done with original values.

As mentioned above, Equation 4.4 has been proposed to predict the shear strength

ratio at capacity.  Though this equation was derived from data obtained at a shear

deformation angle of 1/100 radian or 0.96 inch interstory drift, the displacements at

capacity listed in Table 5.3 are significantly higher than 0.96 inch.  Consequently,

Equation 4.6, which predicts the shear strength ratio at 1.6 inches of interstory drift,

appears to be more appropriate to predict the shear strength ratio at capacity, which can

be seen by comparing Figure 5.5 and Figure 5.4.  Figure 5.5 depicts the actual shear

strength ratios at capacity and the predicted ratio, which is plotted as a continuous line

using Equation 4.6.  Notice that the actual shear strength ratios are much closer than the

predictions made with Equation 4.4.
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v
F

L
peak=

Figure 5.5: Predicted Shear strength ratio at capacity using Equation 4.6

5.6 Overall Wall Response

5.6.1 Tie-down Tension Bolts

Tension load bolts measured the uplift forces resisted by the tie-down anchors

during monotonic loading.  Correlation of racking load resisted by the shear wall to load

resisted by the bolt was determined and the results are shown in Table 5.5.  Unit shear

was determined using the equation:

(5.1)

where v is the unit shear, Fpeak stands for wall capacity, and L is the sum of the widths of

full-height sheathing panels.  Consequently, the theoretical uplift was obtained by

multiplying the unit shear v by the normal distance between applied load and foundation,

which equals the wall height in this investigation.

The ratio of actual to theoretical uplift exceeds unity for Wall D with tie-down
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overturning restraint elucidate how little uplift force is transferred to the foundation in a

concentrated manner if tie-down anchors are omitted.  The lower forces experienced by

the instrumented bolts were due to the inability of the sheathing nails to transfer the

overturning loads.  The associated damage to the sheathing nails resulted in significantly

reduced capacities.  This indicates a possible advantage for using “lighter” but more

disperse tie-down devices if lower ultimate capacities are adequate.  Tension bolts

experienced their maximum load at wall displacements lower than where ultimate

capacity was reached in walls with no overturning restraint (Figure 5.6).  This is

attributed to the fact that the sheathing started to separate from the bottom plate at the end

stud and progressed towards the middle of the wall at loads below capacity.

Subsequently, less uplift forces could be transferred to the bottom plate in close vicinity

of the end stud where the tension bolt was located.  The bolt load values in Table 5.5 for

walls without overturning restraint are the maximum loads recorded by the tension bolts.

With tie-down anchors applied, maximum load in the tension bolts was reached at

displacements higher than where wall capacity was reached (Figure 5.7).  Again, this was

a result of the nailed sheathing-to-frame connection starting to fail in the corners where

the fasteners were most heavily loaded.  The sheathing transferred less uplift forces to the

foundation.  Consequently the tie-down devices resisted higher loads as displacements

increased past capacity.  Tension bolt loads in Table 5.5 for walls with overturning

restraint are the loads recorded at wall capacity, not the maximum loads experienced by

the bolts.
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Table 5.5: Force resisted by tension bolt at or near wall capacity

Wall Configuration

no tie-down
anchors(1)

anchors at end of
wall only(2)

maximum amount of
tie-down anchors(1)

A D E(4) A(3) D E A(3) D E

F tension bolt (lbs.) 755 697 N/A 3865 8014 6592

Wall capacity (kips) 25.1 9.8 4.4 34.6 15.5 10.8

Unit shear (lbs./ft) @ Fpeak, wall 628 613 367 865 969 900

Theoretical uplift (lbs.) 5020 4900 2933 6920 7750 7200

actual / theoretical 0.15 0.14 - 0.56 1.03 0.92

(1) These specimens had OSB sheathing.
(2)Johnson (1997) did not measure uplift forces for these configurations.
(3) Wall A has the same anchorage requirements for the anchors at the end of wall only and maximum

amount of tie-down anchors due to being fully sheathed.
(4) Data not available due to damaged leads to tension bolt.
Note: The numbers presented are rounded.  All calculations were done with original values.

All bolts were pretensioned prior to testing.  The load histories in Figures 5.6 and

5.7 are offset from zero due to that pretensioning.  The actual tension load is the total

load recorded by the bolts less the respective pretension recorded at the beginning of each

test.  Figure 5.6 includes the recording of the pretensioned tension bolt on the

compression ends of Walls A and E.  For all other walls the measurement could not be

obtained due to a malfunctioned bolt.  The total magnitude of compression is simply the

maximum load less the minimum load recorded by the bolt assuming that no relaxation of

the wood fibers occurred during the test.  The compressive force near the stud was 605

lbs in Wall A and 716 lbs in Wall E.  The load histories of the two “compression” bolts

show a minimum at a displacement lower than and close to the capacity displacement.

The steady load increase at increasing drifts is associated with the accumulated damage

experienced by the walls beyond capacity.
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Figure 5.6: Resisted load by tension bolts of Walls A, D, E, respectively, not restrained
against uplift, along with the corresponding load envelope curves
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Figure 5.7: Resisted load by tension bolts of Walls A, D, E, respectively, with maximum
uplift restraints, along with the corresponding load envelope curves
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5.6.2 End Stud Uplift Displacement

Vertical displacements of the end studs for each wall configuration at ultimate

capacity are listed in Table 5.6.  Due to computer error, the data pertaining to the end stud

behavior for Wall E (with tie-down at the ends of the wall only) was not recorded

correctly and was not available.  For all walls, the displacement given in Table 5.6 for the

compression end stud was due to crushing of the sill plate and closing of sometimes small

gaps between stud and sill plate.

With anchors attached, the end studs were presumed to rotate about the anchor

bolt.  Considering that the change of the wall diagonal was not measured, a significant

part of the uplift measured is due to the shear distortion of the framing (refer to Chapter 3

for geometry of LVDT fixture).  At 2 inches (51mm) interstory drift, where most walls

tested monotonically reached capacity, dx as shown in Figure 5.8 is approximately 0.1

inch (2.5mm) depending on how much racking distortion of the framing actually

occurred.  Taking the amplification effect of the LVDT fixture into account (Figure 3.4),

a dx of 0.1 inch corresponds to an erroneous uplift displacement of 0.03 inch.  Therefore,

the numbers displayed in Table 5.6, for walls containing anchors are approximate

numbers only and the actual values are smaller.  Differences of the stud displacements

between walls with restraint at the ends of the wall and walls with maximum overturning

restraint are not significant.  Relatively small displacements of the compression end studs

of wall configuration E compared to the configurations A and D indicate that the two

fully sheathed segments at the ends of Wall E behave more or less independently.

Compression end stud displacements did not differ significantly between anchorage

conditions.  Tension end stud displacements, however, are substantially higher for walls

not restrained against uplift, as expected.  Due to its higher stiffness, Wall A of this group

showed the greatest separation (0.95in or 24mm) of the tension end stud from the sill

plate.  It should be noted that the unrestrained stud displacements were not corrected to

compensate for amplifications caused by the lever arm of the LVDT fixtures since no

movement pattern of the studs could be accurately assumed.  Unfortunately, without

correction there could be a significant amount of “uplift displacement” measured which
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was in reality stud rotation (Figure 5.8).  As upper bound for walls without tie-down

anchors, an error of 0.1 inch (dx not corrected for amplification) can be assumed.  Again,

the numbers in Table 5.6 for walls without restraints, are to be considered as approximate

values only.

Table 5.6: Vertical end stud displacement at wall capacity

Wall Specimens

LVDT Location no tie-down
anchors (OSB)

anchors at end of
wall only (1)

(Plywood)

maximum amount
of tie-down

anchors (OSB)

A D E A(2) D E A(2) D E

Compression End Stud  (in) 0.14 0.14 0.07 0.11 0.15 N/A 0.11 0.15 0.08

Tension End Stud  (in) 0.95 0.86 0.82 0.11 0.11 N/A 0.11 0.11 0.13

(1) From Johnson (1997)
(2) Wall A has the same anchorage requirements for the anchors at the end of wall only and maximum
amount of tie-down anchors due to being fully sheathed

Figure 5.8: False uplift displacement measured if wall is only racking (no anchors)
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5.6.3 Sheathing Displacement

During monotonic testing, displacements of OSB sheathing panels relative to the

framing were only recorded from Wall D with maximum amount of anchors.  The reason

is that the scope of the study was augmented and these measurements were included after

several specimens had already been tested.  Johnson (1997) did not record sheathing

displacements.  Hence, comparisons between different wall configurations for walls

loaded monotonically cannot be made.  However, the recorded data from Wall D

represent preliminary results and give general information about sheathing displacements

relative to the framing.  For the analysis, it was assumed that each OSB panel was

perfectly rigid and did not distort during loading.  In addition, the assumption was made

that the top plate attached to the load distribution beam did not bend.  Any two-

dimensional displacement of a rigid panel can then be described by a x- and y-

displacement of the panel midpoint and a rotation about the normal passing through the

midpoint (Refer to Chapter 3, Section 3.2.2 for LVDT arrangements).  Note that the two

LVDTs recording the rotation of the sheathing against the bottom or top plates measured

a higher rotation than actually experienced by the sheathing.  As a shear wall is deflected

the distance between top and bottom plate decreases.  Associated with the position of the

two LVDTs, that decrease will bias the measurements.  Assuming that the loaded end

stud and the top plate did not bend, at wall capacity the recorded angle of rotation relative

to top and bottom plate is approximately 10 percent high.  However, there was not

sufficient information to correct the data accordingly, as the exact decrease of the

distance between the two plates was not measured.  At interstory drifts greater than 4

inches (102mm) the data becomes unreliable because sometimes the LVDT core was

caught in the gap generated between sheathing and framing.

5.6.3.1 Midpoint Movement

Figures 5.9 and 5.10 depict the midpoint movement of Panels 5 and 7,

respectively, relative to the framing along with the corresponding interstory drift.  Drift

during contraction of the hydraulic actuator was specified as positive.  However, the
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interstory drift values shown in Figures 5.9 and 5.10 are absolute values.  The reader is

referred to Figure 5.11 that specifies x- and y- direction.

Figure 5.9: Midpoint movement OSB Panel 5, Wall D, maximum amount of anchors

Figure 5.10: Midpoint movement OSB Panel 7, Wall D, maximum amount of anchors
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Wall D reached capacity at 2 inches (51mm) interstory drift.  It is apparent from

Figures 5.9 and 5.10 that midpoint movements of both panels are insignificant at

interstory drifts of less than 2 inches.  Consequently, up to wall capacity it is safe to

assume that the sheathing rotates about its centroid.  At higher interstory drifts both

panels “accelerate” and the midpoint drift with respect to the framing becomes more

pronounced with the midpoint of Panel 5 moving towards the top plate and that of Panel

7 drifting towards the bottom plate.  Since the midpoint movements are fairly small they

could very well be arbitrary.  The sample size of one does not allow further inferences to

be made.

5.6.3.2 Sheathing Rotation

Because the framing distorts into a parallelogram during loading, the rotation

relative to the studs and relative to top and bottom plate of panels 5 and 7 was

determined.  Figure 5.11 depicts how positive and negative rotation is specified.  A

negative angle in Figures 5.12 and 5.13 indicates a clockwise rotation of the sheathing

with respect to the corresponding framing member (stud or plate) when viewed from the

sheathing side of the wall.  The line labeled lozenging rotation represents the rotation

angle γ (Figure 5.11) of the end stud where the load was applied, assuming that the stud

did not bend during loading.

Considering the two graphs, panels 5 and 7 rotated during the test as shown in

Figure 5.11.  The panel rotation relative to the studs was significantly less than the

rotation with respect to top and bottom plate shown in Figures 5.12 and 5.13.  This

demonstrates that the fasteners located in the corner attaching sheathing and plates are

most heavily loaded and will fail first.  The rotation of Panel 7 relative to the studs is

essentially zero.  The adjacent panels may have caused Panel 7 to bend and restrained it

from rotating past the studs.
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Figure 5.11: General sheathing rotation relative to the framing

Figure 5.12: Rotation of OSB Panel 5, Wall D, maximum amount of anchors
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γ α β= −

Figure 5.13: Rotation of OSB Panel 7, Wall D, maximum amount of anchors

According to simple diaphragm theory and considering the sign specification

mentioned above, the angle of rotation of the end stud (lozenging rotation) can be

expressed as:

(6.1)

where α is the rotation relative to the top and bottom plate and β stands for the rotation

relative to the studs.  If α is specified as positive, β has to be negative if the wall behaves

as indicated in Figure 5.11.  However, when superpositioning the two curves in Figures
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difference increases with increasing interstory drift.  The neglected shear deformation of
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distortion of an OSB panel in Wall D is about 0.06 degrees presuming there is no nail

slip.  Another reason for the difference is that bending of the framing elements elucidates
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-0.5

0

0.5

1

1.5

2

2.5

3

3.5

4

-7 -6 -5 -4 -3 -2 -1 0

Inters tory dr ift (in)

R
o

ta
ti

o
n

 a
n

g
le

 (
 °

) ro tat ion relat ive to top 

and bot tom  plate

rotat ion relat ive to studs

lozenging rotat ion

R
ot

at
io

n 
an

gl
e 

(°
)



Chapter 5 Monotonic Test Results of Straight Walls and Discussion 79

pronounced in the case of Wall D with only four fully sheathed panels.  Furthermore, as

previously mentioned in Chapter 3, the recorded interstory drift contains the shear wall

deflection arising from rigid body rotation.  As Table 5.6 displays, the uplift at capacity

of Wall D fully restrained was approximately 0.11 inch (2.8mm).  That corresponds to a

maximum possible rotation angle of 1.6 degrees if it is assumed that the stud rotates

about the anchor.  Put together, these two additional components compensate for the full

difference between the combined measurements and the lozenging measurement.

5.7 General Observations

These tests were performed without an applied gravity (dead and live) load in

order to test the most conservative condition.  If gravity load had been present, the studs

next to openings that had no overturning restraint (i.e., no tie-down connectors) would

not have lifted from the test frame as much.  This would have reduced damage to the

nails attaching the sheathing to the bottom plate in these regions.  The result may have

been an improved overall performance.  This is especially clear when one considers that

studs next to openings have the highest compressive load due to applied dead load.

With the exception of Wall A without overturning restraint, all walls showed the

ability to support loads close to capacity at displacements well beyond peak capacity.

Failure modes for walls with maximum overturning restraint were similar to the

observed modes by Johnson (1997).  Typical failures for these wall types often included

buckling of the OSB panel adjacent to the load cell after maximum load was achieved,

and at larger displacements, nail tear through at the bottom edge of the OSB panels, and

nail tear through or head pull through of the gypsum wallboard panel edges.  OSB edges

between two panels failed in bearing and were crushed due to racking forces.  Some OSB

and gypsum panels started overlapping at displacements well beyond failure.  In addition,

end stud bending in the wall plane was apparent.  At displacements beyond failure, the

top plate started to separate from the compression end stud.  Panels above and below

openings acted more or less as rigid bodies.

Failure modes for walls with no overturning restraint were conspicuously

different.  For all three walls, the typical failure mode was the tension end stud separating
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from the bottom plate and the sheathing unzipping from the bottom plate.  As the tension

stud started to separate from the bottom plate the few nails at the bottom of the sheathing

resisted the entire overturning force.  Consequently nails at this location started to tear

through the OSB and gypsum panel edges.  The result was a progressive failure of the

nails at the bottom of the wall.  At larger displacements, (much larger than displacements

near capacity) studs and sheathing totally separated from the bottom plate.  Crushing of

panel edges between sheathing panels, was observed occasionally.  Damage of gypsum

edges was less apparent for walls with no overturning restraint.  In all walls, cracking and

failure of taped joints between gypsum panels occurred at displacements of

approximately 1 inch.

5.8 Summary

In summary, the major effects of overturning restraint on full-size wood frame

shear walls with and without openings, tested monotonically are:

1)  In general, tie-down anchors enhance the overall performance of a shear wall.

Without tie-down anchors applied the structure exhibits a pronounced rigid body

rotation arising from uplift and separation along the bottom plate.

2)  Shear walls constructed according to the perforated shear wall method, as opposed to

traditional engineered design, are less stiff.  Ultimate capacity was significantly

lower.  Stiffness and capacity were further reduced when tie-down anchors were

omitted.  The fully-sheathed wall with no overturning restraint showed the largest

rigid body rotation and the least ability to dissipate energy.  Thus, a shear wall

containing the maximum amount of tie-down anchors utilizes overall material

strength most efficiently, but the performance improvements may not be justified

depending on construction costs and design criteria.

3)  Walls with overturning restraint at the ends of the wall, and walls with maximum

overturning restraint, showed similar failure modes.  Ultimate capacity was reached

when sheathing nails of both, OSB and gypsum wallboard started to tear through the

panel, and when the panel edges started to fail in compression.
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4)  Walls with no overturning restraint, failed due to nail tear through and stud separation

along the bottom plate. These walls had the lowest stiffness and capacity.  However,

the performance appears adequate for many design conditions where the expected

lateral loads are low to moderate in magnitude.  This is especially evident if smaller

structures are considered along with the effects of gravity loads and corner framing.

5)  The data suggest that the empirical perforated shear wall design approach gives

conservative design values for all wall configurations tested in this study.  The

amount of conservatism increased with increasing opening size in the wall and

increase in overturning restraint.  Equation 4.6 appears to be a better approximation to

predicting shear strength ratios at capacity than predictions made by Equation 4.4,

which has been incorporated in the Perforated Shear Wall Method.
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Chapter 6

SPD Test Results of Straight Walls and Discussion

6.1 General

Results presented in this chapter were obtained from six straight walls, 40 feet

(12m) in length and 8 feet (2.4m) in height.  The walls were tested using a sequential

phased displacement pattern (SPD) as discribed in Chapter 3.  Due to expense, every

configuration was tested only once.  As with the monotonic tests, results of plywood

sheathed and SPD tested walls of identical configuration obtained by Johnson (1997) are

incorporated.  Effects of three different anchorage conditions on three wall configurations

are compared and discussed here.  Data analysis includes the determination of

performance indicators such as capacity, yield strength, elastic and cyclic stiffness, and

ductility.  In addition, for future reference equivalent viscous damping ratios are

computed for each configuration.  Uplift forces, and stud and sheathing displacement

histories are also presented.  The discussion closes with a general description of the

overall behavior of the walls.

6.2 Load-Drift Relationship

Please note that Wall A was tested cyclically with only two anchorage conditions

due to it being fully sheathed.  As with the monotonic results, differences in capacities or

other performance indicators between the two specimens cannot be explained by the

amount of tie-down anchors but may be a result of statistical variation or a slight

difference between plywood and OSB nail bearing strength.

Initial load envelope curves of each wall configuration are depicted in Figures 6.1,

6.2, and 6.3.  It has been proposed that data from the initial curve can be used to establish

design values for shear walls subjected to a one time peak load such as wind loading.

Data from the stabilized curve can be used to set conservative design values for shear

walls subjected to repetitive cycling such as a seismic event.  However, an adjustment in
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the system response factor, R, which is used in calculating base shear, may be needed to

compensate or calibrate the design process to expected response.  Load resistance at

capacity was determined from the initial and stabilized load envelope curves and is

presented in Table 6.1.  All performance indicators listed in Table 6.1 represent average

values from the respective positive and negative load envelope curves.

Figure 6.1: Load vs. Interstory drift envelope curves of wall configuration A
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 Figure 6.2: Load vs. Interstory drift envelope curves of wall configuration D
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 Figure 6.3: Load vs. Interstory drift envelope curves of wall configuration E

-35000

-25000

-15000

-5000

5000

15000

25000

35000

-4 -2 0 2 4

In te rs tory  dri f t  ( i n )

L
o

a
d

 (
lb

s
)

-156

-136

-116

-96

-76

-56

-36

-16

4

24

44

64

84

104

124

144

-102 -82 -62 -42 -22 -2 18 38 58 78 98

(m m )

(k
N

)

max. amount  anchors

no anchors

anchors at  end on ly



Chapter 6 SPD Test Results of Straight Walls and Discussion 86

Table 6.1: Initial cyclic and stabilized cyclic load resistance data

Wall Specimens

no tie-down anchors (1) anchors at end of wall
only (2)

maximum amount of
tie-down anchors (1)

A D E A (3) D E A(3) D E

Capacity
Initial SPD (kips) 26.7 10.1 4.8 32.0 11.2 7.3 27.7 13.4 8.4
Stabilized SPD (kips) 22.5 8.7 4.1 27.4 9.6 6.3 23.7 11.7 7.1
Stabilized/Initial 0.84 0.86 0.85 0.86 0.86 0.87 0.85 0.87 0.85

Fyield

   Initial SPD (kips/in) 24.3 9.0 4.3 29.9 10.3 6.3 25.3 12.2 7.6
   Stabilized SPD (kips/in) 20.2 7.7 3.7 25.8 9.6 5.3 21.6 10.5 6.5
   Stabilized/ Initial 0.83 0.86 0.86 0.86 0.94 0.84 0.85 0.86 0.85

Elastic Stiffness
   Initial SPD (kips/in) 61.6 16.5 11.0 70.4 17.6 16.7 69.0 21.9 16.8
   Stabilized SPD (kips/in) 61.1 16.4 11.1 70.1 17.4 16.0 67.8 21.2 16.8
   Stabilized/ Initial 0.99 0.99 1.01 1.00 0.99 0.96 0.98 0.97 1.00

(1) These specimens had OSB sheathing
(2) These specimens had plywood sheathing (Johnson1997)
(3) Wall A has the same anchorage requirements for the anchors at the end of wall only and maximum

amount of tie-down anchors due to being fully sheathed.
Note: The numbers presented are rounded.  All calculations were done with original values.

Peak load of the initial and stabilized cycles is correlated with the amount of tie-

down anchors.  For all wall configurations, capacity increased with increasing

overturning restraint.  The increase in capacities with the number of tie-down anchors

was also affected by the size of openings.  Wall E with the largest opening shows the

greatest increase measured as proportion of capacity, while the capacity of Wall A

experienced the least amount of relative increase.  This trend is better described in Table

6.2.  The relative capacities based on engineered construction with maximum amount of

tie-down devices are shown for each wall configuration.  Initial and stabilized peak loads

of Wall A decreased by less than 5 percent when overturning restraints were omitted,

whereas the capacities of Wall E with the largest opening and no tie-down devices

decreased 43 percent compared to the same configuration with maximum restraint.  It

should be noted that these test observations are relative to the nature of the test method
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and conditions.  When corner framing is considered as discussed in Chapter 7, the

strength and stiffness of conventionally-built (unrestrained) walls is enhanced.

Consideration of gravity load effects may also provide expected improvements in tested

or predicted performance.

Table 6.2: Relative capacities based on engineered construction.

Wall Specimens

no tie-down anchors(1) anchors at end of wall
only(2)

maximum amount of
tie-down anchors(1)

A D E A(3) D E A(3) D E

Relative capacity (%)
Initial SPD (kips) 96 75 57 116 84 87 100 100 100
Stabilized SPD (kips) 95 74 58 116 82 89 100 100 100

(1) These specimens had OSB sheathing
(2) These specimens had plywood sheathing (Johnson 1997)
(3) Wall A has the same anchorage requirements for the anchors at the end of wall only and maximum

amount of tie-down anchors due to being fully sheathed.

The ratio of stabilized to initial peak load is almost constant for all wall

configurations.  According to the ratio, the reduction of ultimate resistance between

initial and stabilized SPD cycles is, on average, 14 percent (Std Dev = 1%).  This

demonstrates that strength degradation of shear walls is a result of crushing of the timber

around the nail shanks, partial nail withdrawal, and is independent on size of openings

and anchorage conditions.  Table 6.1 includes the two parameters Fyield and elastic

stiffness determined from the EEEP curve.  The average reduction of Fyield between initial

and stabilized cycles is 14 percent (Std Dev = 3.1%) for all wall configurations. Again,

this confirms that the damage experienced by the walls was fairly uniform regardless of

the amount of overturning anchorage present.  As expected, Fyield increased as the number

of overturning restraints increased from zero to maximum.

Stabilized and initial elastic stiffness values for a given configuration differ a

maximum of 4 percent, which is not significant for most practical applications.  Table 6.1

further shows that stiffness values also increase with an increasing amount of overturning
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restraint for a given wall, but the increase is not as pronounced.  This condition is unique

to the small amplitude of displacements used in the elastic stiffness region, resulting in

minor damage to the sheathing nails.  In all three wall groups, the highest elastic stiffness

values were determined for Wall A, fully-sheathed.  As with load resistance and capacity,

stiffness values increased in magnitude as area of openings decreased.  Stiffness values

for Wall E reached only an average of 20 percent (Std Dev = 4.3%) of the stiffness of

Wall A, regardless of the number of tie-downs.

6.3 Ductility

Recall that ductility is obtained through division of the drift at failure by yield

displacement.  Ductility values reported in Table 6.3, as well as the ratio of stabilized to

initial ductility, show no apparent trend.  Initial ductility ranged from 2.7 to 5.2, while

stabilized ductility ranged from 3.5 to 7.3.  As already mentioned in the monotonic

section, ductility values are dependent upon initial or stabilized stiffness that indirectly

determines yield displacement.  Furthermore, since the determination of a sudden load

drop that identifies failure can be ambiguous, the associated drift at failure can be

questionable as well.  For that reason, the clearly defined drift at 0.8 Fpeak was included in

Table 6.3.  However, even when considering those values, there was no recognizable

effect of tie-down anchors on ductility.

It is conspicuous that Wall D, not restrained against uplift, shows a fairly high

failure displacement.  It is also apparent that the drifts at 0.8 Fpeak are almost constant

when overturning restraints are applied.  The load is distributed more uniformly in walls

containing tie-down anchors.  The relatively constant drift is a result of nail fatigue

occurring after a certain amount of cycles at large displacements.  Wall A without tie-

down anchors shows the lowest initial and stabilized ductilities.  This indicates that this

wall failed in a rather brittle manner when compared to the other configurations (Figure

6.1).  The wall experienced little racking and the energy dissipation was lower, implying

that overturning restraints help utilize material strengths more effectively.
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Table 6.3: Initial cyclic and stabilized cyclic ductility

Wall Specimens

no tie-down anchors (1) anchors at end of wall
only (2)

maximum amount of
tie-down anchors (1)

A D E A (3) D E A(3) D E

∆yield

   Initial SPD  (in) 0.4 0.6 0.4 0.4 0.6 0.4 0.4 0.6 0.5
   Stabilized SPD (in) 0.3 0.5 0.3 0.4 0.6 0.3 0.3 0.5 0.4

∆failure

   Initial SPD  (in) 1.3 2.2 2.0 1.9 1.9 2.0 1.9 1.7 1.8
   Stabilized SPD (in) 1.3 2.1 1.9 1.9 2.0 2.0 1.9 1.9 1.7

Ductility:
   Initial SPD ductility 2.7 4.0 5.0 4.6 3.3 5.2 5.1 3.5 3.9
   Stabilized SPD ductility 4.1 3.7 7.3 5.2 3.5 6.0 5.9 3.5 4.3
   Stabilized/ Initial ductility 1.5 0.9 1.5 1.2 1.0 1.0 1.2 1.0 1.1

Drift @ 0.8 Fpeak

   Initial SPD  (in) 1.4 2.2 2.0 1.9 1.9 2.0 2.0 2.0 1.9
   Stabilized SPD (in) 1.3 2.1 1.9 1.9 2.0 2.0 1.9 1.8 1.8

(1) These specimens had OSB sheathing
(2) These specimens had plywood sheathing (Johnson 1997)
(3) Wall A has the same anchorage requirements for the anchors at the end of wall only and maximum

amount of tie-down anchors due to being fully sheathed.
Note: The numbers presented are rounded.  All calculations were done with original values.

6.4 Perforated Shear Wall Method

Table 6.4 shows actual shear capacity ratios from the initial curves along with the

predicted shear strength ratio calculated using Equation 4.4.  Actual shear strength ratios

are higher than predicted ratios in all cases except for Wall A.  Wall A has an actual shear

capacity ratio of 1.0 because the predicted ratio given by Equation 4.4 is based on the

fully-sheathed configuration.  The actual shear strength ratios are based on the capacity of

the fully-sheathed configuration with the same overturning restraint conditions.  The

amount of conservatism increases as the amount of openings in the wall increases.

Johnson (1997) noted the same trend.  The actual shear capacity ratio ranges in
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conservatism from zero percent for a fully sheathed wall to 233 percent for Wall E with

maximum number of tie-down anchors.  Similar values were obtained from monotonic

tests (Chapter 5) on the same wall configurations.

Table 6.4: Comparison of actual initial capacity with theoretical predicted capacity

Wall Specimens

no tie-down
anchors (OSB)

anchors at end of
wall only (1)

(Plywood)

maximum amount
of tie-down

anchors (OSB)

A D E A(2) D E A(2) D E

Displacement (in) @ peak load 1.06 1.34 1.15 1.20 1.51 1.23 1.23 1.33 1.23

Predicted shear load ratio, (F) (Eq. 1)1.00 0.24 0.13 1.00 0.24 0.13 1.00 0.24 0.13

Peak load (kips) 26.7 10.1 4.8 32 11.2 7.3 27.7 13.4 8.4

Actual shear load ratio, (F) 1.00 0.38 0.18 1.00 0.35 0.23 1.00 0.48 0.30

Actual / predicted shear load ratio 1.00 1.58 1.38 1.00 1.46 1.75 1.00 2.02 2.33

(1) From Johnson (1997)
(2) Wall A has the same anchorage requirements for the anchors at the end of wall only and maximum

amount of tie-down anchors due to being fully sheathed

Note: The numbers presented are rounded.  All calculations were done using original values.



Chapter 6 SPD Test Results of Straight Walls and Discussion 91

Figure 6.4: Shear strength ratios at capacity (Eq. 4.4) as a function of sheathing area ratio

Figure 6.4 illustrates the conservatism of the predicted shear strength ratio by

plotting the actual shear strength ratios and the calculated shear strength ratio according

to Equation 4.4 against the sheathing area ratio (Equation 4.1).

6.5 Sugiyama’s Equations
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restraint at maximum amount.  As expected the three equations predict more conservative

values for walls with maximum overturning restraint.  But even for walls not restrained

against uplift, the predictions are conservative.  Indicated by the high variation among the

predicted values in Table 6.5, Equations 4.4, 4.5, and 4.6 seem not to be accurate in

predicting shear strength ratios at respective interstory drifts for cyclically tested walls

even with tie-downs at the ends only.

Equation 4.4 has been proposed to predict the shear strength ratio at capacity,

although this equation was derived from data obtained at a shear deformation angle of

1/100 radian or 0.96 inch interstory drift.  However, most displacements at capacity listed

in Table 6.4 are significantly higher than 0.96 inch.  Given the fact that Equation 4.4

predicts fairly conservative values, Equation 4.6, which predicts the shear strength ratio

at 1.6 inch interstory drift, may be more appropriate to predict the shear strength ratio at

capacity. That can be seen by comparing Figures 6.4 and 6.5.  Figure 6.5 depicts the

actual and predicted shear strength ratios at capacity.  The predicted ratio is plotted as a

continuous line using Equation 4.6.
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Table 6.5: Initial cyclic and stabilized cyclic load resistance data

Wall Specimens

no tie-down anchors
(1)

anchors at end of
wall only (2)

maximum amount of
tie-down anchors (1)

A
r=1.00

D
r=0.48

E
r=0.30

A(3)

r=1.00

D
r=0.48

E
r=0.30

A(3)

r=1.00

D
r=0.48

E
r=0.30

Load (kips) @ 0.32 in. int. drift

Initial SPD (kips) 16.5 4.9 2.8 19.8 5.4 4.4 16.9 6.5 4.7

Actual shear strength  ratio, (F) 1.00 0.30 0.17 1.00 0.27 0.22 1.00 0.38 0.28

Predicted shear strength  ratio 1.00 0.26 0.14 1.00 0.26 0.14 1.00 0.26 0.14

Actual / Predicted 1.00 1.15 1.23 1.00 1.06 1.60 1.00 1.50 2.01

Load (kips) @ 0.96 in. int. drift

Initial SPD (kips) 26.4 9.2 4.7 31.7 10.7 7.0 26.9 12.4 8.1

Actual shear strength  ratio, (F) 1.00 0.35 0.18 1.00 0.34 0.22 1.00 0.46 0.30

Predicted shear strength  ratio 1.00 0.24 0.13 1.00 0.24 0.13 1.00 0.24 0.13

Actual / Predicted 1.00 1.48 1.42 1.00 1.43 1.77 1.00 1.96 2.41

Load (kips) @ 1.6 in. int. drift

Initial SPD (kips) 18.1 9.6 4.4 30.6 10.7 7.0 27.0 13.0 7.8

Actual shear strength  ratio, (F) 1.00 0.53 0.24 1.00 0.35 0.23 1.00 0.48 0.29

Predicted shear strength  ratio 1.00 0.32 0.18 1.00 0.32 0.18 1.00 0.32 0.18

Actual / Predicted 1.00 1.68 1.38 1.00 1.11 1.30 1.00 1.52 1.64

(1) These specimens had OSB sheathing
(2) These specimens had plywood sheathing (Johnson 1997)
(3) Wall A has the same anchorage requirements for the anchors at the end of wall only and maximum

amount of tie-down anchors due to being fully sheathed.
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Figure 6.5: Shear strength ratio at capacity using Equation 4.6
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6.7, the difference in damping ratios is rather small and is evident mainly when the walls

begin to separate from the bottom plate.
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Figure 6.6: Initial EVDR vs. interstory drift of wall configurations A, D, and E
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Figure 6.7: Stabilized EVDR vs. interstory drift of wall configurations A, D, and E
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With the exception of Wall E, initial and stabilized EVDR for walls containing

anchors at the ends and maximum amount of anchors almost coincide.  This is also

reflected in Table 6.6 where the mode of all EVDR obtained for each wall together with

the pertaining relative frequency is listed.  The mode is a statistical term and represents

the value of a sample that occurs with the greatest frequency.  Note that in order to obtain

a mode the EVDR values were rounded.  According to Table 6.6 the damping ratios are

fairly constant and range between 0.09 and 0.15.  Stabilized EVDRs tend to be slightly

lower than initial EVDRs.

Note that EVDR is only an approximation since the walls were loaded quasi-

statically beyond the elastic limit.  At low loading rates, where no inertia forces are

involved such as during quasi-static loading, the viscous damping is in principle zero.  In

addition, timber structures exhibit a highly non-linear behavior and a complex mix of

Coulomb damping, internal friction and rupture of material when loaded beyond the

elastic region.  Beyond the elastic limit, the equivalent viscous damping approach is not

appropriate to compare timber structures with structures of other materials (Lowe and

Edwards 1984; Polensek 1988; Foliente 1994).  For future reference the EVDR of the

first three phases (at displacements below FME) are listed in Table 6.7.  Values represent

damping ratios within the elastic range, and can be used for dynamic analysis.

Theoretically, hysteresis damping within the elastic range is zero.  Nevertheless some

energy is dissipated due to friction in nailed sheathing-to-framing connections and

compression of the grain.  In fact, Wall E without tie-down anchors exhibited an EVDR

of more than 10 percent (Table 6.7).  In the literature an EVDR of 5 percent for timber

structures has been assumed within the elastic range (Ceccotti 1995).
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Table 6.6: EVDR mode and its relative frequency

Wall Specimens

no tie-down anchors
(1)

anchors at end of
wall only (2)

maximum amount of
tie-down anchors (1)

A D E A(3) D E A(3) D E

Initial

EVDR mode 0.14 0.12 0.15 0.12 0.10 0.13 0.12 0.10 0.12

Relative frequency 0.33 0.39 0.32 0.50 0.70 0.50 0.38 0.29 0.29

Stabilized

EVDR mode 0.12 0.11 0.15 0.11 0.09 0.12 0.11 0.09 0.10

Relative frequency 0.33 0.36 0.28 0.90 0.50 0.42 0.29 0.43 0.25
(1) These specimens had OSB sheathing
(2) These specimens had plywood sheathing (Johnson 1997)
(3) Wall A has the same anchorage requirements for the anchors at the end of wall only and maximum

amount of tie-down anchors due to being fully sheathed
Note: The mode was computed using rounded numbers.

Table 6.7: EVDR from the first three phases of SPD loading (elastic range)

Wall Specimens

Interstory
drift (in)

no tie-down anchors (1) anchors at end of wall
only (2)

maximum amount of
tie-down anchors (1)

A D E A(3) D E A(3) D E

Initial

0.025 0.08 0.06 0.11 0.08 0.08 0.05

   EVDR 0.050 0.09 0.08 0.15 0.09 0.09 0.09

0.075 0.09 0.10 0.14 0.08 0.09 0.10

Stabilized

0.025 0.08 0.05 0.10 0.07 0.07 0.09

   EVDR 0.050 0.11 0.09 0.13 0.08 0.08 0.09

0.075 0.09 0.09 0.14 0.08 0.09 0.10
(1) These specimens had OSB sheathing
(2) Johnson (1997) did not list values
(3) Wall A has the same anchorage requirements for the anchors at the end of wall only and maximum

amount of tie-down anchors due to being fully sheathed.
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6.6.2 Cyclic Stiffness

Cyclic stiffness is a measure to monitor the approximate stiffness degradation of a

timber structure subjected to cyclic loading (refer to Chapter 4).  Inherent to the response

history of timber structures, cyclic stiffness is correlated with elastic stiffness.  As a

result, wall configuration A starts off with the highest initial and stabilized cyclic

stiffness (Figures 6.8 and 6.9).  Furthermore the stiffness degradation is highest for this

wall configuration.  Cyclic stiffness degradation is a result of the sheathing nail shank

crushing the wood fibers surrounding it at each progressive phase beyond the elastic

limit.  A cavity is formed around the nail shank, leaving the nail unsupported during

successive cycles until the actuator displacement increases and the nail shank becomes

supported by the previously crushed timber again.  However, until the shank contacts the

crushed timber, only bending resistance of the nail shank within the cavity and friction

counteracts the external force.  This is reflected in the pinched part of the hysteresis

loops.  As the wall displacement increases the fibers crush around more fasteners and the

cavities enlarge.  The part where the external force is resisted by nail bending only

increases.  Consequently the pinched sections of the hysteresis loops become longer, and

since the resisted load increases at a lower rate, the cyclic stiffness degrades after the first

phase.  Wall configuration A exhibits the highest degradation of cyclic stiffness because

it contains the most sheathing fasteners, due to being fully sheathed.  For all walls, the

stiffness degrades nonlinearly and approaches zero (Figures 6.8 and 6.9).

There is almost no difference between the course of the cyclic stiffness plots

when compared for each anchorage condition.  According to the graphs (Figures 6.8 and

6.9) the cyclic stiffness values of the walls without tie-down devices are typically slightly

below the other values.  The same trend was found for elastic stiffness in section 6.2.

The separation of wall and bottom plate probably adds some plastic type displacement

that reduces cyclic stiffness.
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Figure 6.8: Initial cyclic stiffness vs. interstory drift of wall configurations A, D, and E
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Figure 6.9: Stabilized cyclic stiffness vs. interstory drift of wall configurations A, D, E
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6.7 Overall Wall Response

6.7.1 Tie-down Tension Bolts

Calibrated tension load-cell bolts measured the uplift resisted by the tie-down

anchors during SPD loading.  The graphs in Figures 6.10 and 6.11 show the tensile load

distribution of the respective tension load bolt together with the load initial envelope

curve of the corresponding specimen without tie-down anchors and with maximum

amount of anchors installed, respectively.  Johnson (1997) did not use load bolts in the

wall configurations tested in his study and therefore, the anchorage condition for the

perforated shear wall method cannot be included.  The location of the bolt discussed here

was adjacent to the end stud where the load was applied (circled corner).  Data of the

second load bolt (refer to Chapter 3) could only be obtained for Wall A (max. amount of

anchors) due to instrumentation damage and is therefore not included here.  The square

shaped marks in the graphs represents that part of the initial load envelope curve where

the bolt was in tension.

Considerable load loops at positive interstory drift in the graphs of Figure 6.11 are

not real tension load values.  At positive interstory drift the hydraulic actuator was

contracting and the bottom plate underneath the load bolt was in compression.  However,

the bolts used could only record tension load.  The reason for the erroneous load at

positive drifts is that the bolt fastened both the tie-down anchor and bottom plate to the

foundation.  Arising from the stud rotation the bolt was also stressed in bending and

tension especially at larger interstory drifts and recorded false data.
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Figure 6.10: Resisted load by tension bolts of Walls A, D, and E, respectively, not
restrained against uplift, along with the corresponding initial load envelope curves
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Figure 6.11: Resisted load by tension bolts of Walls A, D, and E, respectively, with
maximum uplift restraints, along with the corresponding initial load envelope curves
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Prior to testing, all bolts were pretensioned to indirectly measure compression

loads.  For that reason the bolt load histories shown in Figure 6.10 are notably offset from

zero.  However, the bolts had to be tightened before the last sheathing panel was applied,

which was a considerable amount of time before testing.  As a result some pretension was

lost due to relaxation of the wood, and there was no control over the amount of

pretension at the beginning of the test.  During the test further relaxation and additional

crushing of the wood fibers of the bottom plate underneath the bolt and around the bolt

shank occurred resulting in a continuous decrease of pretension with each successive

cycle.  Compressive load onto the bottom plate is therefore difficult to assess.  During the

cycle where the tension bolts reached their maximum only the bottom plate in Wall A

without tie-down anchors experienced a compressive load of 273 lbs underneath the end

stud.  This value was obtained by subtracting the minimum load recorded at wall capacity

from the tension load recorded at zero interstory drift (i.e. between positive and negative

∆peak).  Note that in order to obtain the maximum tension load, the pretension has to be

deducted from the acquired data.

The recorded load underwent a sign change for walls containing anchors.  The

data was offset by the bending stress induced to the bolt.  The correct tension load in

these cases is therefore the positive amplitude of the recorded load curve plus the

minimum negative load recorded, rather than the load shown on the scale.

The peaks of the hysteresis loops acquired by the load bolts follow closely the

load envelope curve as the maximum amount of anchors was applied (Figure 6.11).

However, when anchors were omitted, the two curves are offset and the shapes do not

resemble each other.  The sudden tensile load drop, especially in the graphs for Walls D

and E, elucidates the relatively abrupt separation of sheathing and end stud from the

bottom plate.  After separation, little uplift load could be transferred to bottom plate and

foundation.

Correlation of racking load resisted by the shear wall to load resisted by the bolt

for each cycle in the test was determined and the results are shown in Table 6.8.  Unit

shear was determined according to Equation 5.1.  Tension bolts in walls without tie-down
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devices applied experienced their maximum load at wall displacements lower than where

ultimate wall capacity was reached.  In contrast, for walls with tie-down anchors applied,

maximum load in the tension bolts was reached at displacements slightly higher than

where wall capacity was reached.  The reasons for this are essentially the different failure

modes and were previously elaborated in Section 5.4 (Monotonic loading).  The load bolt

values in Table 6.8 for walls not restrained against uplift are the maximum loads recorded

by the tension bolts.  The values for walls maximally restrained, however, represent the

loads recorded at wall capacity, not the ultimate loads experienced by the bolts.

Table 6.8 lists a significantly higher tensile load for the bolt in Wall A (maximum

amount of anchors) than the graph in Figure 6.11 actually shows.  The value presented in

Table 6.8 is the tensile load measured by the second load bolt (this is the only test where

useful data was obtained for both load bolts).  This bolt was located at the end stud away

from the hydraulic actuator.  To be conservative, the tensile load of the second bolt was

incorporated into Table 6.8.  For comparison the tensile load of the bolt close to the

actuator at wall capacity was 3970 lbs.

The ratio of actual to theoretical uplift exceeds unity for Wall E with maximum

amount of tie-downs.  The significant smaller peak loads recorded by the bolts in walls

without overturning restraint elucidate how little uplift force is transferred to the

foundation in a concentrated manner if tie-down anchors are omitted.  The lower force

experienced by the instrumented bolts were due to the inability of the sheathing nails to

transfer the overturning loads.  The associated damage to the sheathing nails resulted in

significantly reduced capacities of the walls.
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Table 6.8: Force resisted by tension bolt at or near wall capacity

Wall Configuration

no tie-down
anchors(1)

anchors at end of
wall only (2)

maximum amount of
tie-down anchors (1)

A D E A (3) D E A(3) D E

F tensionbolt (lbs.) 716 475 475 5221 5228 8633

Initial wall capacity (kips) 26.7 10.1 4.8 27.7 13.4 8.4

Unit shear (lbs./ft)  @ Fpeak, wall 668 631 400 693 838 700

Theoretical uplift (lbs.) 5340 5050 3200 5540 6700 5600

actual / theoretical 0.13 0.09 0.15 0.94 0.78 1.54

(1) These specimens had OSB sheathing
(2) Johnson (1997) did not measure uplift forces for these configurations
(3) Wall A has the same anchorage requirements for the anchors at the end of wall only and maximum

amount of tie-down anchors due to being fully sheathed.

6.7.2 End Stud Uplift Displacement

Vertical movement (in y-direction, Figure 3.3) of the end studs relative to the

bottom plate was measured.  The distance traveled by the end studs between peak

positive and negative interstory drifts, recorded during the initial cycle at ∆peak load and

∆failure, are given in Table 6.9.  At this point, it should be mentioned that no pattern of

movement for the end studs of walls without overturning restraint could reasonably be

assumed.  When comparing the displacements depicted in Table 6.9, recall that the values

for walls without restraint were not corrected regarding geometric measurement

amplification effects.  Furthermore, the same error considerations apply as elaborated in

Section 5.6.2 for monotonically tested walls.  Thus, the figures in Table 6.9 are to be

considered as approximate values only.  The vertical stud movement for walls without

tie-down anchors is an order of magnitude higher than for walls with anchors.  This

illustrates why walls tested without tie-down anchors tend to fail along the line of

sheathing nails at the bottom of the wall in an unzipping manner, while walls with

anchors show a distribution of load to all sheathing nails indicating a higher degree of
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load sharing. However, if corner framing effects are considered, stud uplift is

significantly reduced for walls without tie-down anchors (see Chapter 7)

Table 6.9: End stud displacement between positive and negative peak drifts during initial

cycle of ∆peak load

Wall Configuration

no tie-down anchors (1) anchors at end of wall
only (2)

maximum amount of
tie-down anchors (1)

A D E A (3) D E A(3) D E

End stud (at actuator) @ ∆peak load 0.90 0.77 1.06 0.14 0.10 0.10 0.16 0.15 0.18

End stud (away from actuator) @
∆peak load

1.21 1.02 0.67 0.14 0.14 0.14 0.26 0.16 0.15

(1) These specimens had OSB sheathing
(2) These specimens had plywood sheathing (Dolan and Johnson 1996 a and b)
(3) Wall A has the same anchorage requirements for the anchors at the end of wall only and maximum

amount of tie-down anchors due to being fully sheathed.

For all walls, vertical stud displacements increase at racking displacements

beyond wall capacity.  This is partly attributed to the fact that stud rotation about the

anchor bolt increases with increasing drift of the wall.  In case of no overturning

restraints, the applied force causes the wall to separate along the bottom plate and stud

uplift increases until catastrophic failure.

Since stud uplift of walls with tie-down anchors is relatively small, it is doubtful

that axial loading (i.e. dead load) would increase shear load capacity for walls with

maximum amount of tie-down anchors of the kind used in this investigation.  Conversely,

significant increases could be expected for the unrestrained walls.

6.7.3 Sheathing Displacement

LVDTs were incorporated in four walls tested cyclically to monitor the OSB

sheathing rotation and translation relative to the framing members.  These measurements

should be considered as preliminary tests because the scope of this study was augmented

and the measurements were included after several walls had already been tested.  The
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results give general information about the motion of particular sheathing panels during

cyclic testing.  Johnson (1997) did not record sheathing displacements.  The same

assumptions and limitations as discussed in Chapter 5, Section 5.6 apply here.

Figures 6.12 to 6.18 reveal the rotation and midpoint translation of the respective

panels of Wall A without tie-down anchors, Wall A ultimately restrained against uplift

and Walls D and E both fully restrained against uplift.  Although Panel 2 in Wall E was

also monitored for displacement and rotation, the data could not be analyzed because the

leads to one LVDT were damaged.  For clarity, only the envelope curves of the rotation

angle are plotted against interstory drift.  However, since there was no systematic

movement of the panel midpoints, the graphs depict the consecutive displacement

history.  Included as white dots in the displacement graphs are positive interstory drift

values that correlate the panel displacements with wall deflections.  Unfortunately, due to

the nature of the cyclic test, lines pertaining to larger displacements often cover the lines

recorded at the beginning of the test.  For that reason, a small graph showing the panel

displacement up to 1 inch (25mm) interstory drift was added.  The figures also contain

measured panel rotation relative to the studs and relative to the top and bottom plate.

Moreover, the graphs show the rotation of the end stud caused by the lozenging rotation

of the framing.  Drift during contraction of the hydraulic actuator was specified as

positive.  The reader is referred to Figure 6.19 that details the sign convention of panel

rotation and specifies x- and y-directions.
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Figure 6.12: Rotation and midpoint movement of OSB Panel 2, Wall A, no anchors
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Figure 6.13: Rotation and midpoint movement of OSB Panel 4, Wall A, no anchors
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Figure 6.14: Rotation and midpoint movement of OSB Panel 2, Wall A, maximum
amount of anchors
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Figure 6.15 Rotation and midpoint movement of OSB Panel 4, Wall A, maximum
amount of anchors
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Figure 6.16: Rotation and midpoint movement of OSB Panel 5, Wall D, maximum
amount of anchors
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Figure 6.17: Rotation and midpoint movement of OSB Panel 7, Wall D, maximum
amount of anchors
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Figure 6.18: Rotation and midpoint movement of OSB Panel 1, Wall E, maximum
amount of anchors
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The displacement graphs in Figures 6.12 to 6.18 are not plotted in the same scale.

For all walls depicted in Figures 6.12 to 6.18 the midpoint movement of the OSB

sheathing is negligible up to an interstory drift of 1 inch (25mm).  The displacement of

the panel midpoint increases substantially after wall capacity, which is associated with

nail fatigue, starting to occur.  In general, the midpoint displacement relative to framing

members appears to be completely random.  Yet, this is not true for panel rotation.

Considering the rotation graphs of Walls D and E in Figures 6.16 to 6.18, each panel

rotates as expected and as displayed in Figure 6.19.  It is apparent, however, that the

rotation relative to the plates is higher at positive interstory drift.  This trend becomes

even more apparent if the measurement error of the panel rotation relative to top and

bottom plate is taken into account.  Due to the reduction of the normal distance between

top and bottom plate when a wall is deflected in its plain, the LVDTs measured too high

an angle relative to the plates at negative drifts and too low an angle at positive interstory

drifts.  The error greatly depends on the amount of panel rotation at the corresponding

interstory drift, and becomes significant at displacements beyond capacity for all walls.

The asymmetric rotation relative to the plates may be explained by the displacement

history used to deflect the walls.  Each progressive phase started with a positive

displacement forcing the sheathing to rotate further than during previous cycles.

Subsequently, sheathing panels may not have rotated back to the original position when

cycled the opposite direction.
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Figure 6.19: General sheathing rotation relative to the framing, cyclic loading
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than the graphs discussed above.  Rotation angles relative to top and bottom plates are

significantly smaller.  Further, the directions of these rotations are not in accord with the

simple diaphragm theory depicted in Figure 6.19.  Another perceptible difference is that

up to the displacement at capacity (Table 6.4) the rotation relative to the studs and the

plate is almost zero. It is possible that the sheathing panels rotated less because the walls

were fully sheathed.  But it is fact that each wall was deflected the same amount.

Therefore, despite the sheathing rotation being less, the studs still rotate relative to the

sheathing.  This rotation increases as the total sheathing rotation decreases.  Yet, this is

not reflected in the graphs of Figures 6.14 and 6.15.  Considering the conspicuous

resemblance of both rotation graphs of Panels 5 and 7 it is likely that the data acquisition

system did not record the data correctly.

In case of Wall A without tie-down anchors, the wall unzipped across the bottom

plate during the test (Figure 6.12).  This resulted in a rigid body rotation of the wall as a

whole and enhanced top plate bending, especially at negative drifts.  At larger

displacements, the wall unzipped along the bottom plate starting at the extreme ends.

Since the LVDT in Panel 2 was located close to the end of the wall, the recorded data

was altered by the separation of studs and bottom plate (refer to Figure 3.5 that specifies

LVDT locations). This may explain why the rotation angle relative to the plates of Panel

2, that was closest to the applied load, is so much smaller and even changes direction at

negative interstory drifts.  Panel 4 rotated as expected (Figure 6.13).

6.7.4 General Observations

To be consistent with the monotonic tests, these tests were performed without an

applied dead load in order to test the most conservative condition.  As previously stated,

dead load may have reduced the damage to the nails attaching the sheathing to the bottom

plate in these regions, and the result may have been an improved overall performance.

The predominant mode of failure for walls with maximum overturning restraint

was nail fatigue between framing and OSB sheathing at larger displacements (greater

than that associated with wall capacity), and nail tear through at the top and bottom of

sheathing panels after peak load was reached.  Nail fatigue evolved because the clamping
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force of the framing around the nail shank was so high that the nail only partially

withdrew and developed two plastic hinges according to Mode IV (Chaper 2, Figure 2.1).

During successive cycles, the nail reversibly bent about the same location and eventually

failed.

Close to capacity, OSB panel edges between adjacent panels started to interfere

and fail in bearing.  At larger displacements, much greater than at capacity, studs and

sheathing started to separate from the top plate, especially at the end of the wall away

from the applied load.  Nails attaching OSB sheathing to the framing partially withdrew

on the perimeter of the panels near corners, but failed predominantly due to fatigue.

Walls with no overturning restraint separated almost completely from the bottom

plate at large displacements, which was the typical failure mode.  Panels above and below

openings, more or less, rotated as rigid bodies.  Nail fatigue occurred less in walls with

no tie-down anchors than in walls with maximum amount of tie-down anchors because

the racking of the sheathing relative to the framing was less distinct.

Bolts attaching the bottom plate were located a minimum of 12 inches away from

the studs adjacent to openings.  This resulted in the bottom plate lifting when the stud

next to an opening was in tension and did not have a tie-down anchor to resist the force.

In turn, the nails attaching the sheathing to the bottom plate had to transfer this tension

and were damaged significantly more than nails near tie-down anchors.

Gypsum panels were observed to be damaged quickly during the cyclic tests.

Even at low displacement magnitudes, drywall nails tore a path in the gypsum panels.

Taped joints failed at lower interstory drifts than during monotonic tests.  This matches

experience in large magnitude seismic events (APA 1994).

6.8 Summary

Six long fully-sheathed and perforated walls were tested under SPD loading

providing quantitative information about earthquake performance and the effect of

overturning restraint.  Based on the results that have been presented, the following

conclusions can be drawn:
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1)  Ultimate capacity of walls subjected to SPD loading increased with increasing

overturning restraint.  The increase was greatest for walls containing the largest

openings.

2)  The strength reduction from initial to stabilized response was 14 percent and

practically constant.

3)  Elastic stiffness was positively correlated with the amount of tie-down anchors,

whereas, cyclic stiffness was not significantly influenced by the different anchorage

conditions.  For all six walls, cyclic stiffness degraded and approached zero.

4)  EVDR’s within the elastic range were between 8 and 14 percent.  Damping ratios

were fairly constant beyond the elastic range with values for unrestrained walls being

slightly higher than for walls containing anchors.

5)  Gypsum panel sheathing was observed to perform poorly during the reversed cyclic

tests.  Extensive damage to gypsum sheathing around nails and taped joints occurred.

6)  Typical failure mode for walls with no tie-down anchors was the almost complete

separation of studs and sheathing from the bottom plate.  The predominant mode of

failure for walls with maximum overturning restraint was nail fatigue and nail tear

through on the perimeter of the OSB panels.

7)  The perforated shear wall design approach gives highly conservative values when

predicting shear strength ratios for cyclically tested walls.  It was found that Equation

4.6 developed by Sugiyama (1994) more accurately predicts shear strength ratios at

ultimate capacity than does Equation 4.4.
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Chapter 7

SPD Test Results of Walls with Corners and Discussion

7.1 General

Two mutually perpendicular walls provide some uplift restraint when intersecting

in the corner of a building.  In order to quantify the uplift restraint of corners, four walls,

12 foot (3.7m) in length and 8 foot (2.4m) in height with 4 foot (1.2m) by 8 foot (2.4m)

and 2 foot (0.6m) by 8 foot (2.4m) corner segments attached were included in this study.

Each configuration was tested twice using the sequential phased displacement (SPD)

pattern as described in Chapter 3.  As with the SPD tested straight walls, the data analysis

includes the determination of performance indicators such as capacity, yield strength,

elastic and cyclic stiffness, and ductility.  In addition, for future reference, equivalent

viscous damping ratios are computed for each configuration.  Uplift forces and stud and

sheathing displacements are also presented.

The investigation conducted here covers only a small portion of what is necessary

to fully understand the interaction of two mutually perpendicular walls .  Due to the small

number of specimens and configurations tested, the results are to be viewed as

preliminary.

7.2 Load-Drift Relationship

The SPD test protocol could not be performed completely because every corner

wall specimen tested had entirely separated from the bottom plate at around 2 inch

(51mm) interstory drift.  The obtained initial load versus interstory drift envelope curves

are depicted in Figure 7.1.  Table 7.1 includes information about initial and stabilized

peak loads and equivalent elastic plastic parameters.
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Figure 7.1: Initial load vs. interstory drift envelope curves of all corner walls
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Table 7.1: Initial cyclic and stabilized cyclic load resistance data

Wall Specimen

2ft corners 4ft corners

Wall 2.1 Wall 2.2 average Wall 4.1 Wall 4.2 average

Capacity
Initial SPD (kips) 8.3 6.9 7.6 8.5 8.5 8.5
Stabilized SPD (kips) 6.8 5.6 6.2 7.2 7.1 7.2
Stabilized/Initial 0.82 0.82 0.82 0.84 0.84 0.84

Fyield

Initial SPD (kips) 7.5 6.2 6.8 7.7 7.8 7.8
Stabilized SPD (kips) 6.1 5.1 5.6 6.5 6.5 6.5
Stabilized/Initial 0.82 0.82 0.82 0.84 0.84 0.84

Elastic Stiffness
Initial SPD (kips/in) 38.7 36.8 37.7 32.3 39.9 36.1
Stabilized SPD (kips/in) 44.7 39.7 42.2 35.9 44.2 40.1
Stabilized/Initial 1.15 1.08 1.12 1.11 1.11 1.11

Note: The numbers presented are rounded.  All calculations were done with original values.

The walls with 2 foot wide corners attached show a fairly high variation in

capacity. The sample size of two walls is not sufficient to make inferences whether the

variation is due to statistical error.  Additional tests are needed to obtain more reliable

results.  However, the values obtained from walls with 4 foot corners are almost

equivalent.  On average, walls with 4 foot long wing walls reached higher ultimate

capacities than walls with shorter, 2 foot long, perpendicular segments.  The average

reduction between initial and stabilized capacity was 17 percent (Std. Dev. =1.1%) and

practically constant.  This indicates that the damage experienced by the walls is fairly

uniform regardless of the length of perpendicular wall segments attached, implying that

the performance of timber framed shear walls is primarily governed by the sheathing

nails.

Elastic stiffness, was not significantly influenced by the length of the corner

segments.  Figure 7.1 clearly shows that within the elastic range, the four initial envelope

curves almost coincide.  Stabilized stiffness was consistently higher than initial stiffness
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(Table 7.1).  The reason is found in the definition of elastic stiffness (refer to Chapter 4).

In the elastic range, stabilized and initial envelope curves coincide.  Since stabilized

capacity will always be lower than initial capacity the secant of stabilized elastic stiffness

will pass through a point on the envelope curve closer to origin where the curve has a

steeper slope.  Consequently, the slope of the secant is also steeper and the stiffness is

higher.  The ratio of stabilized to initial elastic stiffness is therefore similarly constant as

the ratio of stabilized to initial capacity.  However, cyclically tested straight walls did not

show this trend.  The interstory drift at 40 percent Fpeak was found by interpolation

between two adjacent data points.  Since the capacity of the shorter corner walls is

obviously less than the capacity of straight 40 feet long walls, the data points on the load

envelope curve are closer together, especially within the elastic region.  Hence, an

interpolation is more accurate.  This explains why the stabilized elastic stiffness for

straight walls was not consistently higher than the initial stiffness.

The same variation that occurred between ultimate capacity values of the two

walls with 2 foot long perpendicular segments is reflected in the Fyield values.  As with the

recorded ultimate capacities, Fyield increased with increasing corner length.

7.3 Ductility

Ductility as presented in Table 7.1 was determined by dividing the positive and

negative interstory drift at failure by the respective positive and negative interstory drift

at yield load and by taking the average of the absolute results (Chapter 4).  Note that both

∆yield and ∆failure values listed in Table 7.1 are average values and may yield a slightly

different ductility.  Since drift at yield load is decisively dependent upon initial stiffness,

stabilized ductility values in Table 7.2 are consistently higher than pertinent initial values,

as expected.  Average initial ductility values for both wall configurations are equivalent.

However, considering Figure 7.1, the walls with 4 foot corner framing sustained higher

loads beyond failure than the walls with the shorter corner segments, indicating a tougher

(or more robust) structural response.  This is reflected in the higher drifts at failure of
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Walls 4.1 and 4.2, suggesting that interstory drift at failure may be a better measure to

compare ductile behavior among walls with the same height.

Table 7.2: Corner wall ductility

Wall Specimen

2ft corners 4ft corners

Wall 2.1 Wall 2.2 average Wall 4.1 Wall 4.2 average

∆yield

Initial SPD  (in) 0.2 0.2 0.2 0.3 0.2 0.2
Stabilized SPD (in) 0.1 0.1 0.1 0.2 0.1 0.2

∆failure

Initial SPD  (in) 1.1 1.1 1.1 1.4 1.3 1.4
Stabilized SPD (in) 1.0 1.0 1.0 1.3 1.4 1.4

Ductility
Initial SPD ductility 5.9 6.5 6.2 5.8 6.6 6.2
Stabilized SPD ductility) 7.6 7.4 7.5 6.9 9.5 8.2
Stabilized/Initial 1.29 1.14 1.21 1.19 1.44 1.32

Note: The numbers presented are rounded.  All calculations were done with original values.

7.4 Earthquake Performance

In general, it is desired that a structure shows the ability to dissipate large portions

of the excitation energy to limit internal stresses.  The energy dissipation characteristic is

reflected by the equivalent viscous damping ratio.  In addition to energy dissipation, the

response of an earthquake excited structure is determined by its stiffness.  The higher the

stiffness the higher will be inherent inertia forces the structure has to withstand.  On the

other hand, if the structure is not stiff enough, damage arising from large deformations

will occur.

7.4.1 Equivalent Viscous Damping

One can note the effect of corner length on equivalent viscous damping ratios

(EVDR) when considering the graphs in Figure 7.2.  The two walls with the shorter
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corners attached show slightly higher EVDRs at drifts beyond the elastic limit.  The

reduced hold-down effect of the narrower corner framing led to more pronounced rigid

body rotation of the structure and increased separation along the bottom plate.  Rigid

body rotation due to uplift and progressive separation along the bottom plate was an

indifferent movement that did not add potential energy to the system.  At a given

interstory drift, the linear peak potential energy was lower for walls with 2 foot transverse

segments, accordingly.  The same effect explains the slight upward trend of all EVDRs

with increasing wall displacements since the separation along the bottom plate increased

with increasing drifts.

It is noteworthy that as wall displacements increase, between elastic range and

failure, the EVDRs approach the value 0.16 which is 1/(2π).  This indicates that beyond

the elastic limit, linear peak potential energy and hysteretic energy approach the same

value.

As already elaborated in Chapter 6, inherent to its definition, EVDR can only be

an approximation for timber structures as such structures exhibit no purely viscous

behavior.  This is especially true when the structure is loaded beyond the elastic limit.

For future reference, EVDRs in the elastic range are listed in Table 7.3.
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Figure 7.2: Initial and stabilized EVDR vs. interstory drift of all corner walls
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Table 7.3: EVDR from the first three phases of SPD loading (elastic range)

Wall Specimen

Interstory 2ft corners 4ft corners

drift (in) Wall 2.1 Wall 2.2 Wall 4.1 Wall 4.2

Initial

0.03 0.02 0.07 0.10 0.05

   EVDR 0.05 0.04 0.10 0.11 0.05

0.08 0.04 0.11 0.10 0.05

Stabilized

0.03 0.04 0.07 0.09 0.05

   EVDR 0.05 0.05 0.10 0.10 0.03

0.08 0.04 0.10 0.11 0.05

7.4.2 Cyclic Stiffness

Light-frame structures have performed well during earthquakes because of

stiffness degradation.  Decline in stiffness of light-frame shear walls causes the natural

frequency to differ from the excitation frequency, and a condition of sustained resonance

is never encountered.  The cause of stiffness degradation in reversed cyclically loaded

timber structures is discussed in Chapter 6 and is also applicable to walls containing

corner framing.  Cyclic stiffness degrades exponentially and approaches zero as wall

displacement increases (Figure 7.3).  More nails being inelastically loaded at higher

interstory drifts explain the exponential decrease.  Zero stiffness is a result of entire

detachment between bottom plate and wall sheathing and stud.  Among the four walls,

there is almost no difference in cyclic stiffness at a given interstory drift suggesting that

stiffness degradation is governed by the amount of fasteners in the wall system rather

than the length of corner framing.
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Figure 7.3: Initial and stabilized cyclic stiffness of all corner walls
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7.4 Overall Wall Response

7.4.1 Tension bolts

Recorded tension loads measured by the instrumented bolts located adjacent to

each end stud (circled area) are shown in Figures 7.4 through 7.7.  Each graph also

contains the respective load envelope curve pertaining to positive or negative interstory

drifts.  The tension load bolt of Wall 4.1 located away from the actuator did not record

data due to damaged wires.  Considering the graphs, it becomes apparent that the data

acquisition system did not function properly.  All curves are offset with extremely

varying amplitudes among wall configurations.  Possibly the amplifier setting was

erroneous.  The data is highly unreliable, which should be considered when making

judgments about wall performance.  However, the trends in tension load versus interstory

drift are similar to those seen for straight wall segments indicating a similar hold-down

response.  The load amplitudes recorded are lower for walls with 4 foot corner segments

than for walls with shorter, 2 foot segments suggesting an increased hold-down effect of

the longer transverse walls.
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Figure 7.4: Resisted load by tension bolts of Wall 2.1 with 2 foot corner framing along
with the corresponding initial load envelope curve
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Figure 7.5: Resisted load by tension bolts of Wall 2.2 with 2 foot corner framing along
with the corresponding initial load envelope curve
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Figure 7.6: Resisted load by tension bolts of Wall 4.1 with 4 foot corner framing along
with the corresponding initial load envelope curve.  Leads to one bolt were defective.
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Figure 7.7: Resisted load by tension bolts of Wall 4.2 with 4 foot corner framing along
with the corresponding initial load envelope curve
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7.4.2 End Stud Displacement

The recorded compression and uplift displacement of the stud in each corner was

corrected to compensate amplifications caused by the geometry of the LVDT fixture

(Section 3.2.4).  The walls were assumed to rotate about the outer bottom edge of either

wing wall depending on the direction of the load exerted on the wall.  Table 7.4 lists the

total displacements of both corner studs at ultimate capacity and at failure of the walls

with 2 foot and 4 foot wide corner framing and of the 40 feet long straight walls tested

and described in Chapter 6.

Table 7.4: End stud displacement between positive and negative peak drifts during initial
cycle of ∆peak load and ∆failure

Wall Specimen

12 ft Walls with corner
framing

40 ft walls no corner framing

2 ft corner(1) 4 ft corner(1)
no

overturning
restraint(2)

overturning
restraint(1)

End stud (at actuator) @ ∆peak load 0.64 0.64 0.90 0.15

End stud (away from actuator) @ ∆peak load 0.70 0.57 1.21 0.20

Theoretical uplift @ capacity (lbs.) 5056 5664 5340 5968

(1) Average values out of two specimens
(2) Values obtained from one specimen only
(3) Data not available due to failure mode

The values suggest that perpendicular wall segments reduce the uplift by

providing some hold-down effect.  On average, total stud movement at capacity was

reduced by 36 percent and 41 percent for walls with 2 foot and 4 foot wide corner

framing, respectively, compared to a straight wall with no overturning restraint.
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7.4.3 Sheathing Displacement

Each corner wall contained four internal LVDTs that monitored the drift and

rotation of the middle OSB sheathing panel relative to top plate, bottom plate and studs.

As previously mentioned, shear distortion of the sheathing panel was assumed to be zero,

as was stud bending and the reduction of the normal distance between top and bottom

plate (refer to section 5.6.3).

Uplift displacement and detachment of bottom plate from the wall influenced the

recording of the panel rotation and midpoint translation (Figures 7.8 through 7.11).  The

midpoint of each panel conspicuously moved in positive y-direction (Figure 7.12).  The

magnitude of that translation was more than 0.1 inch (2.5mm) at 1 inch (25mm)

interstory drift in three specimens (small graphs in Figures 7.8 through 7.11).  However,

this translation is more or less the recorded movement relative to the bottom plate only.

Considering the circled LVDT in Figure 7.12, it becomes clear that during separation of

wall and bottom plate, this device extended and recorded a panel movement.  Since the

walls were relatively short, separation started at each end, and according to the drift

history of the panel midpoint, the walls literally “withdrew” from the bottom plate by

rotating about the outer edge of each end stud.  At 1 inch (25mm) interstory drift, the

magnitude of withdrawal did not significantly differ among the two wall configurations.

Whether the midpoint translation was in the positive or negative x-direction in relation to

the studs seems to be arbitrarily.
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Figure 7.8: Rotation and midpoint translation of the mid OSB panel, Wall 2.1
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Figure 7.9: Rotation and midpoint translation of the mid OSB panel, Wall 2.2
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Figure 7.10: Rotation and midpoint translation of the mid OSB panel, Wall 4.1
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Figure 7.11: Rotation and midpoint translation of the mid OSB panel, Wall 4.2
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Figure 7.12: Sheathing rotation relative to the framing when uplift is considered

In light of the significant movement of the sheathing panel below 1 inch (25mm)

interstory drift, it can not be assumed that the panel rotates about the normal passing

through its centroid.  Note that the rotational behavior of each panel in Figures 7.8

through 7.11 is similar to that of Panel 2 in Wall A with no anchors (described in Chapter

6).  Envelope curves of the rotation relative to the studs are presented by black dots,

whereas white dots represent the envelope curves of the rotation relative to top and

bottom plate.  The solid line indicates the rotation of the end stud where the load was

applied.  Presuming that every stud rotates equally in the system and neglecting stud

bending, this line represents the lozenging deflection of the framing.  Inasmuch as the

studs rotate, the rotation of the sheathing relative to the studs was comparatively small.

In all graphs, the measured extremities of the rotation history in relation to stud rotation

are in line with the sign convention shown in Figure 6.19 (Chapter 6).  However, this is

not true for the U-shaped envelope curves showing the rotation against top and bottom

plate.  Due to the separation of the wall across the bottom plate, the measurement of the

rotation relative to the plates was altered by this uplift motion.  Being located close to the

middle of the wall, the LVDT extended when the wall was deflected in both positive and

negative x-directions.  As previously mentioned, at increasing interstory drifts the walls

withdrew from the bottom plate increasing the normal distance between top and bottom

plate.  This led to an amplified recording of the rotation angle at positive drifts and to a

decreased recording at negative interstory drifts.  Since the displacements measured by

the LVDTs were small, an uplift movement of 0.1 inch (2.5mm) was sufficient to have

Load
Load
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the effect of a sign change on the rotation angle at negative interstory drifts.  As a result

of the increased hold-down effect when 4 foot corner framing was applied, the rotation

against the plates at negative drifts is not depressed as much as for walls with 2 foot wide

corners attached.  Taking into account the considerable rigid body rotation and inherent

separation of the corner walls from the bottom plate, the sheathing rotated as revealed in

Figure 7.12.

7.4.4 General Observations

It is remarkable that there were no typical damage signs of racking of the

sheathing panels with corner framing.  The taped joints between the drywall panels

experienced no damage.  The corner segments hindered the free rotation of the drywall

sheathing with respect to the framing.  The walls more or less rotated as rigid bodies and

eventually separated from the bottom plate. This behavior may be a result of the

relatively short wall length of 12 foot.  The rigid body rotation was more pronounced

when the 2 foot corner wing walls were attached arising from the lower hold-down effect.

Due to the hold-down effect provided by the corner framing, the separation of the wall

from the bottom plate started to occur at relatively high loads.

At the bottom plate, nails tore and pulled through the sheathing.  Nails simply

withdrew along the bottom of the wing walls.  There was no nail fatigue observed in the

corner specimens, which is a significant change from the behavior observed during SPD

tests of the long and straight walls.  This is attributed to the fact that almost no racking of

the sheathing panels occurred.  The wing walls rotated about the nail furthest away from

the corner of the specimens (Figure 7.12).

Walls with 4 foot corner framing exhibited out-of-plane distortion during loading.

This behavior arose from the corner segments that shifted the wall rotation point out of

the wall plane.

7.5 Summary

Four walls with two different corner framings were tested under reversed cyclic

loading.  Based on the results, the following conclusions can be drawn:
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1) On average, walls with 4 foot corners reached higher ultimate capacities than walls

with 2 foot long perpendicular segments.

2) Average strength reduction between initial and stabilized capacity was consistently 17

percent.

3) Elastic and cyclic stiffness were not significantly influenced by the length of the

corner segments.

4) Damping ratios were slightly higher for walls with shorter corner segments attached.

At displacements between elastic limit and failure, linear peak potential energy and

hysteretic energy tended to the same value for all specimens, and the EVDR

approached 16%.

5) Walls with corner framing showed no apparent racking of the sheathing.  The walls

responded mainly through rigid body rotation until complete separation from the

bottom plate occurred.  No nail fatigue was observed and there were no signs of

damage at joints between drywall panels.
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Chapter 8

Comparisons Between Tests

8.1 General

This chapter draws comparisons between the three test schemes presented in

earlier chapters.  Performance indicators of monotonic and sequential phased

displacement tests are compared and differences are elaborated.  The remainder of the

chapter describes the effect of corner framing, and results of the corner wall investigation

are compared to results of the SPD test of wall configuration A (fully-sheathed) on a unit-

length basis.  At this point the reader is reminded of some limitations that apply:

Performance of cyclically tested walls, employing the SPD procedure, were

considerably influenced by nail fatigue.  During earthquake events, however, nail fatigue

in timber structures has rarely, if ever, been observed, because an earthquake is shorter in

duration and the number of cycles a structure actually experiences during an earthquake

is less than those tested in this study.  Future tests of nailed shear walls using SPD

procedure should be altered to eliminate the “decay cycles”.  This will reduce the number

of cycles, and will therefore reduce nail fatigue.  Nail fatigue also diminishes if the

clamping force of the framing members around the nail shank is less than the clamping

force of the sheathing.  During reversed cyclic loading, the nail then continuously

withdraws from the framing.  A single plastic hinge is less likely to develop since the nail

is not repeatedly bent at the same location.  For instance, to reduce the clamping force of

the framing, the building code in New Zealand requires a maximum penetration depth of

the nails into the framing.  Consequently the nails are shorter than in American light-

frame construction.

For 40 foot long walls, only one specimen per configuration was tested due to the

high cost and effort associated with full-scale testing.  As a result, no statistical

information can be revealed.  However, it is well established, and the results of this study

show that the response of a light-frame shear wall is primarily influenced by the
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sheathing-to-framing nail load slip characteristics (Dowrick 1986; Stewart 1987; Dolan

1989; Dolan and Madsen 1992a).  In light of the fact that a full scale specimen as tested

in this investigation contains a high number of nails, the average response of the nails and

therefore the wall, can be expected and comparisons can be made.

Comparisons between corner and straight walls were made on unit shear basis.

However, there was a significant difference in length between the specimens.  The

substantially shorter corner walls exhibited out-of-plane distortions and different racking

characteristics.  Future tests should confirm whether the influence of corners decreases

with increasing wall length.

8.2 Monotonic vs. SPD Performance of Straight Walls

8.2.1 Strength

Monotonic load versus drift curves, along with initial and stabilized envelope

curves, are depicted in Figures 8.1 through 8.3.  Values for stabilized and initial response

in all graphs are average values of the positive and negative curves for each wall.  It is

apparent from the graphs that the monotonic testing procedure yields capacities in

between the stabilized and initial response from the SPD test method for Walls A, D, and

E without tie-down anchors.  Initial capacities were between 3 and 8 percent higher than

monotonic capacities (Table 8.1).  All other wall configurations reached higher peak

loads during monotonic tests than during the SPD procedure.  According to Table 8.1, the

ratio of reduction between monotonic and initial SPD cycles for walls with overturning

restraints ranged between 23 percent (Wall E, maximum amount of anchors) to 6 percent

(Wall D, anchors at the ends only).  Stabilized peak loads for all specimen configurations

were consistently below monotonic capacities (Table 8.1).

One reason why monotonic capacities were lower than cyclic, when tie-down

anchors were omitted is that wall specimens separated from the bottom plate at both ends

during the SPD procedure.  The wall crushed the bottom plate at one end and unzipped at

the other end, and vice versa.  Until nails were completely withdrawn from the studs and
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the wall was separated from the bottom plate there was more friction involved than

during monotonic testing. Consequently more energy was dissipated.

For all wall configurations, the difference between monotonic and SPD capacity

(initial and stabilized) increased with increasing overturning restraint.  The highest

disparity is experienced by Wall E with maximum restraint for both ratios, initial over

monotonic and stabilized over monotonic (Table 8.1).  This is due to increased restraint

producing a more uniform distribution of the load to the sheathing nails, which increased

the overall damage to the sheathing connections prior to reaching peak load during the

SPD tests.  Because the initial and stabilized curves really represent envelopes of

hysteretic loops, the walls have actually dissipated more energy at a given displacement

relative to the monotonic tests.
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Figure 8.1: Monotonic load vs. drift curves, initial envelope, and stabilized envelope

curves for wall configuration A
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Figure 8.2: Monotonic load vs. drift curves, initial envelope, and stabilized envelope

curves for wall configuration D
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Figure 8.3: Monotonic load vs. drift curves, initial envelope, and stabilized envelope

curves for wall configuration E
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Table 8.1: Capacities of monotonic and SPD tested straight walls

Wall Specimens

no tie-down anchors (1) anchors at end of wall
only (2)

maximum amount of
tie-down anchors (1)

A D E A (3) D E A(3) D E

Fpeak

Monotonic 25.1 9.8 4.4 38.6 12.0 8.0 34.6 15.5 10.8
Initial SPD (kips) 26.7 10.1 4.8 32.0 11.2 7.3 27.7 13.4 8.4
Stabilized SPD (kips) 22.5 8.7 4.1 27.4 9.6 6.3 23.7 11.7 7.1
Initial/Monotonic 1.06 1.03 1.08 0.83 0.94 0.91 0.80 0.86 0.77
Stabilized/Monotonic 0.90 0.89 0.93 0.71 0.81 0.79 0.68 0.75 0.66

(1) These specimens had OSB sheathing
(2) These specimens had plywood sheathing (Johnson 1997)
(3) Wall A has the same anchorage requirements for the anchors at the end of wall only and maximum

amount of tie-down anchors due to being fully sheathed.

8.2.2 Equivalent Energy Elastic-Plastic Parameters

The equivalent energy elastic-plastic parameters are listed in Table 8.2 Recall that

the equivalent energy elastic-plastic parameters were obtained from the equivalent energy

elastic-plastic system (EEEP) as described by Porter (1987) and elaborated on in Chapter

4.  Each parameter represents the average of two values of the EEEP, at positive and

negative interstory drifts.

8.2.2.1 Yield Load

Fyield is correlated to Fpeak and therefore shows similar trends.  The ratio between

initial cyclic and monotonic yield load exceeds unity for walls that were not restrained

against uplift.  For all other walls initial Fyield was smaller than monotonic yield load with

Wall E (ultimately restrained) exhibiting the highest difference (Table 8.2).  Stabilized

yield loads were consistently below monotonic yield loads for all wall configurations.



Chapter 8 Comparisons Between Tests 153

8.2.2.2 Elastic Stiffness

Monotonic and initial load versus interstory drift curves almost coincide in the elastic

range when walls were ultimately restrained against uplift.  On the other hand, walls

without restraint typically showed lower elastic stiffness during monotonic tests than

during SPD testing.  The elastic stiffness was on average 17 percent (Std Dev = 4.6%)

lower for walls tested monotonically than for walls tested using the SPD method (Table

8.2).  This change in performance is in part attributed to the fact that energy was

dissipated through increasing racking and cold-working of the sheathing nails during the

cyclic test when anchors were applied, whereas all the energy was absorbed through

racking of the sheathing nails for all monotonic tests.  When anchors were omitted,

however, the internal damage experienced by the wall was mainly withdrawal from the

bottom plate.

8.2.2.3 Drifts and Ductility

Walls containing tie-down anchors showed 111 percent (Std Dev = 23%)

higher interstory drifts at failure when tested monotonically than when tested using SPD

protocol (Table 8.4).  Again, this difference in performance was caused by nail fatigue

that occurred in walls exposed to the SPD procedure.  Failure at smaller drifts is also an

indication of higher energy dissipation of cyclically tested walls due to the SPD loading

history.  However, when anchors were omitted, monotonic drifts were only 29 percent

(Std Dev = 18%) above initial SPD values.  This elucidates that more rigid body rotation

was involved, since the walls were not restrained against uplift.  In turn, the walls

exhibited less racking and less nail fatigue during SPD tests.  In other words, without tie-

down anchors, the damage performance was more alike during the two different testing

procedures.  Ductility values listed in Table 8.2 only partially reflect this trend since

ductility compares drift at failure to drift at yield.  Ductility ranges from 2.7 (Wall A no

anchors, SPD initial) to 8.6 (Wall A max. anchors, monotonic).  Most of the time

monotonic ductility was higher than initial and stabilized SPD ductility.

Interstory drifts at peak loads followed the same trend as the drifts at failure

(Table 8.4).  Note that the drift at capacity for SPD loaded and maximum restrained walls
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was fairly constant arising from a more uniform load distribution throughout the wall

when maximum amount of tie-downs was applied.  The more restraints applied, the more

the wall was forced to deflect through racking rather than rigid body rotation and capacity

was increasingly influenced by nail fatigue.

Table 8.2: Equivalent energy elastic-plastic parameters

Wall Specimens

no tie-down anchors (1) anchors at end of wall
only (2)

maximum amount of
tie-down anchors (1)

A D E A (3) D E A(3) D E

Fyield

Monotonic 22.5 8.7 4.0 35.4 10.9 7.3 31.5 14.7 9.9
Initial SPD (kips/in) 24.3 9.0 4.3 29.9 10.3 6.3 25.3 12.2 7.6
Stabilized SPD (kips/in) 20.2 7.7 3.7 25.8 9.6 5.3 21.6 10.5 6.5
Initial/Monotonic 1.08 1.03 1.08 0.84 0.94 0.86 0.80 0.83 0.77
Stabilized/Monotonic 0.90 0.89 0.93 0.73 0.88 0.73 0.69 0.71 0.66

Elastic Stiffness
Monotonic 54.0 13.5 8.7 64.3 17.7 7.8 73.3 20.6 13.7
Initial SPD (kips/in) 61.6 16.5 11.0 70.4 17.6 16.7 69.0 21.9 16.8
Stabilized SPD (kips/in) 61.1 16.4 11.1 70.1 17.4 16 67.8 21.2 16.8
Initial/Monotonic 1.14 1.22 1.26 1.09 0.99 2.14 0.94 1.06 1.23
Stabilized/Monotonic 1.13 1.21 1.28 1.09 0.98 2.05 0.92 1.03 1.23

Ductility:
Monotonic 3.9 5.1 5.0 7.3 6.6 5.3 8.6 5.3 4.5
Initial SPD ductility 2.7 4.0 5.0 4.4 3.2 5.6 5.1 3.5 3.9
Stabilized SPD ductility 4.1 3.7 7.3 5.1 3.2 5.5 5.9 3.5 4.3
Initial/Monotonic 0.69 0.78 1.00 0.60 0.48 1.06 0.59 0.66 0.87
Stabilized/Monotonic 1.05 0.73 1.46 0.70 0.48 1.04 0.69 0.66 0.96

(1) These specimens had OSB sheathing
(2) These specimens had plywood sheathing (Johnson 1997)
(3) Wall A has the same anchorage requirements for the anchors at the end of wall only and maximum

amount of tie-down anchors due to being fully sheathed.
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Table 8.3: Monotonic and initial cyclic interstory drifts at yield, capacity and failure

Wall Specimens

no tie-down anchors
(OSB)

anchors at end of
wall only (1)

(Plywood)

maximum amount of
tie-down anchors

(OSB)

A D E A(2) D E A(2) D E

Monotonic

∆yield (in) 0.4 0.6 0.5 0.6 0.6 0.9 0.4 0.7 0.7

∆Fpeak (in) 1.2 2.0 1.2 2.3 1.9 2.6 1.6 2.0 2.2

∆failure (in) 1.6 3.3 2.3 4.0 4.0 4.9 3.7 3.8 3.2

SPD

∆yield (in) 0.4 0.6 0.4 0.4 0.6 0.4 0.4 0.6 0.5

∆Fpeak (in) 1.1 1.3 1.2 1.2 1.5 1.2 1.2 1.3 1.2

∆failure (in) 1.3 2.2 2.0 1.9 1.9 2.0 1.9 1.7 1.8

(1) These specimens had OSB sheathing
(2) These specimens had plywood sheathing (Johnson 1997)
(3) Wall A has the same anchorage requirements for the anchors at the end of wall only and maximum

amount of tie-down anchors due to being fully sheathed.

8.3 Effect of Corner Framing

8.3.1 Capacity

Initial capacities of wall configuration A (fully-sheathed, 40ft long) and the two

corner wall structures are presented in Table 8.4.  Since the walls have different lengths,

comparisons can only be made on a unit-shear basis.  Unit shear is the average shear

force resisted by a one foot long, eight foot high, fully-sheathed segment.  Consequently

the unit shear figures listed in Table 8.4 were simply obtained by dividing Fpeak by wall

length, excluding the length of the corner segments.  This equation does not account for

the effects of wall length on unit shear.  In other words, the assumption was made that
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unit shear remains constant and uniformly distributed with changing wall length, and the

data reflect the observed unit shears.

The values from Table 8.4 are depicted in Figure 8.4, which illustrates the effect

of corner framing on unit shear.  Walls with 4 foot corners show somewhat higher

ultimate unit shear values than walls without corners or overturning restraint.  This

indicates that the interaction of two mutually perpendicular walls provides some restraint

against overturning forces, and in turn increases shear capacity.  However, the average

ultimate unit shear obtained from walls with 2 foot corners is somewhat lower than the

unit shear for walls without overturning restraint.  This is partly attributed to the

difference in length between the specimens.  In addition, the high variation of the values

obtained from the walls with 2 foot corner framing and the small sample size may also

contribute to the observed difference.  It is interesting to note that the tested average unit

shear was 689 lbs. with a standard deviation of only 49 lbs..

Table 8.4: Cyclic capacities and unit shear values of walls with corner framing and long

straight walls with and without tie-down anchors

Wall Specimen

12 ft Walls with corner
framing

40 ft walls no corner framing

2 ft corner(1) 4 ft corner(1) no
overturning
restraint(2)

overturning
restraint(1)

Capacity
Initial SPD (kips) 7.6 8.5 26.7 30.0

Unit shear 634 708 668 746

 (1) Average values out of two specimens
(2) Values obtained from one specimen only
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Figure 8.4: Unit shear at ultimate capacity of walls with no tie-down anchors, tie-down

anchors at the end and 2ft and 4ft corner segments, respectively

8.3.2 Equivalent Energy Elastic Plastic Parameters

According to a parametric study conducted by White (1995) initial stiffness

increases linearly as wall length increases, all other parameters held constant.  If this is

true, Fyield is close to being linearly correlated to wall length as well since capacity is also

proportional to wall length.  Therefore, elastic stiffness and yield load, as presented in

Table 8.5, are based on unit length.  There is hardly any difference between the yield

loads of each wall configuration.  According to the information given, corner segments

have no influence on yield load.  If wall length is considered, the elastic stiffness values

of both corner walls listed in Table 8.5 exceed the elastic stiffness of Wall A without tie-

down anchors by approximately 100 percent.  Corner framing significantly increased

elastic stiffness, forcing the wall to distort out of its plane during the test.  However,

further testing must evaluate whether the influence of corners on wall response

diminishes with increasing wall length.

Ductility, as defined in Chapter 5, is somewhat influenced by wall length but

definitely not linearly.  It stands to question whether it is correct to compare the ductility
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obtained for a 40 feet long wall with the ductility of a 12 feet long wall with corner

segments attached.  The walls with corner framing show a significantly higher ductility

than Wall A without tie-down anchors (Table 8.5), but does that really mean that the

corner walls were more ductile?  If ductility is considered as the ability to undergo large

deformations until failure when comparing walls with the same height this is hard to

believe in view of the little racking and early failure that occurred in the corner walls

during cyclic tests.  Ductility should always be considered together with other

performance indicators.  It is not a “stand-alone” property value that evaluates shear wall

performance.  However, ductility remains an important comparison parameter to

determine factors of safety for seismic design.

Table 8.5: Equivalent energy elastic-plastic curve parameters

Wall Specimen

2ft
corners

4ft
corners

40ft
Wall

average average
No

anchors

Fyield

Initial SPD (kips/ft) 0.6 0.7 0.6
Stabilized SPD (kips/ft) 0.5 0.5 0.5
Stabilized/Initial 0.82 0.83 0.83

Elastic Stiffness

Initial SPD (kips/(inft)) 3.1 3.0 1.5
Stabilized SPD (kips/(inft)) 3.5 3.3 1.5
Stabilized/Initial 1.12 1.11 0.99

Ductility
Initial SPD ductility 6.2 6.2 2.7
Stabilized SPD ductility 7.5 8.2 4.1
Stabilized/Initial 1.21 1.32 1.51
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8.4 Summary

The effect of the two testing procedures on wall performance can be summarized

as follows:

1) Ultimate capacities reached in SPD tests were up to 23 percent lower for walls

restrained against uplift when compared to monotonic test results.  However, for

walls with no tie-down anchors, ultimate capacities obtained from SPD testing were

up to 8 percent higher than capacities recorded during monotonic testing.

2) The difference between monotonic and SPD capacity increased with increasing

overturning restraint.  In other words, the increase in ultimate capacity and stiffness

with increasing amount of tie-down anchors is less pronounced for SPD tested walls.

3) Cyclic elastic stiffness was typically higher than monotonic elastic stiffness for walls

without restraint

4) In general, monotonically tested walls sustained higher loads beyond capacity than

walls subjected to SPD loading.  Ductility ratios for all cyclic conditions ranged from

2.7 to 7.3. This indicates that wood shear walls can sustain fairly high ductility

demands in all anchorage conditions; however, the amount of energy dissipated

differed significantly.

According to the findings of this preliminary investigation, during SPD tests, the

main effects of corner framing when compared to straight walls were:

1) Corner framing generally provides a hold-down effect that increases wall capacity

when compared to straight walls without overturning restraint and no perpendicular

walls attached.

2) Elastic stiffness increased by approximately 100% compared to walls without tie-

down anchors when corner framing was attached.

3) The hold-down capacity provided by corner framing is sufficient to develop unit

shears slightly less than, but comparable to, straight walls with tie-down devices.
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Chapter 9

Summary, Conclusions, and Recommendations

9.1 Summary

The primary objective of this study was to quantify the effects of overturning

restraint on the performance of light-frame shear walls.  Sixteen full-scale wall

specimens, with and without window and door openings, were tested using monotonic

(one-directional) and sequential phased displacement procedures.  Anchorage conditions

were a) not restrained against uplift (the bottom plate was bolted to the foundation), b)

restrained against uplift forces according to the perforated shear wall method design

using tie-down anchors, c) restrained by the maximum amount of tie-down anchors as

common in engineered design, and d) restrained by transverse corner framing attached at

each wall end.  Data analysis included the determination of performance indicators such

as capacity, yield strength, elastic and cyclic stiffness, ductility, and energy dissipation

characteristics.  Data of tension bolts located at the extreme ends of each specimen were

analyzed and, together with the measurements that monitored sheathing rotation and

translation, the overall wall behavior was discussed.

9.2 Conclusions

9.2.1 Overturning Restraint

In summary, varying overturning restraint influences shear wall performance as

listed below:

• The amount of overturning restraint is positively correlated with ultimate capacity

and elastic stiffness.  The magnitude of influence depends on the amount of openings

in the wall.  The greater the openings, the higher the increase in capacity and stiffness

when overturning restraint is increased from zero to maximum.  Overturning restraint
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in the form of tie-down anchors applied according to traditional engineered design

help utilize overall material strength most efficiently.

• Without overturning restraints, shear walls exhibit a pronounced rigid body rotation

arising from uplift and separation along the bottom plate.  The main failure mode is

sheathing and stud separation from the bottom plate when overturning restraint is

omitted.  With increasing restraint the failure mode shifts to nail fatigue when tested

cyclically and nails tearing through the sheathing material during monotonic testing.

• Damage experienced by the walls during cyclic tests (stabilized versus initial

response) is fairly uniform regardless of the type of overturning restraint and amount

of openings present.  This indicates that strength degradation of light-frame timber

shear walls is mainly a function of the behavior of the nailed sheathing-to-stud

connection.  This information will be helpful when establishing building code

regulations regarding the required earthquake resistance for light-frame shear walls.

• Corner framing significantly enhances wall performance and generally provides a

hold-down effect that increases capacity and doubles elastic stiffness when compared

to straight walls without overturning restraints.  Thus, the performance improvements

of mechanical tie-down anchors may not be justified depending on design loads

magnitude, construction costs, and design criteria.

9.2.2 Testing Procedures

In light of the fact that the majority of past research conducted on light-frame

shear walls employed monotonic testing procedures, an established link between

monotonic and reversed cyclic protocol would allow data from previous tests to be used

for modern high-wind and earthquake design.  However, a cyclic testing procedure

should always be the preferred testing method, for it gives essential information about

energy dissipation and stiffness degradation.  The following observations regarding the

effect of the monotonic and sequential phased displacement procedures, with respect to

hold-down condition, were made:
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• Results of the cyclically tested walls, employing the Sequential Phased Displacement

Procedure, were significantly affected by nail fatigue.  With mechanical tie-down

anchors applied, cyclic ultimate capacities were significantly lower than monotonic

peak loads.  The discrepancy increased with increasing overturning restraint, which

resulted in a more uniform load distribution and increased nail fatigue.  In general,

monotonically tested walls sustained higher loads at displacements beyond capacity

than walls subjected to reversed cyclic loading.

• Cyclically tested wall specimens ultimately resisted higher loads compared to

specimens tested monotonically when overturning restraints were omitted.  Cyclic

elastic stiffness was higher than monotonic elastic stiffness for walls not restrained

against uplift, and failure modes observed during either testing procedure were more

alike.  Nail fatigue was less pronounced.

Some additional conclusions about reversed cyclic performance are:

• Cyclic stiffness is not influenced by anchorage condition.  Cyclic stiffness degrades

exponentially and approaches zero at failure.

• Within the elastic range, equivalent viscous damping ratio averaged 8.2 percent (Std.

Dev. = 2.7%) for all wall configurations.  Between the elastic range and failure, linear

peak potential and hysteretic energy tend toward the same value and the equivalent

viscous damping ratio ranges between 10 and 16 percent.

• Gypsum wall board sheathing was observed to get damaged quickly during reversed

cyclic tests.

9.2.3 Perforated Shear Wall Design Method

The perforated shear wall design approach predicts conservative shear strength

ratios even for walls not restrained against uplift forces, independent of the testing

protocol used.  It was found that Equation 4.6 developed by Sugiyama (1994), provided
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closer predictions of shear strength ratios at capacity for all anchorage and testing

conditions.

9.2.4 Other Conclusions and Observations

• Ductility should not be considered as a stand-alone measure to evaluate shear wall

performance.  Ductility values showed no apparent trend when compared among

anchorage conditions.

• Walls with corner segments attached, showed no apparent racking of the sheathing.

The walls responded mainly through rigid body rotation until complete separation

from the bottom plate occurred.  No nail fatigue was observed, and there were no

signs of damage at joints between drywall panels.

• Wood shear walls can sustain fairly high ductility demands in all anchorage

conditions; however, the amount of energy dissipated differs significantly among

anchorage conditions.

9.2 Recommendations for Future Research

It is of the essence that a internationally standardized, cyclic testing procedure

along with a uniform format of property definitions and a constant notation and

nomenclature be developed in the near future to facilitate comparisons between test

results.

In light of the important findings on the effect of corner framing, testing should be

expanded and an engineered approach for conventionally-framed wood walls without tie-

down devices should be developed.  More tests are needed combining gravity loads and

corner framing effects while confirming a perforated shear wall approach.  Future tests

should also investigate the effect of corner framing on varying shear wall length.

Additional research is needed to quantify the effect of interconnections between

light-frame shear walls and ceiling and floor diaphragms.  The effects of non-rigid

foundations should also be investigated in order to quantify the response of shear walls in

upper levels of buildings.
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Appendix

Initial and stabilized cyclic data of each wall specimen are presented in Tables A1

through A 20.  Following each table pair, two figures are presented that depict the load-

interstory drift history and initial hysteresis loops along with a bar graph showing

potential and hysteretic energies per initial cycle, respectively.  For clarity, the initial

loops were each plotted separately next to each other.  Note that one rectangle of the

mesh represents 1000 lbs. and 1 inch.
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Table A.1: Initial cyclic data of Wall A (no anchors, r = 1.0)

Phase Int. Drift
(in.)

Load
(lbs.)

Avg. kc

(lbs./in.)
Ul

(lbs.-in.)
Wd

(lbs.-in.)
EVDR
(rad-1)

1 0.02 1739 77942 31 15 0.08
-0.02 -1363

2 0.05 2787 76941 120 65 0.09
-0.03 -3216

3 0.08 4049 73103 274 156 0.09
-0.05 -4881

4 0.10 5204 58381 499 317 0.10
-0.07 -6681

5 0.24 12428 50878 3192 2409 0.12
-0.23 -14871

6 0.33 16080 43357 5614 4333 0.12
-0.34 -17718

7 0.50 21746 36131 11294 9910 0.14
-0.52 -22498

8 0.67 24566 29422 17553 15135 0.14
-0.72 -25775

9 0.87 25641 24661 23505 20359 0.14
-0.92 -26930

10 1.05 25909 19480 28850 24280 0.13
-1.11 -27413

11 1.24 23036 14695 31828 27218 0.14
-1.32 -26742

12 1.38 19195 10019 29632 29894 0.16
-1.45 -22525

13 1.63 16698 7322 27799 23602 0.14
-1.71 -16671

14 1.84 13878 4070 25757 27185 0.17
-1.91 -13582

15 2.05 9581 2915 17502 17581 0.16
-2.10 -7298
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Table A.2: Stabilized cyclic data of Wall A (no anchors, r = 1.0)

Phase Int. Drift
(in.)

Load
(lbs.)

Avg. kc

(lbs./in.)
Ul

(lbs.-in.)
Wd

(lbs.-in.)
EVDR
(rad-1)

1 0.02 1739 85202 37 19 0.08
-0.02 -1632

2 0.06 2975 78653 136 94 0.11
-0.03 -3512

3 0.08 4049 77863 275 157 0.09
-0.05 -4881

4 0.10 5123 73871 472 270 0.09
-0.07 -6439

5 0.24 12025 55175 3091 2001 0.10
-0.24 -14093

6 0.32 15221 47900 5159 3795 0.12
-0.33 -16214

7 0.49 18954 38094 9891 7556 0.12
-0.53 -19840

8 0.67 20995 30811 15104 11405 0.12
-0.73 -22122

9 0.87 21720 24873 20105 15131 0.12
-0.93 -22982

10 1.06 20001 19867 23588 18230 0.12
-1.12 -23277

11 1.25 17799 14884 24390 23397 0.15
-1.31 -20296

12 1.42 15328 10495 22486 18534 0.13
-1.51 -15382

13 1.64 12267 7330 20628 21193 0.16
-1.72 -12320

14 1.83 8560 4073 14216 16008 0.18
-1.92 -6654

15 2.04 6788 2839 12217 10844 0.14
-2.12 -4989
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Figure A.1: Hysteresis loops of Wall A (no anchors)
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Figure A.2:Initial hysteresis loops of Wall A (no anchors) together with hyst. and pot. energy for comparison
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Table A.3: Initial cyclic data of Wall D (no anchors, r = 0.48)

Phase Int. Drift
(in.)

Load
(lbs.)

Avg. kc

(lbs./in.)
Ul

(lbs.-in.)
Wd

(lbs.-in.)
EVDR
(rad-1)

1 0.02 853 26442 11 4 0.06
-0.02 -155

2 0.04 1524 23514 53 28 0.08
-0.05 -853

3 0.07 2035 23459 121 75 0.10
-0.07 -1336

4 0.10 2491 21802 218 149 0.11
-0.10 -1873

5 0.29 5123 15920 1298 1108 0.14
-0.28 -3968

6 0.39 6117 14286 2158 1665 0.12
-0.39 -4989

7 0.58 7782 12225 4151 3388 0.13
-0.58 -6466

8 0.77 8775 10639 6379 4993 0.12
-0.77 -7701

9 0.97 9608 9523 9054 6862 0.12
-0.98 -8963

10 1.16 10091 8459 11500 8462 0.12
-1.17 -9635

11 1.35 10306 7512 13520 10080 0.12
-1.34 -9850

12 1.48 9823 6423 14375 10448 0.12
-1.51 -9393

13 1.73 9608 5529 16933 12695 0.12
-1.77 -9742

14 1.95 8802 4583 17636 13409 0.12
-1.98 -9178

15 2.15 8131 3809 17818 13563 0.12
-2.17 -8346

16 2.35 7567 3191 17751 14706 0.13
-2.37 -7486

17 2.55 6815 2677 17415 16157 0.15
-2.55 -6842

18 2.75 5848 2050 15482 14837 0.15
-2.75 -5418

19 2.81 3780 1283 10131 9227 0.14
-2.81 -3431

20 3.10 3538 1082 10126 9261 0.15
-3.01 -3082

21 3.22 2625 687 7367 8866 0.19
-3.35 -1873

22 3.49 558 147 974 3370 0.55
-3.56 0

23 3.46 396 57 1635 2464 0.24
-3.76 -504
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Table A.4: Stabilized cyclic data of Wall D (no anchors, r = 0.48)

Phase Int. Drift
(in.)

Load
(lbs.)

Avg. kc

(lbs./in.)
Ul

(lbs.-in.)
Wd

(lbs.-in.)
EVDR
(rad-1)

1 0.02 880 25695 12 4 0.05
-0.02 -208

2 0.05 1551 24310 56 30 0.08
-0.05 -853

3 0.07 2061 23455 121 70 0.09
-0.07 -1309

4 0.10 2518 21727 211 139 0.11
-0.10 -1766

5 0.29 4908 14955 1270 925 0.12
-0.30 -3807

6 0.39 5687 13145 1997 1430 0.11
-0.39 -4559

7 0.58 6949 10872 3687 2644 0.11
-0.59 -5714

8 0.77 7782 9387 5654 4049 0.11
-0.78 -6788

9 0.97 8426 8294 7892 5566 0.11
-0.98 -7755

10 1.16 8722 7302 9942 6979 0.11
-1.17 -8319

11 1.35 8883 6380 11813 8361 0.11
-1.37 -8480

12 1.53 8534 5515 13207 9503 0.11
-1.56 -8534

13 1.75 8023 4588 14125 10397 0.12
-1.75 -8077

14 1.95 7325 3789 14423 10891 0.12
-1.96 -7459

15 2.13 6734 3099 14286 11325 0.13
-2.16 -6573

16 2.34 6063 2524 13928 11602 0.13
-2.36 -5794

17 2.54 5177 2040 13271 11435 0.14
-2.56 -5230

18 2.74 3968 1323 10047 9236 0.15
-2.77 -3324

19 2.90 3565 1135 9652 8538 0.14
-2.94 -3055

20 3.04 2787 852 8094 7641 0.15
-3.13 -2464

21 3.33 1148 195 2173 3986 0.29
-3.35 -155

22 3.54 772 127 1591 2726 0.27
-3.53 -128
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Figure A.3: Hysteresis loops of Wall D (no anchors)
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Figure A.4: Initial hysteresis loops of Wall D (no anchors) together with hyst. and pot. energy for comparison
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Table A.5: Initial cyclic data of Wall E (no anchors, r = 0.30)

Phase Int. Drift
(in.)

Load
(lbs.)

Avg. kc

(lbs./in.)
Ul

(lbs.-in.)
Wd

(lbs.-in.)
EVDR
(rad-1)

1 0.02 692 18846 7 5 0.11
-0.02 -47

2 0.04 1041 17408 32 29 0.15
-0.05 -450

3 0.07 1390 15675 80 72 0.14
-0.07 -853

4 0.10 1632 14022 141 133 0.15
-0.10 -1175

5 0.29 2787 9215 763 871 0.18
-0.29 -2518

6 0.39 3270 8087 1247 1211 0.15
-0.40 -3082

7 0.58 4156 6879 2320 2347 0.16
-0.59 -3834

8 0.77 4613 5669 3412 3339 0.16
-0.79 -4183

9 0.96 4908 4792 4571 4331 0.15
-0.99 -4452

10 1.15 5069 4138 5507 5092 0.15
-1.16 -4478

11 1.34 5069 3415 6305 5605 0.14
-1.38 -4210

12 1.48 4801 2957 6664 5663 0.14
-1.53 -4076

13 1.73 4586 2478 7617 6897 0.14
-1.78 -4102

14 1.94 4452 2045 7857 7690 0.16
-1.98 -3565

15 2.15 3189 1499 7018 6600 0.15
-2.18 -3297

16 2.35 3377 1340 7462 6457 0.14
-2.37 -2948

17 2.55 1471 566 3686 5334 0.23
-2.56 -1417

18 2.75 853 329 2637 2739 0.17
-2.75 -1068

19 3.02 611 296 2105 2346 0.18
-2.61 -907
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Table A.6: Stabilized cyclic data of Wall E (no anchors, r = 0.30)

Phase Int. Drift
(in.)

Load
(lbs.)

Avg. kc

(lbs./in.)
Ul

(lbs.-in.)
Wd

(lbs.-in.)
EVDR
(rad-1)

1 0.02 692 17856 9 6 0.10
-0.03 -101

2 0.04 1068 17064 34 27 0.13
-0.05 -450

3 0.07 1363 15645 79 70 0.14
-0.08 -853

4 0.10 1578 13301 132 127 0.15
-0.10 -1068

5 0.29 2599 8295 716 712 0.16
-0.30 -2276

6 0.39 3028 7389 1134 1064 0.15
-0.40 -2760

7 0.58 3673 5988 2044 1881 0.15
-0.59 -3324

8 0.76 4022 4921 2967 2705 0.15
-0.79 -3619

9 0.97 4237 4101 3918 3539 0.14
-0.99 -3780

10 1.15 4371 3460 4707 4127 0.14
-1.18 -3700

11 1.35 4317 2974 5512 4649 0.13
-1.38 -3780

12 1.52 4183 2512 5977 5303 0.14
-1.57 -3565

13 1.74 4022 2055 6326 6199 0.16
-1.77 -3189

14 1.93 3538 1635 6223 5541 0.14
-1.98 -2840

15 2.13 2948 1270 5881 5449 0.15
-2.18 -2518

16 2.34 2437 943 5238 5817 0.18
-2.38 -2008

17 2.54 450 306 1946 2322 0.19
-2.57 -1068

18 2.96 584 276 2094 2012 0.15
-2.56 -960
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Figure A.5: Hysteresis loops of Wall E (no anchors)
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Figure A.6: Initial hysteresis loops of Wall E (no anchors) together with hyst. and pot. energy for comparison
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Table A.7: Initial cyclic data of Wall A (max. anchors, r = 1.0)

Phase Int. Drift
(in.)

Load
(lbs.)

Avg. kc

(lbs./in.)
Ul

(lbs.-in.)
Wd

(lbs.-in.)
EVDR
(rad-1)

1 0.02 1659 118783 46 22 0.08
-0.02 -2985

2 0.05 3369 101138 177 101 0.09
-0.04 -5061

3 0.07 5440 90709 417 220 0.08
-0.06 -6831

4 0.10 7529 81696 787 452 0.09
-0.09 -8480

5 0.29 15806 60966 3963 3247 0.13
-0.22 -15049

6 0.40 18140 50524 6235 4585 0.12
-0.31 -17052

7 0.57 23017 42495 11507 9006 0.12
-0.48 -21046

8 0.72 25743 36102 16910 12994 0.12
-0.65 -23616

9 0.92 27625 30028 23271 17868 0.12
-0.84 -25200

10 1.10 28570 25784 29138 21943 0.12
-1.02 -26213

11 1.27 28901 22558 34101 25989 0.12
-1.19 -26543

12 1.43 27682 19102 36945 26095 0.11
-1.35 -25426

13 1.68 28068 16411 44554 32926 0.12
-1.61 -26000

14 1.90 26540 13764 47464 34474 0.12
-1.81 -24566

15 2.10 22515 10441 44425 32986 0.12
-2.02 -20551

16 2.32 16601 7219 37487 26482 0.11
-2.24 -16295

17 2.52 14590 5617 34589 23451 0.11
-2.44 -13284

18 2.72 12852 4563 33163 21961 0.11
-2.67 -11751

19 2.82 11045 3697 28592 17992 0.10
-2.74 -9517

20 3.12 11380 3369 30994 19364 0.10
-2.93 -9047

22 3.29 10123 2633 30703 19529 0.10
-3.25 -8622

23 3.55 9302 2590 30202 17955 0.09
-3.46 -7892

24 3.77 8450 2258 29260 16726 0.09
-3.66 -7279

25 4.80 7757 1803 28593 16607 0.09
-3.08 -6476
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Table A.8: Stabilized cyclic data of Wall A (max. anchors, r = 1.0)

Phase Int. Drift
(in.)

Load
(lbs.)

Avg. kc

(lbs./in.)
Ul

(lbs.-in.)
Wd

(lbs.-in.)
EVDR
(rad-1)

1 0.02 2008 89749 54 24 0.07
-0.02 -3069

2 0.05 3616 81142 187 95 0.08
-0.04 -5042

3 0.07 5679 75627 437 217 0.08
-0.07 -6842

4 0.10 7551 60854 747 395 0.08
-0.09 -7991

5 0.31 14726 53252 3889 2628 0.11
-0.23 -13714

6 0.40 16896 46513 5754 3843 0.11
-0.30 -15497

7 0.56 20557 38048 10258 6670 0.10
-0.47 -18806

8 0.72 22600 31450 14895 9455 0.10
-0.65 -20627

9 0.92 24000 26103 20223 13239 0.10
-0.84 -21910

10 1.10 24660 22212 25035 16815 0.11
-1.02 -22474

11 1.30 24744 18802 29841 20440 0.11
-1.22 -22606

12 1.48 24459 16254 34085 23649 0.11
-1.42 -22606

13 1.71 22139 13047 36177 26423 0.12
-1.62 -21298

14 1.91 21051 10771 37638 26837 0.11
-1.82 -19206

15 2.13 15511 7310 31804 22089 0.11
-2.04 -14979

16 2.34 13454 5647 29838 20072 0.11
-2.26 -12503

17 2.53 12186 4624 29041 18828 0.10
-2.48 -10988

18 2.76 11101 3763 27876 17919 0.10
-2.68 -9380

19 2.90 10604 3403 28132 17348 0.10
-2.84 -8963

20 3.05 9224 2647 26320 16727 0.10
-3.04 -8064

21 3.36 8861 2578 26725 15791 0.09
-3.27 -7255

22 3.58 7943 2065 25880 14858 0.09
-3.46 -6742

23 4.51 7435 1935 25605 16650 0.10
-2.88 -6141

24 4.81 7121 1715 27230 14634 0.09
-3.25 -6216
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Figure A.7: Hysteresis loops of Wall A (max. anchors)
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Figure A.8: Initial hysteresis loops of Wall A (max. anchors) together with hyst. and pot. energy for comparison
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Table A.9: Initial cyclic data of Wall D (max. anchors, r = 0.48)

Phase Int. Drift
(in.)

Load
(lbs.)

Avg. kc

(lbs./in.)
Ul

(lbs.-in.)
Wd

(lbs.-in.)
EVDR
(rad-1)

1 0.02 1497 34138 17 9 0.08
-0.02 -20

2 0.05 2088 32200 70 39 0.09
-0.04 -907

3 0.07 2652 29516 154 90 0.09
-0.07 -1605

4 0.10 3216 27656 286 170 0.09
-0.10 -2411

5 0.29 6170 21095 1727 1219 0.11
-0.29 -5902

6 0.38 7352 18955 2863 1769 0.10
-0.39 -7379

7 0.57 9286 16464 5531 3811 0.11
-0.59 -9796

8 0.74 10897 14679 8665 5706 0.10
-0.79 -11649

9 0.92 12052 12938 12119 7951 0.10
-1.01 -12965

10 1.08 12589 11412 15182 9760 0.10
-1.22 -13690

11 1.26 12992 9982 18042 11468 0.10
-1.43 -13797

12 1.38 12616 8775 19115 11664 0.10
-1.57 -13233

13 1.63 12750 7663 22873 14837 0.10
-1.82 -13690

14 1.85 11461 6011 22516 15092 0.11
-2.02 -11783

15 2.06 7755 3775 17310 12241 0.11
-2.22 -8399

16 2.26 6788 3093 16924 11092 0.10
-2.41 -7674

17 2.45 5848 2549 16344 10684 0.10
-2.60 -7057

18 2.65 5230 2129 15852 10180 0.10
-2.79 -6385

19 2.72 4129 1752 13681 8876 0.10
-2.85 -5660

20 3.01 4237 1609 14811 9427 0.10
-3.05 -5526

21 3.16 4049 1435 15543 9664 0.10
-3.39 -5392

22 3.40 3592 1174 14532 9087 0.10
-3.61 -4666

23 3.62 2867 1000 14000 8807 0.10
-3.82 -4613

24 3.83 2572 865 13505 8415 0.10
-4.02 -4264
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Table A.10: Stabilized cyclic data of Wall D (max. anchors, r = 0.48)

Phase Int. Drift
(in.)

Load
(lbs.)

Avg. kc

(lbs./in.)
Ul

(lbs.-in.)
Wd

(lbs.-in.)
EVDR
(rad-1)

1 0.02 1471 28568 17 8 0.07
-0.02 -47

2 0.05 2088 27267 74 38 0.08
-0.04 -933

3 0.07 2625 22230 152 86 0.09
-0.07 -1632

4 0.10 3109 21631 265 151 0.09
-0.10 -2276

5 0.28 5875 18303 1654 934 0.09
-0.30 -5526

6 0.38 6788 16015 2620 1457 0.09
-0.40 -6707

7 0.56 8507 13997 5023 2773 0.09
-0.60 -8829

8 0.73 9688 12209 7756 4303 0.09
-0.81 -10413

9 0.90 10440 10577 10544 5966 0.09
-1.03 -11353

10 1.08 10924 9213 13125 7532 0.09
-1.23 -11729

11 1.26 11273 8036 15575 9067 0.09
-1.43 -11837

12 1.43 11165 6897 17795 10597 0.09
-1.62 -12079

13 1.66 10494 4950 18752 11559 0.10
-1.81 -11139

14 1.85 6922 3583 14633 11045 0.12
-2.01 -8184

15 2.04 6305 2604 13547 8973 0.11
-2.21 -6439

16 2.24 5150 2140 12886 8591 0.11
-2.41 -5902

17 2.44 4478 1805 12475 8310 0.11
-2.61 -5365

18 2.65 4129 1625 12698 8402 0.11
-2.82 -5123

19 2.81 4022 1522 14006 8605 0.10
-2.98 -5606

20 2.95 3431 1344 13282 7977 0.10
-3.18 -5177

21 3.24 3431 1054 12809 7967 0.10
-3.40 -4264

22 3.45 2948 944 12587 7645 0.10
-3.59 -4183

23 3.64 2625 854 11994 7362 0.10
-3.77 -3834
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Figure A.9: Hysteresis loops of Wall D (max anchors)
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Figure A.10: Initial hysteresis loops of Wall D (max. anchors) together with hyst. and pot. energy for comparison
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Table A.11: Initial cyclic data of Wall E (max. anchors, r = 0.30)

Phase Int. Drift
(in.)

Load
(lbs.)

Avg. kc

(lbs./in.)
Ul

(lbs.-in.)
Wd

(lbs.-in.)
EVDR
(rad-1)

1 0.02 799 26902 11 3 0.05
-0.02 -289

2 0.04 1444 25765 54 30 0.09
-0.05 -907

3 0.07 1927 23760 116 76 0.10
-0.07 -1390

4 0.10 2384 21635 218 145 0.11
-0.10 -1954

5 0.28 4532 15290 1234 1046 0.13
-0.29 -4156

6 0.38 5445 13531 2033 1492 0.12
-0.39 -5042

7 0.56 7057 11705 3860 3029 0.12
-0.58 -6385

8 0.76 7970 9944 5820 4432 0.12
-0.78 -7245

9 0.96 8480 8427 7897 5956 0.12
-0.98 -7835

10 1.16 8695 7165 9659 7128 0.12
-1.17 -7943

11 1.30 8775 6238 11064 8261 0.12
-1.37 -7835

12 1.50 8184 5192 11704 8101 0.11
-1.51 -7406

13 1.74 8292 4436 13604 9800 0.11
-1.76 -7245

14 1.96 6278 2913 11155 8399 0.12
-1.95 -5123

15 2.16 5579 2378 11038 7370 0.11
-2.15 -4666

16 2.35 5230 2009 11091 7078 0.10
-2.35 -4210

17 2.53 4666 1518 9752 6529 0.11
-2.54 -3028

18 2.73 4156 1313 9830 6206 0.10
-2.75 -3028

19 2.81 3538 1101 8703 5367 0.10
-2.82 -2652

20 3.11 3780 1039 9791 5894 0.10
-3.01 -2599

21 3.29 3861 974 10622 6464 0.10
-3.33 -2572

22 3.54 3700 822 10278 5666 0.09
-3.53 -2115

23 3.74 3189 663 9253 5100 0.09
-3.72 -1766

24 3.94 2840 566 8723 5089 0.09
-3.89 -1605
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Table A.12: Stabilized cyclic data of Wall E (max. anchors, r = 0.30)

Phase Int. Drift
(in.)

Load
(lbs.)

Avg. kc

(lbs./in.)
Ul

(lbs.-in.)
Wd

(lbs.-in.)
EVDR
(rad-1)

1 0.02 880 27632 13 7 0.09
-0.03 -289

2 0.04 1471 25783 54 31 0.09
-0.05 -880

3 0.07 1927 23373 120 73 0.10
-0.07 -1417

4 0.10 2357 20845 207 132 0.10
-0.10 -1793

5 0.29 4290 14196 1178 781 0.11
-0.29 -3888

6 0.38 5042 12572 1854 1186 0.10
-0.39 -4613

7 0.57 6305 10387 3461 2210 0.10
-0.58 -5687

8 0.76 7003 8704 5107 3294 0.10
-0.77 -6331

9 0.96 7352 7295 6774 86634 2.04
-0.97 -6707

10 1.15 7459 6123 8194 5479 0.11
-1.16 -6707

11 1.35 7406 5107 9383 6359 0.11
-1.36 -6439

12 1.53 7164 4370 10420 7110 0.11
-1.56 -6331

13 1.76 6278 3177 9894 7026 0.11
-1.77 -4935

14 1.97 4881 2238 8644 5870 0.11
-1.96 -3914

15 2.17 4559 1926 9029 5791 0.10
-2.16 -3780

16 2.37 4317 1619 9015 5639 0.10
-2.35 -3324

17 2.56 3861 1272 8269 5225 0.10
-2.54 -2625

18 2.76 3646 1139 8557 5310 0.10
-2.72 -2599

19 2.90 3673 1080 9030 5382 0.09
-2.89 -2572

20 3.02 3297 875 8125 5020 0.10
-3.09 -2035

21 3.30 3163 728 7982 4833 0.10
-3.33 -1659

22 3.53 2572 584 7272 4408 0.10
-3.53 -1551

23 3.74 2357 525 7148 4253 0.09
-3.73 -1471

24 3.94 2518 512 8417 4482 0.08
-4.10 -1685
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Figure A.11: Hysteresis loops of Wall E (max. anchors)
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Figure A.12: Initial hysteresis loops of Wall E (max. anchors) together with hyst. and pot. energy for comparison
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Table A.13: Initial cyclic data of Wall 2.1 (2 ft corner segments)

Phase Int. Drift
(in.)

Load
(lbs.)

Avg. kc

(lbs./in.)
Ul

(lbs.-in.)
Wd

(lbs.-in.)
EVDR
(rad-1)

1 0.02 695 56714 20 3 0.02
-0.02 -1420

2 0.04 1688 54437 62 16 0.04
-0.03 -1876

3 0.06 2172 51950 98 27 0.04
-0.03 -2198

4 0.07 2655 46685 158 44 0.04
-0.05 -2709

5 0.19 5260 30494 915 641 0.11
-0.16 -5260

6 0.27 6173 24003 1599 1196 0.12
-0.24 -6200

7 0.44 7462 17630 3175 2886 0.14
-0.41 -7489

8 0.61 7972 13482 4829 4112 0.14
-0.59 -8160

9 0.80 8187 10473 6528 7842 0.19
-0.78 -8348

10 0.97 7570 8141 7650 6509 0.14
-0.96 -8214

11 1.17 5018 5349 7312 6992 0.15
-1.17 -7489

12 1.34 2709 3433 5955 5541 0.15
-1.31 -6334

13 1.66 1554 1143 2310 6629 0.46
-1.23 -1661
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Table A.14: Stabilized cyclic data of Wall 2.1 (2 ft corner segments)

Phase Int. Drift
(in.)

Load
(lbs.)

Avg. kc

(lbs./in.)
Ul

(lbs.-in.)
Wd

(lbs.-in.)
EVDR
(rad-1)

1 0.02 990 56280 26 7 0.04
-0.02 -1393

2 0.04 1715 55416 60 18 0.05
-0.03 -1876

3 0.05 2198 53017 96 26 0.04
-0.03 -2198

4 0.07 2548 48928 141 40 0.05
-0.04 -2601

5 0.19 4750 27835 838 475 0.09
-0.16 -4884

6 0.27 5555 22045 1426 893 0.10
-0.24 -5636

7 0.44 6254 14945 2733 1884 0.11
-0.41 -6522

8 0.63 6630 11114 4137 2890 0.11
-0.59 -6925

9 0.80 6442 8459 5302 3871 0.12
-0.79 -6952

10 0.99 4562 5651 5461 4451 0.13
-0.98 -6549

11 1.21 2709 3580 5085 4453 0.14
-1.18 -5824

12 1.44 1581 2149 4200 5232 0.20
-1.38 -4427
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Figure A.13: Hysteresis loops of Wall 2.1 (2 ft corner segments)
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Figure A.14: Initial hysteresis loops of Wall 2.1 (2 ft corner segments) together with hyst. and pot. energy for comparison
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Table A.15: Initial cyclic data of Wall 2.2 (2 ft corner segments)

Phase Int. Drift
(in.)

Load
(lbs.)

Avg. kc

(lbs./in.)
Ul

(lbs.-in.)
Wd

(lbs.-in.)
EVDR
(rad-1)

1 0.02 1232 51660 25 10 0.07
-0.02 -1017

2 0.04 2064 45964 83 50 0.10
-0.04 -1849

3 0.07 2682 38047 178 123 0.11
-0.07 -2521

4 0.10 3165 32699 309 222 0.11
-0.10 -3192

5 0.24 5233 22220 1209 1131 0.15
-0.23 -5126

6 0.33 5690 17904 1852 1459 0.13
-0.31 -5824

7 0.49 6549 13946 3243 2957 0.15
-0.47 -6898

8 0.68 6683 10351 4634 4276 0.15
-0.66 -7167

9 0.87 6388 7641 5846 5655 0.15
-0.88 -6979

10 1.05 5367 5367 6118 6304 0.16
-1.08 -6092

11 1.25 3461 3260 5341 6338 0.19
-1.30 -4884

12 1.47 1500 1730 3596 5155 0.23
-1.43 -3487
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Table A.16: Stabilized cyclic data of Wall 2.1 (2 ft corner segments)

Phase Int. Drift
(in.)

Load
(lbs.)

Avg. kc

(lbs./in.)
Ul

(lbs.-in.)
Wd

(lbs.-in.)
EVDR
(rad-1)

1 0.02 1285 52420 26 11 0.07
-0.02 -1044

2 0.05 2064 44478 86 53 0.10
-0.04 -1849

3 0.07 2628 36969 178 115 0.10
-0.07 -2494

4 0.09 3031 32367 287 203 0.11
-0.10 -3058

5 0.25 4669 19465 1173 858 0.12
-0.24 -4884

6 0.34 5045 16074 1664 1196 0.11
-0.31 -5287

7 0.52 5421 11350 2789 2145 0.12
-0.48 -5824

8 0.70 5260 8065 3846 3360 0.14
-0.68 -5878

9 0.88 4777 5717 4453 4239 0.15
-0.89 -5314

10 1.06 3246 3508 4168 4705 0.18
-1.11 -4401

11 1.33 1554 1878 3240 4624 0.23
-1.31 -3380
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Figure A.15: Hysteresis loops of Wall 2.2 (2 ft corner segments)
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Figure A.16: Initial hysteresis loops of Wall 2.2 (2 ft corner segments) together with hyst. and pot. energy for comparison
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Table A.17: Initial cyclic data of Wall 4.1 (4 ft corner segments)

Phase Int. Drift
(in.)

Load
(lbs.)

Avg. kc

(lbs./in.)
Ul

(lbs.-in.)
Wd

(lbs.-in.)
EVDR
(rad-1)

1 0.02 1527 49131 25 15 0.10
-0.02 -695

2 0.04 2037 41344 79 54 0.11
-0.05 -1554

3 0.05 2548 38296 146 87 0.09
-0.07 -2145

4 0.07 2950 35859 219 143 0.10
-0.09 -2601

5 0.18 5287 26283 1004 723 0.11
-0.22 -4938

6 0.25 6146 22397 1664 1105 0.11
-0.30 -6012

7 0.40 7462 17661 3222 2483 0.12
-0.45 -7596

8 0.56 8080 13886 4921 3842 0.12
-0.63 -8429

9 0.75 8053 10729 6661 5337 0.13
-0.83 -8832

10 0.91 7462 8388 7994 6190 0.12
-1.03 -8885

11 1.09 6818 6639 8972 6880 0.12
-1.23 -8590

12 1.22 5690 5403 9146 6523 0.11
-1.36 -8348

13 1.45 5260 4386 10373 7853 0.12
-1.60 -8214

14 1.65 4213 3214 9665 8407 0.14
-1.79 -6925
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Table A.18: Stabilized cyclic data of Wall 4.1 (4 ft corner segments)

Phase Int. Drift
(in.)

Load
(lbs.)

Avg. kc

(lbs./in.)
Ul

(lbs.-in.)
Wd

(lbs.-in.)
EVDR
(rad-1)

1 0.02 1608 47687 30 17 0.09
-0.03 -802

2 0.04 2091 41930 79 49 0.10
-0.05 -1527

3 0.05 2521 39943 140 96 0.11
-0.07 -2145

4 0.06 2843 36161 207 132 0.10
-0.09 -2548

5 0.17 4803 24529 937 532 0.09
-0.22 -4723

6 0.25 5529 20640 1500 874 0.09
-0.30 -5555

7 0.40 6468 15486 2849 1417 0.08
-0.46 -6791

8 0.57 6737 11672 4246 2691 0.10
-0.63 -7328

9 0.75 6415 8762 5619 3837 0.11
-0.84 -7596

10 0.92 5878 6869 6632 4579 0.11
-1.04 -7596

11 1.10 5126 5366 7340 5119 0.11
-1.22 -7408

12 1.27 4615 4417 8134 5758 0.11
-1.42 -7355 3293

13 1.47 3863 7907 6279 0.13
-1.60 -6334



Appendix 205

Figure A.17: Hysteresis loops of Wall 4.1 (4 ft corner segments)
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Figure A.18: Initial hysteresis loops of Wall 4.1 (4 ft corner segments) together with hyst. and pot. energy for comparison
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Table A.19: Initial cyclic data of Wall 4.2 (4 ft corner segments)

Phase Int. Drift
(in.)

Load
(lbs.)

Avg. kc

(lbs./in.)
Ul

(lbs.-in.)
Wd

(lbs.-in.)
EVDR
(rad-1)

1 0.04 1957 52918 67 22 0.05
-0.04 -1796

2 0.05 2413 48529 122 40 0.05
-0.05 -2440

3 0.05 2601 47551 170 51 0.05
-0.07 -3004

4 0.14 4884 32013 880 560 0.10
-0.19 -5609

5 0.21 5770 25836 1528 978 0.10
-0.28 -6683

6 0.36 7301 19388 3051 2386 0.12
-0.43 -8026

7 0.52 7999 14787 4707 3822 0.13
-0.60 -8644

8 0.70 8214 11382 6430 5200 0.13
-0.80 -8859

9 0.87 8187 9084 7937 6193 0.12
-1.00 -8751

10 1.03 8026 7347 9150 7022 0.12
-1.21 -8321

11 1.13 7274 6009 9177 6676 0.12
-1.35 -7516

12 1.33 6979 4881 10287 7776 0.12
-1.58 -7140

13 1.47 6200 3713 9456 7766 0.13
-1.74 -5609

14 1.55 4965 2574 7579 7273 0.15
-1.96 -3810
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Table A.20: Stabilized cyclic data of Wall 4.2 (4 ft corner segments)

Phase Int. Drift
(in.)

Load
(lbs.)

Avg. kc

(lbs./in.)
Ul

(lbs.-in.)
Wd

(lbs.-in.)
EVDR
(rad-1)

1 0.02 1393 55843 25 8 0.05
-0.02 -990

2 0.03 1930 54393 66 14 0.03
-0.04 -1849

3 0.04 2360 51860 111 32 0.05
-0.05 -2413

4 0.05 2494 47998 155 37 0.04
-0.07 -2870

5 0.14 4508 29972 830 416 0.08
-0.20 -5314

6 0.21 5287 23790 1387 772 0.09
-0.27 -6092

7 0.36 6280 16892 2647 1652 0.10
-0.43 -7032

8 0.52 6710 12535 3997 2704 0.11
-0.61 -7408

9 0.70 6791 9502 5395 3765 0.11
-0.81 -7489

10 0.86 6710 7448 6508 4665 0.11
-1.01 -7167

11 1.02 6442 5901 7358 5355 0.12
-1.22 -6683

12 1.16 6119 4937 8024 5765 0.11
-1.40 -6415 3435

13 1.32 5529 3034 7947 6157 0.12
-1.60 -5367

14 1.30 4562 6037 5774 0.15
-1.81 -3407
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Figure A.19: Hysteresis loops of Wall 4.2 (4 ft corner segments)
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Figure A.20: Initial hysteresis loops of Wall 4.2 (4 ft corner segments) together with hyst. and pot. energy for comparison
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