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The objective of this study was to determine the effect of misplaced hold-

downs on the static and cyclic behavior of wood shear walls. Three shear wall

configurations were considered in this study. The first configuration (control) had

hold-downs at the ends of the wall (wall type 1), the second configuration had one

of the hold-downs misplaced to the first interior stud (wall type 2), and the third

configuration had a misplaced hold-down with additional nailing applied to the stud

attached to the misplaced hold-down (wall type 3). All shear wall specimens were

2.44 x 2.44 m (8 x 8 ft.) frames sheathed with oriented strand board (OSB). The

frames were constructed with 38 x 89 mm (2 x 4 in. nominal) No. 2 kiln dried

Douglas-fir studs spaced at 406 mm (16 in.) o.c., connected with 16d (3.33 mm dia.

x 82.6 mm long) pneumatic gun driven nails. The 1.22 m x 2.44 m x 11.5 mm

sheets of APA rated sheathing Exposure 1 OSB were attached to the frame with 8d

(2.87 mm dia. x 60 3 mm long) pneumatic gun driven nails. SIMPSON Strong-

Tie® PHD2A® style hold-downs were used. Two wall specimens for each

configuration were tested under both static and cyclic loading conditions, for a total

of four tests per configuration. The recently developed CIJREE protocol was used

for all cyclic tests.
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Results from this study show that misplaced hold-downs cause reductions in

strength and absorbed energy. Wall type 2 specimens achieved strength values 42

percent lower under static loading, and 35 percent lower under cyclic loading when

compared to wall type 1. These strength reductions are much higher than the 17

percent anticipated strength loss due to the reduction in effective wall width.

Application of a denser nail spacing to the stud attached to the misplaced hold-

down (wall type 3) helped achieve higher strength. Wall type 3 specimens reached

an average strength that was 21 percent lower than wall type 1 specimens under

static loading, and 19 percent lower under cyclic loading. This value is closer to

the strength loss anticipated due to reduction in the effective wall width. The effect

of additional nailing has little effect on the initial stiffness of walls with misplaced

hold-downs. Denser nail spacing significantly increased the amount of energy

absorbed by the shear walls with misplaced hold-downs. Wall type 3 specimens

tested under both cyclic and static protocols absorbed nearly 36 percent more

energy than wall type 2 specimens.

Failure mode for the control walls was in the form of nail withdrawal from

the center stud. Hold-down misplacement to the first interior stud (wall type 2)

shifted the nail failure away from the center stud. Wall type 2 specimens had nails

withdrawal primarily from the stud attached to the misplaced hold-down.

Application of denser nailing to the stud attached to the misplaced hold-down

shifted the nail failure back to the center stud (wall type 3). In both wall types 2

and 3, the frame underwent significant deformation due to vertical deflection of the

unrestrained portion of the sill plate.

The static and cyclic test results show that undetected misplaced hold-

downs have detrimental effects on the structural performance of wood shear walls.

Application of denser nail spacing can help to regain strength.
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The Effect of Hold-down Misplacement on the Strength and Stiffness
of Wood Shear Walls

INTRODUCTION

The Northridge earthquake that occurred in southern California in early

1994 had widespread and devastating effects. Throughout the city of Los Angeles

and surrounding communities the earthquake caused more than $40 billion in

property damage and nearly $50 billion in total losses. The most devastating effect,

however, was the loss of 25 lives due to the seismic event.

Wood frame buildings suffered a great deal of structural damage during the

earthquake. More than half of the total property damage, or $20 billion, was

suffered by wood frame structures. More alarming was that 24 of the 25 lives lost

in the event were due to failure of wood frame buildings. This illustrates that there

may be some problems in the design and/or construction of wood frame buildings,

even when current building code requirements are apparently followed.

Surprisingly, it was found that buildings constructed more recently suffered more

damage than older wood frame buildings (CUREE 1998). Two of the reasons cited

for this phenomenon were adventuresome architectural configurations and quality

control deficiencies (CUREE 1998).

Before the Northridge earthquake, little attention was given to the

consequences of quality control deficiencies in wood frame construction. As a
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result, there is very little published information on the subject. As part of the

background research for this study, an informal survey was conducted to collect

information on the types and severity of quality control deficiencies occurring in

modern wood frame construction. Several small engineering firms involved in

light-frame timber design were contacted and questioned about the occurrence of

construction defects. Phone conversations with engineers at these finns revealed

that one of the more serious and frequently occurring deficiencies was hold-down

misplacement. The engineers interviewed said that the misplacement results from

mistakes made in the concrete foundation work. The concrete workers that pour

the foundation are responsible for placing the anchor bolts in the locations specified

in the project drawings. The carpenters that frame the house drill the wall sill

plates according to the in-situ spacing of the anchor bolts. Therefore, if an anchor

bolt is misplaced, the carpenters have no choice but to attach a hold-down device to

it in its misplaced condition. If the misplacement is recognized by the building

inspector, the engineer is contacted to address the problem. The engineer will

calculate the new capacity of the wall based on the reduced width and the

appropriate unit shear capacity of the wall. If the reduced capacity is still sufficient

to resist the design loading, the engineer will direct the contractor to apply

boundary nailing to the stud attached to the misplaced hold-down. If the

misplacement is severe enough to cause strength reductions that lower the capacity

below the demand, the engineer will instruct the contractor to retrofit the

foundation with an epoxy style anchor in the original intended hold-down location.



3

This leads to further problems, as a special inspection is required for foundation

retrofit, and this translates into increased cost to the owner.

The objective of this study is to determine the effect of a misplaced hold-

down on the static and cyclic behavior of wood shear walls. Three shear wall

configurations are considered: a wall that is defect-free (wall type 1), a wall that is

constructed with an undetected defect in the form of a misplaced hold-down (wall

type 2), and a wall with a recognized misplaced hold-down that has additional

boundary nailing applied (wall type 3).



LITERATURE REVIEW

In North America, shear walls are typically employed as the primary lateral

force resisting system in light-frame timber structures. Values for the shear

capacity of wood shear walls can be found in the Uniform Building Code (UBC)

(ICBO 1997). UBC Table 23-11-1-1 gives the allowable unit shear based upon

several variables. Among these variables are sheathing grade, sheathing thickness,

nail type, and nail spacing. These allowable values are based upon the results of

scores of monotonic tests run by the American Plywood Association (APA) abiding

by standards set forth in ASTM E-72 or ASTM E-564 (Uang 2001). Damage

suffered by structures in the Northridge earthquake has given way to speculation

that these design values may not be accurate for cyclic loading. In response to this

concern, considerable research has been conducted in the area of cyclic response of

wood frame construction.

In 1998, the Federal Emergency Management Agency (FEMA) and the

California Governor's Office of Emergency Services (OES) gave a large grant to

the California Institute of Technology for creation of the Woodframe Project. The

Consortium of Universities for Research in Earthquake Engineering (CUREE)

managed work contracted out to other universities and practicing engineers. The

work done was organized under the following five main tasks:

4
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Testing and Analysis

Field Investigations

Building Codes and Standards

Economic Applications

Education and Outreach

For the purposes of this study, the first and second tasks of the Woodframe Project

are of particular significance. In Task 1.3.2, Krawinkler et al. (2000) developed a

series of new cyclic testing protocols for light-frame wood components. Previous

test protocols, such as the Sequential Phase Displacement protocol (SPD) and the

International Standards Organization protocol (ISO), yielded strength and ductility

values that are regarded as overly conservative (Uang 2001). The objective of

CUREE Task 1.3.2 was to develop protocols that represented the seismic demands

imposed on wood frame structures in Southern California (CUREE 2002). The

CUREE Ordinary Protocol (non-near-fault) was created by conducting a series of

time-history analyses on model buildings. Twenty recorded ground motions,

selected as being representative of the range of motions in a high seismic area in

California, were scaled to a response spectra. Based upon statistical analysis of the

time history analyses of the model buildings, the number and magnitude of cycles

for use in the ordinary protocol were selected. It is this statistical basis that sets the

CUREE protocol apart from the other competing cyclic testing protocols.

Comparison of the CUREE ordinary protocol against the SPD and ISO

protocols was done under Woodframe Project Task 1.3.1, "Cyclic Response of
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Woodframe Shearwalls: Loading Protocol and Rate of Loading Effects" (Uang

2001). In this study, shear walls with both oriented strand board (OSB) and

plywood sheathing were used to study the effects of loading protocol on shear wall

behavior. A total of 16 walls were tested under four different loading protocols

(monotonic in addition to the three cyclic protocols). The author concluded that the

CUREE protocol may be the most accurate of the three cyclic protocols. The SPD

protocol resulted in fastener fatigue failures that didn't seem representative of the

demand imposed by a seismic event. The results from the SPD tests resulted in 25

percent average reduction in peak strength and 47 percent average reduction in

deformation capacity, as compared with the CUREE test results. The equal

amplitude cycle groups in the ISO protocol were deemed to be too demanding on

the fasteners. The author suggested that this protocol not be used as it leads to

overly conservative estimates of strength and ductility. The results from the

CUREE tests were found to be very comparable to the results obtained from the

monotonic tests. It was suggested that even though the two testing protocols return

similar results, cyclic testing via the CUREE protocol is still necessary, as the

hysteretic behavior of a wall is useful in many analytical techniques being

developed for wood frame structures. Most important, was that the CUREE tests

resulted in failure modes that were the most consistent with shear wall seismic

behavior. Therefore, the author recommended that the CUREE protocol be

established as the standard for future wood frame testing.
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Despite the extensive testing completed under the Woodframe Project, there

has still been little effort made to accurately duplicate in-situ conditions of actual

shear walls in the testing lab. For instance, construction deficiencies can create

boundary conditions in the field that are less than ideal, yet the boundary conditions

in many of the shear wall tests conducted to-date do not reflect this. Work done to

address the second task of the Woodfrarne Project, Field Investigations, found that

there often exist deficiencies in the construction process that have the potential to

greatly affect the performance of wood frame structures subject to seismic loading

(CUREE 2002). Case studies were published on 16 wood structures damaged by

the Nortbridge Earthquake. Of the 16 buildings investigated, it was found that

construction deficiencies were prevalent in 12 of them. The authors of the case

studies cited construction quality control as a cause or partial cause of the failure in

each of these 12 structures. In each case, they concluded that lack of quality

control during construction was the most common problem.

Prior to the Northridge earthquake, a study was conducted by Sheirle (1996)

on quality control in light residential and commercial wood construction. As part

of the study, mail surveys were sent to over 3000 architects and engineers licensed

in California requesting them to report experiences with quality control for

earthquake safety. The survey questionnaire included a checklist with 28 items for

seismic resistance. Among these items were hold-downs, anchor bolts, metal

straps, and tie downs. Site surveys were also conducted on construction projects

located in southern California. Graduate research assistants from the University of
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Southern California conducted these site surveys. Each research assistant (RA)

was required to attend several seminars, as well as successfully complete a written

exam to assure consistent methods of recording missing or flawed items. The RA's

visited 264 residential units and 32 commercial units over a 9-month period. The

site survey included a checklist with 32 seismic safety items (4 were added to the

original 28 based on preliminary site surveys).

Results from the mail surveys showed that of the 28 items surveyed, 17 of

them were missing or flawed in over 40 percent of recorded units. It was also

found that key items in the resistance of seismic loading were among the most

frequently missing. These included: shear wall hold-downs and nailing, wall-to-

wall straps and tie-downs, diaphragm blocking and nailing, drag strut splices, roof-

to-wall clips, and tie-downs. On average, these items were missing or flawed more

than 20 percent of the time, which was the most severe of all the items surveyed.

Results from the site surveys were more detailed due to tighter controls and

consistency that couldn't be obtained from the mail survey's reliance on third

parties. The site surveys found that 22 percent of all surveyed shear wall hold-

downs were missing or flawed (although not defined in Schierle's paper, flawed

hold-downs are assumed to be either misplaced or misinstalled (i.e. no nut on

anchor bolt/rod)). Of the 32 items on the checklist, 11 of them were missing or

flawed in more than 40 percent of the recorded units. Similar to the mail survey, it

was found that key items in the resistance of seismic loads were missing or flawed

in over 40 percent of the recorded units. The site surveys found that town houses
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and tract homes had more quality control issues than residential homes. Also,

larger projects tended to have more quality control issues than smaller projects.

Shierle concluded that, based on the two surveys, there is an obvious need

for improvement in the quality control of wood-frame construction. He also

expressed that the heavy economic losses suffered in the Northridge earthquake

could have been reduced considerably if there were more attention given to

construction quality control.

In a study done by Ni and Karacabeyli (2000), the effect of vertical load and

aspect ratio on lateral capacity of shear walls without hold-downs was investigated.

The results of this study demonstrate that the lateral capacity of walls without hold-

downs varies inversely with aspect ratio. Also, when sufficient vertical load was

placed upon a shear wall, 100 percent of the lateral capacity could be realized

without the use of hold-down connectors. A mechanics-based model compared

very well with the test data, and is currently being employed in a reduction factor

for the strength of shear wall segments without hold-downs in the Canadian wood

design code (Ni and Karacabeyli 2002). The shear wall configuration used by Ni

and Karacabeyli employed very densely spaced shear anchorage. This is a

significant variation from the wall configuration used in this study of misplaced

hold-downs, and thus direct comparison of results may not be possible.



MATERIALS AND METHODS

WALL SPECIMENS

The specimens used in this study were 2440 x 2440 mm wood framed shear

walls, as shown in Figure 1. The frames were constructed with 38 x 89 mm (2 x 4

in. nominal) grade No. 2 kiln dried Douglas-fir studs. Studs were sistered for

doubled end posts and top-plate, while a single 38 x 89 mm was used for the sill

plate. On the interior of the wall, vertical studs were placed at 406 mm o c The

frames were overlaid with 1.22 m x 2.44 m x 11.5 mm sheets of APA rated

sheathing Exposure 1 oriented strand board. A SENCO® SN 65 pneumatic nail gun

was used to drive 1 6d (3.33 n-mi dia. x 82.6 mm long) nails to attach the top and sill

plates to the studs and 8d (2.87 mm dia. x 60.3 mm long) nails to attach the

sheathing to the frame. Based upon recommendations by SIMPSON-StrongTie®

sales personnel, the PHD® style hold-down was chosen due to it widespread use in

construction in the Pacific Northwest (Gilroy 2002). The PHD" style hold-down

utilizes a series of SDS'/4x3 (6.4 mm dia. x 76.2 mm long) wood screws to fasten

the hold-down to the vertical post, and a 16 mm dia. anchor for horizontal

attachment. Simple statics was used to choose the appropriate size of hold-down

for these tests. The capacity of the wall was determined to be 5.1 kN/m (350 lb/if),

per UBC table 23-11-1-1. When multiplied by the width of the wall, this translates

into a force of 12.4 kN (2800 lbs). By symmetry, this is the same force that will be

10
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experienced as vertical reaction on each end of the wall. The PHD-2A was chosen

with an allowable tensile capacity of 16.1 kN (3610 ib). In addition to the two

hold-downs, the shear anchorage of the walls included two 16 mm (5/8 in.) dia.

Grade 5 steel bolts spaced at 610 mm (24 in.) in from each end of the wall. These

were installed with 63.5 x 63.5 x 6.35 nim (2 x 2 x '/ in.) SIMPSON base plates.

1.22 mx 2.44 mx 11.5mm
OSB Sheathing

305 mm o.c. field nailing (8d)

102 mm o.c. edge nailing (8d)
applied at panel edges -
(204 mm o.c. at end studs
staggered for 102 mm
"effective" spacing)

16mm dia. Grade 5 steel bolt

Figure 1: Typical Shear Wall Specimen

The three different shear wall configurations used to test the effects of

misplaced hold-downs are shown in Figure 2. The first configuration, wall type 1,

is the control wall (Fig. 2(a)). This wall configuration has 102 mm (4 in.) o.c. edge

nailing and 305 mm (12 in.) field nailing. The hold-downs are placed in each

corner of the wall. The second configuration, wall type 2, differs from type 1 by

misplacement of one hold-down to the first interior stud (Fig. 2(b)). A second 38 x

No.2 kiln dried
2x4 Doug. Fir
studs
(@406mm o.c.)

Simpson
PHD-2A
Hold.down



(A)

1

(C)

Simpson
PHD-2A
Hold-down

2x4 stud sistered with
(2) rows of 16d nails
@ 12" o.c. (entire heigth)

Hold-down misplaced
to 1st interior stud

4 inch o.c. nailing applied
to stud w! misplaced holdown

2x4 stud sistered with
(2) rows of 16d nails
@ 12" o.c. (entire heigth)

Hold-down misplaced
to 1st interior stud

Figure 2: Wall Types: (a) Wall Type 1, (b) Wall Type 2, (c) Wall Type 3

12
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89 nm stud is sistered onto the original stud with two rows of 1 6d nails spaced at

305 mm (24 in.) o.c. The purpose of the sistered stud is to accommodate the full

length of the wood screws for attachment of the hold-down. The third

configuration, wall type 3, is similar to type 2 with the exception that 102 mm (4

in.) o.c. nailing is applied to the first vertical interior stud that accommodates the

misplaced hold-down (Fig. 2(c)).

Two walls were tested under both static and cyclic testing protocols for

each wall type. The test matrix is shown in Table 1.

Table 1: Test Matrix

TEST SETUP

The test set up is shown in Figure 3 (and in the photographs in Appendix

A). The foundation of the testing frame consists of a rigid welded tubular steel

frame. This frame is bolted to the concrete and steel I-joist composite testing floor.

Shear Wall Type Test Number Protocol

Type 1

M1A Static
M1B Static
Ml C Static
CiA CUREE
C1B CUREE

Type 2
M2A Static
M2B Static
C2A CUREE
C2B CUREE

Type 3
M3A Static
M3B Static
C3A CUREE
C3B CUREE
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A steel channel (C4x5.4) lies on top of the tubular steel frame. The 16 mm (5/8 in.)

diameter anchor bolts run through the sill plate, the steel channel, and bolt through

to the underside of the steel tube frame. The top of the shear wall specimens are

attached to a C3x5 that runs the length of the wall. Welded to the C3x5 is a roller

track that accommodates the steel braced frame assembly. This steel frame is

attached to a concrete reaction wall and prevents out of plane movement of the

shear walls. Force is imposed upon the shear wall specimens by a hydraulic

actuator that is attached to the end of the C3x5. This actuator has a 489-kN (110-

kip) capacity and 254-mm (10-in.) stroke. The actuator is anchored to the flange of

a WlOxl 12 steel beam that is bolted to a concrete reaction wall. A 102-mm

hydraulic cylinder is used to support the actuator so that no vertical load is imposed

on the top of the shear wall test specimens.

The data acquisition system consists of 8 channels of position and load

readings. The data from all 8 channels is recorded via computer with the LabView

6i program. Load readings are obtained from a load cell attached to the hydraulic

actuator (channel 1), while deflection at the top of the wall is transferred by the

actuator's internal position sensor (channel 2). Uplift readings are taken at each

end of the wall by a series of LVDT' s and string-pot devices (channels 3, 4, 5, 6).

The LVDT's are used to obtain precise readings at small displacements, while the

string-pots are better suited to the large uplift readings that result from the

specimens with misplaced hold-downs. The last two channels were devoted to

LVDT devices that were attached to the lower interior corner of one of the OSB



Steel Fixture

Roller Track with Lateral Bracing
PUSH PULL+

+ -

Wall Specimen

Cbncrt and Steel I Jmst Composite
Te4st Flooir

WlOxll2Beam -

Support Cylinder

Figure 3: Testing Frame and Instrumentation (Langlois 2002)

panels (channels 7, 8). These LVDT's were installed to gain insight into the

vertical and horizontal movement by the panels at the location of the center stud

attachment to the sill plate.

LOADING PROTOCOLS

Static Tests

Static tests were conducted on two walls of each configuration for the

purpose of obtaining reference displacement data for input into the cyclic CUREE

function. In the static tests, load was imposed to the top of the wall at a

displacement rate of (0.25 nmilsec). The walls were loaded to failure, and beyond

to record load-deflection data up to 80 percent of maximum load (Pmax) for

0

489 kN MTS Actuator

Channels
I: Load Cell

Lateral Displacement
North Uplift LVDT
South Uplift LVDT
South Uplift String Pot
North Uplift String Pot
Panel Corner Horiz. LVDT
Panel Corner Vert LVDT

I
1=

15

Concrete Reaction
Wall



Figure 4: Data and Reference Displacement from Load Displacement
Curves (Langlois 2002)

calculation of reference displacements. Data was collected at a rate of 10 readings

per second (10 Hz). Reference displacement values were obtained for each wall by

using the recommendations set forth by Woodframe Project researchers (CUREE

2002). The reference displacement is calculated by first obtaining the monotonic

deformation capacity (A3. This value is the deformation that corresponds to the

load at 0.80 Pmax after failure. The reference displacement (ref) is defined as 60

percent off. Figure 4 shows these values on a typical load-deflection plot.

CUREE Protocol

The recently developed CUREE protocol for ordinary ground motions was

chosen as the cyclic testing protocol for this study. The reference displacement

obtained from the monotonic tests is used as input to prescribe the CUREE function

for ordinary ground motions (see Figure 5). This function is initiated by a series of

16
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6 small amplitude cycles called initiation cycles. These initiation cycles allow

determination that the data acquisition system is working properly prior to the

induction of large forces upon the wall (Krawinkler et al. 2000). After the

initiation cycles, the function consists of increasingly large amplitude cycles, called

primary cycles. These primary cycles are separated by series of trailing cycles that

are 75 percent of the amplitude of the preceding primary cycle. Beyond a value of

1.0 Aref, the primary cycles are stepped by 50 percent.

The test specimens were run to failure and beyond so that the backbone

curves were well defined. The CUREE function was input and run through an

Analogic 2020 polynomial waveform synthesizer. Data were acquired at a rate of

25 readings per second. Positive cycles are referred to herein as the loading cycles

that correspond with a "push" motion from the hydraulic actuator (see Figure 3).

Negative cycles correspond to a "pull" motion from the hydraulic actuator.

1.5

-1.5

-2

0 100 200 300 400

Time (seconds)

Figure 5: CUREE Cyclic Test Protocol for Ordinary Ground Motions

I
'V



DATA ANALYSIS

Static Tests

The data obtained from the static tests were used to develop load deflection

plots. Specific data values of interest were; strength (Pmax), deflection at Pmax

(A Pmax), monotonic deformation capacity (Af), reference displacement (Aref), initial

stifthess (I(s), and absorbed energy (B).

Initial stiffness values (K0) were calculated at 40 percent of the ultimate

capacity according to the following equation:

K0 = (0.4 Pmax) I (A 0.4 Pmax)

The absorbed energy was taken as the area under the load deflection curves

from the origin up to the deformation capacity (Af).

CURBE Tests

The data obtained from the cyclic tests were used to develop hysteresis

curves for each specimen. Values of maximum displacement and the

corresponding force were taken at each primary cycle for generation of backbone

curves for all walls (see Appendix E). Due to the asymmetry of wall configurations

2 and 3, it was necessary to obtain backbone curves based on both the positive and

negative cycles. Specific values of interest from the cyclic tests were; strength

18
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(Pmax), deflection at Pmax (tWmax), initial stiffness (K), cyclic stiffness (K1), and

absorbed energy (E).

The cyclic stiffness values were calculated for each cycle and defined by the

following equation:

= (P - P)/( -

where i = cycle no., + and - represent positive or negative cycle, ö is the

maximum deflection for (positive) cycle i, and P is the load corresponding to ö

The absorbed energy was taken as the area under the backbone curves from

the origin up to the deformation capacity (Af).



RESULTS AND DISCUSSION

STATIC TESTS

The results of the static tests for all walls tested in this study are shown in

Table 2. Load displacement curves for all of the walls are shown in Figure 6.

Table 2: Results from Static Tests

20

ft s ;T$8 9O

M2A 18.9 37 79 1.9 1209 47

M2B 18.5 64 94 1.7 1440 56

AVG 51 86 1 8 125 53

M3A 26.1 49 102 2.1 2138 61

M3B 24.8 61 102 1.2 1958 61

AVQ 25.4 ', 1fl2 7 Z048

Test Pmax

kN

APmax

mm mm

K0
kN/mm

E
kN-mm

ref

mm

MIA 30.0 64 132 2.4 3329 79

M1B 29.7 47 86 2.6 2083 51

M1C 35.0 68 94 2.0 2572 56
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Figure 6: Load Displacement Curves for All Wall Types

Wall Type 1

The load deflection plots for wall type 1 are shown in Figure 7. The study

plan for this project called for two walls to be tested under static loading for each

wall configuration. However, due to the stark difference in post-peak wall behavior

between specimens M1A and M1B, it was decided to test a third specimen, wall

MIC. As can be see by the load-deflection plot in Figure 7, the post-peak behavior

of Ml A shows much more residual strength than Ml B. Thus, the values for

monotonic deformation capacity (Af) as well as absorbed energy (E) were much

greater for wall Ml A. The value of interest for input to the CUREE function,

reference displacement (Aret), is based upon the monotonic deformation capacity.

As seen in Table 2, the reference displacement value is much greater for M1A than
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M1B. A third wall, M1C, was tested per the ASTM recommendation for cases

where the value(s) of interest for the first two walls varies by more than 15 percent.

As seen in the load-deflection plots for wall type 1 (Figure 7), the behavior of wall

M1C is closer to that of wall M1B. Although wall M1C developed a higher

strength, the post-peak performance yielded a monotonic deformation capacity (and

therefore reference displacement) much closer to wall M1B than wall M1A. Since

the reference displacement values for walls Ml B and Ml C were within the ASTM

recommended 15 percent, they were used for calculation of the average reference

displacement input into the CUREE function for wall type 1. Data obtained from

the M1A test was excluded from this study.

Figure 7: Load Displacement Curves for Wall Type 1

25 50 75 100 125 150 175

Displacment (mm)
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The average strength of walls M1B and M1C compares well with the

average values obtained by similar tests conducted at Oregon State University.

Testing of similar configuration walls by Stahle (2001) resulted in an average

strength of 29.1 kN. Shear wall tests of similar configuration were also conducted

as part of CUREE Task 1.3.1 (Uang 2001). The strength achieved by these walls

under static loading was much greater than the values obtained in this test and in

tests by Stahle. Strength values in the CUREE tests were in the range of 40 kN.

Strength values of this magnitude were also obtained by another study at Oregon

State University (Langlois, 2002). However, in that study, the test specimens had

sheathing attached to the frame with ring-shank nails, whereas the CUREE tests

utilized smooth-shank nails. It is possible that the CUREE walls had higher

strength because of denser nail spacing along the top-plate and two end posts. A

non-symmetric stiffness condition resulted, in which the center of rotation of the

sheathing panels no longer coincided with the geometric center (CUREE 2002).

With regards to the initial stiffness values obtained in this study,

comparison is possible only to the results obtained by Langlois because he also

determined initial stiffness at 40 percent of Pmax. Both Stahle and Uang (Task

1.3.1) calculated initial stiffness at 80 percent of maximum capacity. Despite

Langlois' utilization of fasteners with higher withdrawal capacity, his monotonic

test specimens achieved an average initial stiffness of 1.97 kN/mm. This is similar

to the average initial stiffness of 2.3 kN/mm obtained from tests Ml B and Ml C.
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Energy absorbed by the wall type 1 specimens was slightly lower than the

value reported by Stahle (2001). Stahle obtained a value of 2796 kN-mm from the

average of three control wall specimens, whereas the average energy absorbed by

walls M1B and M1C was 2328 kN-mm. The cause for this discrepancy may be

found in the denser field nailing (204 mm) applied to the wall specimens used by

Stahle.

Failure of wall type 1 specimens was in the form of nail withdrawal from

the center stud as well the top and sill plates in the vicinity of center stud

connection (refer to failure drawings in Appendix F). This failure is similar to that

witnessed in tests conducted by Stahle (2001). The framing members did not

experience any significant separation.

Wall Type 2

The load deflection plots for wall type 2 are shown in Figure 8. Wall type 2

specimens (hold-down misplaced to first interior stud) obtained an average strength

of 18.7 kN and an average initial stiffness of 1.8 kN/mm. When compared to the

values obtained from wall type 1 specimens (32.3 kN, 2.3 kN/mm) there seems to

be significant loss in strength and stiffhess due to hold-down misplacement. There

is an anticipated linear loss in strength due to the reduced effective wall width

(2032 nim from 2440 mm); however, the actual strength loss did not follow this

model. The expected reduction in strength due to movement of the hold-down

would only be 17 percent. The actual strength loss experienced by wall type 2
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specimens was 42 percent. Insufficient nailing on the misplaced hold-down stud is

the reason behind the actual strength loss being more than double the loss

anticipated based solely on geometric considerations. Without a sufficient number

of dowel-type fasteners to resist panel rotation, and transfer force into the frame,

premature failure occurred. This demonstrates the severity of the problem of

undetected hold-down misplacements. The loss of stiffness in wall type 2

specimens was not as drastic as the strength loss. The average initial stiffhess of

wall type 2 fell 22 percent from the average initial stiffhess of wall type 1.

Energy absorbed by wall type 2 specimens was much lower than in the

control walls. Average absorbed energy fell by more than 43 percent due to

misplacement of the hold-down to the first interior stud.
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Figure 8: Load Displacement Graph for Wall Type 2
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Misplacement of the hold-down to the first interior stud, and resultant

asymmetry of the panel racking, caused different failures than experienced in wall

type 1 (see failure drawings in Appendix F). The connection failures in wall type 2

specimens were a combination of withdrawal and pull-through. Hold-down

misplacement forced the connection failures to shift from the center stud (as in wall

type 1) to the area around the vertical stud attached to the misplaced hold-down.

There was nail withdrawal from this stud, as well as nail withdrawal and tear-out

from the sheathing panel along the sill plate in the vicinity of the misplaced hold-

down. With regard to the frame itself, there was considerable permanent

deformation, and signs of excessive flexural stress. The corner of the shear wall

with the misplaced hold-down experienced significant vertical deflection (uplift).

The lack of restraint in this location, and subsequent excessive flexural stress on the

sill plate, caused splitting of the sill plate near the misplaced hold-down. Another

effect of this large vertical deflection was the separation of vertical studs from the

top and sill plates. The center stud of wall M2A pulled upwards on the sill plate,

causing another crack to develop.

It should be noted that the manner in which these walls were tested might

represent the worst-case scenario in actual construction, because shear walls found

within a typical wood frame structure are often attached to cross walls. Shear wall

tests have shown that corner framing does provide a hold-down effect that increases

wall capacity and ductility (Dolan and Heine 1997). Therefore, the excessive
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vertical deflection that occurred in these tests may not be indicative of the behavior

of shear walls in actual construction.

Wall Type 3

The load deflection plots for wall type 3 are shown in Figure 9. As seen in

Table 2, wall specimens for the third configuration achieved an average strength of

25.4 kN and an average initial stiffness of 18.7 kN/mm. Comparison of these

values with those obtained from the other two wall configurations demonstrates

that the application of a denser nailing pattern on the stud attached to the misplaced

hold-down can increase capacity. In comparison to wall type 2 specimens, it is

seen that application of the 102 mm o c nail spacing to the misplaced hold-down

stud increased the strength of the wall by 27 percent (from 18.7 kN to 25.5 kN).

This strength is 21 percent less than that of wall type 1, which is still more than the

anticipated 17 percent reduction for a reduced effective shear wall width (changed

from 2440 nm to 2032 mm) This may suggest that the practice of applying

boundary nails to a shear wall with a misplaced hold-down does not attain the

strength as calculated by multiplication of a unit shear value with the reduced

effective shear wall width. The complex interaction between the sheathing and the

frame, further complicated by the asymmetry induced by the hold-down

misplacement, could be the cause of this unanticipated shortcoming.

The application of boundary nailing to the misplaced hold-down stud did

not lead to any gains in stiffness. The first wall specimen, M3A, attained a
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stiffhess value of 2.0 kN/mm. This is greater than either of the stiffness values for

wall type 2 specimens. The second wall type 3 specimen, M3B, was much less

stiff than the type 2 walls with a value of 1.2 kN/mm. The reason behind this low

value can be found in the failure of wall M3B. As seen in Photo 7 in Appendix G,

a split developed in the sill plate early in the load application. Wall M3A did not

develop a sill plate split during loading. Due to the lack of visible defects in the sill

plate of wall M3B, the most plausible explanation for the low flexural strength and

premature failure is in the inherent variability of wood. The low initial stiffness

value attained by wall M3B caused the average initial stiffness for wall type 3

specimens to be 5% less than the average for wall type 2 specimens.

0

0 25 50 75 100

Displacement (mm)
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Figure 9: Load Displacement Graph for Wall Type 3
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Wall type 3 specimens also exhibited a higher relative post-peak capacity

than either wall types 1 or 2. This behavior resulted in a higher monotonic

deformation capacity value (ç), and therefore, higher reference displacements

(Aref).

Application of a denser nail spacing to the stud attached to the misplaced

hold-down helped to achieve a significant increase in absorbed energy (E). The

average value of 2048 kN-mm is a 35 percent increase over the average value

obtained by wall type 2 specimens.

The failure of wall type 3 was more like the failure seen in the control wall

type 1 (see failure drawings in Appendix F). The connection failure shifted from

the hold-down stud, as in wall type 2, back to the center stud. The nails along the

center stud attaching the OSB panel on the side without the misplaced hold-down

withdrew from the stud, as well as the sill and top plates in the vicinity of

connection to the center stud. Nails attaching the panel on the side of the wall with

the misplaced hold-down withdrew from the top and sill plates in the vicinity of

center stud connection, but not from the center stud itself. As in wall type 2, there

was significant vertical deflection of the cantilevered portion of the sill plate. This

deflection led to separation of some of the vertical studs from the top and sill

plates. Aside from this stud separation, the frame of wall M3A did not show any

other forms of failure. As mentioned earlier, wall M3B developed a split in the sill

plate, similar to both walls M2A and M2B.



CUREE TESTS

The values obtained from the six CUREE tests are summarized in Table 3.

The backbone curves for all of the walls are shown in Figure 10.

Table 3: Results from CUREE Tests (positive cycle loading)

z

o -1-J

40

Deflection (mm)

Figure 10: Backbone Curve Comparison for all wall types
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TEST ........................4ref

mm

..ax
kN

L\Pm.ax

mm

.
kN/mm

E

kN-mm

CIA 29.7 77 1.9 2334

C1B 30.7 77 1.7 2515

AVG. 53 30.2 1.8 2425

C2A 18.6 77 1.8 1229

C2B 20.6 53 1.6 1420

AVG. 53 19.6 1.7 1325

C3A
61

23.6 61 1.8 1863

C3B 25.6 92 2.0 2284

AVG. 61 24.6 1.9 2074
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Wall Type 1

As seen in Table 3, the average strength for wall type 1 specimens was 30.2

kN. This value is slightly higher than the results obtained by Stahie (2001). For

the average of three walls tested under CUREE protocol, Stahie obtained an

average of 26.8 kN for the cyclic strength. Although the reference displacement

used for those walls was greater than that used in this study (71 mm vs. 53 mm), it

has been shown that reference displacements of these magnitudes should not create

great differences in data obtained from tests run on similar configuration walls

(Langlois 2002). The average initial stiffness values from walls CiA and C1B

compare well with those obtained by Langlois (2002). As in the monotonic tests,

Langlois utilized ring-shank nails, yet the average initial stiffness value of 2.0

kN/mm is close to the value of 1.8 kN/mm obtained in this study.

As mentioned earlier, the reference displacement value used for input into

the CUREE function for wall type 1 was taken as the average of data from walls

M1B and M1C. Comparison of the backbone curves from the two cyclic tests with

the monotonic load displacement curves (Figure 12) shows that the behavior of

wall type 1 is similar under both types of loading. Energy absorbed by the cyclic

test specimens was nearly the same as the static specimens. Both initial stiffness

and strength values of the cyclic test specimens were slightly less than the static

test specimens. The higher average strength values of static wall type 1 specimens

can be attributed to the high strength achieved by wall M1C. The failure of the

walls under cyclic loading took place at the 1 .5 stage of the CUREE loading
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Figure 11: Wall Type 1 Load Displacement and Backbone Curve
Comparison

protocol. Woodframe Project researchers suggested that their recommendation of

reference displacement formula was able to consistently under predict the

deformation at peak cyclic load capacity (CUREE 2002). This did not hold true for

wall type 1 specimens, as they failed at 1 .5it, instead of 1 .0 as the CUREE

justification for reference displacement would have suggested.

The failure of wall type 1 specimens subject to CUREE loading was similar

to the static specimens (see failure drawings in Appendix F). The connection

failures were predominantly in the form of withdrawal, and were focused around

the center stud. In addition to the withdrawal failures, some nails along the center

stud and sill plate pulled through the OSB sheathing. Partial nail withdrawal also
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occurred along the sill plate near each corner of the wall, and in the case of wall

C1B, in the upper corner furthest from the hydraulic actuator. The wall frame

showed no visible permanent damage. This failure pattern is similar to that

reported by Stahle (2001) for walls of similar configuration tested under CUREE

ordinary protocol.

Wall Type 2

Much like the static test results, the wall type 2 cyclic specimens attained

significantly lower strength than wall type 1. The average strength of cyclic wall

type 2 specimens was slightly higher than the static test specimens, with an average

value of 19.6 kN. This is a 35 percent reduction in strength from wall type 1. The

initial stiffness of these walls was only slightly lower than wall type 1. The

reduction in initial stiffness from cyclic loading was not nearly as large as the

reduction experienced in specimens subject to static loading. With regard to cyclic

stiffness, both type 2 walls achieved lower values than type 1 walls. The average

cyclic stiffness of wall type 2 specimens was approximately 15 percent less than

wall type 1 specimens for all cycles up to 1 .Oii

The average energy absorbed by cyclic wall type 2 specimens was exactly

the same as for the static wall specimens. This was a 45% decrease from the

amount of energy absorbed by cyclic wall type 1 specimens.
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Figure 12: Wall Type 2 Load Displacement and Backbone Curve
Comparison

Each of the type 2 wall specimens failed at different amplitudes in the

CUREE function. The failure of wall C2A occurred at 1 .5, whereas wall C2B

failed at the CUREE intended 1 .OA.

Comparison of the backbone curves for the negative cycles of wall types 1

and 2 shows some interesting behavior (see Figure 10 and Table D.l in Appendix

D). Although the asymmetry created by an offset hold-down was anticipated to

reduce strength on the positive loading cycles, no effects were foreseen to be had

on the negative loading cycles. Wall type 2 specimens yielded slightly lower

strength values on the negative loading cycles than wall type 1 specimens. The

initial stiffness values for the negative cycles of wall type 2 specimens were
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slightly lower than wall type 1, and lower than the initial stiffness values obtained

for the positive loading cycles. This indicates that hold-down misplacement may

have detrimental effects on both directions of loading, and not just in the weak

(jositive loading cycle) direction.

Failure of cyclic wall type 2 specimens displayed a combination of the

failures typical of static specimens for wall types 1 and 2 (refer to failure drawings

in Appendix F). Connection failures occurred in the form of nail withdrawal along

the center stud and the misplaced hold-down stud. Nail withdrawals to differing

degrees occurred along most of the sill plate, and on the top plate in the vicinity of

connection to the center stud. Unlike the static specimens, no splits developed in

the sill plate. The unrestrained portion of the sill plate still did deflect enough to

allow slight separation of some of the vertical studs from either the top or sill

plates.

Wall Type 3

Wall type 3 specimens exhibited significant gains in strength due to the

application of a denser nailing schedule to the stud attached to the misplaced hold-

down. With an average strength of 24.6 kN (Table 3), the denser nailing pattern is

shown to increase strength by nearly 26 percent (from 19.6 kN to 24.6 kN). This

strength is still almost 19 percent lower than the strength achieved by the control

specimens (wall type 1). However, this is very close to the anticipated 17 percent

loss in strength due to the reduced wall width. The average initial stiffness of wall
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type 3 specimens was slightly larger than the average for both wall types 1 and 2.

This is in contrast to the large reduction in initial stiffness experienced by wall type

3 specimens subject to static loading. This suggests that under cyclic loading, hold-

down misplacement may not have an effect shear wall behavior in the elastic

region. However, in regards to cyclic stiffhess, both wall types 2 and 3 exhibited

lower stiffness than wall type 1. As seen in the Table 4, the cyclic stiffness of both

wall types is consistently in the range of 15 percent lower than the cyclic stiffness

of wall type 1. This trend holds true for all cycles in the CUREE function up

through 1 .OA. Beyond this amplitude, the cyclic stiffness of wall types 2 and 3 is

seen to severely degrade when compared with wall type 1.
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Figure 13: Wall Type 3 Load Displacement and Backbone Curve
Comparison



Table 4: Cyclic Stiffness Comparison

* Percentages for each cycle are relative to Wall Type I stiffness values

Energy absorbed by cyclic wall type 3 specimens was nearly the same as

the energy absorbed by static wall type 3 specimens. The value of 2074 kN-mm

(Table 2) is a 36 percent increase over the average energy absorbed by cyclic wall
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Cyclic Stiffness Values (kN/mm)
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type 2 specimens. Thus, application of denser nail spacing is shown to improve the

energy dissipation of shear walls with misplaced hold-downs.

Much like the type 2 walls, the wall type 3 specimens failed at different

amplitudes in the CUREE function. Wall M3A failed at 1 .OA, whereas wall M3B

failed at the following primary cycle, 1 .5& Walls M3A and C2B were the only

walls to reach peak capacity at 1 .0; all other cyclic tests reached this point at 1 .5tX.

This trend does not follow findings by Langlois (2002). Out of eight shear walls

tested in that study, all but one of the walls failed at 1 .OA. The one outlier failed at

the preceding primary cycle amplitude of 0.7A. Of the three comparable shear wall

tests run by Stahle (2001) under CUREE protocol, each of the three tests failed at

different amplitudes. Only one test failed at 1 .Oz\; a second wall failed at 0.7A, and

the remaining wall failed at 1 .5A. This provides little evidence of the Woodframe

Project researcher's reference displacement calculation method to "slightly under-

predict the deformation at peak cyclic load capacity" (CUREE 2002). It is

acknowledged that the choice of O.6Af is only a suggestion by the Woodframe

Project as a starting point and selection of reference displacement is left to the

discretion of the user. Using deformation at peak capacity may prove to be an

easier and more reliable value for use as A. However, when taking into

consideration the conclusions in the study by Langlois, choosing values in the

range of± 10 percent for reference displacement will have little effect on the values

obtained from cyclic shear wall tests.
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Failure of the two cyclic wall type 3 specimens did not both follow the

same pattern. Wall C3A experienced very similar failure as the wall type 1

specimens. In this wall, the nails attaching the OSB sheathing failed in withdrawal

from the center stud, and from the top and sill plates in the vicinity of connection to

the center stud. Vertical studs in the frame separated slightly from the top and sill

plates due to the deflection of the unrestrained portion of the sill plate. Wall C3B

failed in a completely different manner Nails attaching the sheathing to the frame

failed in withdrawal from the end stud and sill plate on the side of the wall not

having the misplaced hold-down. The end post on this side separated completely

from the top-plate. The remainder of the vertical studs separated to a lesser degree

from both the top and sill plates. A small hairline split developed in the sill plate

under the misplaced hold-down. This was the only wall specimen tested under the

CUREE protocol that developed a split in the sill plate similar to the static test

specimens.

For each of the three wall types, comparison between results obtained from

the CUREE ordinary protocol with the results from the static tests show that there

is little difference in specimen response between the two loading protocols. This

raises the question of whether or not cyclic testing is needed, when the same values

are obtained from static or "monotonic" testing. Uang (2001) addressed this

question by suggesting that cyclic testing is still important due to the need for

hysteretic response as input into some analytical methods used for wood frame

structures. Draft C of the CUREE-Caltech Woodframe Codes and Standards report
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(CUREE 2002) recommends that, "...if the mechanism of yield or failure is not

different from that observed for monotonic tests, and the performance parameters

of interest (load and deflection capacity) are not significantly different, then

monotonic test results should be acceptable." This same report acknowledged that

the revision of the CUREE cyclic testing protocol may be necessary as more

information becomes available on the behavior of wood frame buildings. It is

suggested that comparison of results from CUREE tests should be made with

shake-table or truly dynamic shear wall tests to verify that the results obtained from

this "quasi-static" protocol are indeed indicative of the demands imposed by a

seismic event.

With regard to the objective of this study, both the static and cyclic test

results show that undetected misplaced hold-downs have detrimental effects on the

structural performance of wood shear walls. Application of a denser nail spacing to

the stud attached to the misplaced hold-down can help to regain strength, but not to

the exact value anticipated by application of a linear strength reduction to the

shortened wall width.

An additional outcome of this study is the validation of the procedure for

calculating reduced capacity of shear walls with misplaced hold-downs. As

mentioned earlier in this report, the procedure for calculation of shear capacity for a

wall with a misplaced hold-down consists of applying the allowable unit shear

capacity to the reduced effective wall width. This is done with the assumption that

denser nailing will be applied to the stud attached to the misplaced hold-down to
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achieve the calculated strength. Wall type 3 specimens demonstrated that the

capacity achieved by application of denser nailing to the stud attached to the

misplaced hold-down is close (within 4%) to that calculated by using the reduced

wall width.

In closing, results from both the cyclic and static tests suggest that there is

approximately a 40 percent reduction in strength when one of the hold-downs in a

2440 x 2440 nmi shear wall is misplaced by nearly 400 mm. The factor of safety in

shear walls tested by the APA for establishment of design values varies between 2

and 4 (Tissel 1999). The factor of safety values were calculated by dividing the

average ultimate capacity of tested walls by the target allowable design shear.

These tests were done using both ASTM E72 and E564 standards. Due to the use

of tie-down rods in tests using ASTM E72, it is plausible that tests run with this

protocol resulted in conservative safety factors. Multiplication of the UBC

allowable unit shear (5.1 kN/m) for the wall configuration used in this study with

the specimen wall width (2.44 m), results in an allowable wall capacity of 12.4 kN.

For conversion to a strength value, this number must be multiplied by the UBC

listed conversion factor (Chapter 16, Div. 1) of 1.4. This results in a target strength

design value of 17.4 kN. The average strength of wall type 2 specimens was 19.6

kN. When comparison is made with the target design strength value, a factor of

safety of 1.1 exists for shear walls with hold-downs misplaced by - 400 mm. This

low factor of safety demonstrates the severity of misplaced hold-downs that do not

have additional nailing applied. The method of comparison with design strength
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value differs slightly from the APA method in which comparison was made with

allowable design value.

Results from testing done by Ni and Karacaybeli (2000) showed that the

absence of hold-downs in 2440 x 2440 mm shear walls results in a 50 percent

reduction in capacity from walls that employ hold-downs. The close range of

strength loss experienced in walls without hold-downs in the study by Ni and

Karacaybeli and walls with misplaced hold-downs tested in this study, suggests that

severe hold-down misplacement may have a similar effect on capacity as not using

hold-downs at all. A mechanics-based method introduced by Ni and Karacaybeli

for prediction of capacity for shear walls without hold-downs is not applicable to

walls with misplaced hold-downs. The inability to quantify the amount of uplift

restraint contribution by a misplaced hold-down prohibits application of this

method.

Figures 14 and 15 show the load deflection and backbone curves for all wall

types, and have lines showing the deflection values for 1%, 2%, and 3% story

drifts. These values represent NEHERP (FEMA 1997) limit states for immediate

occupancy, life safety, and collapse prevention. As seen by the backbone curves in

figure 15, the maximum deflection of all wall types falls within 2-3% drift. For this

condition, NEHERP suggests that the risk to life safety from structural collapse in a

seismic event is low, however, damage is significant enough that repair may not be

economically viable.
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The low factor of safety that exists for walls with severely misplaced hold-

downs underlines the importance of construction quality control. Design errors,

lack of redundancy, insufficient connections, and additional construction defects

can all combine to cause larger reductions in the overall capacity of a wood frame

structure. As shown through investigations into failed wood frame structures in the

aftermath of the Northridge earthquake (CUREE 2001), combinations of errors in

design and construction quality control can reduce the safety factor in critical load

paths below 1.0.

In the case where conditions do not allow for anchorage retrofit, the

structural engineer is left with few options if it is necessary to regain the full

strength lost by hold-down misplacement. One available option is the application

of denser nail spacing around the periphery of the entire wall. Because additional

nails must be applied between the original nailing pattern, this option is really only

valid for walls in which the original boundary nailing is 102 mm or greater. The

application of dense nailing to studs that attach two adjoining sheets of sheathing

could potentially weaken the stud, so sistering additional studs for the application

of offset "effective" nail spacing might be necessary. A second solution for retrofit

may be the application of a metal strap connection between the shear wall and the

foundation (Ang 2002). On a single-story structure, this strap would connect the

unrestrained portion of the sill plate on a shear wall with the outside of the concrete

foundation. This connection would help to provide uplift restraint, and could
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potentially increase the strength of walls with misplaced hold-downs. This retrofit

solution was not examined as part of this study.



CONCLUSIONS

Based on the results of this study, the following conclusions can be drawn:

Misplacement of a hold-down results in significant reductions in strength.

The average reduction in strength for 2.44 x 2.44 m walls with one hold-

down misplaced to the first interior stud was 42 percent in static tests and

35 percent in cyclic tests when compared to walls without misplaced hold-

downs. These reductions are much greater than the anticipated 17 percent

decrease in strength due to the reduced effective shear wall width.

Under static loading, hold-down misplacement was shown to have

detrimental effects on initial stiffhess. Specimens with misplaced hold-

downs had 22 percent lower initial stiffness values than walls without

misplaced hold-downs. Under cyclic loading, hold-down misplacement

was found to have little effect on initial stiffness. Walls with misplaced

hold-downs had initial stiffness values only 5 percent lower than walls with

correctly placed hold-downs.

Hold-down misplacement caused different failure modes than witnessed in

control walls. Instead of nail withdrawal occurring at and around the center

stud as in the control walls, walls with misplaced hold-downs experienced

fastener failures primarily at the stud attached to the misplaced hold-down.

In the case of the cyclic tests, nails withdrew from both the center stud and

46
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the stud attached to the misplaced hold-down. Due to excessive uplift

deflection of the unrestrained portion of the sill plate, static test specimens

with misplaced hold-downs had splits develop in the sill plate and vertical

studs separate from the top and bottom plates. Cyclic test specimens

experienced stud separation, but not sill plate splits.

Application of denser nailing to the stud attached to the misplaced hold-

down helped to regain strength. Static load test specimens with denser

nailing achieved a 27 percent increase in strength over specimens without

the denser nailing Cyclic load test specimens achieved a 26 percent

increase in strength over specimens without denser nailing.

Denser nailing applied to the stud attached to the misplaced hold-down had

little effect on initial stiffness.

Failure of walls with denser nailing applied to the stud attached to the

misplaced hold-down was similar to failure of the control walls. The

majority of comiector failures were located at or around the center stud.

Excessive uplift deflection of the unrestrained portion of the sill plate led to

separation of vertical studs from the top and bottom plates. A sill plate split

occurred in only one of the cyclic test specimens.

Hold-down misplacement causes significant reduction in shear wall energy

absorption. Application of denser nail spacing was found to greatly

improve the energy absorption of shear walls with misplaced hold-downs.
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APPENDIX A: Loading Frame Photos

(Figure A. 1: Loading Frame Photos)
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(a) Loading Frame and Wall Specimen

(b) Hydraulic Actuator Attached to Wall Sill Plate
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(c) Lateral Brace and Roller Assembly 1

(d) Lateral Brace and Roller Assembly 2
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APPEND1X B: CUREE Ordinary Ground Motion Amplitude Values
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CUREE Ordinary Ground Motion Protocol Amplitude Values:

An example of the amplitude inputs that were used for the CUREE function

(Figure B. 1) that was imposed on the cyclic shear wall specimens is shown in Table

B. 1. The table shows values for a reference displacement of 53 mm (z = reference

displacement), which was used for wall types 1 and 2. The table gives amplitude

values for all of the initiation, primary, and trailing cycles (43 cycles total).

1.5

-1.5

-2

Time (seconds)

Figure B. 1: CUREE Ordinary Protocol

I 'I

0 100 200 300 400

II
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Table B.1: CUREE Function Amplitude Values (A = Aref)
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Cycle No. A Factor
Displacement at
top of wall (mm)

1 O.05A 2.7
2 O.05A 2.7
3 2.7
4 0.05A 2.7

5 0.05A 2.7
6 0.05A 2.7

7 0.075A 4.0
8 0.056A 2.8

9 0.056A 2.8

10 0.056A 2.8

11 0.056A 2.8

12 0.056A 2.8

13 0.056A 2.8

14 0.1A 5.3

15 0.075A 4.0
16 0.075A 4.0
17 0.075A 4.0
18 0.075A 4.0

19 0.075A 4.0
20 O.075A 4.0
21 0.2A 10.6

22 0.15A 8.0

23 0.15A 8.0
24 0.15A 8.0
25 0.3A 15.9

26 0.225A 11.9

27 0.225A 11.9
28 0.225A 11.9



Table B.1 (cont'd.): CUREE Function Amplitude Values (A = Aref)
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Cycle No. A Factor
Displacement at
top of wall (mm)

29 O.4A 21.2
30 0.3A 15.9

31 0.3A 15.9

32 0.7A 37.1

33 O.525A 27.8
34 0.525A 27.8
35 1.OA 53.0

36 .75A 39.8

37 .75A 39.8

38 1.5A 79.5

39 1.125A 59.6
40 1.125A 59.6
41 2.OA 106.0

42 1.5A 79.5

1.5A 79.5



APPENDIX C: Cyclic Loading Data Tables
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NOTE: The following descriptive text and associated figures are taken directly
from Langlois, 2002.

Load-Displacement Values

Displacement at zero load peak displacement (j), load at peak

displacement (P) and maximum load in the cycle (Pmaxj) were recorded for each

loading cycle and are presented in the following tables.

Cyclic Stiffness

For each loading cycle, the cyclic stiffness was defined as;

K1 = (P - P)/(ö -

The stiffhess from the first cycle, K1 is used as a reference for stiffhess degradation

noted in the %K1 columns.

Energy and Damping

The work done or hysteretic energy dissipated by the wall during each cycle

of loading (Ei) was calculated as the area enclosed in each hysteretic loop. This

value was used to calculate the equivalent viscous damping ratio () for each cycle.

Dolan (1994) provides the relation that:

ci = Hysteretic Energy = E

2it Potential Energy 2ic Area (ABC + CDE)

Energy quantities are taken as areas from the cyclic load-displacement

plots illustrated on the following page.



Performance Quantities from Cyclic Load Tests Provided in Tables

0-j

Displacement

Hysteretic and Potential Energy from Cyclic Load-Displacement Plots

Displacement
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Curee Test for Wall CIA - May 17, 2002

Cycle
Number

Def. at P0
(mm)

Peak
Deflection

(mm)
Load at öi

(kN)
Max Force

(kN)

Cyclic
Stiffness
(kN/mm)

Energy
(kN-mm)

El

EVD

i6 o,i I 6 o,i 6 j+
I ö P+ Pj Pmaxi+ Pmaxi. Ki I %Ki

1 -0.81 0.21 2.89 -2.55 6.92 -6.56 7.05 -6.56 2.48 100% 17.3 0.15
2 -0.77 1.20 2.90 -2.55 7.19 -6.37 7.19 -6.47 2.49 100% 16.1 0.14
3 -0.82 1.32 2.86 -2.52 6.92 -6.18 7.21 -6.34 2.43 98% 16.4 0.15
4 -0.82 1.00 2.88 -2.56 6.62 -6.47 7.07 -6.58 2.41 97% 15.5 0.14
5 -0.50 1.00 2.87 -2.55 7.07 -6.43 7.07 -6.43 2.49 100% 14.6 0.13
6 -0.99 0.99 2.87 -2.62 7.26 -6.26 7.26 -6.49 2.46 99% 14.9 0.13
7 -1.33 1.01 4.28 -3.94 9.29 -8.70 9.89 -9.19 2.19 88% 29.4 0.13
8 -1.14 1.42 2.89 -3.09 6.92 -6.92 6.92 -6.56 2.32 93% 20.3 0.16
9 -0.95 1.09 3.23 -2.89 7.36 -6.26 7.97 -7.02 2.23 90% 19.1 0.15
10 -0.95 1.12 3.23 -2.88 7.77 -7.00 7.77 -7.00 2.42 68% 19.1 0.13
11 -1.12 1.11 3.21 -2.89 7.70 -6.81 7.77 -6.96 2.38 96% 19.1 0.14
12 -0.93 1.10 3.22 -2.88 7.81 -7.15 7.96 -7.15 2.45 99% 18.5 0.13
13 -0.94 1.08 3.21 -2.88 7.81 -6.90 7.87 -7.17 2.42 98% 18.2 0.13
14 -1.81 0.94 5.57 -5.26 11.37 -10.38 11.46 -10.55 2.01 81% 49.5 0.13
15 -1.56 2.17 4.24 -3.88 8.87 -7.79 8.87 -7.85 2.05 83% 32.5 0.15
16 -1.53 1.66 4.22 -3.86 8.70 -7.87 8.79 -7.96 2.05 83% 30.3 0.14
17 -1.55 1.67 4.22 -3.89 8.91 -7.87 8.91 -8.13 2.07 84% 30.0 0.14
18 -1.55 1.64 4.21 -3.87 8.79 -7.92 9.00 -8.04 2.07 83% 29.7 0.14
19 -1.55 1.89 4.21 -3.89 8.53 -8.00 8.89 -8.00 2.04 82% 29.7 0.14
20 -1.53 1.66 4.23 -3.88 8.72 -8.21 8.96 -8.21 2.09 84% 29.4 0.14
21 -4.51 1.66 10.96 -10.62 15.87 -14.37 16.17 -14.45 1.40 57% 167.5 0.16
22 -3.25 4.12 8.23 -7.92 11.27 -10.46 11.50 -10.55 1.35 54% 843 0.15
23 -3.28 3.6 8.25 -7.91 11.48 -10.57 11.69 -10.65 1.36 55% 75.5 0.13
24 -3.26 3.62 8.25 -7.92 11.73 -10.99 11.73 -10.99 1.42 57% 74.6 0.13
25 -6.67 3.15 16.33 -16.00 19.20 -17.2319.40 -17.44 1.13 46% 284.3 0.15
26 -5.01 6.11 12.29 -11.94 12.67 -11.84 12.99 -11.99 1.01 41% 134.7 0.14
27 -5.00 5.35 12.28 -11.95 12.54 -11.97 13.11 -12.07 1.01 41% 124.7 0.13
28 -4.97 5.32 12.26 -11.93 12.88 -12.03 13.45 -12.27 1.03 42% 123.5 0.13
29 -10.18 5.40 21.70 -21.34 20.84 -19.54 21.84 -19.80 0.94 38% 406.9 0.15
30 -6.67 9.29 16.31 -16.00 13.41 -12.77 13.50 -13.28 0.81 33% 190.5 0.14
31 -6.67 7.00 16.31 -15.99 13.73 -12.37 13.73 -12.84 0.81 33% 173.5 0.13
32 -21.89 6.10 37.80 -37.53 26.82 -25.49 26.82 -25.85 0.69 28% 1064.0 0.17
33 -14.91 20.25 28.42 -28.03 14.56 -14.45 14.75 -14.45 0.51 21% 402.9 0.16
34 -14.91 13.67 28.43 -28.06 14.94 -14.18 14.94 -14.18 0.52 21% 350.7 0.14
35 -28.56 13.72 53.98 -53.61 28.88 -28.22 29.48 -28.82 0.53 21% 1534.0 0.16
36 -23.44 34.36 40.53 -40.22 13.64 -14.07 13.73 -14.07 0.34 14% 591.9 0.17
37 -23.56 23.80 40.54 -40.20 13.77 -13.94 13.86 -13.94 0.34 14% 511.2 0.15
38 -49.29 23.80 77.00 -76.86 29.22 -29.01 29.67 -29.50 0.38 15% 2038.5 0.14
39 -39.70 52.97 57.73 -57.69 11.71 -12.24 11.82 -12.58 0.21 8% 846.2 0.19
40 -39.65 39.73 57.74 -57.67 11.99 -12.37 11.99 -12.37 0.21 9% 719.7 0.16
41 -70.51 39.72 102.58 -102.49 22.22 -24.91 23.07 -26.19 0.23 9% 2391.1 0.16
42 -59.40 65.78 76.97 -76.94 8.38 -8.51 8.38 -8.64 0.11 4% 822.2 0.20
43 -59.46 52.95 76.98 -76.94 8.62 -8.51 8.62 -8.57 0.11 5% 676.3 0.16

Table C.l: Cyclic Data for Wall C1A 62



uree Test for Wall CIB - May 18, 2002

Cycle
Number

Def. at P=0
(mm)

Peak
Deflection

(mm)
Load at öi

(kN)
Max Force

(kN)

Cyclic
Stiffness
(kN/mm)

Energy
(kN-mm)

Ei

EVD

iö O,+ O,j j+ ö j Pj+ Pj Pmaxi+ Pmaxi Ki I %Ki
1 -0.62 -0.05 2.91 -2.64 7.81 -7.96 8.04 -8.21 2.84 100% 18.5 0.13
2 -0.62 0.94 2.90 -2.55 8.15 -7.60 8.15 -8.06 2.89 102% 15.9 0.12
3 -0.62 1.13 2.88 -2.54 7.55 -7.92 7.55 -8.23 2.85 100% 15.6 0.12
4 -0.60 0.96 2.86 -2.61 7.51 -8.09 7.81 -8.09 2.85 100% 15.6 0.12
5 -0.72 1.15 2.89 -2.52 7.58 -8.04 7.64 -8.17 2.89 102% 14.9 0.11
6 -0.44 1.12 2.90 -2.51 7.45 -7.98 7.60 -8.25 2.85 100% 14.3 0.11
7 -1.01 0.97 4.23 -3.88 9.17 -9.85 9.29 -10.06 2.34 83% 34.3 0.14
8 -0.88 1.81 3.23 -2.88 7.11 -7.89 7.60 -7.94 2.46 87% 22.7 0.16
9 -0.70 1.45 3.19 -2.94 7.15 -8.02 7.55 -8.02 2.47 87% 20.1 0.14

10 -0.71 1.24 3.24 -2.88 7.60 -8.06 7.70 -8.09 2.56 90% 19.1 0.13
11 -0.72 1.25 3.28 -2.88 7.47 -8.11 7.72 -8.17 2.53 89% 18.52 0.12
12 -0.72 1.22 3.07 -3.01 7.51 -8.13 7.94 -8.28 2.57 91% 18.5 0.12
13 -0.71 1.24 3.23 -3.04 7.87 -7.96 7.87 -8.19 2.52 89% 18.1 0.12
14 -1.72 1.23 5.54 -5.25 10.59 -11.57 10.86 -11.84 2.05 72% 53.5 0.14
15 -1.24 2.37 4.21 -3.87 8.30 -8.89 8.42 -9.15 2.13 75% 35.6 0.16
16 -1.23 1.84 4.24 -3.90 8.13 -9.10 8.72 -9.10 2.11 75% 33.1 0.15
17 -1.24 1.83 4.22 -3.89 8.47 -9.00 9.29 -9.12 2.15 76% 32.1 0.14
18 -1.00 1.85 4.25 -3.91 8.59 -9.Q8 8.91 -9.08 2.17 76% 31.8 0.14
19 -1.00 1.82 4.22 -3.99 8.62 -8.79 9.19 -9.34 2.12 75% 31.1 0.14
20 -1.05 1.59 4.24 -3.84 8.76 -9.19 8.83 -9.19 2.22 78% 31.1 0..14
21 -4.21 1.59 10.95 -10.61 15.41 -15.89 15.62 -16.30 1.45 51% 173.0 0.16
22 -3.13 4.57 8.26 -7.91 11.12 -11.57 11.42 -11.67 1.40 49% 94.6 0.16
23 -2.65 3.45 8.26 -7.94 11.25 -11.69 12.31 -11.84 1.42 50% 85.9 0.15
24 -2.65 3.48 8.23 -7.91 11.31 -11.63 11.42 -11.78 1.42 50% 84.3 0.14
25 -6.38 3.46 16.29 -16.00 18.16 -18.93 19.20 -19.48 1.15 41% 299.7 0.16
26 -5.45 6.76 12.28 -11.94 12.56 -13.11 12.90 -13.11 1.06 37% 155.5 0.16
27 -4.78 5.12 12.31 -11.93 12.82 -13.14 13.01 -13.43 1.07 38% 140.3 0.14
28 -4.78 5.11 12.32 -11.93 12.52 -13.05 13.01 -13.20 1.05 37% 137.4 0.314
29 -9.82 5.13 21.70 -21.40 21.35 -21.47 22.66 -22.03 1.00 35% 427.7 0.15
30 -7.31 10.24 19.31 -16.01 13.43 -13.60 13.43 -13.77 0.84 30% 221.0 0.16
31 -7.30 7.66 16.32 -15.98 13.54 -13.77 13.54 -13.88 0.85 30% 200.6 0.14
32 -21.31 7.67 37.85 -37.47 27.10 -27.14 27.97 -27.59 0.72 25% 1120.9 0.17
33 -15.95 21.65 28.41 -28.17 14.60 -15.49 14.79 -15.49 0.53 19% 433.9 0.16
34 -16.08 14.82 28.43 -28.07 14.81 -15.36 14.90 -15.45 0.53 19% 388.9 0.15
35 -33.24 16.30 53.98 -53.63 29.20 -30.32 29.92 -30.32 0.55 20% 1617.0 0.16
36 -26.80 33.59 40.54 -40.19 13.43 -16.00 13.75 -16.00 0.36 13% 634.8 0.17
37 -24.89 27.16 40.54 -40.19 13.60 -15.22 14.09 -15.41 0.36 13% 559.6 0.15
38 -53.37 23.20 76.96 -76.86 30.15 -31.64 30.66 -32.47 0.40 14% 2443.0 0.16
39 -40.04 53.45 57.75 -57.72 12.14 -14.05 12.35 -14.26 0.23 8% 938.1 0.20
40 -34.49 37.40 57.73 -57.68 12.52 -13.98 12.54 -14.15 0.23 8% 793.6 0.17
41 -61.36 37.41 102.60 -102.51 24.49 -26.42 24.93 -27.20 0.25 9% 2623.1 0.16
42 -42.09 71.27 76.94 -76.94 8.72 -9.12 9.00 -9.23 0.12 4% 898.9 0.21
43 -56.75 56.78 76.87 -76.90 8.51 -8.25 9.10 -9.38 0.11 4% 733.0 0.18

Table C.2: Cyclic Data for Wall C1B 63



Curee Test for Wall C2A - June 12, 2002 I

Cycle
Number

Def. at P0
(mm)

Peak
Deflection

(mm)
Load at S

(kN)
Max Force

(kN)

Cyclic
Stiffness
(kN/mm)

Energy
(kN-mm)

EVD

S S O,j. S j+ S j_ P1+ Pj. Pmaxi+ Pmaxr Ki I %Ki Ei i

1 -0.99 0.07 2.81 -2.64 6.34 -6.81 7.62 -7.17 2.42 100% 16.5 0.15
2 -0.99 0.57 3.11 -2.60 6.03 -6.68 7.60 -6.98 2.23 92% 13.8 0.12
3 -0.85 0.72 2.83 -2.63 6.22 -6.56 6.75 -6.77 2.34 97% 12.3 0.11
4 -1.04 0.71 2.84 -2.97 6.37 -6.54 6.37 -6.64 2.22 92% 11..8 0.10
5 -1.16 0.54 2.97 -2.60 6.30 -6.28 6.39 -6.73 2.26 94% 11.3 0.10
6 -0.88 0.56 2.96 -2.62 6.24 -6.56 7.66 -6.71 2.29 95% 11.8 0.11
7 -1.57 0.46 4.12 -4.01 7.49 -8.48 8.42 -9.27 1.96 81% 28.3 0.14
8 -1.20 10.3 3.13 -3.13 6.24 -6.24 6.32 -7.26 1.99 82% 17.0 0.14
9 -1.14 0.80 3.14 -2.96 6.20 -5.98 7.41 -6.22 2.00 83% 15.5 0.13
10 -1.17 0.61 3.17 -2.99 6.39 -6.37 7.83 -6.28 2.07 86% 15.0 0.12
11 -1.17 0.78 3.14 -2.95 6.49 -6.32 6.49 -6.32 2.10 87% 14.8 0.312
12 -1.20 0.58 3.12 -2.94 6.39 -6.32 6.56 -6.43 2.09 87% 15.3 0.13
13 -1.15 0.62 3.21 -2.97 6.58 -6.37 6.73 -6.41 2.09 87% 13.8 0.11
14 -2.41 0.80 5.51 -5.32 9.00 -9.78 9.36 -9.99 1.73 72% 46.5 0.15
15 -1.81 1.97 4.14 -3.95 7.92 -7.05 7.92 -7.77 1.85 77% 29.5 0.16
16 -1.80 1.23 4.14 -4.00 6.79 -6.98 8.21 -7.11 1.69 70% 28.0 0.16
17 -1.84 1.50 4.06 -3.96 5.77 -7.24 7.24 -7.34 1.62 67% 27.0 0.17
18 -1.49 1.28 4.12 -3.97 7.45 -7.11 7.47 -7.17 1.80 74% 26.0 0.14
19 -1.81 1.04 4.13 -3.95 7.32 -7.26 7.51 -7.30 1.80 75% 24.5 0.13
20 -1.82 1.28 1.18 -3.97 7.28 -7.34 7.47 -7.30 1.79 74% 24.8 0.13
21 -4.96 1.26 10.95 -10.70 11.08 -12.84 12.52 -15.92 1.10 46% 150.3 0.18
22 -3.70 3.85 8.17 -8.06 8.96 -10.08 9.06 -10.50 1.17 49% 73.5 0.15
23 -4.55 2.99 8.18 -8.07 9.10 -10.23 10.80 -10.23 1.19 49% 69.3 0.14
24 -3.66 2.46 8.19 -8.04 8.91 -9.78 9.15 -10.06 1.15 48% 68.3 0.14
25 -8.00 2.82 16.25 -16.12 14.71 -18.36 14.92 -19.61 1.02 42% 252.1 0.15
26 -5.55 5.81 12.21 -12.04 11.50 -11.65 11.50 -11.88 0.95 40% 118.8 0.13
27 -5.55 3.62 12.25 -12.59 9.85 -11.71 11.18 -11.84 0.87 36% 109.3 0.13
28 -5.55 2.15 12.20 -12.03 10.21 -11.80 10.42 -12.22 0.91 38% 102.6 0.12
29 -8.86 5.73 21.57 -21.56 15.62 -20.52 16.09 -21.39 0.84 35% 339.4 0.14
30 -7.49 8.89 16.17 -16.23 10.08 -10.53 10.31 -12.69 0.64 26% 162.8 0.16
31 -7.90 6.61 16.21 -16.54 10.16 -12.77 11.33 -12.77 0.70 29% 149.1 0.13
32 -21.68 6.65 37.79 -37.75 17.17 -26.42 17.68 -26.42 0.58 24% 898.4 0.17
33 -14.77 17.68 28.30 -28.32 9.76 -13.48 9.91 -13.69 0.41 17% 309.4 0.15
34 -16.26 11.62 28.27 -28.29 10.02 -13.52 10.12 -13.64 0.42 17% 282.9 0.14
35 -33.63 11.65 53.89 -54.02 17.08 -27.84 17.63 -28.69 0.42 17% 1229.4 0.16
36 -25.39 25.23 40.52 -40.43 8.68 -12.39 9.25 -12.58 0.26 11% 465.0 0.17
37 -25.23 21.06 40.50 -40.41 8.87 -12.29 9.21 -12.73 0.26 11% 411.0 0.15
38 -50.97 18.89 76.97 -77.13 16.02 -27.57 18.63 -29.35 0.28 12% 1813.9 0.17
39 -40.95 43.17 57.65 -57.91 7.83 -11.20 7.83 -11.20 0.16 7% 659.8 0.19
40 -40.91 32.35 57.44 -57.92 7.77 -11.18 7.89 -11.82 0.16 7% 593.0 0.17
41 -52.24 35.25 102.64 -102.80 10.29 -14.96 11.06 -26.80 0.12 5% 1783.9 0.22
42 -57.70 52.09 76.86 -77.18 5.22 -7.05 5.50 -7.17 0.08 3% 585.0 0.20
43 -39.29 50.73 76.93 77.17 5.41 -7.11 5.79 -7.47 0.08 3% 544.8 0.18
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Curee Test for Wall C2B - June 12, 2002

Cycle
Number

Def. at P0
(mm)

Peak
Deflection

(mm)
Load at i

(kN)
Max Force

(kN)

Cyclic
Stiffness
(kNlmm)

Energy
(kN-mm)

Ei

EVD

jO,j+ o,1 j_ Pi+ P1 Pmaxj+ Pmaxj Ki I %Ki
1 -0.98 0.03 2.61 -2.74 5.14 -6.83 7.51 -8.59 2.24 100% 14.5 0.14
2 -0.98 0.88 2.65 -2.74 6.18 -6.90 6.62 -7.51 2.43 108% 12.7 0.11
3 -0.99 0.74 2.64 -2.74 6.03 -6.68 7.02 -6.92 2.36 106% 12.5 0.12
4 -0.98 0.61 2.71 -2.82 6.05 -6.62 7.38 -6.62 2.29 103% 12.0 0.11
5 -0.81 0.32 2.63 -2.75 6.56 -6.83 6.56 -7.45 2.49 111% 11.5 0.10
6 -1.00 0.55 2.65 -2.89 5.92 -6.60 6.20 -7.36 2.26 101% 11.2 0.10
7 -1.12 0.89 3.99 -4.08 6.13 -8.53 7.85 -8.64 1.82 81% 26.5 0.14
8 -1.16 1.22 3.05 -3.31 6.07 -6.20 6.13 -7.32 1.93 16% 15.0 0.12
9 -1.05 0.85 2.98 -3.10 6.09 -6.22 6.68 -6.64 2.02 90% 13..0 0.11
10 -0.15 0.69 2.98 -3.08 6.30 -6.01 7.47 -7.79 2.03 91% 7.9 0.07
11 -1.27 0.62 3.03 -3.10 6.22 -6.05 6.64 -6.26 2.00 89% 19.6 0.17
12 -1.09 0.22 2.97 -3.10 6.73 -6.01 6.73 -7.53 2.10 94% 13.7 0.11
13 -1.27 0.84 2.98 -3.10 6.18 -6.07 6.43 -6.24 2.01 90% 13.5 0.12
14 -1.91 0.64 5.31 -5.44 8.64 -10.02 9.83 -10.70 1.73 78% 38.2 0.12
15 -1.68 1.56 3.99 -4.12 6.90 -7.36 6.90 -7.49 1.76 79% 22.7 0.12
16 -1.45 1.36 3.98 -4.09 5.14 -7.13 5.14 -7.34 1.52 68% 21.4 0.14
17 -1.73 0.86 4.08 -4.08 6.85 -7.32 7.47 -7.32 1.74 78% 19.9 0.11
18 -1.45 0.86 3.99 -4.08 6.85 -7.17 7.13 -7.11 1.74 78% 21.6 0.12
19 -1.69 0.88 4.00 -4.08 7.15 -7.26 7.15 -7.36 1.78 80% 19.9 0.11
20 -1.46 1.13 4.04 -4.09 7.11 -7.24 7.11 -7.51 1.77 79% 21.6 0.12
21 -3.84 0.85 10.70 -10.80 12.50 -14.47 12.54 -14.77 1.25 56% 135.2 0.15
22 -2.82 3.04 8.01 -8.12 9.04 -10.14 10.14 -10.23 1.19 53% 64.4 0.13
23 -2.38 2.30 8.02 -8.20 7.60 -9.93 9.27 -10.31 1.08 48% 58.3 0.13
24 -3.34 2.23 8.01 -8.11 7.72 -9.55 9.19 -10.33 1.07 48% 58.3 0.13
25 -6.34 2.30 16.09 -16.39 14.01 -17.72 14.81 -18.02 0.98 44% 237.5 0.15
26 -4.93 6.47 12.07 -12.24 9.85 -11.37 10.12 -11.65 0.87 39% 113.3 0.14
27 -4.25 4.14 12.02 -12.15 9.87 -11.52 10.14 -12.67 0.89 40% 101.6 0.13
28 -4.25 3.98 12.04 -12.17 9.78 -12.10 10.97 -12.10 0.90 41% 100.3 0.12
29 -10.44 4.85 21.38 -21.62 15.87 -19.80 15.87 -20.29 0.83 37% 330.5 0.14
30 -6.94 8.99 16.26 -16.24 9.78 -12.61 10.21 -12.61 0.69 31% 162.7 0.14
31 -6.81 5.46 16.02 -16.27 9.80 -12.61 10.16 -13.05 0.69 31% 147.2 0.13
32 -20.18 5.79 37.48 -37.76 18.76 -25.95 19.97 -26.31 0.59 27% 895.5 0.17
33 -16.66 19.90 28.11 -28.41 10.93 -13.33 10.93 -13.43 0.43 19% 339.9 0.16
34 -15.14 13.37 28.14 -28.37 10./2 -13.84 13.09 -13.84 0.44 20% 299.9 0.14
35 -33.80 13.35 53.76 -53.91 20.46 -28.52 20.58 -29.11 0.45 20% 1282.0 0.15
36 -25.74 28.52 40.22 -40.49 11.42 -13.16 11.42 -13.16 0.30 14% 490.9 0.16
37 -25.71 23.43 40.26 -40.49 9.99 -12.39 11.64 -13.33 0.28 12% 435.1 0.15
38 -55.20 23.43 76.71 -77.09 18.59 -27.25 20.39 -27.99 0.30 13% 1838.0 0.17
39 -38.84 51.33 57.42 -57.92 9.00 -11.50 9.04 -12.35 0.18 8% 688.5 0.19
40 -41.48 35.15 57.48 -57.92 9.06 -11.84 9.21 -14.96 0.18 8% 587.1 0.15
41 -73.58 29.71 102.29 -102.64 12.01 -13.60 12.48 -21.92 0.12 6% 1655.2 0.20
42 -40.19 58.68 76.69 -77.17 6.22 -6.54 7.83 -7.00 0.08 4% 549.4 0.18
43 44.15 35.48 76.67 -77.13 6.22 -6.64 7.05 -8.76 0.08 4% 553.0 0.18
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Curee Test for Wall C3A - June 13, 2002

Cycle
Number

Def. at P0
(mm)

Peak
Deflection

(mm)
Load at Si

(kN)
Max Force

(kN)

Cyclic
Stiffness
(kNlmm)

Energy
(kN-mm)

EVD

S O,I S 0J S 1+ 5 I_ Pi+ Pi Pmaxi+ Pmaxr Ki I %Ki El l

1 -1.18 0.02 3.04 -3.11 7.28 7.62 7.36 -7.81 2.42 100% 20.0 0.14
2 -1.10 0.80 3.03 -3.12 7.19 7.47 7.36 -7.79 2.38 98% 17.3 0.12
3 -1.18 0.79 3.02 -3.13 7.21 7.64 7.32 -7.64 2.42 100% 16.3 0.11
4 -1.22 0.60 2.96 -3.11 7.28 7.53 7.32 -7.55 2.44 101% 16.3 0.12
5 -1.03 0.59 3.05 -3.12 6.98 7.62 7.38 -7.62 2.37 98% 15.6 0.11
6 -1.22 0.58 3.02 -3.13 7.17 7.43 7.28 -7.62 2.38 98% 15.6 0.11
7 -1.81 0.58 4.58 -4.64 8.96 9.55 9.15 -9.91 2.00 83% 36.3 0.13
8 -1.58 1.18 3.44 -3.51 7.13 7.28 7.28 -7.55 2.07 86% 21.0 0.13
9 -1.36 0.89 3.42 -3.54 7.11 7.49 7.24 -7.49 2.10 87% 19.0 0.12
10 -1.39 0.86 3.44 -3.52 7.11 7.38 7.38 -7.51 2.08 86% 19.0 0.12
11 -1.39 0.89 3.41 -3.51 7.21 7.58 7.24 -7.58 2.14 88% 19.0 0.12
12 -1.39 0.87 3.43 -3.52 7.36 7.49 7.36 -7.53 2.14 88% 18.0 0.11
13 -1.39 0.87 3.43 -3.52 7.21 7.36 7.24 -7.47 2.10 87% 18.6 0.12
14 -2.76 0.86 6.12 -6.20 10.16 11.12 10.27 -11.37 1.73 71% 56.9 0.14
15 -2.05 1.96 4.56 -4.69 8.04 8.36 8.09 -8.49 1.77 73% 33.9 0.14
16 -2.09 1.20 4.57 -4.66 7.96 8.36 8.06 -8.55 1.77 73% 30.8 0.13
17 -2.08 1.20 4.58 -4.66 7.98 8.40 8.09 -8.72 1.77 73% 30.2 0.13
18 -1.81 1.18 4.57 -4.64 8.21 8.36 8.34 -8.64 1.80 74% 29.8 0.12
19 -1.85 1.18 4.57 -4.66 8.17 8.47 8.19 -8.47 1.80 74% 29.1 0.12
20 -2.33 1.19 4.58 -4.66 7.98 8.36 8.30 -8.49 1.77 73% 29.5 0.12
21 -5.45 1.18 12.25 -12.33 14.30 16.09 14.58 -16.34 1.24 51% 190.8 0.16
22 -4.12 3.93 9.18 -9.26 10.16 10.65 10.46 -10.99 1.13 57% 90.8 0.15
23 -4.11 2.95 9.19 -9.27 10.29 10.95 10.36 -10.95 1.15 58% 82.7 0.13
24 -3.94 2.39 9.18 -9.26 10.4810.75 10.50 -11.03 1.15 58% 80.7 0.13
25 -9.19 2.96 18.38 -18.47 16.87 19.16 17.49 -19.86 0.98 40% 319.6 0.15
26 -6.12 7.00 13.78 -13.89 11.33 12.44 11.37 -12.44 0.86 36% 145.7 0.14
27 -6.90 4.48 13.78 -13.88 11.46 12.39 11.46 -12.39 0.86 36% 130.8 0.13
28 - - - - - - - - - - - -
29 -12.59 4.46 24.45 -24.76 18.72 21.86 19.16 -22.66 0.82 34% 450.7 0.14
30 -9.48 9.52 18.31 -18.63 11.5213.05 12.01 -13.14 0.67 28% 198.3 0.14
31 -9.46 7.12 18.32 -18.61 11.99 13.07 11.99 -13.14 0.68 28% 181.3 0.12
32 -26.38 7.12 42.90 -43.19 21.64 27.12 22.56 -28.39 0.57 23% 1158.3 0.18
33 -19.81 21.58 32.13 -32.45 11.97 13.69 11.97 -13.71 0.40 16% 391.1 0.15
34 -18.18 14.36 32.15 -32.46 12.14 13.64 12.14 -13.88 0.40 17% 343.0 0.13
35 -37.60 14.36 61.35 -61.67 23.32 30.01 23.55 -31.09 0.43 18% 1587.0 0.15
36 -30.50 34.17 45.99 -46.27 10.93 12.48 11.29 -12.86 0.25 11% 576.5 0.17
37 -30.46 25.58 45.98 -46.29 10.91 12.97 11.40 -12.94 0.26 11% 502.2 0.15
38 -36.78 25.58 9212 -92.70 19.48 16.99 20.35 -31.47 0.25 10% 2424.1 0.18
39 -44.72 28.64 69.00 -69.67 9.29 10.38 9.49 -11.08 0.14 6% 752.7 0.18
40 -44.70 40.64 69.00 -69.76 9.25 10.67 9.49 -10.76 0.14 6% 640.5 0.15
41 -84.94 33.33 122.89 -123.4816.2817.13 18.02 -17.87 0.14 6% 2088.2 0.16
42 -54.94 66.13 92.12 -92.77 7.11 7.15 7.15 -7.21 0.08 3% 745.9 0.18
43 -63.83 58.86 92.12 -92.78 7.41 7.13 7.41 -7.13 0.08 3% 629.0 0.15
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Curee Test for Wall C3B - June 13, 2002
I

Cycle
Number

Def. at P0
(mm)

Peak
Deflection

(mm)
Load at &

(kN)
Max Force

(kN)

Cyclic
Stiffness
(kN/mm)

Energy
(kN-mm)

Ei

EVD

iö O,j ö j+ I ö P1+ Pj Pmaxi+ I Pmaxi Ki I %Ki
1 -1.50 -0.25 2.80 -3.34 7.77 -6.94 8.06 6.98 2.40 100% 18.6 0.13
2 -1.33 0.44 2.81 -3.34 7.81 -7.05 7.81 7.07 2.42 101% 17.1 0.12
3 -1.33 0.44 2.85 -3.33 7.66 -7.09 7.79 7.09 2.39 100% 16.7 0.12
4 -1.32 0.46 2.82 -3.34 7.62 -6.75 7.66 7.00 2.33 97% 16.0 0.12
5 -1.33 0.44 2.81 -3.35 7.641 -7.09 7.70 7.09 2.39 100% 15.6 0.11
6 -1.34 0.43 2.81 -3.35 7.51 -6.96 7.68 6.96 2.35 98% 15.6 0.11
7 -2.12 0.39 4.34 -4.89 9.68 -8.30 9.68 8.79 1.95 81% 36.1 0.14
8 -1.72 0.75 3.22 -3.72 7.66 -6.90 7.72 7.05 1.10 88% 21.2 0.13
9 -1.65 0.52 3.20 -3.72 7.38 -7.09 7.75 7.09 1.09 87% 20.1 0.13
10 -1.66 0.51 3.20 -3.71 7.79 -7.02 7.79 7.02 2.14 90% 19.3 0.12
11 -1.46 0.54 3.23 -3.73 7.79 -6.94 7.79 7.09 2.12 88% 19.3 0.12
12 -1.46 0.52 3.20 -3.73 7.53 -6.92 7.72 7.05 2.08 87% 19.0 0.12
13 -1.65 0.52 3.20 -3.75 7.36 -3.88 7.79 7.24 2.05 86% 19.0 0.12
14 -2.75 0.52 5.87 -6.40 11.03 -10.29 11.08 10.36 1.74 73% 56.9 0.14
15 -2.13 1.50 4.34 -4.88 868 -8.17 8.83 8.17 1.83 76% 35.0 0.14
16 -2.12 0.79 4.35 -4.87 8.68 -7.96 8.89 8.09 1.80 75% 32.0 0.13
17 -2.13 1.06 4.34 -4.87 8.64 -8.00 8.79 8.17 1.81 75% 31.6 0.13
18 -2.13 0.78 4.33 -4.86 8.79 -8.02 8.83 8.13 1.83 76% 30.9 0.13
19 -2.13 0.78 4.35 -4.86 8.57 -8.09 8.87 8.11 1.81 76% 31.6 0.13
20 -2.13 0.79 4.36 -4.89 8.62 -8.02 8.91 8.15 1.80 75% 30.5 0.13
21 -6.61 0.80 12.02 -12.53 14.83 -15.07 15.00 15.45 1.22 51% 191.2 0.17
22 -4.50 3.26 8.94 -9.49 10.86 -10.33 10.86 10.63 1.15 48% 100.1 0.16
23 -4.52 2.93 8.93 -9.48 10.78 -1048 10.97 10.55 1.16 48% 90.4 0.15
24 -4.52 2.93 8.94 -9.47 10.89 -40.50 11.03 10.55 1.16 49% 88.9 0.14
25 -9.74 2.34 18.15 -18.65 17.29 -18.02 17.72 19.16 0.96 40% 335.9 0.16
26 -6.61 7.17 13.54 -14.05 11.90 -11.59 11.90 11.76 0.85 36% 164.1 0.16
27 -7.37 4.54 13.56 -14.06 12.20 -11.73 12.20 11.82 0.87 36% 148.1 0.14
28 - - - - - - - - - - - -
29 -13.64 5.32 24.21 -24.93 19.31 -21.64 19.74 22.11 0.83 35% 489.2 0.15
30 -10.32 10.22 18.04 -18.83 11.97 -12.90 12.41 12.90 0.67 28% 232.9 0.16
31 -9.33 7.56 18.07 -18.80 12.92 -12.84 12.92 12.84 0.70 29% 212.1 0.14
32 -27.94 7.56 42.64 -43.33 23.02 -28.31 23.49 29.65 0.60 25% 1222.1 0.18
33 -19.44 22.84 31.92 -32.54 12.86 -13.98 12.92 14.11 0.42 17% 452.0 0.17
34 -19.43 17.01 31.89 -32.58 13.24 -14.13 13.35 14.15 0.42 18% 404.8 0.15
35 -39.71 15.26 61.09 -61.74 24.87 -31.15 25.46 32.04 0.46 19% 1707.6 0.16
36 -32.05 35.98 45.73 -46.47 12.12 -13.37 12.12 13.94 0.28 12% 649.2 0.18
37 -32.05 26.89 45.73 -46.44 12.50 -13.26 12.50 13.86 0.28 12% 578.5 0.16
38 -66.97 26.87 91.77 -92.74 25.04 -33.19 25.57 35.06 0.32 13% 2870.2 0.17
39 -50.40 61.87 68.69 -69.71 11.12 -13.03 11.25 13.11 0.17 7% 1015.6 0.19
40 -53.30 46.26 68.69 -69.74 11.18 -12.77 11.54 13.14 0.17 7% 881.0 0.17
41 -94.29 42.97 120.30 -123.46 16.89 -9.55 19.10 32.59 0.11 5% 3011.2 0.30
42 -53.85 77.07 91.81 -92.80 6.73 -2.78 6.73 3.59 0.05 2% 583.0 0.21
43 -43.98 61.85 91.80 -92.78 7.00 -2.86 7.00 3.59 0.05 2% 427.8 0.15
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APPENDIX D: Negative Cycle Loading Data Table
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Table D. 1: Negative Cycle Loading Data
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TEST ..................................................................

mm

Pmax

kN

iPmax

mm

K0

kN/mm

E

kN-nim
CiA -29.5 -77 1.7 2627
C1B -32.5 -77 1.8 2686

AVG 53 -31 0 1 8 2657
C2A -29.4 -77 1.3 1952

C2B -29.1 -54 1.6 1925

AVG 53 293 i 1939
C3A

61
-31.5 -93 1.6 2369

C3B -35.1 -93 1.3 2545



APPENDIX E: Backbone Curves
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Deflection (mm)

Figure E. 1: Backbone Curve Comparison for All Wall Types
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Backbone Curves

For each of the six walls tested under the CUREE protocol, backbone

curves were generated from the hysteretic load-displacement data. The backbone

curves were generated by plotting the maximum displacement points and

corresponding load values for each primary cycle. Due to the asymmetrical

behavior exhibited by the walls with misplaced holdowns, curves are shown for

both the positive and negative loading cycles.
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Figure E.2: Wall Type 1 Backbone Curves (L\ref 53 mm)
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Figure E.3: Wall Type 2 Backbone Curves (Aref 53 mm)
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Figure E.4: Wall Type 3 Backbone Curves (zref 61 mm)
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APPENDIX F: Failure Drawings

(Figure F. 1: Failure Drawings)
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Description of Failure Drawings:

Following each test, photographs and rough hand sketches were made of the

failed walls. The following AutoCAD drawings are used to clearly show how and

where each of the wall specimens failed. For more detail of the failure types,

reference Appendix G: Damage Photos.
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Stud separation
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Nail tearout and pullthrough
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Nail withdrawal

(i) Wall C1B

-Nail withdrawal

- Nail withdrawal and pullthrough

Nail withdrawal

(h) Wall CiA
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Nail withdrawal -- Stud separation
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APPENDIX G: Damage Photos

(Figure G. 1: Damage Photos)
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MONOTONIC TEST: WALL TYPE 1

Shear wall specimen in testing frame

Nail pullout from center stud
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MONOTONIC TEST: WALL TYPE 2

(c) Misplaced hold-down
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(d) Uplift at unrestrained corner of sill plate (also note the uplift in center of
sill plate and stud separation)



MONOTONIC TESTS: WALL TYPE 2 (CONT'D.)

(e) Top plate separation from vertical stud

(0 Nail withdrawal and tear-out at sill plate (also note excessive sill plate
deflection)

85



(g) Sill plate uplift and resultant split (split occurred in specimen M3B only)

(h) Top plate separation from vertical studs

I-

MONOTONIC TESTS: WALL TYPE 3
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CUREE TESTS: WALL TYPE 2

Top plate separation from vertical studs and nail withdrawal from center
stud

Separation of vertical stud from sill plate (also note permanent
deformation of unrestrained portion of sill plate)

87



CUREE TESTS: WALL TYPE 3

(k) Deformation of unrestrained sill plate (note hairline split in sill plate just
to left of hold-down)
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(1) Nail withdrawal from corner stud (opposite end of misplaced hold-down)
and separation from top stud (Wall M3B)



APPENDIX H: Uplift and Sheathing Shift Graphs
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Uplift Graphs

The uplift graphs show the deflection data collected by channels 3, 4, 5, and

6 of the data acquisition system (see Figure 3 in thesis body). The graph showing

the static specimens shows data from the side of the wall nearest to the actuator

(side with misplaced hold-down in wall types 2 and 3). The cyclic specimen

graphs contain data from both sides of the wall(s). NOTE: String pot devices did

not collect data during the test of M3B, so no graph is shown.

Sheathing Shift Graphs

The graphs showing sheathing shift were generated from data collected by

channels 7 and 8. Walls M1A and M1B were not equipped with LVDT's for

collection of this data, so these walls are not shown in the collective graph for static

specimens.
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H. 1: Uplift Comparison (all static wall specimens)
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Deflection (mm)

H.6: Wall C3A Uplift
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H.7: Sheathing Shift Comparison (static wall specimens) (V = vertical, H =
horizontal)
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Deflection (mm)

H.lO: Wall C2A Sheathing Shift

Deflection (mm)

H. 11: Wall C2B Sheathing Shift
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