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ABSTRACT

This report discusses research related to behandr design of earthquake-
resistant dual-plate composite shear wall systeh@ tvas conducted at Purdue
University with the financial sponsorship of the a&lles Pankow Foundation. The
analytical and experimental research conductedis gtudy and conclusions obtained

from the results are detailed in this report.

The dual-plate composite shear wall concept wasodoced to reduce the
construction time of tall buildings. A dual-plateroposite shear wall is a concrete-filled
steel plate assembly. The steel plate assemblyngpased of two steel plates connected
with steel rods spaced uniformly in orthogonal dii@ns. The objective of this research
was to develop details to be used in dual-plateposite shear walls and to investigate

the behavior and adequacy of those details.

A 3/8-scale dual-plate composite shear wall wasttanted and tested as part of
the experimental evaluation conducted during tlesearch effort. First, foundation
details and the connection between the specimenfa@mbation were designed and
investigated. Next, details of the shear wall waglected using available standard design
provisions. The behavior of dual-plate compositeashwalls was investigated through
four distinct experimental tests to study the failog features: (a) stability of plate
assemblies for resisting vertical construction 8g8) strain compatibility between steel
plates and concrete - to determine whether the plas and concrete act together for
the selected details used in the plate assemblyshiear strength of horizontal splice
connections between adjacent plate assembliegdarimkhavior of dual-plate composite
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shear walls under cyclic load - to determine whetbemposite shear walls have

sufficient strength and ductility to resist earthige and wind loads.

From the experimental and analytical investigatdrihe stability behavior of a
3/8-scale two-story dual-plate assembly, it wasmheined that the plate assembly was
able to resist a maximum load of 18 times the marmexpected construction load.
Behavior of the composite shear wall under cydieral loading was investigated using
a 3/8-scale 5-1/2 story 30-ft tall T-shaped sheall specimen. It was determined from
the test that if buckling of the plate could bevarted, then the design approach used for
the test specimen can be used to design the gstabatomponents for dual-plate

composite shear walls to resist cyclic lateral foad to at least 2% drift.
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CHAPTER 1: INTRODUCTION

1.1: Dual-plate composite shear wall

A shear wall is designed primarily to resist laktdoads, typically from wind and
earthquakes, while also resisting the axial loadhfthe gravity load system framing into
the shear wall. The lateral load capacity and ttyctf the shear wall are the primary
features of the shear wall that need to be corsidermen designing for cyclic lateral
loading. Concrete core walls have been traditignaied to resist lateral loads in tall

buildings. Steel plate shear walls also have bsed to a lesser degree in recent years.

A dual-plate composite shear wall is a concretiedilsteel plate assembly
intended to be incorporated in tall buildings tise lateral loads. The steel plate
assembly is composed of two steel plates connedgtbdsteel rods at a regular spacing in
orthogonal directions (Fig. 1.1). The transverselstods can be bolted or welded to the

steel plates.

The moment developed due to cyclic lateral loadiltesin cyclic tension and
compression stresses in the vertical fibers ofstiear wall. In the dual-plate composite
shear wall, the steel plates can resist tensioih they fail in a tensile fracture mode and
can resist compression until they fail by bucklinbhe steel plates also develop
significant ductility under tension. The concretethe dual-plate composite shear wall
can resist compression force until it fails by ¢ing and can resist tension force until it
cracks. Investigation of the combined, compositealver of the steel plates connected
by transverse bars and filled with concrete is mpartant step in understanding the
behavior of dual-plate composite shear walls. Basedn understanding of the behavior,
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design criteria can be formulated to facilitataceéint construction practices of the dual-

plate composite shear walls.

When a concrete core wall is used in a steel-fratmattling, the construction
schedule is influenced by the cycle time associatgd the climbing forms. When a
dual-plate composite shear wall is used, the giied¢t assembly itself acts as a form and
provides sufficient strength to resist the constomcloads transmitted from the floor
framing. Hence, the time required for the constauctof tall buildings can be
significantly shortened by using dual-plate comfoshear walls instead of concrete core
walls. Thickness of the shear wall may possiblydmiced when a dual-plate composite
shear wall is used. In a reinforced concrete shedl; cracking, splitting, and spalling
during lateral load cycles can lead to a severeatsh in stiffness and strength (Zhao
and Astaneh-asl, 2002). In a dual-plate compa$iear wall, steel plates provide tensile
resistance upon cracking of the concrete. The ftie¢és and transverse bars provide
confinement to the concrete and prevent spallirgylemit the reduction in stiffness and
strength.

The primary disadvantage of the steel plate shedr i& buckling of the steel
plate (Zhao and Astaneh-asl, 2002). In the duakptmmposite shear wall, the in-fill
concrete and transverse bars will help to delaklng of the steel plates.

The main factors that need to be considered irddsggn of dual-plate composite shear

walls are the following:

1. The dual-plate assembly should be strong enougésist construction loads that
occur prior to casting of concrete. The dual-pkEteembly also should resist the
hydraulic forces due to the fresh concrete durirgsting, with minimal
displacement and residual stresses.

BEHAVIOR AND DESIGN OF EARTHQUAKE-RESISTANT DUAL-PATE COMPOSITE SHEAR
WALL SYSTEMS



. The steel plates and concrete in the dual-plateposite shear wall should act

together as a unit.

. The horizontal joint between adjacent plate assesilshould be able to transfer
the axial and shear forces between the top plagena#tsdly and bottom plate

assembly.

. The dual-plate composite shear wall should be tblesist in-plane and out-of-
plane cyclic loads. The composite shear wall shbwalde sufficient strength and
ductility to resist earthquake and wind loads imbmation with axial loads due
to the wall self weight and the loads delivereditly floor systems framing into

the wall.

In order for the composite shear wall to achieviigent strength and ductility,

the horizontal connection between the dual-plase@mblies and the foundation,
the vertical connection between intersecting dlatep assemblies, and the
foundation details also should be able to resistftices developed due to the

lateral cyclic loads applied to the composite shesit.

1.2: Historical background of the dual-plate compoie shear wall

The concept of steel-concrete-steel composites Wwa$ proposed for a

submerged tube highway tunnel in the United Kingdonil986 (Xie and Chapman,

2006). Shear studs were designed to make the imefete-steel units act as a

composite structure. Shear studs were welded drdpeend of the shear stud. There are

many research studies about steel-concrete-steelpwith shear studs. In the United

States, a steel-concrete composite shear wall wichonly two layers, steel plate on

one side and concrete on the other, was developgtdtadied by Zhao and Astaneh-asl

(2004). The steel plate and concrete (cast in pageecast) were connected by bolts.
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Bi-Steel, which is very similar to the dual-platentposite shear wall, was
developed by Corus UK Limited (currently TATA SteeBi-Steel is composed of two
steel plates connected by steel rods frictionvsélded to the steel plates at both ends of
the steel rods. Figure 1.2 shows a photographeoBttSteel plate assembly. Even though
the friction welding technique existed before tieeelopment of Bi-Steel, it was not used
to make the steel panels with steel rods frictiimveelded to the steel plates at both ends

of the steel rods prior to the development of Bieht

A fabrication unit of the Bi-Steel plate assembdyshown in Fig. 1.3 (Xie and
Chapman, 2006). Steel rods are rotated while & ptates at the locations of the end of
each rod are compressed against the steel rocdstuiion can occur because of the heat
developed by friction. The process is automaticaibyntrolled by machines. The

dimensional limits of Bi-Steel are shown in Figd.1.

The shop fabricated Bi-Steel plate assemblies canbiought to the field,
assembled (welded and bolted) in place and canllbd With concrete to erect shear
walls. Plate assemblies can be connected togetlieeishop as much as is practical and
transported to the field as a unit to reduce thestaction time needed in the field. Such
a unit is shown in Fig. 1.5. Steel framing surraangdthe shear wall can be attached to
the steel plate assemblies in the field prior ®glacement of concrete in the shear walls.

This will speed the construction process.

Bowerman and Chapman (2002) reported the manuhagtprocess of Bi-Steel.
Design guidelines of Bi-Steel have been reporte@twerman et al. (1999). Clubley et
al. (2003a, 2003b) studied the shear strength &t8el panels. The shear strength of the
concrete core relative to the steel plates was aigestigated in their study. Xie,
Foundoukos, and Chapman (2004) studied the behaivtbe friction welded bar to plate
connections in Bi-steel under static and fatigueashoading. All these research studies

were conducted in the United Kingdom. In South kgra double-skin composite wall,
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which is also very similar to Bi-Steel, has alsemstudied by Eom et al. (2009). Details

of these research studies are reported in Chapter 2

1.3: Motivation and research need

This research was motivated by the significant cédan in construction time of
tall buildings when a concrete shear wall is repthby a dual-plate composite shear wall.
The design guideline of Bi-Steel by Bowerman ef{E#99) was developed mostly from
existing theories and design procedures. Even thdbgre are few research studies
related to Bi-Steel as mentioned above, the behafidi-Steel has not been widely
investigated. Because Bi-Steel, used as a dua-mlatnposite shear wall, is not a
traditional shear wall and there is no standardgdesode for the design of dual-plate
composite shear walls, the performance of the plaé composite shear wall needs to
be widely investigated for different configuratioasd dimensions of the shear wall to
understand the behavior. The stability of the péstgembly for construction loads has not
been experimentally investigated. This researchystuas conducted to investigate the
stability of the plate assembly for constructioads and to check the adequacy of the
connections and other structural elements of thal-plate composite shear wall for
cyclic lateral loading.

1.4: Research goals, objectives and scope

The goal of this research is to develop detailbgaised in dual-plate composite
shear walls and to investigate the adequacy oti¢hails. The knowledge obtained from
this study was used to recommend design proceflurésial-plate composite shear walls.
The primary objectives of this research study hesfollowing:

1. To determine the contribution of the transversesrocohnecting the steel plates to

the performance of the dual-plate composite shadlsw
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2. To examine the stability of the steel plate assgnufl the shear wall for
supporting construction loads before casting cdrdreside the plate assembly.

3. To examine the strain compatibility between thelsptates and concrete within
those steel plates.

4. To investigate the details for joining steel plat#sthe horizontal interface
between adjacent dual-plate units.

5. To investigate the behavior of details (such ashibrizontal connection between
the dual-plate assemblies and the foundation, #r@cal connection between
intersecting dual-plate assemblies, and the foumdatetails) in the intersecting
wall elements under cyclic lateral loading.

6. To observe and report any constructability issueentered during the testing
program.

7. To develop a design procedure for dual-plate contgsekear walls.

The scope of this study is limited to the following

1. This study is limited to prototype 40~60 story $tagldings.

2. The experimental investigation is performed fopacific plate thickness, spacing
between the plates, transverse bar diameter, ansuverse bar spacing.

3. The behavior of intersecting wall elements for aythteral loading is limited to
the T- Shaped intersecting wall element.

4. Behavior of the composite shear wall when subjet¢tedmpact loading, fire

loading, and fatigue loading was not investigatethis research study.

1.5: Methodology

The research objective was met through the follgviwe phases.

1. Investigation of the stability of the dual-platesasbly for construction loads.
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2. Investigation of the strain compatibility betwedre tsteel plates and concrete
within those steel plates.

3. Investigation of the behavior of horizontal spligkate details used to connect
adjacent plate assemblies.

4. Investigation of the behavior of intersecting walements for cyclic lateral
loading.

5. Development of a design procedure for dual-platapmusite shear walls.

A more detailed description of these five phasgsasided below.

Phase 1:The primary objective of the first phase of thesearch program was to
investigate the stability of the dual-plate assengior to adding concrete between the
plates. An analytical investigation was performedselect the shape and details of the
dual-plate assembly to be tested in the laborafbng analytical investigation involved
different plate thicknesses, different bar diangtand different spacing of transverse
bars in the plate assembly. The resistance of the @mssemblies to the hydrostatic
pressure from the wet concrete during concreteintastnd the stability of the plate
assembly under vertical construction loads werdyénally investigated to select the

plate thickness, transverse bar diameter, andrspatithe transverse bars.

Different shapes of the dual-plate assembly weralyéinally investigated to
select the worst-case configuration for stability the dual-plate assembly for
construction loads. These different shapes includadnar shape (to represent the case
when there are no intersecting wall elements feigaificant length of a core wall}-
shape (to represent when two wall elements intersedhacentral part of a core wall)
and aC-shape (to represent the intersection of wall elementthatend of a core wall).
The modes of failure were monitored and studiedetwide the shape of the wall element
to be tested in the laboratory. Small-scale lalbstesre performed to substantiate and

calibrate the analytical models (refer to Appendl)x
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Once the shape and optimum dimensions of the detadre selected, the
experimental investigation was carried out. It iwead the stability test of a dual-plate
assembly with a scale of three-eighths of typicall wnits. Two stories of the dual-plate
assembly were investigated in the experimental narag Finite element analysis was

expanded to three and four-story plate assemblies.

Phase 2:0Once the stability of the dual-plate assembly it selected details was found
to be sufficient to resist the expected construcko@ads, strain compatibility between the
steel plates and the concrete was investigatethéosame details. Strain gauges mounted
on the steel plates, concrete strain gauges embedddie concrete, and strain gauges
bonded to the reinforcing bar were monitored whdteral load was applied to the
specimen in the out-of-plane direction. Strain catiiplity between the steel plates and

concrete would indicate that both elements actttegerather than independently.

Phase 3:The primary objective of this phase was to ingzge the behavior of the
horizontal splice plate details. The splice platgd act as alignment devices during
erection of the plate assemblies and transfer axidlshear forces between the adjacent
panels (Fig. 1.6). Behavior of the splice plate rmmtion for in-plane lateral load was

investigated.

Phase 4:The observations made during the earlier phases waricial for designing
similar, non-critical details for the intersectisjear wall elements which were tested in
this phase. The primary objective of this phase twaBvestigate the behavior of the
intersecting wall elements subjected to cyclic risitdoads. The test specimen was a
large-scale cantilever wall element, like thatedsin the previous phase, but was "T"-
shaped in plan. Moment-curvature diagrams for thi¢ of intersecting wall elements

were developed.

Phase 5:Results obtained from phases 1 to 4 were useduelap design procedures for

the dual-plate composite shear wall.
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1.6: Report outline

This report consists of seven chapters and thrperajices. Chapter 2 details the
literature review related to this research studigagiers 3 through 6 present the four
major tests conducted in the laboratory. Chaptede3cribes the analytical and
experimental investigation of the stability of theal-plate assembly for construction
loads. The experimental program describes thelyatigist of a 3/8-scale two-story dual-
plate assembly. Chapter 4 presents the experimemnvasdtigation to evaluate the strain
compatibility between the steel plates and the m@iadn a 3/8-scale one-story dual-plate
composite shear wall. Chapter 5 discusses the iexpetal investigation of the behavior
of the horizontal splice plate details for tranafeg in-plane lateral loads. Chapter 6
presents the investigation of the behavior of sgeting wall elements subjected to cyclic
lateral loads. This investigation includes the iyldading test of a 3/8-scale, 5-1/2 story
T-shaped dual-plate composite shear wall compodethtersecting wall elements.
Chapter 7 provides a summary of the research fysjiconclusions derived from the

results, and recommendations for future work.

Appendix A presents the investigation of the cdmittion of the transverse
connecting rods to the lateral stiffness of thegpssembly. This investigation includes a
series of small tests conducted in support of thbilgy test described in Chapter 3.
Appendix B discusses the investigation of the wadtlveen the reinforcing bar hook and
the foundation connection plate. This investigatwas performed to design the weld
between the reinforcing bar hook and the foundatmmection plate of the specimens in
the stability test and the cyclic loading test diésd in Chapter 3 and Chapter 6,
respectively. Appendix C details the investigatmithe weld between the shear wall
plate and the foundation connection plate. Thigstigation was conducted to design the
weld between the shear wall plates and the fouoannection plates of the specimen
in the cyclic loading test described in Chapter 6.
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Figure 1.1 Schematic of Dual-Plate Composite She#vall Element (Wright et al.,
2006)

Figure 1.2 Bi-Steel panel with friction welded rodqfrom brochures by Corus)
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Figure 1.3 Fabrication of Bi-Steel panel assembly{e and Chapman, 2006)
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Transverse friction
welded bars (hoth
B cnds welded)

t=51020 mm

h, = 200 o 700 mm
bar diameter =25 mm
min s = 200 mm

min B = 1300 mm

Figure 1.4 Dimensional limits of Bi-Steel (Xie andChapman, 2006)

Figure 1.5 Lowering a Bi-Steel plate assembly uninh the field (from brochures by
Corus)
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Figure 1.6 Schematic of Horizontal Connection betwen Dual-Plate Composite Wall
Units (Wright et al., 2006)
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CHAPTER 2: LITERATURE REVIEW

There is no standard design code for dual-plateposite shear walls for building
structures. Some prior research studies, howease heen conducted on steel-concrete-
steel composite shear walls which are similar t® dual-plate composite shear wall
investigated in this study. Bi-Steel, which is vesiynilar to the dual-plate composite
shear wall, was developed by Corus UK Limited (eatty TATA Steel) and few
research studies have been conducted to investigatbehavior of the Bi-Steel panel,

filled with concrete, under various loading conafits.

This research program includes four major but mittinvestigations: (a) stability
of the dual-plate assembly for construction log@3,strain compatibility between the
steel plates and concrete under flexural loadingbéhavior of the welded horizontal
splice plate connection for in-plane shear loadiagg (d) the behavior of dual-plate
composite shear walls for cyclic loading. The baokgd and prior studies related to this
research are detailed in the following subsectidngled according to the four major

investigations.

2.1: Stability of the dual-plate assembly for constiction loads

The stability of the dual-plate assembly can bituemced by plate thickness,
distance between the plates (wall thickness), ense bar diameter, and spacing of the
transverse bars. The height and location of theifga which can influence stability of
the dual-plate assembly, are governed mostly bylitinensions and location of structural
elements in the building. Because the loads frommsethat frame into the wall are

always eccentric with respect to the center ofviaél cross section, stability of the dual-

BEHAVIOR AND DESIGN OF EARTHQUAKE-RESISTANT DUAL-PATE COMPOSITE SHEAR
WALL SYSTEMS



15

plate assembly for the vertical load and moment ttughe eccentricity should be
considered. The load transmitted from the crossniseia first transferred to one of the
dual-plates, and the transverse rods welded oedbatt both plates transfer a portion of
the load to the plate on the opposite side of tbeembly. Hence, from a stability
standpoint, the capacity of the dual-plate assertiib$ybetween that for two individual

plates and a plate assembly unit made of two ptatds rigidly connected together.

Even though an expression for the stability of aldlate assembly could not be
found, there is considerable information in theerbture on the stability of plates.
Information is available that deals with the stiéipilbf plates under various loading
conditions, various boundary conditions along thliges, and various stiffenening

conditions.

As reported by Rees (2009), when a plate with kengtdth, and thickness of a, b,
and t (as shown in Fig. 2.1) and with free sideesdg uniformly compressed, the critical

buckling stressd(,) can be expressed by the following equation:

2 E

Ocr = W Eq. (2.1)

where E = Young’s modulus
Le = equivalent length of the plate

t = thickness of steel plate

The equivalent length,., depends on the boundary conditions along theelbad

edges and can be expressed by the following eqsatio
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L, = a(1—v?)1/? for pinned ends Eq. (2.2a)

L, = (a/2)(1 — v*)1/? for fixed ends ER.2b)

L, = (a/N2)(1 = v®)'Y2  for pinned-fixed ends Eq. (2.2¢)

L, = 2a(1 — v?)/? for fixed-free ends £2.2d)
where v = Poisson’s ratio

a = length of the plate
Equation 2.1 is for a plate with free side edgetiewall four edges are simply

supported, the critical buckling stressg can be expressed by Equation 2.3 (Rees, 2009).

. n?E
"~ 3(1-v2)(b/t)?

Ocr Eq. (2.3)

The elastic critical buckling stressic{e, for a uniformly compressed plate with
various boundary conditions along its four edges \&arious a/b values is shown in Fig.
2.2. In the figuregp, is the critical buckling stress for a plate withfaur edges simply
supported as given by Equation 2.3. Salmon andsawh 2009) also reported similar
equations for plate buckling.

2.2: Strain compatibility between steel plate andancrete

Strain compatibility between the steel plates d&infill concrete in a dual-plate
composite shear wall ensures that the steel pkesconcrete act together. When a
lateral load is applied to the composite shear,wa# bond between steel and concrete
and the interlock of the transverse rods and co@argnimize the slip between the steel
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plates and concrete and help the composite shdatovact as one unit. The primary
factors which can affect strain compatibility arerdeter of the transverse bars and

spacing between the transverse bars.

Clubley et al. (2003) performed push-out testsniestigate the behavior of the
concrete core in Bi-Steel composite panels for shkasd applied to the concrete core
relative to the steel plates. Different plate thiekses, plate spacing, and transverse bar
spacing were considered. Three plate spacings @2, 400 mm and 700 mm were
considered for the laboratory test specimens. &sieset-up for the 200 mm plate spacing
is shown in Fig. 2.3 and the test set-up for th@ #m and 700 mm plate spacings is
shown in Fig. 2.4. Plate thicknesses of 6 mm, 8 laimd, 10 mm were considered for the
specimens. Threaded studs of 16 mm diameter wereided perpendicular to the
transverse bars in order to simulate the consgramtthe panel. The failure load per
number of welds between the transverse bars ardsplgas calculated and compared

between the test results for specimens with diffepéate spacings.

It was observed that the shear strength of theretencore was governed by the
plate spacing, diameter of the transverse barsspading between the transverse bars.
The mode of failure was governed by the plate theslses and transverse bar spacing.
When the composite panel was constructed with tpieltes, failure was initiated by
shearing of the transverse bars which experiencledttée failure at the friction welds.
When the composite panel was constructed withlates, failure was initiated by large
deformation of the plate around the friction welnldwed by tearing in the plate.
Furthermore, Clubley et al. (2003) also reportedt tthe transverse bars should have
sufficient ductility to transfer load between thencrete and steel to ensure that all

components fail as one unit.

It should be noted that shearing load was applrdy @ the concrete core in the
study by Clubley et al. (2003). According to XiedaBhapman (2006), the behavior of
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the composite panel for in-plane shear will be elts the behavior of the concrete core

studied by Clubley et al. (2003) because the sisaasisted mostly by the concrete core.

A series of studies similar to the study by Clubéyal. (2003) were reported by
Xie, Foundoukos and Chapman (2004) on the behaf¥ithre friction welded bar-to-plate
connections in Bi-steel under static shear loadifige specimens were made by casting
concrete inside a Bi-steel unit which had only eramsverse bar connecting both steel
plates. A Bi-steel unit and a sample test speciatershown in Fig. 2.5. Plate thicknesses
of 6, 8, 10, 12, and 15 mm were used for the spatirihe test set-up is shown in Fig.
2.6. Load was applied to the concrete so that dnerete was sheared relative to the steel

plate.

Three modes of failure were observed in the commestobetween the transverse
bar and steel plate (see Fig. 2.7). Failure ocdubseplate tearing around the bar, shear
fracture of the bar, or fracture between the bar plate. Increasing the plate thickness
from 6 mm to 10 mm increased the shear strength589, and there was no increase in

shear strength when the plate thickness was iredeasmore than 10 mm.

2.3: Behavior of splice plate connection for in-plae shear loading

Adjacent plate assemblies can be connected by meeldr bolting the splice
plates to the adjacent plate assemblies. The spliate connection should transfer
vertical load and in-plane shear from one platembty to the other. When the splice
plates are welded, the possible modes of failureriglane shear are shear yielding of
the plate, shear rupture of the base metal, atardadf the weld metal along the weld
line. The primary modes of failure for vertical tbare bending in the out-of-plane
direction (due to the moment developed by the ddcéayn of the vertical load) and
fracture of the base metal along the weld line. Stieel construction manual (AISC, 2011)

outlines the methods to calculate the shear stneafjwelded connections. However,
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information regarding an investigation of the bebawf splice plate connections in a

dual-plate assembly for in-plane shear loadingatook be found.

2.4: Behavior of dual-plate composite shear wall facyclic loading

The shear wall system should provide sufficienérggth, stiffness, and ductility
to withstand ground motions and wind loads. Thength of the shear wall limits the
damage, stiffness limits the deformation, and ditctf the shear wall ensures the wall
maintains sufficient lateral load capacity in thelastic range of response (Massone and
Wallace, 2004). In a steel-concrete-steel compgsteel, bending is resisted primarily
by the steel plates, and shear is resisted mogttird concrete core (Xie and Chapman,
2006).

Ductility or deformation capacity of the steel-coete-steel composite panel
enables the composite shear wall to withstand daleads experienced by a building
during a severe earthquake. The shear wall shakllbwed to deform into the inelastic
region to limit the load that is resisted by theeahwall. Hence, the other structural
elements which receive load from the shear watthsas the foundation, can be designed
for the maximum load expected to be developed bystear wall (Thomsen and Wallace,
2004). When the weld fracture at the base of thikisvavoided, plate buckling followed
by concrete crushing and tie bar fracture is thengmy mode of failure of the steel-
concrete-steel double skin composite wall for ian@ cyclic loading (Eom et al., 2009).
The research study performed by Eom et al. (2008gtailed below.

2.4.1: Research study performed by Eom et al. (20D9

The behavior of double-skin composite walls forplane cyclic loading was
investigated in the research study performed by Esmal. (2009). Double-skin

composite walls were made up of two thin steel gslatonnected by tie bars with
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concrete cast between the steel plates. Even thigldifferent specimen types were
tested and reported in the research study, onlytypes, a rectangular cross-section wall
and T-shaped cross-section wall, are detailed i;réport. All five different specimen

types are shown in Fig. 2.8. The rectangular ceassion wall alone is shown in Fig. 2.9

for better visualization of the dimensions.

The rectangular and T-shaped cross-section wallSCW1C and DSCWS3,
respectively in Fig. 2.8) were 1/3 scale models posed of 10-mm thick steel plates
connected by 16-mm diameter tie bars spaced at300The walls were 120 mm thick,

1000 mm deep and 3700 mm high. The flange width@fT-shaped wall was 600 mm.

The cyclic loading history is shown in Fig. 2.1@rRhe test of the rectangular
cross-section wall, the wall plates were connettethe base plate using complete joint
penetration groove welds. The base plate was &ttiatdh a support section which was
then attached to the laboratory floor. For the igpin-plane cyclic loading, the weld
joint failed in tensile fracture before the walbf# reached flexural yielding (at 1.5% drift
ratio). Hence, two different strengthening methadse used: (a) welding triangular rib
plates (10 mm thick) to the wall plate and baseeptand (b) fillet welding cover plates
(20 mm thick) to the wall plates and base platee bisthe rib plates did not remedy the
earlier observed failure. When the cover platesewesed to strengthen the specimen at
the wall base, stable cyclic behavior was obsewyedo +2.5% drift ratio without any
failure in the weld at the wall base. Hence, theecqlates were used to strengthen the

wall base for all remaining specimens.

The failure mode and load-displacement responsetHer rectangular cross-
section wall are shown in Figs. 2.11 and 2.12,eetpely. The rectangular cross section
wall with cover plates failed at -2.5% drift ratitme to buckling of the wall plates near
the wall base followed by fracture of the vertiaadld joint, crushing of the concrete, and

fracture of the tie bars.
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The failure mode and load-displacement responséh®iT-shaped cross-section
wall are shown in Figs. 2.13 and 2.14, respectivélye T-shaped cross section wall
failed due to local buckling of the wall plate, tiar fracture, and concrete crushing at
-2% drift ratio. Positive monotonic loading was bgp until the wall plate failed in

tensile fracture near the wall base at +4.9% daifb.

The above observations show that tensile fract@idned weld joints at the wall
base, local buckling of the steel plates, and cercrcrushing and tie bar fracture
following local buckling are the major failure mad®r the double-skin composite walls
for in-plane cyclic loading. Tensile fracture oktiveld joint reduces the ductility of the
specimen. This research study demonstrated thag usiver plates worked well to
improve the wall base strength, while the addiwdmib plates did not demonstrate any
improvement. In the rectangular cross-section watl the T-shaped cross-section wall,
the steel plate buckled at 0.021 to 0.028 mm/mrsilestrains. Due to the cyclic loading,
compressive stresses can be developed as a resesidual tensile strain, even when the
steel plate undergoes tensile strain. Because dherete in tensile strain could not
develop compressive strength, the steel plate biadsist all the compressive force and
consequently buckled. Because, after buckling,stieel plate could not provide lateral
confinement for the concrete, concrete crushing tendar fracture occurred following
steel plate buckling. Reducing the ratio of tie bpacing to plate thickness can reduce

the susceptibility of the steel plate to buckling.

The ratios of the load-carrying capacity of thecspen, calculated using a plastic
stress distribution, to the measured load-carrgagacity were between 0.98 and 1.18.
This shows that the load-carrying capacity wasexad by the specimen as predicted.
However, this research study shows that furtherkvetiould be undertaken to improve

the ductility of the specimen for in-plane cycloading.
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Figure 2.2 Critical buckling stresses of plate withvarious boundary conditions along
the edges (by Rees, 2009)
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Figure 2.3 Push out test set-up for Bi-Steel panelith a plate spacing of 200 mm (by
Clubley et al., 2003)
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Figure 2.4 Push out test set-up for Bi-Steel panelith a plate spacing of 400 mm and
700 mm (by Clubley et al., 2003)
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Figure 2.5 A Bi-steel unit and a test specimen fdhe study by Xie et al. (2004)
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(a) Plate tearing. (b) Bar shear fracture, (¢) Interface fracture.

Figure 2.7 Modes of failure for the shear test by i et al. (2004)
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Figure 2.8 Double-skin composite wall specimens arndst set-up for the study by
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Figure 2.9 Rectangular shaped double-skin compositeall specimen and test set-up

for the study by Eom et al. (2009) — Portion of thdlustration in Figure 2.8 -
Dimensions are in mm.
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Figure 2.10 Cyclic loading history for the study byEom et al. (2009)
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Figure 2.11 Failure of rectangular double skin compsite wall - DSCW1C by Eom
et al. (2009)
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Figure 2.12 Lateral load versus displacement for rangular double skin composite
wall - DSCW1C by Eom et al. (2009)

Figure 2.13 Failure of T-shaped double skin compasi wall - DSCW3 by Eom et al.
(2009)
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CHAPTER 3: BEHAVIOR OF DUAL-PLATE ASSEMBLY FOR
CONSTRUCTION LOADS

3.1: Introduction

One of the advantages of the steel plate compsiséar wall system is that during
the construction operation steel framing can bechtd to the steel plate assemblies prior
to placement of concrete in the shear walls. Whiisallow construction to proceed a few
floors ahead of the level of hardened concreteiwitie dual-plate composite shear wall.
For this to occur successfully, however, the tweekplates interconnected with tie rods
must be capable of safely supporting an approppatgon of the steel framing dead load
and typical construction live loads. To assesdb#tevior and buckling load resistance of
the interconnected dual-plate system, finite eldmandels were assembled and the
response of the dual-plate assembly with variousrpaters for vertical loads was
evaluated. An experimental investigation was pentm for a planar dual-plate assembly
with the parameters which are typically used initigustry and were selected from the
finite element analysis. The analytical and experntal investigations are discussed in
the following sections.

3.2: Analytical Investigation

Stability of the plate assembly for the verticahstuction loads was investigated
in this phase of the research study. This investigavas performed to assist in the
selection of the plate thickness, transverse bameéier, and spacing of the transverse
bars in a dual-plate assembly. In a dual-plate nase the plates provide (1) the

necessary rigidity to safely support their own virtiglus the weight of structural steel
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framing into the core wall before concrete is caside the plate assemblies, (2) the
necessary rigidity and strength to resist the hyldrdorces that develop when concrete is
cast between the plates, and (3) act as formwodasbthe concrete. The transverse bars
provide (1) bracing for the stacked plate assemtibedevelop the necessary rigidity for
stability under vertical construction loads, (2hg#e strength to resist the hydraulic
forces, and (3) the mechanical connection thalifaigs composite action of the plates
and reinforced concrete cast between the plates.pldte thickness and transverse bar
diameter are the main parameters expected to mduthe stability of the wall panels for
resisting the vertical construction loads. Spacaigthe transverse bars is the main

parameter influencing the resistance of the plasemblies to hydrostatic pressure.

Earlier analytical work performed by a postdoctdedlow (Dr. Jeesoo Kim) for
this research project is briefly summarized in BecB8.2.1. This earlier analytical work
includes two main aspects: (1) the resistance efpilate assembly to the hydrostatic
pressure due to concrete casting, and (2) the bmhafwarious dual-plate configurations
such asplanar, T-shape, and C-shape for vertical construction loads. From this earlier
analytical work, the maximum spacing of the tramsgdars was selected. Furthermore it
was verified that thelanar dual-plate configuration would be the worst-casnacio for

the buckling resistance of the dual-plate asseralyertical load.

Considering results from the earlier work, furtlaealysis was performed in this
phase of the research study. Finite element madaie modified according to the typical
field boundary conditions. This analysis includes investigation of the stability of the
planar dual-plate assembly for vertical constructmads.

3.2.1: Analytical work for dual-plate assembly

The resistance of the plate assembly for hydrastatessure due to concrete
casting, and the behavior of various dual-platefigarations for vertical construction

loads were investigated.
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3.2.1.1: Behavior of dual-plate assembly for concte hydrostatic pressure with
change in transverse bar spacing

Selection of Parameters

It was anticipated that approximately 13-ft talagel assemblies, 30-ft in length,
will be shipped to the jobsite, lifted into pla@nd joined with other plate assemblies to
form a complete core wall. It has been anticipated concrete will be cast one or two
stories at a time. For this analysis, a Y2-in. raingter and a Y-in. plate thickness were
considered. Bar spacing could be adjusted from plaee assembly to the next to
optimize the number of bars and connections requibat it was anticipated that one

constant spacing will be used.

Modeling

Finite element analysis (Abaqus) was used to iny&t&t the behavior of dual-
plate assemblies for hydrostatic pressure with imgryod spacing. The rod stress was
evaluated for different spacing and plate heigAtsalysis was performed for half-scale
models in anticipation of the specimen size thatildde used in the laboratory study.
Plates were modeled as shell elements and rodsm@deled as solid elements. Because
height of the plate, that is, height of the conereast, affects the stress, five different

plate heights were considered.
Findings
Stress in the rods at various elevations (variawssy was monitored and is

shown in Figs. 3.1 and 3.2 for a rod spacing oh@ &2 in., respectively. In the figures,

“H” refers to the height of the plate or the heiglittoncrete casting. As shown in those
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figures, stress in the rods at the second row (foottom of the plate) was higher than the
other locations.

Next, stress in the rods at the second row was torei for various plate heights

and rod spacings. Figure 3.3 shows the stresseindtis at the second row versus rod
spacing for various plate heights.

In parallel with the finite element analysis (FEA)ess in the rods at the second
row also was calculated by considering the foroestiged by the hydrostatic pressure in
the tributary area around the rod. The hydrosiagssure was taken as the unit weight of
the concrete multiplied by the height of concreast@bove the rods at the second row.
The tributary area was taken as a square with obits sides equal to the rod spacing.

This method led to Eq. 3.1 to calculate streskénrbds at the second row.

_ y(H-1.55)xS?
Orod = Th2
4

Eq. (3.1)

Where Orod = Rod stress (ksi)

y = Unit weight of fresh concrete (kipfn
H = Height of the plate (height of concrete aagti(in)
S = Spacing between rods (in)

D = Diameter of the rod (in)

Table 3.1 shows the stress in transverse rodseasdbond row calculated using
both finite element analysis (FEA) and Eqg. 3.1. Thiéerence in the stress calculated
using these two methods is also tabulated as @mtage of the stress values calculated
using finite element analysis. The difference ie ttalculated stress ranged from 4.4
percent to a maximum 6.4 percent, with the strem® fEq. 3.1 consistently lower than
the FEA predicted stress.
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In the laboratory tests, a 3/8-scale model of agbype with a rod diameter of 1
in. and a rod spacing of 12 in. was considered.ceethe rod diameter and rod spacing
were 3/8 in. and 4.5 in. in the laboratory specimBable 3.2 and Table 3.3 show the
variation of the maximum stress in transverse midls the height of concrete casting for
a 3/8-scale laboratory specimen and the full-sped¢otype, respectively. It can be noted
from these tables that the rod stress was notahmee dor the laboratory specimen and
prototype at a particular story level. However, the stress at a particular story level was
proportional to the scale (equal to 3/8 in thieesh study). This is also evident from Eq.
3.1.

It can also be noted from Table 3.2 and Table I3aB the rod stresses were very
small compared to the design yield strength of ribek of 50 ksi. Hence, the concrete
hydrostatic pressure did not govern the selectibthe transverse bar diameter and
spacing. The reason for the selection is explainegection A.4 of Appendix A of this

report.

3.2.1.2: Behavior of various dual-plate configuratins for vertical construction loads

Different shapes of the dual-plate assemplginar, T-shape, and C-shape were
analyzed to select the worst-case configurationrdégisting vertical construction loads.
These shapes of shear wall components are presgical shear wall layouts. For the
different shapes considered, it was found that glamar shape was the worst-case

configuration for stability considerations.

3.2.2: Stability of planar shape two-story plate asembly for vertical loads

Following the earlier investigation of the behavidrthe dual-plate assembly for

hydraulic pressure with the change in transvergespacing and the stability of the

BEHAVIOR AND DESIGN OF EARTHQUAKE-RESISTANT DUAL-PATE COMPOSITE SHEAR
WALL SYSTEMS



36

various dual-plate configurations for resistingtiead construction loads, finite element
models to examine the stability behavior of thenpfashape dual-plate assemblies were
developed. The models were modified to model tleddfiand laboratory boundary
conditions. The finite element analysis of the sitgbtest specimen tested in the

laboratory is described in this section.

The contribution of the diameter of the transvemis to the stiffness of the plate
assembly was experimentally investigated in theorafory at the same time finite
element models of the test were developed. Theatedtthe analysis are described in
detail in Appendix A. It was concluded from thettpsogram that the diameter of the
transverse bars has a significant impact on th#ness of the plate assembly.
Furthermore, it was decided to use transverseibareders with 3/8-in. diameter and 4.5-
in. spacing in the 3/8-scale models (which corregigowith 1-in. diameter and 12-in.

spacing in the full scale).

3.2.2.1: Selection of parameters

Dimensions from drawings of prototype buildings

Four prototype buildings were analyzed to selepicgl dimensions of the shear
walls. Figures 3.4 through 3.7 show plan drawinfj$he shear walls in the prototype
buildings. It was evident from the drawings tha tnoss beams frame into the shear wall
at a horizontal spacing of about 10 ft. Furthermte center to center distance between
flanges of the shear walls ranges from 28’-9” t6-216 The shear wall layout in the 55-
story Washington Mutual building (Fig. 3.7) wasdakas a typical layout. Hence, it was
determined that the cross beams frame into ther stedhat 10 ft lateral spacing and the
center to center distance between the flangeseotiear wall is 30 ft. The length of the
shear wall to be analyzed was taken as 30 ft. & sasonably assumed that the cross

beams frame into the shear wall 5 ft below the tfpeach wall panel with a

BEHAVIOR AND DESIGN OF EARTHQUAKE-RESISTANT DUAL-PATE COMPOSITE SHEAR
WALL SYSTEMS



37

corresponding story height of 13 ft and a wall khiess of 2 ft. Considering the scale (3/8)
of the specimen to be tested in the laboratoryldtezal spacing of the cross beams, story
height, wall thickness, and length of the wall wetleen as 45 in., 58.5 in., 9 in., and 135
in., respectively.

Dimensions from Bi-Steel panels

Bi-Steel panels are the dual-plate assemblies pextilbby Tata Steel Europe
(formerly known as the Corus Group). Refer to Secfi.2 for more details about the Bi-
Steel panels. Typical details of the Bi-Steel parske shown in Fig. 1.4. In the typical
details, the plate thickness ranges from 5 to 20 (@r0 to 0.79 in.) and the clear
spacing between the plates ranges from 200 to #Q(7O to 27.6 in.). The minimum
transverse bar spacing is 200 mm (7.9 in.). Thedlzaneter used in the Bi-Steel panel is
fixed at 25 mm £1 in.). Hence, a bar diameter of 1 in., bar spa@hd?2 in., plate
thickness of ¥z in., and clear spacing of 23 in.ens&lected for a full-scale model. For the
experimental program, these dimensions will bei3/84.5 in., 3/16 in., and 8-5/8 in. for
bar diameter, bar spacing, plate thickness, arat sfgacing, respectively. The conclusion
from Appendix A also suggests using a diameterasfaverse bar of at least 3/4 in. in the

full-scale wall when all the other parameters alected as mentioned above.

Dimensions and boundary conditions from the labooay test set-up

The finite element models were developed to sireutlae test set-up for the 3-
story laboratory stability test. The laboratorybglity test set-up is shown in Fig. 3.8. The
top two stories were not filled with concrete taudst the axial capacity of the plate
assemblies prior to concrete placement. The detdithe load set-up are described in
Section 3.3.1.3. Cross beam members (W12 x 50) wanmeed into the plate assembly
using a shear tab connection with two bolts; thenise were framed into the laboratory
strong wall using another shear tab connection thitee bolts. The cross beam and the

shear tab connections are shown in Fig. 3.9. Tlarstabs were welded to the plate
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assembly as well as to the plate on the strong Wh# shear tabs on the strong wall had
oversized bolt holes with 1-in. diameter for 7/84wolts to allow the cross beam to freely
rotate at that end. The shear tabs on the plammddyg had standard bolt holes with

15/16-in. diameter for the 7/8-in. diameter A32%t%0

Material Properties of the Steel Plate and TransserBar

Figure 3.10 shows a representative stress-straire ®f the plates obtained from
tensile coupon tests. Because the direction ofngplbf the plates used for the plate
assembly was not known, totally eight coupons weagle from the plates used for the
plate assembly by cutting the coupons both in tedical and horizontal directions
relative to the orientation of the plate assemblye average yield strength and tensile
strength were 64.3 and 74.4 ksi, respectively,tifier coupons taken in the horizontal
direction of the plate assembly. The average \salehgth and tensile strength were 66.6
and 74.1 ksi, respectively, for the coupons takerthe vertical direction of the plate
assembly. For the finite element analysis, elgstidectly plastic stress-strain behavior
with a yield strength of 66.6 ksi was used. FigBuEL shows a stress-strain curve for the
transverse rods obtained from tensile coupon tésts.the finite element analysis, an

elastic perfectly plastic stress-strain behavios wsed with a yield strength of 70 ksi.

Calculation of vertical loads to be resisted

The vertical construction loads to be carried leyplate assembly were calculated
using the prototype building drawings shown in Figs4 through 3.7. The vertical
construction load transferred by the cross beaneamh shear tab connection was
calculated considering the self weight of the crbeam, the deck weight (5 psf), and
construction live load (20 psf). The factored \aatiload (1.2DL + 1.6 LL) transferred to
the shear tab connection varied from 6.0 kips t& kips at different load points and for
different prototype buildings. The factored verticanstruction load of 10.5 kips in the

prototype building is equivalent to 1.48 kip (= 3&ip x (3/8f) per cross beam in the
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3/8-scale model when the stress developed at thes @ection of the plate assembly in

the prototype building is equal to that of the 8¢&de model.

3.2.2.2: Modeling

Finite element analysis (Abaqus-Riks analysis) waed to investigate the
behavior of the dual-plate assembly for verticahstauction loads. Analysis was
performed for laboratory-scale models. Plates waeoeleled as shell elements and rods
were modeled as beam elements. The cross beamis frdmee between the shear tabs on
the laboratory strong wall and the shear tabs ensgrecimen were modeled as beam
elements with appropriate cross section (W12 x B@jer to Fig. 3.9 for a drawing of the
cross beams and shear tab connections. Becauke o¥é¢rsized bolt holes on the shear
tabs, the end of the cross beams at the strongweallassumed to freely rotate in the
vertical plane perpendicular to the strong walltwo-story laboratory-scale (3/8-scale)
model is illustrated in Fig. 3.12 in a deformedtestaBoth pinned and fixed boundary
conditions at the bottom were considered in thdyaisa The connection between the
transverse rods and the plate was assumed rigmkrfections in the specimen were not
considered. Vertical load versus lateral defornmatesponses were plotted from the Riks

analysis.

3.2.2.3: Findings

The deformed shape of the analytical model is shiowg. 3.12. For this model,
the boundary condition at the bottom was assumd foinned. The vertical load versus
lateral displacement response is shown in Fig..3Th& locations of the displacements
shown match the locations of the displacements umedsusing wire potentiometers
during the stability test (refer to Section 3.3.2The maximum load the 3/8-scale
specimen resisted, according to the FE analysis ¥® kips (see Fig. 3.13). The

estimated vertical construction load on the spesim@as 8.9 kips (= 1.48 kips/cross
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beam x 6 cross beams, refer to Section 3.2.2.1)céjethe maximum load capacity
calculated from the FE analysis was well beyond rieprly 23 times) the estimated

vertical construction load level.

When the bottom was assumed to be fixed, the defdishape was similar to that
shown in Fig. 3.12 except at the very bottom. Tteimum load the 3/8-scale specimen

resisted when the bottom was assumed to be fixad2&a kips.

3.2.3: Analvtical investigation of stability behavor of planar shape plate assembly
for multiple levels

Prior to the analytical investigation of stabilinghavior of a planar shape two-
story plate assembly for vertical loads describe&ection 3.2.2, finite element models
were developed for multiple stories (one to fouoriss) of full-scale prototypes.
However, a 1/2-in. diameter rod was used for modethe full-scale prototypes. Later, in
the research program, a 3/8-in. diameter rod wasl @igr the 3/8-scale finite element
models as well as for the 3/8-scale laboratory igpets, which is equivalent to a 1-in.
diameter in the full-scale prototype. The otherelsions (a plate thickness of ¥z in., wall
thickness of 24 in., transverse bar spacing ofril2story height of 13 ft, and the location
of applied load 5 ft from the top of each storyyathe same as the prototype dimensions

considered for the experimental program.

Figure 3.14 shows a finite element model of a doeysplate assembly. A fixed
boundary condition at the bottom was consideredh® analysis. An x-symmetry
boundary condition was considered for the edgethefplate assembly to simulate the
continuity of the plate in the x-direction (see .F&j14 for the direction of the x-axis).
Two boundary conditions were considered at theifmpdoints: (1) the loading point was
constrained for lateral movement perpendiculathto dlate assembly, and (2) there was
no constraint for the loading point. The bucklirmad per each load point, calculated
from the finite element analysis, for each castalmilated in Table 3.4. Table 3.4 also
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shows the ratio of the buckling load for one torfstory plate assemblies to the buckling
load for the two story plate assembly. These radies tabulated to provide a relative
indication of the buckling load for the one to fesiory plate assemblies. Because the
stability behavior of a two-story plate assemblyswanalytically and experimentally

investigated in detail in this research study, ascdbed in Sections 3.2.2 and 3.3,
respectively, one may extrapolate from the anajtiesults to estimate the buckling load

of the taller plate assemblies.

3.3: Experimental Investigation

Following the analytical investigation, a stabilitgst set-up was designed
considering the results from the analytical invgadion and the details anticipated to be
used in a typical dual-plate composite shear walvas decided to test a two story
planar shaped dual-plate assembly at 3/8-scale of a typical ghlatie composite shear
wall. To investigate the behavior of the splicet@laonnection for the vertical load
applied and to simulate the boundary conditiomatitottom of the plate assembly (splice
plate connection), which will be representative foost typical construction, it was
decided that the two-story dual-plate assembly didnd constructed above a concrete-
filled dual-plate assembly. Using the concretesdllldual-plate assembly for the strain
compatibility test (which is detailed in Chapterwids another reason for making a three-
story dual-plate assembly and filling the firstrgtaith concrete (see Figs. 3.8 and 3.15).
Later, the same specimen was also used for inetistig the horizontal splice plate
connection test for in-plane shear loading (wheHetailed in Chapter 5).

3.3.1: Test Set-up

Figures 3.8 and 3.15 show the AutoCAD drawing o test set-up for the
stability test and a photograph of the test setNgiable features include the foundation,

specimen, and the loading apparatus. In additiothéothree story specimen, an 18-in.
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thick foundation block was constructed to transfier forces from the specimen to the lab
strong floor. Loading frames were also erectedpiolyathe vertical load required during
the test. Details of the foundation block, specimand load set-up are described in
Sections 3.3.1.1, 3.3.1.2, and 3.3.1.3, respewtivel

3.3.1.1: Foundation Details

The foundation block was designed to adequatelpstest the vertical load
applied during the stability test and the late@hd applied during the splice plate
connection test to the laboratory strong floor. ufegg 3.16 and 3.17 illustrate the
foundation components. The foundation componentdude the concrete block,
foundation connection plates which connect the ispat to the foundation block, and
high-strength bars to post-tension (PT) the coercbétck to the laboratory strong floor.
Other features include: reinforcing bar hooks aheéas studs welded to the foundation
connection plate, reinforcement to prevent or oept splitting of concrete from post-
tensioning forces, and reinforcement to distribsiteinkage cracks. A capacity design
approach was used to design the foundation comp&ndiat is, the foundation
components were designed for yielding of the sheal plates and for the expected

maximum loads during testing.

Foundation connection plate

The foundation connection plate was welded to tleaswall plate and partially
embedded in the foundation block to transfer theicad and shear forces transmitted
from the shear wall plate to the foundation. Figusel6 and 3.17 show the location and
dimensions of the foundation connection plates. Tdtal height of the foundation
connection plate was 18 in., and the embedded tefghe plate was 13 in.

Moment at the base of the wall was developed dubkd horizontal eccentricity

of the vertical load transferred to the shear Walbugh the shear tabs during the stability
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test, and due to the vertical eccentricity of tppleed lateral load during the splice plate
connection test. This moment developed tensiohenvertical fibers at the bottom of the

3/16-in. shear wall plate.

Shear was developed due to the lateral load appmligthg the splice plate
connection test. The foundation connection plats designed considering the yielding
of the shear wall plate in combined tension andashEhe yield strength of the 3/16-in.
shear wall plate was taken as 50 ksi (later it feasd to be 66.6 ksi from coupon tests,
see Section 3.3.1.2). Consequently, a thickneds of. was selected for the ASTM A36
foundation connection plate. A fillet weld of 5/1%. between the 3/16-in. shear wall
plate and the 3/4 -in. foundation connection pla#s provided to transfer load from the

3/16-in. plate to the 3/4-in. connection plate.

Reinforcing bar hooks

Reinforcing bar hooks were welded to the foundatemmnection plate and
embedded in the foundation block to transfer thesiten forces from the foundation
connection plate to the foundation block. The @icihg bar hooks were designed for the
tension forces developed when the shear wall pliagles in tension. It was determined
that No.7 reinforcing bar hooks welded on both sidethe foundation connection plate

at a 7-in. spacing would be sufficient (see Figs6&and 3.17).

The weld between the foundation connection plateeach reinforcing bar hook
was made with two passes: (a) first with a 1/8lectrode with amperage of 110 and (b)
then with a 3/16-in. electrode with amperage of. \0ltage was kept constant at 30V
for both passes. Figure 3.18 shows the reinforbarghooks welded to both sides of the
foundation connection plate. A two inch length welds provided on both sides of the
reinforcing bar hook (see Figs. B.3 and B.4 in Appe B). Appendix B describes
further details of this weld and the proceduresetigsed to determine those detalils.
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Shear studs

Shear studs were designed to resist the laterdldapacity of the shear wall. See
Figs. 3.16 and 3.17 for the locations of the sletads. Headed shear studs of 3/4-in.
diameter (S3L 3/4-in. diameter and 4 3/16-in. Idng shear studs) were welded to the
3/4-in. steel connection plate on both sides airezbntal spacing of 7 in.

Reinfor cement

Minimum reinforcement consisting of No.4 reinfargi bars and No.3 stirrups
were provided to resist shrinkage and uplift foroceghe foundation block (see Figs. 3.19
and 3.20). Figures 3.19 and 3.20 also show théoreing bar hooks provided to confine
the splitting forces in the concrete due to thet{p@ssion force applied by the PT bars
which were used to attach the foundation elememiecstructural strong floor. Vertical
reinforcing bars (No. 5’s) at a 4.5-in. spacing evprovided along the mid plane of the
shear wall (see Fig. 3.20) to provide additionaastresistance. The vertical reinforcing
bars were extended up through the first story.

Foundation block

The dimensions of the foundation block were setece that the foundation
block combined with the force in the post-tensior®ts could resist the moment
developed during the stability test and the spjitsge connection test. The foundation
block was 141-in. long, 36-in. wide and 18-in. de&pe foundation block was anchored
to the laboratory strong floor using eight 1-3/8-thameter PT bars that were post
tensioned to 240 kips each. The strength of therete on the day of the stability test
(after approximately 98 days) was 6690 psi.
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3.3.1.2: Specimen Details

A 3/8-scale specimen with a plate thickness of 3fil6wall thickness of 9 in.,
transverse bar diameter of 3/8 in., and a transvieas spacing of 4-1/2 in. was selected
in this research study to experimentally invesgghe stability behavior of the dual-plate
assembly. The plate assembly for each story wasrl3dng and 58-%2-in. high (see Figs.
3.8 and 3.15). As mentioned in Section 3.3, the top stories of the three-story
specimen were used for the stability test. Matepiaperties of the steel plates and

threaded rods are detailed in Section 3.2.2.1.

Fabrication of steel plate assembly

Figure 3.21 shows a photograph of a steel platenalsly. First, strain gauges
which were located on the inside of the steel p&gembly were mounted and coated
(see Section 3.3.2 for details of the strain gaugésen, the bottom steel plate (3/16-in.
thick) was laid down on the wooden support framextiNthe threaded rods with two nuts
and two washers (for inside the plate assembly)ewaserted into the holes. The
threaded rods were 10.5-in. long. The nut and wabeeeath the steel plate were
installed. After that, wooden spacers were laid ml@n top of the steel plate. The height
of the wooden spacers was set at 8-5/8 in. sotll@gabut-to-out dimension of the plate
assembly would be 9 in. Care was exercised to eritar edges of the two steel plates
were aligned vertically. The threaded rods wertedifand inserted into the holes in the
top plate assembly then a washer and nut werdlets&bove the top steel plate for each
threaded rod. Next, all the nuts inside the platembly were tightened by hand so that
the spacing between the steel plates was fixelgeadiésired 8-5/8 in. Finally, the outside
nuts were wrench tightened while holding the insigs in place. No additional

mechanical advantage (ie. a cheater bar) or imjiasich were used.

Concrete strain gauges were mounted inside thé plate assembly (see Fig.
3.22 for a photograph and see Section 3.3.2 fatioes and other details of the concrete

strain gauges). Small plate pieces of 3/16-in.kthvere tack welded to the inner side of
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the plate assembly and continuous splice plat&g1d-in. thick were tack welded to the
outer side of the plate assembly (see Figs. 3.233a24). The small plate pieces were
tack welded and were intended to facilitate duatel construction. They made
positioning the second story plate assembly ondbphe first story plate assembly
possible. Totally three plate assemblies were ni@die specimen used for the stability
test. Shear tabs were welded to the second ardidtury plate assemblies to attach the

cross beams as detailed in Section 3.3.1.3.
Fabrication of specimen

The first story plate assembly was positioned inwbken the foundation
connection plates then fillet welded (5/16-in. iz the foundation connection plates.
The spacing between the foundation connection plates 9 in. so that the steel plate
assembly fit tightly between the foundation coniweciplates. The 5/16-in. fillet weld
was made in one pass using 3/16-in. electrodes1@70he voltage and amperage for
welding were 30 and 160, respectively. After attaghthe formwork, concrete was
added between the plates to a level just belowawest set of horizontal splice plates
(see Fig. 3.15). The strength of the concrete erl#l day and on the day of the stability
test (after approximately 98 days) was 6510 psi#@t psi, respectively.

After three days, the formwork was removed andstend-story plate assembly
was positioned on top of the first story plate adsg (see Fig. 3.25). The 2-in. wide
splice plates were welded to the top and bottorte @asemblies with 3/16-in. continuous
fillet welds. The 3/16-in. fillet weld was made ngia 1/8-in. (E7018) electrode. The
voltage and amperage for welding were 30 and Jg€pectively. The measured average
effective throat thickness for the splice platiefilveld was 0.149 in. instead of the 0.133
in. theoretical effective throat for a 3/16-in. lsge. Similar procedures were used to

erect the third story plate assembly of the specime
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3.3.1.3: Loading Set-up

After fabrication, the specimen was positionedha test frame and prepared for
testing. Figures 3.8 and 3.15 show the loadingipdtr the stability test. Care was taken
to make the loading set up resemble the loadseh gtavity frame system would apply
on a typical core wall. According to the finite mlent analyses that had been performed,
the shear wall specimen was expected to buckletatiah vertical load of 204 kips (34
kips at each of six loading points). The testiaggg had the capacity to apply a vertical
load of up to 330 kips, which is 1.6 times the etpd vertical load for buckling.

Cross beams and shear tab connections

Six cross beams framed into the dual-plate asseunddhg shear tab connections
with two bolts. Figure 3.9 shows the cross beam twedshear tab connection in the
second story. Cross beams framed into the duat-plsgembly 22-%% in. below the top of
each panel assembly. The other end of each cress framed into the strong wall also
using a shear tab connection with three bolts Bge 3.26). Instead of a strong wall,
there would be columns at the end of the cross baana typical building. Load was
applied on the top of each cross beam near itgowirat. A loading frame with two levels
of beams with three double-acting hydraulic cylirsdat each level was used to apply the
load on the cross beams. Load was transferredetaulal-plate assembly by the cross

beams.

Loading frame and hydraulic rams

The loading frame was composed of two W16 x 10Qrools and two W18 x 71
beams. The loading frame had a steel box asserntilg dottom of each column and the
steel box assembly was anchored to the strong tleimrg post-tensioned bars (see Fig.
3.27).
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The loading ram for each beam was 45 in. from tieastab (bolt line) on the
strong wall and 41.75 in. from the shear tab (bo#&) on the plate assembly. The shear
tab (bolt line) on the plate assembly was 1.7%md 6.25 in. from the outside of the plate
assembly and the center of the plate assemblyectasgply. Bolts on the shear tabs were
wrench tightened only to the level needed for arihgaconnection. Hence, the
connections at both ends of the cross beams wessdayed as pin connections, allowing
simple statics to be used to calculate the loatstesired to the plate assembly. Six Power
Team RH 605 double acting hydraulic cylinders (véitheffective area of 12.31%)nwere

used to apply the vertical load with one doublénaicpoump.

3.3.2: Instrumentation

A pressure transducer, wire potentiometers (wirts)p@nd strain gauges were
used to measure the load, displacements, and sstra@spectively. The pressure
transducer (Omega PX302-10KGV with an accuracy.®b® BFSL) was used to infer
the load applied from the loading cylinders by npl§ing the measured pressure by the
effective area of the loading cylinders. The presstansducer was calibrated prior to the
load test using an Instron tensile testing machiite calibration factor for the pressure

transducer was 125.83 psi/mv.

Load transferred to the shear tab was calculateah the load measured at the
loading cylinders by applying the lever arm rulelt@ rosettes were attached to the webs
of the cross beams to calculate the shear forteeicross beams so that the vertical load
transferred to the shear tab could be verified tymaring with the load inferred from
the pressure transducer readings. In total, fitedesettes (CEA-06-125UY-350) were

used. The locations of the delta rosettes are shoWwig. 3.28.

The lateral displacements were monitored using patntiometers mounted on
the strong wall with their wires attached to thegmen (top two stories) in order to

develop vertical load - lateral displacement resgoourves and the deflected shape of
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the specimen. A total of 12 wire potentiometersifiltasure PA-10-NJC-DS-L3M or
UniMeasure PA-20-NJC-DS-L3M with a linearity of £16% of full scale) were used on
the loading side of the specimen. The locationthefwire potentiometers are shown in
Fig. 3.29. All the wire potentiometers were caltibhprior to attaching to the specimen.

Three dial gauges were placed on the strong flgamat the foundation block of
the specimen to monitor any sliding of the specirdanng testing. All the dial gauges
were located on the north side of the specimendsipp the loading frame side). Two
dial gauges were located near ends of the specandrthe third was located between

them.

Strain gauges were mounted on steel plates ofubkplate assembly to infer the
stress levels in the plates. Figures 3.30 and $h8% the location of the strain gauges for
the stability test. Strain gauges were attachedath sides (inside and outside) of the
steel plates where the greatest bending was expestmin gauges were also attached
around the shear tabs to monitor local yieldinghefplates. Strain gauges installed in the
first story of the specimen (which was filled witbncrete) were intended for use in the
strain compatibility test, and they are discusse8ection 4.3 of Chapter 4. The outside
of the top two stories of the specimen was whitdwdsto monitor any yielding during
the stability test. All measurements were monitaad recorded using a high-speed data
acquisition system (Vishay’s Strain Smart Syste§0

3.3.3: Test Method

All the sensors were zeroed in the data acquisgy@iem prior to starting the test.
The stability specimen was loaded by initially appd 1000 Ib, followed by 2000 Ib load
increments, at each of the six shear tabs on #imlist specimen. Data readings were
recorded at a speed of 10 readings per secondgdiadaling. At the end of each load
increment, data recording was paused and the spraas inspected for any damage,

large deflection, yielding (from strain readingsves! as from flaking of whitewash), or
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any movement of the foundation (from dial gaugdsjading was applied until a
maximum total load of 168 kips (28 kips at eachashib) was reached when the
specimen started buckling. Loading could have bmmriinued till some portion of the
wall plate assembly failed, but it was decided togeopardize tests that were planned to

follow.

3.3.4: Test Results and Analysis

The specimen started buckling at a total load6& Rips on the specimen.
The distorted specimen at that load is shown irs.F&32 and 3.33. As mentioned in
Section 3.3.2, the load transferred to the specimas calculated from the pressure
transducer attached to the hydraulic pump anddbettes (delta or rectangular) attached
to the webs of the cross beams. Calculation of,ltzatl-deflection response, and load-

strain relationship of the specimen for the vetticad applied are discussed below.
Calculation of Load

The total load applied from the six hydraulic rawes calculated by multiplying
the pressure measured from the pressure transtdydée total effective area of the six
rams (6 times 12.31 7 The load transferred to the plate assemblyhgashear tab was
calculated using the lever arm rule and assumiegctimnections at the shear tabs were
pin connections. Load transferred to the six shabs was assumed to be the same for
this calculation.

To verify the above calculated load, measuremawts fthe rosettes attached to
the cross beams also were used to calculate tdeAoental of four delta rosettes and one
rectangular rosette were attached on the web ¢f @@ss beam close to the shear tabs on
the plate assembly. The rosettes were attachedmdadepth of the cross section of the
beam on the side of the web (see Fig. 3.28 fortimes of rosettes). Derivation of the

equation relating the shear force and the straiasmmements from rosettes is detailed
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below. For the closed cross section of the beam stiear flow across the web of the

beam can be written as in Eq. 3.2.

%
=2 Eq. (3.2)
Ity
where T = Shear stress; V= Shear force; Q = First momértrea; | = Second

moment of area, ang & web thickness.
In the W12 x 50 cross beam, the maximum shearsstesurs at the neutral axis,
or mid-depth of the web. Considering the propertésthe W12 x 50 shape, the

relationship between shear force, V, and the shizass at the center of the weahyy,

can be derived as follows (Eq. 3.3).

V = 4.0861in? * T 4, Eq. (3.3)

The shear stressna, Can be calculated from the delta gauge reading unedst mid-

depth of the web using the following equation (Bd.).

Tmax = G * Yxy Eqg. (3.4)

where, G = Shear modulus = %2*E/(} E = Young’s modulus = 29000 ksi,= Poisson

ratio = 0.3; andyyy, = Shear strain. For a delta rosettgy, = 2h/3 * (€1- €3) when

strainse; and ez are oriented (+) 80and (-) 60 with respect to the positive x — axis,
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respectively, as attached on the cross beamssdrtesi. For a rectangular roseftgy, =

(e1- €3) when straing; and e3 are oriented (+) 45and (-) 48 with respect to the
positive X — axis, respectively, as attached on afne cross beams in this test. Hence,
combining equations 3.2 and 3.3, shear force medsdirom delta rosettes and

rectangular rosettes can be summarized in Eq.8IS8#®, respectively.

Vpeita = 52600 kip * (g1 — €3) Eq. (3.5)

Vrectanguiar = 45600 Kip * (g — €3) Eqg. (3.6)

The variation of the shear force calculated from ibsettes and normalized with
respect to the load per shear tab (inferred fronpifessure transducer) is shown in Fig.
3.34. It can be seen from Fig. 3.34 that the loadisferred to the plate assembly via each
shear tab is not exactly the same. However, thag widse (within + 20% of the load
inferred from the pressure transducer). For thed-daflection and load-strain
relationship calculations, the load inferred frame ppressure transducer (assuming same
load at each shear tab) has been used.

Load — deflection response

Load-deflection responses measured at three ditféveations over the height of
the steel plate assemblies are shown in Fig. J&&age refer Fig. 3.29 for locations of
the wire pots). The maximum reading from the dialges attached to measure the
movement of the foundation was only 0.002 in. aras$ wubsequently neglected in the
plotting of the deflection response of the plateeasbly. The response of the specimen at
low load levels (beneath a total of 10 kips) intikchthat the wall panels were completely
stable with nearly no discernable distortion atdldavels corresponding with the
maximum expected construction loads (1.6 kips aheshear tab). The maximum load
that was applied at each shear tab went well beylo@dnaximum expected construction
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load level (by nearly 18 times) before loading wdiscontinued. Deflections were

growing rapidly under these extreme loads, largslyhe result of P-delta effects.

Load-deflection responses measured at three losatwire pots 3, 9 and 12) at
an elevation 18 in. above the joint between théobotwo plate assemblies are shown in
Fig. 3.36. The figure shows that even though thtedigons of these three locations in
the plate assembly exhibited small deviations leetbe peak load, they exhibited large
deviations around the peak load (168.3 kips). Loefiection responses measured at all
the wire pot locations are summarized in Fig. 3 3% deflection of the plate assembly
over the height of the specimen is shown in Fig83compare with the distorted shape
shown in Figs. 3.32 and 3.33). Figures 3.38, 3&&] 3.33 show that the largest
deflection occurred between 18 in. and 22.5 irmftbe bottom of the second story plate

assembly.

The load-displacement graph (see Fig. 3.13) obdafireen the FE analysis shows
behavior similar to the experimental results (siee &35). However, the maximum load
the test specimen resisted was 168 kips compar@d4okips computed by the finite
element analysis. Imperfection of the plate assgmils not measured and consequently
was not considered in the finite element analysibie imperfection had been considered,
the maximum load obtained from the finite elememalgsis would have been smaller
and would have been closer to the measured vdlwanlbe noted that the connection
between the transverse rods and plate was assuwmbd & rigid connection and no
imperfections were considered in the finite elermeemdlysis. The assumption of a pinned
condition at the bottom of the plate assembly m fihite element model (see Fig. 3.12)
can be judged by examining the specimen just abiowéop level of concrete during the
stability test (Fig. 3.32). The pinned conditiorréasonable considering there is minimal

reverse curvature evident at the top of the coacret
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Load versus Strain

The yield strength of the steel plate used forf#iication of the plate assembly
was 66.6 kips in the vertical direction (see Sec02.2 for material properties of the
steel plate). Hence, the yield strain would be @,80 when the young’s modulus is
assumed as 29,000 ksi. Strain gauge readings teditlaere was no yielding in the plate
assembly. Also, no flaking of the whitewash waseobsd, which reinforces the strain
measurements. The maximum measured strain on #te atsembly was (-) 1058
(compressive strain) at strain gauge C12 whichavasnd the shear tab in the third story
assembly (see Fig. 3.30 for the location of thaistgauge). This indicated that there was
no local yielding around the shear tab. The maximmeasured strain on the plate
assembly other than around the shear tabs wad I{)e7at strain gauge B12 which was

18 in. above the first-story level.

Large deflection and bending of the plate assermbbturred at 18 in. above the
first-story level. The variation of strains measufeom four strain gauges (B12, B4, B6,
& B19) at this location with the load is plottedfig. 3.39. All four strain gauges were at
a horizontal distance of 67.5 in. from either sidéhe specimen. There was good strain
linearity with distance through the cross sectibthe plate assembly up to a total load of
approximately 80 kips (see Fig. 3.39). For examplkea total load of 80 kips, the
measured strains at B12, B4, B6, and B19 were 32, 1-) 77, (-) 25, and 39e,
respectively, which is nearly linear when plottesgtsus the distance through the cross

section.

However, close to the peak load, B12 and B6 medsgpmpressive strains
while B4 and B19 measured tensile strains. At thaekdoad of 168.3 kips, the measured
strains at B12, B4, B6, and B19 were (-) 686, 151391, and 447.e, respectively.
These strain values demonstrate that the straine wet linear with respect to the
distance across the cross section (along straigegaB12, B6, B4, and B19). This

behavior indicates that the plate assembly ackeddiframe, primarily as two individual

BEHAVIOR AND DESIGN OF EARTHQUAKE-RESISTANT DUAL-PATE COMPOSITE SHEAR
WALL SYSTEMS



55

plates connected by the transverse rods, and reosabd integral unit at this load level.

This behavior may be the result of large bendinthefplate assembly.

3.4: Conclusions

The stability behavior of the plate assembly wasstigated both experimentally
and analytically. The finite element results wergood agreement with the experimental
results. However, the maximum load the test spetimasisted was 168 kips compared to
204 kips from the finite element analysis. Impetitat of the plate assembly was not

measured and consequently was not considered imtteeelement analysis.

Typical vertical construction loads calculated frgarototype buildings varied
from 6.0 kips to 10.5 kips (which is 1.48 kips &-3cale) at different load points. The
plate assembly resisted a maximum load of 28 kipsaah load point. This was well
beyond the maximum expected construction load leyehearly 18 times. When the
ratios of the computed buckling loads for three &mat-story plate assemblies to the
buckling load for the two-story plate assembly tabad in Table 3.4 (for case Il in Table
3.4, which is closer to field conditions) are calesed, the three and four-story plate
assemblies could resist a vertical load of appraxahy 9 and 5 times the typical vertical

construction loads, respectively.

The specimen was completely stable at low loaddefde6 kips at each shear tab).
The plates behaved elastically up to the maximuad Epplied. The plate assembly acted
like an integral unit at low load levels (less tlatotal load of 100 kips) and like a frame
at higher load levels. This behavior may be atteduto the larger bending moments

developed due to the P-delta effects.

The experimental program was carried out for the-story plate assembly.
Hence, it could be concluded from this study thatstruction of gravity-load framework

around a two story core-wall plate assembly befoasting the concrete is safe.
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Furthermore, from the finite element analysis, @swfound out that construction of
gravity-load framework around three and four stooye-wall plate assemblies before
casting the concrete is also safe. However, fuleerimental research need to be done

to verify this result.
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Table 3.1 Rod stress versus spacing for differenigte heights (for ¥%-in. rod

—

diameter)
Rod stress [Kksi|
Spacing H=6ft H=71t H=81t
[in] Difference Difference Difference
FEA |Eqg. 3.1 (%) FEA|(EQ. 3.1 (%) Eq.3.1 (%)
6 4.2 4.0 4.6 5.0 4.8 4.6 B 5.5 4.6
8 7.1 6.8 4.4 8.6 8.1 53 1 95 6.0
12 145 | 13.7 5.2 17.Y 16.8 5.1 9 199 5.
16 23.2 | 21.7 6.4 28.8 27.2 57 4 326 53

Table 3.2 Rod stress versus height of concrete ciagf from Eq. 3.1 (for 3/8-scale
laboratory specimen with 3/8-in. rod diameter and %-in. rod spacing)

U7

Story leve] Height = H (ft)| Rod stress from Eq. X&i][| 1.1 * Rod stress from Eq. 3.1[k
1 4.875 0.8 0.9
2 9.75 1.7 1.9
3 14.625 2.7 2.9
4 19.5 3.6 4.0

Table 3.3 Rod stress versus height of concrete ciagf from Eq. 3.1 (for a full-scale
prototype with 1-in. rod diameter and 12-in. rod s@cing)

Story leve] Height = H (ft)| Rod stress from Eq. X&i][| 1.1 * Rod stress from Eq. 3.1[k
1 13 2.2 2.4
2 26 4.7 5.1
3 39 7.1 7.8
4 52 9.6 10.6
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Table 3.4 Buckling load per loading point for plateassemblies of multiple levels

Case I: No constraint at loading point  Case I: taiteonstraint at loading poirh

Story Height of Ratio of Pcr/(Pcr af Ratio of Pcr/(Pcr o
Plate [ft] Pcr [kip] two story plate Pcr [kip] two story plate

assembly) assembly)

1 13 57.75 2.66 192.06 2,71
2 26 21.67 1.00 70.92 1.00
3 39 10.09 0.47 35.88 0.51
4 52 5.07 0.23 21.41 0.30
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Figure 3.3 Stress in the rod (in the second row) v&us transverse rod spacing for
various concrete heights (in a ¥z scale model) (Kind,, 2007)
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Figure 3.4 Shear wall layout (155 N.Wacker, ChicagdL — 48 story, provided by
Magnusson Klemencic Associates, 2006)
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Figure 3.5 Shear wall layout (300 North LaSalle, Cleago, IL — 60 story, provided
by Magnusson Klemencic Associates, 2006)
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Figure 3.6 Shear wall layout (IDX Tower, Seattle, VA — 40 story, provided by
Magnusson Klemencic Associates, 2006)
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28-9”

Figure 3.7 Shear wall layout (Washington Mutual / 8attle Art Museum, Seattle,
WA — 55 story, provided by Magnusson Klemencic Assiates, 2006)
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Figure 3.8 End view of the stability test set-up
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Figure 3.9 Cross beam and shear tab connections (@tcond story)
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Figure 3.10 Stress — strain curves for plates frortensile coupon tests
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Figure 3.11 Stress — strain curves for transverseab from tensile coupon tests
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the Wire Pot locations shown in Figure

3.29)

(Note: The locations of the points of deflectionaserements are comparable wjth

Figure 3.13 Vertical load versus lateral displacenm@ — From FE analysis - 3/8-scale
stability test specimen
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Figure 3.14 Finite element model of one story platessembly with load and
boundary conditions
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Figure 3.18 Reinforcing bar hooks and shear studseided to foundation connection
plate
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Figure 3.19 Foundation elements
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Figure 3.20 Foundation elements with specimen reiafcement
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Figure 3.21 Plate assembly for stability test

BEHAVIOR AND DESIGN OF EARTHQUAKE-RESISTANT DUAL-PATE COMPOSITE SHEAR
WALL SYSTEMS



72

Concrete
l strain gauges

-
[

Figure 3.22 Plate assembly with strain gauges atthed inside
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Figure 3.23 Connection of adjacent wall plate assdties using horizontal splice
plates
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Figure 3.25 Erection of second story plate assembly
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Figure 3.27 Anchoring the loading frame to the strog floor
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DR3&RR ¢ DR 4

Note

DR — Delta Rosette (1-5); RR — Rectangular Rogéite

DR 1 - Bottom level, middle cross beam, close tecgspen
DR 2 - Top level, west side cross beam, closertmgtwall
DR 3 - Top level, west side cross beam, close ¢gismen
DR 4 - Top level, middle cross beam, close to speni

DR 5 - Bottom level, east side cross beam, clospézimen
RR 6 - Top level, west side cross beam, close ¢cispen

DR 1

DR E

DR 2
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Figure 3.28 Locations of delta and rectangular rodtes (view from west to east)
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Figure 3.29 Locations of wire potentiometers (vieirom south to north - from
strong wall to specimen)

-1 3 story

2" story

Note: Strain gauges marked within bracket (exaniplg:are on inside of plate

Figure 3.30 Locations of strain gauges on south gka(view from south to north)
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_ 3story

2" story

Note: Strain gauges marked within bracket (exanmpig:are on inside of plate

Figure 3.31 Locations of strain gauges on north pta (view from north to south -

from specimen to strong wall)
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Figure 3.32 Distorted stability specimen at maximunapplied load (168 kips) —
View 1

BEHAVIOR AND DESIGN OF EARTHQUAKE-RESISTANT DUAL-PATE COMPOSITE SHEAR
WALL SYSTEMS



-q(,ﬂf{’y//..: #
4, .7(?: (
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CHAPTER 4: INVESTIGATION OF STRAIN COMPATIBILITY
BETWEEN WALL PLATES SAND CONCRETE

4.1: Introduction

Investigation of strain compatibility between theed plates and the concrete cast
between the plates was the objective of the stampatibility test. Strain compatibility
between the steel plates and concrete would rdfiablboth materials deform together
and that there is strain continuity through thessrsection. Spacing of the transverse bars
is one of the primary parameters that affect dguakent of strain compatibility. Bar
spacing was selected considering the hydrostatice$o resulting from freshly cast
concrete (see Section 3.2.1.1f) was intended to determine whether the selebiad
spacing develops sufficient strain compatibilitytseen the steel plates and concrete
through this experimental study. If there is ingudint strain compatibility, the bar
spacing could be reduced to improve strain comiigtibFor the strain compatibility
investigation, out-of-plane lateral load was appli® the concrete-filled dual-plate
assembly (first story of the specimen used forstiadility test). Strains in the steel plates,
concrete, and vertical reinforcement were measanedevaluated for strain compatibility

at different lateral load levels.

4.2: Test set-up

Following completion of the stability test, the speen was relocated along the
laboratory strong wall to perform the strain conitplity test. The set-up used to load the
lower third of the overall test specimen in its wekrection is shown in Figs. 4.1, 4.2,

and 4.3. The foundation block was anchored to ttung floor by post tensioning eight
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high-strength thread bars. The shear wall platé W expected to resist tension was
predicted to yield at a total lateral load of 320skapplied at 49.5 in. from the bottom of
the shear wall specimen. Three single-acting hydraylinders (RCH 306 with a load
capacity of 60 kips each) were used to apply adatead that would crack the concrete
between the steel plates but not yield the pladesssto not jeopardize the shear test that
was planned to follow this test. The load from kiyelraulic cylinders was transferred to

the strong wall via the W-shapes (see Fig. 4.2).

4.3: Instrumentation

Similar to the stability test, a pressure transdus@e potentiometers (wire pots),
and strain gauges were used to measure the Isdackments, and strains, respectively.
The same pressure transducer, with the same daibfactor for pressure as was used

in the stability test, was used to measure the.load

The lateral displacements from the wire potenti@rseimounted on a wooden
frame with their wires attached to the specimemr (bottom story) were monitored in
order to develop lateral load - lateral displacenresponse curves and the variation of
deflection along the height of the specimen. A ltaflafive wire potentiometers were
connected to the specimen opposite the side usdddding. The wooden frame and a
few of the wire pots are visible in Figs. 4.2 an®.4The locations of all the wire
potentiometers are shown in Fig. 4.4. Two dial gaugere placed on the strong floor
against the foundation block of the specimen to itoorany sliding of the specimen
during testing. The dial gauges were located omtréh side of the specimen (opposite

the loading frame side) near each end of the spTim

A total of five strain gauges (on the compressialesteel plate, in the concrete
near the compression-side steel plate, on thearginy bar in the middle of the wall, in
the concrete near the tension-side steel plate,oanthe tension-side steel plate) were

installed in a line through the cross section inchlstrain compatibility was investigated.
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These sets of five strain gauges were installefivenlocations (lines through the cross
section). These locations are listed in Fig. 4/ Toncrete strain gauges were located 1-
1/8 in. from the outer side of the steel platese $train gauges on the No.5 reinforcing
bars were located 4-3/16 in. from the outer sidtheftension plate (i.e. the south plate or
the plate on the loading side). All the measuresamre monitored and recorded using a

high-speed data acquisition system (Vishay’'s St&rart System 5000).

4.4: Test Method

A procedure similar to that used in the stabilggttwas followed during testing.
Load versus strain plots were monitored for theaistrgauges along line 4. At
approximately a total load of 60 kips the concrstein gauge on the tension side
registered a strain that indicated the concretednacked at that location (see Fig. 4.6).
The reinforcing bar started resisting tension at gtage. Loading was continued after
concrete cracking but was stopped well before tieel solates yielded so the same
specimen could be used for the horizontal spliegeptonnection test detailed in Chapter
5. The strain gauge on the tension-side steel pdatehed a maximum strain of about 600
ue. Loading was applied until a maximum total loadlLa# kips (38 kips at each loading
cylinder) was applied.

4.5: Results and Analysis

A maximum load of 114 kips was applied to the smeri, and resulted in
maximum measured strains of approximately 550 t0 &7 in the steel plate (which
corresponds with stresses of 16 to 19.4 ksi). Dael lversus strain response measured
along the line that was 4.5 in. from the bottomtted specimen and midway along the
length of the specimen (Line 4) is shown in Figh.4The measured responses on the
compression side of the cross section (the twooresgs on the left side of Fig. 4.6)

demonstrate reasonable agreement with the assunggtgirain compatibility. Measured
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responses on the tension side of the section ageaa to be in reasonable agreement
with strain compatibility until the concrete crackisa total applied load of approximately
60 kips. The onset of concrete cracking is inditate the plots when strains were

measured in the no.5 reinforcing bar in the ceoténe wall section.

The load versus strain responses measured atheelotations (lines 1, 2, 3, and
5) are shown in Figs. 4.7 through 4.10. It is emtda Figs. 4.7 and 4.8 that the measured
concrete strains at Lines 1 and 2 (which are 22.5rom the ends of the specimen)
deviate from mostly-linear behavior at approximaté0 kips. Fig. 4.9 shows that the
concrete cracked and the reinforcing bar startedtieg tension at approximately 50 kips
at Line 3 (which is 45 in. from the end of the gpen). Figures 4.6 and 4.10 show that
the reinforcing bars started resisting tensionpgaraximately 60 kips at Lines 4 and 5
(which are 67.5 in. from the specimen ends). Thezie in the middle (at 67.5 in. from
the edge) is more confined than the concrete neaends (at 22.5 in. from the ends).
Also, larger shrinkage strains likely developedrribéa ends of the specimen than in the
middle of the specimen, which might have been &iptesreason for different load levels

at which concrete cracked.

Strains measured through the cross section of thié ave plotted against the
distance from the outer side of the tension sideepin Figs. 4.11 through 4.14 at
different load levels (30, 60, 90, and 114 kipsyuFe 4.11 shows strain readings before
concrete cracked while Figs. 4.12 through 4.14sitmte strain readings after concrete
cracked on the tension side of the wall. Hence,réaglings from tension-side concrete
strain gauges have been removed from Figs. 4.bighr4.14. Figure 4.11 (strains at a
total load of 30 kips) shows close to a linear treteship of strains with distance.
However, it is evident from Figs. 4.11 through 4thdt the distribution of strains through
the cross section is less linear with increasediepotal load. The average’ Ralues of
the linear trend lines were 0.973, 0.957, 0.928, @024 at a total load of 30, 60, 90, and
114 kips, respectively (from Figs. 4.11 through4}.1ines 1, 3, and 4 (which were 4.5

BEHAVIOR AND DESIGN OF EARTHQUAKE-RESISTANT DUAL-PATE COMPOSITE SHEAR
WALL SYSTEMS



87

in. above the bottom) measured greater bending ltirees 2 and 5 (which were 27 in.

above from bottom) as is evident from Figs. 4.Ibulgh 4.14.

4.6: Conclusions

Strain compatibility through the cross sectionla# shear wall would reveal that
the steel plate and concrete act together as omeTanevaluate strain compatibility for
the dual-plate system, a test was conducted orcdh®osite shear wall. For the test,
lateral load was applied to a concrete-filled stpllte assembly in the out-of-plane
direction. During the test, the reinforcing bathe middle of the shear wall did not resist
any significant tension prior to concrete crackifigefore a total load of 40 kips).
However, after the concrete cracked, the reinfoss@nstarted resisting tension due to
bending. Concrete cracked at different load lew®pending on the distance from the
ends of the specimen. The concrete in the middlth@fspecimen (far away from the
ends) cracked around a total lateral load of apprately 60 kips while the concrete near
the ends cracked at approximately 40 kips. Thisabein was likely due to more

shrinkage cracks occurring near the ends of theirsea than in the middle.

The strain compatibility test also demonstratedt tteains through the cross
section were reasonably linear before concretekethand the linearity decreased when
the lateral load was increased. Threaded rodseipldite assembly clearly facilitated the
transfer of strains from the steel plate to comcrBecreasing the spacing of the threaded
rods may increase the strain linearity throughctioss section of the wall.
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Figure 4.1 Test set-up for the strain compatibilitytest - End View
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Figure 4.2 Test set-up for the strain compatibilitytest — View from east to west

BEHAVIOR AND DESIGN OF EARTHQUAKE-RESISTANT DUAL-PATE COMPOSITE SHEAR
WALL SYSTEMS



90

Wooden Wire pots First story Loading cylinder W- Shapes
frame filled with (3 loading cylinders supported on

concrete at this level wood frame
and 7 PT bars

Figure 4.3 Test set-up for the strain compatibilitytest — View from west to east
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CHAPTER 5: BEHAVIOR OF SPLICE PLATE CONNECTION FOR
IN-PLANE SHEAR

5.1: Introduction

The horizontal splice plate connection between plate assemblies transfers
axial, shear and bending forces from a plate asgetobthe adjacent plate assembly.
Axial forces are due to self weight of the sheall ad from load transferred to the shear
wall by the gravity load system. Shear forces esefthe lateral load developed by wind
or earthquake. Bending forces are due to a combmaif the lateral load applied at

vertical eccentricity and the vertical load appletdateral eccentricity.

The adequacy of the splice plate connection foticarand bending forces was
indirectly verified by the stability test (Chapt&r and the cyclic loading test (Chapter 6),
respectively. Because there was no failure of thieces plate connection during the
stability test, it could be concluded that the aastion was sufficient to resist a vertical
load of 168 kips (1.24 kips/in. length of plate exsbly) applied on the plate assembly
during the test. Similarly, because there was nloré of the splice plate connection
during the cyclic loading test, it could be con@ddhat the connection was able to resist
the axial load developed as a result of an axraisstof 0.1 g . (where A = cross
section area of the wall and £ compressive strength of concrete) on the crestsosn of
the wall combined with bending effects resultingnfira 2% drift at a height of 295 in.

In this experimental program, the behavior of thkce plate connection for the
lateral load applied in the plane of the shear wal$ investigated. Figure 3.23 shows an
AutoCAD drawing of the splice plate connection \hitig. 3.24 provides a photograph

of the splice plates welded to a bottom plate abseirefore the assembly was lowered
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onto the plate assembly below. Fabrication of ttéanection is described in Section
3.3.1.2.

5.2: Test Set-up

Specimen Details

Due to the limited capacity of the foundation, odli8 of the plate assembly
width (depth of the wall specimen) was used to @&l the strength of the horizontal
splice connection. The central portion of the pkdeembly above the cast concrete was
removed using a plasma torch. This action resuheivo advantages: (1) the required
load to be resisted by the foundation was redueed, (2) two shear tests of the
horizontal splice plates - one test at each enthe@Bpecimen - were possible. The plate
was coped to provide a 30-in. test length beneddrevthe horizontal load was applied
with the intent of precipitating a failure in thdage or weld rather than the bolted
connection to the loading system. Figure 5.1 shim@sAutoCAD drawing of the test set-
up with only one test connection shown for easello$tration. Figure 5.2 shows a
photograph of the test set-up with test connectimm$oth ends. After completing the
first shear test (Test-1), the specimen was tuemeifor-end to conduct the second shear

test (Test-2) on the opposite end of the specimen.

A weld size of 3/16 in. was used to attach the 3fl&plice plate to the 3/16 in.
shear wall plate. The weld sizes on the specimere weeasured at several locations
along the length, and the horizontal leg size Wwamst always 3/16 in. while the vertical
leg size varied. The average vertical leg sizeewe250 in. and 0.245 in. in specimen 1
and specimen 2, respectively. The calculated aeeédigctive throat thickness for the
splice plate fillet weld from the measured leg sizeas 0.149 in. and 0.148 in. for
specimen 1 and specimen 2, respectively. For casgmarif the vertical leg size was
3/16 in., then the effective throat thickness wdude been 0.133 in.
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Load Set-up

Expected shear strength of the 30-in. long testcispn was calculated
considering the failure modes of shear fracturgvelid (from calculated effective throat
thicknesses of 0.149 in. and 0.148 in. for specihand specimen-2, respectively), shear
yielding of the plates (considering a yield stréngalue of 64.3 ksi for the plates), and
shear rupture of the plates (considering a tessiength value of 74.4 ksi for the plates)
and selecting the minimum value from the threeufailmodes. The expected shear
strength of the test specimen obtained from theelsalculation was 376 kips for Test-1
and 373 kips for Test-2 by shear fracturing of wébd both specimens. Strength
reduction factors were excluded from the above utalon. The load set-up was
designed for a maximum load of 600 kips.

Figures 5.1 and 5.2 show the test set-up for tHeesplate connection test.
During the test, the loading axis was kept as clseossible to the expected failure
region to minimize flexural effects. Shear appltedthe connection by the hydraulic
cylinder was distributed along the horizontal spliconnection using two T-sections
bolted on the outside of the 3/16 in. plates. Thades of the T-sections were bolted to
the vertical plates, and the webs pointed outwesthfthe shear wall. Both T-sections
were welded to a single 1 in. thick plate on whtble hydraulic cylinder bore. The
bottom of the loading cylinder was attached to l#i®ratory strong wall. The center of
the loading cylinder was located 5-3/4 in. above $plice plate. A single-acting high
tonnage hydraulic cylinder (CLSG-5006 with a loagbacity of 1000 kips) was used to
apply the lateral load to the steel plates.

Because the laboratory strong floor was relatisghooth (it provided a friction
coefficient of 0.1 between the foundation block a&he strong floor), it was questioned
whether the frictional resistance between the fatiod concrete and the strong floor
(developed using post tensioning) would be suffici® resist the lateral load. It was

decided that a more positive lateral restraint wasded. Accordingly, a steel bearing
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block and post-tensioned high-strength thread Wware added as shown in Figs. 5.1 and
5.2 to resist the lateral load. The four post-temsd bars (1-1/4 in. dia.) could resist a
total lateral load of 600 kips. The moment resgltirom the applied lateral load was

resisted by the post-tensioned bars anchored tsttbieg floor.

5.3: Instrumentation

Strain gauges were positioned above the splice platthe dual-plate section and
below the splice plate on the composite sectiotrairsgauge locations on the specimen
are shown in Fig. 5.3. The top strain gauges wetaelzed approximately ¥z in. above the
weld toe and 5 in. below the loading axis. Thedmatstrain gauges were located 4-1/2 in.
below the center of the splice plate and 11-1/ha&low the loading axis. Strain gauges
J1-J7 were located on the right side plate (whemggnin the loading direction), while
strain gauges J8-J14 were located on the leftate of the plate assembly. A pressure

transducer was used to measure the load.

The shear wall plates and splice plate connectierewhitewashed to monitor
any yielding during Test-1. Two dial gauges weracpll on the strong floor against the
foundation block of the specimen to monitor anyation of the specimen during testing.
These dial gauges were positioned 7 in. from eachaé the foundation block. A third

dial gauge was placed to monitor any sliding ofshecimen during testing.

5.4: Test Method

Load was applied slowly while watching for any icalion of failure of the
specimen including flaking of the whitewash. A d#gpof the load versus strain response
was monitored during the test. The test was distoatl when the specimen reached the

maximum load it was able to resist. After Test-lswampleted, the specimen was turned
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end-for-end and the same procedure was repeatekftr2 on the opposite end of the

specimen.

5.5: Test Results and Analysis

Both specimens failed in a similar manner. Figlrdsand 5.5 show photographs
of the Test-1 specimen at maximum applied loaduréig) 5.6 and 5.7 show photographs
of the Test-2 specimen at maximum applied load. Miagimum lateral load the 30 in.
length specimen was able to resist was 360 kips3&fdkips for Test-1 and Test-2,
respectively. The splice plate connection did rat &t that maximum applied load.
Figures 5.8 and 5.9 show the load versus straatioekships along the connection (strain
gauges above the splice plate) for Test-1 and Zestspectively (see Fig. 5.3 for the
strain gauge layout). Following the maximum lodw hydraulic pump was continuously
pumped, resulting in the deformation increasing #iedload dropping off. It is evident
from Figs. 5.8 and 5.9 that a dramatic increas#rains (very large non-linear load-strain
behavior of the connection) was observed aftetexrdhload of 310 kips and 300 kips
was attained in Test-1 and Test-2, respectively dimal-plate section started displacing
laterally in the out-of-plane direction after aelatl load of 310 kips and 300 kips was
developed in Test-1 and Test-2, respectively. Dudhis out-of-plane displacement,
measured strains in gauges J13 and J14 changedctnmpressive to tensile (see Figs.
5.8 and 5.9).

No undesirable behavior was observed until a Iateaa of 300 kips. At 300 kips,
the 3/16-in. shear wall plate would have developatiear stress of 26.7 ksi (300 kips/ [2
x 3/16 in. x 30 in.]). Hence, a shear stress o7 26i was deemed to be acceptable for a
horizontal splice connection prior to failure. TR@.7 ksi stress is 0.9 times the nominal
shear strength of the 3/16 in. plates used fotdbe which is equal to 30 ksi (0.G)FAt
a lateral load of 300 kips, the maximum strain meas at the dual-plate section from
Test-1 was 56Qe (approximately 0.2%y). At a lateral load of 300 kips, the maximum

strain measured at the dual-plate section from-Zesas 83Qe (approximately 0.3%y)
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at strain gauge J12. The strain gauge J12 in Testaved differently from Test-1 and
the strains increased more rapidly than the ottramsgauges in Test-2. At a lateral load
of 300 kips, the maximum strain measured at therattrain gauges in Test-2 was 380
(approximately 0.1%,).

Figures 5.10 and 5.11 show the load versus steationships along the strain
gauges below the splice plate for Test-1 and Tese&pectively. The bottom strain
gauges measured larger strains than the top sieaiges which were 6.25 in. directly
above them. Furthermore, along the line from Jl4t@r J8 to J11, the strains generally

increased with an increase in applied shear.
The dial gauge readings indicated that the rotatibthe foundation block was

very minimal (0.01 in. over a length of 154 in.) Test-1 while it was 0.18 in. over a
length of 154 in. in Test-2.

5.6: Conclusion

The splice plate connection did not fail during test (until an equivalent stress
of 31.1 ksi on the shear wall plates when comp#oettie nominal shear strength of 30
ksi of the steel plates). The dual plate assemlsglaced laterally in the out of plane
direction at a shear stress of 26.7 ksi on the rshedl plates probably because of
eccentricity in the alignment of specimen and logdet-up. Hence, an average stress of
26.7 ksi was observed to be acceptable for thetwtal splice plate connection prior to
failure. This is slightly less (0.89 times) thare thominal shear strength of the 3/16 in.
plates used for the test, which is equal to 3q&&*F,).
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Figure 5.3 Strain gauge locations for Horizontal Conection Test - Side View
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Figure 5.4 Failure of the Horizontal Connection - Est-1: View 1
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Figure 5.5 Failure of the Horizontal Connection - Est-1: View 2
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Figure 5.7 Failure of the Horizontal Connection - Est-2: View 2
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CHAPTER 6: BEHAVIOR OF DUAL-PLATE COMPOSITE SHEAR
WALL FOR CYCLIC LOADING

6.1: Introduction

Shear wall systems are designed primarily to rélsestyclic lateral load resulting
from wind and earthquakes, while also resisting dlk@&l load from the gravity-load
system that frames into the shear wall. The laleead capacity and ductility of the shear
wall both need to be considered when designingcfalic lateral load. The moment
developed due to the cyclic lateral load genereyebc tension and compression stresses
in the vertical fibers of the shear wall. In theatiplate composite shear wall, the steel
plates can resist tension until they fail by tem&iacture, and they can resist compression
until buckling occurs. The concrete infill canisgcompression until it fails by crushing
and can resist tension until it cracks. This chaptesents the results of an experimental
investigation of the behavior of steel plates cated by transverse bars with concrete

infill in the dual-plate composite shear wall canstion.

An intersecting dual-plate composite shear wa#dment with a T-shaped
configuration, rather than a planar configuratidmali was used in the stability test, was
selected in order to include the investigation fué behavior of the connection at the
intersection of the two wall elements. Furthermdine, specimen was selected so that the
wall section was symmetric about the directionaiétal loading to minimize twisting.
Geometries with an I-shape, T-shape (half portidnaa I-shape) and C-shape
(combination of two L-shapes to be symmetric) wenrigially considered. Moment-
curvature diagrams were developed for each geoneumderstand the behavior of each
shape for static lateral load and the maximum lied would be needed to be applied

during the laboratory test. Development of momemtsature diagrams of these three
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shapes is described in Section 6.2. The resulteatet! that the I-shape possessed a
much larger moment for a particular curvature camegao the T-shape or C-shape.
Therefore, the I-shape was eliminated early insélection process because a loading set-
up with a very large load capacity would be neeidedhe laboratory test. Of the T-shape
and C-shape, the T-shape was selected for theggstbgram due to time and budgetary
limitations — the C-shaped wall would have necassit a more complex loading set-up

to restrain or accommodate testing of the specimen.

The behavior of a T-shaped composite shear waleungclic lateral load was
experimentally investigated. A 3/8-scale model db-&/2 story composite shear wall
element was fabricated in the laboratory. Speadtns investigated during testing
include (1) the vertical connection between the tntersecting wall elements, (2) the
horizontal splice plate connection between adjapéate assemblies, (3) the connection
between the specimen and the foundation, and églkments used to transfer load to
the concrete foundation. Development of momentaume diagrams and a detailed
description of the laboratory test are presentdtierfollowing sections of this chapter.

6.2: Preliminary Analysis (Moment-Curvature Diagrams)

Initially, moment-curvature diagrams of the I-shapd&-shaped and C-shaped
intersecting dual-plate composite shear walls wireeloped. Different shapes of the
shear walls in a prototype building plan in SeatiléA are illustrated in Fig. 6.1. Force
equilibrium equations were used assuming straigality over the cross section of the
shear wall to develop the moment-curvature diagraBecause cyclic loading was
applied during the laboratory test, moment-cunatrglationships were developed in
both loading directions (for the outer end of thebvin compression and the outer end of
the web in tension).
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After the selection of the T-shaped wall for thbedeatory test, as mentioned in
Section 6.1, moment-curvature diagrams for the dpshwere developed for a range of

possible material properties.

6.2.1: Moment-Curvature Diagrams for Different Shapes of Intersecting Wall
Elements

Dimensions of the 3/8-scale model of the T-shapedrsecting wall element
specimen are shown in Fig. 6.2. The T-shaped smecis made up of a 90 in. wide
flange and a 63 in. deep web. One end of the wiglsiects with the flange at the middle
of the flange width. The 3/8-scale I-shaped wathede up of a 126 in. deep web and 90
in. wide flanges at both ends of the web. Lastig, €-shaped wall is made up of 99 in.
wide flange and 63-in. deep webs at both endseflémge (the outer sides of the webs
align with the ends of the flange).

Two cases of loading were considered: (a) stemompression — the strong
direction and (b) stem in tension — the weak dioectAn elastic-perfectly plastic bilinear
stress-strain response with yield strength of 5Q(dkssign yield strength) was assumed
for the steel plates. The Hognestad model (MacGregd Wight, 2005) was used to
represent the stress-strain compressive strengththef concrete. The maximum

compressive stress of the concrete was taken éoklse(f'; = 6 ksi).

Moment curvature diagrams of for the I, C and Tp&ttawalls are shown in Fig.
6.3. For the stem in compression, I, C and T-shapalls had a maximum flexural
capacity of 36,300 kip-ft, 13,300 Kkip-ft and 8,9kiQ-ft, respectively. As mentioned in
Section 6.1, the I-shape developed much larger morf@ a particular curvature
compared to either the T-shape or C-shape. Thexefoe I-shape was not selected for
the laboratory testing. Finally, only the T-shapaswselected in this research study

because of time and money limitations.
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6.2.2: Moment-Curvature Diagrams for the T-shaped Vall

The moment-curvature diagram for the T-shaped wals developed using
appropriate material properties for the steel péate concrete. The design yield strength
of the steel plate was 50 ksi, and the design cessire strength of the concrete was 10
ksi. The plate used for the cyclic loading test w&TM A572 grade 50 steel. Stress-
strain curves from the coupon tests of the 3/16dlates are shown in Fig. 6.4. The
average Yyield strength and average tensile stragidgtie plate were 60.0 ksi and 70.1 ksi,

respectively.

The moment-curvature diagram for the T-shaped walé developed for two
different cases: (a) elastic-perfectly plastic f@hr stress-strain response with a vyield
strength of 55 ksi for the steel plates and a marincompressive strength of 10 ksi for
the concrete (to predict the behavior based onnthgerial properties considered for
design) and (b) a tri-linear curve with a yieldesigth of 60 ksi and an ultimate strength
of 69 ksi (as shown in Fig. 6.5) for the steetggaand a maximum compressive strength
of 11.5 ksi for the concrete. The 55 ksi yield sgth was calculated by multiplying the
design vyield strength of 50 ksi by a factor of folaccount for strain hardening of the
steel plates.

The concrete model generalized by Thorenfeldt et(E87), as reported by
MacGregor and Wight (2005), for high-strength ceterwas used for the stress-strain
response of the concrete. The stress-strain grapélaped using this model is shown in
Fig. 6.6.

The moment-curvature diagrams for the T-shapedimgec(see Fig. 6.2) for case
(a) and case (b) are shown in Figs. 6.7 and 6.8c&se (a), the peak moment capacity
was computed to be 9,820 kip-ft when the web isampression and 4,990 kip-ft when
the web is in tension. For case (b), the peak mowegracity was computed to be 10,790

kip-ft when the web is in compression and 6,040fkighen the web is in tension.
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6.3: Design of Specimen for the Laboratory Test

The behavior of intersecting wall elements for woyclateral load was
experimentally investigated using a 3/8-scale tardr T-shaped composite wall which
was anchored to the laboratory strong floor via-fa @eep foundation block. A cross
section of the T-shaped intersecting wall specii{88-scale of prototype) is shown in
Fig. 6.2. The specimen had a 90-in. long flange ar&8-in. long web with a uniform
wall thickness of 9-inces. The side and plan vielvthe test set-up are shown in Figs.
6.9 and 6.10, respectively. The specimen height 3d&s5 in. (26’-7 1/2”) above the
foundation connection plate. The foundation blocaswB-ft high and the foundation
connection plate extended 5 in. above the founddtiock. Hence, the total height of the

specimen measured from the strong floor was 360.80’-%%").

6.3.1: Selection of Plate Assembly Details

Details of individual plate assemblies, excepttfa wall geometry, were kept the
same as those used in the stability test. A T-ghayél specimen (as shown in Figs. 6.9
and 6.10) was used in this cyclic loading test @/ailplanar plate assembly was used in
the stability test (as shown in Fig. 3.15). ReteiSection 3.3.1.2 for the plate assembly
details. A plate thickness of 3/16 in., a transgdrar diameter of 3/8 in., transverse bar

spacing of 4-%2 in., and a wall thickness of 9 ierevused for the cyclic loading test.

It was decided to build a specimen approximatell/5-stories tall (where the
story height is 58.5 in. in 3/8-scale). The heigltthe specimen was determined as

follows:

1. The specimen should be sufficiently tall so thaufa will be dominated
by flexural behavior and not shear. A specimen witheight of at least
three times the specimen depth was expected tolagpew@gnificant

flexural behavior under cyclic loading. The depthhe specimen was 6 ft.
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2. The hydraulic rams used to apply lateral load sthduhve sufficient
capacity and stroke. A target 3% maximum drift foe specimen was
considered. When the height of the specimen iseas®d, the required
load is decreased but the required stroke of timesres increased. In
addition, when the specimen is pushed lateralihenstrong direction the
elongation of the PT bars in the loading systenhwgé up a portion of the

available stroke of the rams.

3. The horizontal PT bars used to pull the specim&vatds the laboratory
strong wall (Figs. 6.9 and 6.10) can have a maxindiameter of 1-% in.
due to the size of the hole openings in the straayl. Moreover, the
tension force in the PT bars was limited to prevepeated-load damage
to the PT bars. Hence, it was determined that amanx tension force of
112.5 kips (0.6 £, Aps could be safely applied to each PT bar for the
anticipated 20 cycles of load.

4. The maximum moments needed to be applied in trengtand weak
directions were estimated to be 10,790 kip-ft aj@al@ kip-ft, respectively
(see Section 6.2.2).

To satisfy these requirements, it was decided ¢ghapecimen height of 27 ft
above the top of foundation should be used withdteral loading applied at a height of
25 ft (see Fig. 6.9). For a 25-ft loading heightateral load of 432 kips and 242 kips
were expected to be needed in the strong and wessk diirections to achieve peak
moments of 10,790 kip-ft and 6,040 kip-ft, respesdiy. A displacement equal to 9 in. at
the top of the wall was needed to attain the tadgétratio of 3%.
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6.3.2: Weld Joint between the Shear Wall Plate Aemblies and Foundation
Connection Plate

The weld joint between each 3/16-in. shear walkepland 3/4-in. foundation
connection plate was used to transfer forces frioenshear wall plate to the foundation
connection plate. The fillet weld size (7/16 inaswesigned for the forces developed by
tensile fracture of the shear wall plate. InnershidR-232 flux-cored self-shielded
(FCAW-S) wires (AWS E71T-8, 70 ksigkx) from Lincoln Electric were used to make
the weld joint. Only the static material propertigather than the cyclic material
properties of the steel plate and weld, were came for weld design. Furthermore, an
alternate welded connection was also proposed teseé for this connection if the fillet
weld joint were to fail during the cyclic loadingst of the wall. The detailed design of
the two weld connections and the cyclic behaviatheftwo connections are described in

Appendix C.

6.3.3: Splice Plate Connection Details

The splice plate connection used in the test spatiwas slightly different from
that used in the stability test. In the stabiliégt; splice plates were 3/16-in. thick with
3/16-in. fillet welds on the top and bottom of #@ice plates. For the stability test, the
3/16-in. shear wall plates were not expected ttwyidowever, for the cyclic loading test,
the 3/16-in. shear wall plates up to an elevatietwken the third and fourth stories were
expected to develop large strains well beyond thkl wtrain. Hence, the fillet weld size
had to be increased so that there would be noréaituthe splice plate connection. The
fillet weld was designed for the tensile strengththee shear wall plate. A 3/8-in. thick
splice plate with 5/16-in. fillet weld on the topdabottom of the splice plate were used
for the bottom three stories. A 3/16-in. thick spliplate with 3/16-in. fillet weld on the

top and bottom of the splice plate were used fertdip two levels.
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6.3.4: Connection between the Web and Flange Plafessemblies

The joint between the flange and web of the spetimeshown in Fig. 6.11. A
single angle (L2-1/2 x 2-1/2 x 1/4 of A36 steel)smaelded to the flange and web.
Considering the forces in the flange to be tramsteto the web for suitable shear flow,
an angle thickness of 1/4 in. and a fillet weldesi# 3/16 in. were used. The total force
from the flange was transferred to the web viagheselds and angles. The angles were
welded to each side of the web along the specimeighh At every horizontal
intersection of two plate assemblies, 1-1/2 x 1X/24-in. bent plates were used to join
the L2-1/2 x 2-1/2 x 1/4 angles from the plate agdees above and below the joint (see
Figs. 6.11 and 6.12). Bent plates rather than siaggles were used so that they fit into
the curved portion of the L2-1/2 x 2-1/2 x 1/4 dem@ngles. The 3/8-in. threaded rods
which would interfere with the L2-1/2 x 2-1/2 x 1#hgles were filler-welded as shown
in Fig. 6.11. Those threaded rods were 3/32 inrtshioreaching the outer sides of the

plate assembly.

6.4: Test Set-up

Following the calculation of maximum load that webuieed to be applied in each
direction during the cyclic loading test, and thlesidn of specimen details, the test set-up
was designed and constructed so that the calcutzedcould be applied to the specimen
and transferred to and resisted by the lab strdogr fand strong wall. AutoCAD
drawings of a side view and a plan view of the seftup for the cyclic loading test are
shown in Figs. 6.9 and 6.10. The test set-up hadetimain components: (a) the
foundation block, (b) the specimen and (c) the ilogdystem. They are detailed in the

following subsections.
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6.4.1: Foundation Details

The purpose of the foundation block was to tran&fezes from the specimen to
the strong floor. The size of the foundation watedwained by considering the moment
demand from the lateral load applied for failuretloé wall specimen. The foundation
was anchored to the strong floor using post-tereglo{PT) bars to resist uplift of the
foundation during the test and to prevent slip leetwthe foundation and strong floor

when the maximum lateral load was applied.

Dimensions of the foundation block and locationghs# PT bars are shown in
Figs. 6.9 and 6.10. Plan and elevation views offtuadation block are shown in Figs.
6.13 and 6.14, respectively. In addition, Figs36ahd 6.14 also show the location of the
foundation connection plates, reinforcing bar hoodisear studs, PT bars inside the
specimen to apply the vertical load, and PT baesl us anchor the foundation block to

the strong floor. These components are descriliedifathis section.

6.4.1.1: Foundation block and post-tensioned bars

Using strut and tie models to establish a forceh patd calculating contact
stresses between the foundation block and stramy for maximum lateral load for the
wall, it was determined that a 14’-long, 8’-wideyda3’-thick foundation with 28 post-
tensioned bars (PT bars) of 1-%-in. diameter wda@dsufficient to resist a 10,790 kip-ft
moment at the base of the wall (peak moment famgtdirection of loading). Each PT
bar was post-tensioned to 240 kips so that thé poist-tensioning force would be 6720
kips from the 28 PT bars.

When a friction coefficient of 0.1 was considerexdvizen the foundation block,
underlain with tar paper, and the smooth laboyastrong floor, the foundation block
was expected to resist a total lateral load of I6p& (6720 kips x 0.1 = 672 kips). From

the moment curvature diagrams, the maximum expédatedhl load on the specimen was
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430 kips and 240 kips in strong and weak directioespectively. The foundation block,
which was cast in place, is shown in Fig. 6.15. ficedation connection plates, PT bars
enclosed in plastic ducts and intended for applyuegtical load, and the vertical
reinforcing bars provided along the mid plane @& #pecimen can also be seen in Fig.
6.15.

6.4.1.2: Foundation connection plate

A foundation connection plate was welded to eaaaskvall plate and partially
embedded in the foundation block to transfer théiced and shear forces from shear wall
plates to the foundation. A 7/16-in. fillet weld svased between each shear wall plate
and 3/4-in. foundation connection plate. Refer tect®n 6.3.2 for details of this
connection. The shape, location, and dimensiorthefoundation connection plates are
shown in Figs. 6.13, 6.14, and 6.15. The total lteqd the foundation connection plate
was 18 in., with the bottom 13 in. embedded in cetec

The bending moment caused by the lateral load eghli the top of the specimen
results in tension and compression in the vertidedrs at the bottom of the 3/16-in.
plates. During the test, the 3/16-in. plates dgwedblarge strains well beyond yield.
These vertical forces were transferred into then¥thick foundation connection plates,

in addition to the shear developed from the latiead.

Hence, the foundation connection plates were dedigo resist the combined
effects of tensile fracture of the shear wall platel shear transferred to the foundation
connection plates during the cyclic loading tesas&l upon tensile coupons, it was
determined that the yield strength and tensilengtieof the 3/16-in. plates was equal to
60.0 ksi and 70.1 ksi, respectively. The maximurpeexed lateral load was 430 kips.
Based upon the forces developed from tensile fracbdi the shear wall plates and the
shear transferred to the foundation connectioreplat was determined that the required

thickness of the foundation connection plates rieed/4 in. for A36 steel plate.
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6.4.1.3: Reinforcing bar hooks

Number 7 reinforcing bar hooks were welded to tha3oundation connection
plates to transfer the vertical forces from the63afl. wall plates to the foundation via the
foundation connection plates. Section 3.3.1.1 riless the weld details between the
reinforcing bar hooks and the %-in. foundation @wtion plate. For the stability test, the
reinforcing bar hooks were designed for the tenstwoes developed by yielding of the
shear wall plates. However, for the cyclic loadiegt, the reinforcing bar hooks were
designed for the tension forces developed by teriglcture of the shear wall plates. It
was determined that No.7 reinforcing bar hooksASTM A706) welded on both sides
of each foundation connection plate at a 4.5-iacBm, instead of the 7-in. spacing used
in the stability test, was needed to transfer tiagimum expected tensile forces. See Figs.
6.13 and 6.14 for the layout of the reinforcing baoks. Figure 6.16 shows a photograph
with the foundation reinforcement layout beforetices and Figs. 6.17 and 6.18 show

reinforcing bar hooks welded to a foundation cotioalate.

6.4.1.4: Shear studs

Shear studs welded to the 3:-in. thick foundatiomneation plate were designed
to resist the maximum lateral load of 430 kips dgrtyclic load tests. See Figs. 6.13 and
6.14 for the locations of the shear studs. Healledrsstuds of 3/4-in. diameter (S3L 3/4-
in. diameter and 4-3/16-in. long MS shear studsjeweelded to each 3/4-in. steel
connection plate on both sides, three shear studsvertical line at a horizontal spacing
of 18 in. Fig. 6.17 shows a portion of the foundatreinforcement with shear studs

welded to a foundation connection plate.

6.4.1.5: Reinforcement

The minimum reinforcement consisted of No.4 bemd No0.3 stirrups to resist
shrinkage and uplift forces on the foundation blo@dee Figs. 6.14 and 6.16).
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Temperature and shrinkage reinforcement equal @018A, (Aq is the cross-sectional
area of the concrete block), as required by ACI-G8&Section 7.12 of ACI 318-08), in
both horizontal directions was provided. Reinforeamin the vertical faces of the
foundation block was provided to distribute crackof the concrete in the vertical faces

and to provide confinement to the foundation cotec(see Fig. 6.16).

Figures 6.13 and 6.14 show AutoCAD drawings withradpreinforcement
provided to prevent concrete splitting due to gessioning of the foundation PT bars.
Figure 6.17 shows a photograph of the foundatiorforcement with spirals around PVC
pipes. The amount of spiral reinforcement was dated using the strut-and-tie method
(Edward G. Nawy, 2006). Number 4 reinforcing bairap of standard grade 60 steel
with outside diameter of 10 in., pitch spacing dh3and height of 24 in. were used for

the spiral reinforcement around each PT bar.

Vertical reinforcing bars (No. 6 reinforcing bara},9-in. spacing, were provided
at mid-thickness of the shear wall to provide adddal shear resistance. However, this
vertical reinforcement in the test program was cmtsidered in the design for shear
resistance at the base of the wall. Figure 6.13wvshthe AutoCAD drawing with
locations of the vertical reinforcing bars and Fegl5 shows a photograph of the cast
foundation block with the reinforcing bars exterglomut from the foundation block. The

vertical reinforcing bars were extended to 3 ft\abthe top of the foundation.

6.4.1.6: Vertical load applied by post-tensioned lya

Vertical load was applied to the specimen by eitf®/8-in. diameter PT bars.
Calculation of vertical load and the selection loé tPT bars are described in Section
6.4.3.3. The 1-3/8-in. diameter PT bars enclosamrrugated plastic ducts were installed
in the center of the specimen. The plastic ductsdraoutside diameter of 2-7/8 in. and

an inside diameter of 2-9/32 in. The PT bars whreaded into washer plates with exit
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pipes and nuts at the bottom of the PT bars. Fgyére, 6.10, and 6.14 show locations of
the PT bars in the foundation block.

Because it would have been difficult to supportheat the 33-ft long PT bars
(which extend to the top of the specimen) whilgiogsthe foundation, 8-ft long PT bars
were placed while casting the foundation (see €i§)6). The bottom of the PT bars and
the inside surface of the nuts were greased sdhba-ft long PT bars could be replaced
with 10-ft long PT bars after casting the foundatidock so that the PT bars would
extend above the first story after casting. Fighid8 shows a photograph of the washer

plate attached to the bottom of the PT bar encasplastic duct.

6.4.1.7: Casting of foundation concrete block

The foundation block was cast in place. A targaicecete cylinder strength of
6,000 psi was needed for the foundation block. ZBeday cylinder strength of the

foundation concrete reached 7,700 psi.

Several measures were taken to keep the foundptada assemblies in place
while casting the concrete. Plates of 1/2-in. thackl 9-in. width were welded between
the two foundation connection plates to keep thetheaspecified spacing (see Fig. 6.19).
The foundation plate for the web of the wall wasktavelded to the foundation plate for
the flange of the wall. The plastic ducts around BT bars (intended for applying
vertical load) were secured in position using tweekbars around the ducts as shown in
Fig. 6.20. The foundation plate assembly was sup@dsy reinforcing bar chairs which
were placed between the No.7 hooked bars andritregsioor. Wood shims glued under
those reinforcing bar chairs were used to positientop of the foundation connection
plate at the required level. Figure 6.21 showdoh@work before casting the foundation
block. The PT bars enclosed in plastic ducts wergired in place using a wood frame

attached to the PT bars and the foundation formwork
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6.4.2: Fabrication of steel plate assemblies andagmen

Following fabrication of the foundation block, tepecimen was fabricated on top
of the foundation block. The first four stories werast story by story and the remaining
1-1/2 story was cast in one operation. The seleafespecimen details and the design of
the specimen have been described in Section 6.8.fdllowing sub-sections describe

fabrication of the plate assembly and the specimen.

6.4.2.1: Fabrication of steel plate assemblies

The same general fabrication method used to makestitel plate assemblies
(panel assemblies) for the stability test (seei@e@.3.1.2) was also used for the cyclic
load test. Filler welds were used to connect taesverse steel rods to the steel plates at
the intersections of the web and flange plate abBesnas described in Section 6.3.4 and
Fig. 6.11. Figure 6.11 shows the locations of ffillelds at the intersection of web and
flange panel assemblies. Threaded rods were posdidalf-way through the 3/16-in.
plates (3/32 in. shy of the outer surface of tH3h. plates). The space between the end
of the threaded rod and the outer surface of thé-BY. plate was filled with weld metal,
and the excess weld material on the steel platacmwas ground off so that the steel
angles (L2-1/2x2-1/2x1/4 in.) could be mounted osn@oth, flat surface. Figures 6.22
and 6.23 provide photographs of a web panel asseamiol a flange panel assembly. The
filler welds to connect the transverse steel rodb¢ steel plates can also be seen in Figs.
6.22 and 6.23.

Small, 3/16-in. thick guide plates were tack weldedhe inner side of the plate
assembly to facilitate erection of the plate asdmwml(see Section 3.3.1.2). Concrete
strain gauges were installed. The type and locatioh concrete strain gauges are
described in Section 6.5.5. A total of 12 steetelassemblies, six web assemblies and
six flange assemblies, were fabricated. Five wederablies and five flange assemblies

were 58.5-in. tall, and one web assembly and areg# assembly were 27-in. tall.
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6.4.2.2: Fabrication of specimen

Figure 6.15 shows a photograph of the foundatioocklwith foundation
connection plates. PT bars were enclosed in dantsyertical dowel bars extended from
the foundation block. The 8-ft long PT bars wenglaeed with 10-ft long PT bars after
casting the foundation block (see Section 6.4.ar6details). The specimen was erected
on top of the foundation block. Figure 6.24 deptbis first story panel assembly erected
on top of the foundation block. The plate assenvdg placed between the foundation
connection plates so that the bottom 4 in. of tleepassembly was inserted into the
foundation connection plates. The spacing betwkeridundation connection plates was
9 in. The steel plate assembly fit tightly betwekea foundation connection plates, and
helped to ensure that the plate assembly remamedsdition as it was leveled vertically

and horizontally.

6.4.2.2.1: Joint between the foundation connectianlate and the shear wall plate

A 7/16-in. fillet weld was used to connect eachrihick foundation connection
plate to a 3/16-in. shear wall plate (see Secti@2&or the design criteria for this weld).
Innershield NR-232 flux-cored self shielded (FCAWres (E71T- 8, 0.068 in. dia.)
from Lincoln Electric were used to deposit the 7iti6fillet weld. The Lincoln Electric
Company product catalog (2010 C1.10) claims th& #tectrode meets AWS D1.8

seismic lot waiver requirements and can be usedlfevelding positions in mild steels.

The 7/16-in. fillet weld for the shear wall specrmeras achieved with three
passes. After each weld pass, the weld locatiorts amy discontinuities were back
gouged (by grinding). The voltage, amperage, ardsipeed of each weld pass were
recorded and are summarized in Table 6.1. Afteding| the actual size of the weld was
measured every 6 in. along the length of the wEhe average sizes of the fillet weld for

different parts of the connection are shown in €ahR. The fillet welds were made in
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short increments (stitch welding) at various lomasi along the plate to minimize local

heating and warping of the plates.

6.4.2.2.2: Joint between the flange and web of tlspecimen

Design of the joint between the flange and web le# specimen has been
described in Section 6.3.4. Refer to Fig. 6.11a0rAutoCAD drawing of the joint and
Fig. 6.24 for a photograph of the first story paastembly with the joint at the corner. A
single angle (L2-1/2x2-1/2x1/4 of A36 steel) wasldeel to the 3/16-in. plates of the
flange and web.

The 3/16-in. vertical weld along the joint betweble L2-1/2x2-1/2x1/4 in. steel
angles and the 3/16-in. shear wall plate (refeFitp 6.11) was made with Innershield
NR-232 flux-cored self-shielded wires and E701&&btzles. Initially, Innershield NR-
232 flux-cored self-shielded wires were intendef¢aised for the entire length (57.5in.)
of this vertical weld. For the upper part of thertical weld (40-3/8 in. the west side and
47 in. the east side), the Innershield NR-232 flored wire resulted in a uniform weld.
However, for the lower part of the weld (17-1/8 the west side and 10-1/2 in. the east
side), the Innershield NR-232 flux-cored wire couidt produce a uniform weld.
Difficulty in maintaining the desired angle of tleéectrode with the weld line (for the
upper and lower parts) might have been a posséason for this behavior. Therefore,

E7018 sticks were used for the lower part of theiced weld.

When the Innershield NR-232 flux-cored wire wasdugar the upper part, the
3/16-in. weld was made with one weld pass. Theageltand amperage of the weld pass
were 19.9V and 144~175 AMP, respectively. When ti@1B stick was used for the
lower part, the 3/16-in. weld was made with onedyadss. The voltage, amperage, and
the speed of the weld pass were 15~28.5V 103~105 Avié 3.5 in./min, respectively.

The average sizes of the fillet weld for differ@atrts of the joint are tabulated in Table
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6.3. The average effective throat of the fillet dvavas 0.140 in. while the designed

effective throat of the fillet was 0.133 in.

6.4.2.2.3: Closure plates and concrete casting

The 3/16-in. closure plates as shown in Figs. 6B@&24 were welded to all three
ends of the specimen to simulate the field cona#tioThe weld to attach the 3/16-in.
closure plates to the 3/16-in. shear wall plates made using NR-232 flux-cored wires.
The closure plate acted as formwork that couldsteke hydraulic forces of wet concrete
during casting. Tack welds of 1/8-in. leg size &kah. long at 6-in. spacing were placed
to attach the closure plates to the panel assembly.

The plastic ducts around PT bars were positionedhén center of the plate
assembly by placing reinforcing bars at the sidat@ ducts and tying those reinforcing
bars to the ducts and the threaded rods (see R§).@he PT bars were also positioned
in place using a wooden frame as shown in Fig..6&tter caulking along the joint
between the closure plates and the shear wallsplatncrete was placed in the plate
assembly. The design strength of the concrete @&90Q psi. The 28 day strength of the
concrete was 9,360 psi and the strength of theretsnon the day of testing (246 days
8 months) was 11,480 psi.

6.4.2.2.4: Horizontal splice plates and bent plates the horizontal joint

Three days after casting the first story, contirgy@&i8-in. thick horizontal splice
plates were tack welded to the outer side of théephssembly. Then the pair of second-
story steel plate assemblies was mounted on ttipegbair of first-story plate assembilies.
The 3/8-in. thick splice plates were welded to jtie first and second-story steel plate

assemblies. As described in Section 6.3.3, a Sil@hkick fillet weld was provided
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between the splice plate and the 3/16-in. thickasmall plate. Innershield NR-232 flux-

cored wire was used for this weld.

Closure plates for the first and second story jareed together by tack welding
3/16-in. thick splice plates. At the horizontaldrdgection of the two plate assemblies, L1-
1/2 x 1-1/2 x 1/4-in. bent plates were used to jomL2-1/2 x 2-1/2 x 1/4 angles from the
plate assemblies above and below the joint (refesection 6.3.4 for the details of this

joint).

6.4.2.2.5: Fabrication of second to sixth story dhe specimen

The erection procedures used in the remainingestaviere similar to those used
in the first story. As mentioned above, the firstif stories were cast story by story and
the final 1-1/2 story was cast together. HowevaralCshield 11 70 Ultra flux-cored wire
(from ESAB) instead of Innershield NR-232 flux-cdrevire was used for all welding
beyond the joint between the first and second sparyel assemblies. Dual Shield 11 70
Ultra flux-cored wires were selected because itlpees a good weld with greater ease,

and because of the availability of the wire in deralliameters (0.045-in. dia.).

Plate tabs (3/8-in. thick and 4.5-in. deep and.5niile) were fillet welded to the
plate assembly on the outside surface to facilita¢einstallation of the platform for the
work crew to stand and work. Totally, 10 plate tabsund the specimen were welded at
each story level. Figures 6.26 and 6.27 show aaqgaph of the specimen prior to
casting the second and third stories, respectivdig.steel angles were bolted to the plate

tabs and the platform was bolted to the steel angle

A total of eight 1-3/8-in. diameter PT bars wer@diso apply the vertical load
(see Section 6.4.1.6 for the details of these R$)bAfter casting the first story, two 10-
ft long PT bars (see Fig. 6.15) located at theefadt of the flange panel assembly were
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replaced with 20.5-ft long PT bars. The remaining19-ft long PT bars were replaced
with 18.5-ft long PT bars.

If the two vertical PT bars at the far end of tihenfie panel assembly were
continuous, they would intersect with the horizéma@ bars used to apply lateral load
(see Section 6.4.3.3 for details). Hence, thesevevtical PT bars were post tensioned at
the third story level and discontinued above theltktory level. After the concrete cast
in the third story had achieved sufficient strengtiese two PT bars were post tensioned

and sealed so that the PT bar would not be exposthé concrete.

Due to dimensional limitations associated with aséhe overhead crane, it was
not possible to place the panel assemblies ovevdheal PT bars that extended 30.5 ft
above the foundation block. Hence, each of thesgestical PT bars (3 in the web and 3
in the flange) were cut into two pieces and couglethe third story level. Figure 6.28
shows the five PT bars in the flange section. évshtwo discontinued PT bars at the end
of the flange and three continuous PT bars lochetdieen those two discontinued PT

bars.

The hardware used for the two discontinued vertdabars is shown in Fig. 6.29.

After the concrete in the third story had cure@, tluct was cut to the level of the top of
the concrete, hydrostone was applied on top ottimerete, and the PT bar washer plate
was positioned on top of the hydrostone and leveMdigr the hydrostone hardened, the
PT bar was post-tensioned, and the box made ot shet@al was attached (welded and
caulked) to the washer plate covering the PT barThe PT bar duct was inserted into
the box via the top of the box, and the joint betwé¢he duct and the box was sealed.
Steel plate, box, and part of the plastic duct wibe: covered with duct tape to protect
the caulk from the mechanical force resulting frooncrete casting in the next story. The
PT bar and the duct were extended to 30 in. andn3&bove the third story level,

respectively. The duct was sealed at the top tegmteconcrete leakage into the duct. A

photograph of this hardware is shown in Figs. @80 6.31.
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An AutoCAD drawing of the coupler joint used foretlsix spliced PT bars is
shown in Fig. 6.32. After concrete had been casbeahird story level, the upper end of
each continuing PT bar was coupled using a coufpten DSI (Dywidag-Systems
International). The bottom PT bars extended 5-i/8bove the third story level while
the top PT bars extended up to 30.5 ft above thiget foundation (which is 3 ft above
the top of the 5-1/2 story specimen). The jointsen the PVC pipe and the PT bar duct
was tightly sealed using glue, caulk, and duct.tdje six coupled vertical PT bars (to
apply vertical load) were later post-tensionedhat top of the shear wall (at a height of
30’- 0.5” above the strong floor). A photographtlis coupler which was in the process

of completion is shown in Fig. 6.30 and the conmgdetardware is shown in Fig. 6.31.

Above the third story level, the splice plate cection at the horizontal
intersection between two plate assemblies (fouttinygo-fifth story joint, and fifth
story-to-sixth story joint) was made using a 3/@6thick splice plate and 3/16-in. fillet
welds as detailed in Section 6.3.3. Four 4-1/Aiameter holes in the fifth and sixth
story flange plate assembly were made for the m&pmd accommodating a horizontal
loading apparatus for loading towards the stronth. Wais is detailed in Section 6.4.3.1.
A photograph of the completed specimen is showrign 6.33. For the purpose of sense

of scale, the distance between the holes on thagtvall is 2 feet.

6.4.3: Load Set-up

The calculated flexural capacity of the T-shapeecspen was 10,790 kip-ft and
6,040 kip-ft in the strong direction (towards sgowall/ towards south) and weak
direction (away from strong wall/ towards nortlgspectively. For a 25-ft loading height,
430 kips and 240 kips of lateral load were needelet applied in the strong and weak
directions to achieve the anticipated peak momapéacities. A displacement of 9 in. was
needed at this height to attain the target dritioraf 3%. Furthermore, an axial
compression load of approximately OgtA equal to 1380 kips, was applied with the PT
bars to simulate gravity load on the wall specimen.
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6.4.3.1: Loading in the strong direction (towards song wall)

The load set-up for the cyclic loading test igstrated in Figs. 6.34 through 6.36.
Eight PT bars with a loading ram at each end of Rfiebar were used to push the
specimen towards the strong wall. The load apfiethe hydraulic rams was transferred
to the strong wall via the horizontal PT bars. Hoydlraulic rams at a 24-ft height and the
other four at a 26-ft height from the top of foutida, with a total capacity of 1280-kip,
were used to push the specimen in the strong direcThe middle four rams were
Enerpac- RRH 1006 double-acting hollow plungerrmjgirs (effective area = 20.6F)n
with a load capacity of 200 kips and a stroke oh.6The other four rams were Power
Team- RH 605 double-acting hollow plunger cylind@fective area = 12.313hwith a
load capacity of 120 kips and a stroke of 5 in. éilyht of these rams were extended
using one double-acting pump so that the pressueach ram would be the same. Hence,
the ratio of load at applied by Enerpac- RRH 10g6ders to the load applied by Power
Team- RH 605 cylinders was 20.63 to 12.31.

Communication with Dywidag-Systems Internationadidated that the PT bars
should not be loaded to more than 60% of theimate strength if they were to be
loaded repeatedly for approximately 20 cycles. & tateral load of 430 kips, the middle
four PT bars would reach a maximum stress leveapgroximately 29% of ultimate

strength. Hence, the upper stress limit for thetiéipe loading was not obtained.

The loading channels (C-channels joined by platelsled to their legs) between
the hydraulic rams and the specimen helped toilolis& the applied load across the
flange of the specimen and to minimize bendinghefftange of the specimen about the

web.

To achieve the 3% target drift ratio, steel ché&stsown in Figs. 6.34, 6.35, and
6.36) were used to lock in the displacement wherhifdraulic rams reached their stroke

limit. The rams were then retracted so the nutontfof each piston was moved forward,
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thereby allowing the rams to apply additional dasgiment. Elongation of the PT bars

due to the load applied was also considered irgdes] this load set-up.

6.4.3.2: Loading in the weak direction (away fromtsong wall)

A hydraulic ram with 400-kip capacity and 12-intoe (Enerpac-CLRG20012
cylinder with an effective area of 41.2%)invas used to push the specimen in the weak
direction (see Figs. 6.34 and 6.36).

A link, 16-in. long, (W-shape welded to plates athbends) was used to fill the
space between the CLRG 20012 loading ram and tiredogal bearing (see Fig. 6.34).
A larger link (21-in. long) was designed and fabated for the purpose of loading beyond
2% drift (6 in. lateral displacement). A link todlkl the specimen” (see Figs. 6.34 and
6.36) was attached to the load set-up so that pleeimen could be restrained while
replacing the smaller link with the larger link. Wever, the larger link and the link to
"hold the specimen" were not used during the testabse the specimen was finally
pushed only to 2% drift away from the strong wdlhe reason for this drift limit is

explained in Section 6.6.

6.4.3.3: Vertical load to simulate the service load

The service load was calculated for a prototypebialding (from plan drawings
of WAMU/SAM, 42 floors plus roof above grade ante@els below grade). A dead load
of 70 psf and a live load of 24 psf were considdi@dthe floors. The corresponding
calculated axial service load was 10.6% gfc:A(where A is the gross cross-sectional
area of the shear wall). Hence, it was proposeabfuy an axial load of approximately
0.1A4f¢' which was equal to 1380 kips for the cross saeabithe specimen for the cyclic

loading test.
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Axial load was applied by post-tensioning eighthhggrength PT bars: two bars
extended from the foundation block to the thirdfléevel and six bars extended from the
bottom of the foundation block to the top of the@men (see Figs. 6.34, 6.35, and 6.36).
The 1-3/8-in. diameter PT bars were enclosed i82+8 internal diameter plastic ducts
(see Section 6.4.1.6 for installation details).apply a total load of 1380 kips (0.di#)
with the eight PT bars, each PT bar would neecetpdst-tensioned to 172.5 kips, which
is equal to 73 % of their ultimate strength. Howe\a post-tension force of 166 kips,
which is equal to 70% of the ultimate strength 98.@\f.), was instead applied to the PT
bars for safety purposes. The total axial load o wall specimen was 1320 kips as

measured by the pressure gauge attached to thedgaamp.

Figure 6.35 shows the vertical PT bars in the #asgction and the horizontal PT
bars which were intended to apply lateral load. e vertical PT bars which are at the
far ends (9 in. from each end) of the flange wantdrsect with the horizontal PT bars if
those two vertical PT bars were continuous overhight. Hence, those two vertical PT
bars were post-tensioned above the third storyveer@ discontinued beyond that level.

The method used to achieve this has been explartéection 6.4.2.2.5.

6.5: Instrumentation

The test specimen was instrumented in order to unedateral load, vertical load,
strains in the plates, concrete strains, curvatfitbe specimen, and lateral deflection of
the specimen. All measurements were monitored andrded using a high-speed data
acquisition system (Vishay’s Strain Smart Systefd0The measuring device or gauge
used, the method of attaching them, and the meftioodcalculating the desired

measurements from the observed readings are deganlthe following subsections.
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6.5.1: Instrumentation to measure applied loads

A pressure transducer (Omega PX302-10KGV) waslathto the loading pump
to measure the output pressure delivered to théingaram for loading in the north
direction (away from the wall). This pressure wagdito infer the load applied to the
specimen in order to push the specimen away frasttong wall (in the north direction).

The pressure transducer was calibrated prior ézlaittg it to the loading pump.

To measure the load applied for loading towardsdineng wall (in the south
direction), four load cells were used to measur Itbad in addition to the pressure
transducer. Two load cells of 100-kip capacity (Eymell 3632-100K) were attached to
two of the four 120-kip cylinders, while two 150pkcapacity load cells (Lebow 3156-
150K) were attached to two of the four 200-kip egiers. Load cells were calibrated in a

Forney test machine prior to attaching them tdalaeing set-up.

Strain gauges were attached to the vertical PT feangch were used to apply
vertical load) to monitor the change in verticahdoduring post-tensioning and cyclic
loading. Strain gauges were attached only to itheestical PT bars which extended up
to the top of the specimen. No strain gauges weaeteed to the two discontinued PT
bars. The locations of the strain gauges on thbd3$ are shown in Fig. 6.37.

6.5.2: Instrumentation in the foundation block

Strain gauges were attached to the No.7 reinforbag hooks to monitor the
stress levels reached during cyclic loading. Eveugh the reinforcing bar hooks were
designed for yielding, it was intended to deterntime actual stress the reinforcing bars
experienced during cyclic loading and to, possibipdify the design approach used to
design the hooks. A total of eight strain gaugesewatached on four reinforcing bar

hooks.
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Figure 6.38 shows the locations of those four metihg bar hooks. At each of
the four reinforcing bar hooks, two strain gauges located 1 in. below and the other
located 9 in. below the bottom of the %-in. foumalatconnection plate were attached to

monitor the strain variation along the length @ teinforcing bar hook.

6.5.3: Horizontal wire potentiometers

Wire potentiometers were mounted on the strong wall their wires were
attached to the specimen to measure the laterpladements of the specimen. Figure
6.39 shows the locations of the wire potentiometers the specimen. Lateral
displacement was used to calculate the lateralaind deflected shape of the specimen.

A total of 10 wire potentiometers (UniMeasure P&NJC-DS-L3M,
UniMeasure PA-20-NJC-DS-L3M, and UniMeasure PA-2EENDS-L3M with a
linearity of + 0.15% of full scale) were used ore thouth side of the specimen. All the
wire potentiometers were calibrated using a heiggtige prior to attaching to the

specimen.

6.5.4: Strain gauges attached on steel plate to nseme vertical strains

Strain gauges were mounted on the 3/16-in. stagkpko measure vertical strains
developed by the bending of the specimen due t@apipdied lateral load. Figures 6.40
and 6.41 show the locations of the strain gaugeslad on the second story web plate
assembly and the first story web plate assembdpetively. Figures 6.42 and 6.43 show
the locations of the strain gauges attached orsé¢bend story flange plate assembly and

the first story flange plate assembly, respectively

In the bottom part of the specimen, two strain gasug in. apart vertically on a

vertical line were attached to measure the strainttee plates and to calculate the
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curvature (see Figs. 6.41 and 6.43). The two stgairges were 1 in. and 8 in. above the
foundation connection plate. In the second stargjrs gauges were attached to measure
strain to compare with strains measured in the $tery of the specimen and to evaluate
the variation of strain over the height of the spen. Type C2A-06-250LW-350 strain
gauges from Vishay Micro-Mesaurements were usemdasure vertical surface strains

in the steel plates.

6.5.5: Concrete strain gauges

Concrete strain gauges were embedded in the firdt second stories of the
specimen to measure strains in the concrete. EGB3%mbedment gauges from Vishay
Micro-Mesaurements were used for this purpose. [bbations of the concrete strain
gauges are shown in Figs. 6.40 through 6.43. Ctesteain gauges were mounted in the

mid thickness of the wall (center of the wall).

6.5.6: Strain gauges attached on reinforcing bars

Strain gauges were mounted on the No. 6 reinforicarg (refer to Section 6.4.1.5
for the details of the reinforcing bar) to measilme strains in the reinforcing bars and to
see the variation of strains over the depth of dfess section of the specimen. The
locations of the reinforcing bars which had strgauges mounted on them are shown in
Fig. 6.38. The locations of the strain gauges h#dcto the reinforcing bars are also
shown in Figs. 6.41 and 6.43. The strain gaugetherreinforcing bars were 1-1/8 in.

above the top of the foundation connection plate.
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6.5.7: Shear strain gauges attached on shear walbte and foundation connection
plate

Shear strain gauges (Measurement Group Type CER8UEV-350 shear pattern
strain gauges) were attached on a foundation cdioneplate and shear wall plates to
measure the shear strain and to see the variatistraans with depth along the cross
section of the specimen and between the sheampleddl and foundation connection plate.
Three shear strain gauges were attached on awh#éalate in the web of the specimen,
two on the east side of the wall at 4.5 in. andrb4rom the far end of the web and the
other on the west side of the wall at 54 in. frdra far end of the web. All three gauges
were located 4.5 in. above the foundation conneqtiate. The fourth strain gauge was
attached on the foundation connection plate 54ram the far end of the web and 2 in.
below the top of the foundation connection platetbae east side of the wall. The

locations of the shear strain gauges are showigir6FE 1.

6.5.8: Position transducers for strains at the botdm of the specimen

After the steel plates yield, strain gauges attdarethe steel plates generally pop
off and cannot be utilized further for strain measoents. Hence, position transducers
(Novotechnik — Siedle Group, Model TR 50 with a imeaical stroke of 55 mm and a
repeatability of £0.002 mm) were attached on th#doo of the specimen to measure
strains in the plates. Position transducers wdezlad the north side of the flange and
the west side of the web (strong wall to specimieection was south to north). Along a
vertical line, two position transducers were ate&thone at the top of the foundation
connection plate and the other at 8 in. verticabpve that so that the average strain can
be calculated over a length of 8 in. The locatibthe position transducers are shown in
Figs. 6.41 and 6.43. An aluminum frame was congtuaround the specimen to attach
the position transducers so that the readings ftioen position transducers were not
affected by the deflection or movement of the spea or the foundation block. Figure
6.44 depicts the aluminum frame which was mountedtlee strong wall and was

supported by four concrete blocks (1.5 ft x1.51ft5«ft) sitting on the strong floor.
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6.5.9: Position transducers and LVDTs to measure siar and flexural deformations
along web of specimen

In the first and second story webs of the specinten diagonal elongations and
vertical elongations at both ends of the diagomase measured to calculate shear and
flexural deformations along the web of the speciraethe first and second stories of the
specimen. The instrumentation method and calculatiethod are described by Massone
and Wallace (2004).

A schematic diagram of the gauges used to measwresitear and flexural
deformations is shown in Fig. 6.45. Four positimnsducers were used to measure the
diagonal elongations. Four LVDTs were used to mesasioe vertical elongations. The
vertical displacement of the foundation connecfitate was obtained from the position
transducers attached to the top of the foundatmmnection plate (attached for the
purpose of measuring vertical strains as describeSection 6.5.8 and shown in Fig.
6.41). The vertical displacement measurements ftio@se position transducers were
deduced from the vertical displacement measurenfemis the LVDTs attached in the

first story level to calculate the vertical elorigatof the first story plate.

Figure 6.46 shows a photograph with position tranets and LVDTs attached in
the first and second stories of the specimen. TH®Ts were attached to the same
aluminum frame described in Section 6.5.8. Plotsludar and flexural deformations
calculated from this data are provided in Apperdi%0.

6.5.10: DEMEC mechanical strain gauges to measur&ains on shear wall plates

DEMEC mechanical strain gauges (with a resolutibi®.601 mm from Mayes
Instruments Limited) were used to measure therstran shear wall plates to provide
additional strain data from a different source. &otption of losing some strain gauges
because of plate yielding was another reason tahgsenechanical strain gauges so that

there would be at least some strain measuremertiacksup. In order to measure the
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strain between two points on the plate over a 160distance, two DEMEC points were
glued (using a two parts epoxy, BondAway 2011A/R)Iftom Fielco Adhesives) to the
plate at those points, and variation in the distdnetween those two DEMEC points was
measured using the DEMEC invar beam with a digital gauge attached to that. The
digital dial gauge reading was multiplied by a éaatf 0.8 to get the variation in distance
between those two DEMEC points. Figure 6.47 showha@to of two DEMEC points
attached to the plate and Fig. 6.48 shows a pHdtedEMEC invar beam.

Fifteen pairs of DEMEC points were attached to dfiGhear wall plates in the
first story of the specimen. Five pairs of pointsrevlocated on the east side of the web;
four pairs of points were mounted on the south sidst of the flange, and the remaining
five pairs of points were located on the north afi¢he flange. Refer to Figs. 6.41 and
6.43 for the locations of the DEMEC points on thebwand flange of the specimen,
respectively. Plots of strain measurements caledldtom data collected using the

mechanical strain gauges are provided in Appendrx D

6.5.11: Optotrak used to measure strains on shearall plates

Optotrak Certus Motion Capture System (from NomhBigital Inc.) was also
used to measure the movements of target pointshattieto the specimen (see Fig. 6.47).
The Optotrak system measures the coordinates géttaoints. Strain was calculated by
dividing the difference in distance between twonp®iby the original distance. Plots of
strain measurements calculated from data collectégti the Optotrak system are

provided in Appendix D.8.

6.5.12: Dial gauges attached to monitor the movemeaf foundation block

Dial gauges were installed on the strong floor agjaihe foundation block of the

specimen to monitor any sliding of the specimenrdutesting. Five dial gauges were
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installed. Two dial gauges were installed to mardtoy rotation of the foundation block,
and two dial gauges were installed to monitor amyement of the foundation block in
the loading direction. The fifth gauge was insgli@gainst the top of the foundation
block (on the north side) to monitor any upliftthé foundation block.

6.6: Test Method

Cyclic lateral load was applied to the specimendisplacing it to a program of
specified drift. In each load cycle, first, the sipgen was pushed to a specified drift in
the strong direction. Then, it was pushed to tmeesdrift in the weak direction after the
hydraulic rams used in the strong direction of lngdvere retracted. The same drift was
repeated for one more load cycle most of the tifmvever, this pattern was not carried
out for the first loading cycle, or for the lastatbng cycle. The drift level was then
increased for the next set of load cycles. Thisepatof cycles was continued up to 2%
drift in the weak direction and 1% drift in the ®tg direction (towards the south or
towards the strong wall). To achieve 2% drift, @ls¢ of 6 in. was needed at the loading
height of 25 feet. For the first cycle, the specimes displaced to a lateral displacement
of 0.375-in. (0.125% drift) to carry out an elastaad cycle before the plates start
yielding. The load cycle and corresponding latehdft for each cycle are tabulated in
Table 6.4.

At 0.75% drift in the strong direction, the ste#tps at the far south end of the
stem started buckling. The specimen was not pusieydnd 1% drift in the strong
direction for the reminder of the test. In the lagtle (7" cycle), the specimen was
pushed to 2% drift in the weak direction, and tHentest was stopped after the specimen

was returned to approximately zero displacement.

During the test, the fillet welds between the 3ifiGshear wall plates and the 3/4-

in. foundation connection plates were monitoreddi@cking using a magnifying glass.
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Splice plate fillet welds and welds in the cornenmection were also checked for

cracking during testing. No cracking of these welds observed.

6.7: Results and Analysis

A total of seven load cycles were applied to thecspen. Refer to Table 6.4 for
the lateral drifts applied during each cycle. A inaxm lateral load of 252 kips and 442
kips were applied in the weak direction (away frstnrong wall/towards north) and in the
strong direction (towards strong wall/towards sputbspectively. Noise observed during
testing was assumed to be due to slipping of com@gainst the steel plate, presumably
by breaking the bond between the steel plate andrete or exceeding static friction
along the steel-concrete interface. It was notieflom early stages of loading. When
the specimen was cycled through larger drifts, ribse increased and the originating

location moved from the bottom of the specimen tavibe top.

At approximately 0.75% drift in the"6cycle, when the specimen was pushed
towards the strong wall (towards south), the 3fi.6eiosure plate at the far end of the
web at the bottom of the specimen started disprbntward and the web plates started
buckling. See Fig. 6.49 for a photo of the specimben the plates started buckling. The
buckling occurred between the first and secondzbotal bolt lines from the bottom
(about 4.5 in. from the bottom). The concrete iatthrea had already cracked and

crushed from earlier load cycles.

When the specimen was pushed away from the stralig(tewards north), the
buckled shear wall plates straightened somewhatréaded rod along the fifth bolt line
(20.25 in.) from the bottom fractured and the napged off as shown in Figs. 6.50.
Figure 6.51 shows a photograph of the specimeneuublack towards the strong wall
(towards south) again. During this" 7cycle, buckling occurred along the second
horizontal bolt line from the bottom (about 6.75 from bottom). More threaded rods

fractured and the nuts popped off. Then, when geeimmen was pushed away from the
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strong wall (towards north), the shear wall platgaightened again. More threaded rods
fractured and the nuts popped off. The specimenpuabed to a maximum of 2% drift
(6-in. displacement) towards the north. The analg$ithe important results is discussed
in the following sub sections. Plots of all the s@@ments are provided in Appendix D.

6.7.1: Lateral deflection of the specimen

Lateral deflections at various locations on thecgpen were measured using the
wire potentiometers mounted between the strong aadl the specimen. Refer to Fig.
6.39 for the locations of the wire potentiometenstlve specimen. The readings from the
top two wire potentiometers (WP1 and WP2) were usethlculate the lateral drift ratio
of the specimen along the loading axis. The heijtihe loading axis from the bottom of
the specimen (from the top of the foundation cotinacplate) was 295 in. Hence, the
lateral drift ratio was calculated by dividing theerage of the deflection measurements

from the top two wire potentiometers by the hei@®5 in.

Figure 6.52 shows the height versus lateral diédlecplots at various loading
stages. It can be seen from the plots that theectefl shape of the specimen for a
particular drift was very similar for different Idecycles. Furthermore, it could be also
noted that the slope of the height versus latezfiédtion plots decreased along the height
of the specimen. During thd'Zycle, when the specimen was pushed to 2% drifatds
the north, a large portion of the bending (curv@fwras concentrated in the first story of

the specimen.

6.7.2: Variation in vertical load during the test

Vertical (or axial) load was applied by post-temsing eight 1-3/8-in. diameter PT
bars, most of which extended from the bottom offthendation block to the top of the

specimen. During the cyclic loading of the specimée vertical load was expected to
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vary as the specimen moved laterally. Strain gawge® attached to six PT bars to
measure the strain and then calculate the lodwkifPT bars (see Section 6.5.1 for details).
All three PT bars in the web and the three of thie PT bars in the flange were gauged
(see Fig. 6.37). Loads measured in the three P ibahe flange were very close (refer
to Appendix D.1 for the vertical load versus latehdft plot for each PT bar). Hence, the
load in the other two PT bars in the flange wasiaesl to be same as the average load in

the three gauged PT bars.

Initial total load in the PT bars measured using strain gauges was 1170 kips
while the total load measured using the presswakegdiuge on the loading pump used to
apply post-tensioning was 1320 kips. Past expegishows that load inferred from strain
gauge measurements is more reliable than the loatputed using the pressure dial
gauge on the loading pump. The total load in théoBE versus lateral drift plot is shown
in Fig. 6.53. It can be seen from the figure that tbtal load on the PT bars increased to a
maximum of 1290 kips and decreased to a minimurhl&0 kips when the specimen
was pushed away from the strong wall. It increased maximum of 1260 kips and
decreased to a minimum of 1150 kips when the spatiwas pushed towards the strong

wall.

When the specimen moved laterally, the post-tersidmars also moved along
with the specimen. Hence, the vertical load wagraks the vertical component of the
total load on the PT bars (referred as “verticadlothroughout this report). Similarly, the
horizontal component of the total load on the P& bbeas subtracted from the lateral load
(refer to Section 6.7.3). The inclination of theesipnen and the post-tensioned bars was
calculated using lateral deflections of the speairakng the loading axis (at the fifth-
story level) and at the fourth-story level. See. g4 for the adjusted vertical load
versus lateral drift plot. The adjusted verticadadiffered by a maximum of less than 1
kip from the total load on the PT bars. This isdwese of very small inclination of the

specimen.
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6.7.3: Lateral load versus lateral drift

A lateral load of 442 kips was applied to pushgphecimen in the strong direction
to a lateral drift of 1%. Similarly, a lateral load 252 kips was applied to push the
specimen in the weak direction to a lateral drifi266. Lateral load was applied using
eight hydraulic rams to push the specimen in thengt direction and using a single

hydraulic ram to push the specimen in the wealctoe.

Lateral load was inferred using pressure measursmmade with a pressure
transducer attached to the loading pump. In addiiothat, four load cells mounted on
four of the eight horizontal PT bars used to appad to push the specimen towards the
strong wall were also used to measure load. Loa@sred or measured during the first
half of the &' cycle (when the specimen was pushed towards thagstvall) using the
pressure transducer and load cells are shown is. Bgh5 and 6.56. Those two
approaches to determining loads produced very aimalsults as shown in Figs. 6.55 and
6.56. Hence, the pressure transducer readings emraidered sufficient for inferring

applied lateral load.

As mentioned in Section 6.7.2, the horizontal congm of load in the vertical
PT bars was subtracted from the load applied ubydraulic rams to get the actual
lateral load (denoted as “lateral load” throughtbig report). This “lateral load” was used
for all the remaining plots and results analysiee §-ig. 6.57 for the variation of
horizontal component of load on the PT bars witarkl drift. The maximum value of the
horizontal component was 30 kips.

Figure 6.58 shows the lateral load versus drifioreésponse for each of seven
cycles, while Fig. 6.59 shows the lateral load wsrdrift response for the first three
cycles (for the purpose of ease in viewing). Therk loads have been adjusted for the
horizontal component of the axial load. In the gldhe load and drift measured away

from the strong wall (towards north or in the watkection) was considered positive.
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Slope of the lateral load versus drift ratio resgmgradually decreased over the load

cycles, indicating that the stiffness of the shealt decreased after each load cycle.

6.7.4: Strains in reinforcing bar hooks

The No.7 reinforcing bar hooks were designed wdyfor the vertical
forces generated from the 3/16-in. shear wall platben tensile fracture of the shear
wall plates occurs (as a capacity design approachgnsile strength of 70 ksi for the
shear wall plates and yield strength of 60 ksitf@r reinforcing bar hooks were used for
designing the reinforcing bar hooks (see Sectidinl& for details of design). A total of
seven strain gauges were attached to the No.7rein§ bar hooks to monitor the stress

levels they reached during cyclic loading.

Figure 6.38 shows the locations of the strain gaugeures 6.60 and 6.61 show
the strain measurements from strain gauges R4 d@ndd3pectively. Strain gauge R4
which was located beneath the web of the speci@82% in. from the south end)
reached maximum compressive and tensile strain80&fue and +125Que. For 60 Kksi
yield strength for the reinforcing bar hook, thelgtistrain would be approximately 2070
ue. Hence, the reinforcing bar hook at that locatieached a stress level of only 0.63

times yield strength.

Strain gauge R7, which was located beneath thgédlaf the specimen, reached
maximum compressive and tensile strains of {l2@nd +30Que. Hence, the reinforcing
bar hook at that location reached a stress levehlyf 0.14 times yield strength. It can be
noted from Figs. 6.60 and 6.61 that when bucklioguored (after a lateral load of
approximately 420 kips), strains increased draraliyion compression at R4 and in

tension at R7.

Strain gauge R2 (which was 3.75 in. from the sant) did not work properly
during the test. It must have been damaged befodeiing the test. If the strains from
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R4 and R7 are extrapolated assuming that the stmiar the depth of the section vary
linearly, then the maximum strain in the reinforgibar hook to which R2 was attached
would be 204Que. It would indicate that the reinforcing bar hooksiclose to yielding at
that location.

6.7.5: Strains in concrete

A total of six concrete strain gauges, three nkarkiottom of the specimen and
three in the second story, were used to measw@i@sin the concrete during the test. The

locations of the concrete strain gauges are shovAgs. 6.40 through 6.43.

Near the bottom of the wall specimen, the closesiciete strain gauge to the
south end (concrete strain gauge C1) in the web Mam. away from the south end.
From the strain measurements from that strain ggsge Fig. 6.62), the maximum
measured compressive strain was approximately gg85erom the stress-strain model of
the high strength concrete used in Section 6.8 cbncrete compressive stress at 2850
ue would be 5.7 ksi (which occurs after reaching peak stress of 11.5 ksi). When
buckling occurred (between -0.75% and -1.0 % dhifting cycle 6), after a lateral load
of approximately 420 kips, strains increased drazally as can be seen in Fig. 6.62.
When buckling occurred and the plates could nastreggnificant load, the concrete had
to resist most of the load transferred to that aegiFigure 6.63 shows the strain
measurements from a strain gauge (C3) in the flamggr the bottom of the wall
specimen. Maximum compressive strain was 380 Strain measurements from the

remaining strain gauges are presented in Appendix D

At or shortly after buckling of the plate occurredncrete must have crushed at
the south end. Crushed concrete could be seerm iphtbtograph taken immediately after
buckling and is shown in Fig. 6.49. However, it wad possible to determine whether

crushing of the concrete occurred before or aftekling occurred.
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A concrete with design compressive strength of diGhas used for the specimen.
The 28-day strength of the concrete was 9,360 9gi ksi) while the compressive
strength of the concrete on the day of testing 143480 psi (11.5 ksi) based on 6 x 12 in.
cylinder tests. Considering the very high strengththe concrete used to cast the
specimen, crushing of concrete, and dramatic isergaconcrete strains at the south end
of the web when buckling of the steel plates oamlirprevention of plate buckling would
be a very effective way to minimize the increasecamcrete strains. The steel plates
likely provided some confinement effect for the cate that was effectively lost when
the steel plates buckled.

6.7.6: Strains in the shear wall plates

Shear and bending moment over the height of tHeara developed due to the
applied lateral load. The wall plates experiencedi®al tension and compression cycles
due to moment developed by the applied cyclic lo&tsin gauges were attached to the
3/16-in. shear wall plates to measure strains deeel due to these tension and
compression cycles. The locations of the straiggaware shown in Figs. 6.40 through
6.43. The yield strength and tensile strength ef plate were 60.0 ksi and 70.1 Kksi,
respectively. The yield strain calculated from theld strength (assuming a Young’'s
modulus of 29,000 ksi) was 207ie.

The strain gauges were attached to the platesthéarertical load was applied by
the post-tensioning of the vertical PT bars. Hersteains measured with the strain
gauges did not include the strains resulting fromertical load. The total vertical load
was 1170 kips. It is very plausible to assume thatstrains from the vertical load were
distributed uniformly over the cross section of ghear wall. Considering the modulus of
elasticity for the steel and concrete as 29,000aksi 6,100 ksi, respectively, then the

vertical compressive strain on the steel plate vedsulated to be 120ke.
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The analysis of the important results is discuggethe following sub sections.
Plots of all strain measurements from strain gawgethe shear wall plates are provided

in Appendix D.5.

6.7.6.1: Strains in the shear wall plate at 1 irmbove the foundation connection plate

Figure 6.64 shows the strains measured 1 in. ablmwdoundation connection
plate at the south end of the specimen (SG 45wabaplate). During cycle 6, the strain
gauge was damaged and the strain values for ttez fzrt of cycle 6 and cycle 7 were
not included in the plot. The plate yielded at tlogation in tension during cycle 2 (cycle
2N-when the specimen was pushed away from the gstwall) when the lateral
deflection, lateral drift ratio, lateral load, amdoment at that location were 0.49 in.,
0.17%, 77.4 kips, and 1940 kip-ft, respectively.

The plate yielded at that location in compressianmg) cycle 4 (cycle 4S-when
the specimen was pushed towards the strong wahtne lateral deflection, lateral drift
ratio, lateral load, and moment at that locatiomen@96 in., 0.32%, 231.7 kips and 5770
kip-ft, respectively.

During cycle 4, cycle 5 and cycle 6, when the speci was unloaded after it was
pushed towards the strong wall (towards southhifsognt plastic compressive strains
(between 2100 to 290&) were evident from Fig. 6.64.

Figure 6.65 shows the strains measured at 1 inzeatiee foundation connection
plate at the north end of the specimen (SG 52 amg# plate). The plate yielded at that
location in tension during cycle 6 (cycle 6S - whiea specimen was pushed towards the
strong wall) when the lateral deflection, lateraftdatio, lateral load, and moment at that
location were 1.67 in., 0.57%, 338.7 kips and 8Kipéxt, respectively.
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The plate yielded at that location in compressiarirdy cycle 7 (cycle 7N-when
the specimen was pushed away from the strong walkdn the lateral deflection, lateral
drift ratio, lateral load, and moment at that lematwere 3.00 in., 1.02%, 221.4 kips and
5740 kip-ft, respectively.

6.7.6.2: Average strains over the bottom 8 in. ohgar wall plate

Position transducers were used to measure thegevsteains over the bottom 8
in. of the shear wall plates. Refer to Section &.%ig. 6.41 and Fig. 6.43 for the
instrumentation method and locations of the pasitransducers. Over a vertical distance
of 8 in., the bottom position transducer was awdcho the top of the foundation
connection plate and the top position transduces atéached to the shear wall plate.
Hence, the strain calculated from the readings fthe position transducers includes
strain over 8 inches of shear wall plate and th&eetween the shear wall plate and

foundation connection plate.

Figure 6.66 shows the strains calculated at 1.5ram the south end (between
position transducers 17 and 18). The strain exak#deyield strain of the plate (20%6)
during the second and fourth cycles in tension@mdpression. During cycle 6, when the
specimen was pushed towards the strong wall, theximen started buckling at
approximately a lateral load of 410 kips (- 410skim the plot). Buckling occurred
between the top and bottom position transducerBign6.66, a sudden increase in strain
at that load can be noted. Because strain waslatddufrom the distance between the
position transducers, the calculated strain vaaits buckling cannot be taken as actual
strain over that distance. Buckling extended u@liout half the web length from the
south end. Hence, this will also be the case fomirst calculated between position

transducers 15 and 16.

Figure 6.67 shows the strains inferred from measents at the outer fibers of

the flange of the specimen (between position tracess 7 & 8). Strains exceeded the
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yield strain of the plate (207&) during the sixth and seventh cycles in compresaitd
tension. The plots of strains calculated usinggbsition transducers at other locations

are provided in Appendix D.

6.7.6.3: Strains on the shear wall plate at 22.28.iand 49.25 in. above the
foundation connection plate

Strains at 22.25 in. and 49.25 in. above the fotiodaconnection plate were
measured using the DEMEC mechanical strain gaugés (o Section 6.5.10 and Figs.
6.41 and 6.43 for the measurement method and ¢osatof DEMEC points). The
readings (distances between the points) were migmealorded at certain intervals until

completion of the 8 load cycle.

DEMEC gauges DG2 and DG12 were located 22.25 invealithe foundation
connection plate. DG2 was on a web plate at 18om the south end and DG12 was on
the outer flange plate. Figures 6.68 and 6.69 stmwvstrains calculated at DEMEC
gauges DG2 and DG12. During th® Bad cycle, the plate at location DG2 reached
maximum tensile and compressive strains of 1x7énd 824ue, respectively. The plate
at location DG12 reached maximum tensile and cosgre strains of 872e and 528.e,

respectively.

DEMEC gauges DG1 and DG11 were 49.25 in. abovéainedation connection
plate. DG1 was on a web plate 18 in. from the saulti and DG11 was on the outer
flange plate. Figures 6.70 and 6.71 show the straatculated at DEMEC gauges DG1
and DG11. During the"5load cycle, the plate at location DG1 reached maxr tensile
and compressive strains of 1,51and 720ue, respectively. The plate at location DG11

reached maximum tensile and compressive straiB9@&jfie and 392ue, respectively.

BEHAVIOR AND DESIGN OF EARTHQUAKE-RESISTANT DUAL-PATE COMPOSITE SHEAR
WALL SYSTEMS



149

6.7.6.4: Strains on the shear wall plate at 85.5.imbove the foundation connection
plate

Figure 6.72 shows the strains measured at 85.5almve the foundation
connection plate at the south end of the specirB& 15 on web). The plate yielded at
that location in tension during cycle 6 (cycle 6Kem the specimen was pushed away
from the strong wall) when the lateral deflectidateral drift ratio, lateral load, and
moment at that location were 2.77 in., 0.94%, 2144 and 4,010 kip-ft, respectively.
At that location, the plate underwent a maximumaistrof 1,145pe (0.50 €y) in

compression during the test.

Figure 6.73 shows the strains measured at 85.5almve the foundation
connection plate at the north end of the specin®@ @1 on flange). The plate
experienced a maximum strain of 1090(0.47€y) in tension and a maximum strain of

621 e (0.27€y) in compression during the test.

6.7.6.5: Variation of strains along the depth of th shear wall

Plots of variation of strain along the depth of thall at different heights are
shown in Figs. 6.74 through 6.79. Strain measurésnieom strain gauges were used to
generate the plots. Figures 6.74 and 6.75 showahation in strain along the depth of
the wall for various load stages at an 85.5-inghefrom the bottom of the wall (85.5 in.
above the foundation connection plate) on the eamt west sides of the wall,
respectively. From the plots, it can be seen thaastrain versus distance relationship was
almost linear at that height during the entire.t€sirthermore, strains on the east and

west sides of the wall are numerically very similar

These figures show that the web plate up to ab&u B. from the south end
yielded in tension at this height while the othartp of the plates remained elastic. It
could be noted that the tensile strains developédeasouth end when the specimen was

pushed towards the north for a certain drift welgags larger than the compressive
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strains developed at the south end when the spacivas pushed towards the south for
the same drift. This trend could be noted at bdih 8-in. height and 1-in. height

discussed below.

Figures 6.76 and 6.77 show the variation in staéomg the depth of the wall at 8
in. above the foundation connection plate on thst @end west sides of the wall,
respectively. From the plots, it could be seen thatstrain versus distance relationship
was close to linear till the end of cycle 6. Stsasteadily increased from south to north
when the specimen was pushed towards the northstaiths steadily decreased from
south to north when the specimen was pushed tovilaedsouth. However, this behavior
was not consistent for cycle 7. Possible reasomhinbe that the strain gauges which
reached very high strains in the earlier cycles baen damaged and the steel plates

sustained large residual strains.

Figures 6.76 and 6.77 show that the web plate wgbtut 54 in. from the south
end yielded in tension, while the web plate up tistance between 18 and 36 in. from

the south end yielded in compression.

Figures 6.78 and 6.79 show the variation in stadomg the depth of the wall at 1
in. above the foundation connection plate on eadtveest sides of the wall, respectively.
From the plots, it can be seen that the strainugedistance relationship was close to
linear till the end of cycle 5. However, this belmwvas not consistent for cycle 6 and

cycle 7.

Figures 6.78 and 6.79 show that almost the enteb and both flange plates
yielded in tension, while the web plate up to aatise between 18 and 36 in. from the

south end and the outer flange plate yielded ingression.
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6.7.7: Moment versus curvature along the depth ohe wall

For applied lateral load, moment decreases witghtesof the horizontal section
considered. Moment versus curvature plots were ldped at 1-in., 8-in. and 85.5-in.

heights above the foundation connection plate.

Moment at a particular section was calculated hysitering three components:
(a) load applied by the hydraulic rams multiplieg the height difference between the
loading axis and the horizontal section considefelhorizontal component of the total
load on the vertical PT bars multiplied by the Ieidifference between the top of the
specimen and the horizontal section considered(ensertical component of the total
load on the vertical PT bars multiplied by the eliéince in lateral deflections at top of the

specimen and the horizontal section considered.

Curvature at a particular section was calculateanfithe strain measurements
from the strain gauges along the depth of the wallrvature was calculated as the
gradient of the strain versus distance relationvds averaged from the values obtained
for the east and west side of the wall at a hotadogection. Strain measurements from
the same strain gauges used to plot the variafi@trans along the depth of the shear
wall (as detailed in Section 6.7.6.5) were alsalusecalculate curvature for the moment

Versus curvature p|OtS.

Moment versus curvature plots at 1-in., 8-in., &%5-in. heights are shown,
respectively, in Figs. 6.80, 6.81 and 6.82. Cumatior a particular moment was the
largest at the 1-in. height and smallest at th&-8b. height. For example, at the peak of
cycle 5N when the wall was pushed away from thenstrwall, the moment and
curvature values are listed in Table 6.5. The satb curvature/moment at 1-in., 8-in.,
and 85.5-in. heights were 0.35, 0.14 and 0.10,ewsly. At the 1-in. height, strains in
steel and concrete fell into the non-linear stidsain region earlier than the other two
sections. This might be a possible reason for mighevature/moment at a 1-in. height

than at 8-in. and 85.5-in. heights. At the 1-inighg there was no available strain data
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for part of the 8 cycle and all of the ¥ cycle. Hence, the curvature could not be
calculated for these portions of the cycles andntloenent versus curvature response is

not shown in Fig. 6.80 for these portions of theley.

The moment-curvature diagram developed considéhi@gneasured properties of
the steel and concrete is shown in Fig. 6.8. Thenamt capacity was 10,790 kip-ft and
6,040 kip-ft for the web in compression case ant wetension case, respectively. The
maximum moment the specimen resisted during thiesmas 11,180 kip-ft for the web in
compression case, and 6,830 kip-ft for the welemsibn case, respectively. The concrete
in the specimen was confined to some degree bysthel plate assembly while
confinement was not considered in the preliminamglysis. In the moment-curvature
diagram developed in the preliminary analysis, t@ment started decreasing after a
curvature of 0.000975ft This was because of the reduction in concre@ngth after it
reached the peak as shown in Fig. 6.6. Howeverntbment was increasing at that

curvature in Fig. 6.80, possibly because of thdinement of concrete.

Vertical load was not included in the moment-cuuvatdiagrams developed in
the preliminary analysis. The curvature in Fig8806.6.81 and 6.82 (for the moment-
curvature diagram from the test) calculated fromrtieasured strains also did not include
strains from the vertical load. When calculating thoment for the moment-curvature
diagram from the test, the effect of the horizom@minponent of the PT bar load and the
moment calculated by multiplying the vertical loag the lateral deflection of the
specimen were considered. Strains in the steet plam the total vertical load of 1170
kips were calculated to be 136.

6.8: Summary and Conclusions

The behavior of the intersecting wall elements &yclic lateral load was
experimentally investigated using a 3/8-scale tardgr T-shaped composite wall. The

specimen was 319.5 in. (26’-7 1/2") above the fatimh connection plate which
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extended 5 in. above the 3-ft tall foundation bloEke foundation block was anchored to

the strong floor using post-tensioned bars.

A plate thickness of 3/16 in., a transverse bamei®r of 3/8 in., bar spacing of 4-
% in. and a wall thickness of 9 in. were used far plate assembly. The plates were
A572 grade 50 steel. From coupon tests, yield gtheand tensile strength of the plate
were 60.0 ksi and 70.1 ksi, respectively. Desigargjth of the concrete was 10 ksi. The
28-day strength of the concrete was 9,360 psiKSiwhile the compressive strength of

the concrete on the day of testing was 11,4801dsb(ksi) from cylinder tests.

6.8.1: Load and Moment capacities

A total vertical load of approximately 0.3® (where A is the gross cross-
sectional area of the shear wall) was applied bst-pesioning eight high-strength PT
bars, most of which extended from the bottom offthendation block to the top of the
specimen. This vertical load was used to simulageself weight of the shear wall and
service load transferred to the shear wall by tla@ity-load framing. During the test, the
load on the PT bars varied as the specimen wagdedjto cyclic lateral loads. Initial
total load on the PT bars was 1,170 kips. It vabetiveen 1,290 and 1,150 kips during
the test. Hence, the vertical load varied by a maxn of 10 percent during the test.
Inclination of the specimen due to the lateral lowas considered in calculating the
vertical load on the specimen and the horizontahmmnent which was subtracted from
the lateral load applied using by the hydraulicsam

From the test, the maximum moment the specimenabbesto resist was 11,180
kip-ft in the strong direction (compared to 10,780-ft calculated in the preliminary
analysis). The plate at the far end of the web lmacht this applied moment. In the weak
direction, the maximum moment the specimen residtethg the test was 6,830 kip-ft
(compared to 6,040 kip-ft calculated in the pretfiary analysis). This occurred when the
specimen was pushed to approximately a 2% drifh ratthe weak direction. The higher
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moment capacity of the shear wall from the test garad with the moment capacity
from the preliminary analysis may be due to thefioement of concrete by the steel
plate assembly. During the preliminary analysi® thoment-curvature diagram was
developed using force equilibrium equations assgnstrain linearity over the cross
section of the shear wall. Buckling of the plateswat considered when developing the

moment-curvature diagram.

6.8.2: Design and behavior of specimen components

During the test, no cracking (or fracture) was obse in the splice plates, the
fillet welds between the splice plates and the skedl plates, the angles in the corner
connection, the fillet weld between the angles tralsplice plates, and, perhaps most
importantly, the fillet weld between the 3/16-irhesr wall plates and the 3/4-in.
foundation connection plates. It indicates thats¢éhevelds were successfully designed
using the method used to design the specimensrsthdy (as detailed in Section 6.3).

The splice plates and fillet welds between the adm@cent plate assemblies were
designed to transfer forces from the top platerabgeto the bottom plate assembly. The
3/16-in. shear wall plates up to an elevation betwthe third and fourth stories were
expected to strain beyond yield. Hence, the filletld was designed for the tensile
strength of the shear wall plate for the bottone¢hlevels. A 3/8-in. thick splice plate
with 5/16-in. fillet weld on top and bottom of thplice plate was used for the splice plate
connections for the bottom three levels. A 3/16timck splice plate with 3/16-in. fillet
weld on top and bottom of the splice plate was usedhe splice plate connections for

the top two levels.

The vertical joint between the flange and web a& #pecimen was made by
welding single angles (L2-1/2x2-1/2x1/4 of A36 $}¢e the 3/16-in. plates of the flange
and web. Considering the forces in the flange tarbesferred to the web, the angle
thickness and weld size were calculated to be ri/&md 3/16-in., respectively. It was
considered that the total force from the flange wWwassferred to the web via the two

welds which extended the specimen height on eaehddithe web.
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The weld joint between 3/16-in. shear wall platesd &3/4-in. foundation
connection plates was provided to transfer foragesnfthe shear wall plates to the
foundation connection plates. The fillet weld s{Z£L6 in.) was designed based upon the
forces developed assuming tensile fracture of trearswall plate. Sample weld joint
specimens were made and tested under cyclic tensiading to evaluate their
performance. Tensile testing of sample specimeosgepr that the fillet weld joint would
resist the forces developed upon tensile fractitheoshear wall plate.

The foundation connection plate was designed cernisigl the combined effect of
fracturing of the shear wall plate in tension ahd shear transferred to the foundation
connection plate during the cyclic loading. Theckiniess of the foundation connection
plate was calculated to be 3/4 in. for a platerafdlg A36 steel. Even though there were
no strain gauges attached on the plate to measutieal strains, there was no visible

yielding (flaking of mill scale) or fracture of th@ate.

The No.7 reinforcing bar hooks were designed camsig yielding of the
reinforcing bar hooks for the vertical forces frahe 3/16-in. shear wall plates upon
tensile fracture of the shear wall plates. Yiel@ist of the reinforcing bar hook was 2070
pe. At 29.25 in. from the south end, maximum compgkesand tensile strains in No.7
reinforcing bar hook were 1,30 and 1,250ue, respectively. Maximum compressive
and tensile strains in a reinforcing bar hook bémdze flange were 120 and 300ue,
respectively. If extrapolated assuming that thaissr over the depth of the section are
linear, then the maximum strain at the reinfordig hook near the south end would be
2,040 ue compared to the yield strain of 2,06. Hence the reinforcing bar near the

south end was expected to have been close tonygettliring the test.

However, this higher strain was concentrated ortlythat location and the
reinforcing bars at the other locations had smadteasins. For example, the maximum

strain beneath the flange was 300 which is only 15% of the yield strain. Hence,
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reinforcing bar hooks can be designed considetvegatctual forces expected from the
foundation connection plate at each location irsteadesigning the reinforcing bars
considering tensile fracture of the shear wall gdaat all locations. However, further

research needs to be conducted to validate thisauet

Shear studs welded to the %-in. thick foundationneation plate were designed
to resist the maximum lateral load applied to thecgmen during cyclic load tests. Even
though there were no sensors used to monitor faatithe shear studs, there were no

obvious indications of shear stud failures.

Almost the entire length of the 3/16-in. shear vpddites at the foundation yielded
during the test (however not at the same timexpsaed. At the 85.5-in. height, the web
plate up to about 31.5 in. from the south end weélth tension while the other parts of
the plate remained elastic. At the 8-in. heigh¢, wWeb plate up to about 54 in. from the
south end yielded in tension, while the web pladdaia distance between 18 and 36 in.
from the south end yielded in compression. At the. height, almost the entire web and
both flange plates yielded in tension, while théowéate up to a distance between 18 in.

and 36 in. from the south end and the extreme danigte yielded in compression.

6.8.3: Expectation and results from the test

The main purpose of the cyclic load test was tafyewhether the designed
components of the specimen fulfilled the purpogewhich they were designed. Splice
plates, fillet welds between the splice plates simehr wall plates, the angles in the corner
connection, fillet weld between the angles andceptilates, fillet weld between the shear
wall plate and foundation connection plate, thenffation connection plate, reinforcing
bar hooks welded to the foundation connection plated shear studs welded to the
foundation connection plate all resisted the fotcassferred to them when the specimen

was pushed to 2% drift in the north direction.
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Tensile strains developed at the south end whespgeeimen was pushed towards
the north for a given drift were always larger thiha compressive strains developed at
the south end when the specimen was pushed towsdsouth for the same drift. This
trend was noticed for different load cycles angatous heights of the specimen. Hence,
pushing the specimen in the north direction wouddedop larger tensile strains in the
splice plates, fillet welds between the splice gdaand the shear wall plates, fillet weld
between the shear wall plates and foundation cdmmmeqlates, the foundation
connection plate and reinforcing bar hooks at thels end. The plate at the south end
buckled at approximately 0.75% drift when the spegi was pushed towards the south.
If buckling of the plate could have been preventben the splice plates, fillet welds
between the splice plates and the shear wall pléties welds between the shear wall
plates and the foundation connection plates, thdation connection plates, and the
reinforcing bar hooks might have been able to tdhis forces when the specimen was

pushed to 2% drift in the south direction too.

Buckling of the plate could be delayed by the failog methods.

1. Decreasing the vertical spacing between the trassviears in the web
(especially at the extreme end of the web) so ttatheight of the plate
for buckling would be reduced.

2. Decreasing both vertical and horizontal spacingvbenh the transverse
bars in the web (especially at the extreme endhefweb) so that the

concrete could be confined more.

3. Providing more reinforcement in the web (especiatlyhe extreme end of

web) so that the concrete could be confined more.

4. Increasing the thickness of the shear wall platehé web while keeping

the thickness of the shear wall plate in the flangehanged. By doing this,
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the moment capacity of the section would be in@eéa$hen all the other
shear wall components (welds and connections) woedd to be

redesigned.

5. Welding the end plate at the end of the web solidlthe shear wall plates
so that the concrete could be confined more. S¢teids can be welded to
the end plate to prevent buckling of the end platel subsequently
buckling of the shear wall plates.

6. Building a smaller flange at the south end simitathat used on the north
side of the wall. Then the neutral axis would bevetbtowards the south
end. The new flange would take a larger portionthefload taken by the
web earlier. The moment capacity of the section ld/doe notably
increased. All the other shear wall components develnd connections)

would need to be redesigned.

If buckling of the plate could be prevented by ismknting some of the methods
described above, then the design approach useddsirteist could be used to design the
structural components for dual-plate composite isivedls to resist cyclic lateral loading
up to 2% drift ratio, and perhaps even greatet datfos.
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Table 6.1 Voltage, amperage, and speed of each thrpasses of the 7/16-in. fillet

weld
Weld Pass Voltage Amperage (averagé) Speed (averag#@inin)
1% 23.5 238~280 9.1
2" 23.5 234~280 9.9
3 215 205~255 10.2

Table 6.2 Average measured weld size of the 7/16-fillet weld between foundation
connection plates and shear wall plates

Leg Size Leg Size | Final Effective| Designed Effective
Location in the joint| Horizontal (in) | Vertical (in) | Throat size (in)  Throat size (in)
Web (East side) 0.538 0.428 0.335 0.309
Web (West side) 0.530 0.459 0.347 0.309
Flange (North side 0.512 0.469 0.346 0.309
Flange (South side 0.517 0.453 0.341 0.309

Note: North side — strong wall to specimen diratifor web to flange direction)

Table 6.3 Average measured weld size of the fillateld between the angle and shear

wall plate at web-to-flange intersection — First giry

Leg Size Perpendicul] Leg Size Along Final Effective| Designed Effective
Location in the joint to 3/16" plate (in) | 3/16" plate (in] Throat size (in) Throat size (in)
East joint - Flange plate 0.192 0.205 0.140 0.133
East joint - web plate 0.203 0.189 0.138 0.133
West joint - web plate 0.175 0.215 0.136 0.133
West joint - Flange plate 0.187 0.225 0.144 0.133
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Table 6.4 Displacement and drift ratio achieved dung each cycle

Cycle | Deflection (in) Drift (%
1-S 0.375 0.125
1-N 0.375 0.125
2-S 0.75 0.25
2-N 0.75 0.25
3-S 0.75 0.25
3-N 0.75 0.25
4-S 15 0.5
4-N 15 0.5
5-S 15 0.5
5-N 15 0.5
6-S 3 1.0
6-N 3 1.0
7-S 3 1.0
7-N 6 2.0

Table 6.5 Moment and curvature at the peak of cycl&N

Height (in)] Moment (kip-ft) Curvature (1/&*1@ Ratio of Curvature/Moment (Iﬁf:fft'z*lo'G)
1 4028 1395 0.35
8 3890 555 0.14
85.5 2840 284 0.10
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Figure 6.1 Different shapes of shear wall componesin a typical shear wall layout
(Washington Mutual / Seattle Art Museum, Seattle, WA — 55 story)
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Figure 6.2 T-shaped intersecting wall specimen (3#&ale of prototype)
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Figure 6.21 Foundation formwork before casting conete
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Figure 6.22 A web panel assembly (first story)

Filler welds at both Transverse rods
Concrete strain gauges ends of 3/8"-dia. rods  connected with four nuts

Figure 6.23 A flange panel assembly (first story)
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Figure 6.25 Securing vertical PT bar and the plasti duct around the PT bar
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Figure 6.26 Second story ready for casting- with pkform attached

Angles bolted to
~ the plate tabs
which were

Figure 6.27 Third story ready for casting- with plaform attached
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Figure 6.28 PT bars in the flange at third story leel
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Figure 6.29 Hardware for the discontinued PT bars athe third story level
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Figure 6.30 Coupler joint for a continued PT bar am hardware for discontinued PT
bar —in process- at third story level
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Figure 6.31 PT bars at the third story level
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Figure 6.32 Coupler joint for vertical PT bar at the third story level
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Figure 6.33 Specimen - completed
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Figure 6.36 Side view of the cyclic loading test sap
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Figure 6.44 Aluminum frame in which position transducers and LVDTs were
attached (view from east to west)

BEHAVIOR AND DESIGN OF EARTHQUAKE-RESISTANT DUAL-PATE COMPOSITE SHEAR
WALL SYSTEMS



189

LYDT 1 ‘-' » ¥ ® ® o ® o o =o oFTIEY &4

T » ®# ® © B ® & b O LR . ===
% E @ ® ® @B ® 0w  ® = !
r & o ®« & o B B r ¢ B0 B -
r & o = 2 o B 2 © & B B

VDT [§*

b

? LVDT-upper tip indicates the location
& FPosition Transducer (FT)-tip indicates the location

Figure 6.45 Instrumentation to measure shear straimlong the web

BEHAVIOR AND DESIGN OF EARTHQUAKE-RESISTANT DUAL-PATE COMPOSITE SHEAR
WALL SYSTEMS



190

LVDT attached on Position Transducers (PT)

Aluminum frame .

frame
mounted
on strong
wall

Position
transducer

Figure 6.46 Aluminum frame and position transducersand LVDTs to measure
shear strain along web (view from east to west)
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Figure 6.49 Buckling of plate at 1% drift in the 6" cycle towards the strong wall —
towards south (Cycle 6S)
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Figure 6.50 Specimen during § cycle — loaded away from the strong wall (6N)
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Figure 6.51 Bottom of the specimen at 1% drift infie 7" cycle towards the strong
wall - towards south (Cycle 7S)
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Figure 6.54 Adjusted total vertical load versus lagral drift
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Horizontal Load at Load cell attached to 120 kim neersus Lateral Drift-Cycle 6S
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Figure 6.55 Horizontal load measured by load cellanpared to load inferred from
pressure transducer readings during cycle 6 - 120if ram
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Figure 6.56 Horizontal load measured by load cellampared to load inferred from
pressure transducer readings during cycle 6 - 200if ram
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Figure 6.57 Horizontal component of total load on ertical PT bars versus drift ratio

Lateral Load versus Lateral Drift
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Lateral Load versus Drift - First three cycles
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Figure 6.59 Lateral load versus drift ratio— Firstthree cycles
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Figure 6.60 Lateral load versus strain — strain gage on reinforcing bar hook — R4
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Lateral Load versus Strain- SG-R7 on Rebar Hooknga
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Figure 6.61 Lateral load versus strain — strain gage on reinforcing bar hook — R7
on flange
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Lateral Load versus Strain- SG - C3 on Concrete gitan

150

'
W

50

Lateral Load (kip)

—Cyclel Cc28&C3 ca
_Cyde 2 250 %7

=£OVU
—Cycle3 cagcs” Cc7
—Cycle4 c6
——Cycle® 350 A
——Cycle6 \.ﬂ;—k

- Note: Tensile strain }@
Cyclei . Iy
is positive m
+IU

Strain (in./in.*10)

Figure 6.63 Lateral load versus strain — concretetmin gauge C3 in flange
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Lateral Load versus Strain-SG 52 on plate at nemth- flange
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Figure 6.65 Lateral load versus strain — strain gage on flange plate - SG 52
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Lateral Load versus Strain - between positiontraoss 7 & 8 - on outer flange
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Figure 6.67 Lateral load versus strain — between ption transducers 7 & 8 — flange
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Lateral Load versus Strain-DEMEC Digital Strain gauDG 12 - on outer flange plate - 22.25
in. from bottom

i 150
1oU

\ e, = 2070pe
&\Qi\ 5
U
=
x
§ -800 -600 -400 -200 200 400 600 800 1,000
:' [~a)
(U U
g \ ——Cyclel
[
-
\&\ —=—Cyclez
150 N — Pyrln z

k

—Cycle4

\\ —-Cycle5

N

N
al
(o)

acn
o0

Strain (in./in.*16F)

Figure 6.69 Lateral load versus strain — from DEMECpoints — DG12 on outer
flange plate at 22.25 in. from bottom
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Figure 6.70 Lateral load versus strain — from DEMECpoints — DG1 on web plate at
49.25 in. from bottom
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Lateral Load versus Strain-DEMEC Digital Strain gauDG 11 - on outer flange plate - 49.25
in. from bottom
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Figure 6.71 Lateral load versus strain — from DEMECpoints — DG11 on outer
flange plate at 49.25 in. from bottom
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Figure 6.72 Lateral load versus strain — strain gage on web plate - SG 15
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Figure 6.73 Lateral load versus strain — strain gage on flange plate - SG 21

Strain versus Distance from South End - along thettdef the wall - 85.5 inch
from bottom - east side
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Figure 6.74 Strains along the depth of the wall &5.5 in. from bottom - east side
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Strain versus Distance from South End - along thettdef the wall - 85.5 inch
from bottom - west side
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Figure 6.75 Strains along the depth of the wall &5.5 in. from bottom - west side
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Figure 6.76 Strains along the depth of the wall & in. from bottom - east side
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Strain versus Distance from South End - along thpghdef the wall - 8 inch from
bottom - west side
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Figure 6.77 Strains along the depth of the wall & in. from bottom - west side

Strain versus Distance from South End - along thpghdef the wall - 1 inch from
bottom - east side
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Figure 6.78 Strains along the depth of the wall &t in. from bottom - east side
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Strain versus Distance from South End - along thpghdef the wall - 1 inch from
bottom - west side
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Figure 6.79 Strains along the depth of the wall at in. from bottom - west side
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Moment versus Curvature - along the depth of spetifBench from bottom
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CHAPTER 7: SUMMARY AND CONCLUSIONS

The objective of this research was to examine tabkabior of a dual-plate
composite shear wall subjected to cyclic laterablland to develop suitable methods for
the design of the corresponding structural compnéfnite element analyses, together
with characterizations of the structural strengtid &xperimental investigations were
used to accomplish this objective. This researchgnara included four major
investigations: (a) stability of the dual-plate esbly for construction loads, (b) strain
compatibility between the steel plates and infilhcrete, (c) behavior of the splice plate
connection for in-plane shear loading, and (d) betnaf the dual-plate composite shear

wall for cyclic loading.

7.1: Stability of dual-plate assembly for construabn loads

Stability behavior of a dual-plate assembly to sesionstruction loads was
analytically and experimentally investigated. Thealeplate assembly must be able to
safely support an appropriate portion of the steaming dead load and typical
construction live loads to allow construction odedtframing to proceed before concrete

is cast within the dual-plate assembly.

To assess the behavior and buckling load resistahtiee dual-plate assembly,
finite element models were assembled and the regponhthe dual-plate assembly with

various parameters for vertical loads was evaluated.

An experimental investigation was performed usirtgv@story planar dual-plate

assembly. A 3/8-scale specimen of a dual-plate csitgpehear wall with the parameters
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that are typically used in the industry was corided. A 3/8-scale specimen resulted in a
specimen with a plate thickness of 3/16 in., waltkhess of 9 in., transverse bar
diameter of 3/8 in., and a bar spacing of 4-1/2Tihe two-story unfilled dual-plate
assembly was constructed on top of a one-story {B8.&ll) concrete-filled dual-plate
assembly. Vertical load was applied to cross beammshnframed into the dual-plate
assembly. Load was transferred to the dual-platenatsly via shear tab connections. The
bottom one-story concrete-filled dual-plate assembly used for the strain compatibility
test which followed. Later, the same specimen wa® alsed for investigating the
horizontal splice plate connection test for in-gamear loading. Load was applied to the

stability specimen until significant deflection was eb®d.

The finite element results were in good agreemetit the experimental results.
However, finite element analysis predicted a maximoad 20 percent higher than the
maximum load measured during the test. Two reasmna foad less than predicted by
the finite element analysis include: (a) loadingsvetopped before the specimen failed
(buckled) and (b) imperfections in the plate asdgmivere not measured and,

consequently were not considered, in the finite elemenysisal

The plate assembly resisted a maximum load ofrh8githe maximum expected
construction load. The specimen was completely stable \mithsh zero deflection at low
load levels (about 1.1 times the maximum expectetstcaction load). The plates were

still acting elastically when the maximum load was agapli

Prior to the analytical investigation of the stapibehavior of a 3/8-scale two-
story planar shape plate assembly for vertical dpdthite element models were
developed for multiple stories (one to four storiekfull-scale prototypes. However, a
1/2-in. diameter rod, instead a 1-in. diameter rod, wsed for modeling the full-scale
prototypes. The ratios of the buckling loads for titveee and four-story plate assemblies

to the two-story plate assembly were 0.51 and OgXpectively. Hence, three and four-
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story plate assemblies would resist a vertical loh@pproximately 9 and 5 times the

typical vertical construction loads, respectively.

The experimental program was conducted for a twoygtlate assembly. Hence,
it can be concluded from this study that constauctf gravity-load framework around a
two-story core-wall plate assembly before castimgdoncrete is safe. Furthermore, from
the finite element analyses, it was determined tbamstruction of gravity-load
framework around three and four-story core-walltgplassemblies before casting the
concrete is also safe. However, further experimems¢arch should be conducted to

verify the results from the finite element analyses.

7.2: Strain compatibility between steel plates andoncrete

Strain compatibility between the steel plates amccete cast between the plates
was investigated by applying out-of-plane lateadd to the concrete-filled dual-plate
assembly (the first story of the three story specirased for the stability test). Strains in
steel plates, concrete, and reinforcement in the lmidfl the wall were measured to
determine the strain distribution through the wtaickness and thereby evaluate the
strain compatibility at different lateral load léseStrain compatibility between the steel
plates and concrete would reveal that both elemaatstogether and there is strain

linearity through the cross section.

The test demonstrated that the strain distributvas reasonably linear before the
concrete cracked, and that the linearity decreasaduglly when the lateral load was
increased. Threaded rods in the plate assembly chétpaansfer strains from the steel
plates to the concrete. Decreasing the spacingedhtieaded rods may increase the strain
linearity through the cross section of the wall.
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7.3: Behavior of splice plate connection for in-plae shear loading

The behavior of splice plate connections for implashear loading was
experimentally investigated using the second stiugl-plate assembly of the specimen
that was used for the stability test. The centratipo of the plate assembly above the
cast concrete was removed and two shear testsiof 8hg horizontal splice plates, one
test at each end of the specimen, were performe8i1éxin. fillet weld was provided to
attach the 3/16-in. splice plate to the 3/16-ireashwall plates. In-plane lateral load was
applied to the dual-plate assembly to determinertheimum load the specimen was able

to resist.

The splice plate connection did not fail during thst (until an equivalent stress
of 31.1 ksi on the shear wall plates when compavetthé nominal shear strength of 30
ksi of the steel plates). The dual plate assemldplaced laterally in the out of plane
direction at a shear stress of 26.7 ksi on the shedir plates probably because of
eccentricity in the alignment of specimen and logdet-up. Hence, an average stress of
26.7 ksi was observed to be acceptable for the ¢vitat splice plate connection prior to
failure. This is slightly less (0.89 times) than ti@minal shear strength of the 3/16 in.
plates used for the test, which is equal to 30 ksi (§)6*F

7.4: Behavior of dual-plate composite shear wall focyclic loading

The lateral load resistance and drift capacitiesthef shear wall need to be
considered when designing for cyclic lateral load. imvestigate the behavior of the
composite shear wall for cyclic lateral load, af8@ll T-shaped shear wall was tested
under cyclic lateral load. The objective of thisttems to check whether the selected
dimensions of the structural elements and detatiun the shear wall satisfy a drift

capacity of 2 percent.
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A 3/8-scale, 5-1/2 story T-shaped shear wall spetiwi¢h a 63-in. long web and
a 90-in. wide flange was selected for the cycliading test. Plate thickness, wall
thickness, transverse bar diameter and bar spaang tive same as used in the stability
test.

The vertical and shear forces from the shear wallepwere transferred to the
foundation via a foundation connection plate whighs partially embedded in the
concrete. Hence, each foundation connection plate designed for the combined
effects of the tensile fracture of the shear wdditep and the shear transferred to the
foundation connection plate. The fillet weld joirdtwveen each shear wall plate and the
foundation connection plate was designed for tlieef® developed by assuming tensile
fracturing of the shear wall plate.

Tension forces from the foundation connection platye transferred to the
foundation via reinforcing bar hooks welded to feendation connection plate. The
reinforcing bar hooks were designed to resist @msion forces associated with tensile
fracture of a shear wall plate. Shear studs weldetd foundation connection plate were

designed to resist the maximum lateral load applied ddinegyclic load tests.

The joint between the flange and web of the wadicapen was made by welding
a single angle to the flange and web on each dideeoweb. The weld along the total
length of the joint was designed to transfer thelteertical force transmitted from the

flange to the web.

Horizontal connection between two plate assemhli@s made by welding splice
plates to the top and bottom plate assemblies. fbarsvall plates up to an elevation
between the third and fourth stories were expetitestrain well beyond yield. Hence,
each splice plate connection in the bottom threeiest was designed for the tensile
strength of the shear wall plate. The splice platenections at the top two levels were

designed for the yield strength of the shear wall plate.
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Moment-curvature diagrams were developed to proai@inderstanding about
the behavior of the shear wall expected for sthtieral load and the maximum load

needed for application during the laboratory test.

Vertical load was applied to replicate the self gintiof the shear wall and the
service load transferred to the shear wall by gyawead framing. A total vertical load of
approximately 0.14:' (where A is the gross cross-sectional area of the shear walk'and f
is the 28-day design strength of the concrete) apgdied by post-tensioning eight high-
strength PT bars extending from the bottom of thenflation block to different levels

over the height of the specimen.

Lateral load was applied to the specimen in a drift-cbmtiode up to a maximum
drift ratio of 1 percent in the strong directiondad percent in the weak direction. The
shear wall plates at the extreme end of the wettestduckling at about 0.75 percent

drift ratio when the specimen was pushed in the stramgten.

During a full load cycle, larger strains were oleer at the extreme end of the
web at the bottom level of the specimen. This oetliwhen the specimen was pushed in
the weak direction (so that the steel plate at lbedtion experienced tensile strains).
Splice plates, fillet welds between the splice @ated the shear wall plates, the angles in
the corner connection, fillet welds between the emgdnd splice plates, fillet welds
between the shear wall plates and foundation cdimmeqlates, the foundation
connection plates, reinforcing bar hooks weldecheofoundation connection plates, and
the shear studs welded to the foundation conneglates did not exceed the stress level
they were designed for when the specimen was pushed 2% drift in the weaker
direction. Hence, it appears that these structunapoments can be designed as outlined

herein.

Almost the entire plate at the bottom level of specimen yielded during the test

(however not at the same time) as expected. Stadittse extreme end of the web near
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the bottom of the specimen exceeded five timeyiid strain of the plates. Yielding of
the plates was observed up to at least the middleec$econd story. There were no strain

gauges on the shear wall plates above that level to motrdorssin the shear wall plates.

The plates at the south end buckled at approximae€l5% drift when the
specimen was pushed in the strong direction (sb ttiea steel plate at that location
developed compressive strains). If buckling of thetegpcould be prevented, then it is
believed that the splice plates, fillet welds betmvége splice plates and the shear wall
plates, fillet weld between the shear wall plated goundation connection plates, the
foundation connection plates and the reinforcing hmeoks would adequately resist the
forces developed when the specimen is pushed tar#¥aatio in the strong direction
also.

If buckling of the plate could be prevented by thethods described above, then

the design approach used in this test can be wsddsign the structural components for
dual-plate composite shear walls to resist cyclic lateeadihg up to 2% drift ratio.

7.5: Recommendations for future work

In this research study, the structural componenteeotiual-plate composite shear
wall were designed and tested in the laboratoryetify whether or not those structural
components performed satisfactorily. Additional egsh on dual-plate composite shear
wall behavior would be useful to address a numifessues observed as part of the
present research effort. The primary recommendsitifum future work include the

following.

1. The experimental investigation was conducted ordy the selected
dimensions of the structural components of the-glatk composite shear
wall even though a range of values are possibletfose dimensions.

Research can be expanded for various dimensionghefstructural
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components (for example wall thickness, plate theslsn transverse bar

diameter and spacing).

2. The stability test was conducted only for a twasdual-plate assembly.
Finite element analysis was conducted for two tar-&iory plate
assemblies. The experimental research may needexpdamded up to the
number of stories currently erected in the constracindustry and as
limited by concrete placement.

3. The cyclic loading test was performed only for ahaped shear wall
configuration. However, testing should be expanaethtlude I-shaped
and C-shaped configurations which are also verymomin a typical
shear wall layout. In this research study, the load applied along the
plane of the web as it was symmetric. Different logdlirections should
also be considered. Detailed finite element analgsis be performed
considering the cyclic material properties of thieek plates and the

concrete.

4. During the cyclic loading test, noise that developgdpparent breaking
of the bond between the concrete and steel platsshaticeable from the
early stages of loading. Simple composite shear maltlels should be
fabricated using bond breakers between the conaretesteel plates and

tested to verify the success in reducing the noise.

5. A more detailed study to examine the behavior effttundation elements
and their design is needed. The elements in theemustudy were
designed so as to not fail prematurely, and themedsioning and
efficiency may be improved through further study.
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6. Typical building plans for tall buildings indicateat shear wall elements
like the T-shaped specimen studied in this invastg will need to be
coupled together at floor levels to make the elamperform together as
a core wall unit. Details for these coupling elersemed to be developed

and their intended behavior verified in the laboratory.
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Appendix A: Contribution of Transverse Rods to theLateral Stiffness of the Plate
Assembly

A.1: Introduction

The effective inertia and hence the computed Ibtestiffness of the
interconnected dual-plates varies significantly witfee rod diameter is varied. Because
the moment of inertia of a given tie rod variesaading to the fourth power of the
diameter, the effective inertia of tie rods can vgigatly as the diameter is varied. A 1-in.
diameter rod has been used successfully to intasmirdual-plates for other patented
construction applications that utilize frictionrstvelding to join the rods with the plates
(Bowerman and Chapman, 2002). Because a three-eigbdites model was used in the
experimental program of this research project,aswecided that a 0.25-in. to 0.75-in.
diameter rod would be needed to effectively contieettwo plates of the reduced-scale

model if full fixity of the rod-to-plate connection is aelied.

A series of reduced-scale (3/8-scale) tests tosiiyate the contribution of the
transverse connecting rods to the lateral stiffrdsthe plate assembly was performed.
The plate assembly was 9-in. thick, 13.5-in. wide, and 22.Bigh. The spacing between
the transverse bars was 4.5 in. in both orthogoinattibns. Transverse connecting rods
(fully threaded rods) of %-in., %2-in., and ¥s-in. diaemstwere considered while keeping
all the other parts of the test set-up the sameteFetement analyses were performed for
the three cases, as well as for a 3/8-in. diametse.CThe analysis results were compared
with the test results. Based upon the informaticingy@d regarding the performance of
the tie rods used in the reduced-scale tests, ¢hed diameter to be used in the three-

eighths scale specimens was selected.
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A.2: Experimental Investigation

Lateral load was applied to three plate assembligsthe 0.25, 0.5, and 0.75-in.
diameter transverse rods in the direction perpemalicto the plate assembly. Lateral
displacement and strains in the plates and rode wezasured to calculate the lateral
stiffness of each plate assembly and to study hmad Iwas transferred in the plate

assemblies.

A.2.1: Test Set-up

A drawing and a photograph of the test set-up hosva in Figs. A.1 and A.2,
respectively. Transverse rods were spaced at 4.5which is a scaled spacing
comparable to the 12 in. spacing in the prototyp@&)gés were used to attach the loading
plate (13.5 in. x 15.5in. x 1 in.) to the 3/16-inatels. The 3/16-in. plates were made of
grade A36 steel. Hinges helped to transfer the bota load to the plate assembly
specimen without also transferring significant matse The transverse rods were
attached to the 3/16-in. plates using four nutsgaeh bar-two inside the plate assembly
and two outside. These nuts were tightened usitygieal wrench; neither a cheater bar
nor an impact wrench was used for tightening this.ntisted minimum tensile strength
of the transverse bar was 53 ksi. However, coupoats t&fssimilar rods tested later
showed the tensile strength to be 70 ksi. The Bilptates were bolted at the bottom to
5in. x 5in. x 3/4 in. single angles by turn-oéthut method (1/3 rotation). These 5 in. x
5in. x 3/4 in. angles were tightly bolted (by twhthe nut method) to a base plate which
was anchored to the strong floor using high-stieri®T bars that were post-tensioned
(see Figs. A.1 and A.2). The load was applied hgtimg a turnbuckle attached to the
loading plate on the top of the plate assembly.
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A.2.2. Instrumentation

Lateral loads, lateral deflections, and strains ie fthlates and transverse
connecting rods were measured. The outer side @/fltein. plates was whitewashed to
detect any evidence of yielding in the plates. Aifbdoad cell, attached between the
turnbuckle and loading plate (see Fig. A.2), waslusemeasure applied lateral load. A
linear potentiometer was installed to measure datdeflections (see Fig. A.2). Lateral
load and lateral deflection measurements were tised to calculate the lateral stiffness
of the plate assembly to assess the behavior dactieéness of the tie rods to make the
plates function together as an integral unit. Stganges were attached to the 3/16-in.
plates to infer the second moment of area of thescsection of the plate assembly (from
the pure bending formulaz = M*y/l). Strain gauges were also attached on tofd a
bottom of the transverse rods to determine how much bgmdiaxial force is transferred
by the rods from one plate to the other. Strain gaugere attached to transverse bars
only for the %-in. diameter case. Strain gauge lesydor the test set-ups with 3/4-in.,
1/2-in., and 1/4-in. diameter bars are shown in .FA8, A.4, and A.5, respectively.
Strain gauges which were installed, but did not fiemcproperly, are not shown in the

figures.

A.2.3: Test Method

The reduced-scale specimen, which resembled a easttibeam, was subjected
to a lateral load at the top to induce bendinghef interconnected 3/16-in. thick plates.
Lateral load was applied by slowly rotating thenturckle being careful not to apply any
impact load. The load cell, potentiometer, and styainges were monitored and recorded
using a Vishay Micro Measurements data acquisgistem (system 7000). Lateral load
was applied to a certain load level (2163 Ibs fein¥diameter rod case, 1679 Ibs for %2-
in. diameter rod case, and 343 Ibs for ¥s-in. diameter rod sagbat at least a significant
part of the linear curve was obtained. For the Y2aimd Y.—in. diameter cases, load,

deflection, and strain measurements were recorcded@al the unloading response. Load,
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deflection, and strain measurements were zeroedebstarting each test. During each
test, whitewash on the steel plates was monitoredld&ing to detect yielding of the

steel plates.

A.2.4: Test Results

Lateral Load versus Lateral Deflection from Labomaty Tests

Lateral load versus lateral deflection curves &@s in Fig. A.6 for each of the
three tests (3/4-in. dia. rod, Y2-in. dia. rod, and ¥dia. rod). Calculation of lateral
stiffness from the initial linear portion of therges using a linear trend line is shown in
Fig. A.7. The lateral stiffnesses are tabulated abl& A.1. Upon unloading, permanent
deformations of 0.92 in. and 0.44 in. were observedte Y2—in. and Ys—in. diameter
cases, respectively (refer Fig. A.6).

Strain Measurements in Plates and Transverse Raasf Laboratory Test

There was no observation of flaking of the whitelwaisiring the tests. Strains
developed in the plates versus lateral load plotgHe test set-ups with 3/4-in., 1/2-in.,
and 1/4-in. diameter bars are shown in Figs. A.&, And A.10, respectively. Strain
readings were consistently compressive on the thggside of the plate and tensile on the
opposite side, and decreased with distance frombtme of each plate assembly
suggesting cantilever behavior of the assembligairStin transverse rods versus lateral
load plots for the test set-up with 1/2-in. diamdtars are shown in Fig. A.11. The strain
gauges on the transverse rods are shown in Fig.F&ot Fig. A.11, it could be noted
that strain gauges B2 and B3 measured compressigmss while strain gauge Bl
measured tensile strains in the top level trangverd. Similarly, strain gauges B5 and
B6 measured compressive strains while strain gaBdeand B7 measured tensile strains

in the bottom level transverse rod. Hence, it coddtbncluded that the transverse rods
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transferred significant bending from the plate be toading side to the plate on the

opposite side of the plate assembly.

A.3: Finite Element Analysis

Finite element analysis was performed to compaeglipted response with the
experimental results and to further expand the stigation to 3/8-in. diameter rods.
Abaqus (Abaqus/CAE 6.10-1) was used to perfornfitiie element analysis for each of
the four cases (1/4-in., 3/8-in., 1/2-in., and 3/4-in. diameus)r

A.3.1: Finite Element Modeling

A finite element model of the specimen is showirimm A.12. The 3/16-in. plates
were modeled as shell elements (S4, a 4-node daublgd general-purpose shell, finite
membrane strains). The portion of the 3/16-in. glathich was clamped by the bolts and

nuts to the %-in. angles at the base was assumed to bantyigas therefore omitted.

Transverse bars were modeled as beam elements §B380de cubic beam in
space). The effective pitch diameter of the threamladsverse bars can be calculated
using Equation A.1 (ASME B1.1, 2003). The calculatddative pitch diameters of the
1/4-in., 3/8-in., 1/2-in., and 3/4-in. diameter roderav used in the finite element
modeling. The pitch and effective pitch diametershaf transverse bars are tabulated in
Table A.2.

D, = Dpgj — 0.64952 * p Eq. (A.1)
Where, D, = Effective pitch diameter (in.)

Dinqj = Major diameter (in.)

p = pitch (in.) = 1/ (number of threads/in.)
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Material behavior for the steel plate was assunoelet elastic-perfectly plastic
with E = 29,000 ksig, = 36 ksi,v = 0.3, and Mass density = 0.00073386 Ibf*is”.
Material behavior for the transverse bars also asssimed to be elastic-perfectly plastic
with E = 29,000 ksig, = 70 ksi,v = 0.3, and Mass density = 0.00073386 Ibf*is*.

The 1-in. thick loading plate was modeled as a salkdnent (C3D8R, an 8-node
linear brick, reduced integration, hourglass contréflesh parts were created and
assembled. Connection between each transverse d&/Etin. plates was modeled as a
“tie” constraint with rotational degree of freedaestricted. The joint between the 3/16-
in. plate and the loading plate was modeled ased ¢tnstraint without rotational degree

of freedom restricted.

A fixed boundary condition was considered at thdtdm of the modeled
specimen (at the top of the nuts). When the specimeulled (towards the left) by
applying tension in the turnbuckle, the %-in. angistnicts the lateral movement of the
3/16-in. plate on the left side while the 3/16-itatp on the right side is free to move
laterally. Hence, the lateral movement was restri¢té®E0) along the joint between the
left side 3/16-in. plate and the 3/16-in. angle. urég A.12 shows both boundary

conditions.

Analysis was performed in two steps: (1) Static Galrend (2) Static Riks. In the
first step, gravity loading (self weight) was coresied. In the second step, lateral load
was applied as a concentrated force at the locatiomvn in Fig. A.12. Because all the
sensors were zeroed at the start of the test (gftesity loading), the deflections and
strains from the gravity loading of the finite elent model were deducted from the final

results of the finite element analysis that are reportéaisreport.
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A.3.2: Finite Element Analysis (FEA) Results

Lateral Load versus Lateral Deflection from FinitElement Analysis

Lateral load versus lateral deflection curves fribm finite element analyses are
shown in Fig. A.13 for each of the four rod diametases (1/4-in., 3/8-in., 1/2-in., and
3/4-in. diameter rods). Calculation of lateralfsiss from the initial linear portion of the
curves using a linear trend line is shown in Figl4A The lateral stiffnesses are tabulated
in Table A.3. Figure A.14 shows that the lateraffretiss of the plate assembly
significantly increases with rod diameter.

A.4: Results Analysis and Comparison

The load-deformation curves for the specimens Wi#in., 1/2-in., and 3/4-in.
diameter rods from the FE analyses and the testshenwn in Fig. A.15. The test results
were in good agreement with the FEA results (exeepmall deviation for the ¥-in.
diameter rod case, see Fig. A.15). Lateral stiffessus effective pitch diameter of the
transverse rods is plotted in Fig. A.16. It can loged from Fig. A.16 that the lateral

stiffness of the specimen increased significantly withdileneter of the rods.

It can be noted from Table A.1 and Table A.2 thatlateral stiffness of the dual-
plate assembly with ¥-in. (2/3 in. in prototype) rods at d.Spacing (12 in. in prototype)
is very small (193.2 Ib/in from laboratory test &%6.3 Ib/in from FEA) compared to the
other specimens. Hence, the earlier consideratiomsioiy a %2-in. diameter rod in the
prototype (which would have been 3/16 in. in th&S8t¢ale lab models) was decided to be
inadequate due to low lateral stiffness. Instead, a praotih 1-in. diameter rods at 12-
in. spacing (which provides 3/8-in. diameter bargl.&-in. spacing in the 3/8-scale lab

models) was selected for the stability investigatio check whether the wall panels are
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able to resist construction loads. Furthermore, énpidtented production of the dual-plate

assembly (Corus/TATA Bi-Steel), 1-in. diameter barsenesed.
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Table A.1 Variation of lateral stiffness (from theinitial linear portion of the curve)

with transverse rod diameter- Laboratory test

Rod Diameter (in.)

Lateral Stiffness — From Telfil.)

0.25 193.2
0.50 1547.0
0.75 4450.1

Table A.2 Effective pitch diameters of the transvese bars calculated for finite

element analysis (using Equation A.1)

Transverse bar Effective pitch
Diameter, R (in.) Threads/in. (1/in.) p = Pitch (in.) diameter (in.)
0.25 20 0.050 0.218
0.375 16 0.062 0.334
0.50 13 0.077 0.450
0.75 10 0.100 0.685

Table A.3 Variation of lateral stiffness (from theinitial linear portion of the curve)
with transverse rod diameter- Finite element analyis

Rod Diameter (in.) Lateral Stiffness — From FEMi@h
0.25 256
0.375 807
0.50 1780
0.75 3530
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Figure A.1 Test set up for the investigation of trasverse connecting rods (Front

View)
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Figure A.3 Strain gauge layout for 3/4-in. bar dianeter case (Test-1)
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Figure A.5 Strain gauge layout for 1/4-in. bar dianeter case (Test-3)
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- lateral stiffness calculation

BEHAVIOR AND DESIGN OF EARTHQUAKE-RESISTANT DUAL-PATE COMPOSITE SHEAR
WALL SYSTEMS



234

250 T

—~—P1 —=P2 —P3 P4 —=P5 P8
——Pg —+P7 =P8 —=Py —=PI0

150 +

200 +

100 +

Strain (in/in*10"6)

.<:t:!gt::::E;:::::;;:::E; P10
P3

0 500 1000 1500 2000

Lateral Load (Ib)

2500

Figure A.8 Strain on plates versus lateral load-fospecimen with 3/4-in. rod
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Figure A.9 Strain on plates versus lateral load-fospecimen with 1/2-in. rod
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Figure A.10 Strain on plates versus lateral load-fospecimen with 1/4-in. rod
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Figure A.12 Finite element model
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Figure A.13 Lateral load versus lateral deflection3/4, 1/2, 3/8 & 1/4-in. rod-FEM

BEHAVIOR AND DESIGN OF EARTHQUAKE-RESISTANT DUAL-PATE COMPOSITE SHEAR
WALL SYSTEMS



1400 1
i 3/4" Dia. Rod # y = 3526.8x +0.2621
i / R2=1
12001
1000
) I /
= . 1/2" Dia. Rod =y = 1780.9x +0.0131
e] L
S 800 e R2=1
S [
©
S i
2 600
S [ / /r
400 4 3/8" Dia. Rod_y = 807.42x +0,0299
L d A~ R2=1
i // /'/ — 1/4" Dia. Rod
200 ¢ e —
- o _ «— y=256.32x+0.0636
[ —— R2=1
0> ".‘—.—f_‘.......... A ...._.....
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.€
Lateral Deflection (in)

237

Figure A.14 Lateral Load versus Lateral Deflection3/4, 1/2, 3/8 & 1/4-in. Rod-FEA-
Lateral Stiffness Calculation

4000 T

3500 1

3000 ¢

3/4" Dia.

e

Rod - FEM

2500 1

/

3/4" Dia. Ra

_~
d -TeV/

2000 1

P
iy

1/2" Dia.

Rod - FEM

——0.75 Inch Rod- Test
—=—0.5Inch Rod- Test 2|
——0.25 Inch Rod- Test
=>=0.75inch rod - FEM
=*#=0.5Inch Rod- FEM
=0-0.25Inch Rod - FEM

Lateral Load (Ib)

1500 +

1000

74

—

/2" Dia. Rod - Test 2

500

v

1/4" Dia. Rod - Test 3

0.0

e
1|/4" I?ia. Rod

-FEM

0.5

Lateral

1.0

Deflection (in)

1.5

2.0

Figure A.15 Lateral Load versus Lateral Deflection3/4, 1/2, & 1/4-in. Rod
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the transverse rod- from laboratory test and finiteelement analysis
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Appendix B: Investigation of Weld between the Reiforcing bar and the
Foundation Connection Plate

B.1: Introduction

Tension force (developed from flexure) in each dfiGhear wall plate has to be
transferred to the foundation block first via their#foundation connection plate and
then via the no.7 reinforcing bars (see Fig. 3.16). We&l size and length of weld
between the no.7 reinforcing bars and %-in. thicknextion plate were determined to
permit development of the yield strength of the nloar. For stability test and cyclic
loading test, the size and spacing of the no.7 bee designed for yielding of the 3/16-in.

shear wall plate and for tensile fracturing of the 3/16&imear wall plate, respectively.

AWS Specification D1.4 (AWS, 1998 and 2011) specifies effective weld size
to be 0.2*Bar diameters (refer to Fig. B.1) andéffective weld area to be the effective
weld size multiplied by the weld length. FurthermofNS D1.4 (1998 and 2011)
specifies an allowable weld stress of “0.3 times tloeninal tensile strength of filler
metal, except shear stress on the base metal sitadkoeed 0.4 times the yield strength
of the base metal for shear on the effective aréar.the purpose of LRFD design, this
design approach may be modified to consider a walkekss of 0.6 times the nominal
tensile strength of filler metal with applicablerestgth reduction factor, 0.75, and
applicable load factors. Hence, the shear strengtthefweld (on either side of the

reinforcing bar) can be calculated by using Equation B.1.

OR, = 0.6 * FgxxteLyera Eq.(B.1)

where @ = strength reduction factor (0.75 for shear)
R,, = shear strength
Fgxx= electrode strength (ksi)
t.= effective weld size (0.2*Bar diameter)

Lye1a = Weld length
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AWS D1.4 (1998 and 2011) specifies the type of ebelets (E8015, EB016, and
E8018 for the SMAW process) to be used to weld ASTM A708ariimg bars to plates.
However, the welding procedure is not specified. Asult, a number of weld pass
combinations were attempted and each cross sestisrexamined to identify the proper
combination that would provide the necessary wetdat. Then the shear strength of the
weld made by that combination was determined wngiten tests and compared with the

shear strength calculated using Equation B.1.

B.2: Test Set-up and Test Method

Two weld passes were considered for the weld betwke 3-in. foundation
connection plate and the no.7 reinforcing bar. Ait/&8018 electrode was used for the
first pass, while a 5/32-in. or a 3/16-in. E8018cklede was used for the second pass.
The DC voltage (on the Miller welding machine) v&est to 30V. A number of samples
were made with different Amperages to investightedptimal welding procedure. After
welding, the samples were cut and etched with aN2% Solution. An example of the
etched sample is shown in Fig. B.2. Figure B.2 [f@s a sample weld made with a 1/8-
in. electrode root pass and a 5/32-in. electrodkl dsr the second pass. A good weld
(with minimum included discontinuities and minimairning of the reinforcing bar and
the plate) was obtained with 110 amps for the d/8lectrode and 140 amps for the
5/32-in. electrode. Figure B.2(b) shows a weld speai made with a 1/8-in. electrode
root pass and a 3/16-in. electrode for the secass$.pA good weld (with minimum
defects) was obtained with 110 amps for the 1/&lectrode and 160 amps for the 3/16-
in. electrode. From the observations and measurementsweéttisizes of the specimens
shown in Figs. B.2(a) and B.2(b), it was determitiet a first weld pass on each side of
the bar using a 1/8-in. electrode followed by aosécpass using a 3/16-in. electrode
produced the necessary weld throat. Although teequiure was not a formal welding
procedure specification (WPS), it was adequate tmomstrate that the welds were

suitable.
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To demonstrate the structural performance, twaispns like those shown in
Figs. B.3 and B.4 with different weld lengths,(in Fig. B.3) produced with E8018
electrodes were tested in a universal test madbindetermine the weld length needed to
develop the yield strength of the no.7 reinforciagsb The first specimen had an average
weld length of 1.81 in. and the second specimen had an aweetdyength of 1.00 in.

B.3 Results and Conclusions

In the first specimen, the yielding of the reinfoigibar initiated at 73.2 kips (61
ksi), and in the second specimen failure of the walthted along the weld line at 56.2
kips. Hence, it was determined that a 1.31-in. wehgitle (= 1.00 in. * 73.2 kips/ 56.2
kips) was needed to yield no. 7 bars used in th&dertests. The weld length calculated
from Equation B.1, considering an 80 ksi electrodelughing the strength reduction
factor, and considering welds on both sides of #haforcing bar, was 2.15 in. The shear
strength to be resisted (Rwas calculated by multiplying the yield strength60 ksi by
the area of the no. 7 reinforcing bar. The lowerdaehgth determined from the tension
tests compared with that calculated from EquatiadhBay be primarily attributed to the
weld size larger than 0.2*Bar diameter (as showRign B.1). Differences in deposited
weld sizes between the two specimens also canreasan for the lower weld length

calculated from the tension tests.

For the experimental program a 2-in. weld lengtlivgdlie between 1.31 in. and
2.15 in. determined from the tension tests andutatied using Equation B.1, respectively)
was used to attach the hooked reinforcing barsd@acbnnection plate for fabrication of
the anchorage hardware in the base block. It ismezended to make the weld with two
passes. For the first pass, a 1/8-in. electrode witiperage of 110 and a deposition
speed of 4.5 in./min. can be used. For the secosd, @ 3/16-in. electrode with

Amperage of 160 and a deposition speed of 5.6 in./min. casdik
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Figure B.1 Flare bevel groove weld (from AWS D1.4/D.4M, 1998 and 2011)

(a) (b)

Figure B.2 Etched weld samples: (a) Two weld passedth 1/8-in. electrode followed
by 5/32-in. electrode and (b) Two weld passes wifti8-in. electrode followed by
3/16-in. electrode
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Figure B.3 Tensile test set-up to evaluate reinfoneg bar - plate weld strength —
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Figure B.4 Tensile test set-up to evaluate reinfoneg bar - plate weld strength —
Cross Section

BEHAVIOR AND DESIGN OF EARTHQUAKE-RESISTANT DUAL-PATE COMPOSITE SHEAR
WALL SYSTEMS



244

Appendix C: Investigation of Weld between Shear Wi Plate and Foundation
Connection Plate

C.1: Introduction

The forces from the 3/16-in. shear wall plate hevée transferred to the %-in.
foundation connection plate via the weld betweendthear wall plate and the foundation
connection plate (see Fig. 3.16). Even though the eiz¢he weld was designed
considering the static forces and static matemaperties for the in-plane cyclic loading
test (which is detailed in Chapter 6), the behawidhe weld for cyclic loading had to be
investigated. The purpose of this test was to yeh#t the failure will occur in the steel

plates rather than in the weld.

In the study of “the behavior of double-skin compmsvalls for in-plane cyclic
loading” by Eom et al. (2009), the shear wall platese connected to the base plate
using complete joint penetration groove welds. therapplied in-plane cyclic loading,
the welded joint failed in tensile fracture befohe wall plate reached flexural yielding
(at 1.5% drift ratio). Motivated by this study, twopgs of welded connection were
considered for the joint between 3/16-in. thick gpen plates and the %-in. thick
foundation connection plates. Both were tested utadesile cyclic loading to select the

necessary and sufficient weld connection.

C.2: Test Set-up and Test Method

For the two welded connections proposed for cytdisting, the first welded
connection option involved one load path, while s#eeond involved two load paths.

Details of the two options are outlined below.
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(1) A 7/16-in. fillet weld was used between the 3/16gfate and 3-in. plate as
shown in Fig. C.1. The entire vertical tensile load from3ti&-in. thick shear
wall plate was intended to be transferred to then.¥ihick foundation
connection plate via only a 7/16-in. fillet weldhd design philosophy was to

size the weld so that it could develop the tensile capacttyeod/16-in. plate.

(2) A 3/8-in. fillet weld and a bevel groove weld wersed in addition to the
7/16-in. fillet weld as shown in Fig. C.2. The vedli tensile load from the
3/16-in. thick shear wall plate was intended tdraesferred to the 3-in. thick
foundation connection plate via two load paths:p@) of the load would be
transferred from the 3/16-in. plate through the67ifl fillet weld to the bevel
groove weld, and (b) the remaining load would bedfarred through the 3/8-
in. fillet weld. Weld joint 2 was more time consumirand much more

expensive to fabricate than weld joint 1 but it was expeciée stronger.

It was decided to test these two weld joints subpdo cyclic tensile loads.
Cyclic compression was not introduced to avoid lingkof the specimen. Schematic
diagrams of the two weld tests are shown in Fi§. Specimens were made symmetric
by combining with a mirror image of the actual wgtht so there would be no out-of-
plane bending in the specimen during axial cyclic loading.

Preparation of weld test specimens

Innershield NR-232 flux-cored self shielded (FCAW-S) wif@.068 in size) from
Lincoln Electric were used to make the weld joimte@mens. Prior to specimen
fabrication, welding samples were prepared to chibekpenetration of the weld passes.
Voltage and amperage were adjusted for each pasistaémn adequate weld penetration.
Voltage, amperage, and deposit speed of each weld pasea@rmed.
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Progress made in the production of weld joint &hiewn in the photos in Fig. C.4.
Weld sample 1 had one pass for the 3/8-in. filleldrand six passes for the bevel groove
weld. The voltage ranged between 21.2 and 22.8 V, lam@inperage ranged between
230 and 267 amps. It can be seen from Fig. C.4h@t)the weld sample didn’t have
sufficient penetration in the first 3/8-in. filleteld and the first three passes of the bevel
groove weld didn't have adequate weld fusion. Forpta 2 (Fig. C.4 (b)), the voltage
and amperage were increased to 25.2 V and 300 amps (ayeeagextively, for the first
3/8-in. fillet weld and the first three passes lté bevel groove weld. Still, there was a
large weld discontinuity in the first 3/8-in. fitleveld. Lastly, sample 3 (Fig. C.4 (c)) was
made to check the penetration of the first 3/8iilet weld and the first pass of the bevel
groove weld. The voltage and amperage were incre&se2b.7 V and 345 amps
(average), respectively. The weld sample (made witli tvo passes) was satisfactory
from observation. Furthermore, it was decided to bgouge (by grinding) the weld

metal between the passes upon detecting any defect.

For the weld joint 1 specimen (Fig. C.3 (a)), th&6#h. weld was made with
three passes. For the first pass, the voltage amperage were 25.7V and 360 amps
(average), respectively. For the other two paskesydltage and amperage were 21.5V
and 235 amps (average), respectively. After th& fiass the weld metal was back
gouged. The average measured weld size of thei7/filet weld was 0.456 in. For the
weld joint 2 specimen (Fig. C.3 (b)), the 7/164wveld was made with three passes. For
the first pass, the voltage and amperage were 25d\B845 amps (average), respectively.
For the other two passes, the voltage and ampevage 21.5V and 235 amps (average),
respectively. After the first pass the weld metaswback gouged. The average

measured weld size of the 7/16-in. fillet weld was 0.464 in.

The first 3/8-in. fillet weld in the weld joint Zpecimen was made with one pass.
The voltage and amperage were 25.7V and 340 amgecteely. The bevel groove
weld was made with seven passes on one side ardpasses on the other side. The

number of passes was dependent on the amount &f dmgying. The voltage and
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amperage for the first three passes of the bewalvgr weld were 25.7V and 340 amps
(average), respectively. The voltage and amperagthéofourth pass were 25.2V and
275 amps, respectively. The voltage and amperagidaremaining passes were 21.5V
and 250 amps (average), respectively.

Testing Weld Joint Specimens

The yield strain ) of the 3/8-in. plate material was calculated frtime two
coupons tested in tension. The stress-strain done coupon specimen is shown in Fig.
C.5. The average yield strain was 0.002070 (2G50 Whe weld joint specimen was first
loaded until the strain reached,2hen was unloaded until the load was zero. The
specimen was then loaded until the strain reachgdrél was subsequently unloaded till
the load was zero. Similarly, the specimen wasesbg to repetitions of loading to

develop strain multiples @f, (4ey, Sy ...) until failure occurred.

Weld joint 1 specimen was subjected to 67 loadingjes before failure: One
cycle of 2, increment, another 19 cycles gfincrement (for each cycle), another 10
cycles of 2, increment, another 10 cycles ofy3ncrement, another 10 cycles of,4
increment, and the remaining 16 cycles gfiBcrement. The weld joint 2 test specimen
was subjected to 50 loading cycles before failee cycle of 2 increment, another 9
cycles ofey increment, another 10 cycles af ;icrement, and the remaining 30 cycles of

5¢y increment.

The test specimens were configured with the tedtl \@e one end and a bolted
anchor connection at the opposite end. The boltadesdion involved four high-strength
bolts with a shear capacity in excess of the capacithe welded connection at the test

end of the specimen.

The test set-up for the weld joint specimens isashm Fig. C.6. The tests were

performed in a four pole MTS servo-hydraulic tegtmachine. The strain was measured
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using a clip gage that was attached to the speciageoan be seen at the top of Fig. C.6.

The controller was programmed to apply cycles of loadutgraatically.

C.3: Results and Conclusions

The stress-strain response curves for weld joiatispens 1 and 2 are shown in
Figs. C.7 and C.8, respectively. Figure C.9 showddhere of a weld joint specimen.
Failure occurred by fracturing the 3/8-in. thiclaf@ above the 7/16-in. fillet weld in both
specimens. The 3/8-in. thick plates stretched u®.894 and 0.395 in/in strains in
specimens 1 and 2, respectively (see Fig. C.7 aBi (No indication of failure was
observed in the welds in either of the specimensth Bvelds sustained load until the
plate element failed. However, during the weld jdies$ts, the specimens were not
subjected to compression loading. The compressam @ the loading cycle was
avoided so that the specimen would not fail due to bucklirigeo8/8-in. thick plate. But
in the intersecting wall element test, portionshaf plate will be subjected to tension and

compression as the specimen is pushed and pulled in theadiadairections.

Because both weld joints did not fail during theleyloading tests and because
weld joint 1 is considerably less expensive thatdwant 2, weld joint 1 was selected
for the joint between the 3/16-in. shear wall @aéed the 34-in. foundation connection

plates in the specimen for the cyclic loading test.

BEHAVIOR AND DESIGN OF EARTHQUAKE-RESISTANT DUAL-PATE COMPOSITE SHEAR
WALL SYSTEMS



249

3/16 inch thick
shear wall plate

7/16

374 inch thick
f Joint plate

3-7

Figure C.1 Weld Joint 1 - A 7/16-in. Fillet weld beveen wall specimen plates and
the foundation connection plates

— 3/16 Inch thick
/ shear woll plote
# -~
&'4 }‘ £7/16'7

274 inch thick
f Joint plate

374 inch thick
connection plote

Figure C.2 Weld Joint 2 - A 3/8-in. fillet weld andbevel groove weld in addition to
the 7/16-in. fillet weld
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Figure C.3 Weld Joints (a) Weld Joint 1 specimen {dNeld Joint 2 specimen
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samples (a) Weld sample 1 (b) Wekhmple 2 (c) Weld sample 3

Figure C.4 Weld
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Figure C.5 Stress versus Strain Curve —Static Loadg— Coupon Specimenl and 2

Figure C.6 Weld Joint Specimen Tests - Cyclic Loadg in Four Pole MTS Testing

Machine (Specimen 1)
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Figure C.7 Stress versus Strain Curve —Cyclic Loadg— Weld Joint 1 Specimen
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Figure C.8 Stress versus Strain Curve —Cyclic Loadg— Weld Joint 2 Specimen

BEHAVIOR AND DESIGN OF EARTHQUAKE-RESISTANT DUAL-PATE COMPOSITE SHEAR
WALL SYSTEMS



253

Figure C.9 Failure of the Weld Joint Specimen (Spemen 2)
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Appendix D: Plots of Measurements from Gauges Dimg Cyclic Loading Test of
the Dual-Plate Composite Shear Wall

The primary findings from the cyclic loading tedt the dual-plate composite
shear wall were discussed in Chapter 6. Plots ofsorements from the gauges which
might be of interest to the reader and have not lbescussed in Chapter 6 are presented
in this Appendix. Instrumentation method and locadiof the gauges are detailed in
Section 6.5. Analysis of primary results and condusifrom the results are presented in

Sections 6.7 and 6.8, respectively.

D.1: Variation in force in vertical PT bars during the test

Plots of lateral force in vertical PT bar versugetal drift of the specimen are
presented in Figs. D.1 through D.6. Refer to Sectidri@or details on instrumentation
(strain gauges) attached on vertical PT bars tosareavariation in force in vertical PT
bars during the test. Refer to Fig. 6.37 for strainggalocations. Refer to Section 6.7.2
for a discussion of results on variation in force in verti€hlbars during the test.
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Force in PT baversus Lateral Drift - Vertical PT bar 3
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Figure D.3 Force in PT bar versus lateral drift — \ertical PT bar 3

Force in PT baversus Lateral Drift - Vertical PT bar 4

[arav
200
€6 180
\s\
C6
—~ ) S
o c7 — | c7
140
g 149U C7
o
3
120
+&yY —Cyclel
—Cycle 2
100 —Cycle 3
—Cycle 4
—Cycle5
80 —-Cycle6
Cycle 7
60
-1.5 -1.0 -0.5 0.0 0.5 1.0 15 2.0 2.5
Drift (%)
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Force in PT baversus Lateral Drift - Vertical PT bar 5
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Figure D.5 Force in PT bar versus lateral drift — \ertical PT bar 5
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Figure D.6 Force in PT bar versus lateral drift — \ertical PT bar 6
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D.2: Strain measurements on No.7 reinforcing bar tooks

Plots of lateral load versus strain measurements§an reinforcing bar hooks are
presented in Figs. D.7 through D.13. See Section 6ds.2idtails on instrumentation
(strain gauges) attached on No. 7 reinforcing bakido measure strains in reinforcing
bar hooks. Refer to Fig. 6.38 for strain gauge looati®&ee Section 6.7.4 for a discussion

of results on strains developed in reinforcing bar hookimgthe test.
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Figure D.7 Lateral load versus strain on No.7 reirdrcing bar hook — R2
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Figure D.8 Lateral load versus strain on No.7 reirgrcing bar hook — R3
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Figure D.9 Lateral load versus strain on No.7 reirgrcing bar hook — R4
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Lateral Load versus Strain - SG-R5 on ReinforcingHbaok
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Figure D.10 Lateral load versus strain on No.7 reiforcing bar hook — R5

Lateral Load versus Strain - SG-R6 on ReinforcingHba@ok

Lateral Load (kip)
P
Z4

-300 -200 -100 {0 100 200 300 400 500 600
—Cyclel
~ —Cyclez
. B yoe«
oY Cycle3

\ Cycle4
—Cycle5

\‘\ —Cycle€
~ Cycle7

N

WJ\M( o
M&Ux\/k\ ;&

Strain (in./in.*10)

i
g—; /
/
| |

M
350 ™

Figure D.11 Lateral load versus strain on No.7 reiforcing bar hook — R6
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Lateral Load versus Strain - SG-R7 on ReinforcingHbaok - flange
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Figure D.12 Lateral load versus strain on No.7 reiforcing bar hook — R7
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Figure D.13 Lateral load versus strain on No.7 reiforcing bar hook — R8
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D.3: Strain measurements on No0.6 reinforcing bar

Lateral load versus strain plots for No.6 reinfogcimars are presented in Figs.
D.14 through D.17. See Section 6.5.6 for details otrungentation attached on No. 6
reinforcing bars to measure strains in the reinfgydars. Refer to Figs. 6.38, 6.41, and

6.43 for strain gauge locations.
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Figure D.14 Lateral load versus strain on No.6 veital reinforcing bar — R9

BEHAVIOR AND DESIGN OF EARTHQUAKE-RESISTANT DUAL-PATE COMPOSITE SHEAR
WALL SYSTEMS



263

Lateral Load versus Strain- SG-R10 on No.6 Reinfgrbar
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Figure D.15 Lateral load versus strain on No.6 vertal reinforcing bar — R10
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Figure D.16 Lateral load versus strain on No.6 veital reinforcing bar — R11
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Lateral Load versus Strain - SG-R12 on No.6 Reinfgrbar
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Figure D.17 Lateral load versus strain on No.6 veital reinforcing bar — R12
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D.4: Strain measurements from concrete strain gauge
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Lateral load versus strain plots for concrete stgauges are presented in Figs.
D.18 through D.23. See Section 6.5.5 for details omungentation to measure strains in

concrete. Refer to Figs. 6.40 through 6.43 for straingg locations. Refer to Section

6.7.5 for a discussion of results on strains developed irretenduring the test.
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Figure D.18 Lateral load versus strain in concrete- C1
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Lateral Load versus Strain - SG-C2 in Concrete om we
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Figure D.20 Lateral load versus strain in concrete- C3
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Lateral Load versus Strain - SG-C4 in Concrete olm we
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Figure D.21 Lateral load versus strain in concrete- C4
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Figure D.22 Lateral load versus strain in concrete- C5
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Lateral Load versus Strain - SG-C6 in Concreteamde
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Figure D.23 Lateral load versus strain in concrete- C6
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D.5: Strain measurements from strain gauges on shewall plates
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Lateral load versus strain plots for shear waltgdaare presented in Figs. D.24

through D.68. Refer to Section 6.5.4 for details @trumentation attached on shear wall

plates to measure strains in shear wall plates.rRefeigs. 6.40 through 6.43 for strain

gauge locations. Refer to Section 6.7.6 for a disonss results on strains developed in

shear wall plates during the test.

Lateral Load versus Strain- SG15 at 85.5 inch fomttom - south end web

Co5&Cob

C6...

Cc7

T

C4&C5

'
N

,000 -1

,000

2,000

3,000

Lateral Load (kip)

C4¢&

—Cyclel
—Cycle2

C5
C6

— C4,C5&

—=Cycle3
—Cycle4
—Cycle5

4,000

Cycle 6
Cycle7

cé

Note: Load away
wall (towards north)is positi

rom the strong

[0}

Strain (in./in.*16%)

Figure D.24 Lateral load versus strain on shear waplate — SG15
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Lateral Load versus Strain-SG16 on Plate
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Figure D.25 Lateral load versus strain on shear waplate — SG16
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Figure D.26 Lateral load versus strain on shear waplate — SG17
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Lateral Load versus Strain-SG18 on Plate
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Figure D.27 Lateral load versus strain on shear wéplate — SG18

Lateral Load versus Strain-SG19 on Plate
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Figure D.28 Lateral load versus strain on shear waplate — SG19
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Lateral Load versus Strain-SG20 on Plate
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Figure D.29 Lateral load versus strain on shear waplate — SG20

Lateral Load versus Strain-SG21 at 85.5 inch fbattom - flange
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Figure D.30 Lateral load versus strain on shear waplate — SG21
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Lateral Load versus Strain-SG22 on Plate
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Figure D.31 Lateral load versus strain on shear waplate — SG22
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Figure D.32 Lateral load versus strain on shear waplate — SG23
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Figure D.33 Lateral load versus strain on shear wéplate — SG24
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Lateral Load versus Strain-SG26 on Plate
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Lateral Load versus Strain-SG28 on Plate
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Figure D.37 Lateral load versus strain on shear waplate — SG28
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Lateral Load versus Strain - SG30 on Plate
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Figure D.39 Lateral load versus strain on shear waplate — SG30
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Lateral Load versus Strain-SG32 on Plate
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Figure D.41 Lateral load versus strain on shear waplate — SG32
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Figure D.43 Lateral load versus strain on shear wéaplate — SG34

Lateral Load versus Strain - SG35 on Plate
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Lateral Load versus Strain- SG36 on Plate
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Figure D.45 Lateral load versus strain on shear waplate — SG36
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Lateral Load versus Strain - SG38 on Plate
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Lateral Load versus Strain - SG40 on Plate
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Figure D.49 Lateral load versus strain on shear waplate — SG40
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Lateral Load versus Strain- SG42 on Plate
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Figure D.51 Lateral load versus strain on shear waplate — SG42
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Lateral Load versus Strain-SG44 on Plate
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Figure D.53 Lateral load versus strain on shear wéplate — SG44
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Lateral Load versus Strain - SG46 on Plate
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Figure D.55 Lateral load versus strain on shear waplate — SG46
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Lateral Load versus Strain-SG48 on Plate
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Figure D.59 Lateral load versus strain on shear waplate — SG50
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Figure D.60 Lateral load versus strain on shear waplate — SG51
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Figure D.61 Lateral load versus strain on shear waplate — SG52
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Figure D.62 Lateral load versus strain on shear waplate — SG53
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Figure D.63 Lateral load versus strain on shear waplate — SG55
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Figure D.64 Lateral load versus strain on shear waplate — SG56
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Lateral Load versus Strain -SG57 on Plate

=2070u¢

000 1,500 2,000 2,500 3,000 3,500 4,000

'
al

Lateral Load (kip)

——Cyclel
——Cycle2
—Cycle:
AN ——Cycle4
X —=Cyclet
~Cycle6

\ Cyclei

Note: Load away from the strong
wall (towards north) is positi

W % .
A

A oM

(¢}

Strain (in./in.*10)

Figure D.65 Lateral load versus strain on shear waplate — SG57
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Lateral Load versus Strain - SG59 on Plate
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Figure D.67 Lateral load versus strain on shear waplate — SG59
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D.6: Average strains over the bottom 8-inch of sheavall plate measured by
position transducers

Lateral load versus average strain measuremerttsedbottom of the wall are
presented in Figs. D.69 through D.74. See Section €05.8etails on instrumentation
(position transducers) attached to measure avestagms over the bottom 8 inches of
shear wall plate. Refer to Figs. 6.41 and 6.43 fortiooa of position transducers. Refer
to Section 6.7.6.2 for a discussion of results omamee strains over the bottom 8 inches

of shear wall plate.

Lateral Load versus Strain - between position tranes 7 & 8 - on outer flange
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Lateral Load versus Strain - between positiontransrs 9 & 10 - on outer flange
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Figure D.70 Lateral load versus strain on shear wéplate — between PT9 & PT10
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Figure D.71 Lateral load versus strain on shear waplate — between PT11 & PT12
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Lateral Load versus Strain - between position transrs 13&14 -on web - 37 in. from south
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Figure D.72 Lateral load versus strain on shear waplate — between PT713& PT14
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Figure D.73 Lateral load versus strain on shear waplate — between PT15 & PT16
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Lateral Load versus Strain - between position transrs 17&18-on web - 1.5 in. from south
end

C5

C4 X/ C6
c2 ; /

10,000 20,000 30,000 040,0

N
a
(o}

N

N
o
N
b
[=)
o
]
N

X
o>

—

000 -30,000

/\ —Cycle1
C7 Cc5

—Cycle2

-10,000

Lateral Load (kip)
\
al \
()
n
INY

L
N

/ —Cycle3
/ —Cycle’
—_— (‘yr‘ln 5

5
0O
N

w
a1

=g

—Cycle6

NP
: \\Sﬁwﬁr\b NV Cycle7

RazeAv]

Strain (in./in.*10)
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BEHAVIOR AND DESIGN OF EARTHQUAKE-RESISTANT DUAL-PATE COMPOSITE SHEAR
WALL SYSTEMS



296

D.7: Strains on shear wall plate measured by DEME@echanical strain gauge

Lateral load versus strain plots for the shear whdles are presented in Figs.
D.75 through D.89. See Section 6.5.10 for details ostrumentation (DEMEC
mechanical strain gauges) attached to measuregevstiains on shear wall plates. Refer

to Figs. 6.41 and 6.43 for locations of DEMEC points.

Lateral Load versus Strain-DEMEC Digital Strain gauDG 1- on web plate-49.25in. from
bottom
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Figure D.75 Lateral load versus strain on shear waplate — DG1
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Lateral Load versus Strain-DEMEC Digital Strain gauDG 2- on web plate-22.25in. from
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Figure D.76 Lateral load versus strain on shear waplate — DG2
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Figure D.79 Lateral load versus strain on shear waplate — DG5
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Lateral Load versus Strain-DEMEC Digital Strain gauDG 6 - on inner flange plate - 49.25
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Figure D.80 Lateral load versus strain on shear waplate — DG6
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Figure D.81 Lateral load versus strain on shear waplate — DG7
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Lateral Load versus Strain-DEMEC Digital Strain gauDG 8 - on inner flange plate - 22.25
in. from bottom
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Figure D.83 Lateral load versus strain on shear waplate — DG9
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Lateral Load versus Strain-DEMEC Digital Strain gauDG 10 - on outer flange plate - 49.25
in. from bottom
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Figure D.84 Lateral load versus strain on shear waplate — DG10
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Figure D.85 Lateral load versus strain on shear waplate — DG11
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Lateral Load versus Strain-DEMEC Digital Strain gauDG 12 - on outer flange plate - 22.25
in. from bottom
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Figure D.86 Lateral load versus strain on shear waplate — DG12
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Figure D.87 Lateral load versus strain on shear waplate — DG13
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Lateral Load versus Strain-DEMEC Digital Strain gauDG 14 - on outer flange plate - 22.25
in. from bottom
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Figure D.88 Lateral load versus strain on shear waplate — DG14
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D.8: Strains on shear wall plate measured by Optoak

Lateral load versus strain plots for the shear whdles are presented in Figs.
D.90 through D.105. The Optotrak system measures gheak coordinates of target
points on the specimen. Strain was calculated kydidg the difference in distance
between two points by the original distance. Seeti@ec6.5.11 for details on
instrumentation (Optotrak system) used to measueeage strains on shear wall plates.
Refer to Figs. 6.41 and 6.43 for locations of Optofalknts. The location of the mid-

distance between two Optotrak points is shown in Figs.&hd16.43.

During cycle 6, when the specimen was pushed towaelstrong wall, plates at
the base of the specimen started buckling at appedgly a lateral load of 410 kips.
Buckling occurred approximately 4.5 inches above finendation connection plate
(between the first and second rows of nuts). Thisiwed between the two points used to
measure strain at OPT2 and OPT5 (see Fig. thdthe locations). In Figs. D.91 and
D.94, sudden increase in strain at approximatelyldbd corresponding with the plate
buckling can be noted. Because the strain was eaémifrom the distance between two
Optotrak points, the calculated strain values dfigckling could not be taken as the
actual strain over that distance. Buckling extendedo about half the depth of the web

from the south end.
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Lateral Load versus Strain - Optotrak- OPT2 on Plate
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Lateral Load versus Strain - Optotrak - OPT3 on Plate
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Figure D.92 Lateral load versus strain on shear wéplate — Optotrak — OPT3
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Figure D.93 Lateral load versus strain on shear waplate — Optotrak — OPT4
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Figure D.95 Lateral load versus strain on shear waplate — Optotrak — OPT6
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Figure D.96 Lateral load versus strain on shear waplate — Optotrak — OPT7
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Figure D.97 Lateral load versus strain on shear wéplate — Optotrak — OPT8
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Lateral Load versus Strain - Optotrak - OPT9 on Plate
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Figure D.98 Lateral load versus strain on shear waplate — Optotrak — OPT9
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Figure D.99 Lateral load versus strain on shear waplate — Optotrak — OPT10
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Lateral Load versus Strain - Optotrak - OPT11 ondlat
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Figure D.100 Lateral load versus strain on shear whplate — Optotrak — OPT11
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Figure D.101 Lateral load versus strain on shear whplate — Optotrak — OPT12
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Lateral Load versus Strain - Optotrak- OPT13 onéPlat
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Figure D.102 Lateral load versus strain on shear whplate — Optotrak — OPT13
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Figure D.103 Lateral load versus strain on shear whplate — Optotrak — OPT14
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Figure D.104 Lateral load versus strain on shear whplate — Optotrak — OPT15
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Figure D.105 Lateral load versus strain on shear whkplate — Optotrak — OPT16
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D.9: Shear strains on shear wall plate and foundabtin connection plate

Lateral load versus shear strains measured on she#dr and foundation
connection plates are presented in Figs. D.106 thrdind09. See Section 6.5.7 for
details on instrumentation (shear strain gaugéaglad to measure shear strains on shear

wall plates and foundation connection plates. RuadeFig. 6.41 for locations of shear

strain gauges.
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Figure D.106 Lateral load versus shear strain on gar wall plate — SSG1
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Lateral Load versus Shear Strain - SSG2 on 3/1&rshall plate

N
[}

e
—
g &

Lateral Load (kip)
|~
—
r,#
r
?
al

(e}

.
AN

a

o

,200 -1,000 ;§Q0 N\ 606\\\ 400 -200 0 200

AN
—Cyclel \\k\%
—Cyclez M \
—Cycle3 w;' \
—Cycle’ N

b

Ly
a1
(e}

N
a1
(e}

N
\
1 250
==Cycle’5 N |--350
A, {
—Cycle6 Ny W }
Ny
Cycle7 A\Th)

E:S
q
D

Shear Strain (in./in.*18)

Figure D.107 Lateral load versus shear strain on gar wall plate — SSG2
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Figure D.108 Lateral load versus shear strain on sar wall plate — SSG3
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D.10: Shear and flexural deformations along the webf the specimen in first and
second stories

Lateral load versus shear and flexural displacesémt the first and second
stories are presented in Figs. D.110 through D.113.ifgteumentation and calculation
methods to determine the shear and flexural dispiants are described by Massone and
Wallace (2004). See Section 6.5.9 for details orrunséntation to measure shear and
flexural displacements along the web of the spegirRefer to Fig. 6.45 for a schematic
diagram of the gauges used to measure the shediteamdal displacements along the
web. The shear and flexural displacements were ledécliusing Equations 4, 5, and 6

from Massone and Wallace (2004).
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Figure D.111 Lateral load versus flexural displacemnt along the web — First story
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