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Notations and Glossary

A. Notations

In preparing the following notations, whenever possible, the definitions are taken with

permission of the AISC, from the Seismic Provisions for Structural Steel Buildings (AISC, 1998).
Such definitions are identified by (AISC, 1998) at the end of the definition.
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Horizontal area of stiffened steel plate (AISC, 1997).

Height of story in tension field action equations (AISC, 1999).

Width of ungtiffened e ement.

Deflection amplification factor .

A factor to account for peak connection strength( FEMA, 2000).

Seismic coefficient given by IBC-2000.

Ratio of plate critical stressin shear buckling to shear yield stress( AISC, 1999).
The effect of dead |oad( 1BC-2000).

Modulus of easticity.

The combined effect of horizontal and vertical earthquake-induced forces (1BC-2000).
The maximum seismic load effect (IBC-2000).

Specified minimum yield stress of the plate (A1SC, 1997).

Expected yield Strength of stedl to be used,(AI1SC, 1997).

Specified minimum tensile strength,(AISC, 1997) .

The occupancy importance factor given by IBC-2000.

Plate buckling coefficient (AISC, 1999).

The effect of horizontal seismic forces (IBC-2000).

Response modification factor.

Nominal strength. (AISC, 1997).

Required strength. (AISC, 1997).

R-factor.

Ratio of the Expected Yield Strength Fy. to the minimum specified yied strength F,.
(AISC, 1998) .

Maximum values of [,

Theratio of the design story shear resisted by the most heavily loaded single element in the

story to the total story shear, for a given direction of loading. For shear walls see Section
1617.2.2 of IBC-2000.
The maximum considered earthquake spectral response acceleration at  1-second
period (IBC-2000).
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The design spectral response acceleration at short periods (1BC-2000).
The fundamental period.

Thickness of element.

Thickness of flange.

Shear force, also base shear.

Nominal shear strength of a member or aplate.

Expected shear capacity of a member or a plate.

Required shear strength on a member or a plate.

Shear yidld capacity.

Weight of structure, 1BC-2000.

Yidd displacement.

Resistance factor.

Reliability factor based on system redundancy (IBC-2000).
Reliability factor for a given story (1BC-2000).

Normal stress.

System over-strength factor.
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B. Glossary

In preparing the following glossary, whenever possible, the definitions are taken with
permission of the AISC, from the Seismic Provisions for Structural Steel Buildings (AI1SC, 1998).

Shear Wall. A vertical plates system with boundary columns and horizontal beams at floor levels
that resists lateral forces on the structural system.

Connection. A combination of joints used to transmit forces between two or more members.
Connections are categorized by the type and amount of force transferred (moment, shear,
end reaction).

Design Strength. Resistance (force, moment, stress, as appropriate) provided by element or
connection; the product of the nominal strength and the resistance factor.

Dual System. A Dua System isa structural system with the following features: (1) an essentially
complete space frame that provides support for gravity loads; (2) resistanceto lateral load
provided by moment resisting frames (SMF, IMF or OMF) that are capable of resisting at
least 25 percent of the base shear and concrete or steel shear walls or stedl braced frames
(EBF, SCBF or OCBF); and, (3) each system designed to resist the total lateral load in
proportion to its relative rigidity.

Expected Yield Srength. The Expected Yield Strength of sted in structural membersisrelated to
the Specified Yield Strength by the multiplier R,.

Sip-critical Joint. A bolted joint in which dip resistance on the faying surface(s) of the

connection isrequired.

Structural System. An assemblage of load-carrying components that are joined together to
provide interaction or interdependence.
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From: (AISC, 1997)

1.1. Introduction

The composite shear walls discussed in thisreport consist of a sted plate shear wall with
reinforced concrete walls attached to one side or both sides of the stedl plate using mechanical
connectors such as shear studs or bolts. In the AISC Seismic Provisions (AISC, 1997) these
systems are denoted as “Composite Sted Plate Shear Walls, (C-SPW). ”  In theremainder of this
report, whenever “composite shear wall” is mentioned, it refersto this system. Examples of the
composite shear wall configurations are shown in Figure 1.1. The composite shear walls have
been used in buildingsin recent years athough not as frequently as the other lateral load resisting
Systems.

Steel Plate

Concrete Wall

Reinforceme

Shear Connectors

(b)

(©)

(d)

Figure1.1. Examplesof Composite Shear Walls Discussed in This Report
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Thisreport attempts to provide information on the basic characteristics of composite shear
walls, an example of their past applications, their actual seismic behavior, the current code
provisions and additional recommendations on their design and a few examples of suggested
configurations. Thereport isintended for the structural engineers, fabricators, architects and
othersinvolved in structural and earthquake engineering and construction of buildings.

1.2. Some Advantages of Composite Shear Walls

1. Compared to areinforced concrete shear wall, a composite wall with the same shear
capacity, and most likdy larger shear tiffness, will have smaller thickness and less
weight. The smaller footprint of the composite shear wall is very advantageous from
architectural point of view providing more useable floor space particularly in tall
buildings. The lesser weight of composite shear wall will result in smaller foundations
aswedl as smaller seismic forces.

2. A composite shear wall can have cast in place or pre-cast walls. Since sted plate shear
walls can provide stiffness and stability during erection, the construction of reinforced
concrete walls can be taken out of the critical path of field construction and done
independent of fabrication and erection of sted structure. In particular, if pre-cast
concrete walls are used, such walls can be bolted to the sted plate shear walls at any
convenient time during construction.

3. Inased shear wall, the story shear is carried by tension field action of the stedl plate
after buckling of diagonal compression. In a composite shear wall, the concrete wall
restrains the sted plate and prevents its buckling beforeit yields. As aresult, the sted
plate ressts the story shear by yielding in shears. The shear yield capacity of sted plate
can be significantly greater than its capacity to resist shear in yielding of diagonal
tension fidd. In addition, the reinforced concrete wall provides sound and
temperature insulation as well asfire proofing to stedl shear walls.

4. Inthe aftermath of a moderate and more frequent earthquake, sted shear walls
develop buckling and reinforced concrete shear walls develop cracking, both needing
some measure of repair. Such repairs can be costly not only because of the cost of
construction, but also for disruption of functionality and occupancy use of the area to
berepaired. However, asthe tests summarized in Chapter 2 indicate, the damage to
composite shear walls, particularly when the innovative system proposed herein is
used, can be limited to shear yielding of sted plates with amost no cracksin the
concrete wall or damage to other elements of the system. Such performance is very
desirable since the building can continue its full functionality after such events.

1.3 Main Components of a Composite Shear Wall

Main components of composite shear walls shown in Figure 1.2 are steel wall, concrete
wall; shear connectors, boundary columns, boundary beams, connection of steel wall to boundary
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beams and columns, and beam-to-column connections. These components and their rolein
overall performance of composite shear walls are discussed in the following sections.

1.3.a. Sted plate shear wall

Thisdement isusually ardatively thin sted plate. Plates thinner than 3/8 inch are not
recommended since such thin plates cannot be easy to handle during fabrication and erection. In
addition, aslater will be discussed, such thin plates may require alarge number of shear
connectors to postpone plate buckling until yielding of the plate, a desirable mechanism, occurs.
A36 and high strength stedl plates can be used although A36 stedl plate dueto its low yied point
ispreferred to encourage yielding of sted plate. The main role of the stedl plate in a composite
shear wall isto provide shear strength and stiffness as well as shear ductility. It also participatesto
some limited extent to resist overturning moment. Figure 1.3(a) shows forces resisted by stedl
plate. In acomposite shear wall the stedl plate resists story shear by shear yielding, an advantage
over the stedl plate shear walls where story shear isresisted through devel opment of diagonal
tension field action (Astaneh-Ad, 2001) as shown in Figure 1.3(b). Thereason in composite
shear walls stedl plateis able to almost reach itsyield point in shear is that the concrete wall
provided bracing to sted plate and preventsits buckling prior to reaching yielding. In other
words, the concrete wall acts as stiffeners and prevents buckling of plate. Of course, concrete wall
itsdlf also carries some of the story shear by developing compression diagonal field.

~)

Boundary Column

o

Boundary Beam

Steel Plate Wall

Connections of Steel Wall

Concrete Wall

Ny

Shear Connectors

\\

Figure 1.2. Main Components of a Typical Composite Shear Wall
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a. Shear Wall Elements Under Pure Shear b. Shear Wall Elements Under Tension Field Action

Figure 1.3. Shear Resistance by Steel Plate in (2) Composite Shear Wall and (b) Sted Shear Wall
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Figure 1.4. Shear Resisted by Diagonal Compression Field of Concrete

1.3.b. Reinfor ced concrete (R/C) shear wall

Reinforced concrete walls can be connected to one side of a sted plate shear wall, Figure
1.1(a) or both sides of a stedl plate shear wall, Figure 1.1(b and c) or the R/C wall can be
sandwiched between two stedl shear walls, Figure 1.1(d). In all of these cases, the R/C wall
provides shear strength and stiffness, through its compression field as shown in Figure 1.4, and
some ductility depending on the amount of reinforcement in thewall. The R/C wall also
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participates in resisting overturning moment. The R/C wall can be cast-in-place wall or pre-cast.
One of the important roles of the R/C wall isto prevent buckling of sted plate wall. Thisis done
by connecting the stedl plate to the R/C wall using shear connectors.

1.3.c. Shear connectors

Shear connectors are used to connect steel elements of the composite wall to concrete.
For cast-in-place concrete usually welded shear studs are used. Of course other shear connectors
such as channels can al so be used although they may not be as economical as welded shear studs.
For pre-cast concrete walls, bolts can be used to connect the R/C wallsto stedl plate walls. Tests
of composite shear walls (Zhao and Astaneh-Ad, 2002) have shown that in composite shear
walls, in some cases, shear studs not only are subjected to shear but also to a considerable tension
due to local buckling of the stedl plate.

1.3.d. Boundary columns

In addition to gravity loads, the columns on the sides of a composite shear wall resist the
bulk of overturning moments. The columns also provide an anchor point for tension field action of
the stedl plate and bearing eement for compression diagonal e ement of the concretewall. In
structures with relatively large columns, the columns can also transfer a considerable amount of
story shear.

1.3.e. Boundary beams

The top and bottom beams in a composite shear wall act as anchor for tension field action
of the stedl plate and as compression bearing element for compression diagonal of the concrete
wall. In addition, the beam resistsits tributary gravity load from the floor. Due to overturning
moment, the beams are subjected to relatively large shear flow at their ends.

1.3.f. Connections of shear wall to boundary members

The stedl shear wall should be connected to boundary columns and beams either by bolts
or welds. The main role of these connectionsisto transfer shear and tension. The concrete wall
can also be connected to the boundary walls using mechanical connectors. These connections
transfer shear that isressted by the reinforcement insde the wall.

1.3.g. Beam-to-column connections
These connections play a major rolein performance of thewalls. In adual system, where
the stedl frame is the “back-up” system for the composite shear wall, the connections should be

moment connections.

1.4. Structural Systems Using Composite Walls

Figure 1.5 shows atypical sted structural system with composite shear walls. Like
reinforced concrete and steel shear walls, the composite shear walls are used to provide resistance
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tolateral loads. Figure 1.5(a) shows a composite shear wall used in a sted frame with smple
supports. In this case, the composite wall is designed to carry the entire story shear. The wall
provides the bulk of story shear and ductility through yielding of the steel shear wall and
reinforcements inside the concrete wall as well as compressive crushing of concrete. The wall also
acts as the web of the vertical “cantilever” beam that resists the overturning moment. The flanges
of this cantilever beam are boundary columns.

The system shown in Figure 1.5(b) isa“dua” system where the shear wall isether insde
amoment frame or isparald toit. Although in reality, the shear wall and moment frame provide
lateral load resistance together, in current practice, the shear wall is designed to resist total lateral
load while the moment frame is designed as a “back-up” system to resist ¥4 of the lateral load.
More on design and code procedures are given in Chapter 3. The moment frame in this system
does not have to be the “ Special” ductile moment frame as defined by codes and FEMA 350
report. Based on test results, (see Chapter 2) it appears that because of the presence of shear wall
the rotational demand on moment connectionsin this system isrdatively small until the shear wall
is severdy damaged. Even after shear wall is heavily damaged, because of the presence of gusset
like corner pieces of the stedl plate above and below the moment connections, the connections are
not subjected to large rotations.

The system in Figure 1.2(c) isalso adual system, which has two shear wallswith a
relatively short coupling beam between them. By adjusting bending and shear strength of the
coupling beams, the designer can design the system such that the coupling beam acts as a ductile
fuse and participates in not only providing strength and stiffness but also significant ductility and
energy dissipation capability.

Coupling

Moment Beams

Frame

Simple
Supports

1IN

(a) Shear Wall (b) Shear Wall Inside or (c) Coupled Shear Walls
Inside Simply- in Parallel With a

Supported Frame Moment Frame
(Dual System)

Figure 1.5. Typical Stedl Structure with Composite Shear Walls
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1.5. An Example of Application of Composite Shear Walls

Degenkolb Engineers have used composite shear wallsin a hospital in San Francisco
(Dean et d., 1977). A plan view of the structure is shown in Figure 1.6. This structure is a good
example of the early use of composite shear wallsin a hospital building in an area of very high
seismicity such as California. A view of the structure and a close up of the shear wallsin this
building are shown in Figure 1.7. The sted shear wallsin this structure were covered on both
sides with reinforced concrete shear walls making the wall a composite stedl concrete shear wall.
For information on stedl shear walls the reader isreferred to a previous Sted TIPS report:
“Selsmic Behavior and Design of Sted Shear Walls (Astaneh-Ad, 2001).

Composite
Shear Walls

\ 240’ (73.2 m)

Y

AL ¢ .
f g
(Photos: Courtesy of Degenkolb Engineers, San Francisco)

Figure 1.7. A view of 18-story hospital and close-up of a shear wall
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Because of this building being a hospital, the designers Dean et a., (1977) have used Site-
specific response spectra and dynamic analysis to establish seismic forces. Theresulting seismic
forceswererdatively large. In sdecting composite shear walls for this building, Dean et al, (1977)
state that:

“ The combination of force level and allowable stresses would have required
shear wall thicknesses of over 4 feet if walls were of reinforced concrete
only. Thiswould have been unacceptable architecturally and the added
weight would have increased the design forces substantially. It was
therefore, necessary to introduce solid structural steel plate into the
principal wallsto resist high shears. The plates are enclosed in concrete to
provide stiffening against plate buckling.”

The composite shear wallsin thisbuilding consist of sted plates with concrete walls on
both sides. Boundary columns are rolled or welded built-up wide flange sections. Floor beamsin
the shear wall panels are welded plate girder. The shear connections consist of ties passing
through holesin the stedl plate and web of plate girder. Figure 1.8(a) showstypical cross section
of the composite wall from Dean et al. (1977).

Figure 1.8(b) shows diagrammatic elevation of part of the shear wall. There are numerous
openingsin the walls and plate girders as shown in Figure 1.8(b). Sted trim plates were used to
reinforce boundaries of the openings. According to Dean et al. (1977) sted platesin the
composite shear wall were designed to resist the entire applied shear and the role of the concrete
was to prevent the stedl plates from buckling. Of course, concrete provided stiffness to the
structure aswell. A typical reinforcement in the concrete is shown in Figure 1.8(a).
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Figure 1.8. (a) Typical Cross Section of the Composite Walls, and

(b) Partial Elevation of the Wall Prior to Adding Concrete Walls
(Ref.: Dean et al.(1977))
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2. BEHAVIOR

OF COMPOSITE
SHEAR WALLS

2.1.Seismic Behavior of Composite Shear Wallsin Laboratories

During 1998-2001 periods, there were two parallel research projects conducted at the
Department of Civil and Environmental Engineering of the University of California, Berkeley on
shear walls. One was composite shear walls (Astaneh-Ad and Zhao, 1998-2000) and the other
was on sted plate shear walls (Astaneh-Ad and Zhao, 2000-2001). The project on composite
shear wall was funded by the National Science Foundation and the steel shear wall was funded by
the General Services Administration and Skilling Ward Magnusson Barkshire. More information
on the sted shear wall project can be found in (Astaneh-Ad and Zhao, 2002) and in Sted TIPS
report (Astaneh-Ad, 2001). In the following, the discussion islimited to the composite shear wall
tests at the University of California, Berkeley (Astaneh-Ad and Zhao, 2002).

The main objective of this project was to conduct cyclic testing of atraditional and an
innovative composite shear wall and to devel op the design and modeling recommendations. Our
exploratory studies of an innovative version of the traditional composite shear wall systems
showed a significant potential for thisinnovative system to become a very efficient and high
performance lateral load resisting system. Figure 2.1 shows the basic attributes of traditional and
innovative composite shear wallstested. Both traditional and innovative composite shear walls
studies were “dual” system with composite shear walls placed within a moment frame, Figure
2.1(a).

The only difference between the traditional system and innovative one proposed and
studied herein isthat in the innovative system there is a gap between the concrete wall and the
boundary columns and beams, Figure 2.1(b). In thetraditional composite shear wall thereisno
gap, and concreteis directly bearing against boundary columns and beams, Figure 2.1(c). Aswill
be shown later, this seemingly simple difference resulted in significant improvementsin the
performance aswell asincrease in ductility and reduction in damage.
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Precast Conc.
Wall

Bolts

(b) Innovative Composite Wall

Precast Conc.
Wall

No Gap

~J= (@

(a) Composite Shear Wall Studied Bolts

(c¢) Traditional Composite Wall

Note: Steel shear wall is fillet-welded to steel tab plates on all four boundaries. The
tab plates are fillet-welded to the boundary beam and column flanges.

Figure 2.1. Views of Traditional and "Innovative" Composite Shear Walls

The proposed innovative composite shear wall system was devel oped to exhibit two
phases of behavior:

a. Behavior During More Frequent Low and Medium Size Seismic Events- During
these events, because of the gap between the concrete wall and the boundary columns
and beams, the concrete wall will not be engaged with the frame. As aresult, the stedl
shear wall isthe main dement carrying shear and providing the bulk of the shear
stiffness to control story drifts. For such small and moderate seismic events, the strength
and gtiffness of the stedl plate alone will be more than sufficient to resist shear forces
and limit story drift to acceptable levels. In this case, because of the concrete wall not
being engaged with the boundary e ements, it does not participate in carrying shear and
is expected to remain essentially undamaged. During this “stedl shear wall” phase of
behavior of innovative shear wall, the main role of the concrete wall isto provide
bracing for the stedl plate and prevent buckling of the plate prior to its yieding.
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b. Behavior During Relatively Large Earthquakes- During these large, but infrequent
events, when story shear forces and story drifts are expected to be large, the gaps
between the concrete wall and the boundary columns and beamsin the innovative
system close and concrete wall also participates in carrying shear force and providing
shear diffness. The shear strength of the engaged concrete wall is added to shear
strength of the system and the stiffness of the engaged concrete wall adds to inter-story
shear gtiffness and helpsto reduce inter-story drift.

2.2. Cyclic Tests of Composite Shear Walls

The test program consisted of subjecting two specimens of traditional and innovative
composite shear wall to cyclic story shear. In the following the test program is summarized.

2.2.a. Test Specimens

The test specimens were Y2-scale three stories, one bay structures. Figure 2.2 shows a
typical test specimen. The specimens have identical properties except for a 1.25-inch gap
provided between the concrete wall and the steel columns and beams in Specimen 1 representing
the innovative composite shear wall. Table 2.1 shows the properties of test specimens. The
details of the specimens are shown in Figures 2.3 and 2.4. More details of specimens and shop

WS | #2
(= b2
A=z,

Figure2.2. A View of Test Specimen 2
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drawings can be found in Zhao and Astaneh-Ad (2002). The sted plate used in the specimen was
A36. The beams and columns were A572 Grade 50 stedl. The concrete wall in the specimens was
apre-cast concrete wall connected to the stedl plate using ¥z inch diameter A325 bolts.

The concrete used in the specimens was specified to have f' ¢ of 4,000 ps. The stedl part
of the specimens were fabricated by Herrick Corporation and delivered to the University of
California Civil Engineering laboratories on Campus where they weretested. The pre-cast
concrete walls were cast in the lab. The beam-to-column connections in the specimens were
moment connections.

Table 1. Propertiesof Test Specimens

Columns | Beams Stedl Plate Concrete Wall
Spec. Thickness Typeof | Thickness Renf., r
No. Conc. of Conc. In Each
Wall wall Direction
Innovative | W12x120 | W12x26 3/16 inch Pre-cast 3inches 0.92%
(4.8 mm) (75mm)
Traditiona | W12x120 | W12x26 | 3/16inches | Pre-cast 3inches 0.92%
(4.8mm) (75 mm)
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. File: D:\zq\NSF\Autocad\concwall.dwg I Re
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Figure 2.3. View of the Reinforcement in the Specimen
(Ref: A. Astaneh-Ad and Q. Zhao, 2002)
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Figure 2.4. Details of Reinforcement, Shear Connectors (Bolts) and Connections of Steel Plate

(Ref:
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2.2.b. Test Set-up

The test set-up used in the project is shown in Figure 2.5. The main components of test
set-up are the 1500 kips (750 tons) actuator, the loading beam at the top and the reactiol it
the bottom supported on reaction blocks. The beam at mid-height of specimenwasbracc 0
paralld beams, one on ether side. The bracings were added to smulate the bracing effects of
floorsin actual buildings.

1500 KIPS
ACTUATOR
LOADING

E::: )} ek

lES SPECIMEN ......
20’ In , Y
...... 23 4

REACTION e
BEAM

m

A_A

d
Al

[ " — T A

Figure 2.5. Test Set-up and a Specimen in It

2.2.c. Instrumentation and Collection of Data

The specimens were instrumented to measure strain at the critical locations as well asthe
local and global deformations. The shear force applied to the specimen was measured by the load
cell in the actuator. More than 230 channédsin the data acquisition system were recording data
from the instruments. For details of instrumentation and complete set of data, the reader is
referred to the project report by Astaneh-Ad and Zhao (2002.

2.2.d. Test Procedures and L oading Sequence

The specimen to be tested was placed insde the set-up and was tightened to the top and
bottom beams using one-inch diameter bolts. After application of a small cycle of displacement to
check the instrumentation, the main test proceeded. The loading sequence applied to both
specimens was the same and is shown in Figure 2.6. The loading sequence was developed using
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the sequence suggested in the AISC Seismic Provisions (AISC, 1997). Theloading sequenceis
st in terms of the total drift of the specimens calculated by dividing the horizontal displacement
of the top of the specimen, measured by the actuator, by the total height of specimen. The total
height of both specimens was 20ft- 4 inches. The actual inter-story drift was calculated later by
dividing inter-story horizontal displacement by the story height.

A
7dy 7.5dy (limit of the set-up)
0.04 [~ 6dy 1 [
5
iy |

0.02 = 2dy 3d A_A Until Failure
Total iTi
Drift WMA AA 1 R
of
Specimen vVVVVV VV Cycles

0.02 - V

-0.04 [~

Note: dy for both specimens was predicted to be equal to 1.5 inch displacement
corresponding to drift of 0.006. The specimens yielded at drift of 0.006 as predicted.

Figure 2.6. Loading Sequenced Applied to Specimens

2.2.e. Behavior of Specimens
In the following, a brief summary of the behavior of specimensis provided.
Behavior of Specimen One (I nnovative Composite Shear Wall)-

Specimen One, with a gap around the concrete pand, behaved in a very ductile and
desirable manner. The specimen tolerated 33 cycles of which 27 cycles wereindlastic cycles. The
maximum overall drift of 4.4% was reached. The specimen was elastic until an overal drift of
0.4% with only very dight yield lines was observed at the base of the specimen. Ascyclic loading
continued, at loading cycle corresponding to drift value of 0.6%, the specimen showed yielding of
al three horizontal beams and some yidding at the column base. As predicted by the analyses and
as observations confirmed, the drift value of 0.006 was established as yield point. The shear force
at the yield point was about 300 kips. Figure 2.7 shows Specimen One at various stages of
testing.

Cyclic loading continued and at the drift value of 0.012 the sted plate shear wall
developed some local buckling in the compression diagonal strut and yielding in the tension
diagonal strut, while the concrete panel started to separate from frames and be lifted from the
stedl pand underneath. The damage to concrete wall was very minimal and in the form of hair
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cracks. During the drift cycle of 0.024, the middle and bottom beams in the steel frame started to
develop flange and web local buckling near the beam-column moment connections. In the
meantime the concrete panel on the second story devel oped diagonal cracks. During the loading
cycle of 0.03 drifts, the first punching failure of the bolts between the steel wall and the concrete
wall happened, and the steel wall started to develop cracks at the corners. During this cycle, the
specimen reached the peak value of its shear strength of about 625 kips. In the loading cycle of
0.036 drifts, the concrete walls developed magjor cracks and crushed at the corners. All the beams
had noticeable web and flange local buckling near the moment-connections and the first beam web
fracture occurred at the left end of the middle beam. At this time the columns had developed a
plastic hinge up to halfway through the second story.

In Specimen One, during the loading cycle of 0.042 drifts, about 10% of the total bolts

At 7.3 dy (Drift of 4.4%)

Figure 2.7. Specimen One at Various Stages of Test
(Astaneh-Ad and Zhao, 2022)
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connecting the stedl plates to the concrete walls had been broken or punched through the stedl
wall. The top concrete walls had been lifted about 4 inches around their perimeter and had formed
a“dish” shape geometry. Fractures developed from the places where beam flange local buckling
had happened. During this cycle, the specimen failed in the form of fracture of sted plate
emanating from the corner areas. Asaresult of thisfracture, the shear load on the specimen
dropped about 20%. Since the capacity of specimen at this time was less than 80% of its
maximum capacity, the specimen was considered failed. However, a few cycles of 0.044 drifts
was also applied.

During these 0.044 cycles there was obvious column flange local buckling and fracture on
all beam webs. There was severe fracture of the steel wall pand near the middle south moment
connection, while large portion of the concrete wall had crushed and spalled. The specimen lost
another 20% of its shear capacity during this cycle.

Behavior of Specimen Two (Traditional Composite Shear Wall)-

Specimen Two did not have gap around the concrete wall. The specimen behaved in aless
ductile manner than Specimen One with the gap. As mentioned earlier, the loading cycles of
Specimens 1 and 2 were identical following the sequence shown in Figure 2.6 except that
Specimen 2 did not have the last loading cycle and the maximum overall drift for this specimen
was 0.042.

Specimen 2 remained eastic until an overal drift of 0.004 with only very dight yielding
lines at the bottom beam web. Then, at loading cycle of 0.006 drifts yielding of steel was observed
on the webs of the bottom and middle beams as well as on the column base plates. This drift value
of 0.006 was established as the yield point of specimen. The pretest analytical pushover studies
also had predicted the yield point to be at 0.006 drifts. Theloading at the yield point was about
440 kips, which was more then 40% higher than the first specimen.

Ascyclic loading continued, at an overall drift value of 0.012, some corner and perimeter
yieding developed in the steel wall pandl's, but no buckling could be observed. The concrete wall
started to separate from the frames with a gap of ¥ inch and lifted about %2 inch from the sted
panel underneath. Widespread yielding occurred in the beam web and shear tab. In the loading
cycle of 0.018 drifts, concrete panel started to have cracks around the edges and inside. The stedl
panel devel oped obvious buckling shapes as shown in Figure 2.7. Diagonal and vertical yidd lines
were observed near the beam-column moment connections. One bolt was broken and sheared off.
In the loading cycle of 0.03 drifts, the first punching failure of bolts connecting the sted plates and
concrete walls occurred. At this point the sted wall started to devel op cracks around the corner
locations. The specimen reached the peak value of it shear strength of about 625 kips.

During the loading cycle of 0.036 drifts, the concrete walls in both floors devel oped major
cracks and crushed at the corners. All three horizontal beams had severe web and flange local
buckling around the moment-connections, and the first beam web fracture occurred at the right
end of the middle horizontal beam. At t his time, columns had developed a plastic hinge up
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Just After Yield Point

Steel Wall Buckling Plastic Hinge at the Base of Column

At 5dy (Drift of 3%) At the End of the Test at 7.3 dy (Drift of 4.4%)

Figure 2.8. Specimen Two at Various Stages of Behavior
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Actuator Shear Force (Kip)
1 1

to halfway through the second story. In the loading cycle of 0.042drift, more than 20% of the

total bolts between the steel pand and the concrete panel had been broken or punched through the
steel wall. The top concrete panels had been lifted about 4 inches. Fractures developed from the
places where beam flange local buckling had happened. The specimen dropped more than 20% of
itstotal shear strength and was considered failed. In the loading cycle of 0.044, there was obvious
column flange local buckling and fractures on all beam webs. There was severe fracture of the
stedl wall panel near the middle south moment connection. Also the top sted shear wall had been
separated from the right column aong the entire length of the right side column. The concrete
walls for both floors had been reduced to rubble as can be seen in Figure 2.8.

2.2.f. Test Results and Comparison of Two Specimens

Extensve data were obtained from these tests and are given in Zhao and Astaneh-Ad

(2002). One of the important results was shear force drift plot for the specimens. These plots,
shown in Figure 2.9, provide valuable information on stiffness, strength, ductility and energy

dissipation capacity of the system, al parameters very important in design and analysis of
structures. Both specimens were able to reach inter-story drifts of more than 4% without

reduction in their strength and both were able to reach inter-story drift of at least 5% when their
strength had dropped to about 80% of maximum strength attained during the tests.
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The maximum strength of the traditional wall (without any gap around the concrete wall)
was dightly higher than the strength of the specimen with the gap. Thisis expected sincein the
specimen without a gap, the concrete was bearing against the columns and beams from beginning
of the test and was adding to the shear capacity. However, it isinteresting to note that the
concrete wall, even when it was participating in carrying shear did not increase the capacity
ggnificantly. The stiffness of specimen without the gap around the concrete was dightly higher
than the stiffness of the specimen with a gap. However, the difference was small and similar to the
case of strength, it appears that the participation of concrete wall did not add to the stiffness of
the system significantly.

In both specimens, the strength dropped when the sted plate walls started fracturing
through their corner where there was a2 inch by 2-inch gap between the wall and the moment
connection. Learning from these tests, in our design recommendations we have suggested
avoiding such discontinuities. In both specimens, concrete walls were able to brace the sted wall
and prevent their buckling before yielding. During late cycles, sted plates buckled over the free
length between the bolts connecting the stedl plates to concrete walls. Continuation of cyclic
loading beyond this point in both specimens caused tension fracture and punching shear failure of
bolts through the sted plate.

i ] S

a. Innovative Composite Shear Wall b. Traditional CompOSite Shear Wall

Figure 2.10. Comparison of Damage to Concrete Wall in Innovative and Traditional
System for Same Level of Drift of 7%

The most important difference between the behaviors of these two specimens was the
behavior of the concrete wall. In specimen without the wall, during relatively early cycles, the
entire edge of the wall developed cracks and spalled as seen in Figure 2.10(a). However, the
specimen with a gap around the concrete wall did not show any such damage for the same level of
drift applications, Figure 2.10(b). During later cycles, the damage to the concrete wall of the
traditional composite wall was very extensive with aimost all of the concrete turned into rubble
with reinforcement grid entirely being freed. However, in Innovative specimen with gap around
thewall, the damage to concrete wall was relatively limited, Figure 2.10(a).
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In summary, the behavior of traditional and innovative composite shear walls that were
tested indicated that both are excellent systems for lateral load resisting capable of exceeding
inter-story drift values of 4% without reduction in their shear strength. In addition, both
specimens were able to reach inter-story drifts of more than 5% and <till maintain at least 80% of
thelr maximum strength reached during the tests. In the innovative composite shear wall, the
concrete wall remained essentially undamaged up to inter-story drift values of about 3% while
bracing the sted plate wall, preventing it from buckling and enabling it to reach yielding and go
beyond.
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3. RELEVANT CODE e
PROVISIONS R

2000

3.1. Introduction

The current U.S. code, such asthe AISC Seismic Provisions (AISC, 1997) and the
International Building Code (IBC, 2000) have considerable information on seismic design of
composite shear walls. This chapter discusses the code provisions primarily from UBC-97
(ICBO, 1997), IBC-2000 (ICC, 2000), SEAOC Blue Book (SEAOC, 1999) and the AISC
Seismic Provisions (AISC, 1997). Thereader isassumed to be familiar with at least one of the
UBC-97, SEAOC-99 or IBC-2000 codes and the AISC-97 Seismic Provisions. The code
provisions quoted here are for discussion only. In actual seismic design, the reader should refer to
the actual code document. The discussion in this chapter applies only to composite shear walls
denoted by the AISC Seismic Provisions (AISC, 1997) as “Composite Stedl Plate Shear Walls (C-
SPW).” The C-SPW walls are defined by AISC (1997) as. “ .... structural walls consisting of
steel plate with reinforced concrete encasement on one or both sides of the plate and structural
sted or composite boundary members.”  Figure 3.1 from the Commentary section of the AISC
Seismic Provisions (AISC, 1997) shows examples of this system.

Concrete Stiffening on One
/ or Both Sides of Plate

ZzzZn

Welded or Boited

Fig. C-17.1. Concrete stiffened steel shear wall with steel
boundary member.

Fig. C-17.2. Concrete stiffened steel shear wall with
h,

composite (encased) boundary

Figure 3.1. Composite Stedl Plate Shear Wall Systems (AISC, 1997)
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3.2. Establishing Earthquake L oads for Composite Shear Walls Using US Codes

The UBC-97, SEAOC-99 and IBC-2000 have seismic load effects E and E that involve
information related to the structural system. E and E,, areused in IBC-2000 (aswell asin other
US codes) in load combinations that are specific to seismic design. Values of E and E,, are given
asfollows. These are Equations 16-28, 29 and 30 of the IBC-2000.

E =rQg +0.2S5,¢D (3.1)
E,. =W,Qg £ 0.2S,sD (3.2)

In the above equations, negative sign should be used for the second term whenever the
gravity and seismic effects counteract. For definition of termsin all equationsin this report, see
Notations on Pageiv. All termsin the above equations, with the exception of r, Qe and W, , are
independent of the structural system used. Therefore, only parameters that are specific to
composite shear walls are discussed here. For other parameters the reader is referred to the
codes.

3.2.a. Valueof r for composite shear walls

The parameter r, isareiability factor based on the system redundancy and isgiven in
IBC-2000 (aswdl asin UBC-97) as:

r.=2

(3.3)

.0
rmaxi \/A_I

Where, Iy, and A for shear walls, composite shear walls being one, are defined by IBC-2000

(and UBC-97). For definition of these and other terms see Notations at the beginning of this
report.

3.2.b. Valueof Qe (and R-factor) for composite shear walls
Theterm Qg, represents the effects of horizontal seismic forces. In establishing Qg , if
“Equivalent Lateral Force” procedure of the code is used, first the base shear V hasto be

established. Most seismic design codes have a procedure to establish V. The IBC-2000 provides
the following equation for V:

V =CW (3.4)

and;
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&R0

6o

C, =

(3.5)

For definition of termsin all equationsin this report, see Notations at the
beginning of thereport. All termsin the above equations, with the exception of R, the response
modification factor, are independent of the seismic-force-ressting system. The IBC-2000 (as well

as UBC-97 and SEAOC-99) provides values of R for more than 70 different seismic-force-
ressting systems including the composite shear walls.

Table 4.1 shows values of R, W, and Cy4 for a number of seismic-force-ressting systems

including composite shear walls (last linein thetable). The valuesin thetable are those givenin a
smilar, but more extensive tablein the IBC-2000 and by the UBC-97.

Table 4.1. Design Coefficients and Factors for Basic Seismic-force-ressting Systems

(The valuesin the table are those given by the IBC-2000)

Resp- System Deflection | System Limitations and Building
onse Over- Amplifi- Height Limitations (feet) by Seis_mic
e . Modifi- | Strength | cation | S CER e 0
Basic Seismic-force-resisting System cation Factor Factor, Aol C D E =
Factor, B
R W, Cq

Steel eccentrically braced frames, 8 2 4 NL | NL | 160 | 160 | 100
moment-resisting connections at
columns away from links
Steel eccentrically braced frames, 7 2 4 NL | NL | 160 | 160 | 100
non-moment-resisting connections
at columns away from links
Special steel concentrically braced 6 2 4 NL | NL | 160 | 160 | 100
frames
Ordinary steel concentrically braced 5 2 41 NL | NL | 160 | 160 | 100
frames
Special reinforced concrete shear 6 2 5 NL | NL | 160 | 160 | 100
walls
Composite eccentrically braced 8 2 4 NL | NL | 160 | 160 | 100
frames
Special stee moment frames 8 3 5% NL | NL | NL | NL | NL
Special reinforced concrete moment 8 3 5% NL | NL | NL | NL | NL
frames
Dual system with special moment 8 25 615 NL | NL | NL | NL | NL
frames and special steel
concentrically braced frames
Dual system with special moment 8 25 6 Y NL | NL | NL | NL | NL

frames and composite steel plate
shear walls

1617.6 of the IBC-2000.
2. NL=No Limit

Notes: 1. Thistable only shows few systems and should not be used in actual design. For design, refer to Table

3. % Thevauesin thelast line of the table are proposed by the author.
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3.2.c. Value of Wo, for composite shear walls (C-SPW)

The IBC-2000 (ICC, 2000) provides values of W, the over strength factor, for a variety of
saismic-force-resisting systems. The factor is used to amplify the seismic forcesin design of
specified structural eements and their connections to adjoining elements (SEAOC, 99). Vaues of
W, for select systems are given in Table 3.1 above. For composite shear wall C-SPW system it is
given as 2.5.

3.2.d. Value of Cy, for composite shear walls

IBC-2000 gives avalue of Cy, equal to 6.5 for composite shear walls, see Table 3.1
above.

3.3. Seismic Design Provisions for Composite Shear Wallsin the Codes

The previous section discussed the issues related to the Demand side of the design
equation: Demand < Capacity and how to establish earthquake loads for composite shear walls.
This section discusses the issues related to Capacity side of the design equation. These issues for
seismic design of stedd and composite structures are currently addressed by “ Seismic Provisions
for Sructural Steel Buildings’ (AISC, 1997), developed and published by the American Institute
of Steel Congtruction Inc. In the following sections, these provisions are discussed and some
suggestions are provided that, after being subjected to the professional review and refinements,
can beincorporated into the seismic design codes.

The AISC Seismic Provisions (AISC, 1997) has Expected Yield Strength, Fye, defined by
the following equation to be used in design of certain connections or related members. In the next
chapter of thisreport, when design recommendations for composite shear walls are discussed, in
some cases, instead of specified yield stress, the Expected Yield Strength given by following
equation in the AISC (1997) is used.

Fe=R/F (3.6)

Where, Fis the specified minimum yield strength and R, is a factor ranging from 1.1 to
1.5 depending on the grade of stedl and weather the element isarolled shape or a plate. The
provisions given by the AISC (1997) on Notch-toughness Stedl (Section 6.3 of AISC, 97) equally
appliesto the steedl elements of composite shear walls. The provisions of AISC (1997) on
Connections, Joints and Fasteners (Section 7 of the AISC-97) and on Columns (Section 8 of the
AISC 97) are equally applicable to composite shear walls.

The composite shear wall system discussed hereis a dual system where the composite wall
isinsde a special moment frame. The moment frames being “ Special” should satisfy the
requirements of Sections 9 of the AISC Seismic Provisions (AISC, 1997). The tests summarized
in Chapter 2, demonstrated a very ductile and desirable performance for the dual system. Even
after the composite shear wall had been severely damaged with the concrete wall completely
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crushed and the sted plate fractured, the moment frame aong with remnants of the composite
shear wall was able to behave in a very ductile manner. The moment frame at this stage was able
to carry more than 50% of the maximum shear capacity of the dual system as shown in Figure 2.8.

AISC Seismic Provisions (AISC, 1997) has provisions on Quality Assurance, which is
equally applicable to composite shear walls.
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4. SEISMIC DESIGN

OF COMPOSITE
SHEAR WALLS

This chapter discusses seismic design and modeling of composite shear walls and provides
seismic design recommendations.

4.1. Types of Composite Shear Wall Systems

Three types of composite shear walls are discussed in the AISC Seismic Provisions (AISC,
1997). All three systems have sted framing. Two of the systems have Ordinary or Intermediate
reinforced concrete shear wall and the third has a composite shear wall. The focus of this report
and the following discussion is on the third type, shown earlier in Figure 3.1.

4.2. Design Criteriafor Performance Based Design of Composite Shear Walls

When alateral load resisting system isdesigned using R, W, and Cy4 values given in the
codes, the design and detailing should be such that the system is sufficiently ductile and has
enough over-strength. In order to achieve such performance with high ductility and over-strength
in design, the following design procedure is devel oped and proposed. The basis of this procedure
in general isto ensure that the ductile failure modes occur before the brittle failure modes and
indagticity startsfirst in non-gravity carrying members of the system and then if necessary spreads
into gravity load carrying el ements towards the end of the seismic event and in a controlled
manner such that progressive collapse does not occur.

4.3. Developing Seismic Design Procedures for Composite Steel Plate Shear Wall Systems

The steps taken in developing seismic design procedures for composite steel plate shear
walls are given below. The steps are similar to those taken by the author in developing design
procedures for shear connections (Astaneh-Ad et al, 1989), bolted moment frames (Astaneh-Ad,
1995), column tree moment frames, (Astaneh-Ad, 1997), gusset plates (Astaneh-Ad, 1998) and
sted shear walls (Astaneh-Adl, 2001).
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Stepsin developing proposed design procedures:

Literature survey and actual tests (summarized in Chapter 2) were conducted to establish
the actual cyclic behavior of the system

Failure modes (limit states) of the system were identified

The failure modes are grouped into “ductile’ and “brittle” Theyield failure modesin
general are considered ductile unlessin rare occasions because of constraints on plastic
flow, theyielding is not as ductile as desired. On the other hand the fracture failure modes
are generally considered brittle. Buckling failure mode, depending on whether it is
inelastic or dastic buckling, is considered ductile or brittle respectively. Slippage of bolts
is consdered ductile and the most desirable limit state for seismic design.

Failure modes are placed in a hierarchical order such that: (a) for members that can
experience indastic behavior, ductile failure modes should occur prior to brittle failure
modes and; (b) non-gravity carrying e ements, such aswall plate, reach their governing
limit state prior to gravity carrying members do.

Design equations are devel oped for all failure modes such that the hierarchical order of the
faillure modes is materialized.

In the following the application of above steps to seismic design of stedl shear wallsis

explained. The resulting proposed design procedures are given at the end of this chapter.

4.3.a. Magjor failure modes

Nogahk~owbdE

The failure modes of typical sted plate shear walls are:

Failure modes of composite shear walls

Slippage of bolts (ductile).

Yielding of the sted plate (ductile).

Buckling of the stedl plate (ductile).

Cracking and spalling of the concrete wall (ductile/brittle)

Fracture of the shear connectors (brittle)

Fracture of the wall plate (brittle).

Fracture of the connections of steel wall to boundary columns and beams (brittle).

Failure modes of top and bottom beams

8.
9.

Shear yielding of the top and bottom beams (ductile).
Plastic hinge formation in the top and bottom beams (ductile).

10. Local buckling in the top and bottom beam flanges or web (ductile if bit £1 ;).
11. Fracture in beam-to-column moment connections (brittle).
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12. Overall or lateral-torsional buckling of beams (brittle).
13. Fracture of shear connections of beams (brittle).

Failure modes of Boundary Columns

14. Plagtic hinge formation at the top and bottom of columns (ductile).
15. Local buckling of boundary columns (ductileif b/t £1 p).
16. Overall buckling of boundary columns (ductileif | =(KL/pr)QFR/E) £ 1.0.)
17. Yidding of base plates of boundary columnsin uplift (ductile)

18. Tension fracture of boundary columns or their splices (brittle).

19. Fracture of anchor bolts or base plates at the base of the columnsin uplift (brittle)
20. Fracture of the column base platesin bending and/or uplift (brittle)

21. Failure of the foundations of the wall (brittle).

4.3.b. Hierarchical order of Failure modes

To obtain a desirable and ductile performance, the above failure modes can be listed with
respect to their desirability. This hierarchical order of failure modesis shown in Figure4.1. The
hierarchical order isarranged such that the ductile failure modes of the wall itsdf, which is usually
anon-gravity carrying element, occurs first followed by ductile failure modes of the top and
bottom beams and finally by ductile failure modes of the boundary columns. The brittle failure
modes are generally arranged to occur after ductile failure modes. Again, among brittle modes
also, it isdesired that the brittle failure modes of the wall govern over those for the beams and
columns.
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Figure4.1. Mgor Failure Modes of Typical Composite Sted Plate Shear Walls
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Slippage of the wall boundary bolts or splices should not be considered a consequential
fallure mode. In fact, such dippage provides a mechanism of energy dissipation through friction
and introduces some beneficial “semi-rigidity” to the structure. Of course the slippage should not
occur under service lateral loads. Buckling of the plate in dender shear walls does not appear to
be detrimental in performance and have no significant effect on the ultimate shear strength and
overal performance of thewall. The fracturein tension or buckling in compression of the
boundary columns should be avoided in design since such failures can have serious stability
consequences as well as very high cost of post earthquake repairs

4.5. Design of Composite Wall Element

The AISC Seismic Provisions (AISC, 1997), give the following equation for nominal
shear strength of a composite shear wall:

V., =0.6AF, (4.1)

The above equation can be applied to cases in which the concrete wall provides adequate
stiffening to prevent overall and local buckling of the steel plate prior to its shear yidding. In
order to demonsdtrate that an adequate stiffening is provided to prevent the overall buckling of a
composite shear wall, the AISC (1997) in its Commentary section recommends that “the overall
buckling of the composite panel be checked using elastic buckling theory using a transformed
section stiffness of the wall.” One approach to doing thisis to transform the concrete wall to
vertical and horizontal gtiffenersas shown in Figure4.2. Then by using elastic buckling theory of
stiffened plates or orthotropic plates, the overall buckling of plate can be checked. For more
information on overall buckling of stiffened plates the reader is referred to textbooks on
mechanics such as Allen and Bulson (1980).

Area of Concrete Wall to Be

1 | "/ 1 I |

(@

Stiffener with Area Equal to

/— Transformed Area of Concrete
/ | )
(b)

Figure 4.2. (a) Composite Wall and (b) After Transforming Concrete to Steel
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The AISC Seismic Provisions (1997) states that for composite shear walls where concrete
isonly on one side of the sted plate, in order to ensure yielding of the sted plate before itslocal
buckling between the studs, the b/t ratio of compact websin plate girders, given by the following
equation should be followed.

? £1.10,/k,E/F,, (4.2)

Wherek, is given by:

kv :5+i2
(alh)

(4.3)
For definition of terms see “Notations’ at the beginning of this report.

In addition to above, the AISC Seismic Provisions (1997) has following requirements for
composite shear walls.

1 The thickness of concrete should be a minimum of 4 inchesif concreteis on
both sides of sted plate and 8 inchesif concrete is on one side only.

2. Headed shear studs or other mechanical connectors should be used to prevent
local buckling of the plate.

3. Horizontal and vertical reinforcement should be provided in the concrete wall to

meet the requirements of Section 14.3 of ACI-318 code. The reinforcement
ratio in both directions should not be less than 0.0025.

4, Design of boundary members should satisfy requirements of Part |, Sections 5,6
and 8 of the AISC Seismic Provisions (AISC, 1997). These provisions are on
satisfying drift limitsin applicable codes, material specifications, and design of
columnsused in lateral load resisting systems.

5. When there are openings in the wall, adequate boundary members should be
provided.

In current practice, and as the Equation 4.1 indicates, shear capacity of a composite shear
wall is calculated based on the capacity of the sted plate alone. The shear capacity of the
concrete wall isignored. This approach is a conservative approach as far as strength is concerned.
However, in calculating stiffness of the composite shear wall to be used in determining the period
of vibration, it is recommended that the stiffness of concrete also be considered.
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After design of the sted plate, an “expected shear capacity of the stedl plate”, Vs, should
be calculated. The expected shear capacity will be used in design of the connections of the sted
plate to the boundary e ements. The expected shear strength of a composite wall is greater than its
nominal shear strength given by the above Equation 4.1. The main reason for the greater strength
isstrain hardening of the sted after yieding and the fact that today, the actual yield strength of
sted is generally greater than the minimum specified value (i.e. 36 ks for A36). The expected
shear capacity of the sted plate, Ve iSgiven by:

Vnse = Cpr Ry Vn (44)

For definition of all termsin thisreport, please refer to the “Notations’ at the beginning of
thereport. C, isafactor, originally introduced by FEMA-350 (FEMA, 2001) for moment
frames and hereit is used to increase the shear yield capacity of the stedl plate dueto strain
hardening. The strain-hardened material is assumed to have ayield point equal to the average of
F, and F,. Therefore, C, can bewritten as.

C, =(F, +F,)I(2F,) =1+F,/2F (4.5)
p y y y

R, isafactor to account for uncertainty in the specified value of F,and is given by AISC
(AISC, 1997). According to AISC (1997), Ry for stedl plates can be taken as 1.1.

4.6. Resistanceto Overturning M oment

In composite shear walls a considerabl e percentage of over-turning moment can be
resisted by thewall. In the analysis phase both steel and concrete walls can be modeled as parallél
shell dements and forces acting on each are established as shown in Figure 4.3. To be consistent
with the general philosophy of design of composite shear wallsit is suggested that the following
steps are taken:

1. Design sted plateto carry the entire shear applied to stedl plate as well as concrete wall

2. Design concrete wall to resist the combination of vertical gravity force and bending
moment.

4.7. Design of Connections of Steel Plate to Boundary Beams and Columns

Two typical details of connections of stedl plate to boundary beams and columns using
bolts and welds are shown in Figure 4.3. The welded connections should be designed such that
the connection plates (fin plates) and welds devel op the “expected shear yield” strength of the
wall given in previous section as Cy Ry V ,, . If field-bolted connections are used, the bolts should
be designed as dip critical to carry the calculated seismic load and checked to make sure they can
carry the “expected shear yield strength” of the sted plate in bearing.
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Figure4.3. Connection of Steel Plate to Boundary Beams and Columns

4.8. Design of shear connectors

The main role of shear connectorsisto restrain the stedl plate and prevent its overall
buckling. Shear connectors are suggested to be designed for two conditions:

a. Each shear connector should be able to resist atension force resulting from inelastic local
buckling of sted plate during late cycles of loading. The tenson force in the shear
connector can be established by considering equilibrium of forces shown in Figure 4.4.

b. The shear connectors callectively should be able to transfer shear capacity of sted plate or
reinforced concrete wall, whichever issmaller.

Mp of Plate

v

Tension in the Shear
Connector

Figure 4.4. Tension Forcein the Shear Connector

4.9. Design of top and bottom beams and columns

In “dual” composite shear wall system discussed here, beams and columns are part of the
gpecial moment frames. Therefore, the provisions of special moment frames should apply to the
design of these beams and columns. In addition, the boundary beams and columns of shear walls
should satisfy the following b/t requirements given by the AISC Seismic Provisions (AISC,

1997):
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b¢ /2t £52/ JF, (4.6)
The above eguation in non-dimensiona form can be written as:

b /2ty £0.31//E/F, 4.7)
And for the web:

he/t, £520/ [F, (4.8)
The above eguation in non-dimensional form can be written as:

h./t,, £3.10/ [E/F, (4.9)

For definition of terms please refer to “Notations’ given at the beginning of this report.
The SAC Joint Venture (SAC, 2000) suggests alimit of 418/./F, for welded moment

connections instead of 520/\/Ey given by the AISC (1997). The reason for choosing more

relaxed limit of 520/,/F, for web buckling of beams and columnsin this system is due to the fact

that in the shear wall systems discussed here, webs of columns and beams are part of the shear
wall and it isunlikedy that the webs will buckle prior to buckling of thewall. It is recommended
that the web thickness of beams and columnsin an un-stiffened stedl shear system be at least the
same thickness as the wall plate.

4.10. Modeling Composite Steel Plate Shear Wallsin the Analysis

In composite shear the sted plate is expected to yield in shear before buckling. Therefore
in the analyss, the sted plate can be modeled using full shell eements and isotropic material. It
is suggested that the mesh used to divide the stedl plate to smaller shellsis selected such that the
corner nodes of the shells are on the shear connectors.

Thereinforced concrete wallsin a composite shear wall are expected to develop diagonal
tension cracks. The cracking of concrete should be considered in the analysis by modeling the
concrete walls using shell eements that can develop cracking. If the analysi s software does not
have the capability to consider the cracks in the shells, to smulate the cracking of concrete wall
in its diagonal tension field, the concrete wall can be modeled full shell e ements and anisotropic
material. Using anisotropic materials enables the analyst to assign different moduli of easticity
and shear moduli to three principal directions of the wall such that the tension diagonal will have
very small stiffness and will attract much less shear in proportion to its tension capacity along the
tension diagonal. It is suggested that the concrete wall pand also have the same mesh
configuration as the stedl plate with corner nodes of shell eementslocated at the location of
shear connectors. These common nodes can be located where the shear connectors are and the
two shells (stedd and concrete) having the same nodes can be connected at the node locations.
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APPENDI X -

SUGGESTED COMPOSITE STEEL
PLATE SHEAR WALL SYSTEMS

Figures A.1 and A.2 show two suggested configurations for composite stedl plate shear
walls. Input from structural engineers, fabricators and erectors are used in devel oping the
suggested systems to try to make the systems perform in a highly ductile and desirable manner as
well as be economical and easy to construct.

In both suggested cases, the concrete wall can be on one side or both sides of the stedl
plate and either cast-in-place or pre-cast. The system in Figure A.1, with pre-cast concrete walls

bolted to one side of stedl plate, was used in the specimens tested at UC-Berkeley by the authors
and the results summarized in Chapter 2.
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Figure A.1. A Suggested Composite Steel Plate Shear Wall System
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Figure A.2. Shop-welded, Field-bolted Composite Steel Plate Shear Wall
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