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COURSE CONTENT

Composite Plate Shear Wall / Concrete Filled (C-PSW/CF), also known as the SpeedCore system, is
an efficient seismic force-resisting system for buildings, which was already addressed in ASCE/SEI 7-
16. Coupled C-PSWI/CF are more ductile and have more redundancy than uncoupled composite plate
shear walls, but ASCE/SEI 7-16 did not assign them seismic design coefficients in Table 12.2-1. A
FEMA P695 study was conducted to substantiate the design coefficients that should be used for
such coupled C-PSW/CF structures. Adding this as a separate category in Table 12.2-1 was
important because modern high-rise buildings often have elevator core wall systems; many of these
core walls could utilize the coupled C-PSWI/CF systems. Two-line items featuring this system are now
added to ASCE/SEI 7-22 Table 12.2-1 under Building Frame Systems and Dual Systems with Special
Moment Frames. R = 8, Ca = 5.5, and Qo = 2.5 are the design coefficients in both line items. The
height limits are the same as for corresponding uncoupled isolated wall systems.

A definition for the coupled C-PSW/SF system and design and detailing requirements for it are so far
not given in ANSI/AISC 341-16 (AISC, 2016a) or ANSI/AISC 360-16 (AISC, 2016b). A new Section
14.3.5 in ASCE/SEI 7-22 (ASCE, 2021) includes specific provisions for the definition and application
of this coupled C-PSW/CF system, including details on the design philosophy and limits on
applicability. It is anticipated that the provisions in Section 14.3.5 will ultimately end up distributed
in ANSI/AISC 341-22 (AISC, 2022a) and AISC 360-22 (AISC, 2022b). Rather than construct the
requirements in Section 14.3.5 to modify the applicable sections of ANSI/AISC 360-22 and
ANSI/AISC 341-22, it is presented as a completely new comprehensive section in ASCE/SEI 7-22 for
clarity.

This course outlines the above developments and presents a detailed design example illustrating
the coupled C-PSW/CF seismic force-resisting system.

1. Introduction

Functional and often structural requirements make the use of shear walls desirable in many
buildings. Functionally, shear walls are useful in buildings because they serve as partitions between
spaces. Structurally, they make buildings laterally stiff, thereby helping to keep lateral deflections
within acceptable limits. Often, such walls are pierced by numerous openings for windows, doors,
and other purposes. Two or more walls separated by vertical rows of openings, with beams at every
floor level between the vertically arranged openings, are referred to as coupled shear walls. When a
coupled shear wall system is subject to lateral loads due to wind or earthquake forces, shear forces
generated at the ends of the coupling beams accumulate into a tensile force in one of the coupled
wall piers and into a compression force in the other wall pier. The couple, due to these tension and
compression forces, resists a part of the overturning moment at the base of the wall system, with the
remainder of the overturning moment being resisted by the wall piers themselves (Figure 1). The
ratio of the overturning moment resisted by the tension-compression couple to the total overturning
moment at the base of the coupled wall system is often referred to as the degree of coupling. The
shorter and deeper the coupling beams, the higher the degree of coupling. When the degree of
coupling is very low, the two wall piers tend to behave like isolated walls, and when the degree of
coupling is very high, the entire coupled wall system tends to behave like a shear wall with openings.
It should be noted, however, that as and when inelastic displacements develop in the coupling
beams, the degree of coupling tends to lose its significance.
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A coupled shear wall system can be designed such that a considerable amount of earthquake energy
is dissipated by flexural yielding in coupling beams before flexural hinge formations (typically) at the
bases of the wall piers. Coupling beams are required to have length-to-depth ratios between three
and five. Wall piers are required to have height-to-length ratios larger than or equal to four. Although
such coupled wall systems are highly suitable as the seismic force-resisting systems of multistory
buildings, they are not recognized as distinct entities in Table 12.2-1 of ASCE/SEI 7-16. Therefore,
such systems need to be designed using R-values that essentially ignore the considerable benefits of
having the coupling beams, which can dissipate much of the energy generated by earthquake
excitation. This course reports on a successful effort to remedy this situation.
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Figure 1- A Coupled C-PSWI/CF Subjected to Lateral Loads

2. Coupled Composite Plate Shear Wall / Concrete Filled (C-PSW/CF) Systems

C-PSWI/CFs are an alternative to conventional reinforced concrete (RC) shear walls and core wall
structures in building structures. Similar to RC walls, composite walls provide the stiffness, strength,
and deformation capacity needed to serve as the primary lateral force-resisting system. C-PSW/CFs
may be used as the elevator core structure or as individual shear walls in building structures. Two
versions are possible: uncoupled and coupled. In a given building structure, it is possible to have
coupled system in one direction and uncoupled system in the orthogonal direction.

The coupled C-PSW/CF system consists of: (i) composite C-PSW/CFs and (ii) composite coupling
beams. Both the composite walls and composite coupling beams consist of a concrete core
sandwiched between two steel plates that serve as the primary reinforcement, completely replacing
conventional rebars. Figure 2(a) shows a typical C-PSW/CF with its components. Tie bars connect
the two steel plates together and provide stability during transportation and construction activities.
After concrete casting, the tie bars become embedded in the concrete infill and provide composite
action between the steel and concrete. The coupling beams are built-up steel box sections with
concrete infill. Figure 2(b) shows a composite coupling beam. Similar to the composite walls, the
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built-up steel section provides primary reinforcement to the coupling beam. The empty steel
modules, including both the walls and the coupling beam components, are typically fabricated in the
shop, transported to the site, erected, and filled with concrete. The composite walls can be planar, Cshaped,
or I-shaped, following the typical geometric configurations of conventional concrete core
walls.

It is important to note that there are no additional reinforcing bars needed in either the C-PSW/CFs
or the composite coupling beams. The empty steel modules are filled with plain concrete, which is
usually self-compacting concrete (SCC). There are no temperature and shrinkage concerns related to
strength. The effects of concrete cracking due to locked-in shrinkage strain are included in the
stiffness equations. The steel plates provide all the reinforcement needed to resist forces. The steel
modules, including the plates, tie bars, and shear studs (if used), are pre-fabricated in the shop and
shipped to the field for assembly and erection. The modular steelwork serves as formwork for the
concrete infill and falsework for construction activities. Generally, the steel parts come without
painting, but after assembly, they might be painted or fireproofed, if needed (Anvari et al. 2020).
Commercial interest in the coupled C-PSW/CF system is motivated by these potential advantages of
modularity, construction schedule, and overall project economy. In addition, another benefit of using
C-PSWICFs is that they are thinner than corresponding reinforced concrete shear walls, providing
more available floor area.

The composite walls are required to have height-to-length (hw/Lw) ratio greater than or equal to 4.0.
This requirement is specified to ensure that the walls are flexure critical, i.e., flexural yielding and
failure governs behavior rather than shear failure. Calculations can also be performed to show that
the wall is flexure critical, i.e., plastic hinges (with expected flexural capacity) form at the base of the
walls before shear failure occurs. The shortest archetype structure that was evaluated using the
FEMA P695 approach for this system was three stories with two 45 feet tall composite walls with 10-
foot length (Bruneau et al. 2019), corresponding to a height-to-length ratio equal to 4.5 for each wall.

The composite coupling beams are also required to be flexure critical, i.e., flexural yielding and
failure governs behavior rather than shear failure. Calculations can be performed to show that the
composite beam is flexure critical, i.e., plastic hinges (with expected flexural capacity) form at the
ends of the beams before shear failure occurs. For at least 90% of the stories of the building,
composite coupling beams are also required to have clear length-to-section depth ratios greater than
or equal to 3.0 and less than or equal to 5.0, i.e, 3.0< L/d < 5.0. This requirement is specified
based on the range of parameters included in the FEMA P695 studies conducted to establish the
seismic factor (R etc.) for the system.
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Figure 2. Components of: (a) C-PSW/CF (Shafaei et al. 2021b), and (b) Composite Coupling
Beam

3. Coupled C-PSW/CF System in ASCE/SEI 7-22

Issue Team (IT) 4 of the Provisions Update Committee (PUC) of the Building Seismic Safety Council
(BSSC) developed a proposal that led to the addition of two line items to ASCE/SEI 7-22 Table 12.2-
1, Design Coefficients and Factors for Seismic Force-Resisting Systems, featuring the steel and
concrete coupled composite plate shear walls (Table 1). The line items will be under: B. Building
Frame Systems, and D. Dual Systems with Special Moment Frames.

Mote:; The coupled C-PSW/CF system is called “Steel and concrete coupled composite plate
shear walls™ in ASCE/SEl 7-22; however, “Coupled Composite plate shear walls / concrete

filled” (coupled C-PSW/CF) name is used for this coupled system in ANSI/AISC 341-22 and
AISC Design Guide 37.
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Table 1. Addition of Coupled C-PSW/CF to ASCE/SEI 7-22 Table 12.2-1

Seismic Force- ASCE/SEl T-22 Structural System Limitations
Resisting System Section Where Including Structural Height,
Detailing S
Requirements Are dinl e s
Specified Seismic Design Category

B c D= E* F

B. BUILDING FRAME SYSTEMS

28. Steel special 141 7 2 & ML ML 180 180 100
plate shear walls

27. Steel and 143

concrete coupled
composite plate
shear walls
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D. DUAL SYSTEMS WITH SPECIAL MOMENT FRAMES CAPABLE OF RESISTING AT LEAST 25% OF
PRESCRIBED SEISMIC FORCES

13. Steel special 141 8 ML | ML ML ML ML
plate shear walls

14 Steeland 143 8 2% 5% | ML | NL ML ML ML
concrete coupled

composite plate

shesr walls

Based on a FEMA P695 study, R = 8, Ca= 8, and Qo = 2.5 have been adapted in all the line items.
The height limits are the same as for corresponding uncoupled isolated wall systems, eccentrically
braced frames, steel special concentrically braced frames, steel buckling-restrained braced frames,
and steel special plate shear walls. It will be possible to increase the 160-ft height limit to 240 ft for
buildings without significant torsion because ASCE/SEl 7-22 Section 12.2.5.4 has been made
applicable to these systems.

ASCE/SEI 7-22 Section 14.3.5 includes detailed requirements for the coupled C-PSW/CF system and
its components, including the composite walls, composite coupling beams, and various connections,
splices etc. These include:
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1. A detailed discussion of the scope of the coupled C-PSW/CF system along with dimensional
constraints and geometric requirements.

(a) For example, the wall height-to-length (hw/Lw) ratio is required to be greater than 4 to achieve
flexure critical behavior.
(b) The composite coupling beam clear length-to-section depth ratios are limited to values
between 3.0 and 5.0 for at least 90% of the stories along the structure height to achieve flexure
critical behavior.

2. The basis of design is that the coupled C-PSW/CF system, designed in accordance with the
requirements of ASCE/SElI 7-22, provides significant inelastic deformation capacity through
flexural plastic hinging in the composite coupling beams and through flexural yielding at the
bases of the composite walls, as shown in Figure 3. Figure 3(b) shows typical milestones of
the pushover behavior of a coupled C-PSW/CF including (a) flexural yielding of coupling beams
(Point A), (b) formation of plastic hinges in coupling beams and flexural yielding of C-PSW/CF
(Point B), (c) formation of plastic hinges in C-PSW/CFs at the base and fracture initiation in
coupling beams (Point C), and (d) fracture initiation in C-PSW/CFs (Point D).
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Figure 3. (a) Desired Pushover Response of Designed Coupled C-PSW/CFs (AISC Design Guide
37) (b) A Typical Pushover Response of Coupled C-PSWI/CF using 2D Finite Element Modeling
(Shafaei et al. 2022)
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3. For conducting elastic analysis, the stiffnesses of composite walls and coupling beams can be
estimated by section analysis accounting for the effects of concrete cracking or be based on
recommendations provided in the ASCE/SEI 7-22 commentary or AISC 360-22.

4. The coupling beams are sized for code-level seismic forces and intended to yield before flexural
yielding of C-PSW/CFs at the base, as shown in Figure 3 (Point A). The required strengths for the
CPSW/CFs are determined using the capacity-limited seismic load effect, which is marked as
“Point B” in Figure 3. In other words, the C-PSW/CFs are designed for amplified seismic forces
corresponding to the formation of the plastic hinges in all coupling beams along the height of wall, as
shown in Figure 3 (Point B).

5. The required shear strengths for the composite walls are amplified by a factor of 4 to account for
higher mode effects, overstrength in the walls resulting from expected material properties and strain
hardening. For reinforced concrete walls, this amplification factor is about 2-3 (ACI 318-19 Section
18.10), but a conservative value of 4 was used for composite walls in the absence of better
information and in recognition of their inherent (significant) composite shear strength.

6. Design and detailing requirements for composite walls are specified, including minimum and
maximum area of steel, plate slenderness requirement resulting in maximum spacing of ties and/or
shear studs, and tie spacing requirements based on considerations of empty module behavior during
construction and concrete casting.

7. Design and detailing requirements for composite coupling beams are specified, including
the minimum and maximum area of steel, flange and web slenderness requirements, and flexure critical
requirements.

8. Equations for calculating the design strength of composite walls in tension, compression, shear,
and flexure are specified in ANSI/AISC 341-22. The design strength of composite walls subjected to
combined axial force and flexure can be calculated using methods specified in ANSI/AISC 341-22
Chapter H8, Section 6d.

9. Equations for calculating the shear strength of composite coupling beams are specified, and the
flexural strength is calculated using methods in ANSI/AISC 341-22 Chapter H8, Section 7.

10. Requirements for the coupling beam-to-wall connections are specified. These include
requirements for developing the expected flexural and shear strength at the coupling beam ends and
provide a rotation capacity of 0.030 rad. before flexural strength decreases to 80% of the flexural
plastic strength of the coupling beam.

11. Requirements for composite wall-to-foundation connections are specified. These include the
required strengths for the composite wall-to-foundation connections based on the capacity-limited
seismic load effect.

12. Requirements for protected zones in the composite walls and coupling beam are specified, and
requirements for demand critical welds in various splices and connections are specified.
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4. FEMA P695 Studies Involving Coupled C-PSW/CFs

The FEMA P695 studies conducted on coupled C-PSW/CFs are summarized in Kizilarslan et al.
(2021a). Since the coupled C-PSW/CF system is relatively new, this FEMA P695 study was
performed using two different sets of nonlinear hysteretic models (Kizilarslan et al. 2021b) using
OpenSees software: (i) distributed plasticity fiber models (Model 1) for both the composite walls and
coupling beams, and (ii) distributed plasticity fiber models (Model 2) for the composite walls but
concentrated plasticity models for the coupling beams. Both sets of models were calibrated
extensively against experimental results, as detailed in Bruneau et al. (2019). Distributed plasticity
fiber models were developed using effective stress-strain curves proposed by Shafaei et al. 2021a,
which were developed based on detailed 3D finite element models of tested C-PSW/CF specimens.
Both sets of models implicitly account for various limit states and failure modes, including steel yielding,
local buckling, cyclic hysteresis, low-cycle fatigue and fracture, and concrete tension
cracking, compression inelasticity and crushing, effects of confinement, and cyclic hysteretic crack
opening-closing behavior with damage (Shafaei et al. 2021a).

The archetype structures focused on low-rise to mid-rise buildings (8-22 stories). The design space is
divided into performance groups for the FEMA P695 study. The performance groups are
differentiated based on basic configuration, design load level, and structure period. Two structural
configurations under two seismic load levels were evaluated. These correspond to four performance
groups (PG) with 16 archetypes designed and analyzed. The structure height governed the wall
configuration of the archetypes as shown in Table 2. Three different coupling beam clear length-to section
depth ratios (L/d = 3, 4, and 5) were considered. The resulting details of the archetype
structures are provided in Kizilarslan et al. (2021a) and not repeated here.
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Table 2. Archetype Performance Group Summary Table

Case Basic Seismic Design MNo. L/d Performance
Configuration Category (SDC) Stories Group
PG-1A Type | Dl 8 3 1
PG-1B {Plamar) {Sce=1.0g and Sca=0.6g) a4 1
PG-1C 5 1
PG-2EB Type | Dimin 8 4 2
(Planar) (Spe=0.5¢ and Sp.=0.28)
PG-1D Type | D 12 3 1
PG-1E {Plamar) {Sce=1.0g and Sca=0.6g) a4 1
PG-1F 5 1
PG-2E Type | Dimin 12 4 2
(Planar) (Spe=0.5¢ and 5p:=0.2g)
PG-34 Type Dimax 18 3 3
PG-3B (C-shaped) {Soe=1.0g and So2=0.68) a4 3
PG-3C 5 3
PG-4E Type I Dimin 18 4 4
(C-=haped) (Soe=0.5¢ and Sp2=0.2g)
PG-3D Type Il D 22 3 3
PG-3E (C-shaped) {Soe=1.0g and Sp2=0.62) a4 3
PG-3F 5 3
PG-4E Type I Dimin 22 4 4
(C-=haped) (Soe=0.5¢ and Sp2=0.2g)

Both the nonlinear hysteretic modeling approaches were used independently to conduct a detailed
evaluation of the archetype structures in accordance with the FEMA P695 methodology.

1. Nonlinear pushover analyses were conducted to estimate the overstrength and period-based
ductility for all archetypes.

2. Incremental dynamic analyses (IDA) were conducted by gradually scaling up ground motions from
low to high magnitude until collapse. The default 44 far-field ground motions specified by FEMA P695
were considered and scaled appropriately for the archetype structures such that the
median spectral acceleration of the 44 ground motions matched that at the design basis
earthquake and maximum considered earthquake spectral acceleration levels.
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3. For the coupled C-PSW/CF system, collapse was defined conservatively at 5% drift ratio. The
archetype structure had much more reserve capacity, but at the recommendation of the
provisions update committee and the recognition that extensive nonstructural damage could
occur, 5% drift ratio was used conservatively to define collapse of the coupled C-PSW/CF system.

4. The results from the IDA were used to estimate the collapse margin ratio (CMR) values as the
ratio of the median collapse spectral acceleration Scr to the median spectral acceleration Swr for
all the archetypes. The CMR values were adjusted to consider the frequency content of the
selected ground motions records and calculate the adjusted collapse margin ratios (ACMR).

5. FEMA P695 specifies ACMR20% and ACMR10% (acceptable adjusted collapse margin ratio for 20%
and 10% collapse probability under MCE ground motions) as the acceptable threshold values to
evaluate the performance of individual archetypes and average performance of several
archetypes in a performance group. These threshold values depend on the total system collapse
uncertainty, which is a composite of uncertainty factors associated with ground motions, design
requirements, test data, and nonlinear modeling. Using the values for “good” rating given in
FEMA P695, the ACMR20%and ACMRu1o% are 1.96 and 1.56, respectively.

6. Results from the two independent FEMA P695 investigations are reported in Table 5-3. All the
individual 8-, 12-, 18- and 22-story archetypes passed the ACMR2% threshold (1.96) with a
significant margin. Additionally, the average of the ACMR values in a performance group also
passed the ACMRio% threshold (1.56) with a significant margin. Even if values given for “poor”
rating given in FEMA P695 were used, the ACMR values for the individual archetypes and the
performance groups would still exceed the recalculated ACMR20% and ACMR1o0% thresholds.

7. Nonlinear Model 2 has a lower rotation capacity in the coupling beam-to-wall connections than
Nonlinear Model 1. The coupling beam ends in Nonlinear Model 2 were modeled using
concentrated plastic hinges that used envelopes of cyclic moment-rotation behavior that were
marginally passing the connection rotation requirements (Kizilarslan et al. 2021).

10
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Table 3. Summary of FEMA P695 Results for Archetypes by Performance Group

Perf.
Group

PG-1A
PG-1B
PG-1C
PG-1D
PG-1E
PG-1F
PG2B
PG-2E
PG-3A
PG-3B
PG-3C
PG-3D
PG-3E
PG-3F
PG4E
PG-4E

Monlingar Model 1 Monlinear Model 2
Na. Pushover DA Pushover DA
Stories
CMR  ACMR  ACMR CMR  ACMR  ACMR
0, Hr v 0, ur g
222  T03 370 463 21 100 257 | 3.24
a8 214 T84 303 382 20 120 244 310
196 850 277 356b 21 127 281 | 3.35
427 387
233 585 310 408 23 T5 357 | 468
12 233 854 378 498 23 103 344 | 4851
215 688 350 462 21 113 331 | 4.37
8 205 1088 391 473 17 | 108 511 | 6.18
5.22 6.70
12 213  TBE 472 571 23 | 7T 548 | 721
249 B892 413 EB45 20 44 22 | 2865
18 238 814 384 BOT 21 | 49 185 | 245
223 985 380 47& 20 58 179 | 214
6.58 2.60
255 5286 494 gE2 21 35 | 211 278
22 231 591 665 878 20 48 198 | 264
238 TS0 674 290 22 489 201 284
18 222 1021 743 894 23 48 355 | 424
849 4.24
2z 183 647 &660 T599 26 34 373 42

Results from the FEMA P695 evaluations of the 3-22 story archetypes indicate that the initial Rfactor of 8
used to design is adequate. The system overstrength factor is quite close to 2.5.
Additionally, the Cud factor was assessed using the ratio of a median value of nonlinear inelastic drift
ratios at design-basis shaking (8in) to the design level drifts (8¢) from equivalent lateral force analysis.
The stiffness values for estimating & were based on the recommendations included in ASCE/SEI 7-
22 Section 14.3.5 and in AISC 360-22. The Cqfactor of 5.5 was deemed to be adequate for design.

11
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5. Design of Coupled C-PSW/CFE System

5.1 Overview

This example illustrates a seismic design of an 18-story office building using a coupled C-PSW/CF
system according to ASCE/SEI 7-22. The steps followed in this design are in accordance with the
design procedure presented in the 2020 Provisions (2020) and AISC Design Guide 37 (AISC, 2021).
The 18-story office building is designed for typical design loads, floor geometry, and high seismic
design loads.

In addition to the 2020 Provisions and ASCE/SEI 7-22, the following documents are either referred
to directly or may serve as useful design aids.

Useful Design Aid Resources

AISC (2018a). Seismic Provisions for Structural Steel Buildings, ANSIFAISC 341-16, American
Institute of Steel Construction.

AISC (2016b). Prequalified Connections for Special and Intermediate Steel Moment Frames for
Seismic Applications, ANSI/AISC 358-16, American Institute of Steel Construction.

AISC (2016c). Specification for Structural Steel Buildings, ANSIfAISC 360-16, American
Institute of Steel Construction.

AISC (2017). Steel Construction Manual, 15th Edition, American Institute of Steel Construction.

AISC (2021), Design of Compesite Plate Shear Walls / Concrete Filled (C-PSW,/CF), AISC Design
Guide 37, American Institute of Steel Construction.

AISC (2022a). Seismic Provisions for Structural Steel Buildings, ANSISAISC 341-22, Committee
on Specificetions, American Institute of Steel Construction, Chicage, lllimois [under
development].

AISC (2022b). Specification for Structural Steel Buildings, ANSI/AISC 360-22, Committee on
Specifications, American Institute of Steel Construction, Chicago, lllinois, [under development].

Broberg, M., Shafaei, 5., Kizilarslan, E., Seo, J., Varma, A. H., Bruneau, M. and Klemencic, R.
(2022). "Capacity Design of Coupled Composite Plete Shear Walls - Concrete Filled (CC-
CPSW/CF)," Journal of Structural Engineering, ASCE, Accepted.

Bruneau., M., Varma, A.H., Kizilarslan, E., Broberg, M., Shafaei, S., Seo, J. (2019). “R-Factors

for Coupled Composite Plate Shear Walls=Concrete Filled (Coupled-C-PSW,/CF),” Final Project
Report, Charles Pankow Foundation, CPF #06-16, McLean, Virginia, 419 p.

Kizilarslan, E., Broberg, M., Shafaei, 5., Varma, A-H., Bruneau., M_, (2021a). "Seismic Design
Coefficients and Factors for Coupled Composite Plate Shear Walls, Concrete Filled (Coupled-C-
PSW/CF),” Engineering Structures, 244 112766.

hitps://doi.org/10.1016/j engstruct. 2021112766

Kizilarslan, E., Broberg, M., Shafaei, 5., Varma, A H., & Bruneau, M. (2021b). *Mor-linear
analysis models for Composite Plate Shear Walls-Concrete Filled (C-PSW/CF),” Journal of
Constructional Steel Research, 184, 106803. https://doi.org/10.1016/].jesr.2021.106803

Shafeei, 5., Varma, A H_, Broberg, M_, and Klemencic, R. (2021a). “Modeling the Cyclic
Behavior of Compaosite Plate Shear Walls/Concrete Filled (C-PSW/CF),” Journal of
Censtructional Steel Research, 184, 106810. hitps://doi.org/10.1016/] jesr. 2021 106810

Shafaei, 5., Varma, AH_, M., See, 1., and Klemencic, R. (2021b). “Cyclic Lateral Loading
Behavior of Compaosite Plate Shear Walls / Concrete Filled (C-PSW/CF),” Journal of Structural
Engineering, 147(10), 04021145, https://doi.org/10.1061/(ASCE)ST.1943-541X.0003091.

12
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5.2 Building Description

Figure 4 shows the floor plan of the office building with 120 ft length and 100 ft width (a total of
12,000 square feet of area per floor). Coupled L-shaped Composite Plate Shear Walls / Concrete
Filled (C-PSWICFs) are used to resist seismic loads in north-south and east-west directions. Steel
gravity frames are placed around the coupled C-PSW/CFs, and elevators and stairs are located
inside the core walls, as shown in Figure 4. The composite metal deck floor is also used for the
floor system design of the gravity frames, which is a typical gravity system associated with a CPSW/CF.
This example presents the seismic design of coupled C-PSW/CF in an east-west direction.

Building Description

= Coupled L-shaped Composite Plate Shear A . B C . D
Walls / Concrete Filled (C-PSW/CFs) are Dy — v —
used to resist seismic loads. wissso wiss wissso

33
W30x116

W21x83
L /

W21x83

WI8x50 WI8x35 W18x50

W30x116

W27x84 z.. 0. 12

2l | - B W2Tx84
[ — )

» Steel gravity frames are placed around the oo wme J waso
coupled C-PSW/CFs, and elevators and R e 7 L wme
stairs are located inside the core walls 2| W, \ wanes

WI18x50 W18x35 W18x50

33
W21x83
W30x116
W30x116
W21x83

W18x50 W18x35 W18x50

W21x101 W21x68 W21x101

Figure 4. Typical Plan of 18-story Building Using a Coupled C-PSW/CF System

Figure 5 shows the section view of the coupled C-PSW/CF with perimeter steel gravity frames (Grid
3). The first story height is 17 feet, and the typical story height is 13 feet. Lengths of each L-shaped wall
and coupling beam are 12 and 10 feet, respectively, which result in a total length of 34 feet for
core system.
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A
S

WIRH

Wi

Building Description | s E]
= 18-story office building g i s
= First story height = 17 ft T 0O
= Typical story height = 13 ft 10 ™ |
= Total height = 238 ft. S Iy 0 iy

g
g | B H F

Figure 5. Section View of Coupled C-PSW/CF and Steel Gravity Frames on Gridline 3

5.3 General Information of the Considered Building

5.3.1 MATERIAL PROPERTIES

ASTM A572 Grade 50 steel (steel plates), ASTM A992 Grade 50 steel (wide flange sections), and
self-compacting concrete (SCC) are used in the design of this 18-story building. SCC has a flowability
from 19 in. to 30 in., which is measured by a slump flow test. SCC is typically used for the
construction of the C-PSW/CF system, as it has a good segregation resistance and does not require
vibration. The material properties are as follows:

Material Properties

Steel:

ASTM A572 Grade 50 steel (steel plates) & ASTM A992 Grade 50 steel (wide flange sections)
F,=50 ksi

F, =65 ksi

E;=29,000 ksi

G, = 11,500 ksi

R,=1.1 (ANSI/AISC 341-22 Table A3.1)

Concrete:

Self-compacting concrete (SCC)

f.=6ksi

E.=4,500 ksi

G.= 1,770 ksi

R, =15 (ANSI/AISC 341-16 H5-5)
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5.3.2 LOADS
In addition to the self-weight of structure (gravity frames and core walls), the following loads are
considered:
Floor live load = 50 psf (reducible)
Partition = 15 psf
Superimposed dead load (ceiling and floor finish) = 15 psf

Curtain wall = 15 psf (wall surface area)

5.3.3 LOAD COMBINATIONS

For the considered structure, load combinations provided in Chapter 2 of ASCE/SEI 7-22 are
considered.

1.4D

1.2D + 1.6L (or 0.5Lr)

1.2D +0.5L + 1.0E

0.9D £ 1.0E

5.3.4. BUILDING SEISMIC WEIGHT

A 3D computer model of the building was developed using the ETABS software program, as shown in
Figure 6, for the design of steel gravity frames. Based on the preliminary design of gravity frames,
as shown in Figure 4, the self-weight of structure is calculated. Building seismic weight is
calculated as follows.

15




Seismic Design of Coupled Composite Plate Shear Walls (C-PSWCFs) per ANSI/AISC 341-22 & ASCE/SEI 7-22 - S04-026

First Story

Gravity frames (columns, beams, girders, composite slab, etc.) and C-PSW/CFs = 1,276 kips
Superimposed dead load = 180 Kkips
Curtain wall =99 kips
Total weight = 1,655 kips
Typical Story

Gravity frames (columns, beams, girders, composite slab, etc) and C-PSW/CFs =1.174 kips
Superimposed dead load = 180 kips
Curtain wall = BE Kips
Total weight = 1,440 kips
Roof

Gravity frames (columns, beams, girders, composite slab, etc ) and C-PSW/CFs = 9380 kips
Superimposed dead load = 180 kips
Curtain wall, including parapet = 54 kips
Total weight = 1,263 kips

Total seismic weight of the building is 25,855 kips.

= 3D computer model of the building was
developed using a commercial software
program for the design of steel gravity
frames.

= Based on the preliminary design of gravity
frames, the self-weight of structure is
calculated.

Figure 6. 3-D View of ETABS Model Used for Designing Steel Gravity Frames
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5.3.5 SEISMIC DESIGN PARAMETERS

The seismic design parameters of this example are as follows:

Sps=1.101g

Sp1=0.650g

Site Class D

Seismic Importance Factor, le= 1.0 (Risk Category II)
Seismic Design Category D

Coupled C-PSWI/CFs are used in both directions to resist seismic loads, as shown in Figure 5-4. The
seismic redundancy factor (p) is 1.0 (ASCE/SEI 7-22 Section 12.3.4.2). In accordance with the 2020
Edition of the NEHRP Recommended Seismic Provisions and upcoming ASCE/SEI 7-22, the
proposed response modification factor (R), deflection amplification factor (Cd), and over-strength
factor (Qo) for a coupled C-PSWI/CF are following:

R=8

Qo=25

Ci=55

p=1

In seismic design, ASCE/SEI 7-22 requires considering the accidental torsion in each direction when
the building has a horizontal irregularity. In this design example, no accidental torsion and
eccentricity are present in the structure; therefore, the seismic design of the coupled C-PSW/CF was
performed without including accidental eccentricity.

5.3.6 SEISMIC FORCES

The period of the structure is calculated according to Section 12.8.2 of ASCE 7 standard. The
approximate fundamental period of the structure is calculated as 1.21 seconds, shown below, using
the “all other structural systems” category

Period of the structure

= I,=C/hf =(0.020)(238 ft)*” =1.21 seconds
C,=14 (ASCE/SEI 7 Table 12.8-1)

= T'=C,T,=(1.4)(1.21)=1.70 seconds

= T'=1.87 (3D ETABS model)

= The period of structure is considered to be the
upper limit, C,7,=1.70

The period of the structure is also estimated using a detailed 3D computer model developed in
ETABS software program. The computed period of 3D ETABS model is 1.87 seconds, which is higher
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than the upper limit. Therefore, the period of the structure is considered to be the upper limit,
CuTa=1.70 seconds, for the calculation of seismic forces.

There are no irregularities along the height of the structure, and the building floor plan is symmetric.
In this example, the Equivalent Lateral Forces (ELF) procedure was used to calculate the seismic
loads. The design base shear of the building is calculated using ASCE/SEI 7-22 Equation 12.8-1,
where W is the total seismic weight calculated in Section 5.5.3.4 0. The calculations of ELF for the
considered building are illustrated as follows:

V=0Cs W (ASCE/SEl 7-22 Eqg. 12 8-1)

Seismic response coefficient, C:, is estimated according to ASCE/SE| 7-22 Section 12.8.1.1.

Spg 1101

1101 _ 0138 (ASCE/SEl 7-22 Eq. 12.8-2)

Bile 81

Egz

c _ Spy 065
SMAX T or(Rily  L7(8/1)

= 0.048 (ASCE/SEI 7-22 Eq. 12.8-3)

Comin = 0.44 Sps I, = (0.44)(1.101)(1) = 0.048  (ASCE/SEl 7-22 Eq. 12.8-5)

_ 055, _ (0506500 _ 3
Comax = {R,."f:} = amn 0.041 (ASCE/SEI 7-22 Eg. 12.8-6)

Seismic Forces

Building Seismic Weight: Period of the structure
= First Story = 1,555 kips = T,=C h} =(0.020) ( 238 ft)"7 = 1.21 seconds
= Typical Story = 1,440 kips = C,=14 (ASCE/SEI 7 Table 12.8-1)
= Roof = 1,263 Kips = T=C,T,=(1.4)(1.21) = 1.70 seconds
= I'=1.87 (3D ETABS model)
Seismic Design Parameters: =  The period of structure is considered to be the
- upper limit, C,T,=1.70
= SDS =1.101 g
= SD] = 0650g
= Site Class D
=  Risk Category II
=  Seismic Design Category D
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The seismic response coefficient that governs is 0.048 from Eq. 12.8-3, and this matches the
minimum value from Eq. 12.8-5, and the design base shear is calculated to be 1.238 Kips.

V = CsW = (0.048) (25,844) = 1,238 kips
ASCE/SEl 7-22 Equations 12.8-11 and 12.8-12 are used for the vertical distribution of seismic

forces, as shown below, where k is determined to be 1.6 using linear interpolation in accordance
with ASCE/SEI 7-22 Section 12.8.3.

Fy= Cyx V (ASCE/SEI 7-22 Eq. 12.8-11)

Cpy = —hE ASCE/SEl 7-22 Eq. 12.8-12
= (ASCE/ q.12.812)

k=16 (ASCE/SEI 7-22 Section 12.8.3)

OTM =T, F by

Lateral seismic forces, shears and overturning moment (OTM) are shown in Table 4. The
overturning moment (OTM) of the building is computed 217217 kip-ft.

Design Base Shear

Equivalent Lateral Forces (ELF) procedure was used to calculate the seismic loads:

- V=CW

= (= 2= _"1=0.138 (ASCE/SEI 7 12.8-2)
R/I, 8/1

* Copar = —2-= —2_=0.048 (ASCE/SEI 7 12.8-3)

T(R/le) 1.7(8/1)
s Cs,mn = 0.44 Sy I, = (0.44)(1.101)(1) = 0.048 (ASCE/SEI 7 12.8-5)

L= 235 - 0908 _ g 041 (ASCE/SEI 7 12.8-6)
R/l 8/1)

= V=C, W= (0.048) (25844) = 1,238 kips

=  OTM = Y",F, h,=217217 kip-ft
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Table 4. Vertical Distribution of Seismic Forces

Level  Elevation Weight wh* Coe F,
(ft) (kips) (kip-t) (kips)
Roof 238 1263 7941532 0118 1462
Level 18 =~ 225 1440 @ 8276512 0123 1523
Level 17 212 1440 7525512 0112 1385
Level 16 199 1440 6801579 0101 1252
Level 15 186 1440 6,105409 0091 1124
Level 14 173 1440 5437767 0.081  100.1
Level 13 160 1,440 4799497 0.071 883
Level 12 147 1440 4191536 0.062 771
Level 11 134 1440 3614936 0.054 66.5
Leve 10 121 1440 3,070,888 0.046 56.5
Level 9 108 1,440 2,560,756  0.038 ar1
Level 8 95 1,440 2,086,130 0.031 384
Level 7 82 1440 1648895 0.025 30.3
Level & &9 1440 1,251,340 0.019 23
Level 5 56 1440 896,334 | 0.013 165
Level 4 43 1440 587,639  0.009 10.8
Level 3 30 1440 330,535  0.005 6.1
Level 2 17 1555 = 144016  0.002 27
SUM - 25,855 67,270,814 1 1,238

5.4  Structural Analysis (Seismic Design)

5.4.1 C-PSW/CFS AND COUPLING BEAM SECTION

Ve
(kips)
1482
2985

437
5E2.2
674.6
7747

863
940.1

1,006.7
10632
11103
11487
11781
12021
1.2186
12284
1,235

12382

OTM
(kip-ft)
34,788
34,275
29,364
24912
20,901
17,315
14,134
11,341
8916
6,830
5,090
3,648
2,489
1,589
924
465
183
a5

217,217

Sizes of L-shaped C-PSW/CFs and coupling beams are selected based on the initial estimates of
lateral loads. C-PSWI/CFs and coupling beam sizes are optimized through iteration. Figure 5-7 shows
selected core wall cross section dimensions. In this example, the selected sizes for L-shaped C-PSW/CFs
acceptable  designed

and rectangular  composite  coupling beams are
therefore, the following sections illustrate the limit state checks.

dimensions;
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L-shape C-PSW/CFs have length (Lw) of 12 feet and wall thicknesses (tsc) of 16 in. Steel plate (tp) and
concrete (tc) thicknesses are % in., and 15 in., respectively. Composite coupling beam width (bcs)
and height (hcs) are 16 and 24 in., respectively. Coupling beam flange (tcef) and web (tcsw) plate
thicknesses are 2 and % in., respectively.

L-shape C-PSW/CFs

Lw=12 ft
tsc=16in.
= Y% in.

Coupling beams
Lce=10ft
bce= 16 in.

hce =24 in.
tef=%21n.
tcew = % in.

C-PSW/CFs and Coupling Beam Dimensions

Lw L Lw
C-PSW/CF: <
| I
L,=121t o
t,.= 16 1n. 3 < !
= b= 721n tie
Coupling beams: 1] -
= LCB =10 ft g bep B
= bCB =16 1n. — - -
= hCB =24 in. =~ D
= =% 1n. z ™
. zgﬁ"; =% in — -
* Leg/heg=35 | I
12 10 12

Figure 7. Core Walls Plan Section Dimensions
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542 NUMERICAL MODELING OF COUPLED C-PSW/CF

For seismic design, a 2D computer model of the coupled C-PSW/CF was developed using a
commercial software program (SAP2000) to determine the interstory drift and shear force demands
in coupling beams. Coupling beams and L-shaped C-PSW/CFs were modeled using beam elements.
When the coupled C-PSW/CF, shown in Figure 5-8, is subjected to lateral seismic loads, two walls are
in tension, and the other two walls are in compression due to the coupling action. In this example,
the two compression or tension walls are considered one wall (beam element) in computer modeling
and the limit state checks. Additionally, in the 2D computer model, flexural, axial, and shear
stiffnesses ~ of  coupling beam are doubled to model the  two beams.

Effective flexural, axial, and shear stiffnesses of C-PSW/CFs and coupling beams were used in the
computational model. Effective flexural, axial, and shear stiffnesses of coupling beams were
calculated according to ANSI/AISC 360-16. Effective flexural, axial, and shear stiffnesses of CPSW/CF
are calculated per AISC Design Guide 37 (AISC, 2021) as follows:

Elef= Esls+ 0.35 Ec ¢

EAeti= Es As+ 0.45 Ec Ac

GAuv.eff = Gs Aswall + Ge Ac

Figure 8 shows a 2D computer model of the coupled C-PSW/CF which is subjected to seismic loads
calculated in the previous section. Additionally, based on a tributary area force distribution, axial
dead and live loads on L-shaped C-PSW/CFs (tension or compression walls) are calculated and
defined in the 2D computer model. Axial dead and live loads per wall pair for each story are as
follows:

Am=22915ft2 (Tributary area of tension or compression walls)
Frioe = 275 kips [Axial dead load)
Friee = 115 Kips (Axial live load)

In the 2D computer model, the effective distance (Ler) between centers of areas (elastic centroids) of
L-shaped C-PSWI/CFs are considered. The effective distance is calculated of 323.8 in. As shown in
Figure 5-8, rigid links are considered at the ends of coupling beams to simulate the effect of wall
length. Effective flexural, axial, and shear stiffnesses of L-shaped C-PSW/CFs and coupling beams
are calculated as follows:

Ler=324 in.

Elewr=6.17 = 1012 Kip-in2

Eder = 3.35 = 107 kips
GAver=1.11 = 107 kips

0.64 Elercs = 592 = 107 kip-in®
0.8 EAemes = 2.03 = 10= kips
GAvercs = 8.32 = 10° kips
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Seismic Loads
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Figure 8. 2D Computer Modeling of Coupled C-PSW/CF Used in Seismic Design

Linear elastic analysis was performed to determine the lateral deflection and coupling beam shear
force demands. Table 5-5 presents story displacement, amplified displacement, interstory drift, and
coupling beam force shear demands. Amplified displacement is calculated by multiplying story
displacement value by the deflection amplification factor, Ca = 5.5. Interstory drift is calculated using
the amplified displacement. In this design example, the maximum design interstory drift is limited to
2% in accordance with ASCE/SEI 7-22 Table 12.12-1 as this is Risk Category Il building, taller than
four stories, and does not have a masonry seismic force-resisting system. From the structural
analysis of the 2D model, the maximum interstory of the structure is 1.65%, which is lower than the
maximum design interstory drift limit. Figure 5-9 shows deformation shape, lateral displacement,
and interstory drift of the coupled C-PSW/CF. The deformed shape of the coupled C-PSW/CF shows
the behavior of system is not similar to uncoupled C-PSE/CFs. In the uncoupled system, lateral
forces are resisted by the flexural deformation of wall at the base; however, in the coupled system,
lateral forces are resisted by both flexural deformation of individual walls at the base and coupling
action. The colors in Figure 9a are associated with lateral displacements and correlate with the
lateral displacement in Figure 9b.
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Table 5. Vertical Distribution of Seismic Forces

Level

Roof
Level 18
Level 17
Level 18
Level 15
Level 14
Level 13
Level 12
Level 11
Level 10
Level 9
Level 8
Level 7
Level &
Level 5
Level 4
Level 3

Level 2

Etevation
(ft)
238
225
212
199
186
173
160
147
134
121
108
95
82
&9
56
43
30
17

Displacement
{in.)

6.95
6.59
6.22
5.83
5.42
499
433
4.09
3.63
318
269
223
178
136
0.97
Q.62
0.33
01z

Average

Amplified
Displacement

(in)

38.24
36.26
34.20
32.05
29.80
27.45
25.01
2250
19.94
17.36
1479
1225
9381
747
333
342
133
067

Interstory
Drift
(%)

132
138
144
151
156
161
154
163
163
163
157
145
138
122
102
073
0.33
0.00

Coupling Beam
Shear Force
Demand

(kips)
802
97.1
1102
125.0
1254
1599
176.0
190.6
203.1
2131
2201
2235
2224
218.0
2028
1809
147.5
887
167
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Inter-story Drift Limit

Roofl

= Deformation shape, lateral Roofl - o
. L : Level 18 = evel -
displacement, and inter-story drift. Level 17 | Level 17 |-
Level 16 = Level 16 |-
» Amplified displacement is e et |
. . e Level 13 |- Level 13 |
calculated by multiplying story - Level 12 |- Level 12 |-
. Level 11 | Level 11 |
displacement value by the Level 10 |- Level 10 |
. . e . evel 9 Level 9 -
deflection amplification factor. ey | 0 L
Inter-story drift is calculated using e [ e L
the amplified displacement. bl e [
Level 3 Level 3 |-
= Maximum inter-story is 1.65%. it e

0 10 20 30 40 0.00 1.00  2.00

(a) ( )Ampliﬁcd Displacement (in.) (C) Drift (%)

Figure 9. Coupled C-PSWI/CF: (a) Deformation Shape from Computer Model, (b) Amplified
Lateral Displacement, and (c) Interstory Drift

From the structural analysis of 2D model, the average and maximum required shear strengths (Vr.cs
and Vmaxcs) for coupling beams are calculated. The average required shear strength is used to size
the coupling beams. Structural designers can choose to use the average or maximum required shear
strengths (AISC Design Guide 37). Since a portion of the OTM will be resisted by the coupling action
and the remainder by the individual walls, the result of this choice is the relative proportioning of wall
and coupling beam elements. Since the system is designed to ensure plasticity spreads along the
height of the structure, either method is acceptable. The average and maximum required shear
strengths for coupling beam are 167 and 223.5 Kips, respectively. The average and maximum
required flexural strengths (Mu.ce and Mmaxcs) for coupling beams are calculated at 835 and 1,117
kip-ft, respectively.
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(#) Story Disp. | Amplified | Inter- CB Shear
Elevation |(in.) |Disp. (in.)|story Force (kips)
i i i Drift (%
Linear Elastic Analysis (ft.) rift (%)

Roof 238 6.95 38.24 1.32 89.2
Level 18 oo5 6.59 36.26 1.38 971
Level 17 242 6.22 34.20 144 110.2
Level 16 199 583 32.05 1.51 126.0
* Vicp = 167 kips (average) Level 15  1gg 542 2080 156 129.4
Level 14 173 499 2745 161 159.9
" Vyaxcs = 223.5 Kips (maximum) Level 13 4g0 455 2501 1.64 176.0
Level 12 447 409 2250 165 190.6
= Mycp = Vr-m;_ﬂ= 835 kip—ft Level 11 434 363 19.94 165 203.1
Leve 10 191 316 1736  1.63 2131
v . _ Level 9 108 269 1479 157 2201
" Myaxcp = =75 = 1117 kip—ft Level8 g5 223 1225 149 12235 |
Level 7 82 1.78 981 1.38 2224
Level 6 69 136 747 1.22 216.0
Level 5 56 097 533 102 202.8
Level 4 43 062 342 0.75 1809
Level 3 30 033 183 0.33 1475
Level 2 17 012 067 0.00 987

5.5. Design of Coupling Beams

Coupling beams are sized to meet the average required shear strength and provide adequate
stiffness to meet the inter-story drift limit. This section presents design checks for coupling beams

5.5.1 FLEXURE-CRITICAL COUPLING BEAMS

Design Of Coupling Beams

Flexure-Critical Coupling Beams:

Vnespe 2 ——DopB (AISC Design Guide 37, 2021)
CB
Expected Flexural Capacity (Mg, exp.cg):
My exp.ce = 1,582.6 kip—ft

Minimum Area of Steel:

* Agcpmin = 0.01 heg beg = (0.01)(24)(16) = 3.8in.2 (AISC Spec. 12.2a)
Agcp =3325> A, cpmin = 3.8in2
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Coupling beams of the coupled C-PSW/CF system are designed to be a flexure critical member in
accordance with ANSI/AISC 341-22 Section H8.5c. In this example, composite coupling beams of
coupled L-shaped C-PSWI/CFs are proportioned to be flexure critical members by controlling shear
strength (AISC Design Guide 37), as shown below.

Where, Mpexp.cs is expected flexural capacity of composite coupling beam. Vnexp.cs is expected shear
strength of composite coupling beam. Lcs is the clear length of composite coupling beam

5.5.2 EXPECTED FLEXURAL CAPACITY (Mpexp.ca)

The expected flexural capacity (Mpexp.cs) of coupling beam is calculated assuming the steel plate
reaches a vyield stress of RyFy (in both compression and tension) and infill concrete reaches a yield
stress of R¢f”c (in compression). Plastic stress distribution method is used to calculate expected
flexural capacity (Mpexp.cs). The expected flexural capacity of the composite coupling beams is
calculated as follows:

Width of concrete in composite coupling beam:

teep = bep = 2tepy = 16— 2(0.375) = 15.25in.
Plastic neutral axis of composite coupling beam:

2 temw beg By Fy+Re 085 f teck teaf

- = 526 in.
& tegw Ry Byt Re 085 [ ter

“:Ekgxp =

Compression {C) and tension (T} forces in coupling beam parts:

Choep = (beg = 2tepo Jtep s Rty By = 419 kips (Flange plate)
Czexp = 2egw Cogerp By By = 217 kips [Web plates)
Caexp = Re 0.85 f tocn (Copexp — tess) = 556 kips (Concrete)
Tyoxp = (bep = 2tegyton pRy Fy = 419 kips [Flange plate)
Taexn = 2tenuwlbes = Conexp) Ry Fy = 773 kips (Web plates)

Expected flexural capacity of the composite coupling beams:

temy Crn.e
- T} + Coonp (J

M;u.ﬂrp.cs = ﬂl.ﬂ.‘,u [:Ecﬂ.cxp 2

Trexp (oo = Conerp =L ) + Topry (22252 ) = 15826 kipt

ijxp_fg = 1.582.5 kip—“

Crnaern ~Zhen

)
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5.5.3 MINIMUM AREA OF STEEL

In accordance AISC 360 Section 12.2a, steel plates should comprise at least 1% of the total cross
section area of composite coupling beam. Minimum area of steel in the composite coupling beam is
checked as follows:

Ay comin = 001 heg by = (0.01){24)(16) = 3.8 in2 (AISC Spec. 12.25)

Ascs = (2)(24)(0.375) + (2)(15.25)(0.5) = 33.25 in?

Asrg = 332502 > A rpmin = 38in?

5.5.4 STEEL PLATE SLENDERNESS REQUIREMENT FOR COUPLING BEAMS

In seismic design of the coupled C-PSW/CF system, composite coupling beams are designed to be
compact sections. The slenderness requirements of flange and web plates are checked in
accordance with AISC 360-22 Section 11.4. Web plate slenderness requirement is established to
develop the shear yielding of web plate before elastic shear buckling. The flange plate slenderness
requirement is established to develop the compression yielding of the flange plate before elastic
buckling.

Clear unsupported width and height:
b g =beg—2teg,, = 16— 2{0.375) = 1525 in.
hepp = heg = 2tepp= 24 = 2(0.5) = 23 in.
Slenderness requirement for flange plates of coupling beam:

Bers _ an e (B _ 4 4o [2200
reny 305 < 2.3?‘“’& 2.3?4[1_”{5:]

= 544 (AISC 380-22 Table 11.1b)

Slenderness requirement for web plates of coupling beam:

_
hetk _ 613 > 266 | = 266 22 = 1.1 (AISC 360-22 Table 11.1k)
LT T W By Fy \‘l (1.13¢5a)

Although the ratio of . / tes IS slightly higher than the slenderness requirement for web plates of
coupling beam, in this design example, it is assumed the web plates of coupling beams meet the
requirement.

5.5.5 FLEXURAL STRENGTH (Mpcs)

The plastic stress distribution method is used to calculate flexural capacity (Mp.cs). The flexural
capacity (Mp.cs) of coupling beam is calculated assuming the steel plate reaches a yield stress of Fy
(in both compression and tension) and the infill concrete reaches a stress of 0.85/ (in
compression). The flexural capacity of the composite coupling beam is calculated as follows:
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Plastic neutral axis of composite coupling beam:

2temw ben Fy +085 Ff teen ten
By, F t 0BS [ by

Crg m 6,15 in.

Compression (C) and tension (T) forces in coupling beam parts:

Cy = (beg = 2tegwltory Fr = 381 kips {Flange plate]
Lz = 2tegw bemy Cop By = 230 kips {Web plates)
Cy = 085 f to g (Cog = teny) = 439 kips {Concrete)

Ty = (beg = 2trgu)tcg ; Fy = 381 kips {Flange plate)
T, = g ey = Cogh F_,r = 470 kips (Web plates)

Design flexural capacity of the composite coupling beams:

ton c Con =2t 2t

Mpes = €1 (Con =52 )+ @ (F) + 6 (52 + 7 (hea = Con =54 ) +
T, [M} = 1,407 kip-ft

2

I'If"_ca- = I'pr_ca- m 1 407 klp—ﬁ
gy, = 0.9

PpMycp = 1,266 kip-ft > My g = 835 kip-ft

Ratio of demand to capacity:

My e B35 kip-ft
-
BpMyre 1,266 kip-ft

= (66

Myrg 1,117 kip-ft
|
PpMy g 1,266 kip-ft

= (.88

5.5.6 NOMINAL SHEAR STRENGTH (VN.CB)

Nominal shear strength, Vn.cs, of composite coupling beam is calculated in accordance with AISC 360
Section 14.2. The nominal shear strength is the summation of shear strengths of steel web plates (Vs)
and infill concrete (V).

Area of steel web plates
Aw.cB=2hcBtce.w = 2(24)(0.375) = 18 in.2
Ke=1 (Compact cross section)

Nominal shear strength
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Vaew = 0.6 B Ay cn + 0.06 Ko ff A 0 = (0.6)(50)(18) + (0.06)(1)(vVE)(15.25)(23)
Vacr = 592 kips
d, =09
¢uVyrep =532 kdps > Vyep = 167 kips
Ratio of demand 1o capacity:

Vecm 167 kips

FoVnce | S32kips 031

Vings  _ 2235 kips

Fu¥ncs — Emkips — 042

5.5.7 FLEXURE-CRITICAL COUPLING BEAMS (REVISITED)

The selected composite coupling beams are flexure critical members, as shown below

Vn.:xp.fﬂ‘ = 0.6 R}r FyAw.E"E + 0.06 K-y R F;Ac.fﬂ
= (0.6)(1.1)(50)(18) + (0.06)(1)(/TL5)(6)(15.25)(23) = 657 kips

24M 2.4 (15826
Vnexpcn = 657 kips > ——22 = [1 - ) _ 3801p
cB

5.6 Design of C-PSW/CF

L-shaped C-PSW/CFs are sized and designed based on the design philosophy of a strong wall-weak
coupling beam approach. In accordance with this design approach, the formations of plastic hinges
in most coupling beams take place along the height of the structure before significant yielding at the
base of C-PSW/CFs. This section presents design checks for L-shaped C-PSW/CFs.

5.6.1 STEP 4-1: MINIMUM AND MAXIMUM AREA OF STEEL

In accordance with ANSI/AISC 360-22 Section 11.6, the steel plates in C-PSW/CFs should comprise
at least 1% but no more than 10% of the total composite cross-section area. The selected cross
section for L-shaped C-PSW/CF pair (compression or tension wall pair) meets the requirements for
minimum and maximum steel plate areas, as shown below:
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Agrosswatt = (2)[(Lw tse) + (Ly —tsc)tsc ] = 8,704 in?

Agmin = 0.01 Ay, 55 wau = (0.01)(8,704) = 87 in? (ANSI/AISC 360-22 12.2a)
Agmax = 0.1 Agross wau = (0.1)(8,704) = 870 in.? (ANSI/AISC 360-22 12.2a)
Ag = (tp)|8L,, + 4t — 16t, | = 604in?

Asmin = 87102 < A, =604in? < Ag e = 870in2

5.6.2 STEEL PLATE SLENDERNESS REQUIREMENTS FOR COMPOSITE WALLS

In this design example, steel tie bars are only used in L-shaped C-PSW/CFs (no shear studs);
therefore, the largest unsupported length between tie bars is considered for the slenderness
requirements check. Tie bar spacings are selected 12 and 14 in. for the bottom (the bottom two
stories) and top (remaining stories) of the L-shaped C-PSW/CFs. In accordance with ANSI/AISC 341-
22 Chapter H8 Section 4b, steel plate slenderness ratio, b/t, at the base of C-PSW/CFs (protected
zones) should be limited as follows:

Stie = 12 in. (The bottom two stories)

Ste — 24 < 1.05 [—=—= 1.05 J% = 241 (ANSI/AISC 341-22 H8 Section 4b)

tp Ry Fy

The steel plate slenderness ratio, b/t, at regions which are not protected zones should be limited as
follows:

Stietop = 14 in.

Sdetop _ g < 1.2F= 1.2 [20% _ 789 (ANSI/AISC 360-22)
tp Fy (50)

It should be noted that the first slenderness check equation has Ry because it is the slenderness
check for critical plastic zones (at the base of C-PSW/CFs), which is from AISC 341-22. In the seismic
design of the coupled C-PSW/CF system, the critical plastic zones shall be highly ductile. The second
slenderness check equation does not have Ry because it is the slenderness check for a portion of CPSW/CFs
that does not undergo plastic response (as shown in Figure 5-3), which is from AISC 360-
22.

5.6.3 TIE SPACING REQUIREMENTS FOR COMPOSITE WALLS

The stability of empty steel module of C-PSW/CF during the construction and concrete casting
depends on tie bar spacing to plate thickness ratio (AISC Design Guide 37). Tie bars with %
diameters are selected for the L-shaped C-PSW/CFs, and the tie bar spacing to plate thickness ratio
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is checked. In accordance with AISC 360 Section 11.6b, the tie bar spacing to plate thickness ratio,
S/tp, should be limited as follows:

deie = 3/4 in.

x= 1.7 (?—: - 2) (%)4 =17 (;—ﬁ - 2) (%)4 = 10.07

4]

Stie _ , E,  _ i 29,000
—[p =24 < 1.0 Py 1.0 2000741 — 37.0
Stie _ Es 29,000
ty 32 < 1.0 Py 1.0 2000741 — 37.0

5.6.4 REQUIRED WALL SHEAR STRENGTH

The base shear (Vbase) associated with the seismic forces was calculated in Section 0. A shear
amplification factor of 4 is used to amplify the base shear. The amplified shear force for the core
walls is calculated as 4,952 kips. The required shear strength for tension or compression C-PSW/CFs
(Vr.wan) is determined to be 2,476 Kips, as the base shear are resisted by two wall pairs.

Vampiifiea = 4,952 kips

Vowatl = “";52 = 2,476 kips
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5.6.5 REQUIRED FLEXURAL STRENGTH OF COUPLED C-PSW/CF

In accordance with ASCE/SEI 7-22 and ANSI/AISC 341-22 Section H8.3d, in the coupled C-PSW/CF
system, walls are designed for an amplified overturning moment (OTM). The overturning moment
(OTM) is amplified by an amplification factor, y1, which considers all coupling beams developing
plastic hinges at both ends. The required amplified overturning moment (OTM) for designing the
coupled C-PSWI/CF system is calculated as follows:

Expected flexural capacity of coupling beam:

My

£xp.CB = 1,583 klp-ft
Expected shear strength of coupling beam:

v _ (11)(1.1)(2) Mp expcn
n.Mp.exp.CB —

=22 Mrepcs _ 3g0 kips (AISC Design Guide 37)

Leg Leg

In the above equation, the first factor (1.1) is considered due to strain hardening and the second
factor (1.1) is considered due to additional flexural capacity of composite coupling beam. The
additional flexural capacity of composite coupling beam is because of biaxial stress state of tension
flange.

In accordance with AISC Design Guide 37, overstrength amplification factor for designing of CPSW/CF is
calculated as follows:

. A} M 2ZM 5
¥, = En(11)(L1) My eup cr — Inl2ZMyerpce — (18)(1.2)(1,583) =227 {NSC Design Guide 3?}
Xn Muce In Muce (18)(835)

Axial force to C-PSW/CFs due to coupling action due to the seismic loads:
Pp=2%, Vn,Mp,exp.r:‘B = 13,673 kips

In accordance with AISC Design Guide 37, required amplified overturning moment (OTM) for
designing coupled C-PSW/CFs is calculated as follows:

My wair = ¥1 OTM — Pep Legp = (2.27)(217,217) — (13,673)(27) = 125,077 kip-ft

The effect of axial compression or tension force on C-PSW/CFs should be considered in the
calculation of the flexural capacity of the wall. Maximum axial compression and tension forces on the
compression and tension L-shaped C-PSWICFs are calculated as follows:
Maximum axial compression force to compression C-PSW/CFs considering the load combination of
1.2D+0.5LE:
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P= -2 Yn Vampexpce — (1.2 En Frrip) — (0.5 Xy Freipr) = —20,644 kips

Maximum axial tension force to tension C-PSW/CFs considering the load combination of 0.9D+E:

T=2%, Vn.Mp.exp.CB = (09 ¥y Freipy) = 9,219 kips

“P” and “T” are calculated based on the design philosophy shown in Figure 3, andFrriLL and
FrrioL were calculated in Section 5.5.4.2. In the seismic design of coupled C-PSW/CFs, maximum
axial compression and maximum axial tension forces are “P” and “T” of the coupled C-PSW/CF
system, as shown in Figure 1.

5.6.6 COMPOSITE WALL RESISTANCE FACTOR

Shear, flexure, compression, and tension resistance factors for composite wall are as follows:

v = 0.9 | (ANSI/AISC 360-22 14.1.2)
b = 0.9 | (ANSI/AISC 360-22 13.4b)
¢c = 0.9 | (AISC Design Guide 37 Section 2.2.3)
¢t=0.9 (AISC Design Guide 37 Section 2.2.3)

5.6.7. WALL TENSILE STRENGTH

Nominal tensile strength of two L-shaped C-PSW/CFs (tension walls) is calculated as follows:

A; =604 in® (From Section 5.6.1)
Por=A4AsF, = (604)(50) = 30,200 kips

¢¢ Por = 27,180 kips > T = 9,219 kips

T
Pt P

= 0.35

5.6.8 WALL COMPRESSION STRENGTH

A simplified unit width method is considered to calculate nominal compression strength. This is a
conservative approach to calculate the nominal compression strength, as the effect of end plates on
the compression capacity is not considered. However, this simplified unit width method can be used
for C-PSW/CFs with different configurations, for example, L-shaped, C-shaped, I-shaped walls. The
selected unit width cross-section of the L-shaped C-PSW/CF is shown in Figure 10. The nominal
compression strength of the L-shaped C-PSW/CF pair (compression walls) is calculated as follows:
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Figure 10. Unit Width Cross-section of L-shaped C-PSW/CF

Stie = 12in = 1 ft (Length of selected unit width)

Lyvaiitoral = 48 ft (Total length of two L-shaped C-PSW/CFs)

Poo = 2t, Syie Fy + 0.85 f! (tg, — ZtP) Siie = 1,518 kips (ANSI/AISC 360-22)
Iminsteer = 144 in*

Imin.concrete = 2,160 in*

E"eff.min = Eg Iyin steet + 035 E¢ Ipin concrete = 7,578,000 kip-il‘lz

L. = 17 ft (Critical unsupported length for buckling of wall)

n? EI .
), = —=[LmR — 1797 kips
cr
’:f_ﬂ =084 < 2.25 (ANSI/AISC 360-22)
(]
Pno

Poc= P (D.ﬁBSP_e) = 1,066 kips

_ Lwalltoral _ 48 _
Nynit-width = g T 48
tie

Pyctotal = Pnc Nunit-wiarn = (1,066 kips)(48) = 51,168 kips
bc Pocrorar = (0.9)(51,168 kips) = 46,051 kips > P = 20,644 kips
P
= 0.45

¢c Pocrotal
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For the wall subjected to axial compression force, a better estimate of minimum effective flexural
stiffness (E|eff.min) to calculate compression capacity iS El.jfmn = Es Iminsteel + 0.7 Ec Imin.concrete.
Using this estimate, the ratio of P/gc P.c... DeECOMes equal to 0.40. Even this calculation is quite
conservative, as the (2L-shaped or C-shaped) wall section stiffness was not fully considered. Typically
using 0.35 Ec¢ Imin.concrete is corresponding to and for a member with zero axial compression force;
however, 0.7 Ec Imin.concrete is approximately for a member with axial compression force, which
results in less concrete cracking.

5.6.9 WALL FLEXURAL STRENGTH

Flexural capacity of the L-shaped C-PSW/CFs can be calculated using plastic stress distribution
method or fiber section modeling, while the effect of axial force is considered (Shafaei et al., 2021b).
When the core system is subjected to lateral seismic forces, two L-shaped C-PSW/CFs are subjected
in tension force and the other two L-shaped C-PSWI/CFs are in compression, as shown in Figure 11.
The flexural capacities of tension and compression L-shaped C-PSW/CFs are calculated using plastic
stress distribution method when they are subjected to -20,644 kips compression and 9,219 Kips
tension forces. In accordance with AISC Design Guide 37, the flexural capacities of compression and
tension L-shaped C-PSWI/CFs are calculated using the plastic stress distribution method as follows:

MP.T.WHH = M‘n.T.WﬂH = 1,598,236 klp—ln = 133,186 klp—ft
b: My e = 1,438,412 kip-in. = 119,868 kip-ft
MP.C.WHH = M‘l’!.C,WﬂH = 1,761,166 klp—ll'l = 146,?6‘1‘ l{lp—ft

b My cwan = 1,585,050 kip-in. = 132,088 kip-ft

Neutral Axis Neutral Axis
I I
| I
=1 | 1
| |
ITensiﬂ-n |
| I Force | L
/ '
Tension ® 1 | Compression
C-PSW/CFs | @ | C-PSW/CFs
I / I
- \ ) \Fl
[« I Compression 1l
I Force I
| |
I | [ T
I 1
| |

Figure 11. Cross-Section of Coupled L-shaped C-PSWI/CF for Plastic Moment Calculation
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Alternatively, the fiber section modeling can be used to calculate the moment-curvature responses
and flexural capacities of tension and compression C-PSW/CFs. A fiber section model of L-shaped
CPSW/CF was developed using “Section Designer” built into SAP2000 software. Figure 12
illustrates moment-curvature responses of tension and compression C-PSW/CFs. In addition, the
flexural capacities calculated using the plastic stress distribution method are shown in the figure.
The fiber section modeling and plastic stress distribution method estimate approximately the same
flexural capacities. The flexural capacities of compression and tension L-shaped C-PSW/CFs are
calculated using the fiber section modeling as follows:

MMax.T.waH.fEber = 1,590,946 kip—in. = 132,579 k]p-ﬂi

MMH.X.C'.W&H.J'EDET = 1,863,605 klp-ln = 155,30'[" k]p'ﬂ:

Mp1wall _ 133,186 kip-ft
Myaxtwallfiver 132,579 kip-ft

= 1.00

Mp ¢ wall _ 146,764 kip-ft _
Myax.cwallfiber 155,300 kip-it

0.94

The effective flexural stiffness (Ele) calculated in Section 5.4.2 did not consider the effect of
tension or compression axial force. The effective flexural stiffness (Elef) of C-PSW/CFs subjected to
axial force can be accurately estimated using the moment-curvature response. The effective flexural
stiffness (Eler) of C-PSW/CFs was estimated as the secant stiffness corresponding to 0.6 MMax.wall.fiber ON
the moment-curvature response (Shafaei et al., 2021b). The effective flexural stiffness of tension and
compression L-shaped C-PSW/CFs are estimated as follows:

E!leﬂ“ = 5.55 % 1010 kip—inz
El¢wan = 7.21 x 10 kip-in?

Compression Walls Tension Walls
E 2.0E+6 + N Eﬂfr“““ . g 20E+6 + Mp 1 walt
EL5E6 1 ELSEH +7 7 e
) /0.6 My 2 /0.6 My
=g B S O SLOEHG + ot o o e e e e e e e e - = -
51 5} !
EﬂuEﬁ gﬁUEij /
25, 3 1 B T/ s .
= El;=7.21 x 10 (kip.in?) = Els=5.55 x 10 (kip.in?)
0.0E+0) = + + 0.0E+0 - + t
0 0.0001 0.0002 0 0.0001 0.0002
(a) Curvature (d) (b) Curvature (¢)

Figure 12. Moment-Curvature Response Developed by Fiber Section Analysis (a) Compression
Walls (b) Tension Walls
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The effective flexural stiffnesses of tension and compression (ElIT.wait and Elc.wait) L-shaped CPSW/CFs
are used to calculate required flexural strengths of tension and compression walls.

Hlrwatt | pg = 652,833 kip-in. = 54,403 kip-ft

wallt Elryatt) rwall

_ El¢wall _ B —
My cwail = [(mcwm EFT_W“)] M, oy = 848,094 kip-in. = 70,675 kip-ft

My 1 wan = [(E!c

Ratio of demand to capacity:

My rwan  _ 54403 kipft 0.45
e Mprwan 119,868 kipft
M 70,675 kip-ft

UCwall __ P =054

Gt Mpcwan 132,088 kip-ft

Alternatively, P-M interaction diagrams of tension and compression L-shaped C-PSW/CFs can be
developed and compared with required flexural and axial strengths. The P-M interaction diagrams of
C-PSWI/CFs are calculated using either hand calculations or a software program. In this design example,
the P-M interaction diagrams of the considered tension and compression L-shaped CPSW/CFs were
developed using SAP2000. Figure 13 shows P-M interaction diagrams of tension and compression L-
shaped C-PSWI/CFs. As shown in the figure, L-shaped C-PSW/CFs can clearly resist the required axial
(tension or compression) and flexural loads.

Compression Walls Tension Walls
80,000 x 80,000 x ~e-Nominal Capacity
+-Design Capacity
60,000 ¢ Ry 60,000 £ ® Demand
= -———— Vn‘\‘\ g S \;,‘V\’\\\
Z 40,000 + ~ON Z 40000 + T
8 / 8 N N
u‘f_, 20,000 + @ s E 20,000 + '-.‘ \
= 0 ' ' > 8 0 - —2 o
2 ~ e
20,000 + +T\on}malﬂ(apqcny 20,000 + 7)7_51;;;::./
—-Design Capacity |——
40,000 X ® Demani 40,000 X
0 50000 100000 150000 200000 0 50000 100000 150000 200000
(@) Moment (kip-ft.) (b) Moment (kip-ft)

Figure 13. P-M Interaction of C-PSW/CFs (a) Compression Walls (b) Tension Walls
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5.6.10 WALL SHEAR STRENGTH
In accordance with ANSI/AISC 341-22 Chapter H8 Section 6e, the nominal in-plane shear strength of

L-shaped C-PSWI/CFs is determined considering the steel section and infill concrete contributions as
follows:

Area of steel in the direction of shear:
Aswanr = 4 (L t,) + 2(tsc tp) = (4)(144)(0.5) + (2)(16)(0.5) = 304 in.?
K factor for shear strength calculation:

K¢ = Gg Agppan = (11,200)(304) = 3.4 x 10 kips

0.7 (Ep Ag) (Eg Agwall) 6 15
K. = = 3.14 x 10°kips
. (4Es Agyparr) + (Ec Ag) P

Mominal shear strength of C-PSW/CFs:

Ko+ Ko
Vn,wﬂn -
f3 K2+ Keo?

boVnwan = 13,308 kips > Vywan = 2,476 kips

AswanF, = 14,787 kips

Ratio of demand to capacity:

v
Uwall — U. 1 g
o Vwall

5.7 Coupling Beam Connection

There are several possible composite coupling beam-to-wall connections. In this design example, one
possible coupling beam-to-wall connection is presented. Figures 14, 15, and 16 illustrate one possibility for
coupling beam to wall connection details:

= As shown in Figure 14, there are slots in the C-PSW/CF web plates and coupling beam flange
plates are inserted into the slots.

= Coupling beam flange plates are 1 in. wider than wall cross section from each side to provide
adequate clearance for CJP welding, as shown in Figure 15.

» The slots of C-PSW/CF web plates are beveled and welded to the coupling beam flange plates
using complete joint penetration (CJP) welding (as shown in Figure 15 and 16).

= The coupling beam web plates are overlapped the C-PSW/CF web plates and C-shaped fillet
welding was done (as shown in Figures 15 and 16).

= The depth of coupling beam web plate is reduced 1 in. from top and bottom at the connection
region to provide adequate clearance for fillet welding, as shown in Figures 5-14 and 5-15.
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Figure 14. Schematic view of Coupling Beam-to-Wall Connection Details

=
-

/

Slots in|

C-PSW/QF

Web

|~

40




Seismic Design of Coupled Composite Plate Shear Walls (C-PSWCFs) per ANSI/AISC 341-22 & ASCE/SEI 7-22 - S04-026

\

C-PSW/CF
1" wider Web 1/2 ~

—

‘ CB Flange 1/2 *

Filet j\
Weld \\ Backing Bar

\

C-PSW/CF
Web 1/2 "

CJP Weld

CB Flange 1/2 "

vl
a\

AN

CJP Weld

C-PSW/CF
Web 1/2 *

Figure 15. Schematic view of Coupling Beam-to-Wall Connection Details
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Figure 16. Coupling Beam-to-Wall Connection Details (Scaled Specimen Tested at Bowen Laboratory,
Purdue University)
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Note: The composite coupling beam cross section is changed due to the selection of this type of
coupling beam-to-wall connection. The coupling beam flange plate width (bes) was previously
designed to be 16 in. The coupling beam flange plate width is increased to 18 in. (beg + 2 in))
because of the connection details. In addition, the width of coupling beam is increased to 16.75
in. (16" + 3/8" + 3/8") as well. The design of the coupled C-PSW/CF should be rechecked due to
this cross section change. However, this section is only provided to show a design example of a
possible coupling beam-to-wall connection; therefore, the rechecking is not shown here, and the
original 16" width is used in the calculations.

The coupling beam to wall connection was designed for the expected coupling beam strength. AISC
Prequalified Connections for Special and Intermediate Steel Moment Frames for Seismic Applications
(AISC, 2016) recommends a similar approach for steel connections. In the design of this connection, ductile
(yielding) and non-ductile (fracture) limit state factors are 1.0 and 0.9, respectively.

¢pa=1.0

d)n: 0.9

5.7.1 FLANGE PLATE CONNECTION DEMAND

Required strength for designing the coupling beam flange plate to C-PSW/CF connection is
calculated as the minimum of (a) 1.2 times of the expected tensile strength of flange or (b) the
expected tensile rupture strength of flange.

Area of flange plate:

ACB_f= (ch"' 2in. ) teps= (16 + 2)(05) =9in.2

Required strength of flange plate connection:

R, =11 (Expected tensile strength factor, ANSI/AISC 360-16 Table A3.1)
Triange = Min(1.2 RyF,Acg , R\ FAcp f)
Triange = min[(1.2)(1.1)(50)(9) , (1.2)(65)(9)] = 594 kips

Triange _ :
- = 297 kips
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5.7.2 CALCULATE REQUIRED LENGTH OF CJP WELDING

Required length for complete joint penetration (CJP) weld of the coupling beam flange plate to CPSW/CF
connection is governed based on the coupling beam flange capacity as follows:

Trian,
% < ¢q06 FytEB.fLreq

Required length of CJP weld:

L - Trlange _ 594
Ted- = 2(¢gq 0.6 Fytepy)  2(1.0)(0.6)(50)(0.5)

= 19.81in.

Length of CIP weld:
LWEEd.f = 20in.

5.7.3 CHECK SHEAR STRENGTH OF COUPLING BEAM FLANGE PLATE
Shear yielding and shear rupture of coupling beam flange plate are calculated and compared with

required strength of flange plate connection. Figure 5-17 shows the plane considered for the
coupling beam flange plate shear yielding and shear rupture checks of this example.

C-PSW/CF ‘

Web 1/2 }

1" wider

CJP Weld

Backing Bar

| CB Flange 1/2 *

Filet Backing Bar
Weld il
CJP Weld
CB Web C-PSW/CF
3/8" Web 1/2 *

Figure 17. Shear Yielding and Shear Rupture of Coupling Beam Flange Plate
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Gross shear area of coupling beam flange plate in shear yielding (the length along the CJP weld):
Ar sy = tep s Lyetas = (0.5)(20) = 10 in.?2

Shear yielding of coupling beam flange plate:
$q 0.6 F, A sy = (1.0)(0.6)(50)(10) = 300 kips = @ = 297 kips

Net shear area of coupling beam flange plate in shear rupture (the length along the CJP weld):
Arsg = tep.s Leras = (0.5)(20) = 10 in2

Shear rupture of coupling beam flange plate:

¢ 0.6 F, A; sp = (0.9)(0.6)(65)(10) = 351 kips > T”% = 297 kips

5.7.4 CHECK SHEAR STRENGTH OF WALL WEB PLATES

Shear yielding and shear rupture of the C-PSW/CF web plate are calculated and compared with
required strength of flange plate connection. Figure 5-18 shows planes considered for the C-PSW/CF
web plate shear yielding and shear rupture checks of this example.

C-PSW/CF
Web 1/2 *
CJP Weld
1" wider Backing Bar

CB Flange 1/2 “

Filet Backing Bar
Weld \A
‘ '\\ CJP Weld
CB Web C-PSW/CF
3/8 Web 1/2 “

Figure 18. Shear Yielding and Shear Rupture of C-PSW/CF Web Plate
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Gross shear area of C-PSW/CF web plate in shear yielding (the length along the CIP weld):
Awsy =2ty Lyelay = 2(0.5)(20) = 20 in.2

Shear yielding of C-PSW/CF web plate:
$q 0.6 F, A, sy = (1.0)(0.6)(50)(20) = 600 kips > @ = 297 kips

MNet shear area of C-PSW/CF web plate in shear rupture (the length along the CJP weld):
Aysp = 2ty Lyeiay = 2(0.5)(20) = 20 in.?

Shear rupture of C-PSW/CF web plate:

by, 0.6 F, Ay sp = (0.9)(0.6)(65)(20) = 702 kips > Tﬂ% = 297 kips

5.7.5 CHECK DUCTILE BEHAVIOR OF FLANGE PLATES

In the coupling beam flange plate to C-PSW/CF connection design, the available tensile rupture
strength should be higher than the available tensile yield strength.

Gross area of coupling beam flange plate in tension:
ACB_f_gz (bCB + 2in. ) teps= (16 + 2)(05) =9in.2
Net area of coupling beam flange plate in tension:

Acssn=bes tess= (16)(05) =8in.2

Available tension yielding capacity of coupling beam flange plate:
RyF, Acprg = (1.1)(50)(9) = = 495 kips

Available tension rupture capacity of coupling beam flange plate:
R FAcgsn= (1.2)(65)(8) = 624 kips

RI.' FHACB.f.ﬂ = 624 l(l]:ls > R}' Fy AC‘B‘IJ =495 klps
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The coupling beam flange plate connection (CJP welding) designed above transfers all coupling
beam flange forces to the C-PSW/CF. The following sections present all the forces and eccentricities
in the coupling beam web plates, which have to be transferred to the C-PSW/CF using fillet welding.

5.7.6 CALCULATE FORCES IN WEB PLATES

In coupling beam web plate to C-PSW/CF connection design, axial tension, shear force, and moment
of coupling beam web plates are calculated as follows:

Expected tension force of coupling beam web plate (calculated in Section 5.5.2):

T, = 773 Kips

Expected compression force of coupling beam web plate (calculated in Section 5.5.2):

Cae= 217 Kips

Plastic neutral axis of coupling beam considering expected strength (calculated in Section 5.5.2):
Cesern=5.26 in.

Coupling beam web plates tension force:

Tweb = 1.2 (T2.exp - C2.exp) = 667 Kips

Coupling beam web plates moment:

C heg-C
Myen = 1.2 (Toenp “Z22 + €y gy ~2B2) = 407 kip-fe
Coupling beam web plates shear force:
2ZM
Viven = 2 (~—L2E2) = 380 kips
Ler

5.7.7 CALCULATE FORCE DEMAND ON C-SHAPED WELD

The C-shaped fillet weld of the coupling beam web plate to C-PSW/CF connection is designed to
resist simultaneous axial tension, shear force, and moment, as shown in Figure 19. It should be
noted that, in Figure 19, the details of connection, coupling flange plates, CJP welding, C-PSW/CF
web plate are not shown. Required forces for the design of the C-shaped fillet weld are as follows:
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C-shaped weld required tension force:

Tewela = 22 = 333 kips

C-shaped weld required moment:

Mcwera = 2 = 203 kip-ft

C-shaped weld required shear force:

Vewela = —22 = 190 kips

30"
P « >
M
: Coupling (\
& Beam Web | T
Vv
! -

S S

Fillet Weld Depth Reduction &
Weld Access Hole

Figure 19. Required Forces for Designing the C-shaped Fillet Weld
5.7.8 SELECT WELD GEOMETRY

Vertical length of fillet weld:
Lv.weldw= he - 2 in. = 22 in.

Horizontal length of fillet weld:
LH.weldw = 30 in.

Fillet weld minimum size:

Dmin= 3/16 in.

Fillet weld maximum size:

Dmax=5/16 in.

Fillet weld maximum size is selected 5/16 in. because the coupling beam web plate thickness is 3/8
in:

Fillet weld size selected:

D =5/16in.

Dmin< D < Dmax
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5.7.9 CALCULATE C-SHAPED WELD SHEAR & MOMENT CAPACITIES

Instead of designing the C-shaped fillet weld of coupling beam web plate for simultaneous shear
force and moment, it can be designed for an eccentric shear force, which produces an equivalent
combined effect of shear force and moment. Therefore, the C-shaped fillet weld of coupling beam
web plate is designed to resist simultaneous axial tension and eccentric shear force, as shown in
Figure 20. This eccentrically loaded C-shaped fillet weld can be designed using AISC Steel
Construction Manual, 15« Edition, Table 8 (AISC, 2017). The eccentrically loaded C-shaped fillet
weld is designed as follows:

307
: Coupling
& Beam Web T l
v
/ —————
Eccentricity

Fillet Weld

Figure 20. Required Tension and Eccentric Shear Forces for the Design of C-shaped Fillet Weld

Eccentricity = Mcue/ Vewes=(203)(12) / 190= 12.85 in.
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Centroid of C-shaped fillet weld (horizontal):

c.g.= ——Luwaan®  __ 3% _ 4445
2Ly weldw*Lv.weldw 2(36)+(22)

Eccentricity of shear force from vertical fillet weld (horizontal):
e, = Eccentricity + (Ly.wetaw — €-9-) = 12.9 + (30 — 11) = 31.88in.
Horizontal to vertical fillet weld length ratio:

L 30
k= H.weldw == =1.36
Ly weldw 22

Eccentricity to vertical fillet weld length ratio:

AT TR I
e Ly weldw o 22 - 145
Cgg = 3.11 (AISC Steel Construction Manual, 15t Edition, Table 8-8)
Cigz=1 (AISC Steel Construction Manual, 15t Edition, Table 8-3)

In accordance with AISC Steel Construction Manual, 15t Edition, Table 8-8, fillet weld capacity to
resist the eccentric shear force is as follows:

5 .
Pyaveta = $n Cas Ci-g:3 (16D)Lyweraw = (0.9)(299)(1) [16 (Z)] (22) = 307 kips
PV.weld = 334 klps > VC‘Weld =190 klps

Veweld =0 62
Py.weld
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5.7.10 CALCULATE C-SHAPED WELD TENSION CAPACITY

In accordance with ANSI/AISC 360-16 Section J2.4, tension (horizontal) capacity of C-shaped fillet
weld is calculated as follows:

Prweta = ¢n 0.6 Fyy 2 Ly wetaw0.7071D = (0.9)(0.6)(70)[2(30)](0.7071)(5/16)
PT.WBIEI =501 kips > TC.WE[d = 333 klpS

TC_Wl?Id —_ D 67
Prweld

5.7.11 CALCULATE THE UTILIZATION OF C-SHAPED WELD CAPACITY

The utilization ratio of the C-shaped fillet weld is calculated by taking the square root of the sum of the
squared utilization of the eccentric shear capacity and tension capacity.

2 2
Capacity = J(M + (M) = J062)7 + (0.67)7 = 091 < +1

Py weld Prweid

Calculate Capacity of C-Shaped Weld

Prweta = Pn 0.6 Fxy 2 Lyweiaw0.7071D = (0.9)(0.6)(70)[2(30)]1(0.7071)(5/16)

PT.weld =501 klpS > TC.WEld =333 klpS 30"
Teweta _ 067
Prweta (tension force)
. Coupling ," e
& Beam Web Mo J-,' l
v

Ve SU—

Eccentrici
Fillet Weld Y

Veweta\” (Tewetd)
Capacity = (—) (—) =,/(0.64)2(0.67)2= 091 < 1

PV.weld PT.wela:
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