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Preface

MCEER is a national center of excellence dedicated to the discovery and development of new
knowledge, tools and technologies that equip communities to become more disaster resilient in
the face of earthquakes and other extreme events. MCEER accomplishes this through a system of
multidisciplinary, multi-hazard research, in tandem with complimentary education and outreach
initiatives.

Headquarteredatthe University at Buffalo, The State University of New York, MCEER was originally
established by the National Science Foundation in 1986, as the first National Center for Earth-
guake Engineering Research (NCEER). In 1998, it became known as the Multidisciplinary Center
for Earthquake Engineering Research (MCEER), from which the current name, MCEER, evolved.

Comprising a consortium of researchers and industry partners from numerous disciplines and
institutions throughout the United States, MCEER’s mission has expanded from its original focus
on earthquake engineering to one which addresses the technical and socio-economic impacts of a
variety of hazards, both natural and man-made, on critical infrastructure, facilities, and society.

The Center derives support from several Federal agencies, including the National Science Founda-
tion, Federal Highway Administration, Department of Energy, Nuclear Regulatory Commission,
and the State of New York, foreign governments and private industry.

This report presents the results of experimental, numerical, and analytical studies on the in-plane
cyclic behavior of rectangular steel-plate concrete (SC) composite shear walls. The SC walls
considered in this study were composed of steel faceplates, infill concrete, headed steel studs an-
choring the faceplates to the infill, and tie rods connecting the two faceplates through the infill.
Four large-size specimens with an aspect ratio of 1.0 were tested under displacement-controlled,
in-plane cyclic loading in the laboratory at the University at Buffalo. The design variables consid-
ered in the testing program included wall thickness, reinforcement ratio, and slenderness ratio.
The walls were identified to be flexure- and flexure-shear critical. The progression of damage
in the four walls was identical, namely, cracking and crushing of the infill concrete at the toes
of the walls, outward buckling and yielding of the steel faceplates near the base of the wall, and
tearing of the faceplates at their junctions with the baseplate. A robust finite element model was
developed in LS-DYNA for nonlinear cyclic analysis of the SC walls. The LS-DYNA model was
validated using the results of the cyclic tests of the four SC walls. The validated LS-DYNA model
was used to conduct a comprehensive parametric study to investigate the effects of wall aspect
ratio, reinforcement ratio, wall thickness, and uniaxial concrete compressive strength on the in-
plane response of SC walls. Simplified analytical models, suitable for preliminary analysis and
design of SC walls, were developed, validated, and implemented in MATLAB. Analytical models
were proposed for monotonic and cyclic simulations of the in-plane response of flexure- and
flexure-shear-critical SC wall piers. The model for cyclic analysis was developed by modifying
the Ibarra-Krawinkler Pinching model. The analytical models were verified using the results of
the parametric study and validated using the test data.
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ABSTRACT

The seismic performance of rectangular steel-plate concrete (SC) composite shear walls is assessed
for application to buildings and mission-critical infrastructure. The SC walls considered in this
study were composed of two steel faceplates and infill concrete. The steel faceplates were
connected together and to the infill concrete using tie rods and headed studs, respectively. The

research focused on the in-plane behavior of flexure- and flexure-shear-critical SC walls.

An experimental program was executed in the NEES laboratory at the University at Buffalo and
was followed by numerical and analytical studies. In the experimental program, four large-size
specimens were tested under displacement-controlled cyclic loading. The design variables
considered in the testing program included wall thickness, reinforcement ratio, and slenderness
ratio. The aspect ratio (height-to-length) of the four walls was 1.0. Each SC wall was installed on
top of a re-usable foundation block. A bolted baseplate to RC foundation connection was used for
all four walls. The walls were identified to be flexure- and flexure-shear critical. The progression
of damage in the four walls was identical, namely, cracking and crushing of the infill concrete at
the toes of the walls, outward buckling and yielding of the steel faceplates near the base of the

wall, and tearing of the faceplates at their junctions with the baseplate.

A robust finite element model was developed in LS-DYNA for nonlinear cyclic analysis of the
flexure- and flexure-shear-critical SC walls. The DYNA model was validated using the results of
the cyclic tests of the four SC walls. The validated and benchmarked models were then used to
conduct a parametric study, which investigated the effects of wall aspect ratio, reinforcement and

slenderness ratios, axial load, and steel and concrete strengths on the in-plane response of SC walls.

Simplified analytical models, suitable for preliminary analysis and design of SC walls, were
developed, validated, and implemented in MATLAB. Analytical models were proposed for
monotonic and cyclic simulations of the in-plane response of flexure- and flexure-shear-critical
SC wall piers. The model for cyclic analysis was developed by modifying the Ibarra-Krawinler
Pinching (IKP) model. The analytical models were verified using the results of the parametric

study and validated using the test data.
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GLOSSARY

The following definitions are used in Chapter 8 of this report.

A Cross-sectional area of infill concrete

A Cross-sectional area of threaded bar

A Cross-sectional area of steel faceplates

A,  Effective cross-sectional area of baseplate for a section cut parallel to the width of baseplate

A Effective cross-sectional area of baseplate for a section cut between two threaded bars parallel
> to the length of baseplate

a Ratio of the hardening modulus to the elastic modulus of the steel faceplates

B Width of baseplate

c Depth to the neutral axis

d Rate parameter in IKP model

d;  Distance between the center of i’ row of threaded bars and the neutral axis

d, Distance between the center of i row of threaded bars and the wall centerline

d,, Unloading stiffness rate parameter

drel Reloading stiffness rate parameter

da Accelerated stiffness rate parameter

E, Elastic modulus of concrete (ksi)

E,  Elastic modulus of steel (ksi)

E." Elastic modulus of cracked concrete = 0.7 E

E Hysteretic energy dissipated in i’ cycle

E Hysteretic energy dissipation capacity

F/  Compressive force on infill concrete

F.  Peak force

F,  Compressive and tensile forces in the steel faceplates

F,  Yield force in the IKP model

F'  Yield force in the first quadrant

F_ Yield force in the third quadrant

F!  Force corresponding to yielding of steel faceplates at the tension end of the wall
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Force corresponding to yielding of steel faceplates at the compression end of the wall
Residual force

Maximum force achieved in previous cycles in first quadrant
Maximum force achieved in previous cycles in third quadrant
Maximum bearing stress on foundation

Concrete stress

Steel stress

Uniaxial compressive stress of concrete (ksi)

Yield stress of steel faceplates (ksi)

Ultimate stress of steel faceplates (ksi)

Effective yield stress of steel faceplates (ksi)

Average of yield and ultimate stress of steel (ksi)

Modulus of rupture of concrete (ksi)

Horizontal stress in steel faceplates

Vertical stress in steel faceplates

Shear stress in steel faceplates

Horizontal stress in infill concrete

Vertical stress in infill concrete

Shear stress in infill concrete

Elastic shear modulus of concrete (ksi)

Elastic shear modulus of steel (ksi)

Height of wall panel

Level of the resultant of the lateral loads applied above an SC panel in multi-story SC walls
Moment of inertia of infill concrete

Moment of inertia of steel faceplates

Moment of inertia of baseplate about an axis parallel to the width of baseplate

Moment of inertia of part of baseplate between two threaded bars about an axis parallel to the
length of baseplate

Ratio of the yield strain of the steel faceplates to the concrete strain corresponding to the peak
stress

Pinching parameter in MIKP model
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CHAPTER 1
INTRODUCTION

1.1 General

Steel-plate concrete (SC) composite walls consisting of steel faceplates, infill concrete, and
connectors used to anchor the steel faceplates together and to the infill concrete, have potential
advantages over conventional reinforced concrete and steel plate shear walls in terms of

constructability and seismic performance.

SC panels enable modular construction leading to potential time and cost savings over
conventional reinforced concrete walls. Double skin SC wall shells can be fabricated offsite,
assembled on site, and filled on-site with concrete to create a monolithic structure. The use of steel
faceplates eliminates the need for on-site formwork, and the faceplates serve as primary

reinforcement.

SC wall construction has received attention from the research and design professional communities
but the number of applications to date is limited. Most proposals for SC wall construction have
involved two steel faceplates with infill concrete. Fukumuto et al. (1987) proposed SC construction
in the form of modular box units, as reproduced in Figure 1-1. Another proposal from 1987 used

SC panels for submerged tunnels [Tomlinson (1989),Wright (1991b)], as shown in Figure 1-2.

Figure 1-1 Modular box units [Fukumuto et al. (1987)]



Figure 1-2 Submerged tunnel application of SC panels [Wright et al. (1991b)]
Another proposal from the late 1980s was an SC shear wall, composed of two corrugated steel
faceplates and infill concrete [Wright (1995), and Wright et al. (1992,1994)]. The corrugated steel

faceplates of Figure 1-3 were to be connected to steel beams and columns by fasteners.

Channel section
- Profiled steel

sheeting

shot nailed to

steel frame

Temporary whalings

|/
i

“~~.._Kicker of hot or cold formed
steel bolted to fioor

Ties through whalings
and wall

Concrete infill

Figure 1-3 SC wall panels with corrugated steel faceplates wall [Wright et al. (1995)]
Other variations on SC wall construction have included those shown in Figure 1-4 below, with SC
faceplates with infill reinforced concrete, where the role of the reinforced concrete was to prevent

out-of-plane elastic buckling of the steel plate (shear wall).
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(c) Steel plate wall encased in RC wall
Figure 1-4 SC wall alternatives with reinforced concrete infill [Zhao et al. (132)]
The proposed applications of SC walls seen in Figure 1-3 and Figure 1-4 provide possible
incremental advances over more conventional framing systems. The proposal of Figure 1-3
attaches the SC wall panels to an existing steel frame, and duplicates gravity load resistance, which
is not economical. The alternatives of Figure 1-4 seek to overcome the known challenges with
steel plate shear walls, which require stiffening to prevent elastic buckling, and capacity-protected
vertical (column) and horizontal (beam) steel boundary elements. The cost associated with

overcoming these challenges has precluded their use in the building and nuclear industries.

A proprietary composite product, Bi-Steel, was proposed by British Steel (later Corus) (2002) for
flooring systems, beams and columns, fire resisting systems and building cores. A Bi-Steel panel
consists of two steel faceplates and steel bars that are friction welded to the faceplates at both ends.
Bi-Steel panels are welded together and filled with concrete on site. Figure 1-5 presents Bi-Steel

construction details.

PO

(a) Internal construction (b) Shear walls

Figure 1-5 Bi-Steel construction [Tata Steel Inc. (96)]
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The use of SC wall construction in nuclear power plants has been studied for nearly 20 years, with
an emphasis on elastic response in design basis shaking. Safety-related nuclear applications have
involved steel faceplates and infill (unreinforced) concrete, where the faceplates provide formwork
and reinforcement, and the SC walls provide both gravity and earthquake resistance, without the
introduction of internal steel framing for gravity-load resistance. Application of SC walls to
containment internal structures and shield buildings in nuclear power plants has begun in the
United States and China, with US applications based substantially on the work of Varma and his
co-workers at Purdue University [e.g., Varma et al. (2009,2011a,2011b,2011¢,2012,2013a)]. SC
walls have not been used for earthquake-resistant building construction, in part because there is
little data on the seismic performance of these walls at deformation levels expected in buildings

subjected to maximum earthquake shaking.

To date, design of SC walls (for nuclear applications) has been based in part on proprietary test
data and the limited data available in the literature. Most of the experiments were conducted at
small scales and focused on the essentially elastic range of response. The small-scale tests can not
represent reality well because construction materials and conditions are generally very different
from those used for field applications. Prior numerical studies have primarily focused on response
in the elastic range. The simulation of cyclic nonlinear response, and the loss of stiffness and
strength due to damage, have not been thoroughly investigated. The available physics-based
equations address only the pure shear response of SC walls, and flexural and shear-flexure

responses have not been studied.

1.2 Research Objectives

The focus of the research project presented in this report is flexure- and flexure-shear critical SC
wall piers. The SC wall piers studied in this report consist of two steel faceplates, infill concrete,
headed steel studs anchoring the faceplates to the infill, and tie rods connecting the two faceplates
through the infill. Figure 1-6 presents a cut-away view of such a SC wall pier. Shear-critical walls,
namely, those walls with boundary columns and flanges and those rectangular walls with very low

aspect ratios are not addressed. Only loading in the plane of the wall is considered.



Infill concrete

Headed steel studs —

—Steel faceplate

Tie rods

Figure 1-6 SC wall pier construction studied herein

The objectives of the research project are:

1.

To generate a large-scale test data for rectangular SC walls subjected to in-plane cyclic

lateral loading.

2. To provide knowledge on the cyclic response, failure modes, effects on response of design
parameters, and dynamic properties such as energy dissipation and viscous damping of SC
wall piers.

3. To develop a reliable finite element model for the nonlinear cyclic analysis of flexure- and
flexure-shear-critical SC walls.

4. To investigate the effects on response of key design parameters, including aspect ratio,
reinforcement ratio, wall thickness, and compressive strength of concrete.

5. To develop reliable analytical models for monotonic and cyclic analyses of single- and
multi-story SC walls, suitable for preliminary analysis and design.

1.3 Research Outline

This report is organized in nine chapters, a list of references, and four appendices. Chapter 2

presents a literature review. Chapter 3 provides information on the pre-test analysis and

preliminary design of the SC wall specimens. The details of the experimental program including

descriptions of the four specimens, the construction of the foundation block and the wall panels,

material testing, test setup, loading protocol, and instrumentation are presented in Chapter 4.
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Results of the tests are provided in Chapter 5. In Chapter 6, a finite element model for nonlinear
cyclic analysis of flexure- and flexure-shear-critical SC walls is developed and validated. Chapter
7 presents the results of a parametric study that investigates the effects of aspect ratio,
reinforcement ratio, faceplate slenderness ratio, axial load, and steel and concrete strengths on the
response of SC walls. Simplified models for the monotonic and cyclic analyses of flexure- and
flexure-shear-critical single- and multi-story SC walls, and for the prediction of initial stiffness of
an SC wall with a baseplate connection, are developed in Chapter 8. Chapter 9 summarizes the
research and identifies the key conclusions. A list of references follows Chapter 9. Appendix A
includes CAD drawings of the SC specimens, foundation block, and the SC wall connection to the
block. Photographs of the specimens at different drift ratios and of the damage to the infill concrete
of SC2 and SC4 at the end of testing are presented in Appendix B. Specifications for the rosette
gages used to measure strains in the steel faceplates are provided in Appendix C. The MATLAB
code for the Modified-Ibarra-Krawinkler-Pinching (MIKP) model for the cyclic analysis of SC
walls is provided in Appendix D.



CHAPTER 2
LITERATURE REVIEW

2.1 Overview

This chapter reviews the literature on experimental and numerical studies on steel-plate concrete
(SC) composite shear walls. Section 2.2 summarizes the experimental and analytical studies.

Section 2.3 reviews finite element (numerical) studies of the behavior of SC walls.

2.2 Review of Experimental Studies on SC walls

Suzuki et al. (1984) proposed an analytical method to predict the peak strength of rectangular SC
panels under combined bending, axial, and shear loads. These SC panels were equipped with
flange plates. They assumed that the load was resisted at peak strength by a diagonal tension field
in the steel faceplates and diagonal compression field in the infill concrete, as cartooned in
Figure 2-1. Figure 2-1(a) shows the compression field in the infill concrete; ¢ is the angle of the
compression field to the horizontal. The tension field of Figure 2-1(d) is characterized by two

parameters S and £, where £ is the angle of the tension field to the horizontal and &h is the

height of the faceplate over which the tension field is developed. The resultant load in the tension

field is decomposed into two forces T and T , where T is the tensile force resisted by the steel
faceplates and the two components of T along the height (Ty in Figure 2-1(b)) and length (Tx in
Figure 2-1(c)) of the panel are resisted by the infill concrete and the steel flange plates,

respectively. Figure 2-1(b) shows the force Ty resisted by the infill concrete and the reaction force

F generated at the corners of the infill concrete. Figure 2-1(c) shows the force Tx resisted by one

of the flange plates and the tensile and compressive reactions K and J , respectively. Figure 2-1(f)
illustrates the equilibrium of the internal forces in the steel faceplates and flange plates,
K, J, F, and T, and the external forces in the steel faceplates and flange plates, N, Q,, and M. .
Figure 2-1(e) presents the equilibrium of the internal force in the infill concrete, C, with the

external forces in the concrete, N_, Q,, and M_.
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Figure 2-1 Load transfer mechanisms at peak strength [Suzuki et al. (1984)]
Suzuki et al. tested four SC walls to validate the proposed method. The ratio of predicted to
measured peak shear strengths varied from 0.7 to 1. More accurate predictions were obtained for
the shear-critical SC panels. The proposed method underestimated the peak shear strength of the

flexure-critical panels.

Fukumoto et al. (1987) tested 1/4-scale steel plate, plain concrete, and composite shear walls under
axial and shear loads to study the effects of composite action between the steel faceplates and the
infill concrete, slenderness ratio, and stiffening methods for the steel faceplates, on the response
of SC walls. The composite walls were constructed by assembling welded steel boxes and infilling
them with concrete. Figure 2-2 presents the three types of connectors considered in that study,

namely, vertical steel insert plates, steel angles, and headed studs.
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Vertical Insert Plate

Headed Stud

Insert Plate
(PL.=12}

Figure 2-2 Types of connectors used in experimental study [Fukumoto et al. (1987)]
The experimental studies showed that the axial and shear responses of SC walls are substantially
affected by composite action of the steel faceplate and the infill concrete; the axial and shear
strengths of the composite wall were 14% and 40% greater than the corresponding superposed

strengths of the steel plate and plain concrete walls, respectively.

The initial stiffness of the SC walls under axial compression was not affected by the presence of
the vertical insert plates. The tangent stiffness beyond the elastic range decreased as the spacing
of the insert plates increased. Using a smaller spacing for the insert plates increased the axial
strength but did not have a significant effect on the shear strength. The shear load-displacement

relationships of SC walls was affected by the type of connector used.

Fukumoto et al. proposed an analytical model to predict the monotonic response of SC walls. The
proposed method (Figure 2-3) assumed that the shear load was resisted by tensile ties in the steel

faceplates oriented at 45 " to the horizontal and diagonally inclined compression struts in the infill

concrete.
Insert plate
Sub Brace — \
Inner ]
’ h Sub Brace _
Qs K 2
* Qs Qcé fac
_J Main Brace %
Main Brace 1 2 1 Outer _
Sub Brace |
(a) Tensile ties in the steel faceplate (b) Compression struts in the infill concrete

Figure 2-3 Analytical model proposed by Fukumoto et al. (1987)
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They calculated the shear strength of an SC wall as:

Q.=0,+0,

0, =t[,B,0,(¢,)+, B,o,(£))]cos 45’ (2-1)
Q. =t [(n+1),B.o.(€)+n,B.0.(€.)+, BOo.(£)]cos

where @ is the inclination angle of the compression struts; , B, and , B, are the effective widths
of the main tie and the sub ties in the steel faceplates, respectively (see Figure 2-3); and | B, , and

, B_ are the effective widths of the main strut and sub struts in the infill concrete, respectively. As
seen in Figure 2-3, the main tie in the steel faceplate is a single diagonal connecting two opposite
corners of the SC panel and the sub ties are parallel to the main tie. The main strut in the infill
concrete is assumed to form between the vertical insert plates, as presented in Figure 2-3. The

modeling parameters 8, B, ,B,, |B.,and ,B, are calculated as:

52 17 ¢

@=tan"'[(n+1)/h] (2-2)
B, =(h—1/4)cos45° (2-3)
,B, =1/4cos45° (2-4)
B—p= hsin @ (2-5)

1Pe =2 B = 2n+1)
where 7, is the sum of the steel faceplate thicknesses; Z. is the thickness of the infill concrete; h
and [ are the height and length of SC wall, respectively; O, and O, are the stresses in the steel
faceplates and infill concrete, respectively; € and €. are the axial strain in the main steel tie and

. . . . . . . . , ,
the axial strains in the main and inner sub struts of the infill concrete, respectively; and € and €,

are the axial strains in the sub ties and outer sub struts of the steel faceplates and infill concrete,
respectively. The outer and inner sub struts (braces in Figure 2-3) in the infill concrete are located
in Figure 2-3. There was a good agreement between the measured and predicted shear strengths

but the displacement corresponding to the peak shear load was underestimated.
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Akiayama et al. (1989) tested a 1/10-scale model of a pressurized water reactor containment
internal structure (CIS) consisting of primary and secondary shield SC walls, a reinforced concrete
base mat, upper and lower loading slabs, steam generator compartments, pressurizer compartment,
and a number of partition walls. The thickness of the SC walls and steel faceplates were 4.3 in.
and 0.06 in., respectively. The experimental program included two types of tests, namely, cyclic
quasi-static horizontal loading and vibration tests. The ratio of the cyclic horizontal load applied
to the upper slab to that applied to the lower slab was fixed at 2.6. The CIS specimen is presented
in Figure 2-4.

Steam
Generator
Compartment

Pressurizer
Compartment
Primary
Shield Wall Secondary
Shield Wall
Partition

Top Loading
Slab

Bottom
__ Loading Slab

Plan North

- ‘\ WingWall S~

Basemat

Figure 2-4 Overview of the 1/10-scale CIS specimen [Varma et al. (2013a)]
On the basis of their test results, they proposed empirical equations to predict the resistance of an
SC wall at the onset of concrete cracking, steel faceplate yielding, and peak strength. Their

equation to predict the peak shear strength is:
V,=0.57f A +4.5f/A (2-6)

where A, and A. are the cross-sectional areas of the steel faceplates and infill concrete,

respectively; and f. , and fc’ are the yield strength of the steel faceplates and the compressive

strength of the infill concrete, respectively. The equivalent viscous damping of the specimen,
calculated using hysteresis loops from the cyclic test, was 5% prior to the yielding of the steel

faceplates and up to 20% after the yielding of the steel faceplates.

Wright et al. (1991b) conducted 53 tests on 1/3-scale double skin composite beam, column, and
beam-column specimens to investigate the effects on response of connector spacing, thickness of
the steel faceplates, concrete strength, length of the connectors, load eccentricity, and axial load

variation. A 5.9 x 5.9 in. cross-section was used for all specimens. The length of the specimens
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varied between 60 in. and 90 in. The specimens were simply supported at their ends and subjected
to two concentrated out-of-plane loads, 7 in. away from the mid-span of the specimen. Wright et
al. suggested the results of those beam and column tests could be indicative of composite wall
behavior assuming a plane strain state. The peak shear and axial strengths, and damage were
reported. Wright et al. (1991a) used the experimental results to develop a design guideline for
composite elements. Empirical equations were provided to characterize the strength and stiffness
of composite sections. The proposed empirical equations were validated using results of tests of
eleven large-scale beam, column and beam-column specimens. Recommendations were made for

the construction and detailing of the double skin composite structures.

Takeda et al. (1995) tested seven composite wall panels subjected to cyclic, in-plane, pure shear
loading to investigate the effects of thickness of the steel faceplates, partitioning webs, and the use
of studs, on the shear response of the SC panels. The length and height of the panels were 47 in.
and the thickness of all specimens was 7.8 in. The specimens were composed of two steel
faceplates, infill concrete, headed steel studs anchoring the faceplates to the infill, and the

partitioning webs connecting the steel faceplates together. The test specimens are shown in

Figure 2-5.
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Figure 2-5 Test specimens [Takeda et al. (1995)]

12



The typical failure mode was concrete cracking, followed by buckling of the steel faceplates,
following faceplate yielding. The authors reported that the studs had no effect on the strength,
ductility and hysteretic behavior of the test specimens. Takeda et al. parsed the pre-peak-strength
response into four regions, namely 1) elastic, 2) post-concrete cracking, 3) post-buckling of the
steel faceplates, and 4) post-yielding of the steel faceplates. The shear response of SC panels was
idealized as a perfectly-plastic force-displacement relationship since the shear strength of these SC
panels did not deteriorate at shear strains greater than 2%. Damage included concrete cracking,
and buckling and local tearing of the steel faceplates. An ultimate shear strain of 8% was proposed

for SC panels subjected to pure shear loading on the basis of the test results

Takeuchi et al. (1995) summarized the results of a feasibility study on SC wall construction and

compared the time and cost to build RC and SC walls, as presented in Figure 2-6.

4.8 11 2.1 Navvys
s Reinforcing Bar

Placers
Formworkers

Steel Workers

£ .
(X104m3) (X104m?) (X 10%ton)
Steel Bar Others —]

Concrete &
Form Steel Plate

(a) Material quantities (b) Manpower requirements
Figure 2-6 Results of the feasibility study [Takeuchi et al. (1995)]

They synthesized the results of tests on SC walls performed in Japan: 1) compression tests to
investigate the optimum spacing of the headed studs, 2) shear and bending tests to investigate the
in-plane shear and flexural responses of H-shaped (flanged) SC walls with web reinforcement
ratios ranging between 0.7% and 2%, and 3) tests to study the effect on response of the connection

of an SC wall to its foundation. The test specimens are described in Figure 2-7.
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Figure 2-7 Three types of SC wall experiments [Takeuchi et al. (1995)]
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Four 1/5-scale SC walls were subjected to cyclic compressive loading by Usami et al. (1995) with

particular attention being paid to the buckling characteristics of the steel faceplates. The specimens

were composed of two steel faceplates, two steel flange plates, infill concrete, and headed studs.

The faceplate slenderness ratio varied between 20 and 50. Drawings of the test specimens are

reproduced in Figure 2-8.
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Figure 2-8 SC wall specimens [Usami et al. (1995)]

Usami’s study indicated that the axial load-displacement relationship of an SC wall did not change

abruptly at the onset of buckling and yielding of the steel faceplates. They proposed that the Euler

equation for elastic buckling of a column with a fixed-pinned boundary condition would accurately

predict the buckling stress of the steel faceplates using B/t as the slenderness ratio for cases with

buckling stress less than 0.6 f,, where B is the spacing between the studs, ?, is the thickness of

each steel faceplate, and f is the yield stress of the steel faceplates. The Euler equation over-

predicted buckling stress when it exceeded 0.6 . Test results and the proposed relationship

between buckling stress of the steel faceplates and slenderness ratio are presented in Figure 2-9.
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Figure 2-9 Buckling stress of the steel faceplates [Usami et al. (1995)]

Sasaki et al. (1995) tested seven flanged SC wall specimens with aspect ratios ranging between
1/3 and 1/2 to investigate the effects of aspect ratio, reinforcement ratio, axial load, and the use of
headed studs attached to the end plates of the web wall (see the plan view of the SC wall in
Figure 2-10) on the flexural-shear response of SC walls. A faceplate slenderness ratio of 33 was
used. Damage to the SC walls included concrete cracking, yielding and buckling of the steel
faceplates, and concrete crushing. On the basis of the test data, the lateral stiffness and peak shear
strength of an SC wall increases with decreasing shear span-to-depth ratio and increasing
reinforcement ratio. The peak shear strength increased, but the initial stiffness did not, as the axial
load was increased. The use of headed studs at the connection of the flange walls and the web wall
had no effect on response. A comparison of the responses of SC and RC walls with a shear span-
to-depth ratio of 0.8 and a reinforcement ratio of 1.7% indicated that the peak shear strength and

the displacement at peak strength were substantially greater for the SC wall than for the RC wall.
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Figure 2-10 SC wall specimen [Sasaki et al. (1995)]
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Suzuki et al. (1995) proposed an analytical method to predict the peak shear strength of H-shaped
(flanged) SC walls by assuming that the shear load was resisted by a combination of arch and truss
mechanisms as presented in Figure 2-11. The study indicated that the orientation of the concrete
strut affected the contributions of the truss- and arch-action mechanisms to the peak shear strength

but that the peak shear strength of SC wall was not significantly influenced. The concrete strut,

shown in Figure 2-11(b), is oriented at 45" to the horizontal.
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Figure 2-11 Load transfer mechanisms in flanged SC walls [Suzuki et al. (1995)]
Takeuchi et al. (1995) proposed an analytical method to simulate the pure shear behavior of SC
walls in three regions, namely, 1) elastic, 2) post-concrete cracking, and 3) post-steel buckling.
Figure 2-12 presents the load transfer mechanism in an SC panel subjected to a lateral loading.
Takeuchi et al. proposed an ultimate shear strain of 0.06% for the analysis of SC panels on the
basis of available results on pure shear testing of SC panels. Figure 2-13 presents the SC

construction considered by Takeuchi et al. (1998).
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Figure 2-13 Proposed details for SC construction [Takeuchi et al. (1998)]
A tri-linear shear force-shear strain relationship, similar to that proposed by Takeuchi et al. (1995),
was proposed by Akita et al. (2001) considering concrete cracking, faceplate yielding, and concrete
crushing. The ultimate shear strain was assumed to be 6000 micro strain, corresponding to a
concrete diagonal compressive strain of 3000 micro strain. They proposed that the moment-
curvature relationship of an SC wall could be calculated using the moment-curvature relationship
of an equivalent RC wall having a cross-section with identical dimensions to those of the infill

concrete cross-section and a reinforcement ratio equal to the ratio of the cross-sectional area of the
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steel faceplates to the total cross-sectional area of the SC wall. The ultimate bending moment was

calculated using the results of a plastic analysis of the SC wall cross-section.

Tsuda et al. (2001) conducted an experimental study to investigate the behavior of connections of
an SC wall to an RC foundation. Figure 2-14 identifies the alternatives considered, which included
joint bars. The shear load was assumed to be transferred from the steel faceplates to the infill
concrete by shear studs and from the infill concrete to the base slab by joint bars. The joint-bar
connection included horizontal tie bars enclosing the joint bars over a limited height above the

foundation to avoid a bond failure of the connection.
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(a) Steel plate inserting (b) Anchor bolt (c) Joint bar
Figure 2-14 Types of connection of an SC wall to its foundation [Tsuda et al. (2001)]
Figure 2-15 shows a base connection using joint bars, and steel web plates instead of tie bars.
Tsuda et al. conducted a series of pull-out tests to investigate the effects of embedment depth of
the joint bars, length of the partitioning steel web, number of joint bars, and number of layers of
joint bars on the tensile strength of the connection. They developed an equation to predict the

tensile strength of the connection on the basis of the test results.

The global response of SC walls equipped with the proposed joint-bar connection was investigated
by testing four walls under cyclic lateral loading. The aspect ratio of the walls varied from 0.62 to
1.23. The test results were used to develop an analytical method to predict the shear and flexural

responses of SC walls.
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Ozaki et al. (2001b) investigated the effect of web openings on the cyclic shear response of SC
walls by testing six SC panels with through-thickness circular and square openings at the center of
the web, and one solid SC panel. The ratio of the surface area of the opening to the surface area of
the SC panel was 0.15. The presence of the opening had no effect on the shear strain of the SC
panels at the onset of concrete cracking and steel faceplate yielding. The shear strain at the peak
shear resistance of the SC walls with openings was a factor of 2 to 3 than that of the solid SC wall.
On the basis of the test data, Ozaki et al. developed an analytical method to predict the response
of SC panels with openings by applying reduction factors on the stiffness and strength of solid SC
panels, where the reductions factors were derived as a function of the dimensions of the opening.
Finite element analyses were conducted to convert the proposed reduction factors for the effect of

reinforcement around the opening.

Ozaki et al. (2001a) tested flanged SC walls with different aspect and reinforcement ratios under
lateral loading to investigate the in-plane response of shear-critical and flexure-critical SC walls.
Five shear-critical SC specimens with aspect ratios ranging from 0.5 to 0.85 and reinforcement
ratios ranging from 0.7% to 2% were tested. The SC specimens were connected to their foundation
by extending the steel faceplates and the infill concrete into the foundation concrete. The

reinforcement ratio had a small effect on the initial stiffness and cracking strength of the shear-
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critical SC walls but it significantly affected the yield and the peak shear strengths. The
displacements corresponding to the yield and peak shear strengths were not affected by the

reinforcement ratio. Ozaki et al. proposed that the tensile and shear stresses in the concrete at the
onset of cracking were 1.2,/ f/ and ,/f’ (units in kg and cm), respectively. Four flexure-critical

SC walls with aspect ratios of 0.7 and 0.85, and a reinforcement ratio of 2%, were tested. The
flexure-critical SC walls were connected to their foundations using baseplates and anchor bars.
The design parameters considered in this part of the study were aspect ratio, axial force, and SC
wall connection to the foundation block. Ozaki et al. proposed that the flexural strength of flexure-
critical SC walls be calculated using the results of a plastic analysis of the SC wall cross-section.

Drawing of the test specimens are reproduced in Figure 2-16.
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Figure 2-16 Test specimens [Ozaki et al. (2001a)]
Emori (2002) tested three 1/4-scale SC wall box units (specimens 200K, 100K, and 67K in
Table 2-1) under shear and axial compressive loads. The SC wall box units were constructed by
assembling and welding the prefabricated steel box units consisting of two steel faceplates and
vertical and horizontal partition plates, and filling the boxes with concrete. Headed studs and tie
rods were not used. To investigate the effect of composite action on the response of the SC wall

boxes, one steel plate box specimen (100S in Table 2-1) and two concrete solid specimens (0OC and
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1C in Table 2-1) were included in the test program. In Table 2-1, the width-to-thickness ratio is
the spacing between the partition plates divided by the thickness of each steel faceplate.

Results of the shear and axial compression tests are presented in Figure 2-17. The width-to-

thickness ratio, b/t _, had a significant effect on the axial strength but only a minor effect on the

shear strength. The pre-peak shear response and the displacement corresponding to the peak shear

strength were significantly affected by the width-to-thickness ratio.

Table 2-1 Test specimens [Emori (2002)]

Width-to-thickness Cross-sections
ratio (b/t)) (SC) S) ©)
For compression test
(200K)
200 - - For shear test
(100S)
100
b=320 mm
67 - -
5=213 mm

The results of the axial and shear tests of the composite panels, steel plate boxes, and concrete
panel were used to study the effect of composite action on the shear and axial responses of SC
walls. Figure 2-18 shows that the shear and axial compressive responses of the SC walls were
affected by composite action. The axial and shear strengths of the SC walls were 15% and 43%
greater than the corresponding superposed strengths of the steel boxes and concrete panels,
respectively. These results showed that composite action, which delayed local buckling of the steel
faceplates and confined the infill concrete, had significant effect on the behavior of the composite

panels.

21



1400 1/80 R=1/28

F3 ] A el RO | SR

=

g

g" 1y B

200K100K 67K
® : Pon ®: Qmre
& 1 Buckling of Surface Plate & 1 Buekling of Surface Plate
1% i 0 020 3
Axial Displacement &(mm) Shear Displacement &(mm)
(a) Compression test (b) Shear test

Figure 2-17 Axial and shear responses of SC wall box units [Emori (2002)]
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Figure 2-18 Effects of composite action on axial and shear responses [Emori (2002)]

Zhao et al. (2004) tested two 1/2-scale three-story composite shear walls consisting of a single
steel faceplate welded to the surrounding steel frame and a precast reinforced concrete panel bolted
to the steel faceplate. In one specimen, termed a traditional composite wall, the reinforced concrete
panel was in direct contact with the boundary steel beams and columns. In the second, termed an
innovative composite wall, a 1.25 in. gap between the reinforced concrete panel and the
surrounding steel frame was maintained to avoid early cracking and crushing of the concrete. The
innovative composite wall exhibited similar responses to that of a stiffened steel plate shear wall

at small lateral displacements. Upon closing the gap between the reinforced concrete panel and the
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boundary steel framing, the reinforced concrete panel contributed to the lateral resistance of the
composite wall. Schematic drawings of the test specimens are reproduced in Figure 2-19. Both
specimens resisted lateral loading greater than 80% of the peak strength up to a drift ratio of 5%.
The rate of the post-peak strength deterioration of the traditional composite wall was greater than
that of the innovative composite wall because the gap between the reinforced concrete panel and
the boundary columns and beams delayed severe damage to the concrete wall. Importantly, the
lateral stiffness and peak shear strength were not significantly affected by the presence of the gap
since the contribution of the concrete panel to the total strength and lateral stiffness was estimated
to be less than 20%. Zhao et al. proposed that the shear strength of the reinforced concrete panel
could be ignored in the calculation of the peak shear strength of the composite wall but that its

stiffness should be included in calculations of force-displacement response.
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Figure 2-19 Composite shear walls [Zhao et al. (2004)]
Ozaki et al. (2004) tested nine SC panels subjected to cyclic in-plane shear loading to investigate
the effects of steel faceplate thickness, axial compressive loading, and partitioning webs on the

shear response of SC panels. Figure 2-20 presents a cut-away view of the SC panel.
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Figure 2-20 SC panel [Ozaki et al. (2004)]
On the basis of the test results, the greater the steel faceplate thickness, the greater the elastic shear
stiffness, the post-cracking shear stiffness, and the yield and peak strengths of SC wall but the
lower the shear strain at peak strength. The elastic shear stiffness was not influenced by the axial
compressive force. However, as the axial compressive force increased, the post-cracking shear
stiffness decreased slightly. An increase in the axial compressive force increased the shear strength

at the onset of concrete cracking but it had no effect on the yield and peak shear strengths for the
range of axial loads applied (0 to 0.07A,f, where A, is the cross-sectional area of the infill
concrete and f, is the compressive strength of the concrete). The partitioning webs in the
specimens tested by Ozaki et al. had no impact on the yield and peak shear strengths of the SC

panels.

Ozaki et al. parsed the in-plane response of SC walls in shear into three regions: 1) elastic, 2)
concrete cracking, and 3) steel faceplate yielding. In the elastic range, the infill concrete and the

steel faceplates were modeled using an isotropic elastic and isotropic elastic plane-stress behaviors,
respectively. They proposed that the shear stress, 7., in an SC wall at the onset of concrete cracking

could be calculated as:

2 2
T.=0+0,0, (2-7)
where O, is the axial compressive stress on the infill concrete and 0, is the tensile strength of the

infill concrete. Substituting o, = 0'33\/70, (unit:MPa), as proposed by Collins et al. (1991), into

(2-7) results the shear stress of SC walls at the onset of concrete cracking as:
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7. =/033J7033/F +5,) (2-8)

The shear strength of SC wall at the onset of steel faceplate yielding and the peak shear strength

were calculated as:

— k(Gc + Gs) f}’AW
T JGr 3G} 2

(2-9)

0,=(A,+A)f, (2-10)

where G, and G, are the elastic shear moduli of the infill concrete and steel faceplates,
respectively; f| is the yield stress of the steel faceplates; A, is the cross-sectional area of the steel

faceplates; and k is calculated as:
k=1+1-v)p, 2-11)

where p, is the ratio of the cross-sectional area of the horizontal partitioning webs to the cross-

sectional area of the steel faceplates and vV is Poisson’s ratio for the steel faceplates.

Booth et al. (2007) tested two full-scale, simply supported, 22-ft long beams to study the out-of-
plane behavior of composite walls. The specimens were subjected to thermal and mechanical
loadings. The mechanical loading included two concentrated loads applied at third points of the
beam. The effect of thermal loading on the shear and flexural responses was studied. The concrete
cracking patterns at different thermal and mechanical loading conditions were documented.
Exposure of the beams to an elevated temperature leaded to severe concrete cracking; the out-of-
plane flexural stiffness of the cracked specimens was reduced to 14% of that of the un-cracked
specimens. Booth et al. developed a 2D fiber-based finite element model assuming 1) 2D plane
stress behavior for the steel faceplates and infill concrete, 2) plane section remains plane, and 3)
perfect bond between the steel faceplates and the infill concrete. Booth’s model successfully
predicted the flexural stiffness of the SC walls at ambient conditions but the temperature-induced
deformations could not be predicted accurately due to the simplified modeling assumptions. Booth
et al. then conducted further research [Varma et al. (2009)] to improve the analytical approach for

predicting the behavior of SC walls subjected to combined thermal and mechanical loadings.

25



Eom et al. (2009) tested three 1/3-scale solid SC walls and two 1/4-scale coupled SC walls under
cyclic lateral loading. The walls had rectangular and T-shaped (flanged) cross sections. The SC
walls were flexure-critical with aspect ratios of 3.7 and 2.7 for the solid and coupled walls,
respectively. The spacing of the tie rods connecting the two steel faceplates, divided by the
thickness of each steel faceplate was 30 and 50 for the solid and coupled walls, respectively. The
steel faceplates were CJP-welded to a baseplate in one solid SC wall: specimen DSCWIN
presented in Figure 2-21. Due to the premature fracture of the welded connection of the faceplates
to the baseplate at 1.5% drift ratio, and prior to flexural yielding of the steel faceplates, triangular
rib plates were welded to the both ends of the SC wall cross section (specimen DSCW1H in
Figure 2-21) and specimen was re-tested. The addition of the rib plates did not significantly
improve the response of the SC wall and so the rib-plates were removed and the specimen was
strengthened by fillet welding cover plates to the steel faceplates, flange plates, and the baseplate
(specimen DSCWI1C in Figure 2-21) and re-tested. The coupled wall specimens DSCW4 and
DSCWS5 were strengthened to avoid the premature failure seen in the solid walls through the

addition of cover plates, which are identified in Figure 2-22.

The test results indicated that the addition of cover plates at the base of the SC walls significantly
improved the shear response and avoided the premature fracture of the welded connection of the
faceplates to the baseplate. The SC walls failed due to the steel faceplate buckling and crushing of
the infill concrete above the cover plates. Eom et al. proposed an analytical method to predict the
shear strength of rectangular and T-shaped SC walls on the basis of a plastic analysis of an SC
wall cross-section. Perfect bond between the steel faceplates and infill concrete was assumed and

the effect of axial load was considered.
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Hong et al. (2010) tested nine SC beams subjected to concentrated out-of-plane loads at different
locations along the beam span to investigate the out-of-plane behavior of SC walls. The design

parameters considered in the investigation were shear-to-span ratio, steel faceplate thickness, and

shear reinforcement ratio, A /sb, where A is the cross-sectional area of the shear

reinforcement, s is the spacing of the reinforcement, and b is the width of the beam. Shear
reinforcement consisted of two #5-leg ties at 15 in. on center. Headed studs, tie rods, and H-shaped
steel profiles were used as connectors. Load-deflection curves for the beams, cracking patterns in

the infill concrete, and strain distributions in the steel faceplates were documented.

Similar to the analytical approach proposed by Ozaki et al. (2004), Varma et al. (2011c) developed
mechanics-based equations to predict the in-plane shear response of SC walls. Concrete cracking

was assumed to occur when the shear force exceeded the cracking threshold corresponding to a
principal tensile stress of 2\/76' (psi), which indirectly accounted for the effects of restrained
shrinkage in the infill concrete. The infill concrete was assumed to behave as an orthotropic elastic
material with a) no stiffness perpendicular to the direction of cracking and b) 70% of the elastic
compression modulus ( £, ) in the orthogonal direction. The stiffness of the cracked SC wall was
calculated assuming orthotropic behavior of the infill concrete and isotropic elastic plane stress

behavior of the steel faceplates. Varma et al. assumed that the peak shear strength of SC walls

corresponded to the onset of the yielding of the steel faceplates.

The proposed method was used to predict the in-plane shear response of the SC walls tested by
Ozaki et al. (2004). The method successfully predicted the initial stiffness of the SC walls but the
peak shear strength was underestimated because the peak shear strength was associated with the

onset of steel faceplate yielding.

Varma et al. (2011c¢) tested a large-scale flanged SC wall subjected to lateral loading to validate

the proposed analytical method. The web and flanges of the SC wall were designed to resist shear

force and bending moments, respectively. The reinforcement ratio (=2, /T) and the slenderness
ratio (s/t,)of the SC wall were 4.2% and 11.3, respectively, where f, is the thickness of each

steel faceplate, T is the thickness of the web of the SC wall, and s is the spacing of the studs.
Good agreement was obtained between the analytical and test results. A photograph of the

specimen is shown in Figure 2-23.
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Figure 2-23 Test specimen [Varma et al. (2011c)]

Varma et al. (2011a) tested an SC beam, similar to those tested by Booth et al. (2007), but subjected
to larger displacements. The beam was subjected to thermal and mechanical loading. Varma et al.
proposed that the out-of-plane flexural stiffness of the composite section away from the heated
region could be reasonably predicted using cracked transformed section properties (see
Figure 2-24(a)). At the center of the heated region, the thermal gradient through the specimen
depth caused significant cracking in the infill concrete. Varma et al. assumed that the fully cracked
infill concrete did not contribute to the out-of-plane flexural stiffness and the initial slope of the
moment-curvature relationship of the heated composite beam could be reasonably predicted using
the out-of-plane flexural stiffness of the steel faceplates alone. As seen in Figure 2-24(b), the

thermal gradient through the specimen depth shifted the origin of the moment-curvature
relationship to a negative curvature, @, , as a thermal-induced curvature for zero moment. The
curvature @, , generated due the thermal gradient through the specimen depth in the absence of
mechanical loading, was calculated as:

QAT
T-t

s

o (2-12)

where ¢, is the thermal expansion coefficient of the steel faceplates; AT is the increment of the
temperature; and T and f, are the thicknesses of the SC section and each steel faceplate,

respectively. The moment at zero curvature, M, , was calculated as:
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M,=EIg, (2-13)

where E [ is the flexural rigidity of the steel faceplates.
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Figure 2-24 Moment-curvature relationship of a composite beam section [Varma et al. (2011a)]

Varma et al. derived an equation to predict the out-of-plane flexural stiffness of SC section using
the cracked transformed composite section properties. The simplest form of the derived equation

[Varma et al. (2011a)] is:

ElI, =EI +pBEI (2-14)

cr—tr

where E_I_ is the flexural rigidity of the infill concrete; and [ is 0.48p +0.1, where p” is the

stiffness normalized reinforcement ratio and was calculated as:

, 21 E,

T E (2-15)

They proposed Equation (2-16) to predict the out-of-plane flexural stiffness of SC walls taking
into account the reduction of stiffness due to concrete cracking and thermal effects.

AT g (2-16)

El =(EI +pEI)1-
eff (ss ﬂcc)( ISOGF sTs

Equation (2-16) calculates the out-of-plane flexural stiffness of the composite section at

temperatures greater than 150°F to be that of the steel faceplates only.
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Nie et al. (2014) tested twelve SC walls subjected to high axial and cyclic lateral loads to
investigate the effects of reinforcement ratio, concrete strength, thicknesses of the steel face and
flange plates, concrete reinforcement, and wall aspect ratio on the in-plane response of SC walls.
The reinforcement and aspect ratios varied from 4.6% to 7.1% and from 1 to 2, respectively. A
photograph of the test setup is presented in Figure 2-25.
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Figure 2-25 SC wall test setup [Nie et al. (2014)]
The failure modes, lateral force-displacement relationships, contributions of the shear and flexural
displacements to the total lateral displacement were reported. The results of a cross-section
analysis were used to predict the shear strength of flexure-critical SC walls assuming 1) plane
section remains plane, and 2) perfect bond between the steel faceplates and the infill concrete. Nie
et al. proposed that the ACI or Eurocode specifications for the maximum width-to-thickness ratio
of CFT columns could be used as an upper limit value for the slenderness ratio of the steel
faceplates to prevent steel faceplate buckling prior to yielding. Using their test data, Nie et al.
proposed an equation to predict the effective stiffness of SC walls [Nie et al. (2014)]. The proposed
equation was derived based on the effective shear and flexural stiffnesses of SC walls, where the
effective shear and flexural stiffness were calculated using a fixed angle truss method and the
results of a fiber analysis of SC wall cross-section, respectively. The details of the fixed angle truss

theory are available in Nie et al. (2014). The effective stiffness was calculated as:
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Ke,fKe,v

o = K +K., (2-17)

where K, , and K, , are the effective flexural and shear stiffnesses of SC walls and were expressed

as:
K,,=30.5E]I +BEI)/H’ (2-18)

_ 2y E sin@, cos6.
“" (2tn+Tsin*§)H

(2-19)

where E I and E I  are the flexural rigidities of the steel faceplates and infill concrete,
respectively; H is the height of the SC wall; ¢, and T are the thicknesses of each steel faceplate
and the SC wall, respectively; 6. is the angle of concrete cracking; and »n is the modular ratio.

Parameters y and g are calculated using equations available in Nie et al. (2014).

Sener et al. (2013,2014) summarized available test data on the out-of-plane shear and flexural
behaviors of SC beams provided by Japanese, Korean, and US researchers for the purpose of
characterizing the out-of-plane response of SC walls. Design variables included loading
configuration, width of the beams, steel faceplate thickness, reinforcement ratio and faceplate
slenderness ratios, shear span-to-depth ratio, inclusion of shear reinforcement, and spacing of shear
studs. The measured out-of-plane shear and the flexural strengths of 48 SC beam specimens were
compared with the predictions provided by the design codes in Japan for SC [JEAC 4618 (2009)],
South Korea for SC [KEPIC SNG (2010)], and US for RC [ACI 349 (2006)]. The shear and
flexural strengths were overestimated using the Japanese and Korean SC specifications. Sener et
al. showed that the ACI specifications for reinforced concrete beams could be used to estimate the
out-of-plane monotonic shear and flexural strengths of SC beams, by equating SC beams to a

doubly reinforced concrete beams.

Zhang et al. (2013,2014) and Varma et al. (2013b) investigated the effect of the use of shear studs
on local buckling of steel faceplates and composite action in SC walls. On the basis of the available
test data and the results of finite element analyses, they proposed that stud spacing should be
selected to 1) prevent the elastic local bulking of steel faceplates, and 2) provide adequate

development length for steel faceplates, where the development length was defined as the length
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over which the steel faceplate could develop its yield strength under the axial tensile loading. Based

on these two criteria, the maximum stud spacing was proposed to be:

- /E 199, L,
= 1.0 [—, [/ 2-20
s mm[ 7 " f J (2-20)

where E and f| are the elastic modulus and yield stress of the steel faceplates, respectively; ¢ is
a reduction factor, taken as 0.65 for stud shank failure; Q, is the shear capacity of a single stud;

and L, is the development length taken at least three times the wall thickness to provide 75% to

90% partial composite action. The finite element analyses conducted by Zhang et al. (2013,2014)
indicated that the partial composite action was affected by the reinforcement and faceplate
slenderness ratios. As the reinforcement ratio and stud spacing were decreased, the degree of

composite action increased.

Hong et al. (2014) summarized analytical studies on the in-plane shear behavior of SC walls and
proposed two analytical models to predict the shear force and deformation capacities of SC walls
having vertical ribs. Seven SC panels subjected to pure shear load were tested to validate the
accuracy of the proposed model. Four of the seven specimens were reinforced with vertical ribs.
A photograph of the test setup is presented in Figure 2-26. A comparison of the analytical and
experimental results indicated that the proposed model could not predict the shear response of SC
walls. The ratio of the measured to the predicted peak shear strengths of SC panels varied from 0.4
to 1.35. In that study, they tested six low aspect ratio flanged SC walls under lateral loading. Four
walls were reinforced with vertical ribs. The predicted and measured pre-peak shear responses of
two specimens compared favorably and measured peak shear strengths were slightly under-

predicted.
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Figure 2-26 Test setup for pure shear loading [Hong et al. (2014)]

2.3 Review of Studies on Finite Element (Micro) Modeling of SC Walls

Link et al. (1995) developed a finite element model to simulate the out-of-plane behavior of SC
walls used in offshore structures. An orthotropic constitutive model and an elastic-plastic model
were used to model the infill concrete and the steel faceplates, respectively. Friction between the
steel faceplates and the infill concrete was modeled using Lagrangian multiplier gap elements
presented in Figure 2-27. Results of the in-plane and out-of-plane shear responses of SC beams
tested by Stephens et al. (1990) and Hassinen et al. (1989) were used to validate the finite element
model. The pre- and post-peak out-of-plane responses of the SC beams were successfully predicted

using the model.

Normal to contact surface
contact surface

angle of inclination

contact surface Node 2

Node 1

Gap
Figure 2-27 Schematic drawing of the gap element [Link et al. (1995)]
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Uy et al. (1996) developed a finite strip model to simulate elastic local buckling of steel faceplates
in composite members, where the finite strip model was developed as a special form of the finite
element model. Finite element models simulate plate buckling using polynomials in the
longitudinal and transverse directions whereas the finite strip model uses a harmonic series in the
longitudinal direction and a polynomial in the transverse direction to describe the buckling
displacements. The proposed model was validated using available analytical solutions in the
literature. Design curves for buckling coefficients and slenderness ratios of the steel faceplates
used in profiled composite beams, slabs, walls and composite beams and columns with different

boundary conditions were provided.

Emori (2002) proposed a 2D finite element model to simulate the shear response of SC wall box
units using two laminated steel and concrete plates. Friction between the steel faceplates and the
infill concrete and steel partition plates was modeled using axial and shear springs. The
compressive stress in cracked concrete at a given compressive strain was assumed to be 70% of
that of un-cracked concrete to account for the effect of concrete cracking on the compressive stress-
strain relationship of concrete. The shear responses of the SC wall tested by these authors,
presented in Section 2.2, were used to validate the proposed finite element model. Good agreement
was achieved between the measured and predicted shear responses of the SC walls. The developed

finite element model is presented in Figure 2-28.

Con.

Composite

Steel Concrete panel d — .
Axial spring Contact suff spring
(elastic) zero when tensioned)
= Shear spring Friction spring
(elastic)
(a) Finite element layered model (b) Modeling of the partition plates and friction

Figure 2-28 Finite element modeling of SC wall box units [Emori (2002)]
Zhou et al. (2010) developed a 2D finite element model in OpenSees to simulate the cyclic
response of SC walls. Membrane elements with plane stress behavior were used to model the infill
concrete and the steel faceplates. The finite element model did not include the connectors, and the
steel faceplates were tied to the infill concrete where the studs were attached to the steel faceplates.

The Cyclic-Softened-Membrane-Model (CSMM) developed by Mansour et al. (2005a, 2005b) was
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used to model the infill concrete and a J2 plasticity model was used to model the steel faceplates.
The CSMM model used to simulate the response of the infill concrete was validated using data for
test of an RC shear wall [Zhong (2005)]. The SC wall model was not validated. Zhou et al.
conducted a parametric study to investigate the effects of wall thickness and faceplate slenderness

ratio on the in-plane shear response of SC walls.

Ali et al. (2013) developed an ABAQUS model to simulate the cyclic behavior of I-shaped
(flanged) SC walls. The concrete damage plasticity (CDP) and bilinear kinematic hardening
models were used to model the infill concrete and the steel faceplates, respectively. The flange
wall was tied to the web. Contact between the steel faceplates and the infill concrete was
considered. The infill concrete and the steel faceplates were modeled using solid elements. The
model was validated using the data from cyclic loading test of four I-shaped SC walls. The model
accurately predicted the backbone curve of the measured cyclic force-displacement relationship.
The pinched behavior seen in the experiments was not captured because the bilinear kinematic
model could not recover the nonlinear buckled response of the steel faceplates. The ABAQUS-

predicted post-peak response was not presented. The ABAQUS model is presented in Figure 2-29.

Figure 2-29 ABAQUS model of I-shaped SC walls [Ali et al. (2013)]
Vecchio et al. (2011) applied the Distributed-Stress-Field-Model (DSFM) to SC walls subjected
to axial and in-plane monotonic and cyclic shear loads using the two-dimensional nonlinear finite

element analysis program, VecTor2 [Vecchio (1989,1990)]. The strains in the steel faceplates were
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calculated assuming perfect bond between the steel faceplates and the infill concrete. The steel
faceplates was assumed to buckle when the principal compressive stress in the faceplate elements
exceeded the critical buckling stress proposed by Usami et al. (1995). The adequacy of the model
was investigated by simulating the monotonic and cyclic responses of the SC walls tested by Sasaki
etal. (1995), Usami et al. (1995), and Ozaki et al. (2001a,2004) The DFSM predicted the reported
shear strengths to within 5% but the stiffness at displacements less than those associated with peak

strength was significantly overestimated [Vecchio et al. (2011)].

The dynamic response of RC and the SC walls were investigated by Chaudhary et al. (2011) using
modal and response-history analyses by ABAQUS. The infill concrete and the steel faceplates
were modeled using 3D solid elements. A smeared crack model and a J2 plasticity model were
used to model the infill concrete and the steel faceplates, respectively. The elastic dynamic
response of the RC model was validated using the measured natural frequency of a flanged RC
shear wall tested by Nuclear Power Engineering Corporation [NPEC (1994)]. The SC wall model
was not validated. Three types of shear walls were analyzed, namely, a RC shear wall, and two SC
walls with a web reinforcement ratio equal to that used in RC wall. Two SC wall models were
studied to investigate the effect of the connection between the steel faceplates and infill concrete
on dynamic response: models with flexible and rigid connections between the steel faceplates and

infill concrete.

Varma et al. (2011b) developed an ABAQUS model to simulate the out-of-plane shear behavior
of SC walls. The Brittle-Cracking (BC) model and an elastic-plastic model with isotropic
hardening were used to simulate the behavior of the infill concrete and the steel faceplates,
respectively. The BC model was used because of its advanced cracking features and element
deletion option. This material model assumes linear elastic behavior for concrete in compression.
The model was validated using the results of eight large-scale simply-supported SC beams under
monotonic out-of-plane loading [Varma et al. (2011b)]. Shear studs were not used in five of the
specimens. The effects of reinforcement ratio, beam width, steel faceplate thickness, and shear
span-to-depth ratio, on out-of-plane shear response were investigated. There was good agreement
between the analysis and the test results for one specimen without shear studs. The peak shear
strengths of the SC beams with shear studs were underestimated by a factor of 1.2. On the basis of

the analysis and test results, Varma et al. concluded that the ACI equations for the shear strength
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of RC beams could be reasonably used to predict the out-of-plane monotonic shear strength of SC

beams.

Danay (2012) developed an analytical solution to predict the strain and stress fields in the steel
faceplate and the infill concrete, the shear forces resisted by the studs, crack spacing, and crack
opening in SC walls under in-plane, bi-axial, tensile and in-plane tensile-compressive loadings.
The connectors between the steel faceplates and the infill concrete were modeled using shear
springs distributed uniformly over the surface area of the steel faceplates. The proposed analytical
model was validated using data from the pure shear loading tests of Ozaki et al. (2004). The post-

cracking behavior of SC walls under tensile and shear loadings are presented in Figure 2-30.
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Figure 2-30 Post cracking mechanisms [Danay (2012)]
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Xiaowei et al. (2013) conducted a numerical study on SC walls under axial compressive and cyclic
lateral loadings to investigate the influences of axial compressive force and steel faceplate
thickness on the global response of SC walls. Smeared-crack solid elements and piece-wise-linear
plastic shell elements with isotopic hardening were used to model the infill concrete and the steel
faceplates, respectively. Hard contact between the steel faceplates and the infill concrete was
assumed to avoid penetration of the steel faceplates into the infill concrete. Friction between the
steel faceplates and the infill concrete was modeled using spring elements in the tangential
direction. The stiffness of the springs was estimated using an experimental load-slip relationship

for shear studs embedded in concrete.

The predicted hysteretic behavior of SC walls was parsed into three regions, namely 1) elastic, 2)
elastic-plastic, and 3) hardening. Cracking of the infill concrete and yielding of the steel faceplates
were assumed to occur in stage 2, and the faceplates were assumed to buckle in stage 3. Post-peak-
strength response, where pinching and stiffness and strength deteriorations are expected, was not
considered. Data from tests of four SC walls under axial and lateral loadings were used to validate
the model. The proposed model successfully predicted the shear strengths of the walls but
underestimated the displacements at peak force. Xiaowei et al. generated bending moment-axial

force interaction curves for SC walls using the results of the finite element analysis.

Varma et al. (2011c¢) proposed a mechanics-Based-Model (MBM) to predict the in-plane response
of SC panels under shear forces, as presented in Section 2.2. This simplified model: 1) assumed
linear elastic behavior for concrete in compression, and 2) did not consider the post-cracking and
the post-faceplate yielding regimes of response. To address these limitations, Varma et al. (2014)
developed a layered composite shell finite element model using ABAQUS to extend the simplified
model and to predict the response of SC walls under monotonic loading. Multi-axial plasticity with
Von-Mises yield surface and kinematic hardening was used to model the steel faceplates. A
smeared crack model was used for the infill concrete. The experimental data of Ozaki et al. (2004)
were used to validate the numerical model. Both the MBM and ABAQUS model under-predicted
the peak shear strength of SC walls. Analytical and numerical models were used to generate in-
plane force, and in-plane force and out-of-plane moment interaction curves. Based on the analysis
and test results, a simple design approach was proposed for SC walls subjected to a combined in-

plane forces and out-of-plane bending moments.
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Varma et al. (2013a) developed a finite element model to simulate the monotonic and cyclic
responses of the 1/10-scale model of a pressurized water reactor containment internal structure
(CIS) tested by Akiayama et al. (1989). The CIS structure consisting of primary and secondary
shield walls, two reinforced concrete slabs, stream generator compartments, pressurizer
compartment, and a number of partition and wing walls was modeled in ABAQUS. The CDP
model was used for concrete and steel elements were modeled using the multi-axial plasticity
model with combined hardening. The shear studs and tie rods were modeled using beam and

connector elements. The components of the finite element model are presented in Figure 2-31.

(b) Steel faceplates

(c) Reinforced concrete slabs (d) Tie bars

Figure 2-31 Finite element model of CIS structure [Varma et al. (2013)]
To investigate the effect of shear connectors on the lateral load response of the CIS structure, two
ABAQUS models were analyzed assuming: 1) perfect bond between the steel faceplates and the
infill concrete, and 2) partial bond by explicitly modeling the shear connectors. The predicted

monotonic force-displacement relationships were most similar, indicating that shear connectors
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had no significant effect on the monotonic response of the CIS structure noting that the faceplate
slenderness ratio was 40. The models successfully predicted the peak shear strength but the pre-
peak stiffness was slightly underestimated. Cyclic analysis was conducted assuming perfect bond
between the steel faceplates and infill concrete, based on the results of the monotonic analysis. The
monotonic analysis model was updated to include cyclic damage and deterioration rules in the
concrete material model and ductile damage and fracture criteria in the steel material model. The
updated ABAQUS model successfully predicted the peak shear strength but the pinched response

and stiffness deterioration were not captured.

Kurt et al. (2013) conducted LS-DYNA analyses of rectangular and flanged SC walls subjected to
a monotonic in-plane shear loading. The DYNA-predicted force-displacement relationship
matched the measured monotonic response up to peak strength. A parametric study was conducted
to investigate the effect of wall thickness and aspect ratio on the behavior of SC walls. This study
showed that the shear strength of a rectangular SC wall with an aspect ratio (i.e., height-to-length)
greater than 1.0 is governed by the moment capacity of the cross-section at the base of the wall.
For SC walls with an aspect ratio of less than 1.0, Kurt et al. concluded that the smaller the aspect
ratio, the greater the shear strength, with a maximum strength less than the pure in-plane shear
strength calculated as A f,, where A, and f are the cross-sectional area and the yield stress of
the steel faceplates, respectively. Guidelines for connecting SC walls to RC foundation were

proposed.
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CHAPTER 3
PRELIMINARY DESIGN AND ANALYSIS OF SC WALLS

3.1 Introduction

The experimental program was developed assuming a maximum of four steel-plate concrete (SC)
composite shear walls were to be tested as part of a research project on conventional and innovative
structural walls with a low aspect ratio. Given that the focus was low aspect ratio, rectangular walls
that were flexure- and flexure-shear critical, an aspect ratio (height/length) of 1.0 was chosen for

the walls.

Choosing an aspect ratio of 1.0 for all four specimens, SC1, SC2, SC3 and SC4, allowed other
important design parameters to be varied. Ranges on key design parameters were identified,
considering the capacities of the equipment and facilities in the laboratory at the University at
Buffalo. After examining many alternatives, one steel faceplate thickness and two total thicknesses
(steel faceplates and infill concrete) were selected. Studs and tie rods were used in SC1 and SC3
but only tie rods were used in SC2 and SC4, in part to permit the removal of the faceplates from

SC2 and SC4, to allow examination of the damage to the infill concrete.

Section 3.2 provides the design basis for the test specimens. Section 3.3 presents the cross-
sectional analysis of the walls. Section 3.4 presents the results of a preliminary finite element
analysis conducted to predict the force-displacement relationships for the SC walls under
monotonic loading. Section 3.5 presents the designs of the SC wall connection to the foundation

and of the re-usable foundation block.

3.2 Preliminary Design of Test Specimens

The test specimens were designed with considerations of a draft version of AISC N690s1 (2014).
Section N9.1.1c of AISC N690s1 limits the reinforcement ratio to the range of 1.5% to 5%, where
the reinforcement ratio is defined as the cross-sectional area of the faceplates divided by the cross-
sectional area of the SC wall web. Using 3/16 in. thick steel faceplates and total wall thicknesses
of 12 inches and 9 inches, the reinforcement ratios of SC1/SC2 and SC3/SC4 were 3.1% and 4.2%,

respectively.
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Sections N9.3 and N9.4b of AISC N690s1 determine the maximum stud spacing to be the smaller

of the spacing required to a) limit the width-to-thickness ratio to 1.0,/E, / f, to prevent local

buckling of the steel faceplates before yielding, and b) develop the yield strength of the steel
faceplates over a development length, L,, where the development length of steel faceplates is
considered to be no more than three times the wall thickness. Grade 36 ASTM AS572 steel with a
yield stress of 36 ksi was assumed for the design of the steel faceplates. The expected yield stress
(=1.4%36 ksi =50.4 ksi ) of the steel faceplates was used to calculate the stud spacing, where the

factor of 1.4 was taken from the AISC Seismic Provisions 2005 (2005). The maximum spacing of

the studs according to the width-to-thickness ratio criterion is:

E 129000 .
s <t f? =3/16 50 =4.5 in. for SC1, SC2, SC3, and SC4
y

Assuming that the development length equals to three times the wall thickness, the maximum

spacing of the studs according to the development length criterion is:

L,Q 3x12x5 .
5, < [P = =4.4 in. for SC1 and SC2, and
’ \/ L7, \/3/16><50 oo g ske

L0 \/ 3x9x5 .
R =3.8in. for SC3 and SC4
: \/tsfy 3/16x50 oo

where Q, is the shear capacity of a headed stud. For a 3/8 in. diameter headed stud, the shear

capacity per the Appendix D of ACI 349-06 (2006), is:
Q,=0.7A F™ =0.7 x%(3 /8)*x65 =5 kips

The stud spacing, calculated as a smaller of s, and s,, equaled 4.4 in. and 3.8 in. for SC1 and SC2,

and SC3 and SC4, respectively. Only tie rods (i.e., no studs) were used in SC2 and SC4. The studs
were spaced 4 in. on center in SC1. A stud spacing of 4.5 in. was used for SC3 to investigate the

effect on response of using a spacing greater than that specified by the AISC N690s1.

Tie rods are used to connect the two steel faceplates and provide structural integrity and the out-

of-plane shear reinforcement. AISC N690s1 specifies a maximum tie rod spacing equal to the wall
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thickness. A tie rod spacing equal to one half of the AISC-specified maximum spacing was used
for SC2 and SC4 because no studs were used in these walls, although out-of-plane loads were not
imposed. In the other two specimens, the tie rod spacing was set equal to the thickness of the wall.
The tie rods were spaced at 12in., 6 in., 9 in., and 4.5 in. for SC1, SC2, SC3, and SC4, respectively.

A schematic of the walls is presented in Figure 3-1.

Infill concrete thickness=12 in. for ~ Steel faceplate thickness=3/16 in.
SC1/SC2 and 9 in. for SC3/SC4 for SC1 through SC4

k} \/

Loading

Y

72 in.
60 1n.

60 1.

Figure 3-1 Elevation of SC walls

3.3 Cross-Sectional Analysis of SC Walls

3.3.1 Introduction

The flexural strengths of the SC walls were estimated using the cross-section program XTRACT
(2002), which is a fiber-based cross-sectional analysis software. This calculation was made to
establish the lateral strength of the walls, assuming they were flexure-critical. Moment-curvature
relationships and axial force-bending moment interaction diagrams of a concrete, steel, reinforced
concrete, and composite sections can be calculated using XTRACT. Two concrete material models
can be accommodated: unconfined and confined. The input parameters for unconfined concrete
are uniaxial compressive and tensile strengths; post-crushing strength; concrete strains

corresponding to yield, crushing, spalling, and failure; and Young’s modulus. The yield strain is
typically taken as the strain corresponding to 0.4 f., where f. is the uniaxial compressive strength

of the concrete. Typical values of the crushing and spalling strains are 0.003 and 0.006,
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respectively, per Section R10.2.3 of ACI 318-11 (2011). The properties of confined concrete,
including the concrete strength and crushing strain, are calculated automatically using the Mander
model [Mander et al. (1988)] and information on the detailing of the cross section. The stress-
strain relationship of the rebar is characterized in three regions: 1) elastic, 2) the yield plateau, and
3) strain hardening. A parabolic curve is used for the strain hardening branch. The input parameters
for the steel material are yield and ultimate stresses, strains at the onset of hardening and ultimate

stress, and Young’s modulus.

XTRACT discretizes a cross-section into a series of fibers. Finer meshes lead to more accurate
analysis. Each fiber within the discretized cross section is associated with a uniaxial steel or
concrete material. There are two types of analyses available in XTRACT: displacement-controlled
and force-controlled. In displacement-controlled analysis, the curvature is incremented and the
fiber strains relative to the strain at the centroid of the cross section (an arbitrary strain) at each
value of the curvature are calculated assuming plane section remains plane. The stress in each fiber
is calculated using the calculated fiber strain and its uniaxial stress-strain material model. The
resisting axial force and bending moment are calculated by integrating the fiber stresses across the
cross section. The absolute value of the strain at the centroid of the cross section is calculated by
solving the equilibrium equations. The curvature is incremented until the concrete or steel strain
reaches a specified failure strain. In force-controlled analysis, the force or moment is incremented.
The force-controlled analysis of the cross section in each load step is based on a Newton-Raphson

iteration process.

3.3.2 XTRACT Analysis of SC walls
3.3.2.1 Material Properties

Trial designs of specimens SC1 and SC3 were modeled in XTRACT. The flexural strengths were
calculated for two of the four SC walls, SC1 and SC3, since the geometrical properties of SC1 and
SC2, and SC3 and SC4, were nominally identical. Nominal material properties were used. Element
sizes of 2 in. and 1 in. were used for infill concrete and steel faceplates, respectively, on the basis

of preliminary analysis. The XTRACT model of SC1 is presented in Figure 3-2.
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3/16 . thick steel faceplates 12 in. thick infill concrete

12 1n.

60 1n.
Figure 3-2 XTRACT model of SC1

Table 3-1 and Table 3-2 presents the concrete and steel material properties input to the XTRACT

model, respectively. In Table 3-1, E_is the Young’s modulus of the infill concrete; fc' is the
uniaxial concrete compressive strength; f, is the concrete stress corresponding to the spalling; €,
is the strain at 0.4 1. ; €, is the strain corresponding to peak stress; and g, and &, are the spalling
and failure strains, respectively. In Table 3-2, E is Young’s modulus of the steel faceplates; f,
and f, are the yield and ultimate stresses of the steel faceplates, respectively; £, is the strain at

the onset of hardening; and £ is the strain at the ultimate stress.

Table 3-1 Concrete material properties for XTRACT analysis

’
Ec ‘fc f; gyc guc 8577 gf

(ksi) | (ksi) | (ksi) | (%) | (%) | (%) | (%)
3605 4 04 1004 02 |10 1.0

Table 3-2 Steel material properties for XTRACT analysis

Es fy fu gsh 8145
(ksi) (ksi) | (ksi) | (%) | (%)
29000 | 36 55 | 1.5 | 15.0

Young’s modulus of the infill concrete was calculated using (3-1), according to Section 8.5.1 of

ACI318-11 (2011):
E, =57000,/f/ 3-1)

The strain corresponding to peak stress was calculated using (3-2) proposed by Chang et al. (1994):
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g, =) (3-2)
4000

The concrete stress corresponding to spalling was calculated using the concrete stress-strain

relationship proposed by Tsai (1988) :

nx

f.=1X )

1+ (=" )x+— G5
r—1 r—1

where x is the concrete strain normalized by €, ,and n and r are the coefficients of the concrete

c

stress-strain relationship and calculated using (3-4) and (3-5), proposed by Chang et al. (1994):

n :4_6 3.4
(fc/)3/8 ( - )

_ ]
r= 750 1.9 (3-5)

where € . corresponds to a concrete stress of 0.4 f, . The spalling and failure strains were assumed

to be 1%, noting that the flexural strength is not affected by concrete spalling and failure since it
is achieved when the concrete strain reaches £  : the concrete strain at f.. The properties for

ASTM A36 steel were taken from Brockenbrough et al. (1999).
3.3.2.2 Flexural Strengths of SC Walls

The assumptions made to calculate the flexural strength of the SC walls were: (1) plane sections
remain plane after bending; (2) flexure-shear interaction is ignored; (3) the effect of confinement
on the behavior of the infill concrete is not considered; and (4) the steel faceplates and the infill

concrete are perfectly bonded.

Figure 3-3 presents the moment-curvature relationships for SC1 and SC3. The XTRACT-predicted
flexural strengths of SC1 and SC3 were 20610 kips-in. and 19650 kips-in., respectively. The shear
strengths of SC1 and SC3 corresponding to these flexural strengths were 344 kips and 328 kips,

respectively.
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To determine whether the specimens were likely to be flexure-critical or shear-critical, the
maximum shear resistance of the walls was calculated using (3-6) to (3-8) that are based on the

draft Appendix N9 to AISC N690s1 (2014), Ozaki et al. (2004), and Varma et al. (2011c):

Vi =kf A (3-6)
Vn2 = Asfy (3_7)
Vn3 = aAsfy (3_8)

where kis 1.11-5.16p , and p is the strength-adjusted reinforcement ratio and calculated as:

Af, (3-9)

25000
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Figure 3-3 Moment-curvature relationships for the SC walls

where A, and A, are the cross-sectional areas of the steel faceplates and the infill concrete,
respectively. In (3-8), s calculated as:

K, +K,

x=—T—— (3-10)
2
3K, +K,
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where

Ka = GsAs (3'1 1)
1
K.=
A 21-v), 4 (3-12)

AS ES AC EC’ u

where G, is the elastic shear modulus of the steel faceplates, V, is Poisson’s ratio of the steel

faceplates, and E.” is Young’s modulus of the cracked infill concrete and taken as 0.7E .

The maximum shear resistance of the walls per the draft Appendix N9 to AISC N690s1 (2014),
Ozaki et al. (2004), and Varma et al. (2011c) is 870/855/815 kips for SC1/SC2 and 840/855/780
kips for SC3/SC4. The SC walls were identified to be flexure-critical since the shear strength

associated to the flexural strength of the walls was less than their maximum shear resistance.

3.4 Pre-Test Finite Element Analysis of SC Walls

The general-purpose finite element code ABAQUS [SIMULIA (2012a,2012b)] was used to verify
the XTRACT-predicted peak shear strengths and to estimate the shear force-lateral displacement
relationships for the four walls. The ABAQUS model of SC1 is shown in Figure 3-4.

The model took advantage of symmetry to reduce the computational effort. As seen in Figure 3-4,
the model included one steel faceplate, infill concrete, a baseplate attached to the steel faceplate,
a steel plate embedded in the foundation, studs and tie rods, a loading plate attached to the actuator,
and threaded bars used to secure the baseplate to the foundation. The foundation was not included
in the model since preliminary analyses indicated that the foundation block was effectively rigid

and had no effect on the response of the SC walls.

The Concrete-Damage-Plasticity (CDP) model was used for the infill concrete and the J2 plasticity
model with isotropic hardening was used for the steel faceplates. Friction between the infill
concrete and the steel faceplate, and buckling of the steel faceplate were considered. Beam
elements were used to represent the studs and tie rods. Solid elements were used to model the infill
concrete, baseplate, steel plate, loading plate, and post-tensioning bars. Shell elements were used

for the steel faceplate. The infill concrete was modeled with 1 x 1 x 1 in. elements and the steel
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faceplate was modeled with 0.5 x 0.5 in. elements. Nominal material properties were used for the

pre-test ABAQUS calculations.

The predicted shear force-lateral displacement relationships of SC1 through SC4 are presented in
Figure 3-5. In this figure, drift ratio is defined the lateral displacement devided by the vertical
distance between the line of loading and the top of the foundation block (= 60 inches). The peak
resistances of 300 kips for SC1/SC2 and 250 kips for SC3/SC4 agreed reasonably well with the
estimate of shear corresponding to flexural strengths (= 344 kips for SC1/SC2 and 328 kips for

SC3/SC4), which ignored flexure-shear interaction.

Loading plate and
post-tensioning bars

Infill concrete

SC wall model

Steel faceplate

Baseplates, threaded
bars. studs. and tie bars

Figure 3-4 ABAQUS modeling of SC1
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Figure 3-5 ABAQUS-predicted force-displacement relationships of SC walls
Figure 3-6 presents the distributions of vertical stress (S22) and shear stress (S12) in SC1 at peak
shear resistance, in units of ksi. It is evident from these distributions that yielding of the faceplates
(and their subsequent buckling and fracture) is affected more by normal stress (S22) than shear
stress, which is an expected result because the walls were calculated to be flexure-critical, per

section 3.3.2.2.
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(a) Vertical normal stress (S22) distribution (b) Shear stress (S12) distribution

Figure 3-6 Stresses in the steel faceplate of SC1 at the point of maximum resistance
3.5 Design of the SC Wall Base Connection and the Foundation Block

A pre-tensioned bolted connection was used to anchor the SC specimens to a foundation block.
Figure 3-7 presents the details of the SC wall connection. The connection consisted of a steel plate

embedded in the foundation block, a baseplate attached to the steel faceplates, threaded bars
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securing the baseplate to the foundation block, headed studs attached to the baseplate, shear lugs
attached to the steel plate embedded in the foundation block, and a steel anchorage securing the
threaded bars to the foundation block. Post-tensioned Dwyidag bars were used to anchor the
foundation block to the strong floor. The baseplate, threaded bars, and the Dwyidag bars were
sized to remain elastic, with a margin, under the maximum predicted shear force of 350 kips

(Section 3.3.2.2).

Headed studs attached
SC wall to the baseplate

Threaded bar \N N
Baseplate attached \

embedd_ed in the
to the faceplates \ . R foundation block
A A A8 f B AFA A B/

U N 1l

Dwyidag bar

Steel plate

jm]

(W=

T
1l N

T~ Shear Iug

2 1515 BT ©H TG © Figl

Foundation block Tack-welded nuts to ~ Steel anchorage built
the steel anchorage from channel sections

Figure 3-7 SC wall connection to the foundation block

The dimensions and detailing of the SC wall connection and the foundation block were based on
the results of the finite element analysis of the SC walls and analysis of strut-and-tie models,
respectively, as described in Nguyen (2016). The CAD drawings of the details of the foundation

block and the SC wall connection are provided in Appendix A.

The design of the studs that attached the infill concrete to the baseplate followed the steps

enumerated below:

1. The contribution of the steel faceplates and the infill concrete to the total shear load (from
Section 3.3.2.2) was calculated using the elastic shear stiffness of the steel faceplates (3-13)
and the post-cracked shear stiffness of the infill concrete (3-14), as proposed by Varma et al.

(201T1c).

Ka :GSAS (3'13)

53



1
FTalvy), 4 (3-14)
AE  AE"

c c

K

where A, and A, are the cross-sectional areas of the steel faceplates and infill concrete,
respectively; G, is the elastic shear modulus of the steel faceplates; v, is Poisson’s ratio of the
steel faceplates; and E " is the Young’s modulus of the cracked infill concrete, taken as 0.7E..
The shear stiffness of the steel faceplates and the infill concrete were 250960 kips/rad and
230040 kips/rad, respectively, using the nominal material properties of the steel faceplates

and the infill concrete, as specified in Section 3.3.2.1.

2. The contributions of the steel faceplates and the infill concrete to the total shear load were

calculated as:

Vs = Ky Vie = 250960 350=182 kips
K,+K, 250960+ 230040
K, 230040

V

= o = 350 =168 kips
K,+K, " 250960+230040

where V, and V. are the shear forces resisted by the steel faceplates and the infill concrete,

respectively, and V. is the XTRACT-predicted peak shear force for SC1.

3. Using 5/8-in. diameter shear studs with a shear capacity [Appendix D of ACI 349-06 (2006)]
of:

g:ﬂ74J7W=07x%6/&%m5=Mkms

eighteen number 5/8-in. diameter studs were required to resist a shear force of 250 kips (equals

to ~1.5x168 kips, where 1.5 provides a margin on capacity).
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CHAPTER 4
EXPERIMENTAL PROGRAM

4.1 Introduction

This chapter describes the experimental program. The geometrical properties of the four SC wall
specimens are described in Section 4.2. The construction of the foundation block and the SC walls
are described in Section 4.3. Section 4.4 presents the concrete cylinder and steel coupon test
results. The setup and loading protocol for testing the SC walls are presented in Sections 4.5 and
4.6, respectively. The instrumentation used to monitor the response of the walls is presented in

Section 4.7.

4.2 Description of the SC Wall Specimens

The preliminary design of the test specimens was provided in Chapter 3. Table 4-1 summarizes
the geometry of the walls: H is the height of the specimen; L is the length of the specimen; the
overall thickness (two faceplates and the infill concrete) is 7'; the studs and tie rods are spaced at
distance S ; and the thickness of each faceplate is ¢,. The reinforcement ratio, 2¢ /T , is the cross-
sectional area of the faceplates divided by the total cross-sectional area. The faceplate slenderness
ratio, S/t , is the spacing of the connectors (studs or tie rods) divided by the steel faceplate
thickness. The diameter of the studs and tie rods was 0.375 in. for all walls. The description of the
test sepcimens is available as a part of the complete set of experimental data found on the NEES

Project Warehouse (https://nees.org/warehouse/project/676) [Epackachi et al. (2014a, 2014b,
2014c, 20144)].

Table 4-1 Test specimen configurations

Wall dimension | Stud |Tie rod | Reinforcement| Faceplate
Specimen HXLXT spacing |spacing ratio slenderness
(in. x in. x in.) | (in.) (in.) (%) ratio
SC1 60x60x12 4 12 3.1 21
SC2 60x60x12 - 6 3.1 32
SC3 60x60x9 4.5 9 4.2 24
SC4 60x60x9 - 4.5 4.2 24

55



The parameters considered in the design of the specimens were wall thickness, reinforcement ratio,

and faceplate slenderness ratio. The locations of the studs and tie rods on the steel faceplates of

the four SC walls are presented in Figure 4-1.
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Figure 4-1 Locations of studs (x) and tie rods (e ) attached to the steel faceplates
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Each SC wall was installed on top of a re-usable foundation block. The base of each wall included
a 1-in. thick A572 Gr.50 steel baseplate to which the faceplates were CJP groove welded. Two
rows of thirteen 5/8-in. diameter headed steel studs were welded to the baseplate to anchor the
concrete and improve the transfer of shear and tensile forces. The baseplate was installed atop a 1-
in. thick baseplate embedded in the foundation block and was secured to the foundation block
using twenty two 1.25-in. diameter threaded B7 bars that were post-tensioned to 100 kips per bar.
The threaded bars were anchored to the foundation block using anchor nuts welded to a built-up
steel anchorage placed at the bottom of the foundation. To improve the shear force transfer between
the SC wall and the foundation block, eight 12x12x1.5 in. A36 shear lugs were fillet welded to the

plate embedded into the foundation block. Figure 4-2 presents an elevation of and a cross-section

through specimen SC1.
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Figure 4-2 Elevation view and cross section through specimen SC1 [Epackachi et al. (2013b)]
4.3 Construction of the Test Specimens and the Foundation Block

Four steel shells, each composing two steel faceplates, a baseplate welded to the steel faceplates,
headed studs attached to the steel faceplates and the baseplate, and tie rods bolted to the steel
faceplates were fabricated at the Bowen Laboratory at Purdue University [Kurt (2015)] and

shipped to the University at Buffalo. The steel-plate concrete (SC) composite walls were
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constructed by pouring the concrete into the steel shells in the NEES laboratory at the University

at Buffalo.

4.3.1 Wall Specimen Construction

Two 3/16 x 60 x 72 in. steel faceplates were fabricated for each specimen as follows [Kurt (2015)]:

1.

Drill fourteen 2-in. diameter holes at the top of the steel faceplates (Figure 4-2) to create

sleeves through which threaded bars were to be passed (Figure 4-3(a)).

. Draw a grid on the surface of the steel faceplates to locate the points of the attachments of

the connectors to the steel faceplates (Figure 4-3(a)).

. Use a center punch to mark the steel faceplates at the locations of the attachments of the

studs/tie rods to the faceplates. These marks were used to locate studs/tie rods after grinding

of the steel faceplate and to prevent movement of the stud when using the stud gun.

. Grind the steel faceplates at the points of the attachments of the studs to create a smooth

surface (Figure 4-3(a)).

. Weld the studs to the steel faceplates using a stud gun (Figure 4-3(b)).

. Check the quality of the stud welds by a 90-degree bend test on a single welded stud

(Figure 4-3(c)).

. Drill 7/16-in. diameter holes through the steel faceplates at the tie rod locations.

. Insert the tie rods through the drilled holes, and install and tighten nuts on both sides of each

faceplate (Figure 4-3(d)).

9. Weld two rows of fifteen 0.675-in. diameter headed studs to the baseplate (Figure 4-3(e)).

10. Bevel one edge of the steel faceplate in preparation for its CJP welding to the baseplate

(Figure 4-3(%)).

11. CJP groove weld each steel faceplate to the baseplate (Figure 4-3(g)).

Figure 4-4 is a photograph of the assembled steel shells of SC1, SC3, and SC4.
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4.3.2 Foundation Construction

A steel anchorage built from channel sections was placed at the bottom of the foundation to anchor
the threaded bars to the foundation block. The detailing of this element and its construction are
described in Nguyen (2016). Figure 4-5 is a photograph of the anchor block in the formwork for
the foundation. Nuts for 1.25-in. diameter B7 bars were tack welded to the underside of the channel
(not seen in Figure 4-5) to permit tightening of the B7 anchor bolts from the top of the foundation.
One of the bolts is seen in the figure. Each bolt was isolated from the surrounding concrete by a

PVC sleeve.

Figure 4-5 Built-up steel anchorage and foundation formwork
Prior to placing the rebar cage into the foundation formwork, wooden plugs were attached at 24
inches on center to the soffit of the formwork at the location of the 2-in. diameter PVC sleeves to
prevent movement of the sleeves during the installation of the rebar cage and the pouring of
concrete. The rebar cage was then placed into the foundation formwork and the PVC sleeves were
installed. The 1.25-in. diameter threaded B7 bars were passed through the (22) sleeves and screwed
into the tack-welded nuts noted above. A steel plate was placed on the rebar cage, centered on the
anchor block below, and over the B7 anchor bolts, and leveled. The concrete was poured into the
formwork. The foundation block was water-cured for seven days after casting. Figure 4-6 shows

steps in the construction of the foundation.
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(c) Concrete casting (d) Cured foundation

Figure 4-6 Foundation construction.
4.4 Material Testing
4.4.1 Studs and Tie Rods

Based on information provided by the supplier, the 3/8-in. and 5/8-in. diameter Nelson studs and
tie rods were fabricated from carbon steel with nominal yield and ultimate stresses of 50 and 75

ksi, respectively. The studs and tie rods were not tested.

4.4.2 Steel Faceplates

Three coupons were tested per ASTM A370 (1997) using a universal testing machine and a MTS
electro-mechanical extensometer to determine the stress-strain relationship for the faceplate
material. Coupons were cut from the top of one of the steel faceplates of SC1 after testing, where

no yielding or damage were observed. The test fixture is shown in Figure 4-7.
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(a) Universal testing machine (b) MTS extensometer
Figure 4-7 Coupon test fixture
The measured stress-strain relationships of the coupons are presented in Figure 4-8. The yield and
ultimate strengths of the steel faceplates were 38 and 55 ksi, respectively. The measured strain at

the peak stress and the failure strain were 0.25 and 0.4, respectively.

4.4.3 Infill Concrete and Foundation

The uniaxial compressive strengths and Young’s modulus of the infill concrete and the foundation
concrete were calculated using the measured stress-strain relationships obtained from concrete
cylinder tests. Testing followed ASTM C39-02 (2002). Cylinders were tested at 7, 14, 21, 28 days
after concrete casting and on the days of the SC wall tests (=58, 75, 133, and 154 days after
concrete casting, respectively, for SC1, SC2, SC3, and SC4). Cylinder tests were performed using

a Forney compression testing machine, as shown in Figure 4-9.
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Figure 4-8 Stress-strain relationships of the faceplate coupons
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Figure 4-9 Concrete cylinder test
Figure 4-10 presents a photograph of the instrumentation used for the cylinder tests. One steel ring
and four steel supports were mounted on a cylinder, 5 in. from its ends, to support four equally

spaced LVDTs that were used to measure the relative axial displacement along the 10 in. gage

length.

Figure 4-10 Instrumentation of a concrete cylinder

The calculated Young’s modulus and measured uniaxial compressive strengths of the concrete,

calculated as averages from the concrete cylinders cracked on the day of testing, were 3000 ksi
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and 4.4 ksi for SC1/SC2, and 3300 ksi and 5.3 ksi for SC3/SC4. Figure 4-11 shows a concrete

cylinder after testing.

_n;‘/‘?. 0P S K e -‘

Figure 4-11 Concrete cylinder after the test
4.5 Test Setup

4.5.1 Installation of the Foundation Block

A re-usable foundation block was used to test all four SC walls. The foundation block was placed
on four shims to a) level the block, and b) provide a gap for grouting. The steel top plate was
leveled using the shims. The gap between the block and the story floor was filled with a high-
strength cementitious grout. After the grout had cured, 14 Dwyidag bars were installed to anchor
the block to the strong floor, and tensioned to 100 kips per bar, for a total preload of the foundation

block on the strong floor of 1400 kips.

4.5.2 Installation of the SC Wall Panels

Each SC wall panel was installed on the steel top plate of the foundation block. After plumbing
the wall, the B7 threaded bars that joined the wall’s baseplate to the steel top plate and reaction
block were tensioned to 100 kips per bar, for a total preload of 2200 kips. The two loading brackets,

one on each side of the wall, were installed and anchored to the wall using fourteen 1.25-in.
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diameter B7 threaded bars that were then tensioned to 100 kips per bar. The loading brackets were

then attached to the actuators.

The loading brackets were sized to remain elastic for the maximum loads that could be imposed
by the actuators (approximately 450 kips per actuator). Finite element analysis was performed to
confirm the adequacy of the loading apparatus; Nguyen (2016) provides details. The test set-up is
shown in Figure 4-12. A plan view of the test fixture, showing the angle of inclination of the
actuators to the plane of the wall (approximately 6 degrees), is shown in Figure 4-13, noting that
the test fixture was not designed to prevent out-of-plane movement of the wall. A photograph of

SC1 prior to testing is shown in Figure 4-14.

4.6 Loading Protocol

A displacement-controlled, reversed cyclic loading protocol, was used, loosely based on the
recommendations of ACI 374.1-05 (2005). The loading history proposed for testing of reinforced
concrete structural elements subjected to a unidirectional reversed cyclic loading is presented in

Figure 4-15, where D, is the yield drift ratio. Yielding is identified by a significant change in the

rate of deformation under a small load increment, per Section 3.7.1 of ACI 374.1-05.
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Figure 4-12 Test setup
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Figure 4-13 Plan view of the test fixture

Figure 4-14 Specimen SC1
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Figure 4-15 Deformation history for unidirectional cyclic loading of reinforced concrete
structural elements [ACI 374.1-05 (2005)]

Figure 4-16 presents the approach proposed by ACI 374.1-05 to identify a yield (or reference)
displacement. Analytical or experimental methods can be used to calculate the yield force, Qy.
The yield force, per ACI 374.1-05 (2005), is the measured or predicted force at the onset of 1)
yielding of longitudinal reinforcement of flexure-critical members, 2) yielding of transverse

reinforcement of shear-critical members, or 3) concrete crushing in columns subjected to high axial

load. Per Figure 4-16, the yield displacement is calculated using a stiffness established at force

0.75Q, and the yield force Q, .

Q

0.75Q,

3, 8,
Figure 4-16 Determination of the yield displacement [ACI 374.1-05 (2005)]
The calculation of the yield (reference) displacement for SC1 is presented in Figure 4-17. The
yield displacement was calculated using the ABAQUS-predicted force-displacement relationship
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(see Section 3.4). Assuming that yielding of the SC walls corresponded to the onset of the yielding
of the steel faceplates, the yield displacement and its corresponding force for SC1 were estimated
to be 0.14 in. and 150 kips, respectively. A yield (reference) displacement of 0.14 in. was used to

generate the loading protocol for testing all four SC walls.

Two additional loading steps, at displacements of 10% and 75% of the reference displacement,
were added to the deformation history of Figure 4-15 to capture SC wall response before and after

cracking of the infill concrete.

Table 4-2 presents the loading protocol used to test the SC walls. The loading protocol consisted
of 15 load steps with two cycles in each step. Two cycles of loading were imposed at displacements
equal to fractions and multiples of the reference displacement (= 0.14 inch): 0.1, 0.5, 0.75, 1, 2 ...
12. In Table 4-2, drift ratio at any load step was calculated by dividing the peak displacement of
that load step to the distance between the base of the wall and the centerline of horizontal loading
(= 60 inches).
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Figure 4-17 Yield or reference displacement calculation
In each loading cycle, a push was imposed first, followed by a pull, where push was defined as
the loading in the positive direction, to the West (denoted as WL+), and pull was defined as the
loading in the negative direction, to the East (denoted as EL-). The East and West directions are

identified in Figure 4-12. Testing was terminated after steel faceplate fracture and crushing of the
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infill concrete at the toes of the walls. The loading speed was 0.01 in/sec. The loading protocol is

presented in Figure 4-18.

Table 4-2 Loading protocol

Peak Drift
Load | .. tio Number .
step dlsplgcement ra of cycles Description
(in.) (%)

LS1 +0.014 0.02 2 0.16

LS2 +0.070 0.12 2 0.56

LS3 +0.105 0.18 2 0.756

LS4 +0.142 0.23 2 8y

LS5 +0.283 0.47 2 28,

LS6 +0.425 0.70 2 38,

LS7 +0.567 0.93 2 48,

LS8 +0.709 1.17 2 58,

LS9 +0.850 1.40 2 68,

LS10 +0.992 1.63 2 78,

LSI1 +1.134 1.87 2 86,

LS12 +1.276 2.10 2 95,

LS13 +1.417 2.33 2 108,

LS14 +1.701 2.80 2 118,

LS15 +1.984 3.27 2 128,
4
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Figure 4-18 Deformation history for SC walls
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4.7 Instrumentation of Test Specimens

Five types of instrumentation were used to monitor the response of the walls, namely, Krypton
light-emitting diodes (LEDs), rosette strain gages, linear potentiometers, Temposonic
displacement transducers, and linear variable displacement transducers. Two data acquisition
systems (DAQ) were used to collect data. One DAQ was used to collect the data from the rosette
strain gages, linear potentiometers, Temposonic displacement transducers, linear variable
displacement transducers, actuator load cells and actuator Temposonic displacement transducers.

The second DAQ collected the data from Krypton LEDs.

4.7.1 Krypton LEDs

The Krypton is a high-performance mobile coordinate measurement machine consisting of three
linear cameras recording the infra-red light emitted by the LEDs (Figure 4-19). The 3D position
of the LEDs is measured by combining the readings from three cameras with a single point
accuracy ranging from 0.0024 in. to 0.005 in. and a volumetric accuracy ranging from 0.0035 in.

to 0.007 in. depending on the distance between the LED and the cameras [SEESL (2008)].

L =

Figure 4-19 Krypton cameras [SEESL (2008)]
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To measure the in-plane and out-of-plane displacements of SC walls, 179, 158, 146, and 146
Krypton LEDs were attached to one steel faceplate of SC1, SC2, SC3, and SC4, respectively. The
locations of the LEDs on the SC walls are presented in Figure 4-20.
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Figure 4-20 Krypton LEDs on SC walls
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(c) SC3 and SC4
Figure 4-20 Krypton LEDs on SC walls (cont.)

4.7.2 Rosette Strain Gages

Three independent axial strains at different orientations at a point are required to determine the
state of in-plane strain. The normal and shear strains are calculated using the three measured
strains, the orientations of the uniaxial gages, and the strain transformation equations. Figure 4-21
presents the rosette strain gage, used for the experiments, manufactured by Vishay Precision Group

Inc (2010). The specifications for the gage are provided in Appendix C.

Figure 4-21 Rectangular rosette strain gage [Vishay Precision Group (2010)]
Fifteen, 11, 17, and 17 rosette strain gages were installed at three levels on one steel faceplate of

SC1 through SC4, respectively, to measure strains at discrete locations. The rosette strain gages
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were mounted on the steel faceplate with the second gage vertical. The locations of the rosettes on

the SC walls are presented in Figure 4-22.
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Figure 4-22 Rosette strain gages on SC walls
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Figure 4-22 Rosette strain gages on SC walls (cont.)

4.7.3 LVDTs, Temposonic Displacement Transducers, and String Potentiometers

The horizontal and vertical movements of the foundation block relative to the strong floor were
monitored using two horizontal linear variable displacement transducers (LVDTs) attached to the
bottom corners of the foundation block and one vertical LVDT attached at the bottom center of

the foundation block.

Nineteen string potentiometers and 7 Temposonic displacement transducers were attached to the
ends of a wall to measure in-plane displacement along the height of the wall. Four string
potentiometers were attached to the corners of one steel faceplate to measure the out-of-plane
movement of the SC wall. Figure 4-23 presents the locations of the string potentiometers,

Temposonic transducers, and LVDTs attached on the ends of the wall.
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CHAPTER 5
EXPERIMENTAL RESULTS

5.1 Introduction

Information on the test specimens, materials, loading protocol, test setup, and instrumentation was
provided in Chapter 4. This chapter summarizes the results of testing of the four SC walls in the
NEES laboratory at the University at Buffalo [Epackachi et al. (2013a, 2013b, 2014e, 2015d),
Chang et al. (2015), Kurt et al. (2015), Farhidzadeh et al. (2015), and Nguyen et al. (2013)].

The initial stiffness of the SC walls, the forces and displacements corresponding to the onset of
buckling and yielding of the steel faceplates, to the peak load, and at the end of the tests are
presented in Section 5.2. The progression of damage to the SC walls, including the cracking and
crushing of the infill concrete, and buckling and fracture of the steel faceplates, are presented in
Section 5.3. The cyclic force-displacement relationships are presented in Section 5.4. Section 5.5
discusses the post-peak response of the SC walls, focusing on the influence of stud spacing. Energy
dissipation and equivalent viscous damping ratios are calculated in Section 5.6. Section 5.7
presents the strain and stress fields in the steel faceplates and the contribution of the steel faceplates
to the total shear load. The variation of vertical strain in the steel faceplates along the length of the
wall, near the base, at different drift ratios, is presented in Section 5.8. Section 5.9 discusses load
transfer mechanisms in the SC walls. The lateral displacement profiles along the height of the SC
walls are presented in Section 5.10. Section 5.11 identifies the contributions of shear, flexure, and
base rotation to the total lateral displacement. The displacement ductility of the SC walls is

established in Section 5.12. Cyclic secant stiffness is presented in Sections 5.13.

5.2 Test Results

Key test results are provided in Table 5-1. The initial stiffness of the SC walls, calculated at drift
ratios less than 0.02%, are presented in the second column of the table. The values of the forces
and displacements corresponding to the onset of faceplate buckling are listed in the third and fourth
columns, respectively. The fifth and sixth columns in the table present computed data at the onset
of faceplate yielding, where forces and displacements were calculated using rosette strain gage
data and assuming a Von-Mises yield criterion. The seventh and eighth columns present peak loads

and the corresponding drift ratios for both EL- and WL+ directions, where the EL- and WL+
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directions were identified in Figure 4-12. The last column in the table lists the post-peak loads at
a drift ratio of 3.3%, where the tests were terminated, for both EL- and WL+ directions. The test
results are available as a part of the complete set of experimental data found on the NEES Project

Warehouse (https://nees.org/warehouse/project/676) [Epackachi et al. (2014a, 2014b, 2014c,

2014d)].

Table 5-1 Results summary for SC1 through SC4

Data point
Initial Test
stiffness | Onset of steel | Onset of steel Peak load terminatio
(kips/in.) | plate buckling | plate yielding cax foa nat 3.3%
Specimen drift ratio
Load Dr{ft Load Dr{ft Load Drift ratio Load
(kip/in.) ratio ratio i @ v
. . ips ) ips
(kips) | (%) | (kips) | (%) WL+/EL- | WL+/EL- | WL+/EL-
(D () (3) 4 ) (6) (7N ) ©)
SC1 1680 245 0.48 240 0.48 317/320 1.18/1.18 130/144
SC2 1420 200 0.48 200 0.48 314/319 1.18/1.18 134/126
SC3 1380 240 0.70 185 0.48 265/275 1.40/1.18 112/126
SC4 1310 240 0.70 200 0.48 2707275 1.18/1.18 120/141

The initial stiffness of SC3 and SC4 was less than that of the thicker wall SC1. The initial stiffness
of SC2 was substantially less than SC1, which was not expected and is attributed to unknown
flexibility at the base of the wall. The faceplates buckled at their vertical free edges prior to
achieving peak load. Studs were not provided at the vertical free edges of the faceplates, as seen
Figure 4-12. Plate buckling propagated towards the center of the wall during subsequent cycles of

loading.

Yielding of the faceplates occurred prior to peak load. Peak load was observed at a drift ratio of
1.14%. The peak loads developed in SC1 and SC2, and SC3 and SC4 are similar, which indicates
that connector spacing, in the range provided, did not impact the peak shear resistance in these
flexure-critical walls. The peak loads in SC1 and SC2 are greater than SC3 and SC4 because the
infill concrete is 3 inches thicker in SC1 and SC2. The load in all four walls at a drift angle of 3.3%

was approximately 130 kips.
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5.3 Damage to SC Walls

Figure 5-1 provides photographs of damage to SCI through SC4 at the end of testing. The
progression of damage in the four SC walls was identical, sequentially 1) tensile cracking of the
concrete at both ends of the wall, 2) outward buckling and yielding of the steel faceplates at the
base of the wall, 3) crushing and spalling of concrete at the toes of the wall, and 4) tearing of the

steel faceplates along their welded connection to the baseplate.
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Figure 5-1 Damage to SC walls at the end of testing
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Figure 5-1 Damage to SC walls at the end of testing (cont.)

A steel faceplate was removed from each of two specimens, SC2 and SC4, for the purpose of
documenting damage to the infill concrete. As seen in Figure 5-2, one wide diagonal crack formed
in the infill concrete of SC2 but no crack was observed at the web of the SC4. Most of the damage
to the infill was concentrated immediately above the baseplate, at the level of the first row of tie

rods.

Concrete

Diagonal crack in the :
crushing

infill concrete

Concrete
? crushing

(‘a') SC2

(b) SC4
Figure 5-2 Damage to the infill concrete of SC2 and SC4
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Figure 5-3 presents the damage to SC1 through SC4 at different drift ratios. More photographs of
damage to the SC walls and to the infill concrete of SC2 and SC4 at each loading step and at the
end of the testing are provided in Appendix B. In Figure 5-3, LS denotes the load step, and CI and
CII represent the first and second cycles in each load step, respectively. The sequence of the
damage to the SC walls is presented in Table 5-2. Concrete cracking, steel faceplate buckling, and
concrete crushing in the four SC walls occurred at drift ratios of 0.12%, 0.47%, and 1.17%
respectively. Local tearing of the steel faceplates at their connection to the headed studs occurred
at a drift ratio of 1.6% for SC1. Tearing of the faceplates along their welded connection to the
baseplate begun at drift ratios of 1.4% for SC3 and SC4, 1.6% for SC2, and 2.3% for SC1. One tie
rod in SC4 fractured at a drift ratio of 2.1%.

Tearing of the steel faceplates initiated immediately above the welded connection of the faceplates
to the baseplate in SC2, SC3, and SC4. In SC1, the steel faceplates fractured first at connections
to the headed studs. The lower corners of the steel faceplates, where the faceplates were expected
to buckle, were restrained by headed studs in SCI and tie rods in the other SC walls (see
Figure 5-4). Headed studs anchor the faceplates to the infill concrete, enable composite action, and
delay out-of-plane buckling of the faceplates. Crushed concrete around a stud cannot anchor a stud
and local damage around the stud will affect the buckling resistance of the faceplate. (The use of
tie rods near the base of the wall will significantly reduce the outward movement of the tie rod
(and the faceplate) after concrete crushing, at the location of the tie rod, and consequently improve

the response by delaying inelastic buckling of the faceplate).

5.4 Load-Displacement Cyclic Responses

The load-displacement relationships for SC1 through SC4 are presented in Figure 5-5. Points A,
B, C, D, E, F, and G in Figure 5-5 represent the onset of concrete cracking, yielding of the steel
faceplates, buckling of the steel faceplates, concrete crushing, fracture of the steel faceplates at
their connection to the headed studs, tearing of the steel faceplate above the welded connection of
the faceplates to the baseplate, and fracture of tie rod, respectively. The load was calculated by
resolving the sum of the forces in the actuator load cells into the plane of the wall. The
displacement was measured by a Temposonic displacement transducer attached to the side of the

wall at the level of the actuators (60 in. above the base of the wall).
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(d) SC4
1. Concrete cracking; 2. Steel faceplate buckling; 3. Concrete crushing; 4. Fracture of the steel
faceplate at the level of the stud; 5. Fracture of the steel faceplate above the welded connection;
6. Fracture of the tie rod

Figure 5-3 Damage to SC walls
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The peak load, observed at a relatively high drift ratio of 1.17+%, were 325 kips and 275 kips for
SC1/SC2, and SC3/SC4, respectively. The pinched behavior was attributed to the damage to the
infill concrete and steel faceplates, including concrete crushing and tearing of the steel faceplates,
and flexibility at the base of the wall. The rates of the post-peak strength and stiffness deterioration
were similar in SC2, SC3, and SC4. The rate of strength deterioration in SC1 post-peak-strength

was much lower than in other walls up to point F in SC1 (2.33% drift ratio), where the steel
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Figure 5-4 Location of the studs and tie rods attached to the steel faceplates
Table 5-2 Sequence of damage to SC walls
Load | - Drift Specimen Damage
step | ratio p &
LS2 | 0.12% | SC1 through SC4 |Concrete cracking at toes of the wall
LS5 | 0.47% | SC1 through SC4 |Buckling of the steel faceplates
LS8 | 1.17% | SC1 through SC4 |Concrete crushing at toes of the wall
Tearing of the steel faceplates immediately above the
L59 ) 1.40% SC3 and SC4 welded connection of the faceplates to the baseplate
SC] Local tearing of the steel faceplates at the connection
point to the steel studs
LS10 | 1.63% Horizontal tearing of the steel faceplates immediately
SC2 above the welded connection of the faceplates to the
baseplate
LS12 | 2.10% SC4 Fracture of tie rod
Horizontal tearing of the steel faceplates at the level of
LS13 | 2.33% SC1 the steel studs and immediately above the welded
connection of the faceplates to the baseplate

faceplates fractured above their welded connection to the baseplate.
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Figure 5-5 Cyclic force-displacement relationships and backbone curves for the SC walls

The onset of yielding of the steel faceplates was determined using the rosette strain gage data and
assuming a Von-Mises yield criterion. As seen in Figure 5-5, yielding of the steel faceplates
occurred prior to their buckling for SC1 and SC2. Buckling and yielding of the steel faceplates
occurred at the same drift ratio for SC3 and SC4. Concrete crushing occurred at a drift ratio
corresponding to the peak shear strength for the four SC walls. The pre-peak-strength response of
SC walls could be approximated by a tri-linear force-displacement relationship to consider three
stages of response, namely 1) elastic, 2) cracking of the infill concrete, and 3) buckling of the steel

faceplates.
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5.5 Post Peak Response of SC Walls

Inelastic behavior of the four SC walls was associated with yielding of the steel faceplates near the
base of the walls and damage to the infill concrete at the ends of the walls. Local buckling of the
steel faceplates in the region of high plastic strain near the base of the walls triggered plate fracture

and tearing.

Figure 5-6 provides photographs of damage to the four walls at load step 10 (see Figure 4-17),
which corresponds to a drift ratio of 1.63%. The first row of connectors was attached to the steel
faceplates 2 in. (SC1) and 3 in. (SC2, SC3, and SC4) above the welded connection of the faceplates
to the baseplate.

As seen in Figure 5-6, local buckling of the steel faceplates occurred above the first row of the
connectors in SC1 and below the first row of connectors in SC2, SC3 and SC4. The use of a smaller
distance (2 in.) between the baseplate and the first row of connectors in SC1 delayed the tearing
of the faceplates and improved the response at displacements greater than those associated with
peak strength (i.e., post peak) by forcing the inelastic buckling of the faceplates away from the
CJP welded connection of the faceplates to the baseplate and into the panels defined by the first

and second row of connectors.

No fracture and no local
buckling between the first
and the second rows of
shear studs

Local bu@

i and @acture Ck .
near the;Dases

heibas iOfthewall

(b) SC2 (c) SC3 (d) SC4
Figure 5-6 Damage to SC walls
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The cyclic backbone curves of Figure 5-7 provide further insight into the influence of the distance
between the first row of the connectors and the base of the wall on the post-peak response of the
SC walls. The rate of the post-peak strength deterioration of SC1 was much less than other
specimens, which was due to the fracture of the steel faceplates in SC2, SC3 and SC4 at a lower
drift ratio than in SC1. In SC4, the rate was slower in the EL- direction than in WL+ direction
because the steel faceplate buckled and fractured first at the East toe of the wall. The faceplate
buckled far from the baseplate at the western toe of SC4 (see Figure 5-8). The rate of the strength

deterioration in SC2 and SC3 was almost identical in both the EL- and WL+ directions.
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Figure 5-7 Cyclic backbone curves for the SC walls

5.6 Energy Dissipation and Viscous Damping

The cumulative energy dissipation in the SC walls is presented in Figure 5-9. The energy dissipated
in each cycle was calculated as the area enclosed by the hysteresis loop in that cycle. The
cumulative energy dissipation capacity of the thicker walls, with higher peak loads was expected
to be greater than that of the thinner walls. The energy dissipation in SC4 was greater than that in
SC2 due to a lower rate of post-peak strength deterioration in SC4 than in SC2, as discussed in

Section 5.5.
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(a) West toe of the SC wall (b) East toe of the SC wall

Figure 5-8 Damage to SC4 at 1.6% drift angle
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Figure 5-9 Cumulative energy dissipation capacities of SC walls

Equation (5-1) [Chopra (2012)] was used to calculate the equivalent viscous damping, ¢ e’ in the
SC walls:

1 E

S = Arr E

(-1

where E,, is the energy dissipated in a vibration cycle and E is the corresponding strain energy.

Figure 5-10 presents the equivalent viscous damping ratios calculated from experimental data for
drift ratios up to 3.3%. The vertical dashed red line represents the drift ratio corresponding to peak

strength. In the pre-peak-strength region, the equivalent viscous damping ratios for the walls are
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virtually identical. For drift ratios between 50% and 100% of those associated with peak strength,
for which elastic dynamic analysis might be employed, the equivalent viscous damping ratios of
flexure-critical SC walls varies from 7.5% to 10%. At drift ratios greater than those associated
with peak strength, SC1 has the greatest viscous damping because its strength deteriorated more

slowly than the other walls.
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Figure 5-10 Equivalent viscous damping ratios
5.7 Strain and Stress Fields in the Steel Faceplates

A dense grid of Krypton LEDs attached to one steel faceplate was used to estimate the strain fields
in the steel faceplates. The grid of the Krypton LEDs generated square panels on the surface of the
faceplate (see Figure 4-20). Normal and shear strains in each square panel were calculated using
the in-plane displacements measured by Krypton LEDs and an isoparametric quadrilateral

formulation [e.g., Bathe (1982)] , as presented in (5-2):

{e}=[B{u} =1 ¢, (=[B] (5-2)
Ve

88



where {€} is a vector of the in-plane normal and shear strains; u, and v, are the measured
horizontal and vertical nodal displacements at the four corners of each panel, respectively; and

[B] is the strain-displacement matrix and is derived using the shape functions presented in (5-3).
1 .
N, :Z(lis)(lit),z =1,....4 (5-3)

where (s,t) is the new coordinate system to which was mapped from the (x , y) coordinate

system. The strains in the other steel faceplate were directly measured using rosette strain gages
installed at three elevations, with the second gage vertical. The three strains measured by each

rosette were transformed to normal and shear strains using (5-4) to (5-6).

E.=E,+E —€, (5-4)
£ =€, (5-5)
yxy = gc - ga (5_6)

where £, €, and € are the strains measured by the first, second, and third strain gages,
respectively; € and & are the transformed normal strains parallel to the length and height of the

specimen, respectively; and 7, is the engineering shear strain.

The measured shear forces, corresponding to the level of the first row of strain gages and first row
of LED panels above the baseplate, were calculated as the product of the average shear strain
(calculated using either the rosettes strain gages or from the LED displacements), an assumed
value of G (=11155 ksi) for the steel faceplates, and a total faceplate area of 22.5 inches, prior to
the steel faceplate yielding.

Figure 5-11 presents the shear force-displacement relationships for the steel faceplates at small
values of drift ratio, and prior to steel faceplate yielding, calculated using the displacements
measured by the LEDs (solid blue line) and strains measured by rosettes (solid red line).
Figure 5-11 shows that the LED- and rosette-measured shear force-displacement relationships are

virtually identical.
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Figure 5-11 Measured shear force — displacement relationships in steel faceplates

Using the values of the normal and shear strains at the four corners of each panel generated by the
grid of the Krypton LEDs, the values of the plane stress components were calculated using the
elastic properties of the steel faceplates. At a node common to multiple panels, each stress
component was calculated by assigning a weight to each panel, based on panel area. The
distribution of the vertical, horizontal, and shear components of the strain and Von-Mises stress in
a steel faceplate of SC1, at the displacements corresponding to 0.12%, 0.47%, 1.17%, and 1.87%
drift ratios, are presented in Figure 5-12. The calculated strains and stresses are greatest at the

bottom corners of the steel faceplate, where the out-of-plane buckling and tearing of the plate

initiated. In Figure 5-12 (d), the regions colored red identify yielding of the steel faceplate.
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The LED-measured in-plane displacements were used to calculate the displacement fields in the
steel faceplates. Figure 5-13 presents the undeformed shape and deformed shapes (scaled by a
factor of 10) in one steel faceplate of SC3 at displacements corresponding to +£0.47%, £1.17%,
+1.42% , and £1.87% drift ratio. The measured displacement field in the steel faceplates can be

used to validate numerical models (see Section 6.4.6.3).

5.8 Vertical Strain in the Steel Faceplates

Figure 5-14 presents the measured vertical strain distribution in the steel faceplate of SC4 over the
length of the wall at displacements corresponding to +0.12%, +0.18%, +0.47%, +0.95%,
+1.42%, £1.89%, £2.36%, and +2.84% drift ratios. The vertical strains were measured using 11
rosette strain gages attached to the steel faceplate 5.2 in. above the baseplate. After the steel
faceplates buckled, the attached strain gages attached to the buckled steel faceplate were over-

ranged and so the vertical strains at these locations are not reported in Figure 5-14.

As seen in Figure 5-14, the assumption of plane sections remaining plane is not satisfied for drift
ratios greater than 0.47%. The normalized depth to the neutral axis' from the compression toe
varies from 0.35 at a drift ratio of 0.12%, to 0.25 at the drift ratio corresponding to the peak shear
strength, to 0.45 at a drift ratio of 2.8%. In the pre-peak strength region, the neutral axis depth
decreased as lateral displacement at top of the wall increased because as lateral displacement
increased the horizontal cracks in the tension zone of the infill concrete propagated towards the
mid-depth of the wall and more tensile force was transferred to the steel faceplates, which leaded
to an increase to the depth of the tensile zone of the steel faceplates. However, in the post-peak
strength region, buckling of the steel faceplates and crushing of the infill concrete on the

compression side of the wall leaded an increase to the neutral axis depth in the faceplate.

! The normalized neutral axis depth is the ratio of the neutral axis depth to the length of the wall.
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Figure 5-12 Distribution of the strains and Von-Mises stress in steel faceplate of SC1
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Figure 5-14 Measured vertical strain distribution in the steel faceplate of SC4 over the length
of the wall

5.9 Load Transfer in the SC Walls

To investigate load transfer between the steel faceplate and the infill concrete, the strain field in
the steel faceplates and the horizontal shear force resisted by the steel faceplates were evaluated at

different elevations over the height of the wall using nodal displacements measured by the LEDs.

The square grid of Krypton LEDs installed on one faceplate per wall enabled calculation of the
strain field in the elastic range of response. The horizontal and vertical displacements from each
LED were used to calculate the three in-plane strain components using an isoparametric

quadrilateral formulation [e.g., Bathe (1982)]. The normal and shear stresses were then calculated
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using an elastic constitutive stress-strain relationship. The horizontal shear force resisted by the
steel faceplates was calculated by integrating the shear stress along the length of the faceplate and

multiplying by 2.

The horizontal shear forces resisted by the steel faceplates were calculated at the five levels along
the height of the wall identified in Figure 5-15. Figure 5-16 presents results for cycles 3 through 8

and prior to faceplate yielding.

Force ratio is defined as the horizontal shear force resisted by the steel faceplates divided by the
total applied lateral force (measured by the actuator load cells, resolved into the plane of the wall).
The force ratio varies from 25% to 75%, and from 30% to 90%, for SC1/SC2 and SC3/SC4,
respectively. The force ratios in SC3 and SC4 were greater than those in SC1 and SC3, supporting
the intuitive statement that the higher the reinforcement ratio, the greater the steel faceplate

contribution to the total shear force.
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Figure 5-15 Reporting levels for the steel faceplates
The force ratios increased in SC1, SC3, and SC4 from the top of each specimen (level 5, see
Figure 5-15) to the foundation. The shear force was transferred from the infill concrete to the steel
faceplates through the connectors and interface friction between the infill concrete and steel
faceplate, along the height of the wall. In SC2, the specimen with the highest plate slenderness
ratio (=32), the greatest contribution of the steel faceplate to the total shear force before yielding

of the faceplate was observed at level 3: the mid-height of the specimen.
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Figure 5-16 Ratio of the horizontal shear force resisted by the steel faceplates to
the total applied load

The total horizontal shear force transferred by a row of connectors was calculated as the difference
between the horizontal shear forces resisted by the steel faceplate above and below the row, which
neglects interface friction. The shear forces resisted by the second, third, and fourth rows of the
connectors were estimated to be 11/14/20 kips, 7/6/13 kips, 27/4/5 kips, and 13/10/16 kips for SC1
through SC4, respectively, in cycles 2 through 8. The shear strengths of one anchor were 4.3 kips

and 16.5 kips for steel failure and concrete pryout, respectively, per Appendix D of ACI 318-11
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(2011). Setting aside the vertical shear forces on the studs, the minimum nominal shear strength
of a row of connectors is 65/43/56/56 kips, in SC1 through SC4, respectively, suggesting some
margin against stud failure. No concrete crushing was observed around the tie rods in SC2 and

SC4, which is not surprising given the calculated capacity of 16.5 kips per stud for concrete pryout.

5.10 Lateral Displacement Profile

Figure 5-17 presents the measured lateral displacement profile at different drift ratios. The lateral
displacements were measured by Temposonic displacement transducers attached on one side of
the wall specimen. Figure 5-17 shows that the measured profiles are almost linear over the height
of the wall during the entire test. The lateral displacement profile is linear to a drift ratio of 3.3%,
where upon significant damage had accrued to the steel faceplates and the infill concrete near the
base of the wall. This result is attributed to the large contribution of the base rotation to the total
lateral displacement (up to 85%, see Section 5.11).
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Figure 5-17 Lateral displacement profile along the height of the wall

5.11 Displacement Components

Figure 5-18 describes the three contributions to the lateral displacement at the top of the SC walls,

namely, flexural displacement, A o shear displacement, A_, and lateral displacement due to base

rotation, A . The illustration is a section cut at a faceplate and not an elevation. The out-of-plane
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(vertical) deformation of the baseplate attached to the steel faceplates allowed rotation at the base

of the wall.

A

Rigid body motion due %Ar A, + A,
<>

to the base rotation

Deformed shape of
SC wall

Undeformed shape
of SC wall

Base plate attached to
steel faceplates

Foundation block
Base plate embedded

n foundation block
Figure 5-18 Components of the lateral displacement at top of the wall

The displacement at top of the wall due to the base rotation, A , was calculated using the vertical

displacements measured by the first row of LEDs (see Figure 5-18):

A =6H (5-7)
where H is the height of the wall, and | is the base rotation. The base rotation was calculated as
the average of the angles between the horizontal axis and the lines connecting LEDs 4 t0 9, 5 to 8,

and 6to 7.

The grid of Krypton LEDs generated horizontal strips across the surface of a faceplate as presented
in Figure 5-19. The shear displacement in each strip was calculated as the product of the average

shear strain, calculated using displacements measured by the LEDs, in the square panels
comprising the strip, and the height of the strip, A . The shear component of the total lateral
displacement at top of the wall was approximated as the product of the sum of the shear

displacements of the horizontal strips (strips 1 to 9 in Figure 5-19) and the ratio of H, / H_, where

the heights H, and H are identified in Figure 5-19.
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The flexural component of the total lateral displacement at top of the wall was calculated as the
difference between the total lateral displacement and the sum of the shear displacement and the

lateral displacement due to the base rotation.
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Figure 5-19 Definition of the horizontal strips for the shear displacement calculation
The contributions to the total lateral displacement of SC1 through SC4 are presented in
Figure 5-20. As the lateral displacement increased, the percent contribution of the base rotation to
the total displacement increased and the contributions of the shear and flexure displacements
decreased. The contributions of the shear and flexural displacements to the total displacement
varied from 35% at a drift ratio of 0.1% to 10% at a drift ratio of 2.5%. Figure 5-20 indicates that
the displacement due to the base rotation governed the total lateral displacement at top of the SC
walls. These results indicate that the baseplate connection between the SC wall and the foundation
block was the major source of the flexibility in these walls and it needs to be carefully considered
in the analysis, design, and detailing of SC walls with bolted baseplate to RC foundation

connections.
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5.12 Displacement Ductility of the SC Walls

Displacement ductility, defined as the ratio of the maximum displacement to the yield
displacement, represents the ability of the structure to undergo large plastic deformation in the
inelastic range without substantial loss of strength [Park (1988)]. There are a number of definitions
of the yield and maximum displacements, both of which are needed to calculate displacement
ductility. Figure 5-21 presents alternate definitions of the yield and maximum displacements per
Park (1988), proposed for reinforced concrete elements. In this study, the yield displacement, 5y,
is defined as the yield displacement of an equivalent elastic-plastic system with the same peak
resistance and energy absorption capacity as the real system: the third panel in Figure 5-21(a). Two

definitions were considered for the maximum displacement, namely, the displacements
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corresponding to the peak load, &

max,l °

and 80% of the peak load, &, ,: the second and third
panels in Figure 5-21(b). Table 5-3 presents the values of the yield and maximum displacements,

and the displacement ductility for the four SC walls, with and without considering base rotation.

As seen in Table 5-3, there are significant differences between the values of the displacement
ductility calculated using the two definitions of the maximum displacement. The values of the
displacement ductility calculated considering base rotation were greater than those calculated after
subtracting base rotation. The SC1 has the greatest displacement ductility due its highest tangent

pre-peak-stiffness and lowest rate of the post-peak strength deterioration.

F F /% F
A A A A
F,=min(0.75F, .F,)
' max [T A i max [T T~ max| U O~ [T 2=
F, |/ Fistyielding |/ |¥ ii=4] |/ }
5, ) 5, o

F F F F Fracture or buckling

Concrete crushing 4 of bars

(b) Maximum displacement

Figure 5-21 Alternate definitions of the yield and maximum displacements

Table 5-3 Displacement ductility calculation

Without base rotation With base rotation
. §max 1 é‘max 2 5max 1 5max 2
SpeClmen 5)7 5max,1 5max,2 5 ! 5 ’ 5)7 5max,1 5max,2 5 ’ 5 !
y y y y

(in.)| (in.) | (in.) | (in./in.) | (in./in.) | (in.) | (in.) | (in.) |(in./in.)|(in./in.)
SC1 ]0.10| 0.15 | 0.27 1.6 2.8 10.33(0.71 | 1.45| 2.2 4.4
SC2  ]0.16| 0.18 | 0.24 1.1 1.5 (046(0.71|1.11 | 1.5 2.4
SC3 10.11]0.14 | 0.17 1.3 1.6 1041/0.71 |1.01| 1.7 2.5
SC4 |0.11]0.15 ] 0.21 1.4 1.9 10.37(0.71 | 1.17| 1.9 3.2
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5.13 Averaged Secant Stiffness

Figure 5-22 presents the average secant stiffness of the specimens at different drift ratios. The

vertical dashed red lines represent the drift ratio corresponding to the peak shear resistance of the
SC walls. The average secant stiffness at i’ load step, K, was calculated as:

1 2
Ksec — ‘/1 +‘/i

M=y (=12m) (5-8)

where A! and A represent the maximum lateral displacement at the first and second cycles of the

i load step, respectively; V,'and V> are the corresponding shear forces for Al and A7,

respectively; and m is the number of load steps. Figure 5-22 indicates that the SC1 had the greatest
secant stiffness in the pre-peak-strength region, as the initial stiffness of this specimen was greater
than the other specimens. The variation of the secant stiffness for other three specimens, SC2, SC3,

and SC4, were virtually identical in pre- and post-peak strength regions.
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Figure 5-22 Averaged secant stiffness of the SC walls

102



CHAPTER 6
NUMERICAL ANALYSIS OF SC WALLS

6.1 Introduction

This chapter describes the nonlinear finite element modeling of flexure- and flexure-shear-critical
rectangular SC walls using the general-purpose finite element codes ABAQUS [SIMULIA
(2012a,2012b)], VecTor2 [Wong et al. (2013)], and LS-DYNA (2012a,2012b). Sections 6.2 and
6.3 describe the ABAQUS and VecTor2 modeling assumptions and analysis results, respectively.
Section 6.4 includes information on the finite element model developed in LS-DYNA to simulate
the nonlinear cyclic response of flexure- and flexure-shear critical SC walls. The developed finite
element model was validated using data from testing of the four large-scale rectangular SC walls
presented in Chapter 5. DYNA analysis results are presented, including global force-displacement
responses, equivalent viscous damping ratio, strain and stress distributions in the steel faceplates,
estimates of the contribution of the steel faceplates and infill concrete to the lateral resistance of
the walls, and damage to the steel faceplates and infill concrete. Section 6.5 uses the validated
DYNA model to investigate load transfer mechanisms in SC walls and axial and shear forces
transferred by the connectors, and the effects on global response of a) the interface friction between
the steel faceplates and the infill concrete, and b) the distribution of the shear studs attached to

baseplate.

6.2 ABAQUS Analysis

This section discusses the numerical modeling of SC walls using the general-purpose finite
element code ABAQUS [SIMULIA (2012a,2012b)]. The Concrete-Damage-Plasticity (CDP)
model was used for the infill concrete and the J2 plasticity model with isotropic hardening was
used for the steel faceplates. Friction between the infill concrete and the steel faceplates, and
buckling of the steel faceplates were considered. The following subsections describe the modeling

assumptions and the ABAQUS analysis results.

6.2.1 Concrete Material Model

The CDP model was used to simulate the behavior of the infill concrete. Although this material
model was primarily developed for cyclic and dynamic analyses of concrete structures, it is also

used for modeling of the quasi-brittle materials, such as rock, mortar, and ceramics. The CDP
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model cannot be used to simulate the response of concrete members under high confining pressure
(e.g., greater than four or five times of uniaxial compressive strength of concrete [SIMULIA
(2012b)]). Different yielding and stiffness degradations in tension and compression, softening
behavior in tension and compression, stiffness recovery due to the closing of the cracks during
cyclic loading, and strain rate are considered. The CDP model implemented in ABAQUS uses the
yield function proposed by Lubliner et al. (1989) with the isotropic damage theory proposed by
Lee et al. (1998).

6.2.1.1 Stress-Strain Relationship

The stress-strain relationship of the CDP material model is:

{o)=(1-dD)ICl{e—-€") (6-1)

where {o} and {&)} are the concrete stress and strain tensors, respectively; {&” '} is the concrete
plastic strain tensor; [C] is the elastic stiffness matrix; and d is a scalar damage parameter
representing stiffness degradation, and varies from zero to one for undamaged and damaged
materials, respectively. Two independent scalar damage variables are defined to simulate damage
in the tensile and compressive states of loading, where the state of loading is tensile if the sum of

the concrete principal stresses is positive, and is compressive otherwise.

6.2.1.2 Yield Function

The CDP model uses the yield function proposed by Lubliner et al. (1989) with the modifications
proposed by Lee et al. (1998) to account for different evolutions of strength in tension and
compression. The yield function is calculated as:

F@.8") = @305+ fE") (8, )~ 7(-6,. -5, 20 (©2)

where 0 is the effective stress and is calculated using (6-1), where the scalar damage is set to zero

(d=0); p and g are the effective hydrostatic pressure and Mises equivalent effective stress,

respectively; 0, is the maximum principal stress; and coefficient «, as a function of equibiaxial

ax

7 . . . ’ .
stress ( f, ) and uniaxial compressive stress of concrete ( f, ), is calculated as:
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fb,_fc,
th,_fc,

(6-3)

The value of ¢ varies from 0.08 to 0.12 corresponding to typical ranges of f, / f, varying from

1.10 to 1.16. The coefficient £ 1is a function of the plastic strain tensor and « :

iy O(E"
pery =28 1oy -ara (64
o,(&")
where &, and &, are the effective compressive and tensile cohesion stresses, respectively. The

coefficient y is a function of the constant K_ that controls the shape of the yield surface in the

deviatoric plane. Coefficient y is used when 3‘max <0 and is calculated as:

_301-K.)

2K -1 ©-5)

Figure 6-1 indicates that as K_ increases from 0.6 to 1.0, the shape of the deviatoric plane of the

yield surface tends to a circle, as is assumed in the classical Drucker-Prager yield surface.

(CM)
-S,

Figure 6-1 Deviatoric plane of the yield surface [SIMULIA (2012b)]
6.2.1.3 Flow Rule

The plastic strain orientation is defined using a non-associated flow rule in the CDP model. The
Drucker-Prager hyperbolic function, G(&), is used as the potential function. The increment of
plastic strain is a function of the derivative of the plastic function with respect to the effective

stress. The plastic strain increment and the plastic function are calculated as:
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0G(0)

- pl :ﬂ
P

(6-6)

G=\(xf any)’ +g* - prany (6-7)
where y is the eccentricity parameter defining the rate at which the potential function approaches
the asymptote; i is the dilation angle; and f, is the uniaxial tensile strength. As seen in Figure 6-2,

the plastic potential function asymptotically approaches the linear Drucker-Prager flow potential

at either high confining pressure or as } tends to zero.

p

Figure 6-2 Plastic potential function [SIMULIA (2012b)]
6.2.1.4 Damage and Stiffness Degradation

The stiffness degradation (damage) in tension and compression are functions of the tensile and
compressive hardening variables and vary from zero for undamaged material to one for fully
damaged material. Figure 6-3 presents uniaxial (dashed line) and cyclic (solid line) stress-strain

relationships for concrete. In Figure 6-3, d, and d_ characterize the reduction in tensile and
compressive stiffness, respectively. The tensile and compressive stiffness recovery factors, w, and
w,_, respectively, are used to capture the change in stiffness due to crack opening and closing
during cyclic loading.

6.2.1.5 Modeling Parameters

The input parameters to the CDP concrete material model are: 1) uniaxial stress-strain relationships
in compression and tension; 2) the ratio of the biaxial to uniaxial compressive stress of concrete,

varying between 1.10 and 1.16; 3) a constant, K_, varying between 0.67 and 1.0; 4) the dilation
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angle, ¥, varying between 15° and 45°; and 5) an eccentricity coefficient, ¥, with a default value

of 0.1.

(1-d,)E,

Figure 6-3 Uniaxial and cyclic stress-strain relationships of concrete [SIMULIA( 2012b)]
The concrete stress-strain relationship proposed by Saenz (1964) was used to describe the

compressive behavior of the infill concrete:

£
K%“)
o.=f £ ;0 £ (6-8)
1+ A )+ B +C(-< )
ch ch EL'O

where the coefficients A, B, C, and K are:

A=C+K-2 (6-9)
B=1-2C (6-10)
K -1 1
C:KH—K— (6-11)
£ £ 1
K=E~VK ="rK ==¢ (6-12)
’ fc ch fr

where €. and O, are the concrete strain and stress, respectively; €, is the concrete strain at the

peak stress; and € and f, are the ultimate concrete strain and stress, respectively.
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The tensile stress-strain relationship of concrete was assumed to be linear up to the tensile strength.
The post-cracked tensile response was linear. For the models described later in this chapter, the

default valuesof ¥, ¥, f// f’,and k_, 157, 0.1, 1.16, and 0.67, respectively, were used. The

damage parameters in tension and compression varied from 0.0 at peak stress to 1.0 at ultimate
strain. Concrete stress-strain relationships derived from concrete cylinder tests were used to
calculate uniaxial compressive strength and Young’s modulus of the infill concrete for SCI

through SC4.

6.2.2 Steel Material Model

A J2 plasticity model with isotropic hardening was used to simulate the nonlinear behavior of the
steel faceplates. The input parameters of this model are: 1) Young’s modulus; 2) Poisson’s ratio,
and 3) the uniaxial stress-strain relationship. The average stress-strain relationship, obtained from

coupon tests, was used to calculate the material properties of the steel faceplates.

6.2.3 Contact and Constraint Modeling

Contact between the infill concrete and the steel faceplates, the infill concrete and the baseplate,
and the baseplate and the steel plate embedded in the foundation block was considered using a)
hard contact in the normal direction to avoid penetration of slave nodes through master segments,
and b) a Surface-To-Surface penalty-based formulation in the transverse direction to simulate
interfacial friction. A Node-To-Surface constraint was used to tie the steel faceplates to the
baseplate and to join the studs and tie rods to the steel faceplates. The studs and tie rods were
coupled to the infill concrete elements using the Embedded-Constraint available in ABAQUS
[SIMULIA (2012b)]. Slip between the connectors and the infill concrete was neglected.

6.2.4 Elements, Loading, and Boundary Conditions

Beam elements (B31) were used to represent the studs and tie rods. Eight-node solid elements with
full integration (C3D8) were used to model the infill concrete. Four-node shell elements with full
integration (S4) were used for the steel faceplates. Solid elements with reduced integration
(C3D8R) were used to model the connection between the SC wall and its foundation block,
including two 1-in. thick baseplates and the 22 1.25-in. diameter threaded B7 bars that secured the
baseplate to the foundation block. The loading plates, post-tensioned threaded rods used to attach

the loading plate to the SC walls, and the post-tensioning bars connecting the SC wall to the
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foundation block were modeled using eight-node solid elements with reduced integration
(C3D8R). The infill concrete was modeled using 1 x 1 x 1 in. solid elements and the steel

faceplates were modeled using 0.5 x 0.5 in. shell elements.

The SC walls were subjected to quasi-static cyclic loading (see Chapter 4) using two horizontally
inclined actuators and loading plates that were attached to each specimen by 14 post-tensioned
threaded rods. In the finite element model, the reversed cyclic loading was simulated by imposing
horizontal nodal displacements at the center line of the loading plate, 60 in. above the baseplate.
Since preliminary analysis indicated that the foundation block was effectively rigid, the block was
not included in the finite element model. The model took advantage of symmetry to reduce the

computational effort. The ABAQUS model of SC2 is presented in Figure 6-4.

(a) Steel faceplate, connectors,
baseplates, and threaded bars

(c) Loading plate and
threaded bars

(b) Infill concrete

Figure 6-4 ABAQUS model of SC2
6.2.5 ABAQUS Analysis Results

Figure 6-5 presents the results of monotonic ABAQUS analysis together with the first quadrant of
the measured cyclic force-displacement relationships of SC1 through SC4. ABAQUS successfully
predicted the initial stiffness and peak shear strengths of the SC walls. As seen in Figure 6-5, the
post-peak strength predicted by ABAUQS was greater than that measured in the tests for SC2,
SC3, and SC4. This outcome was expected since monotonic response (ABAQUS-predicted
response) is expected to overestimate cyclic response (test result) for a given post-peak
displacements. The rate of strength deterioration in SC1 at displacements greater than that

accounted with peak-strength was lower than that in the other walls due to the use of a smaller
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distance between the first row of connectors and the baseplate in SC1. However, the use of smaller
distance between the first row of connector and the baseplate had no substantial effect on the
ABAQUS-predicted response of SC1 and consequently the lower rate of the post-peak-strength
deterioration in SC1 was not captured by ABAQUS.

Although ABAQUS reasonably predicted the monotonic response, the cyclic analysis of the SC
walls terminated prematurely. The cyclic analyses terminated after a few cycles due to the
distortion of some of infill concrete and steel faceplate elements. A number ABAQUS models
were prepared and analyzed with different element sizes for the infill concrete and steel faceplate,
boundary conditions, interactions between the connectors and the infill concrete, material models,
and elements (2D or 3D) to investigate the source of the termination. The attempts were
unsuccessful. Table 6-1 summarizes the modeling assumptions for selected ABAQUS models,
including mesh size, element type, steel and concrete material models, and boundary conditions.

The failed analyses are described in Figure 6-6.
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B : ' : ; : T . i - . . ; T T T ; i -
0.00 0.50 1.00 1.50 2.00 2.50 0.00 0.50 1.00 1.50 2.00 2.50
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(a) SCI1 (b) SC2
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Figure 6-5 ABAQUS-predicted and measured force-displacement relationships
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Table 6-1 Modeling assumptions for selected ABAQUS analyses of the SC walls

Model
No.

Element

Infill concrete

Steel faceplate

Material

Type

Mesh size
(in.xin.xin.)

Type

Mesh size

(in.xin.xin.)

Infill
concrete

Steel
faceplate

Comments

Model 1

Solid
(C3D8R)

1x2x2
and
2x2%2

Solid
(C3D8R)

3/16x1x1

CDP

J2
plasticity
with
isotropic
hardening

Foundation block,
Dwyidag bars,
loading plates,

threaded bars and

baseplates
included.

Model 2

Solid
(C3D8R)

1x2x2
and
2x2%2

Solid
(C3D8R)

3/16x1x1

CDP

J2
plasticity
with
isotropic
hardening

Foundation block,
Dwyidag bars,
threaded bars and
baseplates
included.

Model 3

Solid
(C3D8R)

1x1Ix1

Solid
(C3D8R)

3/16x1x1

CDP

J2
plasticity
with
isotropic
hardening

Foundation block,
Dwyidag bars,
threaded bars and
baseplates
included.

Model 4

Solid
(C3D8)

1x1x1

Solid
(C3D8)

3/16x1x1

CDP

]2
plasticity
with
isotropic
hardening

Foundation block,

Dwyidag bars, and

loading plates not
modeled.

Model 5

Solid
(C3D8)

1x1Ix1

Shell
(S4)

1x1

CDP

J2
plasticity
with
isotropic
hardening

Foundation block,

Dwyidag bars, and

loading plates not
modeled.

Model 6

Solid
(C3D8)

1x1x1

Shell
(S4)

0.5%0.5

CDP

]2
plasticity
with
isotropic
hardening

Foundation block,
and Dwyidag bars
not modeled; half
of the SC wall
modeled.

Model 7

Solid
(C3D8)

1x1Ix1

Solid
(C3D8)

3/16x0.5x0.5

CDP

J2
plasticity
with
isotropic
hardening

Foundation block,
and Dwyidag bars
not modeled; half
of the SC wall
modeled.
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(a) Model 1 (b) Model 2

(c) Model 3 (d) Model 4
Figure 6-6 Failures of the ABAQUS analyses
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(g) Model 7
Figure 6-6 Failures of the ABAQUS analyses (cont.)
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6.3 VecTor2 Analysis

VecTor2 is a two dimensional nonlinear finite element program used to simulate the in-plane
response of reinforced concrete structures. VecTor2 is based on the Modified-Field- Compression-
Theory (MCFT) [Vecchio et al. (1986)] and the Distributed-Stress-Field-Model (DSFM) [Vecchio
(2000)]. The DSFM was proposed by Vecchio (2000) as an alternative to MCFT. It incorporates a
smeared rotating crack model that considers slip deformations across crack surfaces and

reorientation of the cracks during cyclic loading.

The material models available in VecTor2 consider the important behaviors of concrete and steel,
such as compression softening, which is the effect on uniaxial concrete compressive strength of
transverse tensile strains; tension stiffening, which captures the tensile stiffness of intact concrete
between cracks; dowel action of reinforcing bars crossing cracks; the Bauschinger effect for
reinforcement; buckling of reinforcement; concrete confinement; concrete dilation; bond slip; and

deformations across cracks.

6.3.1 SC Wall Modeling

Vecchio et al. (2011) adopted the DSFM for the analysis of SC walls subjected to axial, and in-
plane monotonic and cyclic shear loadings. They proposed the following relationship for the

response of an SC element:
[c]=[D][e]-|o" ] 6-13)

where [8] and [cr] are the strain and stress vectors; [o"’] is a prestress vector; [D] is composite

material stiffness matrix, calculated as the sum of the stiffness matrices of the infill concrete, the

steel faceplates, and the steel reinforcement as:

n

t t 2t
D]=—<—[D.]+ < [D,]+—
2] tc+2ts[ ' ;tc+2ts[ g r+2t,

[D,] (6-14)

C S

where [D)] is the stiffness matrix of the infill concrete, £ and % are the thicknesses of the infill
concrete and each steel faceplate, [Dri] is the stiffness matrix of each reinforcement component
with angle €; to the horizontal, and [D,] is the stiffness matrix for the steel faceplates. Matrices

[Q] and [Dn. ] are calculated using equations available in Vecchio (2000). Compression softening,
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tension stiffening, dilation, and confinement are considered in the derivation of the concrete

stiffness matrix. The Bauschinger effect and dowel action are considered in the calculation of the

reinforcement stiffness matrix. The matrix [DY] is calculated as:

E, 0 0
[D]=[r]| 0 E, o]|T] (6-15)
0 0 G

N

where E, and E, are the secant moduli of the steel faceplates in the principal stress directions,

respectively; (_;S 1s the shear modulus; and [TJ 1s a matrix that transforms the principal coordinate

system back to the global coordinate system and calculated as:

cos’ 6, sin” @, cos @, sin 6,
[T.]= sin” @, cos’ 6, —cos @, siné, (6-16)
—2co0s@,sinf, 2cosé,sinf, cos’@, —sin’ 6,

The secant and shear moduli of the steel faceplates are calculated as:

Ed:& (i=1,2) (6-17)
~ E\E

G, =="2 6-18
’ Esl+Es2 ( )

where €, and f,, (i=1,2) are the principal strains and their corresponding stresses, respectively.

The steel stresses are determined using the calculated principal strains and the uniaxial stress-strain

relationship of the steel.

The prestress vector, ':O'O:| , 1s defined as:

[00} - [DC]([SCE} + ':6'6” } + [6'; }) + ,Z:: [Dri]([é‘fi] + I:Sr”l ]) + [D‘Y ] (I:gf} + [gf :') (6-19)

where [ef] , [efi] , and [gﬂ are the elastic offset strain vectors in the concrete, reinforcement,

and the steel faceplates, respectively; [gf ], [er’j J, and [g‘f’ J are the plastic offset strain vectors
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in the concrete, reinforcement, and the steel faceplates, respectively; and [gj ] is the concrete

strain vector associated with slip across the cracks. The strain vectors are calculated using

equations available in Vecchio (2000).

The Von-Mises yield criterion is used for the steel faceplates. The steel faceplates are assumed to
be perfectly bonded to the infill concrete. Buckling of the steel faceplates is assumed to occur
when the principal compressive stress exceeds the critical buckling stress [Sasaki et al. (1995)].

The proposed critical buckling stress, o, , is:

7’E,

12(0.7 ti)2

S

cr

(6-20)

where s is the stud/tie rod spacing and s/¢, is the faceplate slenderness ratio.

The accuracy of the VecTor2 predictions was examined by simulating the monotonic and cyclic
responses of SC walls tested by Sasaki et al. (1995), Usami et al. (1995), and Ozaki et al. (2004).
The DFSM predicted the reported shear strengths to within 5% but the stiffness at displacements
less than those associated with peak strength was significantly overestimated [Vecchio et al.
(2011)], which was attributed to ignoring the interfacial slip between the steel faceplates and the

infill concrete.

6.3.2 VecTor2 Modeling of the SC Walls
6.3.2.1 Material Model

Default material models were used to simulate the behavior of the infill concrete and the steel
faceplates. The Hognestad parabola and Modified Park-Kent (1982) models were used to simulate
the pre- and post-peak regions of concrete in compression, respectively. A linear descending
branch was used to simulate the post-cracking tensile response of concrete. The Vecchio 1992-A
[Vecchio et al. (1993)] model was used to consider compression softening. Tension stiffening was
modeled using Modified Bentz 2003 [Vecchio (2000)]. The effect of confinement was captured
using the Kupfer-Richart model [Vecchio (1992)]. Dilation was simulated using the Variable-
Kupfer model [Vecchio (1992)]. Concrete cracking was based on a Mohr-Coulomb stress criterion
and the cracking stress was calculated using DSFM model [Vecchio (2000)]. The default value of

the maximum crack of 40% of the aggregate size was used. The strains associated with slip across
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the cracks were calculated using Walraven (Monotonic) [Walraven (1981)] model. The Nonlinear

w/Plastic Offsets model [Vecchio (2000)] was used to simulate the hysteretic response of concrete.

Table 6-2 presents the concrete material properties used as input to the VecTor2 model, where f,
is the tensile stress of the infill concrete, £,,1s the concrete strain at peak stress, v, is Poisson’s

ratio, and ¥, is the concrete density.

Table 6-2 Concrete material properties input to VecTor2 model

-fc/ -ft E(' g('() v }/(
(ksi) (ksi) (ksi) | (in./in.) ‘ (Ib/ft?)
4.4 0.4 3000 | 0.0025 0.2 150

Table 6-3 presents the steel material properties input to VecTor2 model, where f, and f, are the
yield and tensile stresses of the steel faceplates, respectively; €, and g, are the steel strains at the
onset of the strain hardening and peak stress, respectively; v, is Poisson’s ratio; and s/, is the

faceplate slenderness ratio.

Table 6-3 Steel material properties input to VecTor2 model

fy fu Es 8&11 gu v S / ts
(ksi) (ksi) (ksi) (in/in) (in/in) ’ (in/in)
38 55 29000 0.003 0.03 0.3 30

6.3.2.2 Elements, Loading, and Boundary Conditions

The monotonic and reversed cyclic loading of the test specimens were simulated by imposing

nodal horizontal displacements 60 in. above the base of the wall.

Three sets of VecTor2 models were analyzed: A) including the foundation, B) a rigid connection
of the walls to an infinitely stiff base, and C) including the foundation flexibility by using four-
node membrane elements to represent the steel baseplate, and truss elements with tension- and
compression-only behaviors to represent the post-tensioned threaded bars used to secure the

baseplate to the foundation block. The VecTor2 models are presented Figure 6-7.
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(a) Model A (b) Model B

Rectangular element
to represent the 1 in.
thick-baseplate

A Truss element with tension-

| L % § % i only and compression-only

behaviors to represent the
post-tensioned threaded bars

(b) Model C
Figure 6-7 VecTor2 models
Two axial behaviors were assigned to each truss element connecting the SC wall to the base:
compression-only and tension-only. To prevent the penetration of wall elements into the stiff base,

a compression-only behavior with very large stiffness and strength was used. The properties of the

tension-only behavior, including cross-sectional area (=0.02 in”) and elasticity modulus (=580

ksi), were back-calculated from the measured initial stiffness of SC1.

Two inch x 2 in. elements were used for Models B and C. The mesh size in model A which
included the foundation block, was increased to 4 in. due to a limit on the number of available
elements in VecTor2. The height of the Model C was set at 72 in., including 12 in. above the

loading level, and identical to the constructed walls.
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6.3.3 VecTor2 Analysis Results
6.3.3.1 Load-Displacement Monotonic Response

Figure 6-8 presents the VecTor2-predicted monotonic force-displacement relationships (solid
black line for Model A, dashed blue line for Model B, and dashed red line for Model C) together
with the measured cyclic force-displacement relationship (solid gray line) for SC1. The initial
stiffness was substantially overestimated by Model A (including the foundation block) and Model
B (rigid base) because these models did not include the baseplate connection between the SC wall
and the foundation block. The peak strength was significantly overestimated by Model A due to
the use of a coarse mesh, which delayed the onset of damage (cracking) to the infill concrete.
However, both the rigid- and flexible-base models, B and C, respectively, successfully predicted
the peak shear resistance of SC1. The rate of post-peak strength deterioration predicted by all three
models was substantially greater than that observed in the test. The discrepancies between the
numerically-predicted and experimentally-measured post peak responses might be attributed to: 1)
the effect of concrete confinement is neglected by VecTor2 analysis, which uses 2D elements for
the steel faceplates and the infill concrete, 2) VecTor2 assumes perfect bond between the steel
faceplates and infill concrete, and 3) the SC wall connection including the baseplate and the

threaded bars could not be explicitly modeled using VecTor2.

450
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350 ---Model B
— 300 —-Model C
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= 250
3 |
< 200
- |
§ 150
2 |
~ 100
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0.00 0.50 1.00 1.50 2.00 2.50

Lateral displacement [in.]

Figure 6-8 Analysis and test results for SC1
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6.3.3.2 Crack Patterns in the Infill Concrete
Figure 6-9 presents the predicted deformed shape of SC1 (scaled by a factor of 7) and the crack

patterns at peak load. The critical crack width was set to 0.0022, where the critical crack width is

defined as the displacement at which the tensile normal stress across the crack is zero. The

calculation of the crack width is presented in Section 6.4.1.2.
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Figure 6-9 VecTor2-predicted cracking pattern at peak load of SC1 under monotonic loading

6.3.3.3 Strain Distributions
The distributions of horizontal, vertical, and shear strains in SC1 at peak load are presented in

Figure 6-10, Figure 6-11, and Figure 6-12, respectively. The high vertical and shear strains are

concentrated near the base of the wall.

. 0 B 00 . . 310
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Figure 6-10 Horizontal strain distribution at peak load (unit: millistrains)
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Figure 6-11 Vertical strain distribution at peak load (unit: millistrains)
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Figure 6-12 Shear strain distribution at peak load (unit: millistrains)

6.3.3.4 Stress Distribution

The distributions of the horizontal, vertical, and shear stresses in the infill concrete of SC1 at peak

load are presented in Figure 6-13, Figure 6-14, and Figure 6-15, respectively. Figure 6-14 provides

an estimate of the depth of the compression zone in the infill concrete at the peak load (=0.3L,

where L is the length of the wall). The stress distribution in the infill concrete of SC1, presented

in Figure 6-15, indicates that the applied lateral load in the infill was transferred to the foundation

by a diagonal compression strut.
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Figure 6-13 Horizontal stress distribution at peak load in infill concrete (unit: ksi)
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6.3.3.5 Load-Displacement Cyclic Response

Figure 6-16 presents the VecTor2-predicted and the measured cyclic force-displacement
relationships for SC1. Similar to the predictions of monotonic response, Models A and B
substantially overestimated the initial stiffness. The rate of post-peak strength deterioration in the
predicted cyclic responses of the Models A and B is greater than that of the measured cyclic
response. Models A and B predicted more damage than Model C because these models did not
include the baseplate connection, and thus were stiffer, which led to premature concrete cracking,
and buckling and yielding of the steel faceplates. As seen in Figure 6-16, the VecTor2 models
captured the pinching behavior by considering opening, closing, and re-opening of cracks in the
infill concrete caused by load reversals. Analysis of Model C terminated at the peak shear force
due to the significant distortion of a number of the wall elements, as presented in Figure 6-16(c).
Different mesh sizes, boundary conditions, and material models were analyzed but these attempts

were unsuccessful.

6.4 LS-DYNA Analysis

This section describes a finite element model in LS-DYNA that simulates the nonlinear cyclic
response of flexure- and flexure-shear-critical SC walls. LS-DYNA is a general-purpose finite
element program for the static and dynamic analysis of structures. The finite element model is
validated using data from testing of the four large-scale rectangular SC walls described in Chapters
4 and 5. The following subsections present the modeling assumptions and the finite element
predictions, including global force-displacement responses, equivalent viscous damping ratio,
damage to the steel faceplates and infill concrete, strain and stress distributions in the steel
faceplates, estimates of the contribution of the steel faceplates and infill concrete to the lateral
resistance of the walls, and axial and shear forces transferred by connectors. The impacts of
interface friction between the steel faceplates and the infill concrete, and of the distribution of
shear studs on the baseplate, to the global response of the SC walls are also presented [Epackachi

et al. (2015b)].
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Figure 6-16 VecTor2- predicted and measured cyclic force-displacement relationships

6.4.1 Concrete Material Model
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Studies on the behavior of shear-critical reinforced concrete panels have identified the key features
of concrete behavior to include shear force transfer across cracks due to aggregate interlock,
opening and closing of cracks, loss of strength and stiffness in the direction parallel to cracks, slip
along cracks, and tension stiffening. These behaviors can be explicitly addressed using smeared
crack models, which describe a cracked solid by an equivalent anisotropic continuum with

degraded material properties in the direction normal to the crack [e.g, Hu et al. (1990), Sittipunt et



al. (1995), Vecchio (1999), Vecchio et al. (1995), Bessason et al. (2001), Hristovski et al. (2002),
and Orakcal et al. (2012)].

The smeared crack Winfrith model (MATOS8S5) in LS-DYNA, developed by Broadhouse (1986),
was used to model the infill concrete. The Broadhouse model provides information on the
orientation of the cracking planes (up to three orthogonal cracks for each element) and the width
of the cracks [Schwer (2011)]. It assumes elastic-perfectly plastic behavior in compression (1986)
and its yield surface is based on the four-parameter plastic surface of Ottosen model [Ottosen
(1977)]. The yield surface expands as the hydrostatic pressure increases and its radii at the
compressive and tensile meridia are determined using the compressive and tensile strengths of
concrete (1986). The model considers shear stress across the crack due to the aggregate interlock.
Tension stiffening is considered using a linear decay for the post-cracked tensile stress-strain
relationship. Rather than using truss or beam elements to model reinforcement, the Winfrith model

smears the rebar. The Winfrith model can incorporate strain-rate effects [LS-DYNA (2012b)].
6.4.1.1 Plasticity Model Definition in the Winfrith Model

The four-parameter plastic surface proposed by Ottosen (1977) is used as the failure surface in the

Winfrith model. The Ottosen failure surface is expressed as:

J N I
F(1,,J,,co830)=a—2+ A2 +b-L -1 (6-21)
(f) foo L
where [, is the first invariant of the stress tensor; J, is the second invariant of the deviatoric stress

tensor; cos3@ 1is an invariant as a function of the second and third invariants of the deviatoric

stress tensor and @ is the Lodge angle, where the Lodge angle, varying between 0 and n/3, is
used to represent the yield surface on the Z—plane; A is a function of cos3@; and f, is the
uniaxial compressive strength of concrete.

The four parameters of the Ottosen model are a and b, which control the quadratic shape of the
meridian curves of the failure surface, and &, and k,, which control the noncircular shape of the

failure surface on the deviatoric plane, from a nearly triangular shape to a circular shape with

increasing the hydrostatic pressure [Chen et al. (2007)]. The parameter A can be calculated as:
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k, cos [%cos‘l(k2 c0s30)]

ﬂ/:

for cos36 >0

T 1
k, cos [3—5005 '(=k, cos 30)] for cos30<0

The stress tensor and the deviatoric stress tensor are:

where P is the hydrostatic stress and is calculated as (0, +0,, +0,;)/3.

0-12 O-l 3

0-22 0-23

0-32 0-33

S12 S 13 O-ll P 0-12 0-13

S 22 S 23 0-21 0-22 P 0-23
S?Z S33 0-31 0-32 0-33 P

(6-22)

(6-23)

(6-24)

The first invariant of the stress tensor, and the second and third invariants of the deviatoric stress

tensor are:

I, =0,=0,,+0,+0,

ii

J,=058,S; = (5] + 55 + S5 +285 +287+257,) /2

Sll S12 S13

Jy=8;8,8:73=|8,, Sy Sy

§= jk

S31 S32 S33

(6-25)

(6-26)

(6-27)

Cosine3@, which is a function of the second and third invariants of the deviatoric stress tensor, is

calculated as:

NENER

2

cos 36

3/2
J2

(6-28)

The four parameters of the Ottosen model are calculated using the results of uniaxial tensile and

compressive tests, and biaxial and triaxial tests as:

1. Uniaxial compressive stress of concrete, f, (=60 and cos30=-1).
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2. Uniaxial tensile stress of concrete, f, (6=0" and cos360=+1).

3. Biaxial compressive stress of concrete, fb:, (@=0" and cos360=+1); the Winfrith model
uses the results of the biaxial tests of Kupfer et al. (1969); o,=0,=1.16f and
and o, =0.

4. The triaxial stress state ((/, /\/g 1, \/E / f))=(=5,4)) on the compressive meridian

(0=60" and cos38=-—1) provides the best fit to the test results of Balmer (1949) and
Richart et al. (1928).

In the Winfrith concrete model, the four parameters of the Ottosen model are internally calculated

as (Schwer (2011)]:

a=pb+y (6-29)
— 2 —
b:1+I€2a7//3 ayl/3—-alR (6-30)
o f13-3a—Rof/3
C
K, = (6-31)

cos(; cos”'(k,))

1 _2d

5 - m)) (6-32)

where @, 3, and ¥ are non-dimensional constants and equal to 1.16, 0.59, and -0.61, respectively;

k, =cos(3 tan ' (

R is the ratio of the uniaxial tensile to compressive stress of concrete; and the coefficients ¢ and d

are calculated as:

3

c:?(l—bR—RzaB) (6-33)
g _3+3b-a (634)
—5 _

6.4.1.2 Crack Analysis in the Winfrith Model

DYNA provides information on crack locations, orientations, and widths [LS-DYNA (2012a)].

The cracks can be displayed on the deformed shape of the concrete elements. A minimum crack
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width can be set to eliminate minor cracks. The post-cracking analysis of concrete is affected by
whether strain-rate effects are included. If considered, the input parameter for crack analysis is the
specific fracture energy; if not, the input parameter is the crack width. The specific fracture energy,
G, , is the energy required to propagate a tensile crack of unit area [CEB-FIP (1993)] and the crack
width is the displacement at which the tensile stress normal to the crack is zero. The crack width
or the crack opening displacement (COD) is presented in Figure 6-17, where L is the crack length.

L

COD

26

tan H:@

Figure 6-17 Crack opening displacement [Schwer (2011)]
The cracking formulation used in the Winfrith model is based on Wittmann et al. (1988). Wittman
et al. tested a large number of concrete samples to provide a data base for the specific fracture
energy, crack opening displacement, and peak load of the concrete samples as a function of
aggregate size, concrete compressive stress, loading rate, water-to-cement ratio, and test specimen

size.

Figure 6-18 presents the post-cracked tensile stress-displacement relationships of the concrete
corresponding to two cases: 1) including the strain-rate effect (left figure) and 2) ignoring the

strain-rate effect (right figure).

Fracture energy is calculated as the area under the tensile stress-displacement curve [Wittmann
(1988)]. In the absence of experimental data, G ;- can be estimated using Equation 2.1-7 or Table

2.1.4 of the CEB-FIP Model Code (1993).
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Figure 6-18 Post-cracked tensile stress-displacement relationship [Schwer (2011)]
6.4.1.3 Values of Parameters Input to the Winfrith Model

The input parameters for the Winfrith model in LS-DYNA are: 1) mass density, 2) Young’s
modulus, 3) Poisson’s ratio, 4) uniaxial compressive strength, 5) uniaxial tensile strength, 6)
fracture energy or crack width depending on the choice of strain-rate option, and 7) aggregate size.
Young’s modulus and Poisson’s ratio are used to predict elastic response. Uniaxial compressive
and tensile strengths are used to define the failure surface. Fracture energy or crack width are used
in the crack analysis, and aggregate size is used to calculate the shear capacity across the crack

surface.

The input parameters for smeared reinforcement are: 1) Young’s modulus, 2) hardening modulus,
3) ultimate strain, 4) yield stress, and 5) reinforcement ratio in the global X, Y, and Z directions,
where the reinforcement ratio is calculated by dividing the area of the reinforcement by the total

cross-sectional area of the element in the chosen direction.

The uniaxial compressive stress and Young’s modulus for the infill concrete in SC1 through SC4
were calculated using the measured stress-strain relationships obtained from concrete cylinder tests
conducted at the time of testing of each SC wall. The tensile stress and fracture properties of the
concrete were calculated using CEB-FIP Model Code (1993), which calculates lower and upper

bounds on the tensile strength ( £, and f,, ) based on the uniaxial compressive strength as:
£ 20141y (unitksi) (6-35)
1.45
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’

fo = 0.27(1%)2’3 (unit:ksi) (6-36)

The lower and upper bounds on the tensile strength of concrete were 290/560 psi and 330/640 psi,
for SC1/SC2 and SC3/SC4, respectively. The tensile strength of concrete was assumed to be 350
pst and 400 psi for SC1/SC2 and SC3/SC4, respectively.

The fracture energies for the 0.75 in. maximum aggregate size used for the construction of SC1
through SC4, calculated using Table 2.1.4 of CEB-FIP Model Code, were 0.44 and 0.48 1bf/in. for
SC1/SC2 and SC3/SC4, respectively. The strain-rate effect was not considered because the testing
of the SC walls was quasi-static. As presented in Figure 6-18(b), the Winfrith model assumes a
linear decay for the post-cracked tensile stress-displacement relationship of the concrete if the
strain-rate effect is ignored. In this case, the crack width needs to be provided for the post-crack
analysis. The crack width at zero stress, calculated using the equation provided in Figure 6-18(b),
was 0.0025 in. for all walls. Table 6-4 presents the concrete material properties input to the DYNA

model.

Table 6-4 Concrete material properties input to the DYNA model

Mass density| Young’s | | . Uniaxial | Uniaxial | o) Agg.
Model Ibf.sec® | modulus Poisson’s|compressive| tensile width | Size
(— . ratio strength | strength | . .
in* (ksi) (in.) | (in.)
n (ksi) (ksi) ' '
SC1/SC2 | 2.25x10™* | 3000 0.18 4.40 0.35 ]0.0025| 0.75
SC3/SC4 | 2.25x10™* | 3300 0.18 5.30 0.40 ]0.0025| 0.75

6.4.2 Steel Material Model

A plastic-damage model, Mat-Plasticity-With-Damage (MATO81) with isotropic hardening, was
used to simulate the nonlinear behavior of the steel faceplates and the connectors. Damage was
assumed to begin after the equivalent plastic strain reached the strain corresponding to the peak
stress of the stress-strain relationship. At fracture, the damage index equaled 1.0. The average
stress-strain relationship, derived from coupon tests, was used to model the steel faceplates (see
the coupon test results in Figure 4-8). Manufacturer-provided information on the yield and ultimate
strengths of studs and tie rods were used. Fracture was ignored for the studs and the tie rods.

Table 6-5 presents the steel material properties input to the DYNA model.
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Table 6-5 Steel material properties input to the DYNA model

Mass density Young’s Poisson’s Yield | Ultimate | Failure |Fracture
Material Ibf.sec’ modulus ratio strength | strength | strain | strain
T | s (ksi) | (i) | (%) | (%)
Faceplate | 7.34x107* 29000 0.30 38 55 30 40
Connectors| 7.34x10™* | 29000 0.30 50 75 - -

6.4.3 Contact and Constraint Modeling

Friction between the infill concrete and the steel faceplates, the infill concrete and the baseplate,
and the baseplate and the steel plate embedded in the foundation block were considered using the
Contact-Automatic-Surface-To-Surface formulation available in LS-DYNA (2012a). This contact
avoids any penetration of a slave node through a master segment using a penalty-based approach
[LS-DYNA (2012a)]. The coefficient of friction for steel on concrete was conservatively assumed
to be 0.5 based on Rabbat et al. (1985) who showed that the coefficient of friction between a steel
plate and cast-in-place concrete varied between 0.57 and 0.7. The impact of this assumption on
response is identified later in this chapter. The contact formulation allowed for compression and
tangential loads to be transferred between the contact surfaces: steel faceplates and infill concrete.
A physical gap between the shell elements of the steel faceplate and solid elements of the infill
concrete was considered because DYNA determines the contact surface of the shell element by
normal projection of its mid-plane by a distance equal to half thickness of the shell. The steel
faceplates were tied to the baseplate using the kinematic constraint Contact-Tied-Shell-Edge-To-
Surface available in LS-DYNA (2012a). The studs and tie rods were coupled to the infill concrete
elements using the Constrained-Lagrange-In-Solid formulation available in LS-DYNA (2012a)
and slip between the connectors and the infill concrete was neglected. A schematic drawing of the

connection between the steel faceplate and infill concrete is presented in Figure 6-19.

6.4.4 Elements

Beam elements were used to represent the studs and tie rods. Eight-node solid elements were used
to model the infill concrete and the baseplates, and four-node shell elements were used for the steel
faceplates. The post-tensioning bars connecting the SC wall to the foundation block were modeled
using spring elements (see Figure 6-21). The constant stress formulation [ELFORM=1 in LS-
DYNA (2012a)] and Belytschko-Tsay formulation [LS-DYNA (2012a)] were used for solid

elements and shell elements, respectively. The cross section integrated beam element [Hughes-Liu
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beam in LS-DYNA (2012a)] was used for the shear studs and the tie rods. Springs were modeled
using the discrete element formulation. The mesh sizes of the infill concrete and steel faceplates

were selected based on the results of a mesh convergence study, described in the following

subsection.
Infill concrete (solid elements)
Perfect bond between the i i
stud and infill concrete  |u. b} 0
) Contact between the
Half thickness of the T e steel faceplate and infill
steel faceplate gap - /T

— ( : —— concrete
Stud (beam elements)

Steel faceplate (shell elements)

Figure 6-19 Schematic description of the connection between the steel faceplate and the
infill concrete

6.4.4.1 Mesh Convergence Study

To determine a reasonable balance between solution accuracy and computation expense, five SC
wall models, Models 1 through 5, with different mesh sizes (0.5, 1.0, and 2.0 in.) for the infill
concrete and steel faceplates were analyzed. The mesh size of the concrete solid elements and steel

shell elements for the five models are listed in Table 6-6.

Table 6-6 Mesh sizes for SC wall models

Infill concrete | Steel faceplate
(in.xin.xin.) (in.xin.)
Model 1 0.5x0.5%0.5 1.0x1.0
Model 2 | 2.0x2.0x2.0 1.0x1.0
Model 3 1.0x1.0x1.0 0.5x0.5
Model 4 1.0x1.0x1.0 2.0x2.0
Model 5 1.0x1.0x1.0 1.0x1.0

Model

The effect of mesh size on the monotonic response is presented in Figure 6-20. The responses of
Model 1 with 0.5 in. infill concrete elements and Model 3 with 0.5 in. steel faceplate elements
were similar to the response of Model 5, indicating that the use of a mesh size less than 1.0 in. for

the infill concrete and the steel faceplates had no effect on global response. Based on these results,
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the infill concrete was modeled using 1.0 x 1.0 x 1.0 in. solid elements and the steel faceplates

were modeled using 1.0 x 1.0 in. shell elements.
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Figure 6-20 Effect of mesh size on monotonic response
6.4.5 Loading and Boundary Conditions

The reversed cyclic loading of the test specimens was simulated by imposing horizontal
displacements at the nodes of the infill concrete and steel faceplate elements, located at the level

of the centerline of the loading plates, 60 in. above the baseplate.

Figure 6-21 presents the technique used for modeling the connection between an SC wall and its
foundation using two 1-in. thick baseplates and 22 linear springs to represent the 1.25-in. diameter
threaded B7 bars that secured the baseplate to the foundation block. The stiffness of the linear
springs was back-calculated from the measured initial stiffness of the SC walls. Figure 6-22
presents the measured cyclic response of SC3 together with the DYNA-predicted monotonic
responses corresponding to different spring stiffness at the base of the wall. Figure 6-22 indicates
that the initial stiffness of SC3 was successfully predicted using a stiffness of 1x10° Ibf/in per

spring.

The effect of spring stiffness on the deformation of the SC walls is presented in Figure 6-23. The
greater the stiffness of the linear springs, the smaller the vertical displacement of the SC walls and
the smaller the gap opening between the baseplate attached to the faceplates and the steel plate tied

to the stiff base. Similar analyses were conducted on the other SC walls to estimate the stiffness
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of the linear springs representing the post-tensioned threaded bars. The stiffness of each spring for

SC1, SC2, and SC4, was 2x107, 1x10°, 1.5x10° Ibf/in , respectively.

Since preliminary analysis indicated that the foundation block was effectively rigid, it was not

included in the finite element model. The LS-DYNA model of SC2 is presented in Figure 6-24.

, SC wall

9%

| 22 springs connecting
’ i baseplate to the steel plate

; —'—‘ / Baseplate

Plate embedded 1n the
foundation block

v

Figure 6-21 Modeling the connection between the SC wall and the foundation block
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Figure 6-22 Initial stiffness (K) calculation
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Figure 6-23 Contours of vertical displacement as a function of spring stiffness at 1.17% drift ratio
(units: 1b and inches)
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Figure 6-24 LS-DYNA model of SC2
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6.4.6 LS-DYNA Analysis Results

The following sections describe the DYNA analysis results, including the global force-
displacement responses, equivalent viscous damping ratio, damage to the steel faceplates and infill
concrete, strain and stress distributions in the steel faceplates, and estimates of the contribution of

the steel faceplates and infill concrete to the lateral resistance of the walls.
6.4.6.1 Load-Displacement Cyclic Response

The DYNA-predicted and measured force-displacement relationships for SC1 through SC4 are
presented in Figure 6-25. In this figure, displacement is the horizontal movement of the wall in its
plane at the level of the actuators; drift ratio is defined as the horizontal displacement divided by
the distance between the base of the wall and the centerline of horizontal loading (= 60 inches).
There was good agreement between the measured and predicted cyclic responses of SC walls,
noting that initial stiffness was captured exactly through the choice of the axial stiffness of the

springs at the base (see Section 6.4.5).

The predictions of the peak shear resistance and the rate of the reloading/unloading stiffness
compared favorably with the test results. The predicted post-peak responses agreed well with the
experimental results for SC2 and SC4 but were slightly under-estimated and over-estimated in SC1
and SC3, respectively. This outcome was attributed to damage to the infill concrete and its effect
on the headed studs. Crushed concrete cannot anchor a stud and the buckling resistance of the
faceplate is consequently reduced. If threaded (tie) rods are used to provide composite action and
join the faceplates, outward movement of the tie rod (and the faceplate), at the location of the tie
rod, is by-and-large prevented and faceplate buckling resistance is preserved. The local crushing
of concrete was not addressed in the numerical model because beam elements were used to model
the studs and these were coupled to the concrete elements. Pinching was successfully simulated
using 1) the smeared crack concrete model that considers opening, closing and re-opening of the
cracks induced by load reversals, and 2) the steel material model, which considers the out-of-plane

buckling and fracture in the steel faceplates.
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Figure 6-25 Predicted and measured lateral load-displacement relationships

6.4.6.2 Hysteretic Damping

Equivalent viscous damping is routinely used to model components and structures responding in
the linearly elastic range [Chopra (2012)]. The measured hysteretic damping ratio at different drift
ratios were presented at Chapter 5. The equivalent viscous damping ratio, calculated from
experimental and numerical (DYNA) data for drift ratios up to 2% for SCI1 through SC4, are
presented in Figure 6-26. For drift ratios between 50 percent and 100% of those associated with
peak strength, for which elastic dynamic analysis might be employed, the equivalent viscous
damping ratios, calculated using the experimental and numerical data, were almost identical; the

ratio exceeds 6% for both datasets. At drift ratios greater than those associated with peak strength,
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the DYNA simulations showed more pinching of the hysteresis loops for SC1 through SC4 than

was measured and so underpredicted the dissipated energy in a given vibration cycle.
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Figure 6-26 Equivalent viscous damping ratio

6.4.6.3 Steel Faceplate Contribution to the Total Load

A dense grid of Krypton LEDs was attached to one steel faceplate and rosette strain gages were
installed at three elevations on the other faceplate to measure the strain fields in the steel faceplates.
The grid of the Krypton LEDs generated square panels on the surface of the faceplate of the four
walls. The rosette strain gages were mounted on the steel faceplate with the second gage vertical.
In Section 5.7, the normal and shear strains in each panel were calculated using in-plane
displacements measured by the Krypton LEDs and an isoparametric quadrilateral formulation. The

three strains measured by each rosette were transformed to normal and shear strains.
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Figure 6-27 presents information from the DYNA analyses and experiments for SC1 through SC4:
the measured cyclic force-displacement relationship for the steel faceplates provided at small
values of drift ratio prior to steel faceplate yielding using strains measured by rosettes (solid red
line) and displacements measured by LEDs (solid blue line), the DYNA-predicted cyclic force-
displacement relationship of SC wall (solid gray line), and the DYNA-predicted backbone curve
of the force-displacement relationship for the steel faceplates (dashed black line). The predicted
and measured shear forces resisted by the steel faceplates are at the level of the first row of strain
gages above the baseplate. As presented in Chapter 6, the measured shear force in the steel
faceplates was calculated as the product of the average shear strain (calculated using either the
rosettes strain gages or from the LED displacements), an assumed value of G for the steel
faceplates, and a total faceplate area of 22.5 inches, prior to steel faceplate yielding. Figure 6-27

indicates that the DYNA model successfully predicted the shear force in the steel faceplates.

The accuracy of the DYNA-predicted nonlinear response of the steel faceplates over the height of
the wall was investigated further using 1) calculations of the Von-Mises stress distributions in the
steel faceplates of SC1 and SC3, and 2) analysis of the deformed shape of the steel faceplates of

SC3 at increasing levels of drift ratio.

For each square panel generated by the grid of the Krypton LEDs, the strains and stresses were
calculated at its corners using an isoparametric quadrilateral formulation. At a node common to
multiple panels, each stress component was calculated by assigning a weight to each panel, based
on panel area. The DYNA-predicted Von-Mises stress distribution in one steel faceplate of SC1
and SC3 are presented in Figure 6-28 together with the Von-Mises stress distribution calculated

using the LED-measured displacements.

There was reasonable agreement between the numerical and experimental results at the locations
of greatest strain. The discrepancies between the numerical and experimental results were
attributed in part to the use of polynomial functions to interpolate between the measured strains at
the nodes of the grid (more accurate estimation of the strain fields in the steel faceplates could be
obtained by using a smaller spacing for the LEDs and/or by adding one LED at the center of the
panel.)
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Figure 6-28 DYNA-predicted and measured Von-Mises stress distribution in steel faceplates
Figure 6-29 presents the undeformed shape and predicted and measured deformed shapes (scaled
by a factor of 10) in one steel faceplate of SC3 at displacements corresponding to

+0.23%, +0.47%, and £0.70% drift ratio. The measured and DYNA-predicted displacement

fields in the steel faceplate are very similar.
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-e-Deformed shape - LED

---Undeformed shape

-+ -Deformed shape - LED

—o—Deformed shape - DYNA

(c) at +0.70% (left panel) and -0.70% (right panel) drift ratio
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Figure 6-29 DYNA-predicted and LED-measured deformed shapes of the steel faceplate in SC3



6.4.6.4 Damage to SC walls

Figure 6-30 and Figure 6-31 present the extent of damage to the steel faceplates and the infill
concrete of SC1 through SC4, respectively, at 0.7%, 1.2%, and 2.8% drift ratios. The predicted
damage and a photograph of the recorded damage to SC2 are presented in Figure 6-32(a). The
damage to the SC walls, including the tensile cracking and crushing of the concrete at both ends
of the wall, and outward buckling and tearing of the steel faceplates at the base of the wall were

captured quite well by the finite element model.

The damage to the infill concrete of specimen SC2 is presented in Figure 6-32(b). Analysis of the
DYNA model predicted damage to the infill concrete above the baseplate at the level of the heads

of studs attached to the baseplate, which was observed in the experiment, as seen in the left panel.

Erosion of concrete was not considered in the DYNA analysis because the Winfrith model assumes
an element to have failed, with no tensile strength and stiffness, when three orthogonal cracks have
formed in it. The elements of the steel faceplates were eroded when the plastic strain reached the
rupture strain measured in the coupon tests (=40%, see Section 4.4.2). This assumption was
confirmed using numerical and experimental results. Preliminary analysis was conducted
assuming no fracture in the steel faceplates and the history of the equivalent plastic strain of the
steel faceplate elements near the vicinity of the tearing of the steel faceplates was monitored during
the cyclic analysis. The fracture strain was then calculated as the value of the effective plastic
strain of the critical steel faceplate elements corresponding to the cycle when the tearing of the

steel faceplate occurred in the experiment.

Figure 6-32(a) and Figure 6-32(b) show that the extent of damage to the steel faceplate and the

infill concrete predicted by DYNA was similar to that observed in the test.

6.4.7 Validation of the DYNA Model

The DYNA model of flexure-critical SC walls is considered to have been validated through
comparisons of predictions and measurements at the global and local levels, including cyclic force-
displacement relationships, equivalent damping ratios, shear forces in the steel faceplates, the
deformed shapes of the steel faceplates, and the Von-Mises stress distributions in the steel

faceplates.
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(a) at 0.7% drift ratio

(b) at 1.2% drift ratio (corresponding to peak lateral strength)

Figure 6-30 Damage and distribution of Von-Mises stress in the steel faceplates

144



drift ratio

(a)at 0.7%

(b) at 1.2% drift ratio (corresponding to peak lateral strength)

(c) at 2.8% drift ratio
Figure 6-31 Damage to the infill concrete
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(b) Damage to infill concrete; test (left panel) and analysis (right panel)
Figure 6-32 Predicted and measured damage to SC2

6.5 Exploration of Modeling Assumptions and Design Decisions

A validated numerical model can be used to substantially expand an experimental dataset, to
explore behaviors that cannot be readily measured, understand the impact of modeling
assumptions, and explore design decisions. The validated DYNA model was used to investigate
load transfer between the steel faceplates and the infill concrete, assumptions related to contact

and constraint modeling, and the connection of the infill concrete to the baseplate.

6.5.1 Load Transfer Mechanism in SC Walls

The DYNA-predicted shear forces resisted by the steel faceplates of SC1 through SC4 were
calculated at different elevations along the height of the wall and at some peak cyclic
displacements. The contributions of the steel faceplates to the total shear load in SC1 through SC4

are presented in Figure 6-33.
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Figure 6-33 Contribution of the steel faceplates to the total shear load
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Figure 6-33 Contribution of the steel faceplates to the total shear load (cont.)
The DYNA model assumed full composite action at the top of the SC wall because no slip was
observed between the steel faceplates and infill concrete at the level of the loading plates. This was
expected because a high normal pressure was applied to the steel faceplates and infill concrete by

the post-tensioning of the loading plates to the specimen.

Figure 6-33 shows that at small drift ratios, and prior to peak load, the shear force resisted by the
steel faceplates increased down the height of the wall due to the transfer of shear force from the
infill concrete to the steel faceplates through the shear connectors. At peak load, the shear forces
resisted by the steel faceplates at different levels along the height of the wall were approximately
identical. In the post-peak strength region, the increasing damage to the steel faceplates, including
out-of-plane buckling and tearing near the base of the wall, resulted in a significant reduction in

the percentage contribution of the steel faceplates to the total resistance.

Figure 6-34 presents the DYNA-predicted cyclic force-displacement relationships of the infill
concrete and steel faceplates in SC1. The horizontal shear forces resisted by the steel faceplates
and the infill concrete were calculated 1 in. above the baseplate. The horizontal shear force resisted
by the infill concrete 1 in. above the baseplate was calculated as the difference between the total
shear force in the SC wall and the shear force resisted by the steel faceplates, calculated as the
product of the average predicted shear stresses in the faceplates and a total faceplate area of 22.5

in%.
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The highly pinched hysteresis loops in the infill concrete was associated with damage to the infill
concrete, including concrete cracking and crushing at the toes of the walls. The hysteresis loops

for the steel faceplates were pinched due to tearing and buckling.
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Figure 6-34 DYNA-predicted cyclic force-displacement relationships in SC1
6.5.2 Friction

To investigate the influence of friction between the steel faceplates and the infill concrete on in-
plane response, the DYNA models of SC1 and SC3 were re-analyzed with the coefficient of
friction set to zero. The global responses were essentially identical to those reported previously for
a coefficient of friction of 0.5, and expected because the normal stresses acting on the faceplate-

to-concrete interface were negligible.

Figure 6-35 reproduces the predicted cyclic response of the SC1 and SC3 of Figure 6-25 (Model
1) together with the results of analysis assuming perfect bond between the infill concrete and
faceplates (Model 2). The pre-peak-strength response of these flexure-critical SC walls was not
significantly affected by the assumption of perfect bond but counter-intuitive differences were
evident in the post-peak behavior. Perfect bond did not allow the faceplates to buckle,
concentrating inelastic deformation near the base of the wall, and leading to their premature

fracture.
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Figure 6-35 Influence of the assumption of perfect bond on in-plane response

Figure 6-36 presents fringes of plastic strain from the cyclic analysis of SC1 at a drift ratio of

1.5%: a drift ratio greater than that associated with peak strength. At 1.5% drift ratio, the plastic

strain in some steel faceplate elements near the base of the wall in Model 2 exceeded the rupture

strain whereas the plastic strains in the buckled steel faceplate of Model 1 were smaller than the

rupture strain.
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Figure 6-36 Plastic strain distribution in steel faceplates

6.5.3 Studs Attaching the Baseplate to the Infill Concrete

The tests of SC1 through SC4 revealed a failure plane at the level of the heads of the vertical studs

that connected the infill concrete to the baseplate (see Figure 5-2). The heads of the studs occupied
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5% and 7% of the shear area of the infill concrete in SC1/SC2 and SC3/SC4, respectively. Two
DYNA models of SC2 (A and B), with different stud spacing, were prepared and analyzed to study
the effect of stud spacing on the global and local responses of the flexure-critical walls. For Model
A, studs were placed in 2 rows at 4 in on center (the as-tested condition); the studs were placed in
2 rows at 12 in on center for Model B. Finely meshed elements were used for the infill concrete
surrounding the connectors; 3D solid elements were used to model the studs attached to the

baseplate. Models A and B are presented in Figure 6-37.

Figure 6-38 presents the predicted tensile cracking of the infill concrete of the two DYNA models
at drift ratios of 0.5% and 1.0%. Cracks formed in the horizontal plane defined by the heads of the
studs in Model A at smaller drift ratios than in Model B. Figure 6-39 presents the predicted shear
force-drift ratio relationships for the two models, which were identical up to a drift ratio of 0.5%,

noting that baseplate flexibility contributes much of the total flexibility at this drift ratio.

As seen in Figure 6-39, the shear force in Model B is greater than that in Model at drift ratios
greater than 0.5%, suggesting that an increase in stud spacing (Model B) may improve
performance (and reduce cost), noting that this analysis did not determine the minimum number

of studs or shear connectors required for adequate performance.

12 m. spaced headed

4 in. spaced headed studs S

attached to the baseplate

(a) Model A (b) Model B
Figure 6-37 DYNA models for studs attached to the baseplate
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(a) Model A; 0.5% drift ratio (left panel) and 1.0% drift ratio (right panel)

' £ 4

(b) Model B; 0.5% drift ratio (left panel) and 1.0% drift ratio (right panel)
Figure 6-38 Damage to infill concrete in Models A and B

350 | | | | Lo
BEREERY RS
3000 esZATT T
N gl S
s | | A, . | . | .
I N e
) 1520 N I I I
e e e s
< I I I I I I I I I I I I I
E ViR EEE
e L I B S S o o o
o~ 1 1 1 1 1 1 1 1 1 1 1 1
B | | o o | o | o
< L Y 1 S S
I /1 T B R
off o e
ol ok -Modi

0 05 1 15 2 25 3 35
Drift ratio [%]
Figure 6-39 Lateral load-displacement relationships for Models A and B

6.5.4 Axial and Shearing Forces Transferred by Connectors
The maximum ratios of the axial and shear forces resisted by the connectors (calculated by DYNA

analysis) to their corresponding nominal strengths are presented in Figure 6-40. For each
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connector, two ratios were calculated; the top and bottom values present the axial force (A) and
shear force (S) ratios, respectively. The maximum axial and shear force ratios were not necessarily

calculated at the same time instant.

The nominal axial and shear strengths of the connectors were calculated using Appendix D of ACI
318-11 (2011). Considering the steel and concrete breakout strengths of the connector in tension,
and the steel and concrete pryout strengths of the connector in shear, the nominal tensile and shear

strengths of the connector were calculated 8.3 kips.

The shear studs were designed using the approach proposed by Zhang et al. (2013), wherein the
stud spacing selected to avoid local buckling in steel faceplates and to ensure good composite
action in the SC wall: the sum of the shear stud capacities over the development length should be

greater than the faceplate yield strength over the tributary area defined by the line connecting shear
studs (see Figure 6-41). A development length, L,,, was defined as the length over which the steel

faceplate developed its yield strength in axial tension: similar to the concept of rebar development

length [ACI 318-11 (2011) and ACI 349 (2006)][Zhang et al. (2013)]. In Figure 6-41, the studs
are spaced at distances s, along the length of the wall and s, over the height of the wall; 0 is
the shear capacity of a single anchor; ¢ is a reduction factor taken as 0.65 for studs in SC walls by
Zhang et al. (2013); 7, is the thickness of each faceplate; and f , 1s the nominal yield strength of

the steel faceplate.

Zhang et al. (2013) observed that good composite action (75 to 90%) between the steel faceplates
and infill concrete could be achieved if the stud spacing was selected based on a development

length less than three times the wall thickness. They also recommended that the faceplate

slenderness ratio be limited to 1.0,/E / f, to prevent elastic buckling, where E_ and f| are the

Young’s modulus and yield stress of the steel faceplate, respectively.
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Figure 6-40 Maximum axial and shear force ratios for the connectors
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Figure 6-41 Schematic representation of development length [adapted from Zhang et al. (2014)]

The spacing and diameter of the shear studs used in SC1 through SC4 were based on these local
buckling and composite action criteria. The development length, taken as three times of the wall

thickness, was 36 in and 27 in for SC1/SC2, and SC3/SC4, respectively.

Post-test numerical analysis suggested that the design of these shear studs was conservative. In the
two thicker walls, the axial force ratio was less than 0.2 except for the two rows of connectors
closest to the base of the wall: see Figure 6-40. The high axial force ratio (=0.93) in the first row
of connectors above the baseplate is attributed to the connectors resisting out-of-plane buckling of

the steel faceplates.
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CHAPTER 7
A PARAMETRIC STUDY: DESIGN OF SC WALLS

7.1 Introduction

This chapter summarizes results of a parametric study on the in-plane monotonic response of steel-
plate concrete (SC) composite shear wall piers. The results of finite element analysis of 77 SC wall
piers are used to investigate the effects of wall aspect ratio, reinforcement ratio, slenderness ratio,
axial load, yield strength of the steel faceplates, and uniaxial compressive strength of concrete on
the in-plane response of SC walls. The baseline model was validated and benchmarked in Chapter

6 using data from the tests of large-scale rectangular SC walls presented in Chapter 4.

Section 7.2 describes design variables considered in this study and Design of Experiments (DOE)
used to explore the potential interactions of the design variables using a three-level six-factor
fractional factorial design. Section 7.3 describes the DYNA modeling assumptions. DYNA
analysis results are presented in Section 7.4. Section 7.5 presnts the results of the Analysis of
Variance (ANOVA) including the interaction effects of the design variables on the shear force
resisted by the infill concrete and steel faceplates and on the pre- and post-yield stiffness of SC
walls. Section 7.6 presents a predictive model for the monotonic response of SC walls up to peak
strength considering the effects of various design parameters. The adequacy of the predictive
model is investigated in Section 7.7. The predictive model is validated using data from tests of
four SC wall piers with an aspect ratio (height-to-length) of 0.5 in Section 7.8. Section 7.9 presents
equations proposed to estimate the effective shear and flexural rigidities of SC wall piers for
dynamic analysis. Sample calculations of the monotonic response and effective stiffness are

provided in Section 7.10.

7.2 Parametric Study on SC Wall Piers

The general purpose finite element code LS-DYNA (2012a,2012b) was used to simulate the
nonlinear response of 77 rectangular SC walls subjected to monotonic loading. Validation and
benchmarking of the baseline model were presented in Chapter 6. The effects of design variables
on the response are systematically investigated [Montgomery (1982)] by a statistical analysis. The
details of the finite element analysis and Analysis of Variance (ANOVA) are described in the

following sub-sections.
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7.2.1 Design Variables

The design variables considered in this study are wall aspect ratio (AR), reinforcement ratio (RR),
slenderness ratio of the steel faceplates (SR), axial force ratio (AL), yield strength of the steel
faceplates (SS), and concrete compressive strength (CS). The reinforcement ratio is defined as the
ratio of the cross-sectional area of the steel faceplates to the total cross-sectional area of SC wall.
The faceplate slenderness ratio is the spacing of the connectors (studs or tie rods) divided by the

steel faceplate thickness. The axial force ratio is the ratio of the applied axial compressive force to

the product of the concrete compressive strength and the total wall area (i.e., (2¢, +T)L, where
t, and T are the thickness of each steel faceplate and infill concrete, respectively, and L is the

length of the wall).

Three levels (i.e., low-, intermediate-, and high-levels) are considered for each design variable.
The levels of the design parameters used in the numerical analysis are presented in Table 7-1. The
values in parentheses show the coded values used in the analysis; the low, intermediate, and high

levels of the factors are denoted by -1, 0, and +1, respectively.

Table 7-1 Levels of the design parameters

Variable Low Intermediate High
Aspect ratio 051 1.25 (0) 2.0 (+1)
Reinforcement ratio (%) 1.67 (-1) 3.33 (0) 5.0 (+1)
Slenderness ratio 10 (-1) 25 (0) 40 (+1)
Axial force ratio 0(-1) 0.1 (0) 021
Yield strength of the steel faceplates (ksi) 34 (-1) 50.5 (0) 67 (+1)
Concrete compressive strength (ksi) 4 (-1) 6 (0) 8 (+1)

Three aspect ratios (=0.5, 1.0, and 2.0) are considered to study the behavior of low-, intermediate-
and high-aspect ratio walls, to address shear- and flexure-critical behaviors. The range for
reinforcement ratio was based on Section N9.1.1c of AISC N690s1 (2014), which limits the

reinforcement ratio to a minimum of 1.5% and a maximum of 5%. Section N9.3 of AISC N690s1

specifies a maximum slenderness ratio of 1.0,/E / f, to prevent local buckling of the steel

faceplates before yielding, where E, and f are the Young’s modulus and nominal yield strength
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of the steel faceplate, respectively. For the range of the yield strength of the steel faceplates
considered in this study (34 to 67 ksi), the AISC-specified maximum slenderness ratio varies
between 21 and 29. This range was extended in the numerical study: 10 to 40. Plate steel of ASTM
A36 (f,=34 ksi), A588 (f, =505 ksi), and A852 (f, = 67 ksi) were used to represent low,

intermediate, and high values of yield strength, respectively.

7.2.2 Design of Experiments (DOE)

Design of Experiments (DOE) concepts [Montgomery (1982)] were employed to explore the
potential interactions of the design variables considered in this study and without bias. The DOE
method represents an effective approach to assess the relationship between intrinsic factors that
influence final output whether it is a design equation or behavioral response. Figure 7-1 is a
geometrical representation of two- and three-level full factorial design together with a face-
centered central composite design of three factors A, B, and C. Two-level full factorial design
(Figure 7-1a) is widely used since it requires the smallest number of runs for a complete factorial
design with many design variables [Montgomery (1982)]. However, the two-level factorial design
assumes that the response is linear over the range of the design variables considered in the analysis.
This assumption may not be applicable for the systems with nonlinear response [Montgomery
(1982)]. In this study, a three-level, six-factor, fractional factorial design was selected to build
different combinations of the design variables for the numerical analysis of SC walls. It was built
using a face-centered central composite design (Figure 7-1b) by adding face-centered axial and

center points to a two-level six-factor full factorial design. The central composite design, which
consists of a two-level full factorial design with 2% runs, where k is the number of factors, 2k

axial runs, and n_ center runs, is the most commonly used approach to build second-order response

surface models without a need to run a three-level full factorial experiment (Figure 7-1c). The

central composite design method efficiently considers the effects of the first- (e.g., x,, x,, ....., X,)

and second-order terms (e.g., x,°, x,°, ....., X,’) on the response.
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Figure 7-1 Three factor factorial design

7.3 Numerical Modeling of SC Walls

The general purpose finite element code LS-DYNA (2012a,2012b) was used to simulate the
nonlinear response of 77 rectangular SC walls subjected to monotonic loading. Validation and
benchmarking of the baseline model were presented in Chapter 6. The following subsections

describe the modeling assumptions and the key analysis results.
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7.3.1 Material Models

The smeared crack Winfrith model (MATOS8S5) in LS-DYNA, developed by Broadhouse (1986),
was used to model the infill concrete. Section 6.4.1 presents a detailed discussion on the properties
of the Winfrith model. The material properties for the concrete compressive strengths input to the

LS-DYNA model are presented in Table 7-2. Young’s modulus for concrete was calculated using
Equation 19.2.2.1(b) of ACI 318-14 (2014): 57000,/ f, , where f, is the concrete compressive

strength in units of psi. The tensile strength and fracture energy of the concrete were calculated
per Sections 2.1.3.3.1 and 2.1.3.3.2 of [CEB-FIP (1993)], respectively, assuming an aggregate

size of 0.75 in. for all concrete grades. The crack width was calculated as:

_2G,
/.

where f, is the nominal tensile strength of concrete, and G, is the specific fracture energy: the

W (7-1)

energy required to propagate a tensile crack of unit area [CEB-FIP Model Code (1993)] that can

be calculated as the area under the tensile stress-displacement curve [Wittmann et al. (1988)].

Table 7-2 Concrete material properties

, ) , Uniaxial | Uniaxial
. |Young’s|Poisson's . . Crack | Agg.
Compressive | qyjys| ratio | “OMPressive tensile width | size
strength level strength | strength
(ksi) (ksi) (ksi) (in) | (in)
Low 3605 0.20 4 0.40 | 0.002 | 0.75
Intermediate | 4415 0.20 6 0.52 | 0.002 | 0.75
High 5100 0.20 8 0.64 | 0.002 | 0.75

The Piecewise-Linear-Plasticity model in LS-DYNA (MAT024) was used for the steel faceplates
and connectors. Figure 7-2 presents the stress-strain relationships assumed for the ASTM A36,
AS588, A852 steels used for the steel faceplates. The nominal yield and ultimate strengths of the
studs and tie rods were assumed to be 50 and 65 ksi, respectively, and not varied for the analysis.
The material properties input to LS-DYNA for the different grades of steel are presented in
Table 7-3.
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Figure 7-2 Stress-strain relationships for the steel material

Table 7-3 Steel material properties

Young’s|Poisson's| Yield |Ultimate |Fracture
Yield strength level |modulus| ratio | strength | strength | strain
(ksi) (ksi) (ksi) (%)
Low 29000 | 0.30 34 57 24
Intermediate 29000 | 0.30 50.5 67 22
High 29000 | 0.30 67 92 19

7.3.2 Contact, Element, Loading, and Boundary Condition

The coefficient of friction between the steel faceplates and infill concrete was set equal to 0.57
based on Rabbat et al. (1985) and was not varied because the effect on response was known to be

small.

The CONTACT-AUTOMATIC-SURFACE-TO-SURFACE formulation available in LS-DYNA
(2012a) was used to model the friction between the infill concrete and the steel faceplates. The
CONSTRAINED-LAGRANGE-IN-SOLID formulation available in LS-DYNA (2012a) was used

to tie the studs and tie rods to the infill concrete elements.

The studs and tie rods were modeled using beam elements. The infill concrete and the steel
faceplates were modeled using 1.0 x 1.0 x 1.0 in. eight-node solid elements and 1.0 x 1.0 in. four-

node shell elements, respectively. The constant stress formulation [ELFORM=1 in LS-DYNA
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(2012a)] and Belytschko-Tsay formulation are used for solid elements and shell elements,
respectively. The cross-section integrated beam element [Hughes-Liu beam in LS-DYNA (2012a)]
was used for the connectors. The LS-DYNA models of the low-, intermediate, and high-aspect
ratio SC walls are presented in Figure 7-3. The length and the thickness of the walls were set to 60
in. and 12 in., respectively. The heights of the low-, intermediate- and high-aspect ratio SC walls
were selected to achieve the desired aspect ratios of 0.5, 1.0, and 2.0, respectively. The 0.38-in.
diameter of the studs and tie rods was based on the specifications proposed in AISC N690s1

(2014).

Steel faceplate

Infill concrete Connectors attached
to faceplates

(a) Low-aspect ratio (b) Intermediate-aspect ratio (c) High-aspect ratio

Figure 7-3 LS-DYNA model of SC2

7.4 Analysis Results

Key analysis results are summarized in Table 7-4. The levels of the design variables for each run
are listed in columns 2 to 7. Columns 8 to 10 present the shear force resisted by the infill concrete
and the steel faceplates, and the pre-yield stiffness of the SC walls at the onset of the steel faceplate
yielding. Columns 11 to 13 list the contributions of the infill concrete and the steel faceplates to
the total peak shear strength and the post-yield stiffness of the SC walls. The pre-yield stiffness is
the secant stiffness established at the force corresponding to the onset of the yielding of the steel
faceplates. The post-yield stiffness is the slope of a line segment passing through the yield and

reference points, where the reference point is established at the peak shear force and at a
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displacement calculated using an equal-energy-based tri-linear idealization of the LS-DYNA-

predicted force-displacement relationship.

The shear force, Ve listed in column 14 of Table 7-4, is the shear force associated with the plastic

moment of the SC wall cross-section estimated using the cross-section program XTRACT (2002).
The calculations assumed perfect bond between the steel faceplates and the infill concrete, and
nominal steel and concrete material properties. Column 15 lists the ratio of the LS-DYNA-

predicted peak shear force, calculated as the sum of the shear force resisted by the infill concrete

and the steel faceplates at the peak shear force, V" +V?”, to the shear force associated with the
plastic moment, Vs - This ratio is greater than 1.0 for the low-, intermediate-, and high-aspect

ratio SC walls indicating that SC wall piers will only be shear-critical if the aspect ratio is

significantly less than 0.5.

Figure 7-4 presents the distribution of shear stress in the infill concrete of SC walls at peak shearing
force, in units of ksi. Figure 7-4a, Figure 7-4b, and Figure 7-4c present analysis result for runs #1,
#65, and #33 in Table 7-4: aspect ratios of 0.5, 1.0, and 2.0, respectively. As the aspect ratio
increases, the depth to the neutral axis from the compression toe of the wall decreases. The inclined
cracks in the tension zone of the low-aspect ratio SC wall indicate that there is a significant shear-
flexure interaction in these walls. The behavior of the high-aspect ratio SC wall is dominated by

flexure since the tensile cracks are horizontal.

Figure 7-5 presents the distributions of Von-Mises stress in the steel faceplates of the SC walls at
peak shearing force, in units of ksi. Figure 7-5a, Figure 7-5b, and Figure 7-5c present analysis
results for runs #1, #65, and #33 in Table 7-4. The yielded zones in the steel faceplates of the high-
aspect ratio SC wall are concentrated in the bottom corners of the steel faceplates: flexure-
controlled behavior. As the aspect ratio decreases, the yielded zone in the steel faceplates spreads

across the web of the steel faceplates: shear-controlled behavior.
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Table 7-4 LS-DYNA analysis results

Factor levels Data at yield point Data at peak point Cross—sect.lonal
analysis

Run y y P P P P

AR IRRISRIALISS |CS Vc ‘/3 Ky Vc VS KP Vﬂex u
(kips) |(kips)| (kips /in) |(kips)|(kips)| (kips /in) |(kips)| Ve
@G HG[O D] ® | O | do [djdzy| d3 |jd4 | ds)
1 -1 -1 -1 -1]-11]-1 217 51 17522 370 | 144 7751 360 1.43
2 -1 -1 -1 ] -1 -1 1 319 54 24328 500 | 141 10469 379 1.69
3 -1 -1 -1 | -1 1] -1 349 145 10900 431 312 8999 644 1.15
4 -1 -1 -1 -1 1 1 478 133 15165 671 287 10940 707 1.36
5 -1 -1 ] -1 1 ]-11-1 441 83 20724 570 | 180 12040 704 1.06
6 -1 -1 ] -1 1| -1 1 709 81 31240 1043 | 186 17738 1125 1.09
7 -1 -1 ] -1 1 1] -1 533 163 15367 574 | 363 11103 889 1.05
8 -1 -1 ] -1 1 1 1 907 143 26055 1009 | 358 17878 1331 1.03
9 -1 ] -1 1| -11]-1]-1 244 61 14992 362 | 136 5572 360 1.38
10 -1 ] -1 1] -11]-1 1 362 61 20854 490 | 108 3826 355 1.69
11 -1 ] -1 1| -1 1] -1 295 108 11415 421 301 5345 644 1.12
12 -1 ] -1 1| -1 1 1 436 108 15408 636 | 260 7544 707 1.27
13 -1 ] -1 1 1 -1 ] -1 476 91 18744 540 172 8158 704 1.01
14 -1 ] -1 1 1| -1 1 793 89 29120 988 175 9455 1125 1.03
15 -1 ] -1 1 1 1| -1 541 159 13921 509 | 353 5423 889 0.97
16 -1 ] -1 1 1 1 1 964 157 22302 989 | 291 9504 1331 0.96
17 -1 1 |-1|-1]-1]-1 270 185 22392 495 | 455 13149 924 1.03
18 -1 1 -1 -1 -1 1 391 187 28490 787 | 424 13270 1020 1.19
19 -1 1| -1]-1 1| -1 388 364 18672 611 | 1012 10788 1567 1.04
20 -1 1| -1]-1 1 1 512 326 23742 921 930 14960 1740 1.06
21 -1 1 -1 1 -1 | -1 459 278 24331 568 518 17717 1151 0.94
22 -1 1 -1 1 -1 1 765 274 34280 1020 | 514 20921 1586 0.97
23 -1 1] -1 1 1| -1 520 430 20983 624 | 1058 12254 1687 1.00
24 -1 1 -1 1 1 1 937 479 28156 1014 | 1077 14772 2065 1.01
25 -1 1 1 |-1]-1]-1 303 216 20535 492 | 458 12073 924 1.03
26 -1 1 1 -1 ] -1 1 439 214 25813 741 432 12777 1020 1.15
27 -1 1 1 -1 1 -1 383 349 18162 571 993 11134 1567 1.00
28 -1 1 1| -1 1 1 546 346 22128 895 | 865 15881 1740 1.01
29 -1 1 1 1 ]-11-1 465 264 24070 556 | 511 14862 1151 0.93
30 -1 1 1 1| -1 1 769 262 34021 1039 | 516 20377 1586 0.98
31 -1 1 1 1 1] -1 549 447 19796 568 | 1030 10800 1687 0.95
32 -1 1 1 1 1 1 949 445 27726 956 | 1034 16231 2065 0.96
33 1 -1 -1 -1 ] -1 -1 54 15 862 69 45 247 90 1.27
34 1 -1 -1 ] -1 -1 1 74 15 1260 87 40 242 89 1.43
35 1 -1 -1 -1 1] -1 56 41 540 125 92 323 161 1.35
36 1 -1 -1 -1 1 1 67 47 813 161 74 344 177 1.33
37 1 -1 ] -1 1 -1 ] -1 114 25 1110 149 56 463 176 1.17
38 1 -1 ] -1 1| -1 1 221 23 1546 289 55 591 281 1.22
39 1 -1 ] -1 1 1| -1 100 42 609 194 | 104 376 222 1.34
40 1 -1 ] -1 1 1 1 255 42 1276 319 108 488 333 1.28
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Table 7-4 LS-DYNA analysis results (cont.)

Factor levels Data at yield point Data at peak point Cross—sect.lonal
analysis

Run y y 14 p P P

ARIRRI|ISRIALISS |CS Vc Vs Ky Vc Vs KP Vﬂex u
(kips) | (kips) | (kips /in) |(kips)| (kips) | (kips /in)| (kips) Vex
D BB |GG & | O | 40 (dbh|jd2y | dA3) | d4 | d5)
41 1 |-1]1]-1]-1]-1 53 21 688 62 53 195 90 1.28
42 1|-1|1]-1]-1]1 79 22 932 93 43 140 89 1.53
43 1|-1]1|-1]1]-1 39 50 487 104 97 267 161 1.25
44 1] -1 11 -1 1 1 53 57 620 132 92 263 177 1.27
45 1] -1 1 1 ]-11]-1 123 29 964 155 54 342 176 1.19
46 1] -1 1 1| -1 1 221 31 1415 286 53 434 281 1.21
47 1] -1 1 1 1] -1 125 54 755 151 123 293 222 1.23
48 1] -1 1 1 1 1 235 56 1133 289 117 482 333 1.22
49 1 1 |-1|-1]-1]-1 71 57 1083 133 148 524 231 1.22
50 1 I |-1|-1]-1]1 97 57 1363 183 134 493 255 1.24
51 1 1| -1]|-1 1| -1 98 111 914 195 309 536 392 1.29
52 1 1 ]-1(-1]1 1 117 110 1094 285 292 616 435 1.33
53 1 1 |-11]-1]-1 122 75 1292 172 168 631 288 1.18
54 1 1 |-1|1]-1]1 211 81 1740 325 156 756 396 1.21
55 1 1 ]-1|1 1| -1 143 137 1088 209 333 519 422 1.28
56 1 1 |-1]1 1 1 242 144 1467 371 321 678 516 1.34
57 1 1 1| -1]-1]-1 55 65 936 95 169 440 231 1.14
58 1 1 1 |-1]-1]1 72 74 1139 117 173 533 255 1.14
59 1 1 1 {-1]1/|-1 59 130 794 125 360 515 392 1.24
60 1 1 1 |-1]1 1 58 148 903 177 365 571 435 1.25
61 1 1 1 1 |-1]-1 108 89 1175 143 185 618 288 1.14
62 1 1 1 1 |-1]1 203 97 1596 283 177 666 396 1.16
63 1 1 1 1 1 -1 107 166 967 122 403 509 422 1.24
64 1 1 1 1 1 1 216 173 1306 257 407 595 516 1.29
65 oOojo0ojo0o|0]O0]O 223 107 3565 325 260 1559 446 1.31
66 -1 | 0|0 ]0]O0]|O0 560 226 20854 752 464 13740 1116 1.09
67 1] 0]0]0]O0]O 70 65 852 167 125 413 279 1.05
68 oO(-1{0|0]0]O0 228 53 3204 282 125 878 318 1.28
69 0|1 0|10 1]0]O0 223 170 3824 399 356 1424 612 1.23
70 0|0 |-1]0 0 0 226 110 3623 359 249 1416 446 1.36
71 00 1 0 0 0 224 115 3297 341 232 1102 446 1.29
72 0j]0]0]|-1]0]O0 143 95 2879 269 218 914 373 1.30
73 01010 1 010 304 123 3966 414 262 1666 540 1.25
74 00 0 0|-110 213 80 4033 295 179 1543 354 1.34
75 00 0 0 1 0 237 142 3221 368 375 1297 539 1.38
76 00 0 0 0 | -1 167 107 2957 250 256 1371 387 1.31
77 00 0 0 0 1 279 114 4027 436 232 1251 500 1.34
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Figure 7-4 Shear stress distribution and cracking patterns in the infill concrete
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Figure 7-5 Von-Mises stress distribution in the steel faceplates of SC walls
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7.5 Analysis of Variance

The Analysis of Variance (ANOVA) was conducted using the commercial software Minitab

(2013). The results of the statistical analysis, including the main and interaction effects of the

design variables on response, are presented in the following sections.

7.5.1 Main Effects

The average values of the response variables at the low and high levels of the design variables are

presented in Figure 7-6. The plots identify the factors that have a significant effect on the response

of SC walls: as the slope of the line increases, the main effect of the design variables increases

[Montgomery (1982)].

Figure 7-6 shows that the aspect ratio (AR) has a significant effect on the yield and peak shear

loads and on the pre- and post-yield lateral stiffness. The negative slope in these panels indicates

that as the aspect ratio increases, the lateral strength and stiffness of SC walls decrease.
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Figure 7-6 Main effect plots of design variables
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Figure 7-6 also indicates that reinforcement ratio (RR) has a greater effect on strength than stiffness
because the slope of the RR line in the V| and Vp plots is greater than in the K , and Kp plots.
The slenderness ratio (SR) has no effect on Vy but a small effect on Vp and K y - The post-yield
stiffness is affected by slenderness ratio: as the faceplate slenderness ratio increases, the post-yield
stiffness decreases, which is an expected result because as the slenderness ratio increases, buckling
of the steel faceplates and the onset of loss of stiffness occur earlier. Figure 7-6 also shows that
the axial load ratio (AL), concrete compressive strength (CS), and steel yield strength (SS) have
approximately the same effect on the yield and peak shear strengths of SC walls. However, an
increase in the axial load and concrete compressive strength increase the pre- and post-yield

stiffness but they decrease as the steel yield strength increases.

7.5.2 Interaction Effects

The interaction plots of the design variables for the response variable V| are presented in
Figure 7-7. The numbers in the second-to-last column are the values of V, in kips. There is
significant interaction between two variables if the effect of one variable on the response
substantially changes for different values of another variable. Parallel lines in an interaction plot
indicate that there is no interaction between the design variables. As the difference in the slopes of
the lines increases, the degree of the interaction between the design variables increases
[Montgomery (1982)]. The following paragraph explains how to interpret Figure 7-7 and
Figure 7-8.

The panels in the first row of Figure 7-7 identify the significant interaction (i.e., different slopes
of the solid and dashed lines) of aspect ratio (AR) and other design variables, except for
slenderness ratio. The top left corner panel shows the interaction between aspect ratio and
reinforcement ratio (RR). The solid and dashed lines present the change in the yield shear strength
when the coded value of reinforcement ratio is changed from -1 to 1 for low and high aspect ratio
SC walls, respectively. The greater slope of the solid line indicates that the reinforcement ratio
affects the yield shear strength of low aspect ratio SC walls more than that of high aspect ratio
walls. Indeed, an increase in the aspect ratio substantially decreases the effect of other design
variables on the response of SC wall piers. The second row of panels in Figure 7-7 present the
interaction between reinforcement ratio and other design variables. Except for the panel presenting
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the interaction between reinforcement ratio and steel strength (SS), the solid and dashed lines are
parallel, indicating that reinforcement ratio does not interact with slenderness ratio, axial load, and

concrete strength.
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Figure 7-7 Interaction plots of design variables for Vy

Figure 7-8a, Figure 7-8b, and Figure 7-8c present the interaction plots for response variables

V,, K, and K, respectively.

7.6 Empirical Predictive Equations for the Monotonic Response of SC Wall
Piers

The pre-peak-strength response of SC wall piers can be approximated by a tri-linear force-
displacement relationship, as presented in Figure 7-9. Two stages of pre-peak response are

assumed, namely, 1) pre- and 2) post-yielding of the steel faceplates.
The yield load, Ve, and the peak lateral strength, Vp, of a SC wall pier can be calculated as the

sum of the factored strengths of the infill concrete, A_ ., and the steel faceplates, A, fy , as follows:
v, =a’A. f/+a’ A, £y (7-2)

V,=alA, fl+alA, f (7-3)

170



where ], a], o/, and & are factors that account for the design variables; A, and A, are the
cross-sectional areas of the infill concrete and the steel faceplates, respectively; f is the concrete

compressive strength; and f is the yield strength of the steel faceplates.
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Figure 7-9 Tri-linear shear force-displacement relationship

The pre- and post-yield stiffness of an SC wall pier, in the absence of foundation flexibility, can

be calculated as:

K,=8K, (7-4)
K, =f K, (7-5)
where K, is the theoretical initial stiffness of an SC wall and can be calculated as:

1 1
K,=K,+K, = +
L1 L, (7-6)
K fc K ve K fs K vs

where K¢ and K are the elastic stiffness of the infill concrete and the steel faceplates,

respectively; K, and K, are the elastic flexural and shear stiffness of the infill concrete,

respectively; and K 5 and K are the elastic flexural and shear stiffness of the steel faceplates,

respectively. The flexural and shear stiffness are calculated as:

3EI 3EI
KfC = h3 > fs = h3 (7_7)
eff eff
Kk =G4 g _GA (7-8)
h h
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where E_ and E, are the elastic modulus of the concrete and steel, respectively; G, and G, are
the shear modulus of the concrete and steel, respectively; I, and I, are the moment of inertia of
the cross section of the infill concrete and the steel faceplates, respectively; A% and A are the

effective cross-sectional areas of the infill concrete and the steel faceplates, respectively,

calculated as the total cross-sectional area divided by 1.2; and & is the height of the wall.

The results of the finite element analyses were used to develop empirical equations to calculate the

strength and stiffness factors @, a, &, &, B,, and S, . The factors @ and @, were

calculated as the LS-DYNA-predicted shear forces resisted by the infill concrete and steel
faceplates, respectively, divided by the corresponding product of their compressive (yield)

strengths and area. The factors ¢’ and ¢ were calculated as the ratio of the contributions of the

infill concrete and the steel faceplates to the peak shear strength, respectively, to the corresponding

product of their compressive (yield) strengths and area. The factor B, was calculated as the LS-

DYNA-predicted normalized secant stiffness (i.e., secant stiffness divided by the theoretical initial
stiffness) established at the force corresponding to the onset of the yielding of the steel faceplates.

Factor , was estimated as the slope of a line segment passing through the yield and reference

points of the LS-DYNA-predicted force-displacement relationship.

The calculated strength and stiffness factors were used as an input for the ANOVA. The results of

the ANOVA for response factors &, «, ﬁy, ", a!, and ,Bp are presented in Table 7-5

including the sum of squares, percentage contribution, mean squares, F- and P-values for each item
of the full quadratic terms including linear, square, and 2-way interaction terms. The total sum of
squares (SS) has N-1 degrees of freedom (DF), where N is the number of the analyses (=77).
Considering full quadratic terms in the model, there are 27 terms with one degree of freedom for
each term, where the degree of freedom for the main effect terms is the number of levels of the
factor minus 1 and the degree of freedom of the interaction terms is calculated as the product of
the degrees of freedom of the corresponding main effects. The percentage contribution, estimated
as the ratio of the sum of squares for each term to the total sum of squares, shows the relative
importance of each term used to predict the response variable. The mean squares calculated by
dividing the sum of squares of each term to its corresponding degrees of freedom represents an

estimate of the population variance. The F- and P-values in Table 7-5 represent the significance of

173



each term on the response variable. The effects of the factors with a probability less than 5% (P-
value less than 0.05) are considered to be significant on the response variable at the 95%
confidence level. Table 7-5 indicates that all the design variables except the reinforcement ratio
(RR), one square term AR?, and a few of the interaction terms (ARXSR, AR xAL, ARXSS,
and RRXSS) significantly affect « . The results presented in Table 7-5 help identify the terms

with significant contributions (i.e., with a P-value less than 0.05) that need to be included in the

regression model.
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Table 7-5 ANOVA results

Response factor ¢/

Response factor & Cy

Var. DF
Seq SS | Contr. MS F-Val. | P-Val. | Seq SS | Contr. MS |F-Val.| P-Val
AR 1 | 0.2308 | 84.78% | 0.2308 | 2584.5| 0.00 | 0.1566 | 70.79% | 0.1566 |6548.7| 0.00
RR 1 | 0.0001 | 0.05% | 0.0001 | 1.5 | 0.23 | 0.0005 | 0.22% |0.0005| 20.0 | 0.00
G SR 1 | 0.0010 | 0.35% | 0.0010 | 10.8 | 0.00 | 0.0000 | 0.00% |0.0000| 0.1 | 0.76
5 AL 1| 0.0177 | 6.49% | 0.0177 | 197.9 | 0.00 | 0.0346 | 15.63% | 0.0346 |1446.0| 0.00
SS 1 | 0.0007 | 0.26% | 0.0007 | 7.9 | 0.01 | 0.0033 | 1.50% |0.0033|139.2| 0.00
CS 1 | 0.0000 | 0.00% | 0.0000 | 0.0 | 0.91 | 0.0043 | 1.96% |0.0043 | 181.2| 0.00
AR? 1 | 0.0065 | 2.38% | 0.0019 | 20.8 | 0.00 | 0.0058 | 2.61% |0.0011 | 45.8 | 0.00
RR?2 1 | 0.0000 | 0.00% | 0.0000 | 0.1 0.82 | 0.0000 | 0.01% |0.0000| 0.1 | 0.82
= SR? 1 | 0.0000 | 0.00% | 0.0000 | 0.0 | 0.94 | 0.0000 | 0.00% |0.0000| 0.1 | 0.83
5'; AL2 1 | 0.0000 | 0.00% | 0.0000 | 0.1 0.75 | 0.0000 | 0.00% |0.0000| 0.0 | 0.93
SS2 1 | 0.0000 | 0.00% | 0.0000 | 0.0 | 0.83 | 0.0000 | 0.00% |0.0000| 0.1 | 0.83
Ccs? 1 | 0.0000 | 0.00% | 0.0000 | 0.0 | 0.92 | 0.0000 | 0.00% |0.0000| 0.3 | 0.58
AR XRR | 1 | 0.0000 | 0.01% | 0.0000 | 0.4 | 0.52 | 0.0002 | 0.08% |0.0002| 7.4 | 0.01
ARXSR | 1 | 0.0004 | 0.16% | 0.0004 | 5.0 | 0.03 | 0.0002 | 0.11% |0.0002| 10.4 | 0.00
ARXAL | 1| 0.0064 | 2.36% | 0.0064 | 72.0 | 0.00 | 0.0086 | 3.89% |0.0086 | 360.2 | 0.00
ARXSS | 1 | 0.0009 | 0.35% | 0.0009 | 10.6 | 0.00 | 0.0028 | 1.25% |0.0028 | 116.0 | 0.00
ARXCS | 1| 0.0002 | 0.06% | 0.0002 | 1.7 | 0.19 | 0.0022 | 0.99% |0.0022| 91.5 | 0.00
.§ RRxSR | 1 | 0.0000 | 0.00% | 0.0000 | 0.1 0.79 | 0.0000 | 0.02% |0.0000| 1.6 | 0.22
& | RRXAL | 1 | 0.0000 | 0.00% | 0.0000 | 0.1 0.83 | 0.0004 | 0.20% |0.0004 | 18.7 | 0.00
§ RR XSS | 1| 00011 | 0.40% | 0.0011 | 123 | 0.00 | 0.0000 | 0.01% |0.0000| 0.5 | 0.47
2| RRxCS | 1 | 0.0001 | 0.02% | 0.0001 | 0.6 | 0.46 | 0.0001 | 0.02% |0.0001 | 2.2 | 0.15
E SRxAL | 1 | 0.0000 | 0.00% | 0.0000 | 0.1 0.77 | 0.0001 | 0.03% |0.0001| 2.9 | 0.10
SRxSS | 1| 0.0005 | 0.18% | 0.0005 | 5.6 | 0.02 | 0.0001 | 0.06% |0.0001| 5.8 | 0.02
SRxCS | 1| 0.0000 | 0.02% | 0.0000 | 0.6 | 046 | 0.0000 | 0.00% |0.0000| 0.3 | 0.62
ALXSS | 1] 0.0013 | 049% | 0.0013 | 14.8 | 0.00 | 0.0000 | 0.01% |0.0000| 0.7 | 0.40
ALXCS | 1 | 0.0000 | 0.00% | 0.0000 | 0.0 | 0.87 | 0.0001 | 0.06% |0.0001| 5.1 | 0.03
SSxCS | 1 | 0.0000 | 0.00% | 0.0000 | 0.1 0.81 | 0.0000 | 0.01% |0.0000| 0.6 | 0.46
Model 27| 0.2678 | 98.39% | 0.0099 | 111.1 | 0.00 | 0.2201 | 99.47% | 0.0082 | 340.8 | 0.00
Error 49| 0.0044 | 1.61% 0.0012 | 0.53%
Total 76 | 0.2722 |100.00% 0.2212 |100.00%
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Table 7-5 ANOVA results (cont.)

Response factor &, f

Response factor ¢ /

Var. DF
Seq SS | Contr. MS F-Val. | P-Val. | Seq SS | Contr. MS |F-Val. |P-Val
AR 1| 1.1472 | 91.37% | 1.1472 | 5947.8| 0.00 | 0.2403 | 82.46% | 0.2403 |5082.8| 0.00
RR 1 | 0.0037 | 0.29% | 0.0037 | 19.1 | 0.00 | 0.0051 | 1.75% | 0.0051 | 107.6 | 0.00
5 SR 1 | 0.0001 | 0.01% | 0.0001 | 0.6 | 0.43 | 0.0013 | 0.43% | 0.0013 | 26.7 | 0.00
5 AL 1| 0.0323 | 2.58% | 0.0323 | 167.7 | 0.00 | 0.0169 | 5.80% | 0.0169 |357.2| 0.00
SS 1 ]0.0026 | 021% | 0.0026 | 13.4 | 0.00 | 0.0020 | 0.70% | 0.0020 | 43.0 | 0.00
CS 1 | 0.0033 | 0.26% | 0.0033 | 17.0 | 0.00 | 0.0061 | 2.08% | 0.0061 | 128.1 | 0.00
AR? 1100302 | 2.41% | 0.0042 | 21.5 | 0.00 | 0.0059 | 2.01% | 0.0017 | 35.7 | 0.00
RR?2 1 | 0.0002 | 0.02% | 0.0000 | 0.0 | 0.99 | 0.0000 | 0.00% | 0.0000 | 0.1 | 0.82
= SR? 1 | 0.0001 | 0.00% | 0.0000 | 0.1 0.79 | 0.0000 | 0.00% | 0.0000 | 0.1 | 0.79
5'; ALZ 1 | 0.0000 | 0.00% | 0.0000 | 0.2 | 0.70 | 0.0000 | 0.00% | 0.0000 | 0.0 | 0.86
SS2 1 | 0.0015 | 0.12% | 0.0015 | 7.7 | 0.01 | 0.0000 | 0.01% | 0.0000 | 0.5 | 0.50
CS? 1 | 0.0000 | 0.00% | 0.0000 | 0.0 1.00 | 0.0000 | 0.00% | 0.0000 | 0.1 | 0.74
AR xRR | 1 | 0.0000 | 0.00% | 0.0000 | 0.0 | 0.91 | 0.0015 | 0.50% | 0.0015 | 30.7 | 0.00
ARXSR | 1 | 0.0061 | 0.49% | 0.0061 | 31.6 | 0.00 | 0.0000 | 0.01% | 0.0000 | 0.8 | 0.37
ARXAL | 1| 0.009 | 0.76% | 0.0096 | 49.7 | 0.00 | 0.0018 | 0.63% | 0.0018 | 38.9 | 0.00
ARXSS | 1 | 0.0005 | 0.04% | 0.0005 | 2.4 | 0.13 | 0.0001 | 0.02% | 0.0001 | 1.4 | 0.24
ARXCS | 1 | 0.0009 | 0.07% | 0.0009 | 4.4 | 0.04 | 0.0020 | 0.69% | 0.0020 | 42.6 | 0.00
.§ RRXSR | 1| 0.0019 | 0.15% | 0.0019 | 9.6 | 0.00 | 0.0002 | 0.06% | 0.0002 | 3.4 | 0.07
& | RRXAL | 1 | 00026 | 0.20% | 0.0026 | 13.3 | 0.00 | 0.0032 | 1.09% | 0.0032 | 67.0 | 0.00
E RR XSS | 1 | 0.0004 | 0.03% | 0.0004 | 1.9 | 0.18 | 0.0000 | 0.01% | 0.0000 | 0.5 | 0.47
2| RRXCS | 1| 0.0003 | 0.02% | 0.0003 | 1.4 | 0.24 | 0.0001 | 0.03% | 0.0001 | 1.6 | 0.21
E SRxAL | 1| 0.0000 | 0.00% | 0.0000 | 0.1 0.77 | 0.0000 | 0.01% | 0.0000 | 0.5 | 0.47
SRxSS | 1 | 0.0000 | 0.00% | 0.0000 | 0.0 | 0.88 | 0.0003 | 0.10% | 0.0003 | 5.9 | 0.02
SRxCS | 1| 0.0003 | 0.03% | 0.0003 | 1.7 | 0.20 | 0.0001 | 0.03% | 0.0001 | 1.7 | 0.21
ALXSS | 1] 0.0008 | 0.07% | 0.0008 | 4.3 | 0.04 | 0.0015 | 0.50% | 0.0015 | 30.9 | 0.00
ALXCS | 1] 0.0013 | 0.11% | 0.0013 | 6.9 | 0.01 | 0.0008 | 0.28% | 0.0008 | 17.3 | 0.00
SSxCS |1 ]0.0002 | 0.02% | 0.0002 | 1.2 | 028 | 0.0001 | 0.02% | 0.0001 | 1.5 | 0.23
Model 27| 1.2461 | 99.25% | 0.0462 | 239.3 | 0.00 27 0.2891 | 99.21% [0.2891| 226.5
Error 49| 0.0095 | 0.75% 49 0.0023 | 0.79%
Total 76 | 1.2555 {100.00% 76 0.2914 |100.00%
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Table 7-5 ANOVA results (cont.)

Response factor B,

Response factor £

Var. DF
Seq SS | Contr. MS F-Val. | P-Val. | Seq SS | Contr. MS F-Val.|P-Val.
AR 1 | 0.0065 | 0.63% | 0.0065 | 7.5 | 0.01 | 0.0560 | 9.84% | 0.0560 | 63.9 | 0.00
RR 1] 0.0235 | 229% | 0.0235 | 27.3 | 0.00 | 0.1132 | 19.90% | 0.1132 |129.4 | 0.00
G SR 1 | 0.0576 | 5.62% | 0.0576 | 66.8 | 0.00 | 0.0589 | 10.35% | 0.0589 | 67.2 | 0.00
E AL 1 | 04016 | 39.18% | 0.4016 | 466.3 | 0.00 | 0.1228 | 21.58% | 0.1228 |140.3 | 0.00
SS 1| 0.3730 | 36.39% | 0.3730 | 433.2 | 0.00 | 0.0035 | 0.61% | 0.0035 | 4.0 | 0.05
CS 100123 | 1.20% | 0.0123 | 14.3 | 0.00 | 0.0085 | 1.49% | 0.0085 | 9.7 | 0.00
AR? 1 | 0.0001 | 0.01% | 0.0071 | 83 | 0.01 | 0.0469 | 8.24% | 0.0155 | 17.7 | 0.00
RR?2 1 | 0.0061 | 0.60% | 0.0006 | 0.7 | 0.42 | 0.0017 | 0.30% | 0.0020 | 2.3 | 0.14
= SR2 1| 0.0014 | 0.14% | 0.0001 | 0.1 | 0.74 | 0.0000 | 0.00% | 0.0002 | 0.2 | 0.67
g- AlLZ 1 | 0.0004 | 0.04% | 0.0000 | 0.0 | 1.00 | 0.0000 | 0.01% | 0.0000 | 0.0 | 0.87
SS? 1 | 0.0035 | 0.34% | 0.0028 | 3.3 | 0.08 | 0.0010 | 0.18% | 0.0008 | 1.0 | 0.34
CS? 1 | 0.0008 | 0.07% | 0.0008 | 0.9 | 0.36 | 0.0002 | 0.03% | 0.0002 | 0.2 | 0.64
AR XRR | 1 | 0.0005 | 0.05% | 0.0005 | 0.6 | 0.46 | 0.0002 | 0.03% | 0.0002 | 0.2 | 0.64
ARXSR | 1 | 0.0059 | 0.58% | 0.0059 | 6.9 | 0.01 | 0.0087 | 1.53% | 0.0087 | 9.9 | 0.00
ARXAL | 1 | 0.0082 | 0.80% | 0.0082 | 9.5 | 0.00 | 0.0005 | 0.09% | 0.0005 | 0.6 | 0.45
ARXSS | 1 | 0.0019 | 0.19% | 0.0019 | 22 | 0.14 | 0.0038 | 0.67% | 0.0038 | 4.4 | 0.04
ARXCS | 1 | 0.0002 | 0.02% | 0.0002 | 0.2 | 0.65 | 0.0029 | 0.51% | 0.0029 | 3.3 | 0.07
.§ RRxSR | 1 | 0.0004 | 0.04% | 0.0004 | 0.5 | 048 | 0.0292 | 5.13% | 0.0292 | 33.3 | 0.00
% | RRXAL | 1 | 00126 | 1.23% | 0.0126 | 14.6 | 0.00 | 0.0098 | 1.72% | 0.0098 | 11.2 | 0.00
ﬁ RRxSS | 1 | 0.0244 | 2.38% | 0.0244 | 283 | 0.00 | 0.0073 | 1.28% | 0.0073 | 8.3 | 0.01
=| RRxCS | 1| 0.0091 | 0.89% | 0.0091 | 10.5 | 0.00 | 0.0003 | 0.06% | 0.0003 | 0.4 | 0.54
E SRXAL | 1 | 0.0021 | 0.20% | 0.0021 | 2.4 | 0.13 | 0.0036 | 0.63% | 0.0036 | 4.1 | 0.05
SRxSS | 1| 0.0058 | 0.57% | 0.0058 | 6.8 | 0.01 | 0.0010 | 0.17% | 0.0010 | 1.1 | 0.30
SRxCS | 1 | 0.0018 | 0.18% | 0.0018 | 2.1 | 0.15 | 0.0001 | 0.01% | 0.0001 | 0.1 | 0.78
ALXSS | 1 | 0.0005 | 0.05% | 0.0005 | 0.6 | 045 | 0.0340 | 5.97% | 0.0340 | 38.8 | 0.00
ALXCS | 1| 0.0225 | 2.19% | 0.0225 | 26.1 | 0.00 | 0.0061 | 1.07% | 0.0061 | 7.0 | 0.01
SSXCS | 1| 0.0002 | 0.02% | 0.0002 | 0.2 | 0.64 | 0.0060 | 1.05% | 0.0060 | 6.8 | 0.01
Model 27| 27 | 0.9828 | 95.88% | 0.9828 | 42.3 27 | 0.5260 | 92.46% [0.5260| 22.3
Error 49| 49 | 0.0422 | 4.12% 49 | 0.0429 | 7.54%
Total 76| 76 1.0250 {100.00% 76 | 0.5689 | 100.00%
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Table 7-6 lists the coefficients of the linear, square, and interaction terms of the regression

equations for the response factors &, «;, a’, af, ﬁy, and S , - The coefficient of each term
estimates the change in the mean response per unit increase in that term when all other terms are
held constant [Montgomery (1982)]. The regression equations also include a constant. The
proposed equations are valid for the range of design variables presented in Table 7-1. Each term
in Table 7-1 is a coded parameter ranging between -1 and 1. The relationship between the coded
and actual terms is:

-A
v =20 (7-9)

where y_and y, are the coded and actual values of the variable, respectively, and A and B are

the actual lower and upper limits on the variable, respectively.
Section 7.10 includes the calculation of the monotonic response of a SC wall sample using the

proposed strength and stiffness equations and coefficients of Table 7-6.

7.7 Adequacy of the Regression Models

In an analysis of variance, the regression model is developed assuming that the errors are normally
and independently distributed with a mean of zero. The validity of this assumption and the model
adequacy can be investigated by examining the residuals, where the residual is defined as the
difference between the measured and model-predicted value of the response variable. The
regression model is adequate if the residuals are structureless and normally distributed

[Montgomery (1982)].

The normal probability of the residuals and the LS-DYNA-predicted response variables versus
residuals are presented in Figure 7-10. The residuals of the response variables, presented in the left
panels of Figure 7-10, are linear, indicating that the distribution of the residuals is normal. The
plots of residuals versus response variables presented in the right panels of Figure 7-10 investigate
the independence assumption in the analysis of variance. As seen in Figure 7-10, the plots of the
residuals versus the response variables are random and structureless, indicating that the assumption

of independence is valid.
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Figure 7-10 Plots of normal probability versus residual (left) and residual versus LS-DYNA-
predicted response variable (right)
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Figure 7-10 Plots of normal probability versus residual (left) and residual versus LS-DYNA-
predicted response variable (right), cont.
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7.8 Validation of the Predictive Empirical Equations

Results of the in-plane shear response of SC walls tested by Chen (2016) were used to validate the
proposed predictive equations. Data from the tests of SC walls at the University at Buffalo were

not used for this validation study because they were used to validate the LS-DYNA model.

Chen (2016) tested four low-aspect ratio SC (SC1 through SC4) walls under displacement-
controlled cyclic loading. The aspect ratio (height-to-length) of the four walls was 0.5. The height
and the length of the wall specimens were 48 in. and 78 in., respectively. The distance between
the wall base and the center line of the loading plates was 39 in. The steel faceplates were
embedded into the foundation block using shear studs attached to the inside of the steel plates.
Holes in the steel faceplates enabled the placement of transverse reinforcement in the foundation

block.

The total wall thickness was 11.4 in. for SC1 and SC2 and 7.8 in. for SC3 and SC4. The faceplates
were 0.18-in. thick, resulting in reinforcement ratios, o, of 3.1% and 4.5% for SC1/SC2 and

SC3/SC4, respectively. The diameter of the studs and tie rods was 0.52 in. Studs and tie rods were
used in SC1 and SC3 but only tie rods were used in SC2 and SC4. The studs were spaced 3 in. on
center in SC1 and SC3. Tie rods were spaced at 6 in. in all four SC walls. A photograph of SCI
is presented in Figure 7-11. More information about the material properties, test setup, loading

protocol, and instrumentation are reported in Chen (2016).

The in-plane monotonic response of the SC wall piers was also calculated based on the
specifications of Appendix N9 to AISC N690s1 (2014), which assumes response in pure shear and

does not consider wall aspect ratio, slenderness ratio, and axial load.

Figure 7-12 presents the predicted monotonic response of the Chen’s walls by AISC N690s1
(dashed black line) and the predictive equations of this report (dotted blue line) together with the

measured cyclic force-displacement relationship (solid gray line).
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Figure 7-11 SC1 specimen before the test [Chen (2016)]

Although the predictive equations proposed here for response under monotonic loading slightly
overestimate the cyclic response of the SC walls tested by Chen (2016), a good agreement between
the test and analytical results confirms the utility of the proposed equations. The peak shear
strength is overestimated by the equation in AISC N690s1 developed by Varma and his co-workers
at Purdue University for shear-critical walls typical of labyrinthine nuclear power plants. The
ASIC-predicted shear strengths for SC3 and SC4 were not reported in Figure 7-12c¢ and

Figure 7-12d because the shear strength equation, (1.11-5.16p) A, f, , results in negative strengths

for these walls (p =0.24 and V, =-0.13A, f, for SC3 and SC4).

7.9 Effective Lateral Stiffness of SC Wall Piers

Building codes and standards of practice recommend reductions in the flexural and shear rigidities
of uncracked reinforced concrete shear walls for estimation of effective stiffness for the propose
of static and dynamic analysis. For example, ASCE 41-13 (2013) recommends a reduction of 50%
in the flexural rigidity and no reduction in the shear rigidity for cracked reinforced concrete shear
walls. There are no comparable recommendations for SC wall piers. The results of the analysis of
77 SC walls were used to estimate reduction factors for shear and flexural rigidities as a function

of the design variables considered in this study.
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Figure 7-12 Predicted and measured response of SC walls

The effective flexural and shear rigidities of a SC wall pier can be calculated as:
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where 77, and 7, are the flexure and shear stiffness reduction factors and can be calculated as:

77 _ K?YNA 77 _ KVDYNA
! Kfc+Kfv o ch+Kvs

(7-12)
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where K™ and K™ are the DYNA-predicted secant flexure and shear stiffnesses at the yield

point, respectively, and calculated by dividing the DYNA-predicted yield force to the shear and

flexural displacements, respectively: similar to the calculation of K in Figure 7-9.
The flexural displacement at the top of the SC wall, Af , was calculated as:
A, ={6H (7-13)

where @ is the rotation at top of the wall, H is the height of the wall, { is the distance between

the top of the wall and centroid of the curvature diagram, and 6 and ¢ can be calculated as:

A 1_Av2

6= (7-14)
[ y®(y)dy

{=55— (7-15)
h [ @(y)dy

where A | and A, are the vertical displacements on the tension and compression faces at the top

of the wall, respectively, L is the length of the wall, and ®(y) is the curvature of the wall section

at a distance y from the top of the wall.

Each wall was discretized into sub-elements along its height to calculate the flexural displacement.

The curvature in the i sub-element was calculated as:

o -6
o, =# (7-16)

sub
where &, and &', are the relative vertical displacements on the tension and compression faces of
the i™ sub-element over its height, ., , respectively. The distance ¢ was calculated as:

icpk(k—l/Z)
{==— (7-17)
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where m is the number of sub-elements along the height of the wall. The height of each sub-
element was set to 1 in for these calculations.
The shear displacement, A, was calculated as the difference between the total lateral displacement

and the flexural displacement. The values of ¢, the ratio of the shear and flexure displacements

to the yield displacement, yield displacement, and flexure and shear stiffness reduction factors are

reported in Table 7-7.

The ratio of A, /A varies between 0.37 and 0.47 with an average of 0.41 for low aspect ratio SC

walls (H/L=0.5) and between 0.88 and 0.94 with an average of 0.91 for the high aspect ratio
SC walls (H / L=2.0). The distance between the top of the wall and the centroid of the curvature

diagram, ¢ , varies between 0.7 and 0.91, with an average of 0.8.

Based on these results, an estimation of the flexural displacement at any drift ratio in a SC panel

can be estimated as:

H
A, =08(8,-A,) (7-18)

where A | and A, are the vertical displacements at the tension and compression toes at the top of

the wall, at given drift ratio.

Table 7-7 indicates that the flexure and shear stiffness reduction factors are affected by design
variables. The main effect plots of Figure 7-13 shows that the flexure stiffness reduction factor is
significantly affected by all design variables. The effects of slenderness ratio and concrete strength

on the shear stiffness reduction factor is negligible but the impact of other design variables is

significant.
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Figure 7-13 Main effect plots of design variables
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Table 7-7 Effective stiffness calculation

Run| ¢ [A /A A A A | m, | om [Ra| ¢ (A A A A A | n, | g,
1 0.83 42% 58% 0.015 | 043 | 0.74 | 40 | 0.73 | 90% 10% | 0.233 | 0.68 | 0.91
2 0.82 43% 57% 0.015 | 043 | 076 | 41 | 0.76 | 92% 8% 0.108 | 0.49 | 0.87
3 0.77 39% 61% 0.045 | 028 | 0.44 | 42 | 0.76 | 92% 8% 0.108 | 0.48 | 0.84
4 0.78 42% 58% 0.040 | 027 | 047 | 43 | 079 | 94% 6% 0.183 | 0.34 | 0.76
5 0.82 38% 62% 0.025 | 0.56 | 0.82 | 44 | 0.80 | 94% 6% 0.178 | 0.32 | 0.70
6 0.80 38% 62% 0.025 | 0.62 | 090 | 45 | 0.73 | 90% 10% | 0.158 | 0.70 | 0.94
7 0.86 37% 63% 0.045 | 042 | 0.60 | 46 | 0.71 89% 11% | 0.178 | 0.76 | 0.95
8 0.82 38% 62% 0.040 | 052 | 0.75 | 47 | 0.76 | 92% 8% 0.238 | 0.54 | 0.89
9 0.87 45% 55% 0.020 | 034 | 0.67 | 48 | 075 | 91% 9% 0.258 | 0.59 | 0.91
10 | 0.86 46% 54% 0.020 | 034 | 069 | 49 | 0.72 | 91% 9% 0.118 | 0.63 | 0.97
11 0.88 45% 55% 0.035 | 0.26 | 0.51 | 50 | 0.73 | 91% 9% 0.113 | 0.61 | 0.95
12 | 0.88 47% 53% 0.035 | 025 | 052 | 51 | 072 | 92% 8% 0.228 | 0.53 | 0.90
13 0.85 39% 61% 0.030 | 049 | 076 | 52 | 0.74 | 92% 8% 0.208 | 0.48 | 0.88
14 | 0.82 39% 61% 0.030 | 0.56 | 0.85 | 53 | 0.71 89% 11% | 0.153 | 0.76 | 0.99
15 091 39% 61% 0.050 | 0.37 | 0.56 | 54 | 0.71 89% 11% | 0.168 | 0.80 | 0.98
16 | 0.87 38% 62% 0.050 | 044 | 065 | 55 | 073 | 91% 9% 0.258 | 0.63 | 0.95
17 0.86 42% 58% 0.020 | 044 | 0.78 | 56 | 0.73 | 90% 10% | 0.263 | 0.66 | 0.95
18 0.85 43% 57% 0.020 | 042 | 0.78 | 57 | 0.77 | 93% 7% 0.128 | 0.53 | 1.00
19 0.86 41% 59% 0.040 | 0.37 | 0.64 | 58 | 0.77 | 93% 7% 0.128 | 0.50 | 0.99
20 | 0.86 43% 57% 0.035 | 035 | 0.65 | 59 | 0.80 | 94% 6% 0.238 | 0.44 | 1.00
21 0.85 39% 61% 0.030 | 0.52 | 0.80 | 60 | 0.81 | 94% 6% 0.228 | 0.39 | 0.99
22 | 0.82 38% 62% 0.030 | 0.57 | 0.87 | 61 | 0.74 | 91% 9% 0.168 | 0.68 | 1.00
23 0.88 38% 62% 0.045 | 045 | 069 | 62 | 0.73 | 90% 10% | 0.188 | 0.72 | 1.00
24 | 0.86 38% 62% 0.050 | 047 | 0.70 | 63 | 0.78 | 93% 1% 0.283 | 0.55 | 1.00
25 0.89 44% 56% 0.025 | 038 | 0.74 | 64 | 077 | 92% 8% 0.298 | 0.58 | 1.00
26 | 0.88 45% 55% 0.025 | 036 | 0.73 | 65 | 0.76 | 80% 20% | 0.093 | 0.54 | 0.84
27 0.90 44% 56% 0.040 | 0.34 | 0.65 | 66 | 0.84 | 39% 61% | 0.038 | 0.42 | 0.64
28 0.89 45% 55% 0.040 | 031 | 0.63 | 67 | 0.76 | 93% 7% 0.158 | 0.45 | 0.90
29 0.86 39% 61% 0.030 | 0.50 | 0.80 | 68 | 0.76 | 80% 20% | 0.088 | 0.54 | 0.81
30 | 0.82 39% 61% 0.030 | 0.56 | 0.86 | 69 | 0.77 | 81% 19% | 0.103 | 0.52 | 0.88
31 0.91 39% 61% 0.050 | 041 | 066 | 70 | 0.76 | 80% 20% | 0.093 | 0.55 | 0.84
32 | 087 39% 61% 0.050 | 046 | 070 | 71 | 0.78 | 81% 19% | 0.103 | 0.49 | 0.82
33 0.74 91% 9% 0.080 | 0.62 | 093 | 72 | 0.78 | 83% 17% | 0.083 | 0.42 | 0.79
34 | 0.73 90% 10% 0.070 | 0.67 | 092 | 73 | 0.75 | 79% 21% | 0.108 | 0.61 | 0.88
35 0.76 93% 1% 0.180 | 038 | 0.77 | 74 | 075 | 79% 21% | 0.073 | 0.62 | 0.89
36 | 0.78 93% 1% 0.140 | 042 | 083 | 75 | 077 | 81% 19% | 0.118 | 0.48 | 0.80
37 0.71 89% 11% 0.125 | 0.82 | 097 | 76 | 0.75 | 80% 20% | 0.093 | 0.53 | 0.82
38 0.70 88% 12% 0.158 | 0.84 | 097 | 77 | 0.76 | 80% 20% | 0.098 | 0.54 | 0.84
39 0.74 92% 8% 0.233 | 043 | 0.77

Based on the results of ANOVA, two regression equations are proposed for the calculation of the

flexure and shear stiffness reduction factors as a function of the coded design variables (i.e.,

variables varying between -1 and +1):

n; =0.531+0.077(AR)+0.012(RR)-0.032(SR)+0.083(AL)-0.065(SS)+0.012(CS)

-0.032(AR*)—0.017(AR)(SS)-0.012(RR)(AL)+0.017(RR)(SS) —0.01 1(RR)(CS)

—0.019(AL)(CS)
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n, =0.836+0.111(AR)+0.040(RR)+0.038(AL)-0.059(SS)+0.011(CS)

L0.026(AR?)—0.01 1[(AR)(AL)+0.027(AR)(SS)+0.012(RR)(SR) —0.017(RR)(AL)  (7-20)
+0.02(RR)(SS)+0.013(AL)(CS)

Equations (7-19) and (7-20) are used to calculate the effective flexural and shear rigidities of a SC

wall sample in the following section. .

7.10 Calculation of Monotonic Response and Effective Stiffness of a SC Wall
Pier

The monotonic response and effective stiffness of a cantilever SC wall pier on a rigid foundation

are calculated using the predictive equations presented in Section 7.9. The properties of the SC

wall are presented in Table 7-8.

Table 7-8 SC wall properties

Height, H (in.) 157
Length, L(in.) 157
Infill concrete thickness, 7' (in.) 12
Steel faceplate thickness, 7 (in.) 0.25
Stud spacing, S(in.) 9
Steel strength, f| (ksi) 50.8
Concrete strength, f/(ksi) 6
Axial load, P(kips) 1700

7.10.1 Mechanical Properties of SC Wall

E, =57000,/f, = 57000:/6000 x0.001 = 4415 ksi (7-21)
G, =E, /2(1+v,) =4415/2(1+0.2) = 1840 ksi (7-22)
I = éTﬁ = %><12><1573 =3869893 in* (7-23)
A =TL=12x157 =1884 in* (7-24)
G, =E, /2(1+v,)=29000/2(1+0.3) = 11154 ksi (7-25)
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1, :i2tsL3 = L 2%0.25x157° =161246 in*
12 12

A, =2t L=2x025%x157="78.5 in”

(7-26)

(7-27)

The actual and coded values of the design variables are listed in Table 7-9. The coded values of

the design variables were calculated using the actual values and Equation (7-9).

Table 7-9 Values of design variables

Design variable Actual | Coded
value value
Aspect ratio, AR=H /L 1.00 -0.33
Reinforcement ratio, RR =2t /T | 0.042 -0.10
Slenderness ratio, SR=S /¢, 36 0.73
Axial load ratio, AL =P/ (A, ) 0.2 1.00
Steel strength, SS = f, 50.5 0.00
Concrete strength, CS = f/ 6 0.00

The values of the strength and stiffness factors &, &, &/, &, B, and S, together with the

values of flexure and shear stiffness reduction factors 7, and 7, are listed in Table 7-10. The

strength and stiffness factors were calculated using the values of the coded design variables and

coefficients of the regression models listed in Table 7-6. The flexure and shear stiffness reduction

factors were calculated using the values of coded design variables and Equations (7-19) and (7-20),

respectively.

Table 7-10 Values of strength and stiffness modification coefficients

o’ o’ of of

s c

B,

ﬁp nf

us

0.13 | 0.10 | 0.27 | 0.12

0.64

0.25 | 0.56

0.83

7.10.2 Yield and Peak Lateral Strengths

The yield load, Vy , and the peak lateral strength, Vp , of the SC wall pier are calculated using the

values of the strength factors and Equations (7-2) and (7-3):

V.=a]A f/+a]A f, =0.1x1884x6+0.13x78.5x50.8 = 1225 kips
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V,=aA f/+al A, f,=0.12x1884x6+0.27x78.5x50.8 =1800 kips (7-29)

7.10.3 Pre- and Post-Yield Stiffness
The pre- and post-yield stiffness of the SC wall pier, K, and K, are calculated using stiffness
factors and Equations (7-4) through (7-8).

_3E.1, 3x4415%3869893

P P 1577 =13245 kips/in (7-30)
K, = 3E53[S _ 3><29OOO><3161246 =3625 kips/in (7-31)
‘ h 157
eff
k= GAT _1840XUSS/1D) oy oo (7-32)
' h 157
eff
_GAT _IISAX(BSID) ey (7-33)
h 157
A 1 1 o
K,=K\+K’ = + = 7700+ 2040=9740 Kips/in
A (7-34)
Kfc ch Kfs vs
K, =p K, =0.64x9740 = 6233 kips/in (7-35)
K, =B K, =0.25x9740 = 2435 kips/in (7-36)

7.10.4 Displacements at Yield and Peak Points

The values of the yield displacement and displacement at the peak strength are calculated using

the yield load, peak lateral strength, and pre- and post-yield stiffness.

V, 1225
YUK, 6233

cr

0.2 in. (7-37)

vV, -V ,
8, =L+, =043in (7-38)
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7.10.5 Effective Flexural and Shear Rigidities

The values of the effective flexural and shear rigidities are calculated using stiffness reduction

factors, elastic flexural and shear rigidities, and Equations (7-10) and (7-11):

El , =0.56(E.1, +E I )=12195 kips-in® (7-39)

GA,, =0.83(G.A” +G,A") = 4530 kips-in® (7-40)
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CHAPTER 8

ANALYTICAL MODELING OF RECTANGULAR SC WALL
PANELS

8.1 Introduction

A complete family of seismic analysis and design tools for a structural component or system would
include micro-models suitable for finite element analysis of individual components, macro-models
suitable for analysis of a framing system, and simplified models suitable for preliminary analysis

and design upon which macro-models can later be based.

This chapter presents simplified models for stiffness prediction, and monotonic and cyclic analyses
of flexure- and flexure-shear-critical rectangular SC walls. Section 8.2 presents a reliable and
straightforward method to calculate the monotonic force-displacement response of an SC wall.
The proposed analytical model is validated using results of finite element analyses of SC walls
with three aspect ratios (= 0.5, 1 and 2), reinforcement ratios ranging from 2% to 5%, wall
thicknesses of 10 in. and 20 in., and concrete compressive strengths of 4 ksi and 7 ksi. Section 8.3
presents analytical simulations of the cyclic response of SC walls using the Modified Ibarra-
Krawinler Pinching (MIKP) model (2005). Section 8.4 presents an analytical approach to predict
the initial stiffness of an SC wall with baseplate connection. A glossary of terms used in this

chapter is provided on pages xviii through xxiii.
8.2 Simplified Monotonic Analysis of SC Walls

Xu et al. (2011) calculated the lateral force-displacement relationship for an RC column assuming
concentrated hinges and addressing coupling between axial force, shear force and bending
moment. Nonlinear response was simulated using flexural and shear springs at the ends of the
column. Backbone curves were established in flexure and shear for the nonlinear springs that were
assigned to the sub-elements comprising the column. The Modified-Compression-Field-Theory
(MCFT), as developed by Vecchio et al. (1986), was used to establish the moment-curvature and
shear force-shear strain relationships for each sub-element. The flexural and shear deformations at
the top of the column, calculated by integrating the curvature and shear strain in each section along
the column height, are used to obtain the moment-rotation and the shear force-shear displacement

relationships for the flexural and shear springs, respectively.
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This approach is used to establish the in-plane flexure-shear response of rectangular SC walls

[Epackachi et al. (2015a)]. Figure 8-1 illustrates the general procedure.
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Figure 8-1 Simplified monotonic analysis of SC walls
The in-plane flexure-shear response of an SC wall subjected to lateral loading is calculated in eight
steps as follows: 1) discretize the wall element into sub-elements along its height and between the
points of application of lateral loading (termed a wall panel), 2) calculate the shear force-shear
strain relationship for the panel using the equations included in Table 8-1, 3) calculate the moment-
curvature relationship for the cross-sections of the SC wall panel using the equations included in

either Table 8-2 or Table 8-3, 4) modify the moment-curvature relationships of step 2 to account

for flexure-shear interaction in the steel faceplates, 5) set the shear capacity of the panel (V")

to the smaller of a) the peak shear force calculated in step 2 (Z’m), and b) the shear force
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corresponding to the flexural strength calculated in step 4 (Vf’.m"), 6) increment the applied shear

force from zero to the shear capacity of the SC wall calculated in step 5 and calculate the
incremental moment applied to each sub-element for each increment of the shear force (see
Figure 8-1), 7) calculate the values of the curvature and shear strain in each sub-element using the

moment-curvature and shear force-shear strain relationships calculated in steps 2 and 4, and 8)

calculate the flexural (A, ), shear (A,), and total (A,) displacements corresponding to each

increment of the shear force as:

A=Y 8Ayy, (8-1)
i=1

A = Z%Ayi = %’ZAyi =yH (8-2)
i=1 i=1

A = Af +A, (8-3)

The shear force—shear strain and moment—curvature relationships required to make these
calculations for an SC wall panel are presented in subsections 8.3.1 and 8.3.2, respectively. The

tables identified above are provided in subsections 8.2.1 and 8.2.2.

8.2.1 Shearing Force-Shearing Strain Relationship

Figure 8-2 presents the assumed shear force-shear strain relationship. The coordinates of the three
break points (A, B, and C) in Figure 8-2 define the elastic (origin-A), post-concrete cracking (A-
B), and post-faceplate yielding (B-C) regions of the response. The calculation of these coordinates

1s discussed below.

8.2.1.1 Concrete Cracking: Break Point A

In this study, the shear behavior of SC walls proposed by Ozaki et al. (2004) and Varma et al.

(2011c) is used to simulate the shear response of SC walls (from points O to B in Figure 8-2).

Varma et al. (2011c) parsed the in-plane response of an SC wall in shear into three regions: 1)
elastic, 2) concrete cracking, and 3) steel faceplate yielding. In the elastic range, the infill concrete
and the steel faceplates were modeled using isotropic elastic and isotropic elastic plane-stress

behaviors, respectively. The shear strength of the SC wall at the onset of concrete cracking was

195



calculated by multiplying the area of the transformed SC wall cross-section, A +nA , by a
concrete shear stress equal to 0.063\/76' ksi. The elastic shear stiffness of an SC panel was
calculated as the sum of the shear stiffness of the infill concrete (G,A ) and the steel faceplates (
G, A,). Equations to calculate the coordinates of point A are presented in Table 8-1.

Crushing of infill

Yielding of steel
concrete

faceplates

45° cracking of infill
concrete

Shearing
fi V
orce, ¥V,

=
5
<

Elastic behavior

A: Concrete cracking
B: Yielding of steel faceplates
C: Concrete crushing

5 : |
L g y y Shearing strain,

Figure 8-2 In-plane shear response of an SC wall
8.2.1.2 Steel Faceplate Yielding: Break Point B

After concrete cracking, Ozaki et al. (2004) and Varma et al. (2011c) assumed the infill concrete

to behave as an orthotropic elastic material with zero stiffness perpendicular to the direction of
cracking and 70% of the elastic compression modulus (E.) in the orthogonal direction. The

stiffness of the cracked SC wall was calculated assuming orthotropic behavior of the infill concrete
and isotropic elastic plane stress behavior of the steel faceplates. These assumptions are used here
to calculate the shear stiffness of a cracked SC wall prior to faceplate yielding. Equations for the
post-cracking response of an SC wall panel, derived by Varma et al. (2011c) and Hong et al.
(2014), are presented below for completeness. The normal and shear stresses in an SC wall, the

steel faceplates, and the infill concrete are defined in Figure 8-3.
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Figure 8-3 Stress definitions

The normal and shear stresses in the cracked infill concrete are calculated assuming orthotropic

behavior:
Sux £,
£y p=IT1, [KIT].S & (8-4)
fCXy Yy

where [K C’] is the post-cracking stiffness matrix of the concrete with respect to the principal stress
and strain directions; the principal stress directions were assumed to coincide with the principal

strain directions; [T]a is the transformation matrix that relates the principal stresses to the X-Y
stresses; and [T]‘g is the transformation matrix that relates the principal strains to the X-Y strains.

Matrices [K ], [T]g, and [T]g are expressed as:

0 0 0
[K/]=|0 E 0 (8-5)
0 0 0
[ cos’O” sin® 8 2sin 8 cos 8
[T], = sin” cos’ @7  —2sinf" cosf” (8-6)
—sin@” cos@” sinfOcos@” cos’ O —sin’ 67
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cos> 8 sin® 6 sin 8 cos 6
[T], = sin” 8 cos” 87 —sin 87 cos 6 (8-7)

. . . . . 2 . ) .
-2sin @ cos @ 2sinBcosB" cos 8 —sin” 67

Assuming cracking in the infill concrete at 45° , and substituting (8-5), (8-6), and (8-7) into (8-4),

the stress-strain relationship of the cracked infill concrete is calculated as:

f.. oo 1 1 -1]fe,
fyp= ; 1 1 -1|3¢ (8-8)
S -1 -1 1]|7,

The normal and shear stresses in the steel faceplates are calculated assuming isotropic elastic plane

stress behavior:

J(;'X 8x
fsy = [Ks ] 8)’ (8'9)
So Ve

where [K | ] is the elastic stiffness matrix of the steel faceplates, and is calculated as:

E 1 v 0
K =17z 1 0 (8-10)
‘ 0 0 1-v,

The equilibrium equations for an SC wall panel subjected to normal forces N, and N, and shear

force V', in a matrix form can be expressed as:

fo f?x Nx
AN Sy (AL Sy (=N, (8-11)
fcxy f;'xy V

Substituting (8-8), (8-9), and (8-10) into (8-11), and assuming that the normal forces are zero:
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A,E_Cr

-1 -1

-1 AE I v,
—l1j+——v, 1
! I-v,

0 0

s Xy

I
< o o

(8-12)

Solving (8-12) yields the normal and shear strains in an SC wall panel as:

a
E =€

R TRy AL

1

o=
74_7
(1+v)f «

+G.A)V

where parameters & and [ are:

ACEC(T
o=
4
AYEX
p= 1-v?

(8-13)

(8-14)

(8-15)

(8-16)

The in-plane stresses in the infill concrete are calculated by substituting the calculated normal and

shear strains of (8-13) and (8-14) into (8-8):

Jex e
B Eccr

Jo == | 1

Je -1

20+ (1+v) B

2a+(1+v,)B

o

a (8-17)

1

A simpler form of the in-plane stresses in the infill concrete is:
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%
- (8-18)
Al K,+K,

Kﬁ
K, +K,

S o
I

where the parameters K, and K ; are calculated as:
K,=G,A (8-19)
1 1

T2 120wy 4 (8-20)
(I+v)f « AE, AE"

The in-plane stresses in the steel faceplates are calculated by substituting the calculated normal

and shear strains of (8-13) and (8-14) into (8-9) as:

_ _ ~ _ o
20+ (1+v
S . I v, 0 £, 5 1 v, 0 (1+v)ph
o
=——v, 1 0 g r=—v, 1 0 7V 8-21
fV) I_VSZ s Iy y AS : I 2a+(1+vs)ﬁ 7) ( )
Too 0 0 (U 0 0 —=& i
L 2 L 2
A simpler form of the in-plane stresses in the steel faceplates is:
Kﬁ
K,+K
4 B
Jo
f —K L (8-22)
> A | K, +K;
fsxy
KC{
K,+K;

Substituting the in-plane stresses of the steel faceplates into the Von-Mises yield condition,

f, x2 +f ),2 - f.f, 3, Xyz </ ?, produces the yield shear strength and stiffness of an SC panel after

concrete cracking (i.e., the slope of the line AB in Figure 8-2) as:
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K,+K,
V,=———=AYf, (8-23)

2
3K, +K,,
1

2-v) 4 (8-24)
A&' ES ACECCF

K,=K,+K;=GA +

Equations to predict the shear force at the onset of faceplate yielding and the shear stiffness of a

cracked SC wall panel are provided in Table 8-1.

Table 8-1 Calculation of the shear response of an SC wall panel

Limit state Shearing force (kips) Shearing stiffness (kips/rad)

Concrete ’

cracking V. =0.063/f/(A, +nA,) . =G A, +G A,
Yielding of v K,+K, Af

the steel YT T,y K,=K,+K,
faceplates'~ \ 3Ky +Ky

Vv -V
Concrete 1 H , H ’ K, = - 2

. V =—|J1+(—) " +(n-D)— |A Y vV -V
crushing? “ 2(\] (L y = L J . 0.006—(‘/—“’ +2—7)

e cr

'K, =GA,

2(1-v,) N 4 |
AXEX AcEc”

377 = Asfy /Ac-fc’

8.2.1.3 Concrete Crushing: Break Point C

K, =1/

)

Akita et al. (2001) estimated the ultimate shear strain for an SC wall in pure shear to be 6000 micro
strain on the basis of test data. Tsuda et al. (2001) and Hong et al. (2014) used this value to

characterize the response of SC walls in pure shear.

Hong et al. (2014) used the equations derived by Nielsen et al. (2010) to predict the peak shear
capacity of an SC wall. Those equations are available in section 4.9 of [Nielsen et al. (2010)] and

are not repeated here.

The post-yield stiffness of an SC wall (i.e., the slope of line BC in Figure 8-2) can be calculated

as:
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V-, (8-25)

where %, is 6000 microstrain, as proposed by Akita et al. (2001), and ¥, can be calculated using

the elastic and post-cracking shear stiffness and strengths of an SC panel as:

V. V.-V,
= cr + Y cr 8—26
% K K ( )

Table 8-1 summarizes the calculation of the shear response of an SC wall panel.

8.2.2 Moment-Curvature Relationship

The moment-curvature relationship for an SC panel was established at the points of 1) concrete
cracking, 2) yielding of the steel faceplates at the tension end of the wall, 3) yielding of the steel

faceplates at the compression end of the wall, and 4) maximum concrete compressive strain equal

to g : the concrete strain at 1.

Assumptions were made to calculate flexural strength, consistent with the development of a
simplified procedure: (1) plane sections remain plane after bending, (2) flexure-shear interaction
is considered in the calculation of the stress in the steel faceplates but its effect on the response of
the infill concrete is ignored, (3) the tensile strength of concrete is zero, (4) the flexural strength
of the infill concrete is derived using an equivalent rectangular stress block, (5) the steel faceplates

and infill concrete are perfectly bonded, and (6) the effects of axial force are ignored.
8.2.2.1 Cracking of the Infill Concrete

Figure 8-4 presents calculations of the flexural strength of an SC wall at the onset of concrete

cracking.
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Figure 8-4 Moment-curvature calculation at the onset of concrete cracking

The elastic vertical stresses of the infill concrete and the steel faceplates are:

\f;‘ = ECgCi’
\f;‘ = ES‘SCI’

where €, is calculated as:

The compressive and tensile forces in the infill concrete and the steel faceplates are:

c - cr c

, 1 1
F=—ft L2=—F¢ A,
c 2fLL / 4

1 1
F=—f2tL/2=—FE ¢, A,
K 2f3 K / 4 sTcert s

(8-27)

(8-28)

(8-29)

(8-30)

(8-31)

The flexural strength and curvature of the cross-section of an SC wall panel at the onset of concrete

cracking are:

MCV = (FC’+ PL)ZL/3 = %Lgcr (ECAC + EsAs) = %
E. 2

g = = i
L/2 LE,
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8.2.2.2 Steel Faceplate Yielding at the Tension End of the Wall Panel

Figure 8-5 presents calculations of the flexural strength of an SC wall panel at the onset of yielding

of the steel faceplates at the tension end of the wall.

At the onset of the steel faceplate yielding at the tension end of the wall, the maximum vertical

strain in the infill concrete is:

£ = E = £, (8-34)

The compressive force in infill concrete is:

F'=fA=ftcl2=Eetc/2=E 1L€ytcc /2 (8-35)
-

(a) Wall cross section

e
3 g,
(b) Vertical strain profile . 3 e
'\ | O
(c) Vertical stress profile in the infill I ‘/’Yﬂ .
concrete '1 | Fy
E//«/i A
(d) Vertical stress profile in the steel f. TFS s ‘
faceplates ’ | |
Li6+c/3 b 1/2—0/3%

Figure 8-5 Moment-curvature calculation at the onset of steel faceplate yielding at the tension end
of the wall

The compressive and tensile forces in the steel faceplates are:
F,=fA =f2cl2=Ee2tc/2=E, liey 2t.c/?2 (8-36)
-a

F,=f2t(L—¢)/2 (8-37)

Solving the equilibrium equation of the vertical forces, F.+F, =F,, for ¢ :

_c___ NP

o =—=—"F——"17— 8-38
LT &9
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The flexural strength of an SC panel at the onset of the steel faceplate yielding at the tension end

of the wall is:
M =F,(L/6+c/3)+(F+F,)(L/2~c/3) (8-39)
Substituting (8-35), (8-36), and (8-37) into (8-39) gives the flexural strength of an SC wall as:

20’ =30 - p’
120 (a—1)

M = f,AL (8-40)

The curvature of the cross-section at the onset of steel faceplate yielding at the tension end of the

wall is:

i B 8-41
STl 4D

8.2.2.3 Steel Faceplate Yielding at the Compression End of the Wall Panel

Figure 8-6 presents calculations of the flexural strength of an SC wall panel at the onset of yielding

of the steel faceplates at the compression end of the wall.

(a) Wall cross section :
L
. . ) Do
(b) Vertical strain profile 85 L
IRary
(c) Vertical stress profile in the infill e
concrete e
L -2c¢ 2¢/3) 7 sl
it /s
(d) Vertical stress profile in the steel s 1 %
faceplates /s F Ey

53

Figure 8-6 Moment-curvature calculation at the onset of the steel faceplate yielding on the
compression side of the wall

At the onset of the steel faceplate yielding, the maximum vertical tensile strain in the steel

faceplates is:
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E = £, = £ (8-42)
The steel stress f,, identified in Figure 8-6, is:

fy=aE (€ —€)) (8-43)

The compressive forces in the steel faceplates and the infill concrete are:

F.=Bp.fct, (8-44)
2t
F, = % (8-45)

The tensile forces in the steel faceplates are:

F,=2 (L-2)f, (8-46)
=220, @47)

Solving the equilibrium equation of the vertical forces, F. +F,,=F  +F ,+F, ;, provides the

value of « at the onset of the steel faceplate yielding at the compression end of the wall:

I 1(1—2a+«/2a7+1]

=—=— 8-48
YL 2\ 2a+y+2 (8-43)
where the ¥ is calculated as:
nﬁlﬂzﬂ,
y=—— 8-49
o7, (4

The flexural strength of an SC panel at the onset of steel faceplate yielding at the compression end

of the wall is:

M :FC’(£—& +F51(£—£+c+zc—£)+F52(£— L-2c
’ 2 2 2 3 3 2 2 2

L—-2c¢
3

)+RJ§— ) (8-50)

Substituting (8-44), (8-45), (8-46), and (8-47) into (8-50) enables the calculation of the flexural
strength of an SC wall panel at the onset of steel faceplate yielding at the compression end of the

wall:
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M;=Aﬂmﬂiaéléﬂ»hxﬁLmeaXa—fa%+ilo (8-51)
2 3 12a

The curvature at the onset of steel faceplate yielding at the compression end of the wall is:

E &
oo (8-52)
’ ¢ La

If the strain-hardening modulus of the steel is set equal to zero (a=0), the normalized neutral axis

depth and the flexural strength of the SC panel are simplified to:

1
05; —m (8-53)

M =45, fC'ACaL(#) + A, fal —%a) (8-54)

8.2.2.4 Peak Compressive Stress in the Infill Concrete

Figure 8-7 presents the calculations of the flexural strength of an SC wall when the maximum

concrete compressive strain is equal to €.

(a) Wall cross section
p |
3 ( SCO
(b) Vertical strain profile e
‘. |
(c) Vertical stress profile in the infill Bf!
concrete Be g
L—(k+De ke E;Vm 7fsl
(d) Vertical stress profile in the steel /s ﬁ e J,
faceplates 7 — ke -k
sl/t*”’zls'(,ﬂ F

Figure 8-7 Moment-curvature calculation at maximum concrete compressive strain of € |
The maximum vertical strain in the steel faceplates when the maximum concrete compressive

strain equals € , is:
c0
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T (8-35)

k=—- (8-56)
The stresses f,, and f,, in Figure 8-7 are:
fa=aE (€, —€)=aE (1-k)E, (8-57)

f, =aE,(¢,—€,) = aE, (1_7“ —k)e,, (8-58)

The compressive and tensile forces in the steel faceplates and the infill concrete are:

F/=BB,ft, (8-59)
1 1 )

Fy = F 0= k)edt, = ak, (1=k)’ €21 (8-60)

F,=f, 1=k, (8-61)
1

Fy=of ke, (8-62

F,=f,2t (L—(k+1)) (8-63)
1 -«

Fi =2 £21,(L=(k+De) = aE £, (== k)(L~(k +1)e) (8-64)

Solving the equilibrium equation of the vertical forces, F. +F,+F,+F,=F,+F, +F,

produces the value of ¢ when the maximum concrete compressive strain equals £ _:

2
a a 2a
———a+l+,|| —+a-1| +—(2a+y+2
c Tk \/(k ¢ ) p (2arre) (8-65)

acO ==
L —da+2y+4

The flexural strength of an SC panel when the maximum concrete compressive strain equals €
is:
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M

u

:Fcf(é_%) L (-k)x L_(-ke,

+F (=— +F (=—
“(2 3 ) ‘2(2 2

F . ((1=k)c+kc+ 2kc - ((1 —k)c +Ej) + FY4(£—M) + (8-66)
‘ 3 3 2 2
L L—-(k+1)c
F(=-=""7
0 ;)
and substituting (8-59) through (8-64) into (8-66) gives:
_ 2
M, = ﬂlﬁsz'AcLa(ﬂ) +A f,L{(1-a)(~a’ +a~ ko)), 2 (8-67)
2 ; 3 12k
The corresponding curvature is:
g, == 2t (8-68)
c Lo

If the strain-hardening modulus of the steel is set equal to zero (a=0), the normalized neutral axis

depth and the flexural strength of an SC panel when the maximum concrete compressive strain is

equal to g  are simplified to:

1

%= (8-69)
— 2

M, = ﬁlﬂzfc'AcaL(#) +A flaL(l-a- a;f ) (8-70)

The moment-curvature relationship for the cross-section can be represented by the piecewise linear

relationship of Figure 8-8.
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Figure 8-8 Moment-curvature relationship for an SC wall panel

Table 8-2 summarizes the flexural strength calculations for an SC wall panel considering strain-

hardening of the steel faceplates. Table 8-3 presents the corresponding equations assuming elastic-

perfectly plastic behavior for the steel faceplates. Preliminary analysis showed that hardening had

no significant effect on the values of the moments and curvatures, and that the flexural response

of an SC wall panel can be reasonably calculated assuming elastic-perfectly plastic behavior for

the steel.

8.2.3 Concrete Behavior

The concrete stress-strain relationship proposed by Tsai (1988) is used to describe the behavior of

the infill concrete:

fo_ n'x
e 1+(n'—L)x+ a
r—1 r—1

(8-71)

Chang et al. (1994) proposed (8-72) to calculate the strain corresponding to peak stress, and (8-73)

and (8-74) to establish the shape of the stress-strain relationship:

n1/4
e U
4000
, 46
h= (f/)s/s
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(8-73)



r=e 19 (8-74)
750

Figure 8-9 presents the stress—strain relationships for unconfined uniaxial compressive strengths
of 3,4, 5, 6, and 7 ksi, which is considered a practical range for infill concrete in SC walls, noting

that the strain limit for calculations is & .

Figure 8-6 and Figure 8-7 present the calculation of the equivalent rectangular stress block

parameters corresponding to two limit states: 1) yielding of the steel faceplates on the compression

side of the wall, and 2) maximum concrete compressive strain equal to € . The values of B, and

B, corresponding to these limit states, presented in Table 8-4, are calculated assuming that the
equivalent rectangular stress block recovered the area under the stress-strain relationship and the

location of its resultant. Values of the two stress block parameters are presented for 3< f’<7 ksi
and faceplate yield strengths of 36, 45, and 60 ksi. Values for other combinations of fc 7 and fv

can be interpolated.
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Figure 8-9 Unconfined uniaxial compressive stress-strain relationships for the infill concrete

Table 8-4 Values of the stress block parameters

) Steel faceplate yielding at the Maximum concrete
I compression end of the wall compressive strain
(ksi) f,=36ksi | f,=45ksi | f, =60 ksi equaltoe
B | B | B | B | BB b, P,
3 0.77 1 0.73 | 0.83 | 0.74 | 0.92 | 0.78 0.91 0.77
4 0.68 | 0.71 | 0.75 | 0.72 | 0.88 | 0.75 0.88 0.75
5 0.62 | 0.70 | 0.69 | 0.71 | 0.84 | 0.73 0.87 0.74
6 0.57 | 0.70 | 0.64 | 0.70 | 0.80 | 0.72 0.86 0.73
7 0.54 | 0.69 | 0.61 | 0.70 | 0.76 | 0.71 0.83 0.72
8.2.4 Steel Material

Consistent with the development of a simplified procedure, the flexural strength of the faceplates

is calculated assuming a steel stress, fy’, equal to the average of the yield and tensile strengths of

the steel faceplates.

8.2.5 Flexure-Shear Interaction

The effect of shear force on the moment-curvature relationship is considered by reducing the yield

stress of the steel faceplates. The effect of flexure-shear interaction on the response of the infill

concrete is ignored. An effective yield stress 1is:

fi=\f7 =30
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which is based on the Von-Mises yield condition and assumes zero horizontal stress along the

length of the steel faceplates.

The equivalent shear stress in the steel faceplates, ¢ in (8-75), is calculated by dividing the shear
force associated with the flexural resistance of the steel faceplates, by the cross-sectional area of
the faceplates. The shear force associated with the flexural resistance of the steel faceplates can be

calculated by dividing the flexural strength of the steel faceplates, A, fy'L: in Table 8-3, by the

moment-to-shear ratio of the SC wall panel (M /V). Substituting 7= f/L’/(M /V) into (8-75):

fi=fIN1-¢% (8-76)

where ( is:

=3 (37+3 )k )(—)< (8-77)

and 7 is calculated using equation included in Table 8-2. The effective yield stress of the steel
faceplates is a function of the concrete uniaxial compressive strength, the yield stress of the steel
faceplates, the reinforcement ratio, and the normalized moment-to-shear ratio (M / VL )!. Note that
the normalized moment-to-shear ratio is identical to the wall aspect ratio ( H / L) for a single story

wall panel of height H and length L. The influence of the normalized moment-to-shear ratio and
concrete strength on fye is presented in Figure 8-10.

Results are presented in Figure 8-10 for a wall panel that is 60 in. long, 10 in. thick, and constructed
with 0.25- in. thick steel faceplates that have a yield strength of 36 ksi. Figure 8-10 indicates that
a) the yield stress is significantly reduced for aspect ratio less than one on account of flexure-shear
interaction, and b) the reduction in yield stress diminishes with increasing concrete compressive
strength because flexure-shear interaction decreases with an increase in the shear load resisted by

the infill concrete.

U Equations (8-76) and (8-77) indicate that the effective yield stress of the steel faceplates is a function of  and the
normalized moment-to-shear ratio (M /VL ). The parameter y is calculated using concrete uniaxial compressive
strength, yield stress of the steel faceplates, and reinforcement ratio (see Table 8-2).
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Figure 8-10 Effective yield stress of the steel faceplates

8.2.6 Vertical Discretization of the SC Wall Panel

The vertical discretization of an SC wall panel will affect the calculation of response because the
effects of flexure-shear interaction change continuously. Results are presented in Figure 8-11 for
wall panels that are 150 in. long, 10 in. thick, with 0.19-in. thick steel faceplates having a yield
strength of 36 ksi, and aspect ratios of 0.5, 1.0, and 2.0. The results of Figure 8-11 indicate that the
use of 10 sub-elements between points of application of lateral load is sufficient for analysis:

increasing the number of sub-elements to 20 and 50 does not measurably change the results.

8.2.7 Validation of the Simplified Procedure

The simplified monotonic analysis procedure is validated using results of finite element analysis
of 36 rectangular SC walls. The four design variables considered were 1) aspect ratio (0.5, 1.0 and
2.0), 2) reinforcement ratio (2% to 5%), 3) wall thickness (10, 20 and 30 inches), and 4) concrete
compressive strength (4 ksi and 7 ksi). Validation of the baseline model, as presented in Chapter
6, was performed by simulation of the nonlinear cyclic in-plane behavior of four large-scale

rectangular SC walls tested at the University at Buffalo.

Table 8-5 summarizes the design parameters for each analysis case used to validate the simplified
procedure. Each entry case is identified by aspect ratio (L for low-aspect ratio, 0.5; I for
intermediate-aspect ratio, 1.0; and H for high-aspect ratio, 2.0); concrete compressive strength (N
for normal-strength concrete and I for intermediate-strength concrete); thickness; and

reinforcement ratio. For example, LAN10-4 denotes a 10 in. thick, low-aspect ratio SC wall
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constructed with normal-strength concrete ( f,=4ksi) and a reinforcement ratio of 4%

(=2t /T =0.04, where T is the overall thickness of the wall: 7. +2z ). In Table 8-5, H, L, and

T are the height, length, and the overall thickness of the walls, respectively. To speed the
simulations but retain a reasonable scale for the modeled walls, the length of the walls was set to
150 inches. The heights of the low-, intermediate- and high-aspect ratio SC walls were selected to
achieve the desired aspect ratios of 0.5, 1.0, and 2.0, respectively. The spacing of the studs and tie
rods were 5 in. and 20 in., respectively. The diameter of the studs and tie rods was 0.38 in. The
spacings and diameter of the studs and tie rods were based on the specifications proposed in AISC

N690s1 (2014).

The smeared crack Winfrith model (MATO085) in LS-DYNA was used to model the infill concrete.
The uniaxial compressive strength of the concrete was assumed to be 4 ksi and 7 ksi for normal-
and intermediate-strength concrete, respectively. The plastic-damage model, Mat-Plasticity-With-
Damage (MATO081) in LS-DYNA was used for the steel faceplates and connectors. ASTM A36
steel was assumed for the steel faceplates, with yield and tensile strengths of 38 and 55 ksi,
respectively. Table 8-6 summarizes the material properties assumed for the DYNA models.
Friction between the infill concrete and the steel faceplates, the infill concrete and the baseplate,
and the baseplate and the steel plate embedded in the foundation block were considered using the
Contact-Automatic-Surface-To-Surface formulation, with a coefficient of friction 0.5 (see Section
6.4.3). The steel faceplates were tied to the baseplate using the kinematic constraint Contact-Tied-
Shell-Edge-To-Surface. The studs and tie rods were coupled to the infill concrete elements using
Constrained-Lagrange-In-Solid. Beam elements were used to represent the studs and tie rods.
Eight-node solid elements were used to model the infill concrete, and four-node shell elements
were used for the steel faceplates. The infill concrete was modeled with 1 in. x 1 in. X 1 in. elements
and the steel faceplates were modeled with 1 in. x 1 in. elements. The walls were rigidly connected

to an infinitely stiff base.

Figure 8-12 through Figure 8-17 present the DYNA-predicted shear force-displacement
relationships together with those predicted using the proposed method calculated using 75 sub-
elements over the height of the wall panel. The proposed method accurately predicts the monotonic

in-plane response of the SC walls with different aspect ratios, reinforcement ratios, concrete
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strengths, and wall thicknesses up to the point of maximum shear resistance. The peak shear

resistance of the low-aspect ratio walls is slightly over-estimated.

Table 8-5 Properties of the DYNA models

Concrete Reinforcement
SC wall Aspect HxLxT t

No. vs;a Model | strength ;It)foc e * ratio
P (psi) (in.xin.xin.) (in.) (%)

1 LAN10-4| 4000 0.50 | 75 x 150 x 10|3/16 3.8

2 ” LAH10-4| 7000 0.50 | 75 x 150 x 10|3/16 3.8

3 § LAN10-5| 4000 0.50 | 75 x 150 x 10| 1/4 5.0

4 O LAHI10-5 7000 0.50 | 75 x 150 x 10| 1/4 5.0

5 Uo) LAN20-2| 4000 0.50 | 75 x 150 x 20|3/16 1.9

6 'g LAH20-2( 7000 0.50 | 75 x 150 x 20|3/16 1.9

7 3 LAN20-5| 4000 0.50 | 75 x 150 x 20| 1/2 5.0

8 & LAH20-5| 7000 0.50 | 75 x 150 x 20| 1/2 5.0

9 g LAN30-2| 4000 0.50 | 75 x 150 x 30|5/16 2.1

10 S LAH30-2 7000 0.50 | 75 x 150 x 30|5/16 2.1
11 LAN30-5| 4000 0.50 | 75 x 150 x 30| 3/4 5.0
12 LAH30-5[ 7000 0.50 | 75 x 150 x 30| 3/4 5.0
13 ” IAN10-4| 4000 1.00 150 x 150 x 10]3/16 3.8
14 Es IAH10-4| 7000 1.00 |150 x 150 x 10|3/16 3.8
15 O IAN10-5] 4000 1.00 |150 x 150 x 10| 1/4 5.0
16 (g IAHI10-5| 7000 1.00 |150 x 150 x 10| 1/4 5.0
17 g IAN20-2 | 4000 1.00 150 x 150 x 20|3/16 1.9
18 g TIAH20-2| 7000 1.00 |150 x 150 x 20|3/16 1.9
19 & TIAN20-5| 4000 1.00 150 x 150 x 20| 1/2 5.0
20 g TIAH20-5| 7000 1.00 |150 x 150 x 20| 1/2 5.0
21 S TIAN30-2| 4000 1.00 |150 x 150 x 30|5/16 2.1
22 2 TIAH30-2| 7000 1.00 |150 x 150 x 30|5/16 2.1
23 fg IAN30-5| 4000 1.00 |150 x 150 x 30| 3/4 5.0
24 ~ IAH30-5| 7000 1.00 |150 x 150 x 30| 3/4 5.0
25 HAN10-4| 4000 2.00 1300 x 150 x 10|3/16 3.8
26 HAHI10-4| 7000 2.00 1300 x 150 x 10|3/16 3.8
27| £ [HANI0-5] 4000 [ 2.00 [300 x 150 x 10[ 1/4 5.0
28 s HAHI10-5| 7000 2.00 1300 x 150 x 10| 1/4 5.0
29 2 HAN20-2| 4000 2.00 ]300 x 150 x 20|3/16 1.9
30 % HAH20-2| 7000 2.00 |300 x 150 x 20|3/16 1.9
31 g HAN20-5| 4000 2.00 1300 x 150 x 20| 1/2 5.0
32 g, HAH20-5| 7000 2.00 300 x 150 x 20| 1/2 5.0
33 ;.@ HAN30-2| 4000 2.00 ]300 x 150 x 30|5/16 2.1
34 = HAH30-2| 7000 2.00 |300 x 150 x 30|5/16 2.1
35 = HAN30-5| 4000 2.00 1300 x 150 x 30| 3/4 5.0
36 HAH30-5| 7000 2.00 300 x 150 x 30| 3/4 5.0
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Table 8-6 Material properties for the DYNA analysis

niaxial niaxial . .
Young’s| . Unia a v A48 Yield |Ultimate | Crack Agg.
. Poison |[compressive| tensile . :
Material modulus . strength | strength | width | Size
(ksi) ratio | strength | strength (ksi) (ksi) (n) | (in)
(ksi) (ksi) ) )
Normal
. orma 3600 | 0.18 4.0 0.3 - - 0.0027]| 0.75
Infill strength
concrete|Intermedi
termediate| yg00 | 018 | 7.0 0.6 . - 0002075
strength
Faceplate 29000 | 0.30 - - 36 55 - -
Connectors 29000 | 0.30 - - 50 75 - -
1600 i i i i i ’ J i i C i 1000
MOO{ e R~
Z 1200 z T
R Rl : : ! : : : :
=% 1000 = I 5 S S I R N
3 5 6007 A A
2 80| E Y/ A
= [ R N S 4004 S
§ 600 1 =2 sub-elements 8 3 3 . p==2 sub-clements
S 4001 4 ===5 sub-elements _‘_]“ i i | m==5sub-clements
{ | | | [~=10sub-clements 200 f¢" 1 =10 sub-clements
20044 =20 sub-clements | | | | |=20 sub-clements
0 L0 w50 sub-elements 0 : 3 | | =50 sub-elements
0 005 01 015 02 025 03 0 0.2 0.4 0.6 0.8
Lateral displacement [in.] Lateral displacement [in.]
(a) Aspect ratio of 0.5 (b) Aspect ratio of 1.0
600
S T
& w00l I e
3 | | 3 | | |
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Figure 8-11 Force-displacement relationships of SC walls with differing numbers of sub-elements
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Figure 8-12 Force-displacement relationship for 10-in. thick walls with 3.8% reinforcement ratio
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Figure 8-13 Force-displacement relationship for-10 in. thick walls with 5.0% reinforcement ratio
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Figure 8-14 Force-displacement relationship for 20-in. thick walls with 1.9% reinforcement ratio

220



4400

= *DYNA-LAI20-5

3600 *DYNA-IAI20-5
s-=-aSimplified-IAI20-5
&, 3200 f|es sDYNA-HAI20-5
. 2800 -+ [===Simplified-HAI20-5
2 4 0 0 ] 1 | | 1 |
2000
1600+
1200
800 -
400

Lateral load [ki

4000+ m=-aSimplified-LAI20-5 ‘

s «DYNA-LAN20-5
T jmeeesSimplified-LAN20-5
————— | == <DYNA-IAN20-5

: | |je==Simplified-IAN20-5
1 =DvNARANDS
1 p==Simplified-HAN20-5

Lateral displacement [in.]

24 18 12 06

0 06 12 18 24 3 36

Lateral displacement [in.]

Figure 8-15 Force-displacement relationship for 20-in. thick walls with 5.0% reinforcement ratio
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Figure 8-16 Force-displacement relationship for 30-in. thick walls with 2.1% reinforcement ratio
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Figure 8-17 Force-displacement relationship for 30-in. thick walls with 5.0% reinforcement ratio

Figure 8-18 presents the components of displacement for the analytically derived and DYNA-

predicted force-displacement relationships for the 10-in. thick rectangular SC walls with a

reinforcement ratio of 3.8% and aspect ratios of 0.5, 1.0, and 2.0. The shear displacements
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dominate for an aspect ratio of 0.5 and the flexural displacements dominate for aspect ratios greater
than 1.0, which are expected outcomes. The lateral displacement corresponding to shear strength
is underestimated because the stiffness reduction due to the out-of-plane buckling of the steel
faceplates is not considered in the simplified procedure but is captured in the DYNA analysis.
These results further confirmed the utility of the proposed simplified method for the monotonic

analysis of rectangular SC wall panels.
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Figure 8-18 Analytically- and DYNA-predicted force-displacement relationships for 10-in.
thick wall with 3.8% reinforcement ratio
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8.2.8 Force-Displacement Response of Multi-Story SC Walls

Single story walls are rarely used in practice and so a simplified method must be appropriate for
analysis of multi-story SC walls. Small-size walls are analyzed to take advantage of prior work
and to minimize the computational expense, without sacrificing rigor. Two three-story walls are
analyzed using the proposed method in MATLAB and the finite element method using DYNA,
with the same material models, elements, and boundary conditions used previously for the analysis
of the 36 rectangular SC walls. The length and height of the walls are 60 in. and 120 in.,
respectively. The thickness of the walls is 12 in.; the thickness of each steel faceplate is 0.19 in.
Beams and columns are not included in the models. The SC walls are subjected to uniform and

triangular distributions of lateral loads, as shown in Figure 8-19.

t,=0.19 in t,=0.19in
t.=12in . t,=121in
Floor 3 Floor 3
> 1 - \
P3 40 in P3 40 in
Floor 2 Floor 2
0.67F —> I F > J
P2 40 in P2 40 in
Floor 1 Floor 1
0.33F \ F > 4
Pl 40 in P1 40 in
Ground Ground
60 in 60 in

Figure 8-19 Elevation view of three-story SC walls subject to uniform and triangular loadings

The shear force-shear strain relationship for each panel of the three-story walls (P1, P2, and P3
presented in Figure 8-19) is calculated using the equations of Table 8-3. The moment-curvature
relationship for each panel is calculated using an effective yield stress [(8-76)] that is a function of
the moment-to-shear ratio (M /VL), which in turn depends on the vertical distribution of lateral

loads above the panel.

The moment-to-shear ratio for P1 in both SC walls is presented below to illustrate the calculation.
The level of the resultant of the lateral loads applied above P1 for the SC walls subjected to uniform

and triangular distributions of lateral loads are calculated using (8-78) and (8-79), respectively:
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_FX3H+FX2H+FXH _

h, 2H (8-78)
F+F+F

h = FX3H +0.67FX2H +0.33F xXH _ 5 34H (8-79)
F+0.67F +0.33F

The moment-to-shear ratio for P1 is calculated as &, /L=1.33 (2H/L) and = 1.56 (2.34H /L)

for the SC walls subjected to uniform and triangular distributions of lateral loads, respectively.

The flexural displacement at the top of each 40-in. tall panel is calculated using (8-1) with y. as

the distance between the center of i sub-element of the panel and top of the three-story SC wall.
Seventy five sub-elements are used for each of the three panels. The shear displacement at top of

each panel is calculated using (8-2). The total displacement at the top of the wall is:

A=Ay +A )+ AL +A L) +H(AG+A L) (8-80)

where the rotation at the top of each wall panel is:
0,=6,_,+> ¢/Ay/ (8-81)
i=1

where i and j denote the sub-element and story numbers, respectively, and 6,=0. The

displacement components and rotations at the tops of the panels are defined in Figure 8-20.

Figure 8-20 Displacement calculation in three-story SC wall
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Responses per (8-80) are presented in Figure 8-21. The proposed method reasonably predict the
monotonic response of this three-story SC wall subjected to both uniform and triangular loadings.
The initial stiffness is accurately predicted and the peak shear strength is estimated with an error

of less than 10%.
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Figure 8-21 Analytically- and numerically-predicted responses of a three-story SC wall

8.3 Simulation of Cyclic Response

The Ibarra-Krawinkler Pinching (IKP) model proposed by Ibarra et al. (2005) is used to simulate
the cyclic hysteretic response of SC walls. This model incorporates alternate cyclic deterioration
modes (2005). Ibarra et al. successfully simulated the inelastic behavior of two tested RC columns
subjected to axial and cyclic lateral loadings using this model. Gulec et al. (2011) used this model

to simulate the cyclic behavior of seven low aspect ratio reinforced concrete walls.

8.3.1 Description of the IKP Model

The hysteretic model proposed by Ibarra et al. (2005) is defined using the piece-wise linear
backbone curve presented in Figure 8-22(a) and the basic hysteretic rules presented in
Figure 8-22(b). The backbone curve consists of a bilinear curve in the pre-peak-strength region
and a linear curve in the post-peak-strength response. The unloading branch of the cyclic response
is simulated using a linear curve. The reloading branch consists of two segments. The first
reloading path (paths 3-4 and 7-8 in Figure 8-22(b)) is directed towards a break point (points 4 and
8) and the second path (paths 4-5 and 8-9) connects the break point to the point corresponding to

the maximum displacement of the earlier cycles in the same quadrant (points 2 and 6 in
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Figure 8-22(b)). The break point is a function of the maximum force (F

max

) and residual

displacement (J,,,, ) achieved in the previous cycle in the same quadrant, and is established using

displacement and force coordinates equal to (1-k,)J,,, andk F, , respectively.
F
A
Fp
¢ Backbone curve
Ct'sKé IF =k Fn:—ax
¥ o, K, pi d
o)
d " perl

F K.

3, 0, 0,

(a) Backbone curve (b) Hysteretic model

Figure 8-22 Pinching model proposed by Ibarra et al. (2005)

Four models of deterioration modes are considered in the IKP model, namely, the basic-strength,
post-capping strength, unloading stiffness, and accelerated stiffness, as cartooned in Figure 8-23.

Details are available in Ibarra et al. (2005).

F A +F A
me,l
K, ks e K
Fy+ 77777777 51 F 77777 \
T ’ K.

(a) Basic strength (b) Post-capping strength (c) Unloading-stiffness (d) Accelerated stiffness
Figure 8-23 Deterioration modes available with the IKP model

Ibarra et al. used an energy-based deterioration parameter to control deterioration. This parameter

is based on the hysteretic energy dissipated in cyclic excursions and is calculated as:
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E-YE, (8-82)

8.3.2 Validation of the Cyclic Analysis

The accuracy of the predictions of IKP model is validated using the results of finite element cyclic
analysis of 12 DYNA models selected from the 36 models used for monotonic analyses. The
models selected for cyclic analyses are LAN10-5, LAI10-5, LAN20-2, LAI20-2, IAN10-5, IAI10-
5, IAN20-2, IAI20-2, HAN10-5, HAI10-5, HAN20-2, and HAI20-2. The wall length in the DYNA
model used for the cyclic analysis is set equal to 60 in. to reduce the computational effort. The
same material models, elements, and boundary condition used for the monotonic analyses are

adopted for the cyclic analyses.

Figure 8-24 presents the cyclic force-displacement relationship for LAN10-5. Pinching of the

force-displacement response is evident in the post-peak-strength cycles.

1000
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-200+
-400+
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-800+

-1000 ' f . . r
-045 -03 -015 0 015 03 045

Lateral displacement [in.]

Lateral load [kips]

Figure 8-24 Cyclic force-displacement relationship of LAN10-5
The degree of pinching in the response of an SC wall is expected to be less than that of an RC wall
having a cross-section with 1) identical dimensions to those of the infill concrete cross-section,
and 2) a reinforcement ratio equal to the ratio of the cross-sectional area of the steel faceplates to
the total cross-sectional area of the SC wall, since the cyclic response is governed by the hysteretic

behavior of the steel faceplates after significant damage occurs in the infill concrete. The cyclic
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response of SC walls cannot be accurately simulated using the pinching model proposed originally

by Ibarra et al. (2005)

A modification to the original IKP model is proposed for SC walls using 1) a tri-linear curve for
the pre-peak-strength response that characterized the yielding of the steel faceplates at the tension
and compression ends of the wall, and crushing of the infill concrete, 2) a bilinear curve for the
unloading branch, and 3) a tri-linear curve for the re-loading branch. These modifications to the
backbone curve and hysteretic force-displacement relationship of the IKP model are presented in
Figure 8-25. Figure 8-25(a) presents the proposed backbone curve for cyclic simulations.
Figure 8-25(b) presents the backbone curve of the IKP model (dotted line), the hysteretic force-
displacement relationship proposed by Ibarra et al. (solid line), and the modified hysteretic force-
displacement relationship (dashed line).

The unloading and reloading branches of the modified hysteretic force-displacement relationship

’
rel,1°

consisted of two segments with stiffness &’

unl 1

and k,,, and three segments with stiffness &
k., and k,,, respectively. The first unloading path targets the force equal to a fraction, &, of

the maximum force, F,__, achieved in the same quadrant in the previous cycle. The first control

point of the reloading branch (points . and d in Figure 8-25(b)) on the force axis is established
using the coordinate of the residual displacement in the previous cycle and the value of stiffness
k', . The calculated force corresponding to this point should not exceed k 7 F o (s€€
Figure 8-25(b)). The second part of the reloading branch targets the second control point of the
reloading branch (points b and . in Figure 8-25(b)) with the displacement and force coordinates

of (1-k,)d,, and k F,, , respectively. The third part of the reloading branch targets the

maximum displacement achieved in the previous cycle.

The Modified IKP (MIKP) model is implemented in MATLAB (2012) and used to simulate the
DYNA-predicted cyclic responses of selected SC walls. The MATLAB code is provided in
Appendix D. The backbone curve in the pre-peak-strength region is calculated using the approach
proposed for the monotonic analysis of SC walls, as described in Section 8.3. The slope of the
backbone curve in the post-peak-strength response and pinching, deterioration, and rate parameters
are calculated using the results of finite element analysis of the 12 DYNA models. The basic

strength and post-capping strength deterioration modes are not considered since these modes
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simulate the degradation of the backbone curve under cyclic loading. The calculated values of the
parameters for the backbone curve are presented in Table 8-7. The cyclic force-displacement
relationship of a rectangular SC wall is defined using 1) the displacements and forces in the pre-
peak-strength region predicted by the proposed method for monotonic analysis, 2) the slope of the
backbone curve in the post-peak-strength region, and 3) the values of the pinching, deterioration,

and rate parameters, as described below.
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| = K
a,K, Fere
Fy’ 1
F e -
? >
s 88, 5, S
(a) Backbone curve
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»

o

A-ky)o

verl

(b) Cyclic response
Figure 8-25 Modifications to the IKP model
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In Table 8-7, the effective stiffness, K/, is defined as the ratio of the force associated with the

yielding of the steel faceplates on the tension end of the wall to its corresponding displacement.

The shear forces and displacements corresponding to flexural strength, F. and 0., are presented

in columns three and four of Table 8-7. The backbone curve is fully defined by the displacements
and forces corresponding to the pre-peak-strength control points, namely, the yielding of the steel
faceplates at the tension and compression ends of the wall (presented in Figure 8-25(a)), and the
slope of the backbone curve in the post-peak-strength region. The ratios of the displacement and
force at the control points to the displacement and force at peak strength are presented in columns
5 through 8 of Table 8-7, where the forces and displacements are calculated using the method
proposed previously for monotonic analysis. The ratio of post-peak stiffness to effective stiffness

is presented in column 9.

Table 8-7 Calculated backbone parameters
F, | F/ |6, |09

K’ F, 5C Y | a,
. ¢ F F b)) 1)
Specimen| k.C k.C e e
. . 1pPS . .

KPS ) | (kips) | Gin | (9BS | (KIS | dn.y | in. | g
in kips | kips | in. | in.

(1) OEECORBIOINOEEONEORRNIC)
LAN10-5|15196| 751 |0.12] 0.59 | 0.87 |10.24]0.39 |-18
LAII0-5 | 16743 | 862 |0.11| 0.56 | 0.87 |0.26|0.46 |-31
LAN20-2|16806| 750 |0.12] 0.58 | 0.95 [0.22[{0.48 |-16
LAI20-2 | 19138 | 846 |0.12] 0.57 | 0.94 | 0.21]0.52 |-21
IAN10-5 | 4018 | 447 10.20| 0.64 | 0.93 10.35]0.59| -8
IAI10-5 | 4470 | 503 ]0.20| 0.59 | 0.90 |0.33]0.63 |-12
IAN20-2 | 4533 | 415 |0.20| 0.60 | 0.96 |0.27|0.71 |-13
IAI20-2 | 5430 | 450 [0.20| 0.57 | 0.95 10.24]0.78 |-12
HAN10-5| 692 | 230 [0.57| 0.65 | 0.93 |0.38]0.63 |-16
HAI10-5 | 757 | 259 |0.57] 0.60 | 0.90 [0.36]0.68 |-17
HAN20-2| 722 | 212 |0.57| 0.60 | 0.96 |0.31]0.81 |-17
HAI20-2 | 800 | 229 |0.60| 0.57 | 0.95 |0.27]0.88 |-19

Table 8-8 presents the values of the pinching (k, ,k, ,&), deterioration (%, » ¥os Yrers» ¥ )» and

rate parameters (d d,.,»d,,d,) calibrated from the DYNA-predicted force-displacement

unl,1?
relationships. The hysteretic energy dissipation capacity corresponding to each deterioration mode

is calculated by multiplying the calculated deterioration parameters by the product of the peak

force and its corresponding displacement (= F.J. ). Table 8-8 shows that the pinching parameter,
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k ., 1s affected by the reinforcement ratio and the moment-to-shear ratio. The other two pinching

Iz
parameters, k, and &, presented in the third and fourth columns of Table 8-8, are not affected by
the design variables considered in this study. The deterioration parameters and rate parameter
corresponding to the reloading stiffness (k,,,, presented in Figure 8-25(b)) deterioration mode are
influenced by the moment-to-shear ratio. The analysis results are not substantially affected by the
rate parameters corresponding to the unloading stiffness and accelerated stiffness modes and the

best results are obtained by setting these parameters equal to 1.0.

Table 8-8 Calculated pinching, deterioration, and rate parameters

Specimen | k, | k, ¢ Vnta | Ytz | Veeta | Vo | Qunia | Qi | D | 4.
LAN10-5{0.600.30{0.50| 25 | 20 | 20 | 20 | 1 1 |1045] 1
LAI10-5 {0.60[0.30{0.50| 25 | 20 | 20 | 20 | 1 1 (045] 1
LAN20-2{0.40]0.30{0.50| 25 | 20 | 20 | 20 | 1 1 |(045] 1
LAI20-2 {0.40[0.30{0.50| 25 | 20 | 20 | 20 | 1 1 (045] 1
IAN10-5 [0.40(0.30{0.50| 40 | 35 | 20 | 40 | 1 1 ]035] 1
IAI10-5 [0.40(0.30|0.50| 40 | 35 | 20 | 40 | 1 1 1035] 1
TIAN20-2 |10.30(0.30{0.50| 40 | 35 | 20 | 40 | 1 1 1035] 1
IAI120-2 [0.30(0.30{0.50| 40 | 35 | 20 | 40 | 1 1 1035] 1
HAN10-5/0.30(0.30{0.50| 40 | 35 | 20 | 40 | 1 1 [025] 1
HAI10-5 |0.30(0.30{0.50| 40 | 35 | 20 | 40 | 1 1 1025] 1
HAN20-2/0.30(0.30{0.50| 40 | 35 | 20 | 40 | 1 1 [025] 1
HAI20-2 |0.30(0.30{0.50| 40 | 35 | 20 | 40 | 1 1 [025] 1

On the basis of the finite element analyses of the 12 DYNA models selected from the 36 models,
the post-peak stiffness of the backbone curve can be considered to be 15% to 20% of the effective
stiffness of the rectangular SC wall, as presented in the last column of Table 8-7. The calculated
values of the pinching, deterioration, and rate parameters of Table 8-8 can be used to simulate the
hysteretic response of rectangular SC walls with an aspect ratio between 0.5 to 2, a reinforcement

ratio between 2% and 5%, and low axial loads.

Figure 8-26 presents the analytical- and DYNA-predicted force-displacement relationships for the
twelve SC walls: SC walls with aspect ratios of 0.5, 1.0, and 2.0, thickness of 10 in. and 20 in.,
and reinforcement ratios of 2% and 5%. The MIKP model reasonably simulates the cyclic response
of the SC walls: the post-peak pinched behavior, the continuity of the response in the pre- and
post-peak-strength regions, and the unloading branch of the cyclic force-displacement relationship

are captured well.
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Figure 8-26 Cyclic modeling of SC walls using the MIKP model
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8.4 Initial Stiffness of SC Walls with a Baseplate Connection

The experimental study of the four SC walls, described in Chapter 5, indicated that the rotation of
the base connection governed their total lateral displacement. This result identifies the importance

of characterizing the stiffness of the connection of an SC wall to its foundation.

In this section, an analytical approach is proposed to characterize the rotational flexibility of an
SC wall with a baseplate connection [Epackachi et al. (2015c¢)]. The method is validated using data

from the tests presented in Chapter 5.

To calculate the initial stiffness of an SC wall with a baseplate connection, the wall was modeled

as a cantilever beam with a rotational spring at its base. A schematic drawing of the model is

presented in Figure 8-27.

SC wall

Figure 8-27 SC wall model for initial stiffness calculation

The total lateral displacement at top of the wall, A, is calculated as:
A=A +A +A (8-83)

The initial stiffness of the SC wall can be calculated as:

Tt (8-84)

A1, 1.1
K, K, K, K,

The initial flexural and shear stiffness of the SC wall can be estimated as:
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K f = H;’ (8-85)
GA

K, = 8 (8-86)
" xkH

where EI, is the flexural rigidity of the SC wall and is calculated as the sum of the flexural
rigidities of the steel faceplates (E /) and the infill concrete (E. 1, ), and GA, is the shear rigidity
of the SC wall, calculated as the sum of the shear rigidities of the steel faceplates (G A, ) and the

infill concrete (G A, ).

Assuming that the moment-rotation relationship of the spring at the wall base is M =K,0, the

lateral stiffness K, is calculated as:
K,=K,/H® (8-87)
Substituting (8-85), (8-86), and (8-87) into (8-84), the lateral stiffness of the SC wall is calculated

as:

K | 1 3-1
K =(—H+—H+——H -
' (GAg k, 3EI ) (8-38)

8

An analytical method is developed to characterize the rotational stiffness of a baseplate connection
of a rectangular SC wall to its foundation block. The following assumptions are made: (1) the SC
wall is modeled as a cantilever beam with elastic behavior, (2) the neutral axis is located at the
compressive toe of the wall, (3) the effects of axial force are insignificant, (4) the effect of post-
tensioning the threaded bars is small!, and (5) the configuration of the threaded bars in the

baseplate connection is that presented in Figure 8-28.

! The analytical calculations presented later in this section show that the base rotation is signifacntly affected by the
out-of-plane deformation of the baseplate and not by the extension of the threaded bars. Accordingly, the post-
tensioning of a baseplate to its foundation using threaded bars will have no significant effect on the rotational stiffness
of the baseplate connection.
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Figure 8-28 Plan view of an SC wall
Figure 8-29 and Figure 8-30 present elevation and cross-section views, respectively. These figures
show the deformations of the threaded bars and baseplate, and the distribution of tensile forces in

threaded bars and bearing stress on the foundation.

SC wall CL. NA.

Threaded bar

Figure 8-29 Elevation view of an SC wall
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Figure 8-30 Cross-section view of an SC wall

The deflection of the baseplate at the level of the first row of threaded bars, A (see Figure 8-29),
and at the level of the i’ row of threaded bars, A, (see Figure 8-30), can be calculated using (8-89)

and (8-90), respectively.

A =4 nT

'T3EI,  GA, (8-89)
L L
T, T,

A=t

Y 3EL, GA, (8-90)
L’ L

t t

where 7,, A,, I,,,and A, can be calculated as:

Bt
_2 8-91
T (8-91)
5
A, =2 B, (8-92)
St
r,="r (8-93)
12
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A, =%Sr (8-94)

The tensile force in each threaded bar at the level of the i row of threaded bars can be calculated
as:

E A
T - ( s T

' L

s

A, —A) (8-95)

where A, — A represents the actual elongation of threaded bar (see Figure 8-29 and Figure 8-30)
and E A, /L, is the axial stiffness of the threaded bar. Given the value of A, for the baseplate, the
vertical displacement of the baseplate at the level of the i row of threaded bars, A, can be

calculated as:

d/
A, =ZLA, (8-96)

Substituting (8-95) into (8-89) and (8-90) results the equations to calculate baseplate deformation

at the levels of the first and i” rows of threaded bars as:

EA EA
n,( i A -A) il i (A —A) w
A‘vl = 3E515b + GSASb = l//(Al - Axl) = A‘vl = EAI (8_97)
L L,
E A E A
(f)(Ai -A,) (f)(Ai -Ay) ¢
A, = - 7 + - 7 =6(A-A) = A =——A, 8-98
‘ 3Eslsb GsAsb é ‘ ‘ §+1 ( )
L’ L

t t

where the parameters i and £ can be calculated as:

— (i) nrArLt2 + znr‘Ar (1+V3) (8 99)
L TS A, _
L |AL> 2A(1+v,)
_ L AL f 8-100
=0 ){ Y A
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Substituting (8-98) into (8-95) yeilds the equations to calculate the tensile force in each threaded

bar at the levels of the first and i rows of bars as:

EA A
T — s°r 1 -
= L )1+¢// (8-101)
EA A
T sTTrN_T0 _
= L )1+§ (8-102)
Equilibrium of the vertical forces can be expressed as:
Y F,=0= f,(LB/2)=nT +2T,+--+2T, +2T,,, (8-103)

The bending moment of the vertical forces (i.e., tensile forces of the threaded bars and compressive

force of the bearing stress) at the wall centerline can be calculated as:

M =nTd +2T,d, +2T,d,+--—2T,d —2T

m+l1

d . +(f,LB/2)L,/2—-L./3) (8-104)
The rotational stiffness of the baseplate connection is:

K,=Md//IA, (8-105)
The rotational stiffness of a baseplate connection can be calculated in seven steps using (8-96)
through (8-105): 1) set the vertical displacement of the baseplate at the level of the first row of

threaded bars at the tension end of the wall, A, (see Figure 8-29), equal to a small value (= 1%

length of the wall), 2) calculate the vertical displacement of the baseplate at the level of the i’ row

of threaded bars, A,, using (8-96), 3) calculate the values of ¥ and & using (8-99) and (8-100),

respectively, 4) calculate the tensile force in each threaded bar at the levels of the first and i’ rows

of threaded bars, T, and T,, using (8-101) and (8-102), respectively, 5) calculate the maximum
bearing stress, 7, in Figure 8-29, using (8-103), 6) calculate the bending moment of the vertical
forces at the wall centerline corresponding to uplift A,, using (8-104), and 7) calculate the

rotational stiffness of baseplate connection, k,, using (8-105) .

The results of the four SC wall tests are used to validate the proposed method noting that the
threaded bars were post-tensioned in the experiments. Figure 8-31 presents a plan view of the

constructed SC walls.
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Figure 8-31 Plan view of tested SC walls
Table 8-9 presents the input parameters for the analytical calculation of the initial stiffness of the

SC walls. The input parameters were calculated using geometrical and material properties of the
four SC walls.

Table 8-9 Input parameters for the stiffness calculation of the baseplate connection

n,|m | L, | B | L | L | L |L | A |S |t |v,| E E,
(in) | (in) | (in) | (in) | (in) | (in) | (in?) | (in) | (in) (ksi) | (ksi)
SC1/SC2| 3| 8|80 |32 6| 7 [10]20|123] 8 | 1 |0.3]29000 | 3000

SC3/SC4| 3 | 8 |8 | 32| 6 |85 ] 10|20 |1.23| 8 1 [0.3]29000 | 3300

SC wall

The parameters /,,, A,, I.,,and A, are:

I, =Br [12=32x1"/12=2.7 in* (8-106)
5 5 -
A, =ngp =g><32><1= 26.7 in (8-107)
I, =St /12=8x1"/12=0.7 in* (8-108)
, 5 5 -
A, =gStp =g><8><1 =6.7 in (8-109)

The calculation of the stiffness of the baseplate connection follows the steps below:
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Step 1: An uplift A, is assumed for the baseplate at the level of the first row of the threaded bars

at the tension end of the wall.
Step 2: The vertical displacement of the baseplate at the level of the i row of threaded bars, A, ,
1s:

A, =g—éAl ,(d =66 in., d, =60 in., d, =54 in., ..., d, =2 in.) (8-110)

Step 3: The value of y for SC1 through SC4 is:

L |nAL> 2nA(+v) 6 | 3x1.23x6> 2x3x1.23x(1+0.3)
y=() + =(=2) + =5.1 (8-111)
L 31, A, 20 3x2.7 26.7
The value of & for SC1 and SC2 is:
L |AL?* 2A(1+v) 7 | 1.23x7*  2x1.23x(1+0.3)
= ()| o T sl = (— + =10.6 8-112
d (Lr){ 31, A, } (20){ 3x0.7 6.7 ( )
The value of & for SC3 and SC4 is:
L | AL> 240+v) | 85]1.23x85 2x1.23x(1+0.3)
— (= r i 7 s — (2 =18.2 -
d (L,){ 3r, i A, } (20){ 307 6.7 (8-113)

The contributions of the axial extension of the threaded bars to A, per (8-97) is less than 15% for

SC1 through SC4 and less than 8% to A, per (8-98) for the remaining bars in the walls. Since the
contribution is very small, the fourth assumption on page 8-40 is not substantially violated if the
baseplate is post-tensioned to the foundation block.

Step 4: Assuming that the axial stiffness of the threaded bar is K, the tensile force in each threaded

bar at the level of the first row of threaded bars is:

A, KA,
"1+w 6.1

T, =K (8-114)

The tensile force in each threaded bar at the level of the i’ row of threaded bars in SC1 and SC2

1s:
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S 8-115
TN+ E 116 (8-115)

The tensile force in each threaded bar at the level of the i’ row of threaded bars in SC3 and SC4

is:

T =K ——L =1 (8-116)

Step 5: The equilibrium of the vertical forces is:

becB

Y. F, =0=3T+2T,+-+2T, = (8-117)

Substituting (8-114) and (8-115) into (8-117) produces the maximum bearing stress in SC1 and
SC2:

J.=0.007K.A, (8-118)
The maximum bearing stress in SC3 and SC4 is:

f. =0.0054K A, (8-119)
Step 6: The bending moment of the vertical forces at the wall centerline corresponding to uplift
A, is:

I (8-120)

N1, 12113

M =3Tldl+2T2d2+---—27;d6—---—2T9d9+(fb

Substituting (8-114) and (8-115), and (8-118) into (8-120) produces the bending moment in SC1
and SC2:

M =65.6K A, (8-121)
The bending moment in SC3 and SC4 is:
M =53.8K A, (8-122)

Step 7: The rotational stiffness of the baseplate connection is calculated by substituting (8-121)
into (8-105). The rotational stiffness of the connection in SC1 and SC2 is:
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K,=Md/IA =656K.d (8-123)
The rotational stiffness of the connection in SC3 and SC4 is:

K,=Md//A =53.8K d/ (8-124)
The axial stiffness of the threaded bar is:

« _ EA _29000x123
r - L -

r

=1780 kips/in. (8-125)

Substituting (8-125) into (8-123) produces the rotational stiffness of the baseplate connection
equals to 7704167 kip-in/rad and 6331440 kip-in/rad for SC1/SC2 and SC3/SC4, respectively.

The flexural rigidities of the walls are:

EI, =E]I +E]I_ = %(ES 2t L’ + E t ') = 843750000 kips.in> for SCI and SC2 (8-126)

EI,=EI +EI, = %(ES 2t I’ + E_t.L’) = 730350000 kips.in*> for SC3 and SC4 (8-127)
The shear rigidities of the walls are:

GA, =G A +G,A =G 2t L+G.t,.L)=1150962 kips for SC1 and SC2 (8-128)

GA, =G,A +G,A, =G 2, L+G.t,L)= 993462 kips for SC3 and SC4 (8-129)

Table 8-10 presents the lateral stiffness calculation for the SC walls. The second, third, and fourth
columns of the table present the theoretical flexural and shear stiffness and lateral stiffness of the
baseplate connection, respectively. The fifth and sixth columns present the theoretical and
measured initial stiffness of the SC walls, where the theoretical initial stiffness of the SC walls is
calculated using (8-88). The ratio of the measured to the predicted initial stiffness of the SC walls
is presented in the last column. Good agreement was obtained between the analytical and test
results, confirming the utility of the proposed method for calculating the initial stiffness of an SC

wall with baseplate connection.
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Table 8-10 Values of measured and predicted initial stiffness of the SC walls

3EI, GA, K, K I% K
wall| 77 | *m | H? , |
(kip/in) | (kip/in) | (kip/in) | (kip/in) | (kip/in) !

SC1 | 11719 | 15986 | 2140 1625 1680 1.03
SC2 | 11719 | 15986 | 2140 1625 1420 | 0.88
SC3 | 10144 | 13798 1758 1350 1380 1.02

SC4 | 10144 | 13798 | 1758 1350 1310 | 0.97
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CHAPTER9
SUMMARY AND CONCLUSIONS

9.1 Summary

The seismic behavior of intermediate-to-low aspect ratio, rectangular steel-plate concrete (SC)
composite shear walls was investigated as part of a NSF-funded NEESR project on conventional
and composite structural walls. The SC wall piers studied here were composed of steel faceplates,
infill concrete, headed steel studs anchoring the faceplates to the infill, and tie rods connecting the
two faceplates through the infill. The focus was the in-plane behavior of flexure- and flexure-shear
critical SC walls. Composite walls with boundary columns and flanges, and wall piers with very
low-aspect ratios (height-to-length less than 0.5), were not studied. The research project included

experimental, numerical and analytical studies.

The experimental study investigated the cyclic inelastic behavior of SC walls. Four large walls,
SC1 through SC4, were constructed in the Bowen Laboratory at Purdue University and the NEES
laboratory at the University at Buffalo. The aspect ratio (height-to-length, H/L) of all four walls
was 1.0. The specimens were anchored to a concrete basemat with a pre-tensioned bolted
connection that was designed to be stronger than the walls. The connection consisted of a steel
plate embedded in the foundation block, a baseplate attached to the steel faceplates, threaded bars
securing the baseplate to the foundation block, headed studs attached to the baseplate, shear lugs
attached to the steel plate embedded in the foundation block, and a steel anchorage securing the
threaded bars to the foundation block. Post-tensioned Dwyidag bars were used to anchor the
foundation block to the strong floor. The design parameters considered in the experimental
investigation were wall thickness (9 in. and 12 in.), reinforcement ratio (3.1% and 4.2%), and
faceplate slenderness ratio (21, 24, and 32). Studs and tie rods were used as shear connectors in
SC1 and SC3. Only tie rods were used in SC2 and SC4. Trial designs for the walls and the re-
usable foundation block were prepared and analyzed by hand, using XTRACT for detailed cross-
section analysis, and using ABAQUS to explore design alternatives and develop force-

displacement relationships.

The progression of damage with increasing cyclic lateral displacements in the four walls was

similar: tensile cracking of concrete, tensile yielding of the steel faceplates, crushing of concrete
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at the toes of the wall, outward local buckling of the steel faceplates, and fracture of the steel
faceplates. The test results were used to characterize cyclic force-displacement relationships; post-
peak response focusing on the influence of the stud spacing; energy dissipation and equivalent
viscous damping ratios; strain and stress fields in the steel faceplates; the contribution of the steel
faceplates to the total lateral load; contributions of shear, flexure, and base rotation to the total

lateral displacement; and displacement ductility.

A finite element model for the nonlinear cyclic analysis of flexure- and flexure-shear-critical SC
walls was developed and validated using the test data. The finite element codes ABAQUS,
VecTor2, and LS-DYNA were evaluated. Only DYNA recovered the measured cyclic responses
well. Measured global and local responses of the walls were used to validate the DYNA model.
The validated model was used to investigate the influence of interface friction between the steel
faceplates and the infill concrete, and the distribution of the shear studs attached to baseplate, on

the cyclic response of SC walls.

A parametric study on the in-plane monotonic response of SC walls was conducted using the
validated and benchmarked DYNA model. The results of finite element analysis of 77 SC wall
piers were used to investigate the effects of wall aspect ratio, reinforcement ratio, slenderness ratio,
axial load, yield strength of the steel faceplates, and uniaxial compressive strength of concrete on
the in-plane response of SC walls. The baseline model was validated and benchmarked using data
from tests of large-scale SC wall piers at the University at Buffalo. The interaction effects of the
design variables on the shear force resisted by the infill concrete and steel faceplates and on the
pre- and post-yield stiffness of SC walls were investigated using a three-level six-factor fractional
factorial design. The analysis results were used to develop a predictive model for the monotonic
response of SC walls up to peak strength considering the effects of various design parameters. The
predictive model was validated using data from tests of four SC wall piers with an aspect ratio
(height-to-length) of 0.5. Equations were proposed to estimate the effective shear and flexural
rigidities of SC wall piers for dynamic analysis. Sample calculations of the monotonic response

and effective stiffness were provided.

Analytical models for calculating the monotonic and cyclic responses of single and multi-story SC
wall panels were developed, verified and validated. These models could be used for preliminary

analysis and design of structures including SC walls. The analytical models were verified using
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the results of the parametric DYNA study. The Ibarra-Krawinkler Pinching model was modified

to predict the cyclic response of SC walls, and the results of cyclic finite element analysis of 12

models of SC walls were used to establish backbone curve, pinching, deterioration, and rate

parameters for the modified IKP model. An analytical model for predicting the rotational stiffness

of a baseplate connection was developed and validated using test data.

9.2 Conclusions

This section presents the key conclusions of the experimental, numerical, and analytical studies.

9.2.1 Experimental Study

1.

The four walls sustained peak lateral loads close to those predicted by pre-test calculations
using commercially available software.

Faceplate slenderness ratio did not influence the peak resistance of SC walls in range of
slenderness ratio studied (21 to 32). The rate of strength deterioration was affected by the
faceplate slenderness ratio, with slightly better performance observed for values of the ratio
less than the limit proposed in the draft appendix to AISC N690.

Damage to flexure-critical SC walls in the pre-peak-strength region included concrete
cracking at toes of the wall at drift ratios less than 0.15% and steel faceplate buckling at
0.5% drift ratio. Concrete crushing occurred at peak load. Tearing of the steel faceplates
occurred in the post-peak-strength region of the SC wall response.

Pinched hysteresis and loss of stiffness and strength were observed in all four walls at
lateral displacements greater than those corresponding to peak load. Pinching in the
hysteretic response of the SC walls was attributed to the cracking and crushing of the infill
concrete, tearing of the steel faceplates, and flexibility at the base of the wall due to the
baseplate connection.

The damage to the infill concrete was concentrated around the level of the first row of
connectors in all four walls.

The distance between the first row of connectors and the base of an SC wall has a
significant influence on the post-peak behavior. The use of a smaller distance between the
first row of connectors and the baseplate forced the buckling of the faceplates away from
the CJP welded connection of the faceplates to the baseplate and avoided premature

fracture of the welded connection.
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7. Tie rods instead of shear studs are recommended near the base of an SC wall to improve

seismic response, where the faceplates are likely to buckle and high tensile forces are
imposed on the connectors.

The equivalent viscous damping for flexure-critical SC walls can be assumed to be 5% at
displacements less than that at peak strength and 10% for greater displacements.

The displacement due to the base rotation governed the total lateral displacement for the
SC walls with a bolted baseplate to RC foundation connection, indicating the importance

of addressing foundation flexibility in design and analysis of SC walls.

9.2.2 Numerical and Analytical Studies

1.

Models of SC walls can be prepared in LS-DYNA to reliably compute monotonic and
cyclic responses that are flexure- or flexure-shear-critical. For this purpose: 1) the smeared
crack Winfrith model, MATO8S5, can be used for the infill concrete; in the absence of
experimental data, the specific fracture energy can be estimated for a given aggregate size
using CEB-FIP Model Code (1993); 2) the plastic-damage model, MATO81, can be used
for the faceplates; 3) beam, shell, and solid elements can be used to model connectors, steel
faceplates, and infill concrete, respectively, and a mesh size of 1 in. is appropriate for the
solids and shells; and 4) the tie constraint can be used to attach the studs and tie rods to the
steel faceplates and the baseplate and the Lagrange-In-Solid constraint can be used to attach
the connectors to the infill concrete elements.

The DYNA model can be used to predict damage to the infill concrete and the steel
faceplates and thus can be used to develop robust fragility functions for seismic
probabilistic risk assessment.

The assumption of perfect bond between the steel faceplates and the infill concrete does
not significantly affect the pre-peak-strength response of the SC walls in the range of
faceplate slenderness studied here. The post-peak resistance of SC walls is underpredicted
if perfect bond is assumed due to premature fracture of the faceplates. Perfect bond should
not be assumed for finite element analysis.

In-plane cyclic response of SC wall is not affected by the choice of the coefficient of

friction between the infill concrete and the steel faceplates.
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5. The initial stiffness of SC walls constructed with a baseplate connection to an RC
foundation may be substantially affected by the flexibility of the connection, with a
potential significant impact on the dynamic response of the supported structure.

6. Of the design parameters considered in the parametric study (aspect ratio, reinforcement
ratio, slenderness ratio, axial load, yield strength of the steel faceplates, and uniaxial
compressive strength of concrete), aspect ratio has the greatest effect on the shear strength
and lateral stiffness of SC walls. The aspect ratio also affects the impact of the other design
variables on global response. Of all the variables considered, the slenderness ratio had the
smallest effect on strength and stiffness.

7. The in-plane monotonic response up to peak load of the tested SC walls was successfully
predicted using the proposed empirical equations. The proposed empirical equations for
the monotonic strength and stiffness of SC wall piers are applicable for the range of design
variables considered in this study and any extrapolation beyond the scope of the variables
require additional analysis or testing.

8. The results of analysis of 77 SC wall piers were used to investigate the effects of design
variables including aspect ratio, reinforcement ratio, slenderness ratio, axial load, yield
strength of the steel faceplates, and uniaxial compressive strength of concrete on the
effective stiffness of SC walls. Equations to calculate reduction factors for shear and
flexural stiffness were formulated as a function of key design variables, and these can be

used for elastic analysis of structures including SC wall piers.
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APPENDIX A. CAD DRAWINGS OF THE SPECIMENS
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APPENDIX B. PHOTOGRAPHS OF TEST SPECIMENS
B.1 SC1

Figure B-2 SC1 before testing
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Figure B-4 SC1 before testing
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Figure B-6 Damage to SC1 at 0.47% drift ratio
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Figure B-7 Damage to SC1 at 0.7% drift ratio

Figure B-8 Damage to SC1 at 0.7% drift ratio
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Figure B-10 Damage to SC1 at 0.7% drift ratio
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Figure B-12 Damage to SC1 at 0.93% drift ratio
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Figure B-15 Damage to SC1 at 1.40% drift ratio

Y .

Figure B-16 Damage to SC1 at 1.40% drift ratio
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Figure B-18 Damage to SC1 at 1.63% drift ratio
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Figure B-20 Damage to SC1 at 1.87% drift ratio
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Figure B-22 Damage to SC1 at 2.10% drift ratio
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Figure B-24 Damage to SC1 at 2.33% drift ratio
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Figure B-26 Damage to SC1 at 2.33% drift ratio
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Figure B-28 Damage to SC1 at 2.8% drift ratio
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Figure B-30 Damage to SC1 at 2.8% drift ratio
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Figure B-32 Damage to SC1 at 2.8% drift ratio
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Figure B-34 Damage to SC1 at 3.3% drift ratio
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Figure B-38 Damage to SC1 at the end of testing
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Figure B-40 Damage to SC1 at the end of testing

296



B.2 SC2

?;“"

-
T i\ e

Figure B-41 Damage to SC2 at 0.47% drift ratio

Figure B-42 Damage to SC2 at 0.47% drift ratio

297



A

Figure B-43 Damage to SC2 at 0.70% drift ratio

Figure B-44 Damage to SC2 at 0.70% drift ratio
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Figure B-46 Damage to SC2 at 0.93% drift ratio
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Figure B-47 Damage to SC2 at 1.17% drift ratio
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Figure B-48 Damage to SC2 at 1.17% drift ratio
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Figure B-50 Damage to SC2 at 1.40% drift ratio
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Figure B-52 Damage to SC2 at 1.63% drift ratio

302



=

Figure B-54 Damage to SC2 at 1.63% drift ratio
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Figure B-56 Damage to SC2 at 2.10% drift ratio
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Figure B-58 Damage to SC2 at 2.33% drift ratio
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Figure B-60 Damage to SC2 at 2.80% drift ratio
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Figure B-62 Damage to SC2 at 3.27% drift ratio
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Figure B-64 Damage to SC2 at the end of testing
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Figure B-66 Damage to SC2 at the end of testing
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B.3 SC3

Figure B-68 Damage to SC3 at 0.47% drift ratio
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Figure B-72 Damage to SC3 at 0.93% drift ratio
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Figure B-73 Damage to SC3 at 1.17% drift ratio
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Figure B-74 Damage to SC3 at 1.17% drift ratio
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Figure B-76 Damage to SC3 at 1.40% drift ratio
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Figure B-78 Damage to SC3 at 1.63% drift ratio
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Figure B-80 Damage to SC3 at 1.87% drift ratio
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Figure B-81 Damage to SC3 at 2.10% drift ratio
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Figure B-84 Damage to SC3 at 2.33% drift ratio
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Figure B-85 Damage to SC3 at 2.80% drift ratio
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Figure B-86 Damage to SC3 at 2.80% drift ratio
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Figure B-87 Damage to SC3 at 3.27% drift ratio

Figure B-88 Damage to SC3 at 3.27% drift ratio
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Figure B-90 Damage to SC3 at the end of testing
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Figure B-92 Damage to SC3 at the end of testing
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B.4 SC4

Figure B-94 Damage to SC4 at 0.47% drift ratio
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Figure B-96 Damage to SC4 at 0.70% drift ratio
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Figure B-97 Damage to SC4 at 0.93% drift ratio

Figure B-98 Damage to SC4 at 0.93% drift ratio
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Figure B-100 Damage to SC4 at 1.17% drift ratio
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Figure B-102 Damage to SC4 at 1.40% drift ratio
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Figure B-104 Damage to SC4 at 1.63% drift ratio
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Figure B-106 Damage to SC4 at 1.87% drift ratio
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Figure B-108 Damage to SC4 at 2.10% drift ratio
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Figure B-109 Damage to SC4 at 2.33% drift ratio

Figure B-110 Damage to SC4 at 2.33% drift ratio
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Figure B-114 Damage to SC4 at 3.27% drift ratio
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Figure B-118 Damage to SC4 at the end of testing
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B.5 Damage to the Infill Concrete of SC2

Figure B-119 Damage to the infill concrete of SC2 at the end of testing
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Figure B-120 Damage to the infill concrete of SC2 at the end of testing
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Figure B-121 Damage to the infill concrete of SC2 at the end of testing

Figure B-122 Damage to the infill concrete of SC2 at the end of testing
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B.6 Damage to the Infill Concrete of SC4

Figure B-123 Damage to the infill concrete of SC4 at the end of testing

Figure B-124 Damage to the infill concrete of SC4 at the end of testing
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Figure B-125 Damage to the infill concrete of SC4 at the end of testing

Figure B-126 Damage to the infill concrete of SC4 at the end of testing
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APPENDIX C. ROSETTE GAGE SPECIFICATIONS

062UR o
=M:=M: Micro-Measuraments ﬁzﬁﬂglun

General Purpose Strain Gages - Rectangular Rosette

GAGE PATTERN DATA
GAGE RESISTANCE QOPTIONS
DESIGHNATION {OHMS) AVAILABLE
See Mole S Malo 2

CEA--NEZLIR-120 | 120 £ 0.4% P2
CEA-N-062UIR-250 | 250 + 0.4% P2

DESCRIFTION

rﬂ:ﬁﬁh Smal 45" rectangular single-plane resshta in o compact
geometry. Exposed solder fab arca 0.07 x0.04in 1.8 =

1.0 mm]

actual size

ES = Each Saclion CP = Camplis Patam irch

CAEN DRSmo Logend: 2 _ Saction (81 = Sec 1) M = Mairix rrilireter |
Guge Length Crverall Length Grid Width Crerall Width Matriz Length Matriz Width
0082 B 0420 CP 0 4

0OEZES 0222 CP
15TES 584 CP 15T ES 10.E7 GP a4 122

GAGE SERIES DATA See Gage Series data shest for complete specifications.
i Stmain Range Temperabire Range

Serien Degoription
CEA | Unisersal general-purpose sirain gages. % =AW to +350°F |75 o +AT50)

Note 4:  Insent desired 5-T-C rarmbsar in spaoes marked 200
Note 2: Products with designations and options shown in bold are not BoHS compliar .

For techrical questions, contact: micro- messrsments @ vchaypg.com Cimoumant Hurbar: 11124
Rarizion: 02-Fab-10

WL T o ITh L P ek, C o
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APPENDIX D. MATLAB CODE FOR CYCLIC ANALYSIS
OF SC WALLS

University at Buffalo

Department of Civil, Structural and Environmental Engineering
MACRO MODEL FOR CYCLIC SIMULATION OF RC and SC WALLS
Modified-Ibarra-Krawinkler Pinching (MIKP) model

DEVELOPED BY SIAMAK EPACKACHI - 2014

UNITS: SI UNITS (kips, inch, s)

1c;
lear;
******************************OUTPUT*****‘k*******************************
F matrix
first column: total time
second column: displacement
third column: force
******************************INPUT******‘k*******************************
info matrix:
First column presents the values of the displacements of the critical
points on the backbone curve (first quadrant)
Second column presents the values of the forces of the critical
points on the backbone curve (first quadrant)
First column presents the values of the displacements of the critical
points on the backbone curve (third quadrant)
Second column presents the values of the forces of the critical
points on the backbone curve (third quadrant)
nfo=[ ...;
.16 126 0.12 123
.95 252 0.79 246
.47 252 1.44 246
.37 197 1.96 239
’
info2 matrix:
Values of the pinching and deterioration parameters.
nfoz2=[ ...;
.5 ... kf
1 ... kd
.5 ... kisi
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1000 ... deterioration parameter for basec strength

1000 ... deterioration parameter for post capping

30 ... deterioration parameter for unloading 1

20 ... deterioration parameter for unloading 2

1000 ... deterioration parameter for reloading

20 ... deterioration parameter for accelerated stiffness

% info3 matrix:
% Values of rate parameters.

1 rate parameter for basec strength

1 rate parameter for post capping

1 ... rate parameter for unloading 1

1 ... rate parameter for unloading 2

1 rate parameter for reloading

1 rate parameter for accelerated stiffness
]

% a matrix is the loading matrix

% first column: load step number

% second column: maximum displacement for each load step

% third column: total time for each load step

% fourth column: displacement increment for each load step
% fifth column: number of cycles per load step

Il
—

a e
1 0.064 0.12 0.01 3

2 0.13 0.24 0.01 2

3 0.2 0.48 0.01 2

4 0.27 0.72 0.01 2

5 0.36 0.96 0.01 2

6 0.45 1.2 0.01 2

7 0.70 1.44 0.01 2

8 0.95 1.68 0.01 2

9 1.45 1.92 0.01 2

10 2 2.16 0.01 2

1

%————CYCLIC DETERIORATION RULE-—————————— e

% RAHNAMA AND KRAWINKLER detflag=0
% EPACKACHI detflag=1
detflag=1;

$-———-RELOADING PARAMETER-———————————————————————————_
% BILINEAR RELOADING flagl=0

% TRILINEAR RELOADING flagl=1l

flagl=0;

\
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% dhkkkkxhkkkkxrxkkkxkxxk*END OF INPUT PARAMETERS* * %%k %k k& xkkkkkhkhkkkkrkhkhkkkxrk

[

t———-Displacements and forces of the critical points of the backbone curve

xypos=info (1
fypos=info (1,
xyneg=info (1
fyneg=info (1l

xccpos=info (2
fyypos=info (2,
xccneg=info (2
fyyneg=info (2

xcpos=info (3
fupos=info (3,
xcneg=info (3
funeg=info (3

xsspos=info (4
frrpos=info (4,
xssneg=info (4
frrneg=info (4

frpos=0.2*fypos;
frneg=0.2*fyneg;

mmpos=(info (4,2)-info(3,2))/(info(4,1)-info(3,1));
mmneg= (info (4,4)-info(3,4))/ (info(4,3)-info(3,3));
xspos= (frpos—-info (3,2)) /mmpos+info(3,1);

xsneg= (frneg-info (3, 4)) /mmneg+info (3, 3) ;
%————PINCHING MODEL-————————=————————

kf=info2 (1,1);

kd=info2 (1, 2);
facfp=info2 (1, 3);

%——inherent hysteretic energy dissipation - ——————--—---———-
% BASIC STRENGTH
etots=info2 (1, 4) *fupos*xcpos;
erates=info3(1,1);

% POST CAPPING
etotc=info2 (1,5) *fupos*xcpos;
eratec=info3(1,2);

% UNLOADING STIFFNESS 1
etotk=info2 (1, 6) *fupos*xcpos;
eratek=info3(1,3);

% UNLOADING STIFFNESS 2
etotkk=info2 (1, 7) *fupos*xcpos;
eratekk=info3(1,4);

% RELOADING STIFFNESS
etotkkk=info2 (1, 8) *fupos*xcpos;
eratekkk=info3(1,5);

% ACCELERATED STIFFNESS
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etota=info2 (1, 9) *fupos*xcpos;
eratea=info3(1,6);

§————STIFFNESS VALUES———————————————————

kepos=fypos/xypos;

keneg=fyneg/xyneg;

kcpos= (fyypos—fypos) / (XCCposS—Xypos) ;
kcneg= (fyyneg-fyneq) / (xccneg-xynegq) ;
kccpos= (fupos—fyypos) / (XxCpos—xccpos) ;
kccneg= (funeg-fyyneqg) / (xcneg—-xccneq) ;
kspos=(frrpos—fupos) / (xsspos—xcpos) ;
ksneg= (frrneg-funeqg) / (xssneg-xcnegqg) ;
ksspos= (frpos—frrpos)/ (XxSpos—xsspos) ;
kssneg=(frneg-frrneg)/ (xsneg-xssneqg) ;
krpos=0;

krneg=0;

kunl=0.5* (kepostkeneq) ;

kunll=kunl;

krelp=kunl;

kreln=kunl;

$-——-REFERNCE POINT VALUES—————————————————————————————

sloppos= (frrpos—-fupos) / (xsspos—xcpos) ;
frefpos=fupos-sloppos*xcpos;
slopneg= (frrneg-funeqg) / (xssneg—-xcnegqg) ;
frefneg=funeg-slopneg*xcneg;

for i=1:x
stepc=1/ (4*a /a (1, 4))
step= a(1,3)/( i, 2)/a(i,4))/a(i,5);
for j=l:a(i,5)
for k=a(i,4):a(i,4):a(i,?2)
ind=ind+1;
b(ind,1)=b(ind-1,1) +stepc;
b(ind,2)=b(ind-1,2) +step;
b (ind, 3) =k
end
for k=a(i,2)-a(i,4):-a(i,4):-a(i,2)
ind=ind+1;
b(ind,1)=b(ind-1,1) +stepc;
b(ind,2)=b(ind-1,2) +step;
b (ind, 3) =k;
end
for k=-a(i,2)+a(i,4):a(i,4):0
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ind=ind+1;
b(ind,1l)=b(ind-1,1) t+stepc;
b(ind,2)=b(ind-1,2) +step;
b (ind, 3) =k;
end
end
end

[x,y]l=size(b);

§————INITIALIZATION-—————————————
stat=1;
ind=1;

F(1,1:13)=0;

fneg=-fyneg;
fpos=fypos;
delneg=-xyneg;
delpos=xypos;
delresneg=0;
delrespos=0;
sume=0;
epos=0;
eneg=0;
betaposs=0;
betanegs=0;
betaposc=0;
betanegc=0;
betaposk=0;
betanegk=0;
betaposkk=0;
betanegkk=0;
betaposkkk=0;
betanegkkk=0;
betaposa=0;
betanega=0;

% Increment of dissipated ennergy at positive side
einc0=0;

% Increment of dissipated ennergy at negative side
eincl=0;

XOLD=b (i-1, 3) ;
X=b (i, 3);
FOLD=F (i-1, 3);

if ((stat~=5)&& (stat~=25) && (stat~=6) && (stat~=26) && (stat~=7) && (stat~=27))
if (abs (X) >=abs (XOLD) )
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if ((stat==1)&& (X>0))
XLB=0;
XUB=xypos;
FLB=0;
FUB=fypos;
KLB=kepos;
KUP=kcpos;
statlLB=1;
statUB=2;
elseif ((stat==1)&& (X<0))
XLB=0;
XUB=-xyneg;
FLB=0;
FUB=-fyneg;
KLB=keneg;
KUP=kcneg;
statlLB=21;
statUB=22;
elseif ((stat==21) && (X<0))
XLB=0;
XUB=-xyneg;
FLB=0;
FUB=-fyneg;
KLB=keneg;
KUP=kcneg;
statlLB=21;
statUB=22;
elseif ((stat==21)&& (X>0))
XLB=0;
XUB=xypos;
FLB=0;
FUB=fypos;
KLB=kepos;
KUP=kcpos;
statLB=1;
statUB=2;
elseif (stat==2)
XLB=xypos;
XUB=xccpos;
FLB=fypos;
FUB=fyypos;
KLB=kcpos;
KUP=kccpos;
statlLB=2;
statUB=200;
elseif (stat==22)
XLB=—-xyneg;
XUB=—-xccneg;
FLB=-fyneg;
FUB=-fyyneg;
KLB=kcneg;
KUP=kccneg;
statlB=22;
statUB=2200;
elseif (stat==200)
XLB=xccpos;
XUB=xcpos;
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FLB=fyypos;
FUB=fupos;
KLB=kccpos;
KUP=kspos;
statLB=200;
statUB=3;
elseif (stat==2200)
XLB=—-xccneg;
XUB=-xcneg;
FLB=-fyyneg;
FUB=-funeg;
KLB=kccneg;
KUP=ksneg;
statLB=2200;
statUB=23;
elseif (stat==3)
XLB=xCpos;
XUB=xsspos;
FLB=fupos;
FUB=frrpos;
KLB=kspos;
KUP=ksspos;
statLB=3;
statUB=300;
elseif (stat==23)
XLB=-xcneg;
XUB=—-xssneg;
FLB=-funeg;
FUB=-frrneg;
KLB=ksneg;
KUP=kssneqg;
statLB=23;
statUB=2300;
elseif (stat==300)
XLB=xsspos;
XUB=xspos;
FLB=frrpos;
FUB=frpos;
KLB=ksspos;
KUP=krpos;
statLB=300;
statUB=4;
elseif (stat==2300)
XLB=—-xssneg;
XUB=-xsneg;
FLB=-frrneg;
FUB=-frneg;
KLB=kssneg;
KUP=krneg;
statLB=2300;
statUB=24;
elseif (stat==4)
XLB=xspos;
XUB=100*xspos;
FLB=frpos;
FUB=frpos;
KLB=krpos;
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KUP=krpos;
statLB=4;
statUB=4;

elseif (stat==24)
XLB=-xsneg;
XUB=-100*xsneg;
FLB=-frneg;
FUB=-frneg;
KLB=krneg;
KUP=krneg;
statlLB=24;
statUB=24;

end

if (abs (X)<=abs (XUB))
F (i, 3)=(X-XLB) *KLB+FLB;
stat=statLB;

G Hysteretic Energy-——————--——————————————————

if(F(i,3)>=0)
efalg=0;
einc0=0.5* (F (i, 3) +FOLD) * (X-XOLD) ;

else
efalg=1;
eincl=0.5* (F (i, 3) +FOLD) * (X—XOLD) ;

end

else

F (i, 3)=(X-XUB) *KUP+FUB;
stat=statUB;

g——m Hysteretic Energy-——————————————————————————
if(F (i, 3)>=0)
efalg=0;
einc0=0.5* (F (i, 3) +FUB) * (X-XUB) +0.5* (FUB+FOLD) * (XUB-XOLD) ;
else
efalg=1;
eincl=0.5* (F (i, 3)+FUB) * (X-XUB) +0.5* (FUB+FOLD) * (XUB-XOLD) ;
end
end
else
if (stat==1)
1f (X>=0)
F (i, 3)=kepos*X;
stat=1;
gm—m Hysteretic Energy-——————————————————————————
efalg=0;

einc0=0.5* (F (i, 3)+FOLD) * (X—-XOLD) ;

F (i, 3)=keneg*X;
stat=21;
§— Hysteretic Energy-————————"——"""~"—————————————
efalg=2;
einc0=-0.5*FOLD*X0OLD;
eincl=0.5*F (i, 3) *X;
end
elseif (stat==21)
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if (X<=0)
F (i, 3)=keneg*X;
stat=21;
G Hysteretic Energy-——————————————————————————
efalg=1;
eincl=0.5* (F (i, 3) +FOLD) * (X-XOLD) ;

F (i, 3)=kepos*X;
stat=1;
F— Hysteretic Energy———————""""""""—"——"————\————
efalg=3;
eincl=-0.5*FOLD*X0OLD;
einc0=0.5*F (i, 3) *X;

if (FOLD>=0)
F (i, 3)=FOLD+ (X-XOLD) *kunl;
stat=5;
delpos=XOLD;
fpos=FOLD;
del5m=XOLD;
£5m=FOLD;

e —— Hysteretic Energy-————-""""""""""""-—"——————

efalg=0;
einc0=0.5* (F (i, 3) +FOLD) * (X-XOLD) ;

F (i, 3)=FOLD+ (X-XOLD) *kunl;
stat=25;
delneg=XOLD;
fneg=FOLD;
del25m=X0LD;
f25m=FOLD;
s Hysteretic Energy-——————--—"—"—"———————————————
efalg=1;
eincl=0.5* (F (i, 3) +FOLD) * (X-XOLD) ;

end
end
elseif (stat==5)
delb=delpos;
f5=fpos;
if (X<=delb)
F (i, 3)=FOLD+ (X-XOLD) *kunl;
if (F(i,3)>=facfp*fbm)
stat=5;

F—— Hysteretic Energy-———---"""""""""""-———————
efalg=0;
einc0=0.5* (F (i, 3) +FOLD) * (X-XOLD) ;

else
XPOSM=del5m-£f5m* (1-facfp) /kunl;
slopu=max (facfp*f5m/XPOSM, kunll) ;
F(i,3)=facfp*fbm+ (X-XPOSM) *slopu;
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if (F(i,3)>=0)
stat=5;
Gmm e Hysteretic Energy-——————""=""""—"—————————————
efalg=0;
einc0=0.5* (F (i, 3)+FOLD) * (X-XOLD) ;
else
%———-FIRST AND SECOND DET:BASIC AND POST CAPPING STRENGTH-—--
frefneg=(l-betaposc) *frefneg;
fynegold=fyneg;
fyneg=(l-betaposs) *fyneqg;
fyyneg=fyyneg- (fyneg-fynegold) ;

if (fyyneg<=frnegq)
fyyneg=frneg;
kcneg= (fyyneg-fyneq) / (xccneg-xyneq) ;
kccneg=0;
else
kcneg=(l-betaposs) *kcneg;
kccneg=(l-betaposs) *kccneg;
if (kccneg<=0)
kccneg=0;
end
if (kcneg<=0)
kcneg=0;
end
if (kcneg<=kccneq)
kcneg=kccneg;
end
end
xyneg=fyneg/keneg;
xccneg= (fyyneg-fyneg) /kcneg+xyneg;
xcneg= (frefneg-fyyneg+kccneg*xccneq) / (kccneg—-slopneq) ;
frrneg=frefneg+slopneg*xssneg;
if (frrneg<frneq)
frrneg=frneg;
xssneg= (frneg-frefneg) /slopneg;
kssneg=0;
xXxsneg=xssneg;
else
xsneg=xssneg+ (frneg-frrneq) /kssneg;
end
funeg=fyynegtkccneg* (xcneg-xccnegq) ;

if ((abs (delneg) >=xyneqg) && (abs (delneg) <=xccneq) )
fneg=- (fynegtkcneg* (abs (delneg) -xyneq)) ;

elseif ((abs (delneg) >xccneq) && (abs (delneg) <=xcneq) )
fneg=- (fyyneg+kccneg* (abs (delneg) -xccneq)) ;

elseif ((abs (delneg) >xcneqg) && (abs (delneg) <=xssneq) )

fneg=- (funegtksneg* (abs (delneg) -xcneq)) ;
elseif ((abs (delneg) >xssneqg) && (abs (delneg) <=xsneq) )

fneg=- (frrneg+kssneg* (abs (delneg) -xssneq)) ;
else

fneg=-((abs (delneg) —xsneqg) *krneg+frneq) ;
end

$——-THIRD DET: UNLOADING STIFFNESS—————————————————————



kunl=(l-betaposk) *kunl;
%$———-FOURTH DET: ACCELERATED STIFF———------""""""""""-—————

delneg=(lt+betaposa) *delneg;

if ((abs (delneg) >=xyneqg) && (abs (delneg) <=xccnegq) )
fneg=- (fynegtkcneg* (abs (delneg) -xyneq)) ;

elseif ((abs (delneg) >=xccneqg) && (abs (delneg) <=xcneq))
fneg=- (fyyneg+kccneg* (abs (delneg) -xccneq) ) ;

elseif ((abs (delneg) >xcneqg) && (abs (delneg) <=xssneq) )

fneg=- (funegtksneg* (abs (delneg) -xcneq)) ;
elseif ((abs (delneg) >xssneqg) && (abs (delneg) <=xsneq) )

fneg=- (frrneg+kssneg* (abs (delneg) -xssneq)) ;
else

fneg=-((abs (delneg) —xsneqg) *krneg+frneq) ;

end

%$———-FIFTH DET: UNLOADING STIFFNESS——f———""—"—"—"""""—"—"—"————————
kunll=(l-betaposkk) *kunll;

%$———-SIXTH DET: RELOADING STIFFNESS————"—"—"—""""—"—"—"—"————————
krelp=(l-betaposkkk) *krelp;
delrespos=XOLD-FOLD/kunll;
if (delrespos<0)

delrespos=0;
end
stat=26;
if (flagl==0)

%$————-BILINEAR RELOADING-——f———"""""""""""""""""—"————————————
m26=kf*abs (fneqg)/ (delrespos—-delneq) ;
F(i,3)=(X-delrespos) *m26;

else

%$————-TRLINEAR RELOADING-——f—f——"—"""""—"""""—"—""""—"—————————————
m26=kf*abs (fneqg)/ (delrespos—-delneq) ;
if(krelp<m26)

m266=m26;
else
yO0=-krelp*delrespos;
if (abs (y0)>abs (kf*fneqg))
m266=abs (kf*fneqg) /delrespos;
m26=0;
else
m266=krelp;
m26= (abs (kf*fneg) -abs (y0)) / (-delnegq) ;
end
end
yO0n=-m266*delrespos;
F(i,3)=(X-delrespos) *m266;
end

e Hysteretic Energy-————--"""""""""-""————————
efalg=2;
einc0=-0.5*FOLD* (XOLD-delrespos) ;
eincl=0.5*F (i, 3) * (X-delrespos) ;

end
else
if (del5<=xccpos)
if (X<=xccpos)
F(i,3)=f5+kcpos* (X-delb);
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stat=2;

——————————————— Hysteretic Energy-——————--—"—"————————————————

efalg=0;
einc0=0.5*(F (i, 3)+£5) * (X-del5)+0.5* (£5+FOLD) * (del5-XOLD) ;

F (i, 3)=fyypostkccpos* (X-xccpos) ;
stat=200;

777777777777777 Hysteretic Energy-——————————————————————————

efalg=0;
einc0=0.5* (F (i, 3) +fyypos) * (X-xccpos) +0.5* (fyypos+f5) * (xccpos—
.5* (f5+FOLD) * (del5-X0OLD) ;

end
elseif (delb5<=xcpos)
if (X<=xcpos)
F(i,3)=f5+kccpos* (X-delb);
stat=200;

777777777777777 Hysteretic Energy-——————————————————————————

efalg=0;
einc0=0.5*(F (1, 3)+£5) * (X-del5)+0.5* (£5+FOLD) * (del5-X0OLD) ;

F(i,3)=fupostkspos* (X-xcpos) ;
stat=3;

——————————————— Hysteretic Energy-——————--—"—"————————————————

efalg=0;
einc0=0.5* (F (i, 3) +fupos) * (X—-xcpos) +0.5* (fupos+£5) * (xcpos—
.5* (£5+FOLD) * (del5-XOLD) ;

end
elseif (delb<=xsspos)
if (X<=xsspos)
F(i,3)=£f5+kspos* (X-delb);
stat=3;

——————————————— Hysteretic Energy-——————--——"————————————————

efalg=0;
einc0=0.5* (F(1i,3)+£5) * (X-del5)+0.5* (£5+FOLD) * (del5-XOLD) ;

F(i,3)=frrpostksspos* (X-xsspos) ;
stat=300;

777777777777777 Hysteretic Energy-——————————————————————————

efalg=0;
einc0=0.5* (F (i, 3)+frrpos) * (X-xsspos) +0.5* (frrpos+f5) * (xsspos—
.5* (f5+FOLD) * (del5-X0OLD) ;

end
elseif (delb5<=xspos)
if (X<=xspos)
F(i,3)=f5+ksspos* (X-delb);
stat=300;

777777777777777 Hysteretic Energy-——————————————————————————

efalg=0;
einc0=0.5* (F (i, 3)+£f5) * (X-del5)+0.5* (f5+FOLD) * (del5-XOLD) ;



F(i,3)=frpostkrpos* (X-xspos) ;

stat=4;
R Hysteretic Energy-——————————————————————————

efalg=0;

einc0=0.5* (F (i, 3)+frpos) * (X-xspos) +0.5* (frpos+£f5) * (xspos—
del5)+0.5* (£5+FOLD) * (del5-XOLD) ;

F(i,3)=f5+krpos* (X-delb);
stat=4;
e —— Hysteretic Energy-————--"""""""""-""————————
efalg=0;
einc0=0.5* (F (1i,3)+£5) * (X-del5)+0.5* (£5+FOLD) * (del5-XOLD) ;

end
elseif (stat==25)
del25=delneg;
f25=fneg;
if (X>=del25b)
F (i, 3)=FOLD+ (X-XOLD) *kunl;
if (F(i,3)<=facfp*f25m)
stat=25;
e —— Hysteretic Energy-————--"""""""""-""-—"——————
efalg=1;
eincl=0.5* (F (i, 3)+FOLD) * (X-XOLD) ;

XNEGM=del25m-£25m* (1-facfp) /kunl;
slopu=max (facfp*f25m/XNEGM, kunll) ;
F(i,3)=facfp*f25m+ (X-XNEGM) *slopu;
if (F(i,3)<=0)

stat=25;

F—— Hysteretic Energy-———---"""""""""""-—"——————
efalg=1;
eincl=0.5* (F (i, 3)+FOLD) * (X-XOLD) ;

else
$———FIRST AND SECOND DET:BASIC AND POST CAPPING STRENGTH-—-
frefpos=(l-betanegc) *frefpos;
fyposold=fypos;
fypos=(l-betanegs) *fypos;
fyypos=fyypos— (fypos—fyposold);
if (fyypos<=frpos)
fyypos=frpos;
kcpos= (fyypos—fypos) / (Xccpos—xypos) ;
kccpos=0;
else
kcpos=(l-betanegs) *kcpos;
kccpos=(l-betanegs) *kccpos;
if (kccpos<=0)
kccpos=0;
end
if (kcpos<=0)
kcpos=0;
end
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if (kcpos<=kccpos)
kcpos=kccpos;

end
end
xypos=fypos/kepos;
xccpos= (fyypos—fypos) /kcpos+xypos;
xcpos= (frefpos—-fyypos+kccpos*xccpos) / (kccpos—sloppos) ;
frrpos=frefpos+sloppos*xsspos;
if (frrpos<frpos)

frrpos=frpos;

xsspos= (frpos—-frefpos) /sloppos;

ksspos=0;

XSPOS=XSSPOS;
else

xspos=xsspos+ (frpos—frrpos) /ksspos;
end
fupos=fyypostkccpos* (xcpos—xccpos) ;

if ((delpos>=xypos) && (delpos<=xccpos))
fpos=fypos+kcpos* (delpos—xypos) ;
elseif ((delpos>xccpos) && (delpos<=xcpos))
fpos=fyypostkccpos* (delpos—xccpos) ;
elseif ((delpos>xcpos) && (delpos<=xsspos))
fpos=fupos+kspos* (delpos—-xcpos) ;
elseif ((delpos>xsspos) && (delpos<=xspos))
fpos=frrpostksspos* (delpos—xsspos) ;
else
fpos=(delpos—xspos) *krpos+frpos;
end
%———-THIRD DET: UNLOADING STIFFNESS——————————"——"————————————
kunl=(l-betanegk) *kunl;
%———-FOURTH DET: ACCELERATED STIFF-—-—-—-—-———————————————
delpos=(lt+betanega) *delpos;
if ((delpos>=xypos) && (delpos<=xccpos))
fpos=fypos+kcpos* (delpos—xypos) ;
elseif ((delpos>=xccpos) && (delpos<=xcpos))
fpos=fyypostkccpos* (delpos—xccpos) ;
elseif ((delpos>xcpos) && (delpos<=xsspos))
fpos=fupos+kspos* (delpos—-xcpos) ;
elseif ((delpos>xsspos) && (delpos<=xspos))
fpos=frrpostksspos* (delpos—xsspos) ;
else
fpos=(delpos—-xspos) *krpos+frpos;
end
%———-FIFTH DET: UNLOADING STIFFNESS—————-———————————————————
kunll=(l-betanegkk) *kunll;
%———-SIXTH DET: RELOADING STIFFNESS—————-———————————————————
kreln=(l-betanegkkk) *kreln;

delresneg=XOLD-FOLD/kunll;

if (delresneg>0)
delresneg=0;

end

stat=6;

if (flagl==0)

%$————-BILINEAR RELOADING-—————————————————————————————————

m6=kf*fpos/ (delpos—delresneq) ;
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F(i,3)=(X-delresneqg) *m6;
else
%————-TRILINEAR RELOADING-—————""""""""————————————————————
m6=kf*fpos/ (delpos—delresneq) ;
if (kreln<mé6)
mo66=mo6;
else
y0=—kreln*delresneg;
if (yO>kf*fpos)
m66=—kf*fpos/delresneg;
m6=0;
else
m66=kreln;
m6= (kf*fpos-y0) /delpos;
end
end
yO0p=-m66*delresneg;
F(i,3)=(X-delresneqg) *m66;
end

g Hysteretic Energy-——————————————————————————
efalg=3;

eincl=-0.5*FOLD* (XOLD-delresneq) ;
einc0=0.5*F (i, 3) * (X-delresneq) ;

end
else
if (del25>=-xccneq)
if (X>=-xccneq)
F(i,3)=£f25+kcneg* (X-del25);
stat=22;
e —— Hysteretic Energy-———---"""""""""""-—"——————

efalg=1;
eincl=0.5*(F(i,3)+£f25) * (X-del25)+0.5* (£25+FOLD) * (del25-X0OLD) ;

F (i, 3)=fyyneg+kccneg* (X-xccnegqg) ;
stat=2200;
F Hysteretic Energy-——————————————————————————
efalg=1;
eincl=0.5* (F (i, 3) +fyyneqg) * (X—
xccneqg) +0.5* (fyyneg+£f25) * (xccneg-del25)+0.5* (£25+FOLD) * (del25-X0OLD) ;
end
elseif (del25>=-xcneq)
if (X>=-xcneq)
F(i,3)=f25+kccneg* (X-del25);
stat=2200;
F Hysteretic Energy-——————————————————————————
efalg=1;
eincl=0.5*(F(i,3)+£f25) * (X-del25)+0.5* (£25+FOLD) * (del25-X0OLD) ;

F (i, 3)=funegtksneg* (X-xcneq) ;
stat=23;
gm—m Hysteretic Energy-——————————————————————————



efalg=1;
eincl=0.5* (F (i, 3) +funeqg) * (X-xcneqg) +0.5* (funeg+£f25) * (xcneg-—
del25)+0.5* (£254+4FOLD) * (del25-XOLD) ;
end
elseif (del25>=-xssneq)
if (X>=-xssneq)
F(i,3)=£f25+ksneg* (X-del25);
stat=23;
e —— Hysteretic Energy-————--"""""""""""-—"——————
efalg=1;
eincl=0.5* (F(i,3)+f25)* (X-del25)+0.5* (£f25+FOLD) * (del25-X0OLD) ;

F(i,3)=frrneg+kssneg* (X-xssneqg) ;
stat=2300;
F—— Hysteretic Energy-————-""""""""""""——"——————
efalg=1;
eincl=0.5*(F (i,3)+frrneqg) * (X-
xssneqg)+0.5* (frrneg+£f25) * (xssneg-del25)+0.5* (£25+FOLD) * (del25-X0OLD) ;
end
elseif (del25>=-xsneq)
if (X>=-xsneq)
F(i,3)=f25+kssneg* (X-del25);
stat=2300;
e —— Hysteretic Energy-————-""""""""""""-—"——————
efalg=1;
eincl=0.5* (F(i,3)+£f25)* (X-del25)+0.5* (£25+FOLD) * (del25-X0OLD) ;

F(i,3)=frnegtkrneg* (X-xsnegqg) ;

stat=24;
G Hysteretic Energy-——————————————————————————

efalg=1;

eincl=0.5*(F (i, 3)+frneqg) * (X-xsneqg) +0.5* (frneg+£25) * (xsneg-—
del25)+0.5* (£254+FOLD) * (del25-X0OLD) ;

F(i,3)=f25+krneg* (X-del25);
stat=24;
G Hysteretic Energy-——————————————————————————
efalg=1;
eincl=0.5*(F (i, 3)+£25)* (X-del25)+0.5* (£25+FOLD) * (del25-X0OLD) ;

end
elseif (stat==26)
1if (X< (1l-kd) *delresneq)
m27=((1-kf) *fneg+ (delneg- (1-kd) *delresneqg) *m26) / (delneg— (1-
kd) *delresnegq) ;

if (flagl==0)
facx=((delrespos—(1-kd) *delresneq)/ (delrespos—delneqg)) *kf*fneg;
else
facx=y0On+ (1-kd) *delresneg*m26;
end
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F(i,3)=m27* (X-(1-kd) *delresneg) +facx;
stat=27;
G Hysteretic Energy-——————————————————————————
efalg=1;
eincl=0.5* (F (i, 3)+facx) * (X-(1-
kd) *delresneqg) +0.5* (facx+FOLD) * ( (1-kd) *delresneg—-XOLD) ;

else
1f (X<=XOLD)
stat=26;
if (flagl==0)
F(i,3)=m26* (X-XOLD) +FOLD;
else
if (X>=—1e-6)
F(i,3)=m266* (X-XOLD) +FOLD;
else
F(i,3)=m26* (X-XOLD) +FOLD;
end
end

G Hysteretic Energy-——————--—"—"—"———————————————
efalg=1;
eincl=0.5* (F (i, 3) +FOLD) * (X-XOLD) ;

else
F (i, 3)=FOLD+ (X-XOLD) *kunl;
stat=25;
del25m=X0LD;
f£25m=FOLD;

g Hysteretic Energy-——————————————————————————
efalg=1;
eincl=0.5* (F (i, 3) +FOLD) * (X—XOLD) ;

end
end

elseif (stat==27)
if (X<=delnegq)
if (X>=-xccneq)
F (i, 3)=-fynegt+kcneg* (X+xyneq) ;

stat=22;
F—— Hysteretic Energy-———--"""""""""""-———————
efalg=1;
eincl=0.5* (F (i, 3) +fneqg) * (X-delneg) +0.5* (fneg+FOLD) * (delneg—
XOLD) ;
elseif (X>=-xcnegq)
F (i, 3)=—-fyynegtkccneg* (X+xccneq) ;
stat=2200;
G Hysteretic Energy-——————————————————————————
efalg=1;
eincl=0.5* (F (i, 3) +fneqg) * (X-delneg) +0.5* (fneg+FOLD) * (delneg—
XOLD) ;
elseif (X>=-xssnegq)
F (i, 3)=-funegtksneg* (Xt+xcneq) ;
stat=23;
F—— Hysteretic Energy-————-""""""""""""-"-"—"—-————
efalg=1;



eincl=0.5* (F (i, 3)+fneqg) * (X-delneqg) +0.5* (fneg+FOLD) * (delneg-

elseif (X>=-xsneq)
F(i,3)=-frrneg+kssneg* (X+xssneqg) ;
stat=2300;
e —— Hysteretic Energy-————-""""""""""""—"-"——————
efalg=1;
eincl=0.5*(F (i, 3) +fneqg) * (X-delneqg) +0.5* (fneg+FOLD) * (delneg—

F(i,3)=-frnegtkrneg* (X+xsneq) ;
stat=24;
e —— Hysteretic Energy-————-""""""""""""-—"——————
efalg=1;
eincl=0.5*(F (i, 3)+fneqg) * (X-delneqg) +0.5* (fneg+FOLD) * (delneg-—

if (X<=XOLD)
F (i, 3)=m27* (X-XOLD) +FOLD;
stat=27;
F—— Hysteretic Energy-————-""""""""""""—"—"—"—————
efalg=1;
eincl=0.5* (F (i, 3)+FOLD) * (X-XOLD) ;

F (1,3)=FOLD+ (X-XOLD) *kunl;
stat=25;
del25m=X0LD;
f£25m=FOLD;
F Hysteretic Energy-——————————————————————————
efalg=1;
eincl=0.5* (F (i, 3)+FOLD) * (X-XOLD) ;

end
elseif (stat==6)
1if (X>(1l-kd) *delrespos)
m7=((1l-kf) *fpos+ (delpos- (1-kd) *delrespos) *m6) / (delpos— (1-
kd) *delrespos) ;
if(flagl==0)
facx=((-delresneg+ (1-kd) *delrespos) / (-delresneg+delpos) ) *kf*fpos;
else
facx=y0p+ (1-kd) *delrespos*mb;
end
F(i,3)=m7* (X-(1-kd) *delrespos) tfacx;
stat=7;
F—— Hysteretic Energy-————--"""""""""-""————————
efalg=0;
einc0=0.5* (F (i, 3)+facx) * (X-(1-
kd) *delrespos)+0.5* (facx+FOLD) * ( (1-kd) *delrespos—XOLD) ;

if (X>=XOLD)
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stat=6;

if (flagl==0)
F(i,3)=m6* (X-XOLD) +FOLD;
else
if (X<=1le-6)
F(i,3)=m66* (X-XOLD) +FOLD;
else
F(i,3)=m6* (X-XOLD) +FOLD;
end
end
G Hysteretic Energy-——————--—"—""———————————————
efalg=0;

einc0=0.5* (F (i, 3) +FOLD) * (X-XOLD) ;

F (1, 3)=FOLD+ (X-XOLD) *kunl;
stat=5;
del5m=XOLD;
£5m=FOLD;
e —— Hysteretic Energy-————-""""""""""-""-—"——————
efalg=0;
einc0=0.5* (F (i, 3) +FOLD) * (X-XOLD) ;

end
elseif (stat==7)
if (X>delpos)
if (X<=xccpos)
F(i,3)=fypost+kcpos* (X-xypos) ;

stat=2;
F—— Hysteretic Energy-————--"""""""""-""————————
efalg=0;
einc0=0.5* (F (i, 3) +fpos) * (X—-delpos) +0.5* (fpos+FOLD) * (delpos—
XOLD) ;
elseif (X<=xcpos)
F (i, 3)=fyypostkccpos* (X-xccpos) ;
stat=200;
G Hysteretic Energy-——————————————————————————
efalg=0;
einc0=0.5* (F (i, 3) +fpos) * (X—-delpos) +0.5* (fpos+FOLD) * (delpos—
XOLD) ;
elseif (X<=xsSpOS)
F (i, 3)=fupos+kspos* (X-xcpos) ;
stat=3;
F—— Hysteretic Energy-————--"""""""""""-———————
efalg=0;
einc0=0.5* (F (i, 3) +fpos) * (X-delpos) +0.5* (fpos+FOLD) * (delpos—
XOLD) ;
elseif (X<=xspos)
F(i,3)=frrpost+ksspos* (X-xsspos) ;
stat=300;
F—— Hysteretic Energy-———---"""""""""""-"-"——————
efalg=0;
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einc0=0.5* (F (i, 3) +fpos) * (X-delpos)+0.5* (fpos+FOLD) * (delpos—

F(i,3)=frpostkrpos* (X-xspos) ;
stat=4;
e —— Hysteretic Energy-———---"""""""""-""-———————
efalg=0;
einc0=0.5* (F (i, 3) +fpos) * (X-delpos)+0.5* (fpos+FOLD) * (delpos—

1f (X>=XOLD)
F(i,3)=m7* (X-XOLD) +FOLD;
stat=7;
F—— Hysteretic Energy-————-""""""""""""——"——————
efalg=0;
einc0=0.5* (F (1, 3) +FOLD) * (X—XOLD) ;

F (1, 3)=FOLD+ (X-XOLD) *kunl;
stat=5;
delb5m=XOLD;
f5m=FOLD;
e —— Hysteretic Energy-————-""""""""""""-—"——————
efalg=0;
einc0=0.5* (F (1, 3) +FOLD) * (X—XOLD) ;

end

if (einc0<0)
tt=1;

elseif (eincl<0)
tt=1;

end

if (efalg==0)
sume=sume+einc0;
epos=epost+eincO;
if (epos<0)
epos=0;
end
elseif (efalg==1)
sume=sume+eincl;
eneg=eneg+eincl;
if (eneg<0)
eneg=0;
end
elseif (efalg==2)
sume=sume+eincO;
epos=epos+eincO;
if (epos<0)
epos=0;

362



end

if (detflag==1)

betaposs=(sume/etots) “erates;
betaposc=(sume/etotc) “eratec;
betaposa=(sume/etota) “eratea;
betaposk= (sume/etotk) “eratek;
betaposkk= (sume/etotkk) “eratekk;
betaposkkk= (sume/etotkkk) “eratekkk;
if (betaposs<=0)

betaposs=0;
elseif (betaposs>=1)

betaposs=1;

A

end

if (betaposc<=0)
betaposc=0;

elseif (betaposc>=1)
betaposc=1;

end

if (betaposa<=0)
betaposa=0;

elseif (betaposa>=1)
betaposa=1;

end

if (betaposk<=0)
betaposk=0;

elseif (betaposk>=1)
betaposk=1;

end

if (betaposkk<=0)
betaposkk=0;

elseif (betaposkk>=1)
betaposkk=1;

end

if (betaposkkk<=0)
betaposkkk=0;

elseif (betaposkkk>=1)
betaposkkk=1;

end

else

if (sume>=etots)
betaposs=1;

elseif ((epos)/ (etots—sume)>=1)
betaposs=1;

else
betaposs=((epos)/ (etots-sume) ) “erates;

end

if (sume>=etotc)
betaposc=1;

elseif ((epos)/ (etotc—sume) >=1)
betaposc=1;

else
betaposc=( (epos)/ (etotc—sume) ) “eratec;

end

if (sume>=etota)
betaposa=1;

elseif ((epos)/ (etota—-sume)>=1)
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betaposa=1;
else
betaposa=((epos)/ (etota-sume) ) “eratea;
end
if (sume>=etotk)
betaposk=1;
elseif ((epos)/ (etotk—sume)>=1)
betaposk=1;
else
betaposk=((epos)/ (etotk—sume) ) “eratek;
end
1f (sume>=etotkk)
betaposkk=1;
elseif ((epos)/ (etotkk—-sume)>=1)
betaposkk=1;
else
betaposkk=( (epos)/ (etotkk—sume) ) “eratekk;
end
1f (sume>=etotkkk)
betaposkkk=1;
elseif ((epos)/ (etotkkk—sume)>=1)
betaposkkk=1;
else
betaposkkk=( (epos) / (etotkkk—sume) ) “eratekkk;
end
end

epos=0;
eneg=eincl;
sume=sume+eincl;

elseif (efalg==3)
sume=sume+eincl;
eneg=eneg+eincl;
if (eneg<0)
eneg=0;
end

if (detflag==1)

betanegs=(sume/etots) “erates;
betanegc=(sume/etotc) “eratec;
betanega= (sume/etota) “eratea;
betanegk= (sume/etotk) ~eratek;
betanegkk= (sume/etotkk) “eratekk;
betanegkkk= (sume/etotkkk) "eratekkk;
if (betanegs<=0)

betanegs=0;
elseif (betanegs>=1)

betanegs=1;
end
if (betanegc<=0)

betanegc=0;
elseif (betanegc>=1)

betanegc=1;
end
if (betanega<=0)

A
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betanega=0;

elseif (betanega>=1)
betanega=1;

end

if (betanegk<=0)
betanegk=0;

elseif (betanegk>=1)
betanegk=1;

end

if (betanegkk<=0)
betanegkk=0;

elseif (betanegkk>=1)
betanegkk=1;

end

if (betanegkkk<=0)
betanegkkk=0;

elseif (betanegkkk>=1)
betanegkkk=1;

end

else

if (sume>=etots)
betanegs=1;

elseif ((eneqg)/ (etots—sume)>=1)
betanegs=1;

else
betanegs=((eneqg)/ (etots—sume) ) “erates;

end

if (sume>=etotc)
betanegc=1;

elseif ((eneqg)/ (etotc—sume)>=1)
betanegc=1;

else
betanegc=( (eneqg) / (etotc—-sume) ) “eratec;

end

if (sume>=etota)
betanega=1;

elseif ((eneqg)/ (etota—sume)>=1)
betanega=1;

else
betanega=( (eneqg) / (etota—-sume) ) “eratea;

end

if (sume>=etotk)
betanegk=1;

elseif ((eneqg)/ (etotk—sume)>=1)
betanegk=1;

else
betanegk=( (eneqg) / (etotk—-sume) ) “eratek;

end

if (sume>=etotkk)
betanegkk=1;

elseif ((eneqg)/ (etotkk-sume)>=1)
betanegkk=1;

else
betanegkk=( (eneg) / (etotkk-sume) ) “eratekk;

end

if (sume>=etotkkk)
betanegkkk=1;
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elseif ((eneg)/ (etotkkk—-sume)>=1)
betanegkkk=1;
else
betanegkkk=( (eneqg) / (etotkkk—sume) ) “eratekkk;
end
end

epos=einc0;

eneg=0;
sume=sume+einc0;
end

F(i,4)=stat;
F(i,5)=sume;

F (i, 6)=betaposk;
F (i, 7)=betanegk;
F (i, 8)=betaposkk;
F (i, 9)=betanegkk;
F(i,10)=betaposa;
F(i,11)=betanega;
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