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ABSTRACT

Booth, Peter N. Ph.D., Purdue University, Decent#t6. Lateral Load Behavior and

Capacity of Structures Consisting of SC Walls. M&oofessor: Amit H. Varma.

The structural behavior and design of steel-platnpmosite (SC) nuclear power plant

structures has been an active research area intrngears. The use of SC construction in
new power plants is part of a trend in the indutryards more economical construction
through increased use of modularization and prefation. Power plant structures are
constructed with numerous structural walls that enak the external shield building,

internal shield walls, and additional walls withihe containment internal structure.

Thorough understanding of the structural behavidhese walls and systems of connected
walls is important since they are typically desigjas the primary lateral force resisting
system of the power plant. The objective of thisesgch is to provide insight into the

structural behavior from the perspective of theralestructural system. Prior research has
studied the mechanical behavior of SC structurahbers (beams, shear walls, bearing
walls, connections, etc.) in detail. This reseaashs to apply the information currently

known about the fundamental behavior of SC strattanembers to the analysis of

complete SC structural systems. Since full-scasting of complete SC structures is
impractical and expensive, this study uses a beadked finite element modeling

approach to analyze and study the behavior of wétoletures.



Xviii
The research focuses on the lateral load behamtbcapacity of SC structures configured
in geometric shapes commonly used in safety-relatetear power plant structures. Key
parameters are studied including the structurecaspto (1), in-plane shear strength of
SC walls, effect of wall openings and very thickilzyan lateral behavior, and the cross-
sectional shape of core-wall structures. The amalystudy begins with the development
of a finite element modeling approach where a seak previous experimental SC
component tests are selected, modeled, and benkédnarhe analytical modeling then
uses the benchmarked modeling parameters for teagement of analytical models of
complete structures. The benchmarking focuses pityran validation of the constitutive
models, steel-concrete composite interaction benaand the dynamic explicit analysis.
The finite element models account for the complegiof mechanical behavior including
steel yielding, steel faceplate buckling, forcg-sliehavior of stud anchors, concrete
cracking, tension softening, shear retention, aodckete failure. Findings from the
analytical study are finally used for the developimef a unified lateral load design

strength methodology for SC structures.



CHAPTER 1. INTRODUCTION

1.1 Background

A number of recently built nuclear power plants emastructed with modular steel-plate
composite (SC) walls. Depending on the specifiegheshe containment internal structure,
the shield building, or other wall and floor sysgeare constructed with SC modules. Two
prominent examples of power plants using modulac&truction are the Westinghouse
AP1000 [1] and the Mitsubishi Nuclear Energy Systdd8-APWR. SC construction is
used to expedite construction and improving qualitiris is primarily achieved with
prefabrication of structural modules in specifigalesigned assembly buildings. After the
modules are fabricated they are erected and assédnmbplace thus resulting in shortened
construction critical paths. Modular SC construtti® also the subject of current research

for use in lateral load resisting core-wall struetufor multi-story building structures.

SC walls are composed of two parallel steel platethe surfaces of the walls with concrete
filled in the middle as shown in Figure 1.1. Theesdtplates are connected to each other
with transverse steel members (tie-bars) such glesnchannels, or rods that brace the
steel plates so that a given structural moduleresist construction loads associated with
concrete placement and transportation. The trassvee-bars then remain in place,

embedded in the concrete infill where they provile function of transverse shear



reinforcement in the completed wall, similar to gfeear reinforcement in a reinforced
concrete beam. The steel and concrete are alsoameehly connected with headed stud

anchors that are welded to the interior faces@bthel plates and develop composite action.

SC walls can be constructed in a number of basifigurations. For the interior shield
walls of power plants, they are typically very thiand massive in order to provide
sufficient strength and also to provide radiatibrekling. These walls, such as the primary
shield walls (PSW) in the US-APWR power plant desizan be on the order of 12 ft thick.
Very thick shield walls can also have more than steel plate layers, with additional
parallel and transverse steel plates embeddeceicdhcrete infill to provide additional
strength. In contrast, most other SC walls usecdmtainment internal structures are on
the order of 12 to 60 in. thick depending on a@tlan. SC wall reinforcement rati¢s =

2tp/tsg) are typically in the range of 1.5% to 5.0%.

1.2 Motivation
In the past, most power plant containment intestialctures were built with reinforced
concrete. In the US, these structures are desigitbduilding codes such as ACI 349-06
[2] and ASCE 43-05 [3]. The recent introductionS construction in US power plant
designs generated the need for additional desidascthat specifically address the design
of SC walls in safety-related structures. This tedthe recent development of AISC
N690s1-15 Appendix N9 [4] that provides design sins for SC walls and structures.
The development of this code was based on a commrinaf experimental and analytical

research of SC structures primarily conducted padaSouth Korea, the US, the UK, and



China, combined with guidance from current struatgteel, reinforced concrete, and
composite structure design codes. For example,otiteof-plane shear and flexural
behavior of SC walls are similar in many ways tmfi@ced concrete beams where the
steel plates of an SC wall provide a similar funictas the longitudinal rebar reinforcement
of a typical reinforced concrete beam and the trawrse tie members act as vertical shear
reinforcement. Similarly, the steel plates of an $@ar wall provide similar function as
typical reinforced concrete shear wall reinforcem&hese similarities resulted in design
provisions in the new SC codes that are roughlyivedgnt to provisions in existing
reinforced concrete codes. The SC codes also dnastractural steel design provisions
reinterpreted for SC structures such as the sleedsrratios of steel plates to resist local
compression buckling and the design and detailingeaded stud anchors for composite

response.

To date, most of the experimental research of 8@tstres has focused on the structural
response at the member level. Although a numbgrashinent reduced-scale experimental
tests of whole structures have been conductedp@nJsuch as a test of a #/6cale PSW
by Shodo et al. [5] and a ®Gcale test of a containment internal structurdkiyama et

al. [7]. These two experimental tests (and suppgréinalytical work) provided findings
that were primarily limited to these specific stiues since they were exceedingly

geometrically complex and unique.

The purpose of this research is to use analytiecgthods to study the global structural

behavior of SC structural systems and core-walkstires and to present findings that can



be used for the development of future code promsiolrhe analytical work uses a
benchmarked nonlinear inelastic finite element nindeapproach with the commercial

finite element computer program Abaqus/Explicit [6]

1.2.1 Research goal
The goal of this work is to provide practical fings on the mechanical behavior of SC
structures. Results from the findings are usecettelbp simplified methods for prediction
of the lateral load-deformation response and ulgmstrength of safety-related PSW
structures and core-wall structures. The goal @40 provide general conclusions on the
behavior and performance of specific geometric ipatars on the global structural

response of SC structures.

1.2.2 Research objectives

The objectives are divided into the following lefttasks:

1. Development of a nonlinear inelastic finite elemembdeling approach using
Abaqus/Explicit that is benchmarked and validateth wesults from a series of
previous experimental tests of SC structures angpoments.

2. Use the finite element modeling approach to moddl fimulate the lateral load-
deformation response of a specific PSW design.

3. Determine recommendations based on the resulthefPSW simulation for
prediction of the shear and flexural strength efskructure.

4. Development of a mechanics based method for prediof the ultimate in-plane

shear strength of SC walls connected to boundamehts and comparison of this



method to experimental results in the literaturd finite element simulations of
SC shear wall panels.

5. Conduct lateral load push-over simulations on eesef finite element models of
SC core-wall structures. Study the influence of gayameters on global behavior
primarily including: overall structure aspect ratieall cross-section reinforcement
ratio, and structure plan shape.

6. Development of a comprehensive method for prediabicthe ultimate strength of

a core-wall structure constructed with SC walls.

1.2.3 Research scope and method

The focus of this research is on the analytical @iad of structures that are made up of
multiple connected SC walls. The approach firsiudes the development of a finite
element modeling approach that is benchmarked thélresults of experimental tests of
SC structural members. This is followed by the Ibemarking and analysis of a reduced
scale physical test of a PSW structure. This arslgghen studied and used to develop a
design methodology for geometrically complex SC PSWictures. The analysis of the
PSW structure serves as a case study and provdtBgoaal validation of the finite
element modeling approach. In this analysis, onlgsgstatic lateral loads are considered
that simulate seismic loads. In general, powert@anctures are subjected to a wide range
of additional load cases including most signifitgraccident thermal. Additionally, shield
buildings are designed in some cases to resishaitaccident pressures, localized external
projectile loads stemming potentially from missjlasplanes, tornado wind loads, etc. The

effect of these loads are beyond the scope ofnbi&.



Additional results from experimental tests in therature and finite element modeling of
shear wall tests are then used to develop desigatiegs for prediction of the in-plane
shear strength of SC walls with boundary elemenite results of this are then used to
develop a general method for prediction of thematie lateral strength of SC core-wall
structures. The analytical core-wall models aregiesl to be as generic as possible and
representative of what would likely used in praetifarameters (such as structure height,
and reinforcement ratio) are then considered Sottiedr influence on the global response
can be determined. Structural and geometric dedhtlse core-wall models are selected to

be similar to that of safety-related SC walls.
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CHAPTER 2. LITERATURE REVIEW

Steel plate-composite construction has been comsidas an alternative to reinforced
concrete since the 1980s. The most common applitathave included nuclear power
plant shield buildings and containment internaudtires, rapidly deployable blast-
resistant barriers, ice-resisting arctic offshoteugures, tunnel structures, and more

recently lateral force resisting building core-watHuctures.

Significant early experimental and analytical reskaf SC structures for nuclear power
plants occurred in Japan and was primarily condlutte Akiyama et al. (1989) [7],
Akiyama (1991) [8], Fukumoto et al. [9], Takeuchiad [10], and Kato et al. [11]. This
was followed by more recent research in South Katsa studying the feasibility of SC
construction for nuclear power plant structureq b2t resulted in the development of a
South Korean design code for SC structures, KERIG 2010 [13]. The study of arctic
offshore structures constructed with SC walls wadeutaken in various countries by
Narayan et al. [14], Ohno et al. [15], Adams e{Hb], Matsuishi et al. [17] and O’Flynn
and MacGregor [18]. In the UK, a series of reseatadies were conducted on the use of
SC structures for tunnels by a group of industnystidtants in collaboration with Wright
et al. [19]. Also, in the UK a proprietary produBt;Steel, was developed for use in a wide

range of applications from blast-resistant barriprefabricated shear walls, and building



core-wall structures [20][21]. The development o8 design code for safety-related
nuclear power plant SC structures (AISC N690s14]bdnd also a Japanese code, JEAC-

4618 [22] occurred more recently.

2.1 Previous research on structural behavior of SCswall
The experimental and analytical study of the bedrawi SC structural members has been
the subject of extensive previous research. TliBsesummarizes a number of the more

notable research programs.

2.1.1 Axial strength of SC walls
The axial response of SC sections has been theduddj extensive previous research in
Japan by Akiyama et al. [8], Usami et al. [23], Ka[24] and more recently by Varma et
al. [25] in the US. Akiyama conducted experimegtahpression tests on SC sections and
reported detailed results on the stiffness andhgthebehavior of the specimens. Since the
steel faceplates were not connected to each othlertransverse tie-bars, the faceplates
ultimately buckled and partially delaminated frolne tSC specimens at ultimate load. A
method for predicting the ultimate strength wagpsed based on the squash-load model
where the compressive strength of the section ssimaed proportional to the cross-
sectional areas of steel and concrete and alscefipective compressive strengths. The
Varma et al. study provided similar findings andiidnally studied the effects of accident

thermal loads on compressive strength.
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2.1.2 Out-of-plane shear and flexural response of SCswall

The out-of-plane flexure response of SC walls lesnistudied by a number of researchers
including Wright et al. [19], Takeuchi et. al [26]ong et. al [27], Chu et al. [28], and more
recently, Sener et al. [29]. These studies includegerimental out-of-plane one-way
flexure tests of SC beams that were proportionatl detailed such that the ultimate
capacity would be governed by flexural failure. &eet al. [29] summarized the results of
all of the previous experiments and compiled alzkda of 54 beam tests. Design equations
for calculating the flexural strengths from the Kan code KEPIC-SNG [13], the Japanese
code JEAC-4618 [22], and a method based on prassioom ACI 349-06 [2] were
compared with the experimental results. All of theams showed tension-controlled
flexural failure with failure initiated by yieldingf the tension steel faceplate. The flexural
strengths calculated using the design equatiordigbeel the strengths of the beam tests

with reasonable accuracy and were in some casgslglconservative.

The out-of-plane shear behavior of SC beams hashkasn studied experimentally and
analytically primarily in Japan by Ozaki et al. [3h South Korea by Hong et al. [27], and
in the US by Varma et al. [31] and more recentlySener and Varma [32]. These works,
among others led to the development of shear streogle equations in the Japanese code
(JEAC-4618), the South Korean code (KEPIC-SNG), tredUS code for safety-related

SC structures (AISC N690s1-15).
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2.1.3 In-plane shear response of SC walls
Research studying the in-plane shear response @féi€ can be divided into three basic
categories: (1) combined in-plane shear in-plapgufle of SC wall piers (shear walls
without boundary elements), (2) membrane shearlpgasts, and (3) combined in-plane
shear in-plane flexure of walls with boundary elatsg(such as flanged shear walls or

walls with structural steel boundary elements).

2.1.3.1 Pier walls

Research focusing on the in-plane lateral respohS€ pier walls (wall segments without
vertical boundary elements or flange walls) hasmesducted by Akiyama et al. [33] and
more recently been studied by Epackachi et al..[3#p Epackachi research program
included experimental tests on pier walls with wagyparameters (aspect rattglg), steel
reinforcement ratiod), etc.) and also included detailed finite elenaaralyses of the walls.
The experimental study resulted in the followinghdasions: (i) the walls sustained
damage as a result of cyclic loading including lepgland crushing of the concrete at the
base of the wall on the compression face, (ii) lllbceckling of the steel faceplates at the
base of the wall, (iii) ultimate failure of the Malnitiated by fracture of the steel faceplates

in tension, and (iv) high ductility during post-fxdaad cycles.

2.1.3.2 Shear panels
Experimental and analytical research of SC sheaelpdnas been conducted by Takeda et

al. [35] and followed up with additional analysig ©zaki et al. [36]. Also, experimental
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tests of shear panels with and without ribs waslooted by Hong et al. [27], and more
recently Danay developed an analytical method fodeling the stiffness response of

panels subjected to combined shear and axial Ig48ifi.

The experimental tests were conducted in a tegpsbtat subjected the shear panels to a
near state of pure shear. The shear loads wereedppl steel headed stud anchors that
were embedded in the concrete infill around thénpeter of the panels. A number of the
tests also included the application of in-planeabforce along one axis of the panel in
addition to the applied shear. Steel reinforcirajgd were attached around the perimeters
of the specimens and through-bolted in order tegmethe concrete from splitting at the

edges.

Takeda et al. [35] conducted a series of sevenigdlygests of SC shear panels. The
structural responses of the SC panels followedogrpssion of concrete cracking of the
infill, yielding of the steel faceplates, and filyahn increased load carrying capacity until
peak load was achieved. The analytical work by @aket al. developed a method for
calculating the shear stiffness for increasing dolevels associated with the following
phases: (1) uncracked concrete state, (2) crackadrete, (3) and after the point of
yielding of the steel faceplates. The correspondimgar forces at these transitions were
also calculated (i.e. concrete cracking, facepfeieling, and ultimate shear strength). The
first loading phase, prior to concrete cracking wasleled with a plane stress composite
shell model, with elastic isotropic constitutive dets for steel and concrete. Strain

compatibility and equilibrium were enforced at thierfaces of the steel and concrete infill.
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After the initiation of concrete cracking, a cortereonstitutive model developed by
Kupfer et al. [38] was used and initiation of stieeleplate yield was defined by von Mises

yield.

Ozaki et al. [36] subsequently conducted additigaalel tests, finite element analysis and
development of design equations. Nine panels wested with and without partitioning
webs and six more panels were tested with squaes ho the center of the panels.
Loadings were also applied that included combimatiof shear and axial forces.
Conclusions from this study included the followirig:the yield strength of the panel was
approximately proportional to the thickness of #teel faceplates, (ii) the concrete
cracking strength was influenced by the applicatibaxial force, (iii) the addition of axial
force had a negligible effect on the ultimate sgtanof the panels, (iv) the derived
equations using the truss analogy were in goodeageat with the experimental results,
(v) the strengths of the panels with openings @prbdicted with a design approach based
on reinforced concrete principles, and (vi) thelusmn of partitioning webs had a
negligible effect on the ultimate strength of tlaels. Results from the Ozaki et al. study

were adopted in the Japanese SC design code, JEAE}22].

Hong et al. [39] tested a total of seven SC shaaels: four with ribs (small steel H-
sections spaced equally and welded to the innéaies of the steel faceplates), and three
specimens without ribs. All of the specimens shoveegredictable progression of
mechanical response with (i) cracking of the cotecrr&ill, followed by (i) yielding of the

steel faceplates, and finally (iii) diagonal congsien failure of the concrete infill.
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Hong et al. also developed an analytical approackcélculating the shear force-shear
strain response of SC wall elements subjected te gluear. Up to the point of yielding of
the steel faceplates, this approach was similgoréwious studies but with additional
equations taking into account the effect of theelsteinforcing ribs. The method used
conventional composite shell theory with plane sstresotropic constitutive models for
concrete and steel and steel-concrete strain cdniippgtand equilibrium. After yield,
reserve shear strength was attributed to archraofithe concrete infill and peak strength
a function of the ultimate effective concrete coegsive strength, taken as (f.85After
steel yield, the state of stress in the steel fategan change but must remain on the yield
surface as the applied shear is increased. Theeddtatress in the steel faceplates associated
with the minimum concrete compressive stress was tletermined so that a lower bound

prediction of the shear strength of the shear pem@d be determined.

More recently, Danay [37] developed a comprehenainadytical method for predicting
the stiffness of SC panels (prior to yielding ot thteel faceplates) subjected to the
following combinations of in-plane forces: bi-ax@mpression, bi-axial tension, bi-axial
tension-compression, and in-plane pure shear. Tédeeda et al. and Ozaki et al., Danay
used composite shell theory to model the pre-cihcksponse of the SC panel. After the
occurrence of initial cracking, a smeared sheangpnodel was used for the headed stud
anchor and composite response of the system. Aitdive model was developed for the
composite response of the panels that considesedatation of stresses in the steel and
concrete across crack planes. The experimenta bgsOzaki et al. [36] were modeled

with this approach and results also compared toGH#818 and the Ozaki equations. For
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the pure shear case, all three approaches resultegty similar shear force-shear strain

curves for the uncracked and cracked portionseptnel response.

2.1.3.3 Flanged shear walls

Physical testing and research of SC flanged shalis Was primarily been conducted in
Japan by Sasaki et al. [40], Suzuki et al. [41kelechi et al. [42], and subsequently Ozaki
et al. [43]. Six SC flanged shear wall tests wése aonducted by Korean researchers Hong

et al. [39] and in the US one SC flanged shear iatlwas conducted by Varma et al. [44].

These tests were conducted on free-standing flaspedr wall assemblies that were
connected to reinforced concrete foundations witiee baseplates or the walls embedded
into the foundations. Similarly, the tops of thanijed wall specimens were embedded
within upper reinforced concrete loading blockscliylateral loads were applied with
hydraulic actuators connected directly to the uppeading blocks such that the test
specimens were subjected to a simultaneous coninaf in-plane shear and over-
turning moment. A number of the tests also incluttesl application of vertical axial

(compression) loads.

The Sasaki et al. [40] research included a sefiss\@®n flanged shear wall tests with the
primary control variables being the structure aspaiio h/lw, reinforcement ratig, and
wall thicknesstsc. The wall thicknesses ranged from 4.53 in. thlk 8.58 in. thick and

aspect ratios from 0.99 to 1.75. Thick steel platese attached to the ends of the flanges
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so that the wall specimens would undergo sheaurtaih the web walls prior to flexural
failure of the whole system. In particular, theefdates were sized such that the predicted
shear strengths of the web walls would be reached fast flexural yielding of the steel
flange plates but before full flexural failure dfet whole wall system. All of the walls
showed similar progressions of failure and damamgegicrete tension cracking in the
tension flange, yielding of the web wall steel fale¢es, and finally buckling of the
faceplates. All of the wall specimens were pushigd eisplacement-controlled lateral load

after the point of peak strength until rotationsgiag from 1/25 to 1/40 were achieved.

An analytical model was developed by Suzuki efl] for predicting the ultimate lateral
strength of SC flanged shear walls. The method adesss analogy approach where the
lateral strength of the web wall is equal to thensf the strengths of the steel faceplate in
diagonal tension and the strength of the concnefi# in diagonal compression. The
ultimate strength is also a function of the angiégrinciple steel tension and concrete
compression and the strengths of the flange watl§lange-web connections are assumed
to be greater than the strength of the web walkirAplified design approach was also
proposed that assumes principle stress angles dégéees for the principle tension and
compression directions in the steel and concrespectively. This method demonstrated

good agreement with the peak lateral strengths thenexperiments.

Ozaki et al. [43] conducted physical tests on Sfhded shear walls. The test series
included five tests that were designed to be sbetcal, and five additional tests with

varying parameters intended to induce flexuralfail strength of anchorage connections,
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and response of a flanged shear wall with an ogenithe web wall. The tests resulted in
a number of key findings including: (i) cracking thfe concrete in the web wall and

cracking of the concrete in the flanges similathe response of a reinforced concrete
structure, (ii) yielding of the web wall steel fatates proportional to the thicknesses of
the steel faceplates, and (iii) the flexural momassociated with first yield can be

calculated using elastic cracked section propedresslender beam theory, and (iv) the
flexural strength of the flanged wall system canchiulated with reasonable accuracy

using standard concrete flexural strength desigragaons.

A series of six SC flanged shear walls were alsteteby Hong et al. [27]. Four with the
previously described steel H-section ribs on thermal faces of the steel faceplates and
two additional tests with SC walls without ribs.€T$pecimens were proportioned with two
different reinforcement ratios (2.78% and 5.22%}) dhree aspect ratios were also
considered: 0.71, 0.79, 0.87. The tests includedisgens that were designed to either be
flexure critical or shear critical. The results weonsistent with those from previous tests
and included predictable progressions of structdghavior including: (i) concrete
cracking, (ii) steel faceplate yield, and finallyij) diagonal compression failure of the
concrete in the web walls, or flexural yieldingtbg steel in the flanges for the flexure-

critical test specimens.

2.1.4 Flexural response of SC structures and compositess
The study of the out-of-plane flexural respons&Gfsections (described in Section 2.1.1)

has been the subject of extensive previous analgm experimental research. In contrast,
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research on the in-plane flexural response orléheaifal response of whole SC structures
(specifically lateral force resisting core-wall sy®s, multiple connected shear walls, or
SC pier walls) is relatively limited primarily siaghysical testing of whole structures (full
scale or reduced scale) is impractical and expensivrecent test of an SC shear wall (T-
shaped) was conducted by Ramesh [45]. Nie et@]lchducted a series of tests of flanged
SC shear walls with aspect ratitd () ranging from 1.0 to 2.0. Nie et al. also conddae
comprehensive series of shear wall tests with SiCpaaels and varied detailing including
internal transverse steel stiffeners and conciéiezl ftube boundary elements on select
specimens. The tests also used high strength denarel rebar within the walls for
additional strength. The study included analyticeddeling of the stiffness degradation
due to cyclic damage and a detailed moment-cur@atmalysis using a fiber model
approach. A study on the behavior of SC pier wadisducted by Epackachi et al. [34]
included analytical modeling (moment-curvature) hwand without consideration of
flexure-shear interaction. The Nie, Ramesh, anccEgzhi studies all included modeling
of the flexural response of SC walls with fiber mbdnalyses that assumed steel-concrete
strain compatibility, bending strain magnitudes gandional to the distance from the
neutral axis, negligible shear deformation, andinear constitutive models for steel and

concrete.

2.2 Previous research of SC structural systems
As stated previously, the experimental study of M8C structures is limited due to the
high cost of experimental testing of whole strueturOver the years, a number of

prominent experimental and analytical tests offoeged concrete containment internal
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structures and shield buildings have been condymiathrily to determine the response of
these structures to extreme loads i.e., impadh@aake, overpressure, or accident thermal
loads. Pressure tests were conducted on prestressette containment vessels at Sandia
National Laboratory as part of a containment intggresearch project. This program
included pressure testing of a4cale containment structure in 1987 and & &64le test

of a prestressed concrete containment structut®97 [47]. Physical tests of structures
subjected to seismic loads have also been condustteld as a shake table test of a
reinforced concrete containment vessel as pam @xperimental and analytical research

program [48].

Two prominent physical tests of SC structures werelucted in Japan in the 1980s. These
tests were part of a joint effort between Mitsubldbavy Industries Ltd., the Japan Atomic
Power Co., and Obayashi Corp. and conducted byd&éioal. [5]. This study included the
physical testing of a 1¥6scale PSW structure. The second study by Akiyaie. §7]
(including researchers from the University of Tolgrad Mitsubishi Heavy Industries Ltd.
included the physical testing of a comprehensivE/scale model of the complete
containment internal structure made with SC walsth of these tests included lateral
cyclic loading applied to the specimens up to thiatof ultimate failure. The progression
of local failure (steel plate buckling, weld fratuconcrete cracking, etc.) were monitored
closely during the tests. Detailed finite elemenbdels were also developed and
benchmarked with the tests so that additional méiron about the structural responses

could be determined.
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2.3 Summary

Abaqus/Explicit is used for all of the finite elemtemodeling in this work. Modeling
assumptions and parameters are developed witHetebnchmarking of physical tests of
SC structures. Experimental tests are selectedethghasize aspects of the mechanical
behavior of SC structures that are relevant tostiesequent modeling of complete SC
structures. Tests are selected that focus on thefequlane flexural stiffness and strength
of SC walls, in-plane shear and flexure of sheallswpush-out tests that isolate the
composite force-slip response of SC walls, anddwmerimental tests of reduced-scale SC
safety-related structures that combine all of tleximanical behaviors. Inelastic steel and
concrete constitutive models are used in ordaultp €apture the behavior of SC structures
including yielding and buckling of the steel facpl, cracking, tension softening, and
shear retention of the concrete, and the nonlisbaar force-slip behavior of the stud
anchors. All of the modeling assumptions developethe benchmarking models are

identical to those used in the subsequent modeli8C structures.



21

CHAPTER 3. ANALYTICAL MODELING AND BENCHMARKING

This chapter describes the development of the doalynodeling approach used in all
subsequent chapters. The following topics are @ulzdr) an overview of the modeling of
structures with the finite element method, (ii)escription of the finite element analysis
approach used, (iii) a detailed description ofrtialeling properties and parameters (with
emphasis on the steel and concrete constitutiveetapthe steel-concrete composite
interaction modeling, and the explicit analysis moef) and (iv), verification and

benchmarking of select experimental tests of Stgires and structural members.

Detailed three-dimensional (3-D) finite element rlaty of nuclear power plant structures
has historically been a common part of the desigogss of new power plants and also for
the evaluation and assessment of existing powetlahis is in contrast to the structural
design of conventional building structures thaprisnarily based on linear elastic (frame
analysis or shear wall models) structural analys$hods. The reason for this difference
is primarily due to the additional engineering r@ses that are available in the nuclear
engineering industry, stringent levels of qualiontrol, peer review of analytical methods
and calculations, and also the result of the desfgmuclear power plants that are often

best modeled as solids or shells due to their cexnggometry and monolithic construction.
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A number of commercial finite element software Eagpds are used for analysis of power
plant structures. For dynamic analyses, lumped +s@issg-dashpot models have been
historically used for the determination of freques¢c mode shapes and structural
responses of the power plants and components. Wishapproach, analysis models
typically group shear wall responses into spring$ worresponding equivalent stiffness
and damping properties, and the mass of comporeatsombined into point masses at
story levels [49]. Software packages such as SA@2B0] along with numerous others
are especially conducive to this type of modelidgnamic analysis of the soil-structure
interaction response is conducted with computegnams such as SASSI (System for
Analysis of Soil Structure Interaction), that igpale of modeling below-grade flexible
foundation structures and uses an equivalent lifm@ge element analysis method [50]. For
the detailed 3-D modeling of containment structustseld buildings, etc., a number of
general purpose finite element packages are usadling LSDYNA [52], ANSYS [53],
GTSTRUDAL [54], and Abaqus CAE [6]. For this resdarAbaqus CAE was used due to
its wide range of modeling capabilities, extendikeary of inelastic constitutive models,

and prior successful history as an analysis taolife modeling of SC structures.

3.1 Finite element modeling approach

The finite element computer program Abaqus CAE (Exp[6] (versions 6.12 and 6.13)
were used for all of the analytical modeling workis program provides a comprehensive
set of advanced modeling tools (constitutive madetsraction properties, element types,

etc.) that address the modeling requirements irda vange of industries.
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3.1.1 Concrete constitutive model

3.1.1.1 Overview of Abaqus concrete constitutive models

Abaqus CAE includes three built-in constitutive ralsdthat can be used for concrete
modeling: (1) the smeared crack model, (2) the mirdamaged plasticity model, and (3),
the brittle cracking model. All three models haveque characteristics that make them
suitable for specific applications. The smearedlc@ncrete model is used for modeling
plain concrete or reinforced concrete structured ases Abaqus/Standard (implicit
integration). An elastic-plastic model with stralmrdening for modeling of the
compression behavior is used. The yield surfadeaged on the first and second stress
invariants (pressure dependent) and uses the asssfiow rule with isotropic hardening.
For the concrete tension and cracking responsemibdel uses a damaged elasticity
approach where the post-cracking elastic stiffieseeduced according to the brittle
fracture concept from Hillerborg et al. [55]. Thecking response is averaged over the
element and executed with stress and stiffnessiledilens at the integration points. In this
model, the post-cracked behavior is written in ®ohthe fracture energ@, required to
generate a unit area of crack surface. Shear r@teatross crack planes is modeled with
a shear retention model that linearly reducestibarsstiffness to zero stiffness as the crack
approaches a defined crack opening displacemenev&8ince this approach does not
model elastic damage in compression, its usefuligessstricted to conditions involving
only monotonic loading. One of the shortcomingdhe# use of isotropic hardening and

associated flow rule is that it has been shownv/&r-predict inelastic volume strain.
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The concrete damaged plasticity (CDP) model candsel with the implicit or explicit
solver and can be used to model the general respainplain or reinforced concrete
structures. The key feature of this model is tremiporation of compression and tension
damage variables that reduce the elastic stiffardshus allow for the simulation of cyclic
loading and consequent material damage. The elasiitilus of the material is multiplied
by a scalar degradation variable that is in turfiurection of compression and tension
damage variables and the given stress state. Ayneedependent yield function with non-
associated flow rule is used based on a derivatydrubliner et al. [56] with modifications
made by Lee and Fenves [57]. One of the key shmitays of constitutive models with
isotropic damage is that the reduction in stiffnes®ne direction subjected to a large

extension may unrealistically reduce stiffnesgamsverse directions [58].

The brittle cracking concrete model is used witlagis/Explicit and also incorporates the
previously described cracking model based on thetdre energy approach. In addition,
the model includes orthotropic non-rotating, orthiogl crack planes. The model simplifies
the compression response with a linear elasticapm model in order to improve the

overall stability of the analysis for cases invalyia high degree of nonlinear and inelastic
response. The cracking response is initiated bgeMdracture using a maximum stress
(Rankine) criterion and followed by a tension soiitg) curve and a corresponding user-
defined exponential or linear shear retention m@ship. This constitutive model is

selected for the analytical modeling in subsequbafpters since it includes orthotropic
modeling of cracked states and shear retentioraiBeif the brittle cracking model are

described in more detail in the following sub-seas.
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3.1.1.2 Elastic material properties

The concrete constitutive model assumes a lineatielisotropic response for stresses less
than the tension cracking stress limit. The elastimstants used are based on
recommendations from the 2010 CEB-FIP Model Cod®].[ahis code includes
recommendations on research and best practicedefsign and analysis of concrete
structures and represents a synthesis of stateceditt scientific and technical research. It
is intended to be both a stand-alone guide andicsa@ocument for the development of
international and national building codes. CEB-pibvides detailed recommendations for
defining concrete material properties for finiteeraent modeling. The Model Code
recommends that a bilinear pre-cracked tensiororespis implemented where the elastic
stiffness is slightly reduced when the tensilesstr@aches 90% of the cracking stress. For
the brittle cracking model, the tensile respons&inplified and assumed to be linear as
shown in Figure 3.1 (a) up to the point of crackige modulus of elasticity (at 28-day
strength) Eqi, is derived from the experimentally measured ceteccylinder compressive
strength and defined in Equation 3.1 (with SI yniEs; is defined as the initial tangent
modulus (taken at the origin point of the stresahstcurve) and is intended for use with

concrete constitutive models that simulate nonlimeapression response.

1/3

Eci = Eco |:( fck +Af )/ fcm0:| Equat|0n 31

For the concrete constitutive models that assunaatielastic behavior for stresses below

the cracking threshold, the secant elastic moddéised in ACI 349-06 is used, where
the elastic modulug, is defined a$7,00Q/ f | with psi units (and'c also specified with

psi units). This definition of modulus is approxielg equal to the secant line extending
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from the origin to the point on the stress-strainve approximately equal to 45% of the
ultimate strength [59]. CEB-FIP recommends a vatud>oisson’s ratio between 0.10 and
0.20 for concrete stress levels below approximdtaly of the characteristic strength

In this work, a commonly used value of 0.17 is u3dt density of plain concrete is taken

as 145 Ib./ft

3.1.1.3 Cracking response: tension softening and sheartrete
As described previously, the Abaqus/Explicit beittkacking model focuses on simulation
of the tension cracking and shear retention regpafisconcrete. The tensile cracking
response is modeled with initiation of cracking the integration point defined
independently for the three orthogonal directiomsn¢rotating) when the tension stress
reaches the cracking stress according to a maxistoess (Rankine) failure criterion.
Numerically, the post-cracking response is theouwated in terms of damaged elasticity
for the direction subjected to cracking. CEB-FIFmEs the mean concrete tensile strength,
fetm, IN terms of the characteristic compressive stieffig, if experimental tension test data
is not available. The relationship is shown in Bora3.2:

f ’ Equation 3.2

fom = f oo n(f_d()

cko
In the equatiorfekois a constant equal to 10 MPa d&ad nis equal to 1.40 MPa. To account
for initial concrete shrinkage cracking commonlyifid in SC structures, the calculated
mean tension cracking streksy, is divided by two when implemented in the firetement

model.
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The post-cracking tension softening response igedas the fracture energ@:. The
fracture energy is assumed to be a material prp@erd defined as the energy released
upon creation of a unit area of crack surface. CHBprovides a means for estimating the

fracture energy calculated in terms of the meartieia compressive strengthy

Gf = GFO( fcm/ f(:mo)o'7 Equa.tion 3.3
Where Gr, is defined as the base fracture energy and defimgdrms of maximum
aggregate sizemax The correlation betweeB@r, anddmaxis listed in Table 3.1 for three

typical aggregate sizes.

The post-cracking tension softening response is #ssumed to follow a bilinear tensile
stress-cracking opening displacement responsethatliracture energy equal to the area
under the bilinear stress-displacement curve ag/ishio Figure 3.1(b). The initial linear
softening leg extends from the peak tensile strkgs,to 0.15«m at a crack opening
displacement o#vi. After a crack width ofv; is reached, the response is linear until zero
tension stress at a crack widthvef

The Abaqus brittle cracking constitutive model usespower law shear retention
formulation developed by Rots and Blaauwendraadl \\6fere the elastic shear modulus
is reduced as a function of the tension stresskcogening relationship. This model
simulates the retention of shear stiffness acneasked surfaces (Mode Il and Il) resulting
from shear friction or aggregate interlock and asssi full elastic shear stiffness prior to
crack initiation decreasing to zero stiffness whtes crack width reaches the limit wt.
The power law formulation allows for different sheatention responses ranging from

linear to exponential. For simplicity, a linear nebds used in this analysis (Figure 3.1 (c)).
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3.1.1.4 Element types and meshing

The concrete elements are modeled with solid lirstaass-displacement 8-node brick
elements with reduced integration (single integrapoint) and hourglass control (C3D8R).
Abaqus CAE includes mesh generation capability thatudes various options and

approaches for mesh generation. In this work, aatedh meshing is used where
characteristic element sizes can be specified.tf®@benchmarking analysis models, an
attempt was made to maintain similar element sthesughout the different models,

although some variability could not be entirely @aeal. Elements were kept within a size
range of 1 in. to 3 in. depending on the overatkesof the analysis model. For the
subsequent analytical modeling, an element si&iof was used. The sizing of concrete
elements must be maintained within reasonablediamid take into account typical crack

spacing that occurs in SC walls.

The previously described tension softening modeetaon fracture enerdy, is used to
determine the stiffness response of the elementisantbst commonly specified on the
assumption that a maximum of a single crack cam fareach orthogonal direction within
an element. This then results in the stress-stemponse becoming sensitive to mesh size
since the simulation of cracking is averaged owtr dlre length of the element. If too large
of an element size is specified such that reaéilyianultiple parallel cracks could form
within a single element in a given direction, thiée tension softening stiffness would
become unrealistically low. Also, if elements aimed such that they are shorter than the
typical fracture process zone (band of micro craaksad of the crack front), then the

thickness of the fracture process zone could piaigntbe less than what has been



29

physically measured in experiments. These condidagmrequire care in selection of
concrete element sizes, consistent element sizirggs models, and verification of results

with physical experiments in order to ensure reabtEnmodeling assumptions.

3.1.2 Steel constitutive model

The steel constitutive model used for the finieneént modeling of the SC wall faceplates
is shown in Figure 3.2(a) and includes the inifiakear elastic response with the
proportional limit defined by, andg, followed by the yield plateau, and strain hardgni
leg. The elastic properties (elastic modukisand Poisson’s ratios) are taken from AISC
360-10 [65] withEs equal to 29,000 ksi ands equal to 0.3. The idealized stress-strain
relationship is based on equations by Varma [6d] ianludes a horizontal yield plateau
bounded by the yield strai§), and strain initiating strain hardeniag, with the length of
the plateau equal tg multiplied by a factorm. The strain hardening segment is defined

in Equation 3.4:

n

E —& Equation 3.4

U:Uu—(UU—Uy)[E 2 ] a
gu_gsh

Where the ultimate stresg, and ultimate strairng,, are governed by the exponemtthat
typically takes values between 3 and 6. This uaiastress-strain relationship is converted
to a true stress-true plastic strain relationstsgaduin the finite element analyses so that
large-deformation response can be simulated. Téw stodel includes a linear elastic
isotropic response, von Mises yield surface, assediflow rule, and isotropic hardening.

Also, a simplified steel model (with a bilinearess-strain relationship) is used for the
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analytical models for the cyclic analysis that rieggsi kinematic hardening. In this model,

the post-yield response is replaced with a lin@adéning leg as shown in Figure 3.2(b).

3.1.2.1 Element types and meshing

The steel faceplates are modeled with first-orttesss-displacement 4-node shell elements
with reduced integration (S4R). The element formiataaccounts for finite membrane
strains, large rotations, and is effective forshraulation of elastic and inelastic buckling.
The elements are assumed to be thin and include&itttbhoff constraint with shell

normals remaining perpendicular the tangent plam@wagiven point.

3.1.3 Headed stud anchor model

In SC walls, the steel faceplates are mechanicaihnected to the concrete infill with
headed stud anchors (shear studs) and tie-baisdliypsteel channels, rods, or angles)
that are welded to the the steel plates. In a@@alvall designs, a number of different tie-
bar details may be used. One common detailing njmidudes steel angles that are welded
to the interior surfaces of the steel plates (atraong as reinforcing ribs spaced at regular
intervals along the inner surfaces of the stedkp)a Then the tie-bars are attached to the
ribs with welds. This type of detail only works wisufficiently thick walls that permit
welding access to the inside of the structural nexluAnother tie-bar detail includes
deformed bars that extend through holes in thd glates that are then welded on the

exterior surfaces of the walls (a variation of tinisludes threaded rods extending through
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holes in the steel plates connected with nuts ¢ fides of the steel plates). These details

have the advantage of being constructible withrtkirwalls.

The connectors and transverse tie-bars are thereddetd in the concrete infill thus
resulting in a composite section. The compositgparse of the section is primarily
governed by the slip at the steel-concrete intertadd is a function of factors such as the
headed stud anchor size, stud spacing, and mapeopérties of the studs and concrete.
The ultimate strength of a given headed stud anctey be limited by the quality of the
weld, the strength of the stud subjected to contlmina of bending and tension, the direct
bearing strength of the concrete against the stuidlthe concrete is unconfined, concrete

cracking or breakout.

There are a number of approaches for analyticaletmayl of the SC wall composite
behavior. Detailed methods can be employed wheadduestud anchors are modeled in 3-
D with solid elements and embedded in the concratenore efficient and simplified
approaches where the composite response is lumfiedannector elements that tie nodes
on the surfaces of the concrete solid elements maithes that make up the steel shell
elements. The simplified method was developed &sdribed in Zhang et al. [64]. In the
detailed approach, the aim is to replicate thafateal force-slip response by modeling in
detail the shear studs and the contact betweest¢le faceplates and shear studs and the
concrete infill. If the modeling is detailed enougfren the global force-slip behavior will
be simulated including with contributions comingrfr: the bending and tension response

of the shear stud, local concrete bearing and orgek the concrete, and friction between
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the steel plate and the concrete. This approads l&achallenges since it is difficult to
accurately model all of these contributing promsrthat all combine to produce the global
response. This method also comes at a significamtpatational cost. The simplified
approach is advantageous in that the global fdipe-esponse can be directly defined by
the user and simply lumps together all of the cexglroperties into a single force-slip
definition. The force-slip relationship is thenéakdirectly from the results of experimental
push-out tests. This approach is used for all effitnite element modeling in this work in
order to reduce the computational cost of the {emge models. The force-slip behavior of
the headed stud anchor is specified with a useneldfelastic and plastic response. The

force-slip curve is based on work by Ollgaard e{&®] and defined in Equation 3.5 and

Equation 3.6:
on\?
Q=Q,(1- &)™ Equation 3.5
Q, =0.5MA L/ f'LE, Equation 3.6

Ollgaard fit the results of experimental push-adts$ in order to calculat&., the shear

strength of a single shear stud. The experimetidlysncluded tests with 3/4 in., and 5/8
in. stud diameters. The Ollgaard study concluded tine strengths were proportional to
the square root of the concrete compressive stighgtmultiplied by the concrete elastic
modulus,Ec. The tensile strength of the shear stud was faondot have significant

influence on strength. In contrast, AISC 360-10 &amn 3.7 puts a limit on stud strength
based on the tensile strength of the stud. Thidiegogd the condition is such that the

concrete is subjected to substantial confinemarg torcing direct failure of the stud.
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Q=1[A Equation 3.7

The stud strength is defined in terms of the tensitength of the stud and assumes that
structural detailing is such that limit states sashconcrete breakout or pullout do not
govern ultimate strength. This strength equaticadispted by AISC N690s1-15 since SC
headed stud anchors with SC walls are not typicallperable to concrete breakout. The

stud strength is then taken as the lesser of Eu8tb and Equation 3.7.

The force-slip relationship is defined in Equati®b, whereQ is the shear force (kips),
and4 is the interfacial slip. Figure 3.3 shows the akdted shear force-slip curve for 3/4

in. studs and typical stud and concrete mater@penties.

3.1.4 Analysis approach
Abaqus/Explicit is used for all of the finite elemienodeling since simulation of large-
deformations (such as local buckling of steel féateys) inelastic material response
(primarily concrete cracking), steel yielding, aocontact must be modeled. All of the
analyses are conducted with quasi-static loadirlg wary high numbers of analysis steps.
The solver uses explicit central difference intéigra Since element masses are lumped,
the mass matrix is diagonal resulting in inverdgi@mg equivalent to division. Therefore,
the accelerations at successive steps can be sqglviedlly and a higher number of
increments can be used. The time incrementatifuilisautomated with initial estimates
of the stable time increment based on the elemihttiae shortest dilatational wave travel

time defined as the shortest length of the elerdemied by the dilatational wave speed.
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The resulting stable time increment is reducechrby a factor to ensure that the initial
time increment is conservative. The time incremanst be sufficiently small to ensure
that unrealistic accelerations or compounding dispinent oscillations do not occur
during the analysis. Semi-automatic mass scaliradsis used in order to shorten analysis
times. The mass of all elements are scaled eqifalthe stable time increment for an
element drops below the specified limit of one ms&cond. This would result in a
maximum of 1,000,000 time increments for an analgsiration of 1 second. The Abaqus
Theory Manual recommends that for quasi-staticiek@nalyses when semi-automatic
mass scaling is used, the ratio of kinetic eneogiptal internal energy (or external work)
is less than 10%. These ratios are listed in T8blefor the analytical models used for
benchmarking. In the table the ratio is definedh&shighest ratio occurring for all of the

time steps in a given analysis.

3.2 Benchmarking analysis
The finite element modeling details described i@ pinevious sections are verified with
benchmarking of a series of physical experimentS®@fstructural members. The purpose
of the benchmarking is to verify the modeling asptians with emphasis on the concrete
response (simulation of fracture, cracking, antufa), the behavior of the headed stud
anchors and composite behavior, and to verify that explicit analysis is providing
consistent and reasonable results. The selectigrhydical tests is based on particular
aspects of mechanical response of SC walls thatmmny occur in SC structures. Most
of the tests emphasize particular aspects of behauch as out-of-plane flexure and shear,

in-plane flexure and shear, composite force-slip, All of the elements of mechanical
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response are then assumed to be present in thgsianal complete SC structures to a
greater or lesser extent. A summary of the physesis used for benchmarking are listed

in Table 3.2.

3.2.1 Out-of-plane flexure
Three experimental out-of-plane flexure tests aechmarked. The experimental tests
were originally conducted in order to study thextlel stiffnesses and strengths of SC
walls subjected to out-of-plane loads. The testeeveenducted on beams with structural
details typical of safety-related SC walls with tateel faceplates, concrete infill, welded
transverse steel tie-bars that connect the faaptateach other, and headed stud anchors

welded on the interior faces of the steel faceplate

3.2.1.1 Description of experimental tests

The three beam tests were all subjected to onedveayling and four-point loading
configurations similar to the test-setup showniguFe 3.4(a) (roller supports at both ends
and two vertical loads applied with hydraulic attua to the top surfaces of the beams at
approximate third-points along the beam lengthie heams were designed as SC wall
cross-sections with widths approximately equalh® beam thicknesses (approximately
square in cross-section). The beams were therefeeeted such that the steel faceplates
were situated along the top and bottom faces ob#aens, and the side walls of the beam

were exposed concrete infill.
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Details of the first two tests are described inadeh Booth et al. [66]. These two tests
(OOP-1 and OOP-2) included combinations of therarad mechanical loadings. The
primary objective of these tests was to deterntieeflexural behavior of the beams to the
application of mechanical loading with and withthe application of heating. The loading
sequence was designed to replicate accident théoadd — a condition that is considered
in the design of safety-related SC containmentmatiestructure walls. The sequence began
with application of a mechanical load (25 kips petuator) intended to be similar in
magnitude to the predicted equivalent fluid presghat would occur during an accident
thermal event. This load was then maintained anstant constant value of 25 kips while
the top steel faceplates were heated. For OOPelsttel faceplate in the mid-span was
heated (64 in. of beam length between the two &mts)laas shown in Figure 3.4(b), and
for OOP-2 heating was applied to the top steeldkate to a length of 32 in. on either side
of one of the two load points (Figure 3.4(c)). Aftegiven amount of time, the mechanical
loads were then increased to approximately 90 Kdosensional and material properties

of test specimens OOP-1 and OOP-2 are listed iteTaB.

The third experimental beam test (OOP-3) was oanbjexted to mechanical loading that
was monotonically increased until the beam ultityatailed in flexure (initiated by

flexural tension yielding of the bottom steel falked@). Details of this beam test are
reported in Varma et al. [67]. Dimensional and matgroperties of the beam are listed

in Table 3.3.
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3.2.1.2 Analytical results

The three beam tests were analyzed with 3-D felgenent models. The meshing and part
instances used for OOP-1 and OOP-2 are shown urd-8}5. The models included shell
elements for the steel faceplates and tie-barsl paft instances for the loading plates and
end assemblies, and all of the shear studs discrataleled with connector elements. The
analyses replicated the loading sequences (for O@Rd OOP-2, initial mechanical
loading, followed by heating of the top steel fdaég and final monotonic load to
approximately 90 kips). In the analysis, a constasfficient of thermal expansion for
steel of 6.810° (1/°F) was assigned to the steel shell elemertis. Aeating load was
simulated by changing the temperature of the stibl a AT equal to 200°F for OOP-1
and 220°F for OOP-2 during the heating phasesskoplicity, only the temperature of
the steel faceplate was changed, and not the ymprtoncrete infill adjacent to the

faceplates.

The experimental and analytical load-displacemestlts for OOP-1 and OOP-2 are
plotted in Figure 3.6(a) and Figure 3.6(b), respett. The applied force plotted represents
the force per actuator (therefore the total foqgeliad to the top of the beam is twice this
value). The three loading phases are clearly shiowthe plots: (1) the initial ambient

loading to 25 kips, (2) the heating phase at consteechanical load of 25 kips, and (3) the
final monotonic mechanical load. The plotted vettibeflection was measured at the beam
mid-span. During the initial loading phase, therbsaleflected down, during the heating
phase, thermal expansion of the top steel faceitate the beam to bend upwards,

followed by the final loads where the beams weredd back down into positive curvature.
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The analysis shows very good agreement with theraxgntal results (the lengths of the
thermal deflections agree and the load-deflectiifness compare well for the final
loading legs). For the initial loadings, the anaysredicts substantially higher flexural
stiffness partially due to the fact that the coternafill in both OOP-1 and OOP-2 were
substantially pre-cracked as a result of the plays$est specimens being shipped by truck
after the concrete had been placed in the specinfémespre-cracked concrete was not
accounted for in the analytical models. The anedytand experimental flexural stiffness
are listed Table 3.7 for comparison. The stiffnessies listed represent the ratio of force
and displacement values taken at the ends of tirees@s that are shown (in pink) in the

two plots.

The deflected shapes of OOP-1 and OOP-2 are shofigure 3.7 and Figure 3.8 (scaled
in the vertical direction by a factor of 100 foretburpose of illustration). The contours
represent the maximum principal concrete straihg. &ffects of heating are clearly shown,
where the vertical upward deflection of OOP-1 heaite the mid-span, is centered
symmetrically about the centerline of the beam, tedvertical deflection of OOP-2 is

centered on the left loading point.

The load-displacement response of OOP-3 is platieBigure 3.10(a) and the initial
portion of the same curve is plotted in Figure 8)@or the purpose of comparing initial
stiffnesses (the stiffness are also listed in T&bI. In the plot the stiffness line segment
(shown with the solid black line) denotes the mortof the load-displacement response

where the stiffness is compared. In Figure 3.1@@mnparisons of initial stiffness are
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shown with the pre and post concrete crackingn&#$ from the analysis (occurring at
approximately 15 kips) are slightly higher and Islig lower, respectively than the

experimental stiffness. Maximum principal concrett@in contours and deflected shapes
(with a scale factor of 20) of OOP-3 are renderedigure 3.9. The three figures represent

increasing applied load levels of 31, 129, and @8, respectively.

3.2.2 Push-out tests

3.2.2.1 Description of experimental tests

Push-out tests conducted by Ollgaard et al. [GB]istl the composite behavior of headed
stud anchors embedded in lightweight and normabkieconcrete. The test program
included 48 push-out tests that applied shearlpatalthe orientation of the steel-concrete
interface. Figure 3.11(a) shows details of the &ilgl pushout test specimens that were
configured with 4 headed stud anchors on eachdidlee wide flange beam. The main
control variables in the tests were stud diaméié8 (n. and 3/4 in.), number of headed
stud anchors and concrete aggregate propertiespeuemens had either 2 or 4 shear studs
welded to each flange (4 or 8 per test setup) 28 &n. long segment of a W8x40 beam.
The headed stud anchors were embedded in reinfoocexiete block that were cast against
each flange of the W8x40. The concrete blocks weirdorced with rebar that served to
confine the concrete in the immediate vicinity lné embedded shear studs. A majority of
the tests were conducted when the age of the denaached 28 days. Three specimens
were tested for each of the 16 configurations. Biveach specimen type were loaded up

to a force level that was considered equivalerat service level load, then unloaded and
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reloaded to ultimate. The third specimen of eaatugrwas loaded monotonically to

ultimate failure. All of the tests showed substalritielastic deformation of the connections
prior to failure. The strength limit states weréher governed by shearing of the headed
stud anchors at the welded connection to the beaghs or breakout failure of the concrete
surrounding the shear studs. The empirical equatiefining ultimate shear stud strength
and force-slip relationship previously describe&quation 3.5 and Equation 3.6 were the

result of this work.

3.2.2.2 Analytical results

Two finite element analyses of pushout tests werayaed: one with 4 headed stud
anchors (PO-1) and one with 8 headed stud ancR@<2)). Figure 3.11(c) shows the part
instances and meshing that were used for both semlfhe steel wide flange segment was
modeled with shell elements and the concrete bladks solid elements. For simplicity,
the concrete reinforcement was omitted. A monothjidncreasing vertical point load
was applied to the top of the steel section afexeace point that controlled a rigid body
region assigned to the nodes on the upper eddre stéel beam. The bases of the concrete

blocks were fixed against translation in the vaitdirection.

Results from the two analyses are plotted in Figui@(a) and Figure 3.12(b). For the two
cases, the force is equal to the total applied sadjected to the pushout specimen divided
by the number of headed stud anchors. TherefordR@ 1, the load equals the applied

load divided by 4 and PO-2 equals the applied thaidled by 8. The slip values are equal
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to the vertical component of slip between the twdes that are linked with the connector
elements. The experimental shear force-slip cuxa Oligaard et al. is also plotted using
0.75 in. diameter studs and normal weight concieteshown, the analytical results show
good agreement with reasonable predictions ofalrstiffness and peak strength (listed in
Table 3.7). In the two analyses, the concrete dideach cracking stress levels nor did the
steel yield. All of the behavior was the resultetdstic deformation of the concrete and
steel part instances and deformation of the coonetgdments representing the headed stud
anchors. Therefore, the emphasis of these two seslg limited to confirmation that the

stud modeling assumptions are reasonable.

3.2.3 In-plane pier wall tests
Three experimental tests of SC wall piers were berarked. The tests were conducted in
2013 and 2014 at the Bowen Laboratory at Purdugdysity. Details of the three tests are
described in Kurt et al. [68]. The purpose of thsts was twofold: to study the overall
response of the shear wall panels subjected tacdgelds, and to evaluate the performance

of the base connection design.

3.2.3.1 Description of experimental tests

The tests were configured as free-standing pieiSMivalls without boundary elements
(such as flange walls, steel end plates, steabsecare internal rebar reinforcement). The
wall aspect ratio (free height of wall divided ngth parallel to the loading direction,

h/lw) was the primary variable in the tests. The aspmu for the first test (WP-0.60) was
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0.60, the second test (WP-0.75), 0.75, and thd thall (WP-1.00) was constructed with
an aspect ratio of 1.00. The wall aspect ratioevgelected such that the response and
ultimate strengths of the walls were governed bgrabination of in-plane flexure and in-
plane shear. In particular, the effect of in-plahear on the in-plane flexural strength was
of primary interest. Consequently, walls with agpatios of 1.00 and less were tested.
The three tests were designed and constructedeaiuaed scale (approximately )30
that the ultimate strengths would not exceed theacéy of the available laboratory
equipment. The steel faceplates were mechanicalipected to the interior concrete with
headed stud anchors and the faceplates were cedntcteach other and braced with
threaded rods that were bolted through holes tlea¢ wdrilled through the faceplates. The
bottom edges of both faceplates were welded teck (h.375 in.) steel baseplate that was,
in turn, anchored to the reinforced concrete bagk wvertical rebar. The rebars were
threaded on the top ends and attached to threadlgulecs that were welded to the
underside of the steel baseplate. The overall aiioms of the pier walls to the reinforced
concrete bases were designed using over-strenigghniarsuch that the strengths of the
connections would exceed the strengths of the atede&C pier walls. The tests therefore
presented findings on both the overstrength peroca of the connections and also the
strength and post-peak ductility response of tiee palls.

The lateral loads were applied to the top of thep€ walls such that the walls would be
subjected to combined in-plane shear and in-pleaxaife. The loading protocol included
a series of load cycles (with full load reversalidg each cycle) that were applied until the

wall reached ultimate failure.
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For the three tests (PW-0.60, PW-0.75, and PW-1i0@as observed that the applied
lateral loads produced a biaxial stress statearstbel faceplates with significant vertical
bending stresses apparent at both ends of the. Walésloading also produced diagonal
compression in the concrete infill. As the applieads were increased and the wall piers
approached peak strength, concrete cracked arldédpathe ends of the walls (at the base)
and the steel plates buckled outward at the bafeafalls at the ends that were subjected
to compression. At the ends of the wall subjectegnsion, the steel plates yielded in the
vertical direction. For the 0.60 and 0.75 aspeod tasts, ultimate failure was precipitated
by substantial damage and spalling of the conocoetehe exposed ends of the wall
combined with yielding of the steel plates at berids of the wall. For the 1.0 aspect ratio
wall, the ultimate strength of the wall was govermeore by flexural over-turning forces.

The steel plates yielded in tension and eventdigbtured just above the connection weld.

3.2.3.2 Analytical modeling and results

The three pier wall tests were analytically modeMddeling parameters are summarized

in Table 3.6. Since the SC pier walls were constai@t reduced scale (approximately

1/3%, a smaller mesh size was required in comparis@nevious models. For the concrete

infill a mesh size of 2 in. x 2 in. x 2 in. was dsand for the steel faceplates, a mesh of 1
in. X 1 in. was used. Details of the meshing and ipatances are shown in Figure 3.14.

The baseplates were also modeled with shell elesvaart the vertical anchor rods that tie

the baseplates to the reinforced concrete bases wedeled with truss elements.



44

Frictionless contact was assigned between thefsigsglates and the concrete infill so that

the corrected buckling mode and response of tlet fsteeplate could be simulated.

The force-displacement results of the three analgse plotted in Figure 3.15, Figure 3.16,
and Figure 3.17, respectively. The applied loatheplots are defined as the total lateral
point load applied to the top of the SC wall piaddhe displacement is also taken at the
top of the wall at the same point. Overall, thedlolisplacement curves show good
agreement with the experimental responses with seghtly higher initial stiffnesses
predicted by the analyses and very close comparigsbpeak strength. The ratios of peak
strength (analytical strength over experimentarsith are listed in Table 3.7 and equal to
1.09 for PW-1.00, 1.00 for PW-0.75, and 0.96 for-BW0. Figure 3.18 shows the stress
contour output for the steel faceplate (von Misasyl the concrete infill (maximum
principal concrete stress) for PW-1.00. The corgcane shown for three applied force
levels: 154 kips (Figure 3.18(a)), 509 kips (Fig8r&8(b), and 527 kips (Figure 3.18(c)).
The figures show the progression of von Mises stfesincreasing loads primarily along
the tension side of the wall and along the base. mhximum principal concrete strains
are shown initially as flexural tension cracks thransition into diagonal tension shear
cracks at the higher force levels. The near peakl lBigure 3.18(c) shows extensive
concrete flexural tension cracking, diagonal cragkand failure of concrete at the
compression toe (at the lower right corner). Siméssults are presented for PW-0.75 and
PW-0.60 in Figure 3.19 and Figure 3.20, respedctivethere flexural tension cracking
initiates at low forces and then transitions int@gdnal concrete cracking combined with

steel yielding along the base of the walls.
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3.2.4 In-plane flanged wall tests
A series of six SC shear walls with flanges weralated analytically and benchmarked.
The experimental tests used for the benchmarking e@nducted by Sasaki at al. [40] and

were briefly described in the Chapter 2 Literatleview.

3.2.4.1 Description of experimental tests

Figure 3.21(a) and (b) show plan and elevation giefthe test setup used for the flange
wall tests. As described previously, the tests wereducted on free-standing flanged SC
shear walls that were connected to reinforced ataednases and embedded at the top
within concrete loading blocks. As shown in theufig, hydraulic actuators applied lateral
loads to the tops of the walls. The experimentgtstencluded 7 specimens: 6 with applied
lateral loads and a seventh with combined horizoatad vertical loads. For the
benchmarking analysis, only the 6 tests withouttie&lr loading were modeled and

analyzed.

3.2.4.2 Analytical modeling and results

Figure 3.22 shows typical part instances and megslontest for the flange wall models
(test H10T15 is shown in the figure). The conchbetse and top blocks were modeled with
solid elements and assigned a linear elastic igmtrmaterial model with the concrete
stiffness,Ec, for simplicity. Concrete infill within the shearall and the two flange walls
were modeled with solid elements and assigned rindqusly described brittle cracking

constitutive model. Details of the material propeytare listed in Table 3.5 and Table 3.6.
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The lateral load-story drift displacement resporisethe six analyses are plotted in Figure
3.23, Figure 3.24, and Figure 3.25. The load-deptzent results from the six experiments
are also plotted for comparison and represent lmeklzurves from the cyclic tests.
Overall, the six analyses show good agreement nmsteof initial stiffness, inelastic
response, and peak strength. The ratios of peakgilrs (analysis divided by experiment)

are listed in Table 3.7.

3.3 Summary
The finite element benchmarking process includedcttmpilation of a series of physical
tests of SC structures with a wide range of medahrbehaviors characteristic of the
behavior that would be evident in a complete SGcstire. Emphasis was placed on out-
of-plane flexure, in-plane shear and flexure, awodngosite (force-slip) behavior. A
modeling approach is described using Abaqus/Ex@imil includes the use of constitutive
models for steel, concrete, and the composite fsliperesponse. The explicit analysis
approach was selected so that the highly inelésbiecrete cracking) and nonlinear (large
deformation) and contact response could be analyZéé analytical results were
gualitatively compared with the experimental resudnd show reasonable agreement
consistently across the series of benchmarking.tése ratios of peak strengths are listed

in Table 3.7 with an overall mean of 1.00 and adaad deviation of 0.06.
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Table 3.1 Base values of fracture ene@gy
(CEB-FIP Model Code 2010 [60])

dmax (Mm) Gro (Nmm/mnf¥)
8 0.025
16 0.030
32 0.058

Table 3.2 Summary of benchmarking tests

ID Test Type Loading
OOP-1 Out-of-plane flexure Mechanical loading witrated mid-span
OOP-2 Out-of-plane flexure Mechanical Ioa?(i)r;% vr\)/i;ihn:\eated centered
OOP-3 Out-of-plane flexure Mechanical load to uétmfailure
PO-1 Pushout Composite pushout test (4 studs)
PO-2 Pushout Composite pushout test (8 studs)
PW-0.60 Pier wall In-plane shear-flexutél{ = 0.60)
PW-0.75 Pier wall In-plane shear-flexutél¢ = 0.75)
PW-1.00 Pier wall In-plane shear-flexutél{ = 1.00)
HO7T10 Flanged wall In-plane shear-flexuhné{ = 0.99)
HO10TO05 Flanged wall In-plane shear-flexund{ = 1.24)
HO10T10 Flanged wall In-plane shear-flexund{ = 1.24)
H10T10V Flanged wall In-plane shear-flexuhdly( = 1.24)
H10T15 Flanged wall In-plane shear-flexund( = 1.24)
H15T10 Flanged wall In-plane shear-flexuhd{ = 1.75)

on



Table 3.3 Out-of-plane beam specimen details
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ID Beam | Shear | by tsc tp Yo, fe fy
S(ﬁf;” S(ﬁf)‘” @y | (n) | (n) | ) | (ps) | (ksi)
OOP-1 264 96 30 31 1/2 3.2 5,000* 504
OOP-2 216 72 30 30.6 5/16 2.0 5,000* 507
OOP-3 105 48 30 30 1/2 3.3 8,200 48./7
* Specified strength
Table 3.4 SC pier wall specimen details
ID h lw tp tsc fe fy Stud dia.
(in) | (in) (in) (in) (psi) (ksi) (in)
PW-0.60 36 60 0.1875 12 4,982 55.7 0.375
PW-0.75 45 60 0.187% 12 4,000% 55.7 0.375
PW-1.00 60 60 0.1875 12 4,000% 55.7 0.376
* Specified strength
Table 3.5 SC flanged wall specimen details
ID h lw tp tsc fe fy Stud dia.
(in) | (i) (in) (in) (psi) (ksi) (in)
HO7T10 49.2 63.4 0.091 4.53 4308 41 0.354
HO10TO5 63.4 0.091 9.06 4308 41 0.35¢4
HO010T10 63.4 0.091 9.06 4743 41 0.354
H10T10V 63.4 0.091 9.06 4743 41 0.354
H10T15 63.4 0.091 13.58 4308 41 0.354
H15T10 63.4 0.091 9.06 4743 41 0.354

* Specified strength



Table 3.6 Benchmarking analysis modeling properties
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ID Steel mesh| Conc. mesh| E: fetm We Qu
size (in) size (in) (ksi) (ksi) (in) (Kips)
OOP-1 5 3 4,031 0.386 0.0102 20.4
OOP-2 5 3 4,031 0.386| 0.0102 20.4
OOP-3 ) 3 5,162 0.579 0.0074 204
PO-1 1 2 3,694 0.331 0.0115 20.4
PO-2 1 2 3,694 0.331 0.0115 204
PW-0.60 1 2 4,023 0.385 0.0102 7.2
PW-0.75 1 2 3,605 0.316 0.012 7.2
PW-1.00 1 2 3,605 0.316 0.012 7.2
HO7T10 15 15 3,002 0.339 0.011 6.4
HO10T05 1.5 1.5 3,002 0.339 0.011 6.4
HO010T10 15 1.5 3,394 0.369 0.011 6.4
H10T10V 1.5 15 3,394 0.369 0.011 6.4
H10T15 15 1.5 3,002 0.339 0.011 6.4
H15T10 15 1.5 3,394 0.369 0.011 6.4




Table 3.7 Summary of experimental and analyticsililite
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Stiffness comparisons Peak strengths Energy
FE EXxp. FE FE EXp. FE Kinetic
(kip/in) | (kipfiny | E*P (kips) | (kips) Exp. Total
%
OOP-1 556 417 1.33 - - - 231
OOP-2 433 355 1.22 - - - 2.17
OOP-3 371 452 0.78 238 250 0.95 7.39
PO-1 1923 1613 1.19 28.3 29.1 0.97 1.28
PO-2 1754 1613 1.09 28.3 29.1 0.97 0.71
PW-0.60 | 2298 2110 1.09 692.6 7109. 0.96 4.29
PW-0.75| 4846 3921 1.24 618.6 618. 1.0¢ 3.15
PW-1.00| 6288 3330 1.89 535.3 489. 1.0¢ 5.93
HO7T10 7688 6001 1.28 1091 1166 0.94 2.95
HO10TO5| 3498 3106 1.13 652 620 1.11 3.88
HO10T10| 5430 3958 1.37 1148 103¢ 1.06 2.60
H10T10V| 6076 4638 1.31 1149 1229 1.05 0.82
H10T15 7418 5492 1.35 1679 1725 0.97 1.79
H15T10 2564 2378 1.08 1046 990 0.94 4.44
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Figure 3.9 OOP-3 maximum principal concrete strains

300
Specimen OOP-3

[a]

Lh

<
]

S
o]
e
]
T
~
“

Applied Load (kips)
S @
o o

Experiment

Lh
o
1
T

----- Analysis

0 I I I I I f f f f f
0.0 02 04 06 08 1.0 1.2 14 1.6 1.8 2.0 2.2

Midspan Displ. (in.)

Figure 3.10 OOP-3 load-displacement results



(b) Plan view
Reinforced
—> .
Applied concrete blocks (& r“l 3/4 in.

load

#5 and #4

W

(a) Push-out test setup (d) Mesh

(¢) Elevation view

Figure 3.11 Details of Ollgaard et al. pushoutgest

35 35
30 A 30
25 o .25
£ 20 - 20 4/
ERER s )
73 7
10 1 —— Ollgaard et al. 10 4 —— Ollgaard et al.
54 e---- Analysis 549 eee-- Analysis
0+ 0+
0 01 02 03 04 0 01 02 03 04
Interfacial slip, in. Interfacial slip, in.
(a) PO-1 (4 studs) (b) PO-2 (8 studs)

Figure 3.12 Pushout force-slip results

56



57

Reinforced Steel assembly connected
to strong wall
concrete base\

(TS| S

I.u..__.____n, e -
Post- [ S =T .
tensioned O o ooao

bars

(a) Plan view of test setup and specimen

Hydraulic
actuators

SC pier wall
specimen
135555588 0RRRNNNN

S P s s

(b) Elevation view of test setup and specimen
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Figure 3.14 Meshing and part instances for finiggnent benchmarking model
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Steel faceplate — Von Mises Conc. infill — Max. principal
stresses conc. strain
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Figure 3.18 PW-1.00 von Mises stress contours aad principal conc. strains
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Steel faceplate — Von Mises Cone. infill — Max. principal

stresses conc. strain
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Figure 3.19 PW-0.75 von Mises stress contours aaed principal conc. strains
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Steel faceplate — Von Mises Conc. infill — Max. principal
siresses conc. strain
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(a) Concrete infill (web and (b) Stud anchors (connector elements)
flanges, C3D8R elements)

(c) Steel faceplates
(S4R shell elements) (d) Concrete base and top (elastic)

Figure 3.22 Meshing and part instances for SC #@dngall benchmarking analyses
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Steel faceplate — Von Mises Conc. infill — Max. principal
stresses conc. strain
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CHAPTER 4. ANALYSIS OF A PRIMARY SHIELD WALL STRUCTURE

This chapter presents the results of an analystaly of a nuclear power plant PSW
structure constructed with SC walls. The resultsfexperimental test of a ¥/&cale
model of a PSW are used to further benchmark thiéefielement modeling approach
described in the previous chapter. Additionallg, tesults of the analysis and experimental
test are used to develop a design methodologyréatigtion of the lateral strength of the
PSW structure and structures that are similarlyfigared. A detailed 3-D finite element
model is developed so that the detailed lateral loehavior can be studied. The results
from the analysis include the full lateral load-@@hation response and the progression of
mechanical states for increasing load levels inolydconcrete cracking, steel plate
yielding and buckling, and development of conciitegonal compression action within
the walls. These results are then compared totseant observations reported from the
physical test. The results from the finite elememalysis are then used to supplement the
findings from the physical test since the analytreaults provide additional information
that could not be directly determined from the eipental results such as the internal
mechanical state of the concrete infill includingaking and compression failure. The
analytical results are also post-processed to mi@terthe forces and moments acting on
internal cross-sections within the individual wadigments. The findings are then used to

develop a simplified method for calculating the igeslateral load capacity based on
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existing code provisions for reinforced concreté@l 349-06 [2]. Also, to complete the
design approach, a simplified linear elastic firetement (LEFE) modeling approach is
developed and tested that is intended to servenagra conventional design tool for the
determination of design section forces and momeértige. results of this approach and

application to the PSW structure are then discussed

4.1 Introduction and background

As briefly described in Chapter 2, physical testa /6" scale PSW and a 1/ @cale test

of a complete containment internal structure wergdacted in the 1980s in Japan. These
tests were conducted by a joint research prograiwele® three agencies: The Japan
Atomic Power Co., Obayashi Corp., and Mitsubishatielndustries. Details of the 116
scale experiment and supporting analysis were ptegen a technical paper presented at
the annual meeting of the Architectural InstituteJapan in 2003 by Shodo et al. [5] and
the results of the 1/10scale containment internal structure were presdnyeAkiyama et

al. at the International Association for StructuMeéchanics in Reactor Technology
Conference (SMIRT-10) in 1989 [7]. At the time bétoriginal experimental tests, the use
of SC construction for shield wall structures atiteo containment internal structures was
new and unprecedented. Research on the physicavioeland performance of SC walls
and structural members had already been conductetesting of whole structures was

deemed necessary in order to confirm satisfacterfopmance.

The tested 1/ scale PSW structure was based on the design ekiating pressurized

water reactor (PWR) plant design developed by Mitshi Heavy Industries and includes
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similarities with subsequent designs for third gatien power plants such as the US-
APWR [69]. The test specimen and setup are showguare 4.1. The base of the PSW
was embedded into a reinforced concrete blockwiatconnected to the laboratory strong
floor with post-tensioned bars. This resulted ifixad base condition where lateral load
applied to the top of the specimen resulted inZomtal shear and overturning forces within
the PSW that were largest at the connection tae¢h#orced concrete base. The lateral
force, H, was applied with hydraulic actuators that weransxted to the top concrete
loading block, as shown in Figure 4.1. The reindorconcrete base used for the experiment
was approximately 20 ft long and the height totthge of the concrete loading block was

approximately 12 ft.

In general, the PSW structure resists gravity atetdl loads and provides support for the
reactor vessel and mechanical, instrumentation,hgddaulic systems within the power

plant. The walls of the PSW are connected togetheh that they form a closed circle (or
polygon) thus isolating and providing radiationedtling between the reactor vessel and
the surrounding power plant. All of these critipalwer plant systems must be supported
and connected to the structure and designed testaitd structural loads associated with
normal operating and accident conditions. US desggtes require that the PSW remains
essentially elastic when subjected to externalrenmental loads (such as earthquake
demands) and also demonstrate satisfactory perfax@nan the presence of internal

accident thermal loads [70]. The geometry and layduPSW structures are typically

complex with polygonal configurations in plan andmwerous perforations and openings in

the walls so that plant systems can pass throudlcannect to other areas of the power
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plant. For the PSW structure considered in thiskwtite openings are sufficiently large
and frequent such that they have a significanuerfte on the overall structural behavior

of the PSW.

PSW structures are typically very large and massivéhis case, the SC walls that make
up the PSW are on the order of 12 ft thick (indbtual full-scale design). The walls extend
from the reinforced concrete basemat up to theagéilmv of the reactor vessel and extend
above to connect to other walls within the contanminternal structure. Up to the
elevation of the reactor vessel the PSW walls liakex layers of steel plates. Two steel
faceplates (as is typical for conventional SC wallsd an additional steel plate embedded
within the wall in the approximate center. In thissign, transverse steel web plates are
also embedded in the wall and continuously weldeadl &dges to the steel faceplates and
the interior steel plate. The structural wall igréfore partitioned into individual cells
(oriented vertically) that are filled with concreféhis configuration, while quite complex,
provides excellent strength to the PSW structura a#ole. The structure has four large
openings that extend the full height of the™ & ale PSW structure. The openings are
located in the North-East, South-East, South-Wast North-West corners of the structure
and effectively divide the PSW into four individuahll segments. In the actual power
plant design, the purpose of the four openings paovide passages from the reactor vessel
cavity to other areas of the plant for the nucieatrumentation systems. The four wall
segments include two on the East and West sidéespa@ each on the North and South
sides, as shown in the figure. Figure 4.2(b) shawtan view cross-section with the four

individual wall segments and the three layers eélsplates and web plates. In the figure,
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the middle steel plates are shown in red, anditbelar opening in the middle is the reactor
vessel cavity. Also, the outer and inner steelgbates are shown with green and blue lines,
respectively. Figure 4.2(a) shows an isometric voedéwhe PSW with concrete omitted for
clarity. The typical steel plate thickness for taeeplates and internal embedded plates
was 0.1 in., except for the steel plates alongahe openings that were equal to 0.17 in.
thick (shown in green in Figure 4.2(a)). Also, @llthe internal steel surfaces (in contact
with concrete infill) were covered with welded heddstud anchors. The spacing of the

stud anchors was assumed to be uniform on allnatesurfaces.

4.1.1 Experimental 1/8 scale test
The results from the experimental test includedsuesd properties (such as applied force,
H, and lateral displacement measured at the loguind, ) and also numerous qualitative
descriptions of the progression of localized faland damage. The test specimen was
subjected to quasi-static cyclic, displacement+mietd loading with load reversals in the
negative direction equal to the peak load of eaatiec The loading was applied in the
East-West direction. A total of 9 cycles were cartdd at progressively increasing load
levels until the PSW reached its peak strength tik@ffirst three loading cycles the PSW
specimen was subjected to a peak lateral displateof®.2 in., followed by subsequent
cycles with increasing levels of lateral drift (dipd in pairs of cycles of equal displacement)
until ultimate failure was achieved during the himdycle. The applied lateral loading
resulted in combinations of shear, flexure, an@laxirces in the four wall segments. The
end segments were subjected to axial compressidnesion due to the overturning

moment. The overturning moment resulted in flexteakion concrete cracking in the end
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segments on the tension side of the PSW and aehigihce levels, yielding of the steel
faceplates. The shear force caused concrete crpakith steel yielding at the base of the
middle wall segments and stress concentrationshatcorners of the four openings
eventually led to localized failure including fraot of the welds and buckling of the steel
plates in those areas. The weld fractures wererobdet the weld connecting the outer
steel faceplates to the web plates that line tleniogs. The reported observations from
Shodo et al. [5] of mechanical behavior from th@exkment are listed in Table 4.1 as
milestones associated with the listed force levEt® mechanical states listed are a result
of global response (such as flexural responseaogdrturning forces) and also localized
behavior such as the failure and damage that aet@trthe corners of the four openings.
A number of the milestones are duplicated if theaweor was observed in both the positive,

West to East (a-direction) or negative, East to Mieslirection) loading directions.

4.2 Finite element analysis of the PSW structure
The finite element analysis consisted of two madelsomprehensive nonlinear inelastic
model using the modeling approach developed in @n&y and a simplified linear elastic

model intended to be representative of what woelddveloped for design calculations.

For all of the analyses, the lateral loading wagliad to the structure in the East-West
direction. For the detailed nonlinear model, twalgses were conducted with different
loading protocols: a quasi-static monotonic loadaihe point of peak strength and loaded
until the structure reached failure, and a secaralyais replicating the first three load

cycles of the experimental test. Hereafter, tha Bad West segments are referred as the
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end segments and the North and South segmen&faneed as the middle segments. Since
the PSW structure is mirror symmetric about a larial line passing through the center
of the reactor vessel cavity, the application tédal load in the East-West direction would
result in essentially identical mechanical respansthe two middle (North and South)
wall segments. Also, it is assumed that the loadimgonotonically applied in the West to
East direction such that the West wall segmentiligested to vertical tension (in addition
to shear and flexure) and conversely, the East sediment is subjected to vertical
compression in order to resist overturning fort@summary (for the monotonic analysis),
the middle wall segments were subjected to shehflexure, the West wall segment sheatr,
flexure, and axial tension, and the East wall sedm&s subjected to shear, flexure, and
axial compression. Also, the West wall segmentlighy larger than the East wall
segment thus slightly altering the response ifitlagling were applied in the East to West

direction.

For the nonlinear and linear elastic models, alhefgeometric properties of the PSW were
modeled individually with solid elements (C3D8RY the concrete infill, concrete base
block and top loading block, and shell elementR)S4sed for the modeling of the steel
faceplates and internal (middle) steel plates samkterse web plates. The part instances
(concrete infill, top and bottom concrete block®es plates, and stud connectors) and
meshing are shown in Figure 4.3. The compositeant®n between the steel and concrete
was modeled with with the force-slip model desalibeChapter 3 based on the model by
Ollgaard et al. [63] assigned to connector elemeddétails of the analytical model are

listed in Table 4.2. The measured average concretgressive strengtlfic, was 4,728
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psi, and the average measured yield strength oftded platesgy, was equal to 67.3 ksi
and the ultimate steel strength, was assumed equal to 80 ksi. The steel yieldidmdate
strengths were assumed to apply uniformly to alihef steel in the model. The uniaxial
stress-strain curves for steel are shown in Figutéh), were the dotted green stress-strain
relationship is used in the cyclic analysis and itb@ line relationship is used in the
monotonic analysis (kinematic hardening is usedtha cyclic analysis and isotropic
hardening is used for the monotonic analysis). ¢btecrete tension softening (stress-

displacement) relationship is plotted in Figure(d)4

4.2.1 Analytical results
Figure 4.5(a) shows the lateral load-displacemespanse from the monotonic analysis,
and the envelope of load-displacement response flmmexperiment. Figure 4.5(a)
indicates that the analytical load-displacemenpwoase compares favorably with the
experimental response including the initial stifsgpost-cracking (or secant) stiffness, and
the peak strength the PSW test structure. The sisahgsults indicate similar (but
conservative) post-peak behavior and deformatigqacity as the experiment. The peak
strength in the analysis (4,500 kips) was achiateth approximate displacement of 0.63
in., and failure occurred at an approximate disgiaent of 1.6 in. The test structure had a
peak strength of 4,676 kips and slightly more defation capacity with a displacement of

approximately 2 in. at failure.

Figure 4.5(b) show the lateral load-displacemespoese from the cyclic analysis, and

those from the first three cycles of the experimditte comparison in Figure 4.5(b)
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indicates that the analytical load-displacementlasyccompare favorably with the
experimental response, particularly during the ilogghases of the cycles. The analytical
load-displacement responses unload linearly, wisdremexperimental load-displacement
responses unload nonlinearly and have some pinclimg dissipating slightly more
energy. The cyclic analysis results are relevanttfeir load-displacement characteristics,
but not useful for subsequent discussion, which feitus on the structural behavior,
progression of yielding and damage, and failure enofl the PSW test structure as

predicted by the monotonic (pushover) analysis.

4.2.1.1 Yielding progression of steel plates

The results from the monotonic analysis were postgssed further to evaluate the

progression of yielding in the steel plates of B®WV structure. Figure 4.6 shows the von
Mises stress contours for the exterior steel fatepl It includes the stress contour plots
for applied lateral loads of 1,000, 2,000, 3,00008 kips. In the contour plots, the red

regions define the highest stress interval suctthigeaverage stress in the interval is equal
to the yield stress of 67.3 ksi. Therefore, thereggdons indicate yielding of the steel plates.
Yielding occurred in the exterior steel plate a ttorners of the openings (due to stress
concentration) and in the middle segment aroun@®lips of lateral loading. Extensive

yielding of the exterior steel plate occurred fadd@D kips of lateral loading.

Similarly, Figure 4.7 and Figure 4.8 show von Misg®ss contours for the middle and

interior steel plates. These figures also includedtress contour plate for applied lateral
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loads of 1,000, 2,000, 3,000, and 4,000 kips. €decontours once again indicate yielding
of the steel plate. Figure 4.7 and Figure 4.8 igichat yielding occurred in the middle
and interior steel plates at the corners of thenms (due to stress concentrations) around
3,000 kips of lateral loading. Extensive yieldinfytbe middle and interior steel plates

occurred for 4,000 kips of lateral loading.

Thus, extensive yielding occurred in all three ¢exir, middle, and interior) steel plates
for 4,000 kips of lateral loading. All three stqahtes contributed to the lateral load
resistance of the PSW test structure, and yieldezhsively before the peak strength was
reached at 4,500 kips. This is a significant bedrabinsight that was not evident from the
experimental results alone. The apparent yieldamgl (stress concentration) at the corners
of the openings also indicates that the four opgimve a significant effect on the local

response of the structure.

4.2.1.2 Concrete compression struts

Additional post-processing indicated that the vgalments show structural behavior that
is similar to typical reinforced concrete squatahealls (where squat shear walls are
defined as walls having an aspect raht. of less than approximately 1.0) where the
overturning moment causes flexural cracking ort¢hsion side, and the shear force causes

additional diagonal cracking and compression sirutee concrete infill.
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Figure 4.9 shows the minimum principal stressekeérend wall segments (East and West)
for lateral load levels of 1,000, 3,000, and 4,@3. The figure shows a cross-section of
the PSW structure that cuts vertically throughahd wall segments. It includes the vector
plots of the minimum principal stresses in the cetecinfill of the end wall segments. For
the applied lateral load of 1,000 kips, diagonahpeession struts begin to form in the two
end wall segments. The overturning moments the dfatbe PSW structure causes vertical
tension in the West end wall segment and vertiadgression in the East end wall segment.
This causes flexural tension cracking in the West wall segment, and the diagonal
compression action is more pronounced in the Eabtvall segment (on the compression
side), as shown in Figure 4.9(a). Figure 4.9(b) @ahow the compression struts in the
end wall segments for lateral loads of 3,000 af@@kips, respectively. The compression

struts carry higher stresses with increasing latesal.

Figure 4.10 shows the minimum principal stressefiénmiddle wall segment for lateral
load levels of 1,000, 3,000, and 4,000 kips. Therke shows a section of the PSW structure
that cuts vertically through the middle segmentintiudes vector plots of the minimum
principal stresses in the concrete infill of theddie (South) segment, which was
representative of the stresses in both middle setgmés shown in Figure 4.10, lateral
loading causes diagonal compression struts to fiotime concrete infill of the middle wall
segments. These diagonal compression stresseprasel over a wide band and extend
from the upper corners on the tension side of thk segments to the lower corners of the
compression sides. For the applied lateral load,000 kips, the diagonal compression

stresses in the middle segment (shown in Figur@(d)l are slightly higher than the
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diagonal compression stresses in the end segm&msvii in Figure 4.9(a)). The peak

concrete compression stress in the middle wall segmvas about 1,000 psi for an applied
lateral load of 1,000 kips. However, as the latkradl increased to 3,000 kips, the diagonal
compression struts begin to degrade as concretkiogaincreased as the lateral load
increased to 4,000 kips, the concrete infill in theldle wall segment had degraded, but
the compression struts in the end wall segmentes agstained, as shown in Figure 4.9(b)

and (c).

4.2.1.3 Strength limit states and failure

The progression of steel plate yielding and comctdéigonal compression provide insight
into the behavior and failure modes of the PSWcttine. Lateral loading caused an
overturning moment and shear at the base of thetate. The overturning moment caused
vertical tension and compression in the wall segsemhich were resisted by the steel
plates and concrete infill, respectively. As thetal load was increased, flexural yielding
of the steel plates occurred in the West wall seygnfsubjected to tension from the

overturning moment).

The shear force was resisted by all the wall segsn@niddle and end wall segments) by
the formation of diagonal compression struts indbecrete and steel plate yielding. As
the lateral load was increased, all three ste¢éépldeveloped yielding at the corners near
the opening, and the compression struts in the Imiddll segments started degrading. As

the lateral load reached 4,000 kips, all the gpsties had yielded extensively, and the
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compression struts in the middle segments had dedrd he compression struts in the end
wall segments sustained up to the peak strengin.oVarall failure of the PSW structure
was due to the in-plane shear failure of the midahdl segments followed by in-plane

shear failure of the end wall segments.

Four of the major milestones from the experimemesults are compared with the
analytical results in Table 4.3 and Figure 4.1% Whlestones (A, B, C, and D) correspond
to the experimentally observed milestones: 2(a5(, b), 7(a, b) and 10(a) respectively
in Table 4.1. From the analysis, flexural tensicacking (Event A) occurred in the West
wall segment at a lateral load of approximately K§@. Flexural yielding of the exterior

steel late (Event B) occurred in the West wall segimat a lateral load of approximately
2,500 kips. Shear yielding of the exterior steat@l(Event C) in the middle wall segment
occurred at a lateral load of approximately 3,085 kThe peak strength (Event D) was
achieved in the analysis at a lateral load of 4,k@8. Overall, the analytical behavior
shows reasonable agreement with the major milesttnoen the experiment. The table
includes the ratio of the experimental-to-analytizeral load corresponding to the
occurrence of these milestones. As shown in Taldethe ratio for event A, is equal to

0.86, and for events B, C, and D, the ratios atmkip 0.97, 0.99, and 1.03, respectively.

4.3 Design approach for PSW
The analytical and experimental results providegiksights into the lateral load response
of the PSW test structure: (1) All four wall segrtsecontribute to the lateral load resistance

and (2) the peak strength is governed by the ingkhear strength of the middle wall
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segments and the end wall segments. As the latmmding was increased, the PSW
structure had a progression of steel yielding amitete damage leading eventually to

structural failure.

4.3.1 Distribution of lateral load resisted to wall segrtse

The horizontal shear force resisted by each wainsnt at the base was calculated by
further post-processing the finite element analgessilts (stresses in the steel and concrete
elements). The proportion of the total lateral loadisted by each wall segment was
estimated by dividing the corresponding horizostedar force with the applied lateral load.
Figure 4.12(a) shows the proportion of lateral loegisted by the individual wall segments
as the lateral deformation increased. The lingHermiddle wall segment represents the
shear force in one of the two middle segments dwvitly the total shear force. Figure
4.12(a) shows that all four segments resisted pbéed lateral load almost equally (25%)
up to a displacement of 0.4 in., which correspdodateral load of 4,300 kips (96% of the
peak strength of 4,500 kips). The lateral loadstasice of the middle segment reduced
after this due to the degradation of the compresstiauts as shown earlier in Figure 4.10(c).
As shear failure occurred in the middle wall segtsetine lateral load proportion resisted
by the end segments increased as discussed and gaoker in Figure 4.9(c). Thus, the
NIFE analysis results indicate that the proportainthe lateral load resisted by the
individual wall segments was almost equal up to 3% e peak load, and varied as the

lateral displacements were increased beyond 0.4 in.
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An LEFE model of the PSW test structure was dewelojp represent typical structural
analysis design model. The model is geometricalgntical to the previously described
NIFE model with shell elements used for the stéailes and solid elements used for the
concrete regions. The model uses linear elastienmahimodels for the steel and concrete
instead of the previously described inelastic medekd in the NIFE analysis. The same
modulus of elasticity for steel and for concrete ased. For simplicity, a fully-tied
interaction condition is used for the steel-corerigtterface instead of the previously
described composite model used in the NIFE analysis LEFE model was analyzed for
the same lateral loading as the NIFE model, butdbponse was linear elastic without any

concrete cracking or steel yielding.

The results from the LEFE analyses were post-psateésimilar to the NIFE model) to
estimate the proportion of the lateral load redistg the individual wall segments. Figure
4.12(b) shows the estimated proportions of thedatead resisted by the individual wall
segments of the LEFE model. Each of the three liepeesent the horizontal shear force
resisted by the wall segment divided by the lateyatl applied to the structure. Figure
4.12(b) shows that the East, West, and middle segiments resist 20%, 23%, and 28% of
the applied lateral load, respectively. The praparof the lateral load resisted by the West
wall (end) segment is greater than the East segsiece it has a slightly larger cross-
section. Comparisons between Figure 4.12(a) andh{gate that the NIFE and LEFE
analyses show comparable distributions of the edphteral loads to the wall segments,
especially for lateral loads up to approximateB09 kips, which is close to (96%) of the

peak strength. This suggests that in the absenar efaborate NIFE model and analysis
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results, the LEFE model can be used to approximastimate the proportion of the lateral
load resisted by the individual wall segments. Témilts from the LEFE analysis will be

limited by its own assumption, but still useful figsign.

4.3.2 Lateral load capacity based on ACI 34-06

Since the lateral load is distributed relativelyady between the four wall segments (each
segment resists 25% according to the NIFE model,27r30% according to the LEFE
model), the design shear strength of the PSW streictan be calculated as the summation
of the individual shear strength of the four segtaenhe structural behavior of all of the
SC wall segments was comparable and similar tdaieiead concrete squat shear wall
behavior (i.e., diagonal cracking and compressirissin the concrete, and steel yielding).
Therefore, careful application of the ACI 349-0§ fde shear strength equations is
proposed for the calculation of the shear strengththe wall segments. The seismic
provisions in Chapter 21 of ACI 349-06 provide tb#owing equations for calculating

the shear strength of reinforced concrete shedswal

Vn = AEVE(UCV f‘c+pt[|fy) Equation 4.1
a:=3.0 for N <1.5 Equation 4.2
a:=2.0 forlD >2.0 Equation 4.3

w

In Equation 4.1A.y is the concrete shear area of the critical sectigns the concrete
compressive strength (with psi unitg), is the reinforcement ratio of the horizontal

reinforcement, anfj is the steel yield strength. Equation 4.1 defthedotal shear strength
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as the sum of individual steel and concrete coutiobs. The concrete contribution is
modified with a coefficient that depends on theralleaspect ratioH/lw) of the wall
segment. The coefficient, is defined in Equation 4.2 and Equation 4.3. EqQuat.1 was
used to calculate the shear strength of the fadividual wall segments witA., defined

as the cross-sectional area of each segment. @éleaseéa was defined as the projection of
the cross-sectional area of the steel plates @nwthll segments) in the lateral loading
direction. The steel plates that were parallellorost parallel to the lateral load direction
were considered effective in resisting shear actuded in the calculation of steel area.
Figure 4.13(a) shows (in red) the effective lengththe steel plates that were projected in
the direction of lateral loading, and used for ¢h&ulation of the reinforcement ratia,
Additionally, the thicker steel plates lining theuf openings were also included in the
calculation of the steel area. Figure 4.13(b) fittv NIFE analysis shows that all these

effective lengths were fully yielded at the pealestith as assumed in this calculation.

Table 4.4 lists the shear strengths calculatedyusguation 4.1 for all of the wall segments.
The measured yield strength£ 67.3 ksi) and measured concrete strength ($gQ8vere
used in this calculation. The lateral load capaiypsy of the PSW structure was
calculated as the sum of the shear strengths dbtivendividual SC wall segments and
equal to 4,647 kips. The calculated shear strergftithe end wall segments is
approximately equal to 50% of the total shear gifeand the middle wall segments resist
approximately 50%. Figure 4.14 shows a graphicahmarison of the calculated lateral
load capacity h-psw With the analytical and the experimental latéoad-displacement

responses. It also identifies the st&&) &nd concreté;) contributions t&/n-psw As shown,
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the calculated lateral load capacitynfsw is slightly conservative with respect to the
experimental strength and marginally higher (1.68)n the analytical strength. The
calculated steel shear strength contributMpié much greater than the calculated concrete
shear strength contributioNd). This is due to the very large quantity of sfgates in the

PSW structure.

ACI 349-06 also specifies an upper bound on tharsk&ength equal &A L) f', .

WhereA. is taken as the sum of the concrete areas obtlrewall segments. This upper
bound is placed to account for failure modes ssctliding shear or diagonal compression
failure, which were not observed for the PSW tasicsure. As shown in Figure 4.14, this
limit is not applicable, and therefore very consgite for the PSW test structure with the
multiple steel plates and web plates resultindiearnulti-cellular layout shown in Figure

4.2(a).

4.3.3 Design overturning moment

The lateral load capacity of the PSW structureigegned by the shear failure and strength
of the wall segments. However, the overturning mang&t the base) caused by the applied
lateral load must also be checked. The overturnmiognent at the bas&ioTv) is equal to
the lateral load capacity/f-psy) multiplied byh, the distance from the critical section at the
base which is the elevation of the applied lateradl. As shown in Figure 4.15, this total
overturning moment is resisted by two primary mesas: (i) individual frame-action
bending of the wall segments, and (ii) the forcepte developed by the vertical axial

forces in the two end segments.
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The results from both the NIFE analysis and the EERalysis were post-processed to
determine the portion of the total overturning mameesisted by the individual wall
segments, and by the axial force couple betweetwithend segments. Figure 4.16 shows
the results of this evaluation. It includes in Fgu.16(a) the proportion of the total
overturning moment resisted by the wall segmentsthe axial force couple from the
NIFE analysis. Similarly, Figure 4.16(b) shows #hesoportions from the LEFE analysis.
Despite of the inherent limitations, the resultsrirthe LEFE analysis are comparable to
those from the NIFE analysis. Both analyses indidhiat approximately 60% of the
overturning moment is resisted by the axial foroaipte in the end wall segments.
Approximately 10% of the overturning moment is sé=tl by each middle segment, and

approximately 10% of the overturning moment iseddiy the end wall segments.

The overturning moment at the base correspondinigetdateral load capacit¥/{psw Of

the wall, and the proportions from the LEFE anayBigure 4.16(b)) were used to estimate
the axial force and bending moment demaris iI;) for each of the wall segments.
Additionally, the axial force-bending momem-1) capacity interaction curves for each
SC wall segment were calculated using the plasgss distribution method in AISC 360-
10 Chapter 12.2a [65], which was implemented usisgction fiber analysis approach due
to the complexity of the segment cross-sections. 8fgproach assumes that all of the steel
on the cross-section has reached a state of yimeldrat the concrete on the compression
side of the neutral axis (over a length of defireed the distance from the extreme
compressions fiber to the neutral axis multipligghh has reached the concrete stress limit

of 0.85"¢. The concrete section stress on the tension $idhe meutral axis is equal to zero



86

and therefore considered fully cracked. Figure 4iAGws the full P-M interaction curve
developed for the middle segment. The fiber mode generated in a spreadsheet program
with fiber layers assigned to rows in the spreadsheogram. In the figure the interaction
curve is plotted with a series of points each regméng a different value for the neutral
axis depth. Three data points are also shown iar€ig.17 that represent three different
combinations of axial forcé?, and momentM. The fiber model results for these three
points are shown in Figure 4.18, Figure 4.19, aigdifé 4.20, respectively. In the three
figures, the section bending stresses are plostealwn in (a) and (b) in each figure). The
concrete stresses are all limited to 0.85(4,728 $¢I,019 psi, and the steel stresses are
limited to the yield, 67.3 ksi. In the three figay€c) shows the fiber model concrete cross-
section were the cells that are filled in with onegresent the compression region and the
blank cells represent the tension side of the akais. The area for each cell is defined
as the total gross uncracked area of the segmadediby the number of cells. Therefore,
the concrete fiber force for each cell can be dated by multiplying the fiber stress by
the area of the given fiber. A similar processniplemented for the steel on the cross
section and the forces from the steel and conéitetes are summed to get the total force
for each fiber. The axial forc®, for the whole section is then equal to the sunonatf

all of the individual fiber forces. Each fiber fercs then multiplied by the distance from
the respective fiber to the centroid of the grasss-section. These values are then summed
up for all fibers to determine the total sectionmamt,M. The fiber forces for the concrete

are plotted for the three sections in Figure 4. 18dure 4.19(d), and Figure 4.20(d).
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The resulting?-M capacity interaction curves for each of the wafireents are shown in
Figure 4.21 along with the corresponding axial éoamd bending moment demanés,
Mr). As shown, the axial force and bending momentateds for all of the segments are

within their P-M interaction curves.

As expected, the individual wall segments of th&VPSructure did not fail due to the axial

forces and bending moments induced by the overtgmmoment. The lateral load capacity
of the test structure was governed by the sheamgtin of the wall segments. However, the
evaluation presented is useful for design, whezédteral load capacity of a PSW structure
should be checked for all internal forces includihg axial force, bending moment, and

shear force in the individual wall segments.

4.4 Summary and conclusions

This chapter presented the development and ben&mgaof a 3-D NIFE model for
predicting the lateral load behavior and strenglh@mplex PSW test structure consisting
of very thick SC walls with three (exterior, middind interior) steel plates. The PSW
structure had large openings, which divided thecstire into four walls segments: two end
segments (East and West) and two middle segment#scale physical model of the
PSW structure was tested in Japan and the expdaimesults were used to benchmark
the model and analysis results. The 3-D NIFE madebunted for various complexities
of behavior including steel plate yielding and Wuak concrete cracking and the
composite interaction between the steel plates;reta infill, and shear studs. The models

were developed and analyzed using Abaqus/Expligth vquasi-static cyclic and
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monotonic loadings. The 3-D NIFE model was analyfmmdmonotonically increasing
lateral loading (under deformation control), arebadnalyzed for the first three cycles from
the cyclic loading protocol for the test. The rés@lom the monotonic analysis compared
favorably with the envelope of the lateral loadatafation response from the experiment.
The results from the cyclic analysis also compasasonably with the cyclic hysteresis
load-deformation responses from the experiment. NHeE model results were post-
processed to establish the occurrence of majorstoies or events along the load-
deformation response such as flexural crackingootrete, flexural yielding of the steel
plates, shear yielding of the steel plates, peadngth, and deformation capacity before
failure. The lateral loads corresponding to theuo@nce of these major milestones were
compared with those observed during the test apdrted by Shodo et al. [5]. These
comparisons benchmarked the 3-D NIFE model andblesttad its accuracy for predicting

the lateral load-deformation response of the testéiscale PSW structure.

The analytical results provided significant insighto the behavior of the PSW structure.

All three (exterior, middle, and interior) steehfds yielded extensively just before the peak
strength was reached. The concrete infill of thd segments developed diagonal cracks
and inclined compression struts as the lateral i@asl increased. The peak strength was
reached due to the yielding of the plates and dgratiation of the compression struts in
the concrete infill. The compression struts inriddle segments started degrading earlier
than those in the end segments. Overall, the behavtithe wall segments of the PSW

structure was similar to that of reinforced conerguat shear walls.
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The NIFE model results were post-processed furthezstimate the proportion of the
lateral load resisted by the individual well segisehis evaluation indicated that the
proportion of the lateral load resisted by the wdlial wall segments in shear was almost
(approximately 25% for each wall segment) equaloup6% of the peak load, and varied
as the lateral displacements were increased be@ahdn. Since the lateral load was
distributed relatively equally between the fourreegts, the lateral load capacity of the
PSW structure was calculated as the sum of ther $temngths of the individual wall
segments. Since the behavior of the individual veaggment was similar to that of
reinforced concrete squat shear walls, the ACI @@%ode equations (from Chapter 21)
for calculating the shear strength of shear wallsewised to estimate the shear strength of
the individual wall segments. These equations oetuthe contributions from both the
steel reinforcement (plates) and concrete infitle Talculated lateral load capacif-fsw

compared favorably with the experimental and araypeak strengths.

The NIFE model results were post-processed futthestimate the proportion of the total
overturning moment at the base resisted by theishaial wall segments and the axial force
couple in the end wall segments. This evaluatiahcated that 60% of the overturning
moment was resisted by the axial force couple enahd segments, approximately 10%
was resisted by each of the middle segments, a#dliy0the end wall segments. These
proportions and the lateral load capacMy.psw were used to estimate axial force and
bending moment demandB:( M;) at the base of the individual wall segments. €hes
demands were compared with &/ interaction curves developed for the individuallwa

segments using the plastic stress distribution atktiAs expected, the individual wall
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segments of the PSW structure did not fail dueheoaxial forces and bending moment
induced by the overturning moment at the base. [atexal load capacity of the test

structure was governed by the shear strength of#ilesegments.

3-D LEFE models were also developed for the PSW diescture. These models were
geometrically identical to the NIFE models incluglithe steel plates and concrete infill.
However, there was no concrete cracking, steeastieity, or slip between the steel and
concrete in this LEFE model. The model was analypedhe same lateral loading, and
the results were post-processed and compared hoetfrom the NIFE model. These
comparisons indicate that in spite of the limitaipthe LEFE model can reasonable
estimate: (i) the proportion of the lateral loadiséed by the individual wall segments in
shear and (ii) the axial forces and bending momanthie base of the individual wall
segments. This is particularly useful for desigocaese in the absence of an elaborate NIFE
model and analysis results, the LEFE model candeel to estimate the force demands
(axial force, bending moment, and shear forcejferindividual wall segments for various
load combinations. These design force demandsheamite compared with the calculated

shear strength and the P-M interaction curve fenlividual wall segments.
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Table 4.1 Summary of 1f6scale PSW test behavior milestones (Shodo e5Jl. [

Number Description Force level (kips)
la Concrete cracking at corner formed by opening 0 29
2a Flexural tension concrete cracking at base sf E4 560

wall segment

2b Flexural tension concrete cracking at base ef Ea 726
end segment

3a Concrete shear cracking in middle segments 565

4b Shear yielding at corner formed by opening (iote 2,067
steel plate)

5a Flexural yielding at end segment 2,165

5b Flexural yielding at end segment (exterior steel 2,700
faceplate)

6a Shear yielding on tension side (exterior steel 2,454
faceplate)

7a Shear yielding in middle segment (exterior steel 3,060
faceplate)

7b Shear yielding in middle segment (exterior steel 2,859
faceplate)

8a Steel local buckling at corner of opening (amter 4,383

steel faceplate)

9a Steel local buckling at corner of opening (amter 4,612
steel faceplate)

10a Peak strength 4,676

1lla Weld fracture at corner formed by the opening ,636




Table 4.2 1/8 scale PSW analytical model properties

Steel typical element size 3in.
Concrete infill typical 3in.
element size
Element sizes for base and Variable
loading block
Concrete material fc=4,728 psi
properties E. = 3.920 ksi
we = 0.01 in.
fctm = 0.37 ksi
Gr =0.78 Ib./in.
dmax: 0.2in.
Steel material properties oy=67.3 ksi
ou=80.0 ksi
&= 0.20
n==6

Stud anchor properties

Stud dia. = 0.15in.
Stud spacing = 1.3 in.
Qu = 1.15 kips (per stud

92



Table 4.3 Experimental and analytical milestones
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Events| Exp. force | Exp. force level| Average | Analytical EXp.
level (a-dir.), (b-dir.), exp. force, | force level, Analysis
kips kips kips Kips
A 560 726 643 750 0.86
B 2,165 2,700 2,433 2,500 0.97
C 3,060 2,859 2,960 3,000 0.99
D 4,676 NA 4,676 4,500 1.03

Descriptions of events:

(A) Flexural tension concrete cracking in end segments
(B) Flexural tension yield of the exterior steel plet¢he end wall segment
(C) Shear yield of the steel plate in the middle walrsent
(D) Peak PSW strength

Table 4.4 Calculated segment shear strengths

Segment | Proj. steel Conc. area Vs = Ve = Vh =
location area,As, Acy, oy Bey, ac(F )Ry, | Vs+Ve,
in.? in.2 kips kips kips
East 14.1 1,132 950 156 1,106
Middle 15.1 719 1,013 148 1,162
West 15.5 1,250 1,045 172 1,217
Total, Vh-psw 4,647
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Figure 4.1 Test setup for 1&cale PSW test (Shodo et al.[5])
North wall Middle
. (middle segment) plate (red)
0.10 . steel -
. . West wall 82 in. Fi
thickness, typical (esid < >
Web __segment) \\
plates East wall
== (end
segment)
Interior /
\ plate (blue) “
0.17 in. steel .I ;
thickness at opeiihgs Exterior
openings (green) South wall / plate (green)

(middle segment)

(a) Isometric view of PSW steel (b) PSW cross section

Figure 4.2 PSW details and dimensions
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(a) Concrete base

sl Toadking Block (b) Concrete infill (c) Steel plates (d) Connectors

Figure 4.3 Meshing and part instances for PSW model
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Figure 4.4 Concrete and steel uniaxial stressrstraidels
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Figure 4.5 PSW experimental and analytical foraspldicement plots
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Figure 4.6 Mises stress, exterior faceplate
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von Mises
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(c) 3.000 kips t (d) 4.000 kips
| -
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Figure 4.7 Mises stress, middle plates
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Figure 4.8 Mises stress, interior plates



Min. cone. principal ; , Plan view of PSW test specimen
stress (ksi) (a) Applied = 1.000 kips

y:
89 N\
033 : / \
030 Applied ~ b
-0.67 recti
093 load direction
-1.00 | | —> |
-1.17 1
- =1.33 |-
i } 50 Section through end wall segments
-1.67 L
-1.83 N 4
-2.00
N
Min. conc. principal Min. conc. principal
stress (ksi) (b) Applied = 3,000 kips stress (ksi) (c) Applied = 4,000 kips
0.00
0.00
-1.17
-2.33
-3.50
-4.67
-5.83
-7.00
-8.17
-9.33
-10.50
-11.67
-12.83
-14.00

Figure 4.9 Min. princ. conc. stresses in end wadinsents



100

Min. conc. princip

stress (ksi)

0.00
-0.17
-0.33
-0.50
-0.67
-0.83
-1.00
-1.17
-1.33
-1.50
-1.67
-1.83
-2.00

a) Applied load = 1.000 kips Plan view of PSW test specimen

Applied
load direction o |
—

Section through middle segin

Min. conc. principal Min. conc. pripcipal
stress (ksi) (b) Applied load = 3.000 kips  stress (ksi)  (c) Applied load = 4.000 kips

0.00
0.00

-0.58

-1.17

Figure 4.10 Min. princ. conc. stresses in middld segments
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Figure 4.11 PSW experimental and analytical belrawvitestones
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Myp= Vi = M+ M+ M +(T+Ce/2
where,
_ _ Myr,= Total overturning moment
v Middle wall M,, M, =moment resisted by end segments
: S ‘segment M, =moment resisted by middle segment
L 4 A T, C=axial force couple in end segments for
h resisting Mgy
WGST wall e = Length between area centroids of West
segment > g ey = —— and East wall segments
%; UM} @Mj East wall
14 C segment
Figure 4.15 Free-body of PSW
(a) Nonlinear inelastic analysis (b) Linear elastic analysis
A. Total overturning moment (OTM)
B. Portion of OTM resisted by axial force couple in the end wall segments
C. Moment at base of middle wall segments
D. Moment at base of east wall segment
E. Moment at base of west wall segment
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Figure

4.16 Proportion of overturning moment residsy the PSW wall segments
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Figure 4.18 Fiber model results for middle segnfpaint A shown in Figure 4.17)
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Figure 4.19 Fiber model results for middle segnfpaint B shown in Figure 4.17)
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Figure 4.20 Fiber model results for middle segnfpaint B shown in Figure 4.17)
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CHAPTER 5. IN-PLANE SHEAR STRENGTH OF SC WALLS

The lateral force resisting systems in a numbeeoént nuclear power plant designs such
as the Westinghouse AP1000 [69] and the Mitsulstulear Energy Systems US-APWR
[71] are constructed with steel-plate composite)(Bélls. In these structures, many of the
walls in the containment internal structure, théeowshield building (in the case of the
AP1000), and auxiliary buildings are constructedhwirefabricated structural modules
primarily to expedite construction and improve ayalin the United States, the design,
analysis and detailing of safety-related SC stmastis governed by AISC N690s1-15 [4].
The SC walls are constructed with steel faceplaredoth surfaces of the wall with
allowable thicknesse$y) between 0.25 in. to 1.50 in. Wall thicknesde$ (ange between
12 in. and 60 in. and composite action is develdpdieen the concrete infill and the steel
faceplates with combinations of welded headed ahaihors and transverse steel tie-bars.
The tie-bars (most commonly channels, angles os)rattach the two steel faceplates
together and provide multiple functions includinguding for construction loads (during
erection and concrete placement) and also actaasverse shear reinforcement in the
completed wall. A cut-away view of an SC wall asbgnis shown in Figure 5.1(a) with
representative detailing and the cross-sectiom@&@@ wall is shown in Figure 5.1(b) with

typical welded headed stud anchors and transvens®rcement.
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Power plant structures are typically constructetthwumerous intersecting and connected
structural walls that are located and oriented @amglex geometric layouts. Unlike
commercial multi-story buildings that often usensler (high aspect ratio) shear walls or
core wall structures that are primarily governed flexure, power plant shear wall
structures are often proportioned with low aspatibs resulting in higher levels of base
shear. This, in combination with monolithic likensbruction results in complex combined
loadings of flexure, shear, and axial forces thasinbe taken into account in the design of

these systems.

SC shear walls are generally either configuredesvwalls without boundary elements, or
shear walls that are connected on multiple sidesbdaandary elements, adjacent
perpendicular walls, or flanges. SC walls in bathfigurations show composite behavior
and resist lateral loads with a combination of labstresses in the steel faceplates and
diagonal compression in the concrete infill. Astat loads are increased beyond the
concrete cracking threshold, diagonal compressatioraoccurs with crack orientations
primarily occurring in directions approximately pHel to the direction of principal
compression. In pier walls, the compression (diafjand vertical flexural compression)
in the concrete infill resulting from the flexuradashear demands is held in equilibrium
with the steel faceplates, and for flanged shediswlae concrete compression is resisted
by a combination of the steel faceplates and teosnding boundary elements. This
results in additional lateral load resisting capam flanged wall configurations or walls
with boundary elements since the concrete can dp\egjher compression stresses beyond

the point of yielding of the faceplates by reactitigectly with the boundary elements.
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5.1 Research significance

Safety-related SC shear walls are designed witlnstremgth connections (in the case of
wall-to-wall connections the required strength B5% of the lesser of the nominal
strengths of the connected walls) so that the respof the overall lateral force resisting
system is not influenced by failures at connectiand is rather governed by the ductile
response of the shear wall panels. The currenlainegpshear strength design equations in
AISC N690s1-15 [4] are conservative and represdotvar bound prediction of in-plane
shear strength governed by the limit of yieldinglad steel faceplates. This is considered
a conservative estimate of the shear strength fegadlyi for SC walls that adhere to the
detailing, material, and dimensioning limits pereut in AISC N690s1-15. For SC wall
reinforcement ratios {dtsc) between 1.5% and 5.0%, yielding of the steelgéates occurs
prior to compression or shear failure of the coteciefill when subjected to pure shear.
The purpose of this study is to provide insighoitite post-yield response of SC walls
subjected to pure shear, and to develop a simpteatddased on composite shell theory
for prediction of the ultimate shear strength aefbdmation of SC shear walls. An ultimate
shear strength prediction is necessary in ordercdwectly calculate the required

overstrength of wall connections as part of an aVstructural system.

5.2 Mechanics model
The complete in-plane shear force-shear strairorespof an SC panel can be developed
with composite shell theory. The approach only aters membrane stresses (since the
cross-sectional geometric and material propertiesaasumed symmetric about the wall

centerline) and takes into account concrete cragckyelding of the steel faceplates,



112

compression softening of cracked concrete, andiliraate strength of the shear panel
governed by concrete compression failure. This @ggr has been used previously in a
number of studies for prediction of the lateraldadeformation response of SC panels by
Ozaki et al. [36], Varma et al. (2011) [44], andrMa et al. (2014) [72]. The load-
deformation response is divided into a series et@wise linear loading phases with
calculated shear stiffnesses and strengths deforatie following mechanical states: (1)
uncracked stiffness response followed by initialc&ing of the concrete infill, (2) cracked
concrete stiffness followed by steel faceplate direg, and (3) (in the Ozaki et al.
formulation) prediction of the ultimate strengthvgoned by concrete compression failure
and steel faceplate tension field action. The dialywork in this study builds on these
prior studies and presents an alternative formuddidr prediction of the ultimate ultimate
shear strength that takes into account concretgEssion softening and proposes an

approach for prediction of the strain state amuaite.

A pure shear loading condition is assumed in thalyéical model. The pure shear
assumption is a simplification that must be vedfen a case-by-case basis depending on
the boundary conditions applied to an actual shvadirpanel. In general, shear wall panels
that are connected to perpendicular flange wallbamndary elements at the ends are
primarily subjected to in-plane shear so this aggion is applicable in many cases. In
contrast, SC pier walls are subjected to substantjalane flexure in addition to in-plane
shear and therefore require a more detailed apipribat takes into account the combined
loading state. With the pure shear assumptionyengcomposite membrane element is

subjected to a resultant unit shear fdggeand the in-plane resultant unit normal forEes
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andS are equal to zero, as shown in Figure 5.2 (a)illBgum requires that the resultant
unit forces &, S, andS,) are equal to the summation of the respective coapts of

concrete and steel stresses multiplied by the otispeconcrete and steel thicknesseg, 2
andtsc (shown in Figure 5.2). The concrete and steesstcemponents in x-y coordinates

are shown in Figure 5.2 (b) and (c). The concriment (Figure 5.2(b)) is subjected to

Cc .
concrete normal and shear stressgs v+ Txy) and the steel element (representing the two

faceplates) is subjected to the steel normal amgrsstressesd; ,a'ys,rfy). The model

assumes that the steel and concrete layers ayebiutided, therefore strain states in the
concrete infill and steel faceplates are equahéocomposite element strain state and also

identical at every point on the composite element.

5.3 Uncracked concrete in-plane shear response

Ozaki et al. [36] and Varma et al. [72] developééntical approaches for calculating the
initial uncracked concrete state of the SC sheaneht with plane stress elastic isotropic
constitutive models for the concrete infill and theel faceplates. For the loading condition

of pure shear and with isotropic constitutive megdéie composite shear stiffness is equal
to the summation of the steeB([2t ) and concrete @ i) shear stiffnesses since the

normal and shear components of the stiffness matexuncoupledGs and G¢ are the

E, E

elastic shear moduli of steel and concrete re t{equal to and )
e ey M 20,y

The unit shear force-shear strain relationshimised on these assumptions and defined in

AISC N690s1-15 (Eqg. A-N9-9) as shown in Equatiah 5.
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S, = Kyry =(G2t,+ GL), Equation 5.1
Where )y is the shear strain ity coordinates (shown in Figure 5.2(b)). As sheacdsr
are increased, the tensile strength of the conanéiteis eventually reached resulting in
cracking. For the isotropic model and pure sheaximum and minimum principal
stresses occur with an orientation rotated 45 @sgi®m the x-y reference coordinates.
The resulting principal stresses (and strain dives) are shown in Figure 5a®d denoted
1-2. The formulation for the concrete cracking #fv@d derived by Varma et al. [72] has
subsequently been codified in AISC N690s1-15 (EdNRA10). This approach assumes
that the concrete infill transitions to a crackeates when the maximum principal stress
(the 1-direction for the pure shear case shownigarg 5.3) reaches the cracking tensile
strength. The resultant unit cracking shear foec¢hen derived by transforming from
principal coordinates to x-y coordinates and camwh#en as shown in Equation 5i2

terms of the concrete and steel shear mo@glandGs.

y

. 0.063/f !
S, _TEQGSth+ Gctsc) Equation 5.2

Wheref’¢is the concrete compressive strength caoee\/f_; (ksi) is the reduced concrete

tensile strength that accounts for shrinkage cragtiat commonly occurs in SC walls.
The shear strain at the point of concrete cracidgmglculated by substituting Equation 5.2

into Equation 5.1 and solving for shear strain (@&opn 5.3).
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K:yna Equation 5.3

5.4 Cracked concrete in-plane response

When the applied shear increases above the cormmeatking threshold, the uncracked
isotropic concrete constitutive model describedviongsly is replaced with a cracked
concrete model and the plane stress isotropic stedel is maintained since the steel is
still in the elastic range. The stress state isirassl to be identical at every point on the
panel with cracking occurring parallel to the dires of minimum principal concrete stress.
A plane stress orthotropic constitutive concretedehds substituted for the previous
(uncracked) isotropic model with zero stiffnessuassd in the maximum principal
direction (1-direction) to account for the crackiagd an effective compression elastic
modulus equal t&’c is assumed in the minimum principal direction, &wailsson’s effect

is neglected. The concrete constitutive relatignsakes the form shown in Equation 5.4
in principal directions (1-2) with the 1-directiparallel to the assumed crack orientations
and the 2-direction parallel to the direction adgbnal compression. In this formulation,
the effective concrete elastic compression modilydakes into account the reduction of
stiffness due to cracked concrete and nonlineapecession response and is equal tdf).7
wherekE is the concrete secant stiffness defined in A®-38 [2]. After the initiation of
concrete cracking, the shear force shear strapores is then assumed to be linear until

the steel faceplates reach von Mises yield. Thia reasonable assumption as long as
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concrete stresses are sufficiently low and remairthe approximate linear range of

response.

o) |0 0 O0|(¢g Equation 5.4
g, |=|0 E, 0|[¢,
,] |0 0 0|y,

o

AISC N690s1-15 provides a simplified, approximagsign equation with the shear force

shear strain relationship written as shown in Equab.5, where the composite cracked

concrete shear stiffne%‘,fyr , Is decomposed into steel and composite termsafitqus.6

and Equation 5.7) in order to expedite design ¢almns andvss andEs are steel Poisson’s

ratio and elastic modulus, respectively.

Sxy = K:yryxy :( Ks+ Ksc)yx) Equation 55
K, =G, 2t Equation 5.6

K = 1
4 L 2Q-v) Equation 5.7

0.7E O, 21,[E,
An approximate equation for calculation of the gisfrength (Equation 5.8) was developed
by Seo et al. [73] and is used conservatively asitminal in-plane shear strength in AISC
N690s1-15 (Eq. A-N9-19). The shear strength aceolamtthe strength contributions from
the yielded steel faceplates and also the resistarovided by the cracked concrete infill.

Material propertiesf(c andfy) and variations in reinforcement ratio slightlyeat the yield
shear strengtl%. Therefore, the code equation (Equation 5.8) ikiptied by a coefficient

K that corrects for these effects.
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S, O,=V, =« (20 0, =« F [A Equation 5.8
Equation 5.9 defineg in terms of the normalized reinforcement ra@igEquation 5.10):

Kk =1.11- 5.160p0 < 1.0 Equation 5.9

5= 1 nyDth
31.6 tsc\/f'C

Equation 5.10

When the shear wall has reached the yield streMythhe cracked concrete infill is in a

state of uniaxial stress (in the 2-direction shawRigure 5.3(a)). The minimum principal

strain is equal t&] and equal to the strain at crackiré§calculated with the uncracked
concrete constitutive relationship, plus the straiorement from cracking to yield

calculated with the cracked concrete constitutelationship, evaluated &, and S, ,

respectively (Equation 5.11). In the equation, tbencrete compression stress
corresponding with faceplate yieldinig) is then equal to Equation 5.12 with the strain at

yield multiplied by the cracked concrete effectsiégfness, E.

y r
£ =&+ (523“) —8(2%)) Equation 5.11

cy

e[ msirvg(ev) (S-S
| 2K O, (1+v )+ E,(1+v ) 2AEL #+ E'[T,

] Equation 5.12

The principal stresses in the steel facepla®and 0, are shown in Figure 5.3(b). At the

yield point, the stress state of the steel facepla no longer pure shear in x-y coordinates

and therefore} andd, (in principal directions) are no longer equal apgosite.



118

The shear strain at the point of steel yie}i@)(can be calculated by equating the ratio of
change in shear force to change in shear straial égthe cracked concrete stiﬁnelﬁig,

and then solving for the shear straj@,,

y _ r
SXYK—U% +V Equation 5.13

Xy

yxy:

5.5 Post-yield in-plane shear response
5.5.1 Incremental in-plane shear strength
As the applied shear force increases above thd yiekshold of the steel faceplates,
additional lateral strength can only result frorargases in diagonal concrete compression
as described previously. A simple model is propdbaticharacterizes the additional shear
strength as an incremental shear fofXé) that when added to the yield sh¥a(Equation

5.8) is equal to the ultimate in-plane shear stitefd,), of the wall panel:
V, =V, +AV Equation 5.14

After the point of steel faceplate yielding, adulial increases in concrete stresses can no
longer be in equilibrium with the faceplates exstaly. Therefore, the only way that the
shear wall panel can develop additional resistéagth diagonal compression stresses in
the infill that are resisted directly with the balamy elements connected around the
perimeter of the wall panel. Therefore, it is assdrnthat the incremental force coming
from the concrete is held in equilibrium with thenoected boundary elements and the
state of stress in the steel faceplates is unclibagée shear demand is increased beyond

the yield threshold. It should be noted that fer 8C walls subjected to in-plane pure shear,
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the maximum principal strains at the limit are gafig quite low such that the effects of
strain hardening in the steel faceplates can bkeaiegl if a monotonic response is assumed
(the analytical results reported in subsequentia@estpredict generally low maximum
principal strains at ultimate of less than 1%). Ti@emental shear strength terd\/j, is
proportional to the increase in the principal cetercompressive stress calculated at the
point of Vi, to the point of compression failure of the coter&’he change in concrete
compression stress from the yield point to ultin{afe), is shown in Figure 5.3(c) and (d).
The maximum principal stress (1-direction in Fig&.8(a) is zero, and the minimum
principal stress is equal tAfc (2-direction). Transforming principal stresses Xy
coordinates (45 deg.) yields a uniform shear palrédl the edges of the panel equal to
0.5Afc and a uniform compressive normal stress of\fd.&pplied around the perimeter of
the shear element to the edges of the concretl @$i shown in Figure 5.3(d). The
incremental shear force then becomes Equation\sithbthe concrete edge shear &%
multiplied by the concrete cross section equahtoghear panel length, multiplied by

the SC wall thicknesssc.

AV =0.5Af 0, O, Equation 5.15

5.5.2 Finite element modeling of SC shear panel tests
A series of finite element analyses were conduatedrder to develop insight into the
mechanical state of SC walls subjected to in-psimear. Seven experimental SC shear
panel membrane tests previously conducted by Oetldl. [36] were modeled and

benchmarked. The Ozaki tests were conducted onmes@fa wall panels with shear loads
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applied around the perimeter of the panels. Mdtand dimensional properties of the tests
are listed in Table 5.1. All of the tests were aactéd on square panels with identical outer
dimensions (47.2 x 47.2 in.) and wall thicknesse3.87 in. The two primary control
variables considered in the tests were reinforceémaio (Zp/tsc) and combined shear-axial
force loadings. The reinforcement ratios were 2f8f4he S2 series specimens, 3.2% for

the S3 series tests, and 4.5% for the S4-00NN test.

Details of a representative test specimen are showigure 5.4(a) and (b). The loading
was applied around the perimeter of the paneletd keaded anchors that were embedded
in the concrete infill. Steel reinforcing platesre@lso connected around the edges of the
specimens and bolted through the panels in ordelarop the perimeters of panels and
prevent concrete splitting and also to assist @isitribution of the applied loading from

the concrete infill to the steel faceplates.

The seven Ozaki panel tests were modeled and authlyath Abaqus/Explicit [6].
Geometric and boundary condition symmetries allofeethe development of half models
in order to reduce analysis times. Loads were ag@pthonotonically in displacement-
control on the four sides of the panels and theatlaty conditions were as shown in Figure
5.5(a) and (b). The steel faceplates were modeigdin. square shell elements and the
concrete infill was meshed with solid 1 in. brideraents. For the steel faceplates and
reinforcing plates, reduced integration (S4R) ski#ments were used and for the solid

concrete infill, eight-node (C3D8R) solid elemewith reduced integration were used.
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The modeling of composite response uses the agpaescribed in Chapter 2 with stud
anchors modeled with connector elements. The ctoorgetied coincident nodes of the
steel faceplates to nodes on the concrete infiftatl locations and were assigned the

nonlinear shear force-slip relationship for heasled anchors by Ollgaard et al. [63].

The steel and concrete models are also based drettohmarked modeling described in
Chapter 2 with steel shell elements assigned ditoinge model with multi-axial plasticity,
von Mises yield surface, kinematic hardening arsbeisited flow rule. The concrete infill
was modeled with the Abaqus brittle cracking mdtat is partially based on the brittle
fracture model by Hillerborg et al. [55] where tliacture energy@), is defined as a
material property and used to define the post-eénactensile stress-crack openifm- w)
behavior. The concrete tensile strength is defimgld a Rankine failure criterion and the
post-cracking tension softening and shear retemtierbased on values from the CEB-FIB
Model Code [60]. Table 5.1 lists concrete modelperties: the mean concrete tensile
strengthfcm, and the crack width defined at zero concretessine. Since the concrete
model assumes that the uncracked response is,lifeasecant stiffneds;, defined by

ACI 349-06 was used.

The analyses were run with the explicit solverled the concrete material discontinuities
could be modeled including inelastic response d@ueoncrete cracking, yielding of the
steel plates, faceplate buckling and connectorefgiip response. Shear force-average
shear strain results are plotted along with theegrpental results in Figure 5iér analyses

S2-00NN, S3-00NN, and S4-00NN. The applicationxaélaforces in the four additional
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tests did not significantly alter the responsesthedefore similar results were obtained for
the other four specimens. The shear force-sheaingesults show good agreement with
the approximate bilinear loading responses frometieriments. Results from the same
three analyses are also plotted in Figurenhé&re a breakdown of contributions of the steel
and the concrete shears is shown. The sectionsfeveee calculated on the cross-section
passing through the middles of the analytical m®délown in Figure 5.4(b) of the steel
and concrete. In all three cases, an approximitedr shear force-shear strain response
is shown with a substantial reduction of sheafregs occurring when the faceplates reach
yield. After the point of yielding, the concreteesin contribution continues to increase
approximately linearly until peak strength is rea¢thand the steel shear plateaus and

diminishes slightly as local buckling of the facspls occurs.

Figure 5.8 and Figure 5.9 show stress contourdi®fvbon Mises stresses in the steel
faceplates and minimum principal concrete compoessi the concrete. Both of the figures
show the stress states at the (a) initial staje¢cghcrete cracking, (c) faceplate yielding,
and (d) peak strength. As shown in Figure 5.9 cthrecrete stresses are relatively uniform
across the panel at low force levels, and as logadsase, a diagonal compression band
forms from the upper left corner to the lower riglarner. As the ultimate strength is
reached (Figure 5.9(d)) a clearly defined compogssitrut is apparent with localized

concrete failure occurring in the two corners wheeestruts terminate.

The maximum principal concrete strains are showthevector plots of Figure 5.10.

Figure 5.10(c) shows that the orientations of tinairs vectors remain relatively constant
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and at approximately 45 degrees at the point @fiate yield. As the loading is increased
to ultimate, the maximum principal strain direcsaiemain at 45 degrees in areas of low
cracking, and appear to assume random orientatiogeas of high cracking. In contrast

the minimum principal strains remain oriented giragimately 45 degrees throughout the

loading history as shown in Figure 5.11.

Table 5.2 summarizes the peaks strengths and avehagar strains at the point of peak
strength from the experiments and finite elemertyaes for the seven panel tests. The
ratios of strains at peak load are listed in coldwith the mean for the seven tests equal
to 0.997 and a coefficient of variation of 27.5%mfar results for peak strength are listed

in column 10 with a mean of 1.010 and coefficieihtvariation of 8.6%.

5.5.2.1 Concrete compression softening

The compression softening behavior of cracked @iachas been widely studied in
reinforced concrete members. Applied shear or coetbiension-compression resulting in
concrete cracking have demonstrated reduced cenmoetpressive strengths with respect
to the reference cylinder strength, Numerous tests of reinforced concrete shear panel
have demonstrated this effect and analytical meth@le been developed that correlate
the extent of softening to various parameters otialgiaverage principal strain ratia/s),
orientation of cracks to reinforcement directiopportional vs. sequential loading, etc.
Experimental and analytical studies by Kolleggeatt &ehlhorn [74], Shirai and Noguchi

[75], Belarbi and Tsu [76], Vecchio and Collins [7@&nd Vecchio [78] have studied the



124

topic of cracked concrete compression softenindeipth. Analytical methods developed
from a number of these studies provide a redudiator £, that is multiplied by the
uniaxial concrete stress-strain equation such eddtbgnestad parabola [79] resulting in

the effective stress-strain relationship.

For the SC shear panel finite element analysesatbeage minimum principal concrete
stresses are plotted in Figure 5.12(b) for specar®&2-00NN, S3-00NN and S4-O0NN.

Shown are plots of the minimum principal concrédtess (-:) vs. average shear strain.
In the plotsg:is calculated by taking the average of the mininprincipal stresses from

all of the finite elements of the concrete infllhe directions of the compression stresses
are shown in the vector plots of Figure 5.12(a) applear to be close to 45 degrees at the
point of peak strength. For the three represemateinforcement ratios, the peak
compression strengths are shown to be slightly et&®%o off’ ¢, and for S4-00NN, the

peak strength is very close to 50%.

A number of equations have been proposed for piediand modeling of compression
softening. Vecchio and Collins [77] and Vecchio][d8veloped detailed formulations for
use in analytical constitutive models and simptifegjuations for design calculations. Since
these formulations have been developed from resdiltstudies of reinforced concrete
members, the analogy to SC members is only coresidsgpproximate. For the purpose of
illustration, the equation from Vecchio [78] is dfer comparison to results from the SC

panel analyses. The softening coeffici@ns calculated as a function of the principalistra
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ratio (-&/&) and is written and plotted in Figure 5.13. Aldot{ed are the values of

~9:/1" from the seven finite element analyses (wi?ér'es the minimum principal
concrete stress at the point of ultimate strengthg results of the seven finite element
analyses show approximate agreement with the @ltlreugh a trend is not apparent due

to scatter and limited results.

Based on the finite element analyses, a concrdtensag of 50% is proposed. Using this
value, the calculated concrete compressive strewgtiid then become (f’6, and the
incremental concrete stress described previousiydvoe written as:

N =03TF ~f, Equation 5.16
Equation 5.15 can then be combined with Equatid® 5o calculate the ultimate shear

strength:

V, =V, +0.5{058F —f JI. [, Equation 5.17

5.5.3 Peak shear strain
Results from the finite element analyses and tipeemental tests both show the average
shear strain at ultimate strength increases witlredesing reinforcement ratio. This is

clearly shown in the experimental and finite eletessults in Figure 5.&vhere the
measured average shear strains at peak sheartlstfgbpare 0.0098, 0.0061, 0.0053in./in.
for specimens S2-00NN, S3-00NN, and S4-00NN, resy. Also, the calculated strain

states at yield (and also the results from theefialement analyses) show that the ratio of

principal strains £&/&) increases with decreasing reinforcement ratiogidgure 5.14, the
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calculated maximum and minimum principal strainsade) are plotted against average
shear strain from the post-processed finite elerapatyses. As shown, the relationships
between the principal strains and shear strainagpeoximately linear. If a linear trend is
assumed for loading beyond yield, then the stratesof the shear panel at ultimate can
be calculated by assuming that the ratio of prialcgrains &/&) remains constant from
the point of yield ¢y, .y) to ultimate ¢v, c¢). For simplicity if it is assumed that the
principal concrete strain at failure is equal t®@16 in./in., then a prediction of the strain

state at ultimate can be calculated if the straiiorat yield ¢y, .y ) and the shear strain at

yield K’yare known. The shear strain at peak strength @mlié calculated using the strain

transformation relationship in Equation 5.18 whicbased on the condition of pure shear.
This is considered an approximation since the dicalyresults show slightly nonlinear

strain relationships especially for the principaipression strains (Figure 5)14

&
Vi =& (5_1 ‘1] Equation 5.18
2

The principal strain ratio at yield can be calcethby solving the strain transformation

equation (Equation 5.18) fas/& as shown in Equation 5.19 in terms of the shedr an

minimum principal strains.

& _ Yy

& &

+1 Equation 5.19

The strain ratio at yield can then be calculatedudystituting Equation 5.11 and Equation

5.13 into Equation 5.19. This results in Equatia20%that is then substituted along with
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the assumed minimum principal strain of -0.001éiMdack into Equation 5.18 yielding

Equation 5.21.

y y
‘5_1y = V_xyy +1 Equation 5.20
52 52
u _ "‘;1y i
YV =—0.001 P Equation 5.21
2

Using this approach, the complete tri-linear sHeare-strain response of the SC shear

panels can be calculated. The result is plottdéignre 5.15with the first leg (i) defined

by the uncracked stiffness and cracking resultaittalnea@, the second leg (ii) defined
by the cracked stiffness and resultant unit yiéldrgth % and (iii) the ultimate strength

equal toS, and the limit strairy, .

The calculated shear force-shear strain relatipissaie plotted in Figure 5.16. In Figure
5.16(a), (c), and (e) the experimental results@ldulated relationship are shown and in
(b), (d), and (f) the finite element results aretf@dd and compared to the calculated tri-
linear relationship. In the plots, the relationshgre calculated with average material
properties for the respective test series, i.eheIS2 series tests the steel yield and concrete

compressive strength are averaged and the sameaesfar the S3 series tests.

Overall, the calculated responses show close andslightly unconservative predictions
of peak strengths in comparison to the experimaetallts. The ratio of experimental to

calculated peak strengths is equal to 0.92 (TaBle/th a coefficient of variation of 4.9%.
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Also, the peak shear strains show reasonable agreewith an average ratio (experimental

over calculated) of 1.04 and a coefficient of viamia of 20.6%.

5.5.4 Comparison to experimental database

In order to determine how well the calculated slst@ngths and strains compare to actual
SC structures, a survey of experimental testsaobid SC shear walls is studied. The tests
considered include the series from Ozaki et alD{2(30] and tests conducted by Takeuchi
et al. [26]. These tests (9 by Ozaki et al. andy 7Takeuchi et al.) were conducted on
flanged shear walls rigidly connected to reinforaeshcrete foundations. Lateral loads
were applied at the tops of the walls parallehi arientations of the web walls as shown
in the elevation view of a flanged wall test sesifown in Figure 5.17(a). The loadings
subjected the flanged wall systems to combinatioing-plane shear and overturning
flexure in the web walls and combinations of axgision and compression in the flanges.
Aspect ratios ranged between 0.50 and 1.75. Additigeometric and measured material
properties are listed in Table 5.3. All of the athpecimens showed combinations of flange

and web steel plate yielding, buckling, and fragtand concrete compression failure.

Since the flanged wall tests (except for No. 1) st combinations of shear failure of the
web walls and flexure failure of the flanges atlpstaengths, comparison to the previously
described shear strength calculation is consid&legtant. To calculate the shear strengths
an effective web wall area was assumed. The aeeadred with diagonal hatch marks in
Figure 5.17(b) is the area considered effectivehi@ar and defines the wall length to the

centerlines of wall intersections. The in-planeah&trengths are then calculated with
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Equation 5.17. The measured peak strengths arediigled by the calculated strengths
and listed in the last column. The results showarable agreement with a mean of 1.081
and coefficient of variation of 14.7%. In Table Se shear strains are also calculated and
listed. These values are compared directly witmtleasured drift ratios from the tests. The
average of the ratios is equal to 1.06 and theficaeft of variation is equal to 26.6%,
similar to the results of the shear panel tests.diculated shear force-strain relationships

are plotted in Figure 18(a), (b), and (c) for thoéthe seven experimental tests by Takeuchi

et al. [42]. The calculated points of concrete kig (Ver, )fy), steel yield ¥y, }4,), and

ultimate strength\{, }{(’y) are plotted for comparison to experimental enpelourves. The

comparison is considered approximate since theuleatsd values are based on the pure
shear condition and additional strengths attributedhe flange walls is not included.
Overall, the tri-linear relationship shows reasdeaprediction of peak strength and

deformation.

5.5.5 Conclusions
An analytical method is developed for calculatihg in-plane shear force-deformation
response of SC flanged shear walls (or walls wadbnary elements) from the point of
steel faceplate yield to the ultimate strengthhef shear wall. This approach is combined
with the results of previous analytical work in erdo provide a complete model for the
prediction of SC wall response from initial infdbncrete cracking to ultimate strength.
The approach uses composite shell theory with a phear assumption so that simple

equations can be developed for prediction of thienate strength and strain. The method
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assumes that the boundary elements or flange aa|sufficiently strong to develop the

full strength of the concrete infill in diagonalropression.

A series of finite element analyses of SC sheaelsaare modeled and benchmarked with
panel tests by Ozaki et al. [30]. Results from ¢bgen analytical models show that the
concrete strengths are reduced to approximately 50%., roughly consistent with
previous research studying compression softeningracked concrete. The extent of
compression softening was similar for all sevenhef shear panel analyses and did not
appear to depend on principal strain ratigd&) or reinforcement ratio. The analytical
results demonstrated increasing shear deformatipadity and principal strain ratios for
decreasing reinforcement ratios. The principalistratios were also calculated for the
yield point using the composite shell theory apphoand showed consistent results with
the finite element results. Since the finite elehresults demonstrated an approximately
linear principal strain-shear strain response upltonate strength, a simple model is
proposed for prediction of ultimate shear strast lissumes that the principal strain ratio

is constant and the concrete failure strain is kegu®.0016 in./in.

The ultimate shear strengths are calculated angbamed to the results of shear panel and
flanged wall tests in the literature. Overall, steengths show good agreement with a mean
of 0.93 for the ratios of experimental to calcutestrengths for the shear panel tests and a
mean of 1.08 for the flanged wall tests. The flahge&ll comparisons though showed
substantially more dispersion with a standard dmnaof of 0.16 compared to 0.05 for the

panel tests. This can be partially explained byhigié degree of variability between the
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different flanged wall test series resulting infeliént combinations of failure modes of the
flanges, web walls, and connections. Also, the iskgangth calculations for the flanged
wall tests did not includes the effects of combirsdetar-flexure loading and did not
account for additional strengths from the flandg&s.the calculated predictions of ultimate
shear strains, the mean for the ratios of expetiahémcalculated strains for the panel tests
was 1.04 with a standard deviation of 0.21. Sirfyilamomparisons to the flanged wall shear

strains resulted in more dispersion with a meah.@% and a standard deviation of 0.28.
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t f f Axial fetm We Ec
i P ¢ y Ksi in ksi
Specimen ID i | ki) | (ks load (ksi) | (in) (ksi)
(psi)
S2-00NN 0.091 6.1 49.4 0 0.457 0.018 4,452
S2-15NN 0.091 6.0 49.4 213 0.451 0.018 4,415
S2-30NN 0.091 6.1 49.4 426 0.457 0.018 4,4p2
S3-00NN 0.126 6.1 50.9 0 0.457 0.018 4,452
S3-15NN 0.126 6.0 50.9 213 0.451 0.018 4,445
S3-30NN 0.126 5.8 50.9 426 0.438 0.009 4,341
S4-00NN 0.177 6.2 50.2 0 0.463 0.009 4,488
Table 5.2 Experimental, analytical, and calculatdins at peak strength
Shear strain (x1,000 in./in.) Shear strength (kips)
b E E E E
Exp. | FEM|Calc| —2 | =22 | Exp. | FEM| Calc. | —F- | =X
FEM | Calc. FEM Calc.
S2-00NN 9.78 | 11.17 7.88| 0.876| 1.241 665 | 703 | 765| 0.946 0.849
S2-15NN 6.13| 7.83| 7.85 0.783| 0.781 699 | 622 | 758, 1.124 0.901
S2-30NN 10.37| 7.90 | 7.87| 1.313| 1.317 699 | 720| 763| 0.971 0.89b
S3-00NN 6.10 | 8.93| 6.6% 0.683| 0.917 812 | 901 | 868| 0.901 0.924
S3-15NN 8.05| 5.87| 6.64 1.371| 1.212 845 752 | 864| 1.124 0.96bH
S3-30NN 5.65| 6.91| 6.58 0.818| 0.859 839 | 812 | 845, 1.033 0.981
S4-00NN 5.34| 4.70| 5.72 1.136| 0.934 922 | 952 | 1014 0.968 0.900
1024 1.00| 1.04 Mean 1.01 0.9
Standard deviation 0.274 0.21  Standard deviation 09 Q. 0.05
Coeff. of variation 0.275 0.21 Coeff. of variation 0.09 | 0.05
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Table 5.3 Dimensional and material properties offl@aged wall tests

. oo & _tsc Eff. wall . fy Asp.ect
Specimen . . in. length,lw . . ratio
ksi in. ; ksi ksi
in. (h/lw)

= BS70T05| 9.06| 0.177% 9.06 70 4.7 50/1 0.70
™, | BS50T10| 9.06| 0.091 9.06 70 5.1 55/4 0.50
’57 BS70T10| 9.06| 0.091 9.06 70 4.7 55/4 0.70
Q | BS85T10| 9.06 | 0.091 9.06 70 4.7 55/4 0.8b
:—6/ BS70T14| 9.06| 0.063 9.06 70 5.1 63,8 0.70
Y No. 1 9.06 | 0.0913 9.06 70 4.9 56.9 0.8%
< No. 2 9.06 | 0.0913 9.06 70 4.9 56.9 0.70
o) No. 3 9.06 | 0.091 9.06 70 4.9 56.9 0.70

No. 4 9.06 | 0.091 9.06 70 5.8 56.9 0.70
§ HO7T10 9.06 | 0.091 9.06 65 4.3 41.6 0.99
—' | H10TO05 453 | 0.091 4.53 65 4.7 41.6 0.99
© | H10T10 9.06 | 0.091 9.06 65 4.7 41.6 0.99
; H10T1ON| 9.06 | 0.091 9.06 65 4.7 41.6 0.99
% H10T10V | 9.06 | 0.091] 9.06 65 4.7 41.6 0.99
< | H10T15 | 13.58| 0.091 13.5§ 65 4.3 41)5 0.99
= | H15T10 9.06 | 0.091 9.06 65 4.1 416 1.7%




Table 5.4 Results from flanged wall tests
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Shear strain (x1,000 in./in.) Shear strength (kips)
Specimen & by 20y, (exp.)| Vu(calc.) EXp.
(exp.) (calc.) Calc. Calc.
__ | BS70TO5| 8.06 5.75 1.401 1664 1422 1.170
®. | BS50T10| 749 8.18 0916 1484 1164 1.275
g BS70T10| 7.17 8.03 0.893 1293 1112 1.162
8 BS85T10| 6.03 8.03 0.751 1236 1112 1.111
< | BS70T14| 8.40 10.21 0.823 1214 1086 1.118
© No. 1 9.53 8.08 1.180 946 1132 0.835
% No. 2 9.75 6.78 1.43F 1144 1283 0.891
5' No. 3 8.67 6.78 1.278 1210 1283 0.943
No. 4 9.75 7.08 1.378 1210 1420 0.852
§ HO7T10 5.90 7.64 0.773 1040 893 1.165
—' | H10TO05 5.50 5.65 0.974 583 620 0.940
o H10T10 | 11.40 7.83 1.456 926 956 0.968
é H10T10ON| 8.80 9.46 0.930 907 1207 0.751
% H10T10V | 8.50 7.83 1.086 1095 956 1.145
< H10T15 8.80 7.83 1.124 1471 956 1.538
= H15T10 8.80 7.83 1.124 883 956 0.924
Mean 1.06 Mean 1.08
Standard deviation 0.28 Standard deviation 0.16
Coeff. of variation 0.27 Coeff. of variation 0.15
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Figure 5.1 (a) Typical SC wall details, and (b)ss:@ection of SC wall (right)
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(a) Concrete compressive stresses at
yield

(¢) Change in concrete stress from first
yield to ultimate strength of element
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Figure 5.3 Shear element and concrete stressémnatr ultimate strength
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Figure 5.4 Details of Ozaki et al. SC shear panels
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Figure 5.10 S2-00NN finite element maximum printigtaain vector plots
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CHAPTER 6. FINITE ELEMENT ANALYSIS OF SC STRUCTURES

Increased use of steel-plate composite (SC) strefor nuclear power plant construction
in recent years has generated the need for researdiling the fundamental structural

behavior of these systems. In this study, detdildte element models of SC structures
configured as lateral-load resisting core-wall stinoes are developed so that the global
response can be studied. The effects of laterdiques loads are studied with emphasis
placed on the following three parameters: (1) geamplan shape (square versus round),
(2) wall section reinforcement ratio, and (3) stune aspect ratio. Results from the
analyses are then compared to a proposed methqgatddiction of the ultimate lateral

strength that accounts for both the flexural andashstrengths of the structure. The
calculation of ultimate strength uses a methodologyviously developed by the authors
for prediction of the in-plane shear strength of@lls in combination with existing code

provisions for calculation of shear and flexuraésgths.

6.1 Research significance
Previous research studying the lateral load-deftomabehavior of SC structures has
generally been limited to tests of shear walls &itld without boundary elements and shear
panel tests. Findings from these tests have addmificantly to the current body of

knowledge but have primarily focused on the meatatiehavior of SC members and not
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the global behavior of whole SC structures. Twoaht# exceptions to this were two
experimental tests conducted in Japan on reducdd-S€ containment internal structures.
These tests included a 1/6cale primary shield wall structure composed wkil$C walls
described in Shodo et al. [5] and also a testlgl 8" scale complete containment internal
structure by Akiyama et al. [7]. Findings from thetests and subsequent supporting
analytical studies provided significant insightmithe behavior of this specific power plant
structure based on an early pressurized waterarepoiver plant design by Mitsubishi
Heavy Industries, Ltd. This structure had geomaliyaccomplex, thick and thin SC walls
with perforations of differing shapes and sizesic8ithese tests were based on a specific
and unique complex power plant structure, the tgli extend the findings to general SC
structures is limited. This current analytical stutlerefore takes the approach of using
these two previous experimental tests for benchimgrkf a finite element modeling
approach that can then be used for developmensefias of simpler SC structures for the
purpose of studying fundamental lateral load-de&drom behavior. To this end, core-wall
structures composed of SC walls with detailing aadtion properties that are typically
used in safety-related structures are modeled aatyzed with Abaqus/Explicit [6].
Analytical findings are then compared to strengdsign provisions currently in the
literature and new design provisions for predictadrthe strength of SC structures that

have been developed by the authors.

6.2 Background
Structural building codes for safety-related S@Qdtres have recently been adopted in a

number of countries in order to regulate the deaigh construction of new nuclear power
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plants. This has resulted in the development ofdhewing codes: AISC N690s1-15 [4]
inthe US, JEAC-4618 [22] in Japan, and KEPIC-SNIg [n Korea. The design provisions
in these codes are based on findings from expetahand analytical research of SC shear
walls in combination with relevant existing prowss from current structural steel and
reinforced concrete codes that can be applied testB{Ctures. Extensive experimental
testing occurred in the 1990s in Japan and wasegulestly followed with additional
research in North America, Korea, and the UK. E&Bts primarily conducted in Japan
studied fundamental structural behavior and thesiliddgy of SC construction as a
substitute for reinforced concrete in power planigures. Tests by Takeuchi et al. [10]
on flanged SC shear walls studied the fundamenghlavior of these systems and
demonstrated the similarities and differences inaver with reinforced concrete shear
walls. SC shear panel tests were also conductéalzbki et al. (2003) [36]. This research
included the development of a detailed analytiggdraach for the prediction of the in-
plane stiffness and strength of SC walls. Additlosgperimental research studied the
influence of specific structural detailing on beioavsuch as shear panel tests with
partitions conducted by Takeda et al. [35] andg&hshear walls with perforations and
alternative foundation connection designs condubted®zaki et al. (2001) [43]. More
recent research in the US by Epackachi et al. @0[E®], Epackachi et al. (2015b) [81],
and Kurt et al. [82] has studied the structuraladwedr of shear walls without boundary
elements (pier walls) and has resulted in recomia@mas for analytical modeling and
design of shear walls subjected to combined ingkrear and in-plane flexure demands.
The authors have recently developed a compreheas@&igtical approach for prediction

of the ultimate in-plane shear force-shear sti8in )y) response of SC walls that is derived
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with composite shell theory. This research is dbedrin detail in Chapter 5 and is applied
in this current study to SC core-wall structure$ie Tanalytical method predicts the
complete in-plane shear response (assuming puae Eizeling) of SC walls for all phases
of applied lateral load including: (1) initial shie&all state with uncracked concrete, (2)
reduction of stiffness resulting from cracking bétconcrete infill, (3) prediction of the
shear force associated with yielding of the staekplates, and (4) the post-yield shear
stiffness and ultimate strength taking into accaliagjonal concrete compression action,

concrete compression softening, and finally comcfatlure. The calculation of ultimate
shear strength?gjy) is based on the assumption that the shear walktgiciently strong

boundary elements and connections in order to dpuhle full strength of the concrete
infill in diagonal compression. A mechanism is ased where the diagonal compression

in the concrete is resisted by tension in the cotaikeboundary elements.

The design equation for in-plane shear strengt8@iwalls in AISC N690s1-15 defines
the strength as the shear force associated witbrtbet of yielding of the steel faceplates.
This is shown in Equation 6.1 and equal to thel Sieear areds, multiplied by the steel
yield strengthfy, and also multiplied by the coefficiert The in-plane yield strength of a
composite section is a function of reinforcemetioréty/tsc), relative stiffnesses of steel
and concrete, and cross-sectional areas of theateplates and concrete infill. A detailed
derivation of this equation is developed in Sealef73]. Equation 6.1 is an approximate

and simplified equation for design calculationsekttoefficient adjusts the yield strength
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according to the previously described factarss defined in Equation 6.2 witpp , the

strength adjusted reinforcement ratio defined indfipn 6.3.

S)Z/:K[fy[z[ﬂpzk[fyms Equation 6.1
kK =1.11- 5.16[p < 1.0 Equation 6.2
yo) 1 nyﬂ E i 6.3
=— , quation 6.
31.6 t . /f",

The ultimate shear strengt% prediction developed in Chapter 5 calculatesrigane

shear strength of SC walls assuming that the stneafghe concrete infill can be developed

in diagonal compression. Whether a given SC shediriss capable of developing this
additional strength (above the yield Iimﬁ“y) must be considered on a case-by-case basis

and depends primarily on the boundary conditionthefshear wall.

The shear stress in the concrete infill occurrifgewthe steel faceplates reach the yield
point in a given SC shear wall is defined asQvéheref.y is defined in Equation 6.4 and
described in detail in Chapter 5. The 0.5 factaroaats for stress transformation from
principal directions to the orientation parallethe panel edges for the pure shear condition
(a rotation of 45 degrees). In Equation &4,s defined as the effective concrete modulus
(equal to 0. to account for the stiffness reduction in crackedcrete withec defined in

ACI 349-06 [2] as the secant stiffnesB},and vsare the elastic modulus and Poisson’s
ratio of the steel faceplates respectively, @§ds the resultant unit shear. For typical SC

wall reinforcement ratios and material propertigganges from approximately 20% - 30%

of f'e.
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The ultimate shear strength, (Equation 6.6) is equal to the yield stren@hdefined in

Equation 6.1 plus an incremental shear strezilall multiplied by the effective shear
wall length |w. The incremental shear strength is defined in BEou&.5 and equal to the
concrete strength 0/ minus foy (Equation 6.4). The 50% reduction in concrete
compressive strength (0f%) takes into account the effects of concrete cosgioa

softening in cracked concrete.

— —S% (1+v,) (1+v,) (Sxyy‘ 5;)(14,,/3) Equation 6.4
¥ 2O, (1+v )+ EQ(1+v) 2ZER FE'R,

AS =0.5000.5f - fcy o = 0.8 Ot Equation 6.5

V, =V, +AV= lN[B:y+ | AS Equation 6.6

6.3 FE modeling of core-wall structures

In order to study the lateral load-deformation mese of SC structures, two structure
shapes are modeled: (1) a structure that is sgu@tan, and (2) a structure that is circular
in plan. The primary reason for modeling these $Wapes is to determine the influence of
the plan shape on global behavior. The squaretsteigés considered since this is a
common shape for core-wall structures in commetaialdings and power plants. The

square structure is also the simplest geometrythekfore useful for the study of the

fundamental lateral load-deformation response.citvelar structure is more complex and
representative of shield wall structures in powkmfs such as in the Westinghouse
AP1000 power plant design. The geometric and diegadlesign of the core-wall structures

were selected to be representative of actual S€tates. The detailing (steel faceplate
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thickness, SC wall thickness, shear stud size) ate. consistent with AISC N690s1-15
and can be considered full or reduced scale depgrah the type of structure they are
intended to represent. For core-walls in builditgcures, the selected geometries are
essentially full-scale and for power plant struetuthe dimensions could be considered
full-scale or reduced scale (greater than®1¢@ale) depending on the structure being

modeled.

The basic geometry of the circular structure issgh Figure 6.1(a). The outer diameter
(D) is equal to 227.3 in. and the wall thicknesg (s equal to 24 in. The diameter was
selected such that the cross-sectional area evali@vould be approximately equal to that
of the square structure. Details of the square-a@iéstructure are shown in Figure 6.1(b).
The outer dimensions) (of the cross-section are 192 in. by 192 in. dedwall thicknesses
are also equal to 24 in. The four corners are bameslith web plates that partition the
corner concrete from the concrete in the main wal& cross-sectional area of the square
structure is equal to 16,1284%rand the area of circular structure cross-sectaqual to
15,328 in?, approximately 5% smaller. Both the square anzliGr structures are modeled
with 24 in. thick SC walls with approximate sheangector spacing of 12 in. on center.
The base of all of the structures are fixed anddps are capped with an elastic solid that
is 24 in. thick in order to distribute the appliateral loads more uniformly to the tops of

the structures.

Each finite element model is analyzed with thrdéedknt steel faceplate thicknessgs: (

0.375 in., 0.500 in., and 0.625 in. so that thecatfbf varying wall section reinforcement
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ratios (2p/tsg can be studied. In addition, a range of struchemght divided by length
aspect ratios are also modeled and analyzed watheighth, defined as the height from
the base of the structure to the elevation of gptied lateral load. For the square structure,
aspect ratiosh{l) of 0.50, 0.75, 1.00, 1.25, 1.50, and 1.75 wemesictered and for the
circular structure, aspect ratios (defined as strecheight divided by outer diametbi)

of 0.53, 0.74, 1.00, 1.27, 1.48 were modeled. Imreary, a total of 11 finite element
models were developed, each run with three reiefoent ratios (3.1%, 4.2%, and 5.2%)

for a total of 33 analyses.

Properties of the analytical models are listed &bl€ 6.1. The square core-wall models
were each composed of 8 individual concrete parsr the corners and 4 in the SC walls.
For the circular structure, a single monolithic c@te part was modeled. The top elastic
blocks for both types of structures were tied acident surfaces at the top of the concrete
and also the steel shell elements were tied tedges of the elastic solids. A rigid body
area was defined on the elastic solid with a copimot defined at the point of the applied

horizontal load.

6.3.1 Analytical modeling and benchmarking
As described previously, the finite element modglapproach is benchmarked using
analytical results from previous work by the authmrcluding modeling of a 1/6scale
primary shield structure described in Booth et(2015) [83], and modeling of a 110
scale containment internal structure experimemistl described in Sener et al. [84]. The

modeling properties in this current study are igehtto those used in these previous
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studies including: identical concrete and steelsttutive models, identical modeling of

composite behavior, and explicit analysis approach.

6.3.2 Steel and concrete constitutive models
The steel faceplates are modeled with 3 in. by.34tnode reduced integration shell
elements (C4R). Details of the meshing and patantes are shown in Figure 6a2 the
square structure and Figure 68the circular structure. The elements were saeth that
four equal-sized elements are spaced between stitbalocations. Multiple elements
between shear connector elements allows for palesithulation of local buckling of the
steel faceplates if sufficiently large slendermasi®s are present. Simpson integration rule
is used with 5 integration points defined througk thickness of the shell elements.
Geometric nonlinear analyses are conducted sothigapost-yield and local buckling
behavior of the steel faceplates can be simulaked. the steel, an elastic-plastic
constitutive model is used that includes: von Mige&d surface, isotropic hardening, and
associated flow rule. The uniaxial stress-stralati@ship is based on a formulation by
Varma and includes: (i) elastic modul&s)(equal to 29,000 ksi (i) yield stresgy) of 55
ksi, (iii) followed by a post-yield plateau with g@le strain &) equal to 15 times the yield
strain (g), (iv) followed by a strain hardening curve terating with a peak strength of 75
ksi at a strain of 0.20 in./in. A nominal steellglistrength of 50 ksi is assumed for the steel
faceplates, multiplied by the expected strengthofal®, = 1.1, defined in Table A3.1 of

AISC 341-10 [85] (for ASTM A572 Gr. 50).
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The Abaqus brittle cracking constitutive model s&d to model the concrete infill with an

assumed compressive strengdtls, of 5,000 psi and secant stiffne&s, equal to
57,000Q/f . (psi) (ACI 349-06 Chapter 8.5.1). Solid 8-node &inebrick stress-

displacement elements are used with reduced integrand hourglass control (C3D8R)
with an average element size of 3 x 3 x 3 in. Tieleh simulates cracking behavior with
smeared cracking averaged over the element ancmngpited with modification of the
stiffness values during subsequent analysis steqacking is modeled with the fracture
energy approach by Hillerborg et al. [55] and actsuMode | and Mode Il fracture,
tension softening, and shear retention. Crackaitntn is defined with a maximum stress
criterion and crack orientations are fixed at criatkation and limited to orthogonal planes
at a given node. The post-cracking tension softemind shear retention behaviors are
defined with recommended parameters from CEB-Fl&i€ode for Concrete Structures
[60]. For the tension softening stress-displacemesgonse, a bilinear relationship is used
with a crack width at zero tension stress of 0.0ib02wc) and a concrete tensile strength

(fctm) Of 0.193 ksi.

6.3.3 Modeling of shear connectors and composite behavior
The composite connection between steel faceplat@sancrete infill is achieved with a
combination of steel tie-members oriented normah&wall plane that connect opposing
interior faces of the steel faceplates, and alsmléé stud anchors welded to the steel
faceplates. For both the square and circular strec®z in. diameter stud anchors are
modeled with a vertical and horizontal spacing &fil. on center on all of the interior

surfaces of the steel plates (including the welitmaring plates shown in Figure 6.1(b).
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In the circular structure, steel tie members ase ahodeled with an average spacing of
31.75 in. horizontally and 24 in vertically. Thes tmembers are modeled with truss
elements embedded in the concrete infill with catoreelements on both ends that tie the

ends of the truss elements to nodes on the stekkledbments.

Modeling of the headed stud anchors and the oveoatiposite response is achieved with
connector elements tying coincident nodes on tHases of the concrete elements to shell
element nodes. Calibration and modeling assump#osmbased on recommendations from
Zhang et al. [64] that developed benchmarked agalytnodels of experimental pushout

tests.

The connector elements are assigned the shear-diypceelationship developed by
Ollgaard et al. [63] shown in Equation 6.7 (Whé€& the shear force per stud ads the
slip occurring at the concrete-steel interface) Bqdation 6.8, that defines the connection
strength,Qu, as a function of stud cross-sectional afeag steel tensile strengthy stud
concrete compressive strendth and concrete secant stiffnegs, This formulation has
the advantage of concisely grouping all of the destip response (stud bending, stud
tension, concrete crushing, steel plate/concrettidin, etc.) into a single empirical

equation.

0=Q [(]1_ e‘m)%’ Equation 6.7

. e E i .
Qu = mln(quEtUd EFu stud? O'5Astu f c[E ) quatlon 68
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6.3.3.1 Lateral load-deformation response

The lateral load-displacement-{) results are plotted in Figure Ga#ad Figure 6.5 where
the loading is defined as the total load appliediie top of the structure and the
displacement is taken at the elevation of the appload. Since the structures are
configured as free-standing, fixed-base structuttes,applied load is equal to the base
shear. The four plots in Figure G&4dch show the results for the given structure aspgo
(0.50, 0.75, 1.00, 1.25) and also the three reteiment ratios for each structure aspect
ratio (3.1%, 4.2%, and 5.2%). Similar plots arevelmdn Figure 6.5for the circular
structures. As expected the taller structures skmwver ultimate lateral strengths and
greater displacement capacity since these strisctomienarily show flexural response.
Similarly, the shorter structures are capable ofater base shear strengths since

overturning demands are reduced.

Results from the analysis of the square structutie aspect ratio 1.25 artd = 0.625 in.
are shown in Figure 6.6(a), (b) and (c). In theurfiegs, stress and strain contours, and
deformed shape (scaled 20x) are shown for the memdiastate at peak strength of the
structures. Overall, the response shows a combmatiflexural and shear behavior with
vertical tension and compression occurring in thede walls and combinations of shear
and flexure in the web walls. In Figure 6.6(a), $texel von Mises stress contours are shown
with yielding occurring completely at the base loé structure and also extending nearly
to the top of the web walls (walls parallel to theection of applied load). In Figure 6.6(b),
minimum principal concrete stress contours are sh@wdiagonal concrete compression

band is apparent at peak strength with highest cessppn stresses occurring at the base
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on the compression side of the structure and atipper corner on the tension side of the
structure. Maximum principal concrete strains dreve in Figure 6.6(c), with flexural
tension concrete cracking apparent in the tendimmgé and combinations of flexural

tension cracking and diagonal shear cracking inble walls.

For the circular structure (shownkingure 6.6(d), (e), and (f) similar behavior is apgnt

in comparison to the square structure, with velrflexural demands largely confined to
ends of the structure where the walls are oriepgedendicular to the applied load direction
and shearing more prevalent in the portions oivhkts oriented parallel. Unlike the square
structure, shearing and flexural demands are cagdio a higher degree without clearly
delineated tension and compression stresses ahtlseand shear behavior along the sides.
The influence of structure aspect ratio on ultimgttength is illustrated in Figure 6.7. In
Figure 6.7(a) and (c) peak lateral strengths avtqul versus aspect ratio for the square
and circular structures respectively. For bothcitme shapes, the ultimate strengths of the
structures converge on a maximum lateral strengtbesthe strengths of the taller
structures are controlled by flexure. SimilarlyFigure 6.7(b) and (d) the peak base shear
strengths are plotted versus aspect ratio. In libts,ghe base shear strengths converge to
a maximum strength in all cases as the aspecsratedecreased. For taller aspect ratios,
the base shear strengths are less than the maxémemthese structures are subjected to
greater overturning flexure demands. In all offitegs, three trends are shown representing
structures with different reinforcement ratios. cnncreasing steel faceplate thicknesses

are modeled, the ultimate base shear strengthsasemwith increasing reinforcement ratios.
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6.3.4 Shear strength
The base shear strengths from each analysis amdediby the calculated shear yield
strengths irFigure 6.8(a) and (b). The peak base shear strefigim the analyse¥)pase
are divided by the total centerline wall lengthshaf core-wall structureks, resulting in

an average unit shear strendgiuse This value is then divided by the unit in-planely

strength,% defined in Equation 6.1 and calculated for easpeetive reinforcement ratio.

In Figure 6.8he values O% are listed for the three considered reinforcemais: 3.1%,

4.2%, and 5.2%.

In the plots, the base shear strengths are ordemedsmallest to largest structure aspect
ratio. As shown, for both the square and circukancsures, When the strengths are
normalized by the calculated shear strengths, itieds are essentially identical and

therefore the strengths are proportional to theutaled yield strengths. For the square
core-wall structures, the ratioSofsd %) converge to a maximum ratio of approximately
0.55 for the smallest aspect ratio. Similarly, thee circular structure, the ratio converges
to approximately 0.50 for the shortest aspect sabio0.53 and 0.74. The effectiveness of

the square shape is therefore slightly better sistiag shear than the square section

although the difference is too close to draw défiaiconclusions.

In Figure 6.9(a) and (b) shear stress contourstaven plotted for the circular and square
structures. Concrete shear stresses are showrrianted in the global coordinates).

Cross-sections are shown taken at the mid-height®ih structure shapes. The shear
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stresses are highest in the wall segments pataltble applied load direction and also in
the regions of the walls that are subjected to dmglertical compression forces. Vertical
compression is highest along a diagonal of the walls in the square structure and in an
approximate diagonal band of compression in theutar structure. Both structures show
similar shear stress distributions with shear tasts largely confined to the web walls of

the square structure and more spread out in thelairstructure.

Results from previous experimental tests of SCrshwadls (both flanged walls and shear
panels) have demonstrated reserve in-plane shreagtt after the point of yielding of the
steel faceplates. As described previously, thisuscdf the wall is detailed such that
diagonal compression in the concrete infill is se=il directly by the boundary elements or
flange walls. The extent of the reserve strengtprimarily a function of the relative
strengths of the shear walls and boundary elemistatsy previous flanged wall tests were
designed such that the governing failure mode wbaldhear failure of the web wall. This
can be ensured by constructing flange walls thretraore stout than the web walls by either
adding thick steel end plates or using thickerldtaplates. In contrast to typical flanged
wall tests, core-wall structures are likely to mnstructed with all of the walls having
identical cross-sections. In order to determine treweb walls are capable of shear
strength beyond the yield limit, results from thguare core-wall analyses are post-
processed. In Figure 6.10, the total base sheargttis and the shears in the web walls are
plotted (Figure 6.10(a), (b) and (c)). For the ¢éhreinforcement ratios, the webs provide
approximately 88% of the shear force with the renmg 12% resisted by the flange walls.

The strengths of the web walls are then comparetthdacalculated yield and ultimate
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strengths in Figure 6.10(d), (e), and (f). In theé plots, the yield strengthg | calculated

for the web walls are plotted (the horizontal brokiee) and the ultimaté/() strengths
using Equation 6.6 are also plotted. The yield @ltichate shears are calculated using the
effective wall lengthlw, measured along the centerlines of the walls.hasva in the plots,
the shear strengths of the web walls in all theeses exceed the calculated yield strengths
and also slightly exceed the ultimate strengthsepiéor the 3.1% reinforcement ratio
structure where the web wall strength reaches 93%eccalculated ultimate strength. This
leads to the conclusion that the web walls in thease core-wall structure are sufficiently

stout to be able to develop the ultimate sheangtheof the web walls.

The circular and square cross-sections are divided individual segments so the the
distribution of shear forces along the wall carcbmpared. In Figure 6.11(a), the circular
cross-section is divided into 20 segments of etpradth (31.75 in. measured along the
wall centerline). In the figure, tables list thegseents and associated angles with
increments of 18 degrees, with the angles meadrosdvertical (O deg., 18 deg., 36 deg.,
etc.). Wall segments 1 and 11 are oriented perpaladito the applied load direction. A

similar approach is used for segmenting the sgseeon as shown in Figure 6.11(b).

The segment shear forces are plotted in Figurg®).1@), and (c) for three reinforcement
ratios and for the structure with aspect ratio éqoe.50. In each plot, the 20 points
represent the segment unit shear force at the whimeak strength of the core-wall
structure. Also, the segment shear forces areaadlllel to the direction of applied load.

Points 1, 2, 3, 19, and 20 represent the wall satgrd the flange wall that are subjected
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to compression, and points 9, 10, 11, 12, and p@sent the flange wall segments on the
tension side. As shown, the flange wall subjeatecbimpression is much more capable of

carrying out-of-plane shear. For the compressiamgé, the average shear force at ultimate

strength (in terms of multiples g*ffC ) equaI58.6\/f7c [f.for the compression flanges and

l.Q/TCEﬂSC for the tension flanges. Also, in the web wallsgrents towards the

compression end of the walls carry very high shaadsdrop off towards the tension ends.
The average shear forces for the webs and flane ava also shown in the plots. Similar

to Figure 6.10, the average resistance in the welsweld to exceed the calculated shear

strengths,%, except for the = 3.1% wall.

In the Figure 6.13, results from the aspect raffd@ @ircular core-wall structure are shown
for the three reinforcement ratios (3.1%, 4.2%%.2n the plots, the segment unit shear
forces are plotted for the 20 segments. As showvindplots, the segment unit shear forces
in the segments near the sides (segments 7 anard $lighest and diminish around the
circle with the lowest shears occurring in the wadtpendicular to the loading direction
(segments 1, 11 and 20). Also shown are slightijpdri segment shear forces towards the
compression side of the section (segments 9, 1@rb17) since the vertical compression
in the wall is higher due to overturning demandssthesulting in less concrete cracking,
and therefore higher shear stiffness. The reshtie/ghat when the circular structure is at

peak strength, the highest shear forces along #ifigsegment 7 and 15) are very close the
the calculated yield unit shear strenﬁi;, Also shown in the three plots is the average

shear strengths that are approximately equal to dR#e calculated ultimate strengths
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and 48% of the calculated yield strength. In cosidu, prediction of ultimate structure

strength could be calculated by assuming an eflechear length equal to 50% of the

circumferential length multiplied by the ultimaueemgth,%.

6.3.5 Flexural strength
The flexural strengths of the core-wall structuaes calculated using the plastic stress
distribution method according to AISC 360-10 Chap®2e2a [65] The flexural strengths
Mp, are calculated using the following assumptionsal( of the steel on the section has
reached yield, (ii) the concrete stresses on thgecession side of the neutral axis are equal
to 0.85', (iii) and concrete stress on the tension sid@heutral axis are assumed equal
to zero. Section fiber models are then developetth®the complete square and circular
core-wall sections using a spreadsheet program thihsection discretized into 1 in.
elements and locations and section propertiesressig each point. The flexural strengths

are then calculated and the results plotted inrgigul4and Figure 6.15.

6.3.6 Core-wall lateral strength
The shear and flexural strength predictions arebioed to calculate the ultimate lateral
strengths of the structures. The strengths areiledérl as the lesser of the shear strength
multiplied by the structure height and the flexwstaength of the section. The results are
plotted in Figure 6.14nd Figure 6.15 and listed Table 6.2. The peakgths from the
finite element analyses are denokégk, and the calculated strengtihdcfic) are defined as
the lesser oM, or eitherVy or Vy multiplied by the heighth. In Table 6.2 the ratios of

analytical strengths to calculated strengths atedi Mre/Mcalc).
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In Figure 6.14each point on the plots represents the peak lat&eaigth of the structure
for the respective aspect ratio. Figure 6{@}to (c) compare the analytical results of the
square structures for the three reinforcement gatothe shear strength lim\y. The
comparison shows very close agreement, with thetstres withh/I equal to 0.50, 0.75,
and 1.00 falling in the shear controlled regiontfte left of the transition point), arid
equal to 1.25 very close to the transition poind bfi greater than 1.25 in the flexure
controlled region. The plots show that the strergidiction based on the in-plane yield

strength is clearly conservative foit less than 1.25.

This is also repeated in Table 6.1 where the ratiddre/Mcac are between 1.14 and 1.33.
The same comparison is plotted in Figure 6.14(d) fout using the ultimate shear strength,
Vu, instead oly. As expected, using the calculated shear stregggtarned by the ultimate
in-plane shear strength results in an improvedigtied of the mean lateral strength with
a coefficient of variation equal to 0.07 comparedtll for the strength using. The
strength calculated witkly though, results in slightly unconservative pradics near the

shear-flexure transition points.

A similar comparison is shown in Figure 6.15(ak3}-f0r the circular core-wall structure.
The peak strengths from the 15 analyses (threéoregment ratios for each of the five
structure aspect ratios). Since the average shear previously determined to be
approximately one half of the peak shear, an effecthear area of 0.5 of the wall length
(circumference measured along wall centerline)sisdu Also, since the analytical results

demonstrated that the peak segment shear streaggthesximately reach the yield strength,
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Vy, this value is reasonable for prediction of theaststrength. Therefore, the calculated
shear strength is equal to BS4T, whereAsis the total cross-sectional steel area of the
structurexis defined in Equation 6.2, afids the steel yield strength. In the plots in Feur
6.15(a) — (c) the calculated shear strengths ateptned by the structure heights (dotted

blue lines).

For the circular structures, the calculated fleksteengths M, are shown to be slightly
conservative, with a shear-flexure transition odagrat an approximate aspect ratwiY)
of 1.0. Overall, the ratio of analytical strengtioscalculated strengths for the circular

structure result in a mean of 1.14 and standardéatern of 0.19, as shown in Table 6.2.

6.4 Conclusions
Square and circular SC core-wall structures are eteod and analyzed using
Abaqus/Explicit in order to study the fundamentgktal load-deformation behavior of
these structures. The finite element modeling aggralescribed in Chapter 3 was used.
The analytical results demonstrate that the latrahgths of the structures are primarily
governed by flexure fan/l greater than approximately 1.25 for the squangsires, and
h/D greater than 1.0 for the circular core-walls. &gpect ratios less than these limits the

failure mode is governed by combinations of flexamnel shear.

For the square structures, higher shear strengthsapable in the web walls (reaching the

ultimate in-plane shear strengﬁg,) since reserve concrete shear strength in thewadlb
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is possible since the flange walls partially adbasndary elements. In contrast, the circular

structures are only capable of resisting sheangths that are approximately equal to the
yield strength,%. In terms of overall efficiency of the cross-sentshapes, the square and

circular shapes are very close; with the effecskiear wall lengths equal to 55% of the
total wall length (when using, as the calculated strength) compared to approrigng0%

for the circular shape.

A method is presented for calculating the ultimbgteral strength of SC core-wall
structures. The strength is assumed to be therlettee flexural strength of the structure,

Mp, and the calculated shear strendthdr Vu) multiplied by the structure height,

Results from the square structure analyses denad@dtrat the use of the ultimate shear
strength,Vy, provides a good prediction of the mean sheangthewhileVy is slightly

conservative and therefore more reasonable fogdesilculations.

For the circular structures an effective shear \eadfth of 0.5 times the circumferential
length of the cross-section is assumed and m@tdy the yield shear strengﬂi;. This

results in a slightly conservative prediction delal strength for low aspect ratios, and a
good prediction near the shear-flexure transitiar.both the square and circular structures,
the flexural strengths, fiber model plastic sectianalyses are developed using

recommendations from AISC 360-10.



Table 6.1 Dimensions and properties of the squanetsre

Square Structure

Outer dimensiond 192 in. x 192 in.

Wall thicknesstsc 24 in.
Faceplate thickness, 0.375, 0.500, 0.625 in.

Reinf. Ratios, B/tsc 31,42,52%

Structure

heighth

8,12, 16, 20, 24, 28 ft

Aspect ratioh/I

0.50, 0.75, 1.00, 1.25,

1.50, 1.75
s (stud spacing) 12 in. on center
Round Structure
Outer Diameterd 227.31in.
Wall thicknesstsc 24 in
Faceplate thickness, 0.375, 0.500, 0.625 in.
Reinf. Ratios, B/tsc 31,42,52%

Structure heighth

10, 14, 19, 24, 28 ft

Aspect ratioh/d

0.53, 0.74, 1.00, 1.27,
1.48

s (stud spacing)

12.8 in. (average)

Table 6.2 Dimensions and properties of the circsiiarcture
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Square structurére/Mcaic | Square structurére/Mecaic Circular structure, 1
hear strength ¥,) (shear strength ¥, Mre/Meaic (shear strength
(s v 0.5AJZ)
hi p= 1 p=| pP= hi p= 1 p=| pP= hD p= | pP= | pP=
3.1% | 4.2% | 5.2% 3.1% | 4.2% | 5.2% 3.1%| 4.2% | 5.2%
1.75| 1.04| 1.01| 1.00 1.7561.04| 1.01| 1.000 1.481.44| 1.43| 1.53
1.50| 1.04| 1.01| 1.000 1501.04| 1.01| 1.00 1.2 1.19| 1.20| 1.25
1.25| 1.03| 1.01| 0.98 1.251.03| 1.01| 0.98 1.001.05| 1.01| 0.97
1.00| 1.12| 1.14| 1.17, 1.000.95| 1.01| 1.10f 0.741.05| 1.02| 0.99
0.75| 1.24| 1.27| 1.27, 0.7560.99 | 1.13| 1.20 0.581.05| 1.00| 0.99
0.50| 1.33| 1.31| 1.27/ 0.501.07| 1.17| 1.20
Standard deviation 0.18 Standard deviatjion 0.08 ndatal deviation| 0.19
Mean 1.12 Mean 1.0% Mean 1.1
Coeff. of variation| 0.11] Coeff. of variation  0.07 o€if. of variation| 0.16
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24 in ) 24 .
144 1
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d=2273 in, . [=192in.
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(a) Circular Structure (b) Square Structure

Figure 6.1 Typical modular steel-plate composite/gaoplant structure
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Cormner concrete (3 in

(3 . elements) elements)

(a) Corner concrete (four parts) (b) Concrete infill (four parts)

Elastic top,

12 1n. stud
\ Fixed base anchor spacing
(¢) Square structure with (d) Steel faceplates

top and base

Figure 6.2 Square structure parts and meshing
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2.86 m. concrete

brick elements )

(average) 12 m.
stud

anchor

spacing

Elastic top

\ Fixed base

(a) Circular structure (b) Concrete infill (¢) Steel faceplates

Figure 6.3 Circular structure parts and meshing
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Figure 6.4 Base shear vs. drift results from sqaareture analyses
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Figure 6.6 Stress and strain contours at peakgitrd@0x deformation scaling)
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Figure 6.7 Base shear vs. drift results from Cacgtructure analyses
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Figure 6.9 Shear stress distributions at 50% ok jhesd



Shear, kips

178

p=352%:V,=31.0kips/in, p=4.2% : ¥, =259 kips/in, p = 3.1% : , = 20.3 kips/in

40,000 40,000 40,000
35.000 +(a) p=5.2% 35.000 + (b) p=4.2% 35,000 1 (¢) p=3.1%
30,000 + 30.000 + 30,000 +
@ 2 1 Total shear
25.000 + £25.000 + £:25,000
20,000 + 220,000 T+ £20000 ¢ _ === Web shear
v b
15.000 + £15.000 + . £ 15,000 1
10,000 T Total shear| 10.000 + Total she“ar 10,000 +
5000 + o ==---- Web shear 5000 +  ______ Web shear 5,000 1
0 e N s e 0 ——t—t—t——— 0 +—t—t———+—+
0.00 050 100 150 200 000 050 1.00 1.50 2.00 0.00 050 1.00 1.50 2.00
Aspect ratio, h/l Aspect ratio, b/l Aspect ratio, b/l
120 120 120
— 590 — 490 =3.1%
100  (DP=52% 100 1 () p=42% 100 4 D P
E 80 Siy/Sey = 1.06 g g0 E 80+
E e e -a Sxy(u)/ Sn'ézi =112 :-’. Sxy(u)/ Sxy@j =125
2 60 F T = 60 + L — < 60 T
= : . & * 5 * o
':% 40 + _“:““ \‘\yeb sh]fal . _:mg 40 4 — . gv 40 ™ %
Vy. web [ ‘Web shear ° Web shear® N
20 T . we 20  ---m-mee- Vy, web 207 Vy. web
0 ' ' ' | N ! N 0 I \Ell, VFEb . 0 n I .Vll:. web }
0.00 050 100 150 2.00 000 050 100 150 2.00 0.00 050 1.00 150 2.00

Aspect ratio, /1

Aspect ratio, h/l

Aspect ratio, v/l

Figure 6.10 Square structure normalized base sesargths vs. aspect ratlul
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Figure 6.11 Wall segments for square and circutactires
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CHAPTER 7. CONCLUSIONS AND RECOMMENDATIONS

The primary goal of this work is to study the glblzaeral load-deformation response of
SC safety-related and core-wall structures. Thanismportant area of research since SC
structures are seeing wider use in a number ofmmbhear power plant designs and to date,
research studying the global response has bedrdin8ince experimental testing of whole
structures is difficult and expensive, simulatioh structural behavior with detailed,
benchmarked finite element modeling is considehedrtext best option. To that end, a
modeling approach was developed with benchmarkingevious experimental tests of
structural components and members in the literaitxperimental tests were selected that
highlight various aspects of fundamental mechanieaponse including: out-of-plane
flexure, in-plane shear, in-plane flexure, push-ett. Abaqus/Explicit was used for the
finite element modeling with inelastic concrete atekl constitutive models that account
for yielding of the steel faceplates, concrete kirag, concrete tension softening, concrete
shear retention, and concrete failure. Additionalhe steel-concrete composite (shear
force-slip) behavior was modeled with nonlinear reector elements. The analyses were
conducted with displacement-controlled quasi-statish-over loadings with the explicit

solver.
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7.1 Analysis of a primary shield wall structure

In Chapter 4, a detailed finite element model df@l scale PSW structure was developed
and analyzed. The purpose of this analysis wasitbhdr benchmark the finite element
methodology and also to develop a method basediwant code equations to predict the
lateral strength of the structure. The model wasetiaon a 1/8 scale experimental test
structure that was tested in Japan. The analyticalel accounted for steel plate yielding,
concrete cracking, shear retention, softening,thadteel-concrete composite interaction.
The models were developed and analyzed using Alfaxpigcit with quasi-static cyclic
and monotonic loadings. The PSW model was analyadd monotonically increasing
lateral loading (with displacement control), ansbednalyzed for the first three cycles from
the cyclic loading protocol for the test. The rés@ilom the monotonic analysis compared
favorably with the envelope of the lateral loadatafation response from the experiment.
The results from the cyclic analysis also compavetl with the cyclic hysteresis load-
deformation responses from the experiment. Theyaoal model was post-processed in
detail so that the results could be compared dyreath reported milestones of mechanical
behavior from the experimental test report. Thedestones compared well and included
key mechanical states such as flexural crackingpatrete, flexural yielding of the steel
plates, shear yielding of the steel plates, peadngth, and deformation capacity before

failure.

The ultimate strength of the PSW structure was guoack by yielding of the three steel
plates (exterior, middle, and interior) and fail@fethe concrete infill. Also, the concrete

infill of the wall segments developed diagonal &saand inclined compression struts as
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the peak load was reached, similar to mechanide\ber typically observed in reinforced
concrete shear walls. At a force level equal to @%eak lateral load, the distribution of
shear force (to the four wall segments) was apprately equal (25% to each one). Since
the lateral load was distributed relatively equatlye base shear strength of the PSW
structure was assumed equal to the calculated stithe shear strengths of the individual
wall segments. Additionally, since the behaviortioé¢ individual wall segments were
similar to that of reinforced concrete squat shealts, the ACI 349-06 Chapter 21 code
equations were used with modifications to accoantte steel plates instead of rebar. The
bending strengths of the four wall segments wese pbst-processed from the analytical
results and compared to calculated flexural stfengtedicted with section P-M interaction
strength envelopes. In this specific case, sineeotrerall aspect ratio of the PSW was
relatively short, the calculated lateral strendtthe PSW was controlled by the calculated

base shear strength and not the calculated flestraigth.

Linear elastic finite element models of the PSWenaso developed and the results were
compared to the nonlinear analyses. The purposthisfwas to determine whether
simplified linear elastic modeling could be usediagermine the distribution of member
section forces and moments throughout the strudiorethe purpose of calculating
demands. The comparison indicated that the prapodf the lateral load resisted by the
individual wall segments (in terms of section skeending moments, and axial forces)

were similar to the nonlinear inelastic analysis.
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7.2 In-plane shear strength of SC walls
The structural walls of power plant and core-wallistures are typically designed as the
primary lateral force resisting systems. The walts as a system to resist overturning
demands and also act as individual shear walls.n\Wadls are connected together into
what is effectively a monolithic system, the globedponse of the structure influences the
demands placed on individual walls. Additionallye bverall system is primarily governed
by the in-plane shear and total flexural resporsleestructure. An analytical method was
developed for calculating the in-plane shear fatefsrmation response of SC walls that
are part of a structural system. In this contéhe,walls essentially act as shear walls with

boundary elements, where the the adjacent conne@kslact as the boundary elements.

The mechanics based approach is combined witrethdts of previous analytical work in
order to provide a complete model for the predictd SC shear wall response from initial
concrete infill cracking to ultimate strength. Taygroach uses composite shell theory with
a pure shear assumption so that simple equationbeaeveloped for prediction of the
ultimate strength and strain. The method assunsstile boundary elements or flange
walls are sufficiently strong to develop the fullemgth of the concrete infill in diagonal

compression.

Finite element modeling of previous experimentalsb€ar panel tests by Ozaki et al. [30]
provided insight into the mechanical state of arsB€ar wall at and near ultimate strength.
The results demonstrated that the concrete falsagonal compression at ultimate load.

The occurrence of concrete cracking results in cesgion softening equal to
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approximately 50% off c. This finding is roughly consistent with previowesearch on the
effect of compression softening in reinforced cetershear walls. Although, unlike
reinforced concrete shear walls, the degree oésofty was relatively constant and did not

appear to correlate with the measured principahabstrain ratiogi/ &.

The analytical results also demonstrated increasimgr deformation capacityi() and

principal strain ratios for decreasing reinforcetratios. The principal strain ratios were
also calculated for the yield point using the cosifgoshell theory approach and showed
consistent results with the finite element resulnce the finite element results

demonstrated an approximately linear principalistshear strain response up to ultimate
strength, a simple model was proposed for prediatibultimate shear strain})@ that

assumes that the principal strain ratio is condtant yield to ultimate. The average of the
measured peak shear strains at ultimate strengtd eaculated from the experimental
database of shear panels and flanged wall tesesa¥é&rage minimum principal strain at
ultimate was then calculated (equal to -0.0016nin.by coordinate transformation using

the average of the observed ultimate shear strains.

Finally, the ultimate shear strengths were caledand compared to the results of shear
panel and flanged wall tests in the literature. i@l gthe strengths showed good agreement
with a mean of 0.92 for the ratios of experimetdalalculated strengths for the shear panel
tests and a mean of 1.08 for the flanged wall t83te flanged wall comparisons though

showed substantially more dispersion with a stathdawiation of 0.16 compared to 0.05
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for the panel tests. This can be partially expldibg the high degree of variability between
the different flanged wall test series resultinglifierent combinations of failure modes of
the flanges, web walls, and connections. Also, ghear strength calculations for the
flanged wall tests did not include the effects@hbined shear-flexure loading and did not
account for additional (out-of-plane) shear straedgtom the flanges. For the calculated
predictions of ultimate shear strains, the meartHerratios of experimental to calculated
strains for the panel tests was 1.04 with a stahddeviation of 0.21. Similarly,

comparisons to the flanged wall shear strains reduh more dispersion with a mean of

1.06 and a standard deviation of 0.28.

The calculated shear strength and shear straintivenecombined with previous analytical
work in order to develop the complete shear fotoeas strain relationshi()4,) of SC

walls subjected to in-plane shear. The calculagdationship is trilinear (shown in Figure

7.1) with transition points defined by (i) initiatacking of the concrete infillg, ), (ii)
yielding of the steel faceplateﬁi/, y;’y), and (iii) ultimate strength of the concrete lirifi

diagonal compressior, ,Viy).

7.3 SC core-wall structures
Square and circular SC core-wall structures weredeteal and analyzed using
Abaqus/Explicit in order to study their fundamengéral load-deformation behavior. The
geometric and detailing design of the core-wallucdures were selected to be

representative of actual SC structures. The detpilsteel faceplate thickness, SC wall
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thickness, shear stud size, etc.) are consisténtAM$SC N690s1-15 and can be considered
full or reduced scale depending on the type ofcttine they are intended to represent. For
core-walls in building structures, the selectedngewies are essentially full-scale and for
power plant structures the dimensions could be idersd full-scale or reduced scale
(greater than 1/3scale) depending on the structure being modelégri®ary interest
were the overall structure aspect ratio, the SCseation reinforcement ratio, and the plan

shape of the structure (round versus square).

The finite element modeling approach was benchndakkgh analytical modeling of
experimental tests of SC structures were modelddaaalyzed with Abaqus/Explicit. The
analytical results demonstrated that the laterangths of the core-wall structures are
primarily governed by flexure foh/l greater than approximately 1.25 for the square
structures, antl/D greater than 1.0 for the circular core-walls. Fepegt ratios less than

these limits the failure mode was governed by cowtimns of flexure and shear.

For the square structures, higher shear strengths realized in the web walls, reaching
the ultimate in-plane shear strength since reseomerete shear strength in the web walls
was possible due to the flange walls partiallyacboundary elements. (In contrast, the

circular structures were only capable of resisshgar strengths that were approximately
equal to the yield strengtli/,y). In terms of overall efficiency of the cross-sestshapes,

the square and circular shapes were very closdy thie normalized shear strengths
(Vy/Vbasg equal to 0.55 for the square structure and @BEhe circular structure (with Vy

calculated using the total centerline length ofabee wall).
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A method is presented for calculating the latewabll capacity of SC core-wall structures.
The strength is assumed to be the lesser of tharéiéstrength of the structurisl,, and
the calculated shear strengiy br Vi) multiplied by the structure height, Results from
the square structure analyses demonstrate thatsthef the ultimate shear strengih,
provides a good prediction of the mean shear stinamfile Vy is slightly conservative and

therefore more reasonable for design calculations.

For the circular structures an effective shear \eadfth of 0.5 times the circumferential
length of the cross-section is assumed and m@tdy the yield shear strengﬂi;. This

results in a slightly conservative prediction delal strength for low aspect ratios, and a
good prediction near the shear-flexure transittar.both the square and circular structures,
the flexural strengths were calculated using fiberdel plastic section analyses using
recommendations from AISC 360-10 that assume atfltharal strength limit: zero
concrete tension strength, concrete compressiengttr equal to 0.8%, and all of the
steel section at yield. The flexural strength ptedns showed good agreement with the

analytical results.

7.4 Future work and recommendations
= In Chapter 4, a design methodology was developegréaliction of the lateral load
strength of the geometrically complex PSW structiitee design approach drew
an analogy between reinforced concrete and SChehtvior and used reinforced
concrete design equations with modifications fa& 8C structure. The reason for

using this approach was primarily motivated byfde that this particular structure
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was exceedingly unique and complex with very thaells, three layers of steel
plates, extensive transverse steel web platesy@enings and perforations through
the walls. All of this complexity in combination thiSC construction required that
a rational and conservative design approach belajge@ The approach that was
developed was confirmed to have worked for thic#igePSW. Further study of
this design approach applied to other structures #dne similar would further

confirm the methodology and design assumptions.

For safety-related structures, accident thermaldaare of particular importance.
The analysis of the PSW structure only includedsma loading and would
therefore require additional study of the effectsh@rmal loads and combined

thermal-seismic loads for completeness.

A mechanics based approach was developed in Chadtar prediction of the
ultimate ultimate in-plane shear strength of SClsvalibjected to pure shear. The
derivation and resulting equations are lengthy basked on the exact composite
shell theory solutions. Therefore, simplified desepuations could be developed
by identifying the most sensitive parameters (sagheinforcement ratio, relative
stiffness of concrete and steel, etc.) and singaliind approximate equations could

be developed for design calculations.

The ultimate shear strength prediction describedhapter 5 is only applicable to

structure configurations that include shear walhgda connected to boundary
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elements on all sides. In order to develop thestuingth governed by both yielding
of the steel faceplates and compression failutee€oncrete infill, the connections
between the boundary elements and shear panel Ipeusufficiently strong.

Additional study is required to determine minimuranoection requirements
between the shear wall panels and the flange waltsder to be able to develop

the full upper-bound shear strength.

The analytical modeling of core-wall structures Ghapter 6 only considered
relatively simple core-wall structure designs with@penings. Actual structures
would typically have openings for elevator doorgore-walls connected together
with link beams. The effect of link beams or op@sion local and global behavior
is an important topic that would require extensadelitional analytical work and

study.

For the core-wall structure analyses, only preditgiof the ultimate strengths were
developed. A more comprehensive study would alstude predictions of the
displacement responses of the core-wall structtoastructed with SC walls. This
would necessitate the development of a method dabebunts for the flexural

stiffness, shear stiffness, and the potential &ffetpartial composite action.
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APPENDIX

IN-PLANE SHEAR STRENGTH AND STRAIN CALCULATIONS

Composite in-plane shear stress-strain relationship

Composite shell plane stress elasticity is useddoelopment of the complete shear stress-
shear strain relationship. The following assumgtiare used: strain compatibility between

steel and concrete (fully bonded), only membraresses, and pure shear applied load.

Concrete cracking in-plane shear strength

The cracking strength is defined in AISC N690s1ELS A-N9-10 and shown below with
f'c (concrete cylinder strength) in terms of ksi urtggis the wall thicknesstp is the steel
faceplate thicknes§g andGc are plane stress elastic isotropic shear modhis 3trength

is defined according to the Rankine criterion whie® maximum principal stress in the

concrete infill reaches the cracking threshold.

0. oessg/‘C

Ser = [@G 20, + G¢ [ﬂsc) Equation A.1

Uncracked concrete shear stiffness

Uncracked isotropic elastic stiffness from AISC R69-15 Eqg. A-N9-9:
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Kuner= GSQEEb + G [y Equation A.2

Shear strain at concrete cracking

The shear strain is equal to the cracking strewgtiied by the uncracked composite
section shear stiffnesKncr:

Scr
Yxy(cr) = K

uncr Equation A.3

Minimum principal strain at concrete cracking

The shear strain at concrete cracking is equahéoctracking strength divided by the
uncracked composite stiffness. The uncracked conepstsfness is calculated below:

Stress transformation from x-y to principal direais: 1-2 (45 degrees):

y
2 1
0 =45 deg.
X
0 = 45 deg.
2 . 2 .

cos(90) sin(0) 2-sin(0)-cos(0)

Is= sin(e)2 cos(e)2 —2-sin(0)-cos(0)

—sin(0)-cos(06) sin(0)-cos(0) cos(e)z—sin(e)2
05 05 1

To=| 05 05 -1
0.5 05 0
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In x-y coordinates, the resultant unit normal fereee equal to zero:

Sx 0
Sy = 0
Sxy SXY

Resultant unit forces in 1-2 directions are themad@n magnitude to the applied shear in

x-y and equal and opposite:

0 S1 0.5 05 1 0 Sxy
T O |=|S2 =] 05 05 -1 0 |=|-Sg
S — S
Xy S12 05 0.5 0 Xy 0 Equation A.4

Steel constitutive relationship in principal cooraties:

i ES'(SI +82'VS)_

I vy 0 vt -1

Gs1 €1
Eg Vg 1 0 ES'(SZ + sl-vs)
652 = 2. . 82 = —_ 2

1 -vg 1 —vg v -1

Ts12 0 O 712
2 Esv12
2-(vg +1)
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Uncracked concrete constitutive relationship imgipal coordinates:

Ec~(81 + 82"’0)

Gcl €1

Gcz = . . 82 =| -

Tel2 712

2 Ec12
2~ivc +l)

Substitute constitutive relationships into equilibn equation:

Sq Ocl 51
S2 =1 %2 tsc +| Os2 2tp
S12 Te12 512
_Ec'(sl +82'VC) _ES-(SI +82-v5)
ch -1 vs2 -1
S Sxy
S EC'(Sz +81'VC) Es'(82 +81'Vs)
7 | = —SXy =|- 5 o +| - > -2-tp
Ve -1 Vg -1
S12 0
Ecv12 Esv12
2(ve +1 2:(vg +1)




Three equations three unknowns, solveeipe,, andy:2:

Given
2-Es-tp-(81 - 82"’3) Ec'tsc'(gl - 82"’0)
V32 -1 vc2 -1
S
Xy
2-E tp( +81-VS) E,-t (82+81V)
“Sxy | = 2 - 2
-1 v. -1
0 VS C
2-Eg 'tp'y 12 N Ectse V12
i 2.vg +2 2.v, +2 |
SXy + Sxy'vc + Sxy'vs + Sxy'vc Vg
2-Egty + Eptge + 2-Eg-tyve +Eptge
Find(sl €9 5Y 12) —> Sxy + Sxy'vc + Sxy'vs + Sxy"’c Vg
2-Egty + Eotye + 2B tyve +Etge v
0
Sxy + Sxy'vc + Sxy'vs + Sxy'vc Vg
2-Eg-ty + Egtge + 2-Egtyve + Eootge
Find(sl €9, 12) - Sxy + Sxy'vc + Sxy'vs + Sxy'vc Vg
2-Egty + Eotge + 2 Eg-tyve + Eootge v
0
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Sxy + Sxy'vc + Sxy'vs + Sxy'vc Vg
€1 2-Egty + Bootge + 2-Egtyve + Eotge v
gy | = Sxy + Sxy'vc + Sxy'vs + Sxy'vc Vg
Y12 _2-Es-tp +E tge + 2-Es-tp-vc +E to. vy
0
Simplify:

i Sxy'(vc — l)-(vs — l) i
€1 2-Es-tp +E.to + Z-Es-tp-vc +E.tge Vg
€y | = Sxy'(vc + l)-(vs + l)

712 _2-Es-tp + Bt + Z-Es-tp-vc +E.tge Vg

L O -

Minimum principal strain at point of concrete cragkthen becomes:

Syylive + 1)vs + 1)

2o T T2E L + Bl + 2By, + Eglig g
~Syylve + 1)ifvs + 1)

"2 T 2L + vg) + Eglsg{L + vg)

with & calculated with Equation A.1.
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Equation A.5
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In-plane yield shear strength

The yield shear strength is calculated with AISCBKL-15 Eq. A-N9-19. This equation

provides an approximate solution and is calculaiedterms of the normalized

reinforcement ratiop andx.

Sy =« [2[f.b[ﬂy EquatiorbA.
With:

k =1.11- 5.16p < 1.(

f, 2
O ) e )

31.6 tg.[F¢

1

Cracked stiffness

The in-plane cracked shear stiffness is derivedrasgy the steel is elastic isotropic and
the concrete is orthotropic with zero stiffnessha direction of maximum tension (due to
cracking) and equal t&'c in the minimum principal stress direction, whé&f'gis equal to
0.7Ec (Ecis the concrete secant elastic stiffness). Poissdf@ct is neglected for simplicity.

The concrete and steel constitutive relationshipshown below, whereg andvg are the

steel modulus and Poisson's ratio, respectively:
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Steel Concrete
1 v 0
sl S 1o 00 0)( el
ES VS 1 0 c
Cs2 =1 5 . €2 S =E'C' 01 0| €9
Ts12 Y lo 0o —= |l
2 Tel2 000)lv12

The cracked composite stiffness is defined in AISIG90s1-15 Eq. A-N9-11, in

approximate form and shown in Equation A.5:

Es(2M, 1

+

Kep = Ko + Kge =
TS ST o1 - vy 4. 201 - v
0. M e Zmp[ES Equation A.7

Yield shear strain

The yield shear strain calculated by dividing thear force increment from cracking to
yield by the shear strain increment and settingaktjuthe cracked concrete composite

stiffness.

cr |-y

Vey(er) Yaye) Veyaw)
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Cracked concrete composite stiffness equal to cdishiear force to shear strain increments:

sy‘Scr

 Yxy(y) ~ Yxy(er)

Solve for yield shear strain:
Kerl(v xy(y) ~ VXy(Cf)) =Sy = Scr
KerlYxy(y) = KerlY xy(er) = Sy — Ser

Kerlyxy(y) = Sy = Ser + Kerly xy(er)
Yield shear strain:

—Snp + Keply x
cr T PertY xy(cr) .
Y xy(y) = o Equation A.8

Concrete compression stress at point of steel fatepield

The minimum principal concrete stress is equah&rninimum principal strain multiplied
by the cracked concrete elastic moduld&,. The strain is equal texcn at cracking
(calculated with uncracked concrete stiffness) plusrease from cracking to yield

calculated with the cracked concrete stiffnegss)and & scry

22y = F2en " F208y) " F2660n)

Stress and strain transformation matrices:

0 = 45 deg.
cos(é))2 sin(é))2 2-sin(0) -cos(0)
T 2 2 05 05 1
c = sin(0) cos(6) —2-sin(0) -cos(0) T =| 05 05 -1
L—sin(e)'cos(e) sin(6)-cos(6) cos(é))2 — sin(e)zJ L—O.S 0.5 OJ
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cos((;))2 sin((l))2 sin(6)-cos (0) 05 05 05
T, = sin(6)2 <:OS(9)2 —sin(6)-cos(6) |T, = (0.5 0.5 —0.51
—2-sin(6)-cos(6) 2-sin(6)-cos(6) cos((;))z—sin((;))2 k—l 1 0
Equilibrium:
S1 Scl Ss1
SZ = G2 .tSC +| 932 2tp
S12 Tc12 Ts12

Substitute constitutive relationships and factadrsitain:

(1 v

1 00 0)(c®1 €
Eg vg 1 0
Sy =E. [0 1 0| &2 [tg + . D) 'z'tp

2

_ 1-—
SIZJ LO 0 OJ L”/IZJ v 0 0 o L“/IZJ
\ 2
i 1 vy 0 ) |
S1 000 €
Vg 1 0
S, | = E'.- 010 oo 2tp €9
v 2 1-v
S12 000 10 0 112
2




The composite stiffness relationship in 1-2 dir@tsi then becomes:

| 2Egty 2-Eg vy ;
V52 -1 V52 -1
(Sl ) 2-E 2E
. . ov .
S =] o TSR
2 2
S1 Vg -1 Vg -1
E..
0 0 s'p
ve + 1

Xy
Sy | =] -Sxy
S12 0

/—.H\

1
€2

712

Substituting into the composite relationship yields

2-Es-tp 2'Es'tp"’s 0
2 2
( q vg© - 1 v - 1
xy\
o | 2Bty 2Eqt,
Y| T T Eotse - > 0
0 Vg -1 Vg -1
E.-t
0 0 -

/—-'ﬁ\

Ne—

712

€1
€2

N—
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Reduce and solve for straias €2, yi2:

Given
2'Es'tp'(81 + 82"’5)
vs2 -1
Sxy : 2 :
5 3 2'Es'tp'81 vg —E'ctgeregvg + 2-Es-tp-82 +E' tg. 8y
xy | =1 -
2
L 0 J VS —1
ES.LI).Y 12
| vg + 1 |

Find(al,az,y 12) -

’ 2 ’
2:EgSyyrtyvs — EerSyyrtse Vs +2Eg Syyty + Ele Syytse

1 2 1
2 EgSyytyvs —EoSxytse Vs +2:EgSyyty + Elo Syytse

2.2 ,
4-Eg p + 2E ¢tse Estp

Sxy + Sxy"’s
2-Egt

pt E' -t

0

€1

712

4 ~E52 ~tp2 + 2~E'c tse ~Es~tp
SX - SX

y yVs

2 Egty +Elgte

0
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Simplify:
_Sxy~(vs + 1)~(2~Es~tp +E gt — Elgrtee Vs |
€] 4-E52~tp2 + 2Bty Ety
€& | = Sxy'(vs + 1)
712 2Egt +Egtg
L 0 -
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The increase in minimum principal strain from chiagkto yield is equal to:

£2(sy) " F2(s01)

With

sylfvs + 1)

f2(sy) ~ 2T, + Ec e

Scr[@"s + 1)

2o T BT, + ity

And cracking strain from Equation A.5:

~Serlfe + s + 1)

720 T 2yl + By llyg + 2By Ty, + Egligglig

The strain at yield then becomes:

®2) = E2cen) *|F2sy) T F260n)

~ _Scr'("c - l)-(vs - l) . —Sy-(vS - l) ) _Scr'(vs - l)
“2y) ~ Z-Es-tp-(l Vo) + Eerte (1 4+ vg) 2Bty + Bty 2Egty + Bt
A _SCVEGVC * 1)[@"5 * 1) B (Sy - Scr)E@Vs * 1)

) 2L +v) + Eoligglfl +vs) 2B+ Eclse o ion g
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Ultimate in-plane shear strength calculation

The ultimate in-plane shear strength assumed etpuahe yield strength plus an
incremental strength4S. This incremental strength is equal to the inaeeiasconcrete
stress from yield to ultimate and assumes the atentompression strength of cracked

concrete is equal to (..
Concrete compression stress increment:

Af o= 0.5 ~fey

with fcy equal to Equation multiplied by E'c:

Salve s 1) Gy Safvs 1]

+Egtye +2:Egrtyve +Eprtgevg 2Bt

C

£ =
Y| 2Et +E\tg

P p Eq.A.10
The unit shear is transformed to x-y with the @&dr and multiplied by the wall thickness:

AS = 0.5Af .,
The ultimate in-plane shear strength is then (kips/
S\=§ +AS

Shear strain at ultimate

Assume that the strain state at ultimate is equtidt at yield but proportionally scaled up
such that the compression concrete strain is equ&l.0016 in./in. Using this approach,

the ratio of principal strains at yieldx&)lsy(y)) are equal to the ratio of principal strains at

ultimate (sx(u)/gy(u)).
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Transform strain state from x-y to 1-2:

0 = 45 deg
( cos ()2 sin(6)> sin(6)-cos () )

Ts=‘ sin(6)° cos(6)° _sin(6)-cos (6) ‘
L—Z-sin(e)-cos(e) 2.sin(6)-cos(6) cos(e)z—sin(e)zJ
(0.5 05 05

T,=|05 05 05

-1 1 0

£] 05 05 05)( #x
e =105 05 05| ey
0 110 )y

€1 0.5e4 + O.5-sy +0.5+y Xy

gy | =] 05eg + O.5-sy —-05y Xy

0 €

Solve in terms of strain ratia/&:

g1 = 0.9, + 0.5y + 0.5y,

ep= 0.5, +0.58, - 0.59,,



gy =€1 0.554?)(y

82 = 81 - OSWX)/ - OSWX)/

€E2=81 " VYxy
f2_f Yy
82_ €2 €2

€1  Vx

1= —- -2

€2 €2

The shear strain at ultimate then becomes:

€ Y
_1:1+ﬂ

€2 €2

The strain ratio can be calculated siggg) andezy) are already known:

€
1) _ . )
£2(y) £2(y)

This is then substituted back into Equation A.11:

€
v xy(w) = {% - 1}’82@)

With:

o) = -0.001¢

®2(y)

€
'“Nw=[1W)_@_omm
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Equation A.1

Equation A.12



Summary

Cracking strength:

0.063/f
Scr = G—C\/T: [@Gs[zmp + Gc[ﬂsc)

Cracking strain:

SCr
Yxy(cr) = K

uncr

Yield strength:

Sy = K 21,

Yield strain:

Sy ~ Ser *+ Kerly xy(er)
Yxyy) = Ker

Ultimate strength:

Sy = Sy + ASwith AS = 0.5Af clikc

Ultimate Strain:

e
7 xy(u) ={ /. 1[--0.0016
“2(y)
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