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ABSTRACT

Reinforced concrete (RC) structures constitute a significant portiontmfitdang inventory
in earthquakeprone regions of the United States. Accurate analysis tools are necessary to allow the
guantitative assessment of the performance and safety offered by RC structures. Currently available
analytical approaches are not dedradequate, because they either rely on overly simplified models
or are restricted tmonotonic loadingThe present study is aimed to establish analytical tools for the
accurate simulation of RC structures under earthquake [dhdgo00ls are also apptible to the

simulation of reinforced masonry (RM) structures.

A newmaterial modeis formulatedor concrete under multiaxial, cyclic loading conditions.
An elastoplastic formulatiomwith a norassociative flow rule to capture compressitaminated
respmse is combined with a rotating smeafreidick model to capture tlamage associated with
tensile crackingThe proposethodelresolves issues whiaharacterize existing concrete material
laws.Specifically, the newly proposed formulation accurately diess the crack opening/closing
behavior andhe effect of confinement on the strengtid ductility under compressig&ress states.
The model formulation is validated with analyses both at the material level and at the component
level. Parametric analys®n RC columns subjected to qustsitic cyclic loading are presented to
demonstrate the need to regularize the softening laws due to the spurious mesh size effect and the
importance of accounting for the increased ductility in confined concrete. Thet ihffze shape of

the yield surface on the results is also investigated.



Subsequently, a threimensional analysis framework, based on the explicit finite element
method, is presented for the simulation of RC and RM components under cyclic staticamcdyn
loading. The triaxial constitutive model for concrete is combined with a material model for
reinforcing steel which can account for the material hysteretic response and for rupture due to low
cycle fatigue. The reinforcing steel bars are representedj@ometrically nonlinear beam elements
to explicitly account for buckling of the reinforcement. The strain penetration effect is also
accounted for in the models. The modeling scheme is validated with the results of experimental
static and dynamic testsé RC columns and RC/RM walls. The analyses are supplemented with a

sensitivity study and with calibration guidelines for the proposed modeling scheme.

Given the computational cost and complexity of thatigeensional finite element models in
the simulatio of sheardominated structures, the development of a conceptually simpler and
computationally more efficient method is also pursued. Specifically, the nonlinear truss analogy is
employed to capture the response of sleaninated RC columns and RM wallggected to cyclic
loading. A stegby-step procedure to establish the truss geometry is described. The uniaxial material
laws for the concrete and masonry are calibrated to account for the contribution of aggregate
interlock resistance across inclined sh@acks. Validation analyses are presented, for egiast

and dynamic tests on RC columns and RM walls.
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Chapter 1: Introduction

Reinforced concrete (RC) is a popular construction natemany countries, including the
United States, due to the availability of concrete constituents (aggregate, water, and cement) and due
to the flexibility it provides in terms of the construction form. Reinforced concrete is used for
various types of teuctural systems, such as buildings, bridges, dams, reservoirs, and offshore
platforms (WightMacGrego2012). A reinforced concrete structure consists of a series of members,
e.g. beams, columns, shear walls, and slabs, each contributing towards emsappgppriate path
for various types of loading. In earthqugk®ne areassuch as the western United StatR€
structures include an appropriate lateral foesisting system, which consists of moment frames,

shear walls, or combinations thereof.

Reinforced masonryRM) shear wallgre als@n attractive structural system, especially for
residential and commercial lete-medium rise buildings. Such structures are characterized by
durability, fire resistanceand soungbroofing and low maintenance codtourenco et al. 1998
Reinforced masonry walls in the United States are typically constructed from hollow concrete units,
with reinforcing steel placed in the unit voids which are subsequently filled with grout (Drysdale et

al. 1999). For seismically age areas, it is common for all the voids in the units to be filled with



grout, resulting in fullygrouted masonry which has a relatively homogeneous macroscopic behavior

similar to that of concrete.

The intensity of earthquake ground motion that a strachay experience during its service
life depends on geographical location (ASCE 2010). Structures located in areas with increased
seismic activity must ensure adequate strength and ductility to satisfy the seismic design demands. In
such areas, RC strucasare usually designess special momemesisting framesr special shear
walls according to thé\Cl 31814 (ACI 2014, while RM wall structures are designed as special
shear walls in accordance with M&JC code (ACI 2011)he design ofpecial momentesisting
frames and shear walgirsues the development of inelastic response mechanisms dominated by
flexural yielding atappropriate locations, such tee baseof shear walls. The response of such
structures depends on the behavior of concrete anfbraing bars at the material level. Under
uniaxial compressive stress states, the concrete develops compressive strains in the direction of the
applied stress, while it has a tendency to expand laterally due to the dilatation effect. By using
closely spaedties in locations where the majority of inelastic deformations would occur, the lateral
expansion of concrete is restrained. The restraint dfdkkeads to the development of confining
pressure in the concrete, which is known to increase bothrémgtt and deformability (ductility)
of the material, and subsequently, improves the overall performance of a member. Consequently, a
RC/RM structuravith a welldetailed lateral load resisting systermibitssignificantdeformability
before collapse, adepicted inFigure 1.1. The collapse of the specific structure was due to

inadequate detailing of gravity load resisting system.

A flexureedominated inelastic response may not be feasibggfmaicolumns andavalls. The
responsef such structures may be dominated by shear cracking, as observed in recent analytical

(Koutromanos and Shing010 and experimental (Ahmadi et al. Z#l and 2015pbresearch.



Additionally, the design of older RC and RM constructias beerdominatedby gravity load
considerations, without appropriate detailing to prevent the occurrence of shear failures under strong
earthquake@Bereset al. 1992Hoffmannet al. 1992Koutromanos et al. 20)1Furthermore, many
RCframebuildings in the less seismicaligtive Central and Eastern United States are designed as
ordinary momentesisting framesThese types of frames have not been detailed with capacity
design principles which ensure that the occurrence of fledom@nated inelastic modes precedes

that ofthe lesgductile, sheadominated modes.

Figurel.1l: Ductile collapse of d-story parking garage at California State University (Northridge
Earthquake 1994)

1.1 Damage patterns and failure modesf RC and RM construction

The response of RC and RM components designed fiiilelvesponse is dominated by
damage and inelastic deformations at specific locations, which are typically located at the ends of
members, such as bearaslumrsand walk. The damage in such cases can be manifested through
loss of cover material, as shown Figure 1.2a, and yielding of the member longitudinal
reinforcement. For relatively large values of earthquiakleced deformations, severe damage can

occur in the form of concrete crushing, rebar buckling and subsequent rebar rupture, as shown in



Figure 1.2b. Rebar rupture igypically the result of lowcycle fatigue andisually follows the

occurrence oinelasticbuckling (Kim and Koutromanos 2016).
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(b) Rebar buckling, concrete crushing and
subsequent rebar ruye

y

(a) Cover spalling

Figurel.2: Damage at the base otalumn, photograph from the work Bghoettleet al. (2012). Under
fair use 2086.

A flexure-dominated inelastic response is not always bound to occur, espedialiy RC
and RM construction. For components not designed with modern standardsndhead failures
are common, wherein damage is manifested through the occurrence of large inclined (diagonal)
cracks. Sheainduced failures entail sudden member strierdgigradation, which is undesirable
because it does not allow significant inelastic deformability in the structural system. Shear failures
may even be inevitable for several types of structural configurations, such-asdmeupled shear

walls (e.g., Almadi et al. 2015a and 2015b).

An example case involving shear failure in an RC wall with occurrence of a large inclined
crack is depicted ifrigure 1.3a. Shear failure is not always associated with inclined cracks. For
examplein very squat walls or walls with very low axial force, flexural cracks, originating from
differentcornes of the wallpane| might intersect during successive cycles of loading and form a
localized horizontal crack that runs over the entire lengtieofall section. This eventually leads to

an inelastic response mode dominated by sliding along the localized horizontal crack. Such localized



sliding can also occur along horizontal construction joints as shofgume 1.3b. Sheairelated
damage patterns may even occur after the development of inelastic flexural deformations in
members. For examplEigurel.3c is taken from a podgéensioned RC wall tested Byakidinget al.
(2014) which losits lateral load capacity due to extensive damage in the web concrete. The damage
shown in the figure occurred after the wall developed significant inelastic deformations associated

with flexure.

(c) Web crushing o posttensioned
shear wall Pakidinget al. 2014)
Under fair use 204

(a) Diagonal shear crac  (b) Sliding at construction joint
(2010 Chile earthquake (1985 Chile earthquake)

Figurel.3: Sheardamagen reinforced concretealls

For members such as columns carrying gravity loads, severe damage can eventually lead to
axial failure, i.e. to inability of a structural component to carry its gravity lodusspecific type of
failure usuallyfollows the occurrence of severe shear damage anélastic flexural deformations.
For instance, the column presented-igure 1.4a lost its axial capacity after the occurrence of
severe skarinduced damage, the eaf-plane buckling of the wall presentedrigurel1.4b is due
to excessive flexural deformation, and the column depictedjurel.4c failed due to severe shear

damage, tieupture, concrete crushing, and finally buckling of longitudinal bars.



(a) Shear damage (2011 (b) Outof-plane buckling (2011  (c) Hoop ruptureX979 Imperial
Christchurch earthquake) Christchurch earthquake). Valley earthquake

Figurel.4: Axial failure in reinforced concrete structures

Experimental testing provides the most reliable means to investigate the damage patterns and
evaluate the performance of RC and RM structures. Different types of experineme been
conducted on smalbr full-scale RC and fulhgrouted RM structuresubjected to quasitatic or
dynamic loadingTheexperimentatesults have been instrumental for the establishment of modern
seismic design guidelines. However, experimerting ismostlylimited either tosmaltscale tests
or to tests of single structural components. Additionally, due to the relatively high cost of
experimentation, parametric experimental investigations are impractical, even if the focus is on a
single ype of structural component. It becomes clear that computational simulation may be the most
appropriate means to systematically evaluate the performance and safety of RC and RM structures.
The reliable determination of the seismic responseR@f structuresobviously requires
computational simulation toolghich can capturtheinelastic behavioof concrete and reinforcing
steel and its effeabn the structural responsBespite the current availability of computational
resources and parallel computing, toenputational simulation of RC and RM structures greatly
relies on tools such as phenomenological bbased models. Such tools are overly simplified and

may not accurately capture important features of the response, such as tsbeatdédxure



interaction in wall members. Based on the above, research for the improvement of simulation

capabilities for RC and RM structures is much needed.
1.2 Objective and scope otlissertation

The present study focuses on the developmieartalytical tools for the analysof RC and
fully grouted RM structureS'wo methods with different level of complexity are examined for the
analysis of RC/RM structures. The accuracy of each modeling technique is evaluated through

validation analyses, using experimental test resulisariterature.

A threedimensional (3D) finite element (FE) analysis scheme is developed for simulating
the damage and failure in flexuand sheadominated RC and RM components subjected to cyclic
lateral loadsAn issue that has limited the use odimensional, continuurbased, finite element
models may be the lack of multiaxial constitutive laws for concrete that can capture the material
response and ensure a robust stress update process. Many studies have identified and described
limitations ofexisting triaxial models for concre(8asani and Kropelnicikd008, Yu et al. 2010,
Deaton 2013, Murcielso 2013. To address this issue, a novel triaxial concrete model is proposed
for concrete and masonry under cyclic multiaxial stress states. Thécaodecurately capture the
crack opening/closing behavior and the increased strength and ductility of confined concrete, while
ensuring numerical robustness and eliminating the possibility for convergence failure in the stress
update algorithm. The mods validated, both at the material level and at the component level,

through the simulation of RC columns and of a béamolumn joint.

To account for important aspects of behavior, such as rebar buckling and rtpture,
proposed triaxial constitutive adel for concrete is combinedth a uniaxial steel material law

developedy Kim and Koutromanos (2016yvhichaccounts for Bauschinger effgueciselyand



can capture the rebar fracture due to-yle fatigueThe reinforcing steel bars are represent

with nonlinear beam elements to explicitly account for buckling of the reinforcement. The strain
penetration effect is also accounted for in the models. The modeling scheme is validated with the
results of experimental tests on RC columns and RC/RMswiadit experienced severe lateral
strength degradation due to rebar buckling, rebar rupture, and shear damage. Specifically, two post
tensioned RC walls and two shetominated squat walls subjected to cyclic loading;shbped

wall under bidirectional gclic loads, a bridge pier subjected to a sequence of ground motions, and a
five-story wall system under a sequence of triaxial ground motions are andlyeedery good
agreement between analytically obtained and experimentally recorded data, in teotis tbe
hysteretic response and the damage pattern, indicates that the pthpeesgichensional analytical
schemeéhas a potential toomplemenexperimental testing programs with sufficient accuracy and

canalsobe used for the validation of simpler tineds.

Additional parametric studies are conducted to examine the effect of viscous damping, to
evaluate the influence of not accounting for strain penetration, to emphasize the importance of
accounting for the effect of increased ductility due to conferdrim analysis of walls and columns,
and to show the capability of the modeling scheme to capture full collapse of structures, without
failure in the stress update process of the material laws. The analyses are supplemented with
calibration guidelines fothe proposed modeling scheme, and a set of sensitivity analyses to
investigate the effect of mesh size and tensile fracture energy for the analysis -afoshizaated
membersA comparison of the efficiency of implicit static solution algorithms and exglynamic
algorithms is also conductel preliminary verification of the capability of the meshl&asioothed
Particle Hydrodynamics (SPH) method, to capture the response af-dbminated RC walls is
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Despite the accuracy of thre@nensional ihite element models, the vast majority of
researchers and practitioners will most probably prefer simplified analysis methods for performance
assessment of RC and RM structures. A simplified analysis method, based on the nonlinear truss
analogy, is develzed and used for the efficient and accurate prediction of-gishaced failures in
RC and RM structures. An algorithm is established to provide the truss geometry, and a
methodology is presented to account for the effect of aggregate interlock ovelirsedisbear
crack. The analysis technique is validated through nonlinear analyses on RC and RM components.
The nonlinear truss analogy is conceptually simple and computationally efficient, because it relies on
uniaxial material laws. Consequently, the noeths wellsuited for researchers and practicing

engineers.

1.3 Outline of dissertation

Chapter 2 presents a review of previous methods for the analytical simulation of reinforced
concrete and masonry structures. Issues associated with existing simplifiefiaed analysis

methods are discussed.

Chapter 3 presents a numerically efficient and algorithmically robust triaxial constitutive
model that can capture stiffness and strength degradation due to tensile cracking and compression
induced crushing. The maig model also accounts for the increased strength and ductility of the

concrete subjected to multiaxial compression due to confining pressure.

Chapter 4 presents the verification of the capability of the proposed triaxial concrete model to
be used in simlations of structural components under cyclic loading. Two reinforced concrete
columns and a reinforced concrete baarnolumn joint are analyzed under prescribed displacement

histories, and the obtained hysteretic response is compared with correspapémgental data. A



parametric investigation is also provided to elucidate the effect of different yield surfaces on the

obtained results, and the impact of confinement on the ductility.

Chapter 5 provides the results of thakmensional finite elemerdnalyses for flexure
dominated RC structural components subjected to cyclic loads. The analyses combine the new
material model for concrete wittuniaxialsteelmodelthatcan account for rebar rupture due todow
cycle fatigue. The explicit integrationteme, which is more suitable femulations of failurer
collapse, is used to circumvent the need for iterations and pretlegeobability of failureo
satisfy the convergence criteaatheglobal solution algorithms that characterizes implicitisoh
schemes. The modeling approach is validated using the results of experimental tests on two post
tensioned RC walls subjected to gustsitic loading, a kshaped RC wall under-blirectional cyclic
loading, and a fulscale RC bridge pier subjectedasequence of ground motions. Additional
parametric studies are conducted to investigate the effects of the viscous damping, the impact of
strain penetration effect, and the importance of accounting for the increased ductility due to
confinement. The effiency of explicit and implicit solvers is compared and the capability of the

analytical models to capture full collapse of components is assessed.

Chapter 6 provides the results of numerical simulations on-sleeainated RC and RM
walls with threedimensonal finite element models. Two singdéory, sheadominated walls under
cyclic loading and a fivstory sheadominated wall system subjected to a sequence of triaxial
ground motions are analyzed. A set of parametric studies are performed to invidstigéiect of
mesh refinement and to elucidate the impact of the tensile fracture energy on the analytical results.
To address the potential difficulties of using contintomsed finite element models for analysis of

shear failure, a preliminary verificgah is conducted for the caplty of the meshless, Smoothed
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ParticleHydrodynamics (SPH) method to capture the global response and damage pattern of shear

dominated RC members under cyclic loading.

Chapter 7 provides a methodology based on the nonlinesranalogy for the analysis of
sheardominated RC/RM structures. A stbg-step procedure to determine the geometry of a truss
model is described. The uniaxial constitutive laws used to represent the concrete and the reinforcing
steel are also descrihel procedure to account for the effect of aggregate interlock on an inclined
shear crack and a simplified equation to calculate the inclination angle of the diagonal elements are

also proposed.

Chapter resents the verification of the capability of ti@nlinear truss modefsr the
analysis osheardominated RC and RM structural componeBisveral aspects of the modeling
technique, such as the mesh size effect and the influence of the inclination angle of the diagonal
elements on the analytical resylare investigated. Additional parametric studies are performed to

elucidate the importance of accounting for the effect of aggregate interlock on the results.

Chapter 9 presents the concluding remarks and provides recommendations for future

research.
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Chapter 2 : Literature Survey

This chapter summarizeariousexistinganalytical techniqueto simulate the behavior of
reinforced concretéRC) and fully grouted reinforced masoniiM) structuresSimulation tools
with different leve$ of sophisticatiorare dscribedandthelimitations associated with eaahalysis
methodare highlighted Additionally, recent effors for capturing the local and global failure of

structurdcomponents in the context of failusenulationare reviewed

The numerical analysis &C/RM structurs is typically conducted with one of the following
analysis methaosl
Lumped plasticity (concentrated plastic hingeambasedmodels

Fibersection (layezd-sectior) beambasednodels

1
1
M Nonlinear tuss models
1

Refinedfinite element models

1 Othe analysis methaglwhich cannot be classified in one of the above categories.
Each of the aforementioned metBedth its applicability range is discussed briefly in the

following sections, and somelevantstudies oranalysis of RC/RM structures acited.
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2.1 Lumped plasticity beambasedmodels

The simplest type ahodelinguses beam elements to represent structural composiectts,
aswallsor columns(Otani and Sozen 1972, Lybas and Sozen 13&/3hownin Figure2.1a, he
inelastic behavior is captured through the additielastoplastic componesih parallelwith elastic
elemens (Clough et al. 1965) or by using rotational springs to represent the plastic hinges at the ends
of a beam elemer{Giberson 196) A plastic hingecan bedefinedas the region of thelement
wherethe majority of inelastic flexural deformation occuf$ie plastic hinge momeibtation
diagram is usually obtained froamomentcurvature diagram like the one showrfFigure2.1b.
Transition points on the momecurvature diagram correspotaldifferent stagsof damage, e.g.
cracking of the concret®].,, yielding of reinforcement,, ultimate strength\l,, and the residual
moment M,. The postpeak feature enables modgiof thestrainsoftening behavior associated
with concrete crushing, rebar buckling andtuse, or bond failure (Ibarra et 2005, Haselton and

Deierlein 2007).

AN
Moment
*
Elastic M,
elements M,
Plastic hinge
\ Elastoplastic  ¢¢ springs
component i,
\\\\ 1 ;
Shear springs Per @y Pu @, Curvature
(a) Analytical model (b) Plastic hinge properties

Figure2.1: Lumped plasticity beam models andypital momenicurvaturediagram

Lybas and Sozen (1977) used beaasedmodels to obtain the response of coupled walls

with a multi-stage linear analysis. The different levels of damage irbé&aen elements were
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accounted for by momerurvature diagrams which had been obtained from sectional esalys
Takayanagi andGchnobrich(1977) introduced a way to include the shear inelasticity in beam
elements by multiplying the elastic shear stiffnddb®beam with a reduction facteglculated as

the ratio of secantinelastic stiffnessover elastic flexural stiffnes€Enhancements have been
gradually introduced to beam models to account for the stiffness degradation (Brancaleoni et al.
1983), axiaload effects (Keshavarzian and Schnobrich 1985, Saatcioglu et al. 1987) arslipond

(Roufaiel and Meyer 1987)

The lumped plasticity models are also useditoulate the progressivenllapseof RC
structuressubjected tahotional column removaln this method, one or more gravity resisting
members, e.cacolumn orawall, will be removed from the analysis, and the rest of the structure
will be analyzed under amplified vertical forcBy.such an approagthe capabilityf thedamaged
structurein providing alternative load pathndredistribuing the applied external forces can be

examined

TsaiandLin (2008)utilized thecommerciaprogram SAP200QCSI 2000)to evaluate the
vulnerabilityof an earthquakeesistant RC buildinggainsprogressive collase They followed the
procedure recommended by th&S General Service Administratiqi@GSA 2000) for collapse
assessment basedlorear static analysjsndcompared theesultswith nonlinear analysig<okot
et al. (2012) performed linear and nonline@tis and dynamic analysis on a fidab RC frame
building which survived after intentional destruction of it&o central columnsduring the
experiment. In botiworks the nonlinearity was introduced to the models by mefpiastic hings
atboth endof beam elementsnd adrop toaresidual momentyl,, was assumeith the moment

curvature diagrarto representhe element failure
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Haselton and Deierlei(R007) used lumped plasticity beabmsed models to assess the
seismic collapse safety of modern desid RC structures. To account for the cyclic deterioration of
components, the hysteretic model of Ibarra et2009 wasemployed. The specific hysteretic
model captures four basic modes of cyclic deterioration, including strength deterioration of the
inelastic strairhardening branch, strength deterioration of the-pesk strairsoftening branch,
accelerated reloading stiffness deterioration, and unloading stiffness deteriofigure 2.2
schematically presentise backbaoe curve and the hysteretic response of the model by Ibarra et al.
(2005. Such models need to bealibratel from experimental dataSpecifically, the hinge
parameters are so determined that the analytical model can provide optimal fit to the results of
experimental testsStill, manual adjustmentgerequired tambtain the best possilkdgreement with

experimentafesults.

Monotonic

Normalized Moment (M/My)

y ecap Chord Rotation

Chord Rotation (radians)
(a) Monotonic backbone curve (b) Cyclic response

Figure2.2: Hysteretic law by Ibarra et al. (2005), used for the mormatation response of plastic hinges

in beam models bijaselton and Deierlei(2007). Under fair use 2016.

Previous research on RC structures has mainly usetpienological hinge models, where
the axiatflexural interaction is not reliably and rigorously accountedlfal and Ozme2006. A

fiber-section formulationNMahin and Bertero 193 %®an be usdin the hinge regionso capture the
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axiakflexuralinteraction and the inelasticity ofmembeiat the sectional levedh this approach, the
cross section of a beam element is discretized either in both directionss@den) or in one
direction (layeed-section) as shown frigure2.3. Each fiber/layer is assigned appropriate cross
sectional area andumiaxialconstitutive lawfor the steel and concrete matesidlheaxial stress of
each fiber/layer isalculated by evaluating the strestsin relatiomat each gauss poitong the
beam longitudinal axisand thenmultiplied by the fiber areaand eccentricityto find the
correspondin@xial forceand momenacting oneach fiber The total axial force and momeatthe

sectionis obtained by integrating the axial force andmeat ofall fiberslayers.

Stress
A
Gauss point along beaaxis j]:u
(distributed plasticity) or at end Y
' regions (lumped plasticity)
-— ~_
Layere < —
section / & e
,\ k Stress Steel material
° ° 4 Q) » f,
N e |o conf
Fiber f
section Y N
e o e il
e o o
Structural Idealized onalimensional s >
member beam element 0 "c0 strain

Concrete material

Figure2.3: Typicalfiber-sectionbeam model for the analysis of RC/RM structures

A forcebasedbeam element with end plastiinges (Scott and Fenves 2006), whish
currently available ithe opersource, objeebriented, finiteelement progran@penSees (McKenna
et al. 200), allows inelastic deformations to occur only at the element end regions and thus can be
thought of as a lumpeplasticity element. The length of the inelastic regions in the element is

defined by the userhe major disadvantage of the lumped plasticity béased models compared
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to the distributed plasticity beabased models is th#te length ofthe plastic hinge should be

assumed before conducting any analysis.
2.2 Distributed plasticity beam-based models

Beamformulations with distributed plasticity, using a layarfibersection model and either
a displacemenrbased (e.g., Kaba and Mahin 1984) or febesed (Zeris and Mahin 1989,
Neuenhofer and Filippou 1997) formulation have also been estabksitedbased beam elements
stronglysatisfy thedifferential equations oéquilibrium and are very popular in structural analysis
involving earthquake loading-he advantage of distributed plasticity beam elements is that they

eliminate the need to estimate a fitakinge length for each member.

Several efforts (Guedes et al. 1994, Ranzo and Petrangeli R88&ngeli et al. 1999
Martinelli 2009 have modified or enhancelistributed plasticityppeam models to account for the
effect of shear deformations, throutite addition of appropriate springs or bging enhanced
element formulatios More recently, Elwood (2004) presented@delingapproactior the aalysis
of shear failures in R€olumns Essentiallypeambased models/ere combinedavith nonlinear
sheaisprings to capture the strength and stiffness degradation associated with shear damage and also
the sheaflexure interactionas shown ifFigure2.1a. The properties oftgh springs typically rely
on empirical equations which pride estimates of the lateral deformations at which shear failure
will occur (Elwoodand Moehle 2005afExpressions have also been proposed to capture the effect of
shear damage on the occurrence of column axial fdlimeoodand Moehle 2005bylefined a the
inability of a column to carry its gravity loads due to the shear damage and pertinent geometric

nonlinearity effects
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The model by Elwood2004)was used by Elwood and Moeh(2008)to capture the
response o threecolumn shaketable RC framepecimen for which the middle column incurred
shear failure. The analysis provided satisfactory estimates of the response of the specimen until the
occurrence of shear failure, after which point the lateral displacements were underestimated.
Leborgne and Ghammum (2013) have shown that their model can capture the results of various
guaststatic experimental tests on sheaminated columns; despite the establishment of algorithms
to calibrate the model from experimental data, manual adjustments may stjubvede¢o achieve
the best possible agreement with experimental redudt®rgne2012) Additionally, the physical
meaning of several parameters in the model, affecting the hysteretic behavior and strength
degradation with repeated loading, is somewhatote, since it cannot be directly related to the

mechanical behavior. The same applies for the nfod®lulated by Elwood and Moehle (2005a)

Mostafaei and Kabeyasa\{#007) added an axishear spring to a displacemdzatsed beam
elemenwith fiber-sectonmodel. Several simplifying assumptions were made to establish coupling
equations for the parts of the model descriliimgaxiatishear and the flexwghearinteractions
First, the axial strain in the two springs was taken equal to the axial strainezbfrom the
interpolation functions of the beam element. Second, the shear coupling was introduced by
stipulating that the shear stress is constant over a cross section and that the shear force satisfies
equilibrium with the element end moments. Thehmdtwas shown to provide good estimates of the
envelope curve of cyclic tests on shdaminated columns and has not been shown to provide

accurate results for cyclic analyses.

Koutromanos and Shing (2010) uskstributed plasticitpeam elements with der-section
to assess the collapse probability of a set of protoRewall buildings designed according to

modern standards. The shear deformability of the walls was captured through the addition of
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horizontal springsto the beam models. The study cam#d that there is much room for
improvement in the analytical modeling methods, especially forrissvwalls, in which a plane
section assumption may not be accurate. Furthermore, the modeling of walls with openings was

identified as a major challenge.

Mullapudi and Ayoul§2010)used forcebased beam elements and formulated a-Bbetion
model accounting for the biaxial stresisain behavior of concrete and for the existence of transverse
reinforcement. The transverse strain was an additional paraméteranalytical solutiorwhich
was calculated at the sections of each element during the determination of the internal force vector.
The planestress constitutiviaw used in the formulation was a coaxial rotatargckmode]| which
could also accounbf thebiaxial compression and for the reduction of compressive strength due to
transverse tension. The model was used for the simulation of asfiatésiand a dynamic shake
table test of sheatominated column specimens. The validation analyses wedacted for the pre
peak response of shedmminatedcolumns and no resultzave beerpresented to demonstrate

capabilityof the methodo capture the strength degradation associated with shear failure.

The fibersectionrbeambase modelswith simplified stain-based failure criteriarewidely
used in progressive collapse simulatimnRC structuresin this method failure of structural
componentss captured through definition strainlimits accountindor different types of damage,
like rebar ruptureflackling and confined/unconfined concrete crushifige failed fibers are then
deactivated oassigneaero strength, anfthally, the element is fully removed from the analysis if

all of its fibeis have been deactivated

Talaat andMosalam(2008) conducted research oprogressiveollapse simulation of RC
frame structures under different loading scenarios including-gGtetss and dynamic excitations.

The element removal technique was implemented in Open8e&&naet al. 2000) They have
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modified prewusly established uniaxial constitutive laws f@inforcing steel and concrete
materiab, anddefined a straibased threshold to capture rebar bucklingarrenet al. (2011)
investigatedhe behavior ot plarar RC frame structuren the cont&t of progressive collapse.
Simplified bilinear uniaxial material laws were usedepresent concrete and reinforcing steel, and
a tensile strain threshold watefinedto limit the stress in reinforcemeand captureghe rebar

rupture

Sagiroglu andsasani(2013 evaluated the responsea$evenstory RC frame building
subjected tasingle column removalo emphasize the importance of catgmaction offered by the
beamdridging the removed columfihe fibersectionbeambased model, exists in themmercial
finite element programs, SAP2000SI 2000)and PerformCollapse(CSI 200&), was usedThe
core concretgvasrepresentedith a uniaxial material law that can account for confinement effect
(Mander et al. 1988) anthe reinforcing steelbarswere assiged a material law capable of

accounting forrebarbuckling(Urmson and Mande2012).

Lu et al. (2013) usetthefinite elementanalysisoftware, MARQMSC 2005) to analyzea
framecore tubereinforcedconcrete high-rise, building subjected earthquakeading. A fiber-
sectionbeamformulation with uniaxial material laws for concrete (Légeron et al. 2005, Mander et
al. 1988) andeinforcingsteel(Jiang et al. 2005), was used to simuliiebeams and columns,
while simple layeedshell elements were empited to represent the shear wallie material
models were calibrated by conducting analf@istructural components, and the resudte used to
propose a set @gimple straiAbased dteria to include failure modes associated with rebar rupture,
rebarbuckling and concrete crushinghe methodologywhich also accounted for themllision
between different structural parts; means onappropriate contact algorithm, wéeenused to

simulate the collapse diie building and toidentify the critical menbers forcollapseinitiation.
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Fiber-section beanased modslarea cost efficient computational tool to analyze the RC
and RM structures, btiteyalsohavesome limitations. The method relies on uniaxial material law,
and therefore cannot capture thextral behavior of concrete materiatcurately The increased
ductility and strength, offered by modern RC structures, can only be estimated using simplified
designoriented equations in whickhe compressive strength of confined condsetelated onjtto
the transverse reinforcement propert@sount,and configuratior(e.g. Mander et al. 1988). In
reality, the strength of the confined concrete dependsi@nevel of confining pressure which
changesacrossthe section o flexurally loaded membeMoreover,explicitly capturing failure
modessuch agie ruptureis not possible, anthanydamage mechanispsuch as longitudinal rebar
buckling and ruptureganonly be consideredn a simplified fashionFinally, modeling of shear
damage is donasing shear springs whose property and location require judgmentvaode
accuracy is inherently limitediven the limitations of beatbhased models analysis of RC/RM

structuresa number of alternative modeling approadiese been developed and used fohasm

2.3 Nonlinear truss modds

Thenonlinear truss moddtiealizes &RC column ora RM wall as an assemblage tofiss
cells, each includdsorizontal, vertical and diagonal truss elemerite vertical elements are mainly
intended to capture the axixural response of the wall, while the diagonal elements capture the
inclined compressive field developed due to the combined effect of axial force, shear force and
bending moment in the membergcchio and Collins 1996 A schematic view of the truss

represatation of a RC column is depictedkigure2.4.
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Figure2.4: Truss representation of a RC column

The truss analogy for reinforced concrete has originated in th& wfoRitter and later
Morschin theearly 1900¢Ramirez et al1l998and Mazars &dl. 2003. They have postulated that a
diagonallycracked beam can lsemulatedoy a setof parallel chord truss elemeamonnected with
compressivediagonal memberinclined at an angle of 45 degree with respect ® llkam
longitudinal axis The methodlmgy andgeometryof the truss model was built upon by others and

gradually became a welinown approach to estimate the shear strength of RC members.

Vallenas et al. (1979) haextended the truss modeling approach to a nonlinear analytical
tool to invesigate the shear deformationamulti-story building under monotonioading.Shear
walls at each story were represented using a single truss cell, and theectassal properties of
each truss element was obtained using tributary area of each eleimashi (1984 )nvestigated
the hyseretic behavior of flexurdominatedshear walls by means of nonlinear truss models. Similar
to the work byVallenas et al. (1979single truss cells per story were used, and for the sake of
simplicity, all elements»xept the tensile and diagonal chords of the first story were assuiped to

perfectly rigid
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Schlaichet al. (1987usedhe concpt of truss models to develop design guidelines based on
strutandtie models Hsu (1996) distinguished the definition of thess and strdandtie models,
andintegrated existing rotation theories to develop rotaimgle softened truss model (FSTM).

Taghdi et al. (2000) employed standtie models to estimate the monotonic envelope curves of
retrofitted masnory and conagte lowrise walls Thestrutandtie modelsare a design tool, and are
unable to capture hysteretic response of the structural member under cyclic loading. More works and
the historical development of the truss models can be found in a refoeA8CEACI committee

445(1998).

Mazars et al. (2002) introducedtrussbased method, termebe equivalent reinforced
concrete (ERC) modgb examine the behavior of shear wallse wall panedwere modeled using
multiple truss cells per story, each cell uimtihg horizontal, vertical, and diagomdémentssimilar
totheFigure2.4. The model was, essentially, an adaptation of the framework by Hreni841,
whereelasticproperties ofruss latticeelements were replaced byntioear constitutive lawd ater,

Miki and Niwa (2004) proposed a thrdenensional lattice model to capture the tansioand
biaxial responsef reinforced concrete components. Truss members in conjunction with arch

elements were used to represent shesisting mechanism of RC columns.

Park and Eom (200Wsed a trusbased modeling approach where the employed material
laws could account foeffects of confinement, rebar buckling and ruptdree truss elements
geometrywasupdated by addingon-paralld diagonal elements, fatype elements; anthodified
compression field theo§MCFT) byVecchio and Colling1986) wasised to express the effect of
transverse tension on the compressive strength of the diagonal eleiietsnt case studies,
includingabeamacolumn andasheamall, wereinvestigatedinda goodagreement asreported

betweenthe analytically obtained and experimentally recordgdteretic responsef the
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componentsAdditionally, a sensitivity analysis was conducted to demonstateffect ofthe
configuration anéngleof the diagonal elements on the accuracy of the obtained rédthtsugh
theapproach oPark and Eom (200 Has beershown to be capable of predicting the behavior of
structural componentghe employed geometris somehow complicated and cumbersome,

potentially limiting the applicability and efficiency of this method.

Panagiotou et a(2012 usednonlinear truss modegto capture the hysteretic response and
the failure modes of shedominatedRC walls.Contrasing to the work byPark and Eom (2007)
the truss modddy Panagiotou et a(2012 employeda parallel chord configuratiowith identical
material properties for all the horizontal elements, all the vertical elements and all the diagonal
elementsA uniaxial material law was proposed for concrete ttonstitutivelaw by Dodd and
Restrepq1995 wasused for steeto account foryielding, strain hardening arttle Bauschinger
effect @odd andRestrepol995. The modified compression field theowas usal to define a
strengthreduction factor, accounting for the effect of tensile transverse strain on compressive
strength of diagonal elementhe tensile transverse strain of diagonal elements was measured using
a fictitious strain gage elemefithe mesksize sendivity of the model vasexamined, and proper

equations were proposedrigulariaze the softening response of the material law for concrete.

Lu and Panagioto(2013 expanded theussmodelof Panagiotou et a{2012 to capture
thetriaxial respnse of a sheawall structure They used beam elements to model theobyiane
flexural behavior of the walls, while the truasalogyby Panagiotou et a{2012 wasused to
capture the irplane respons@he provded analytical results were closly rolad the experimental
observations, in terms of batiehysteretic response attte damage patterbater, Lu et al. (2014
used thdeamtruss model (BTM) for the analysis of RC wall specimens under static and dynamic

loadings Equationswereproposed tealculatethe inclination angle of diagonal elements, and the
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computation of transverse strauas improvedy usingthestraindisplacementelationof general
four-nodequadrilateral elementUsing beam elements the boundary regions of the mode)s
prevents sliding typshearfailure,ii) introducesadditional complexity in terms ofie definition of

beam popertiesand finallyiii ) increaseshe computational cosinnecessarily

Compared to beatbased modelsionlinear truss modeprovidea poweful tool to capture
shear damagand axialsheasflexure interactionin analysis of RC/RM structural components
Additionally, the calibration of the material parametesgrigightforwardand only relies on material
test dataHowever, he accuracy of theethod to predidhe flexural capacity of a membagpends
on the number of vertical elements used to repremeattual structural component. In fatite

vertical elementsan be considered as tlagersof the layered-sectionbeambased model

2.4 Finite elementmodels

The most refined analysis methochnalyze the behavior of R structural components
is based onanlinear finite elemenFE) models. In this approach, the actual structure is represented
by discretizing its componesinto a mesh of ementsas depicted ifrigure2.5. Two-dimensional
elements witlplanestresgormulation orthreedimensionakolid elements areommonly used to
represent the concreféhe reinforcing steel bars am@odeled either explicitly i.e. with truss or
beam elementxr as smearedeinforcementinto concrete elemestSlip can also be modeled
explicitly by means ofsprings orcontact interfaceslemens or implicitly, by modifying the

constitutive law of reinforcing steel material.
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Figure2.5: Finite element discretization

A major challenge for finite element analysis is the development of an appropriate
constitutive law to capture the nonlinear behavior of concrete material accurately. Two main
methods are used to account for the temsdeking of the concrete, namely discreted smeared
crack models. In the discreteack model, the crack opens with separation of elements and,
consequently, nodes. Remeshing techniques or using interface elements are necessary to analyze the
cracked RGnembers. In smearedtack models, cracking occurs within elements and the response
would be handled by constitutive law. Damagaigsticity models can be considered as smeenack

models.

Scordelisand Ngo(1967) used the discretegack models to analyzRC deedeam The
craclswere initiated and propagated based on principal tensile strasdasautomatic remeshing
technique was used tpdate theneshand account for crack propagatiétashid(1968) used the
smeareetcrackmodelto simulatea presure vessaliscretized by triangular plarstress elements.
The steel material as assumecklasticperfectly plastic, whilea Von-Mises criterionwith an

associativdlow rule wasused to represetite concrete material.
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Yuzugullu and Schnobrich (19788d two-dimensionatriangularelements witlplane
stresdormulationto analyze a reinforced concrete sheall panel, a deep beam and a wiedime
systemLater,Suidan an&chnobrici{1973) have useatireedimensiongltwenty-node hexahedral
solid elenentin the analysis od RC beansubjected to monotonic loadinghereinforcing bas
were smeared into concretgh elasticperfectly plastic constitutive lawvhile the response of the
concrete was representedddyon-Mises yield criterion, and stran-based threshold to account for

crushing

B a g a nlin (E088) have proposealnonlocal smearedrackmodelto reflect the size
effect observed in the failure of brittle matesialheyusedboth fixed and rotatingmeareetrack
approachg and have shown that theoposedionlocalmodel can preskly capture the size effect
law established bagantandOh (1984. Orthogonal and slanted meshes were used it was

shownthatthey yield toasimilar crackingzones and cragiatterrs.

Vecchio(1989)used the secant stiffness to establish a simlegdure where the linear
elastic formulation can be modified to conduct a nonlinear finite element arfiatyssmbrane RC
componentsRebarsvere smeared into concrete and assigmedasticperfectly plastic constitutive
law. Concrete was modeled ugiquadrilateral elemesiwith planestress formulatiorgndassigned
a realistianaterialmodelemployingthe modified compression field thedsy Vecchioand Collins
(1986).Goodagreement was obtained between analytical results and experimental assamdt
the method was identified as efficienttool forthe analysis ainembrane RC structures, subjected
to monotonic loading Additionally, it has beertoncludedthatin formulation of nonlinear FE
problems the definition ofconcreteconstitutivelaw is more criticalthan implementing complex

element formulation or solution procedure.
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Reinforced masonry structurdgve also been simulatedvith finite element models
Analyses have been conducteddtuctures subjected bmthmonotonic Seibleet d. 19903 and
cyclic (Seibleet al. 1990b)lateral loadsLotfi and Shing (1991¢valuated the capability dhe
smeareecrackmodels to predict the lateral strength of reinforced masonry wall panels subjected to
in-plane axial and lateral loading&e urcracked concrete was represented by J2 plastate]
while the cracking was accounted for ingluding softeningin the tensile response obncrete
material.Good results were obtained for flexutominated RM wall specimenwhile theyhave
observedhestress lockn phenomenogaused byontinuumbased elements theanalysis of a
sheardominated RM wallLater, Lotfi and Shing {994 have proposed an interface elemnt
describe the behavior of mortar joints andapture theesponsef unreinforcedmasonrypanes.
The interface element formulation was furtleahanced byecomposingnterface displacement
componerd into an elastic part,@astic part to represent cragiening, sliding, and compaction,

and a geometric part ®mulate rever$ile shear dilatatio(Mehrabi and Shin@997)

Finite elementnodels have also been used for analysis of RC structures subjected to cyclic
loadings. Several studies have used-tlvoensional models with plarsress formulationso
analyzeRC membergKwanand Billington2001, Palermo and Vecch2004 Kim et al. 2003 and
evenamore complex system suchiaslled RC frame (Koutromanos et al. 2Q1Koutromanos and
Shing(2012 have proposed a cohesigmck interface element to capttine response of Rand
RM structures under seismic loadifidne model was formulated for plasgess conditiaswith the
hyperbolic yield criterion of Lotfi and Shind.994) to represent the interface elememsponse.

Truss elements withuniaxial elastoplasticonstititive law were usetb modelthe reinforcing bars.

Very good results were obtainéat sheardominated structuralomponentshowever,since the
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model canno&ccount for concrete triaxiality, it is inappropriate for the simulation of RC structures

with high level of confinement.

Ahmadi et al. 2015 conducted nonlinear dynamic finite element analysesvioshear
dominatedRM wall specimensThe models usedraplified layeredshell elemergwith smeared
reinforcementavailable in the commercial prograRERFORM3D (CSI 2006b)Each layer of the
shell element was assigned a trilinear uniaxial constitutive law to represent masonry and reinforcing
steel materialAlthough teir analyses provided excellent estimates of the performance of the
structure at eayl stages of damage, it dindt capture the strength and stiffness degradation caused

by severe shear cracking.

Recent studies have adopted thdegaensional, continuurbased~E models to investigate
the behavior of RC components under impstiirfay et al.2007,Lin et al. 2014 and monotonic
loading Grassl andlirasek2006, Zhenget al. 2009. Murray et al. (2007)proposed a concrete
constitutive law mainly for impact loading, and usedfihiée element program, L®YNA (LSTC
2007) to evaluate the apiphbility of thematerialmodel in simulation of vehicle that collides with
roadside safety structure. The matenadelhasbeen formulated witla single scalar damage
parametein tension and compression. Therefagexplained in Sectidhl, such models can only

be used for structures under monotonic and impact loadings.

Different structural components have been considered, including reinforced or fiber
reinforced concrete column&fassl andirasek?2006,Tenget al. 2015), frame®B@oet al. 2012,
Sasanet al. 201}, precast bearto-column connections@ya andArslan2009, slabs Thiagarajan
et al. 2015)posttensioned bridge girders (GarZf)15, composite bridge deck8&rth and Wu
2006 Chung andotelino2006), and hybrid moméemesisting frame systems (Noguchi and Uchida

2009). These studies have validated the capability of FE models to capture the monotonic force
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displacement response of RC componetsyever, less attention was paid for analysis of RC

structures under cyclioading.

A few studies have also employed thBmensional FE models for the analysis of shear
walls (Faria et al. 2004, Spiliopoulos and Lykidis 2006) and beacolumn connections
(Eligehausen et al. 2006, Hawileh et al. 2010, and Deaton 2013)ayulierloading.Fariaet al.

(2004) have used a simplified version of the material modEbbet al. (1998) to investigate the
seismic behavior of an arch dam and to reproduce the hysteric response okaamsikstory RC
shearwall subjected tbase excitation. The analytical results satisfactorily matched the experimental
observation; however, the fact that the material model does not allow any irreversible strain to form,

may render the model inappropriate for cyclic loading.

Spiliopoulos and ikidis (2006) modified the smearedack model by Kotsovos and
Spiliopoulos (1998)and used it imelatively simple threglimensional finite element models to
capture the hysteretic response and damage patterns of RC structures under cyclic loading. The
analysiswas performed on a RC shewall subjected to quasitaticcyclic loading and a tw«story
frame structure subjected to a sequence of ground motions. The analyses satisfactorily captured the
peak lateral strength of the specimens, but they diccoatately capture the hysteretic response and
energy dissipation. Additionally, all of the analyses permanently terminated due to failure to satisfy

the convergence criteria.

Eligehausen et al. (2006) used the microplane modeldpy o | Kio g4200d) to simulate
a RC beanto-column joint subjected to quasiatic monotonic and cyclic loading. The
reinforcement was modeled with truss elements with a simplified, trilinear -stragscurve. The
bondslip response of the reinftgment was explicitly accounted for using appropriate elements. It

has been shown that the continuum model can potentially capture severe shear failure including the
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formation of a large diagonal shear cracks; however, the analytically obtained streisjiffreess

degradation were more than those obsé in the experimental tests.

Hawileh et al. (2010) developed a thidienensional finite element modealsing the
commercial finite element program, ANSYSSC 2009, to study the response and predict the
behavior of a precast beamcolumn connection which was experimentally tested under cyclic
loads. In the analytical model, the longitudinal reinforcing bars andt@asioning strands were
modeled using hexahedral solid elements while other rebarsepeesented by link elementhe
concrete was modelday hexahedrabkolid elementsssignedhe yield criterion ofWillam and
Warnke (1975)Besides the fact that the experimental data weregosessed to better match the
analytical results, i.e. tom&ove the effect of hydraulic jack relaxation during the load reversal from
the experimental data, the methodology involved other simplifications. For example, the concrete
crushing was turned off due to numerical difficulties and the rebar rupture wascoointed for,

while the actual specimen failed due to rebar rupture.

Deaton (2013) developed thrdanensional finite element models in the commercial
software DIANA (TNO DIANA 2011) to numerically examine the nonlinear behavioa eét of
beamto-column joints representing old constructidine concrete was modeled using the triaxial
material law by Selby and Vecchio (1997) and the behavior of the steel was described with the
uniaxial law by Filippou et al. (1983). The model was validated using tbéged experimental
tests on bearto-column connectiongsood agreement between analytically obtained hysteretic
response and experimentally recorded data was observed. However, similar to the work by Faria et
al. (2004), the adopted concrete material ed@@nnot account for the formation of plastic strain,

and therefore, it may be inappropriate for capturing the hysteretic response and energy dissipation.
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The issue associate with the triaxial material model by Selby and Vecchio (1997) is discussed in

Secdion 3.1

Finite elemeninodels have also been used in the contextogfrpssive collapse simulations,
whereone or more gravity resisting members will be removed from the analysis, and the rest of the
structure will be analyzed under amplified vertical &m&asanet al. (2011used the commercial
finite element program, DIANA (DIANA NO 2011), to examinéhe effect of rebar fracture on
overall response of a planar teay RC frame structure. The concrete and longitudinal
reinforcement were modeleglith twenty-node hexahedral solid elementahile theties were
modeledwith truss elementembedded ithe concreteTheyattempted using a material law with
DruckerPragetypeyield criterion for the concretd@his law encountered convergence problems for
stress states in which a crack was open in one direction thki®ncrete was softeniimgthe other
direction(SasanandKropelnicki 2008, Yu et al. 2010)Accordingly, a simpler material model
based orthe uniaxial constitutive law by Mander et al. (B)8was combined with aotating
smeareetcrackmodeland used to describe the stresgin relationship of the confined core concrete
material The useof such a simplified material laimherently limitsthe accuracy of the model for
the analysis of moreomplicated structures or structures subjected to complex loading scenarios.
Additionally, the methodology to consider rebar rupture was based on analysis repetition, which

introduces additional unnecessarydmnto the computational cost FE simulation

Kwasniewski(2010) simulated the progressive collapse of eightstory, steelframe,
building, usingthecommercial softward S-DYNA (LSTC 2007) The steel material was modeled
based on VoiMises yield criterionwhile theKaragoziarandCase (K& C) corcretemodel (Schwer

andMalvar2005)was used to represent the concrete slabs. As explained in Settibe specific
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material modeis originally developed for blast simulatiatierefor it is not appropriate for cases

involving cyclic loads

Given the issues pertaining to availafleltiaxial concrete models (agplained bysasani
and Kropelnicki2008, Yu et al. 2010, Deaton 2013, MurBlelso 2013 Moharrami and
Koutromanos 2016pnddue to the lack adiccounting for seererebardamagee.g.rebar buckling
and rupture, the research community does not have the capability for reliablalithe@sional
finite element analysis of damage and failure in RC structures under earthquake Tdelprgsent
study is aimed toddress this need through the formulation and validation of a finite element

modeling scheme.
2.5 Other analysis methods

Several studies have also established and used modetytwat either phenomenological
force-displacementelations assigned to discregpring elements or use homogenizatairthe
material levelLuccioni et al. (2004) usethe programAUTODYN (CSC 20090 simulate the
impact of blast loading and subsequent collapseR& frame buildingHexahedral solid elements
with homogenized matial properties were used to model RC framesiafilted masonry wallsA
set of simple tension cubff criteria were defined to remove the element from the analysis
accounting for the damage due to crackifigey claimed, without angupporting datatha the
homogenized material parameterse obtained by comparing detail@od simplified modeling of a
columnlocated in the first story of the building. The work itself was a si&tbe-art in terms of
modeling the actual event and visualizing the arcily obtaineddamage pattern andebris
distribution However at least a displacement history recofé structural componed deemed

necessary to judge the accuracy of suciels
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Li and Li (2004) enhancethe multi-verticatline-element model (MEM), previously
established bitabeyasawat al.(1983 andgradually improved andsed by othersdulcanoet al.
1988 Ghobarah andoussefl999 Linde 1993Chen and Qia2002. As depicted irFigure2.6a,
the method usefive vertical springso acount for the flexural respons@d five shear springe
include the shear deformatiohwo constitutive models for the concrete and reinforcing steel were
coupled in parallel and used for theal springs. The shear springssed an empirical constitutive
law that was calibrated by meansaxfperiments onine reinforced concrete walls.addition to the
inherentinability of such modeling approach to predict the deformation and damage patern of

actual structure, the analytical results werdy provided for monotonic loading

Lowes and Altoontash (2003) developed-aotle, 12degreeof-freedom macroelement
aimed to capture the shear response of the joint panel and thslipdtect of the reinformg
steel.Improvements to the model were made by Mitra and Lowes (2007), while Anderson et al.
(2008) developed a cyclic shear strsgsain law for joints with no transverse reinforcement which
can be used in the macroelement by Lowes and AltoontasB)(&0&imulations of nowluctile RC

framestructures.

Baoet al. (2008)mplemented the macromodel bgwesand Altoontasif2003 in the finite
element program, OpenSed&écKennaet al. 2000), to simulate the response béamto-column
connection subjeed to a monotonic loadin@orotational forcedased beam elements with fiber
discretization were used to mode¢beansand columns while theint regionwasrepresented by
themacromodebf Lowesand Altoontast{2003 thataccouns for the shear defamation and bar
pullout.As depicted irFigure2.6b, the model combirsthree different types of spring$rotational
springs to account for joint shear deformatiorshear springs to account for shear deformation and

possible slidingitthe beamgoint interface and iii) a set of springa seiesto account for flexural
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response and bond deterioratidippropriate niaxial material laws were used ftreconcrete and
steelfibers, and groceduravasproposedo calibrate the properties of each sprifige modelvas
calibratedbased on theeallts obtained fronthreedimensionahonlineaFE analysi®n a beanto-

column joint and then wsusedto simulate therogressiveollapse o multi-storyRC building.

Calio et al. (2012) proposed a discrete element model to capture-pienia behavioof
unreinforced masonry structures. The model was based on the concept ofeleamnt
discretization in which the wall was idealized as an assemblage of-alaanents interacting with
each other by means of boundary springs. As depict&tgure 2.6¢c, the basic macrelement
consists of four rigid edges, with hinged connections, forming a rectangle. Two diagonal springs
govern the shear behavior while the flexural and sliding response and also the interaction between
adjacent macrelements arecaptured by adding distributed springs around the articulated
quadrilateral elementalioet al. (2012) validated the proposed model for an unreinforced masonry
wall system subjected to a cyclic loading. While the presented crack patterns fairly resémbled
observed damage of the actual experiment, the provided hysteretic response did not capture the

experimentally recorded foradisplacement curve, especially in terms of energy dissipation.

Guet al. (2014) proposed the use of discrete element metied ) model RC frame
structures subjected to earthquake or blast loading. In this approach, rigid cubic elements are
connected with zertength springs, as depictedrigure2.6d. Uniaxial, multilinear, hysteretic laws
were asgned to springs representing concrete and steel materials, and a set of failure criteria were
defined to account for the damage. The analytically obtained displacement histories and the damage
patterns were compared with the test results. Although goeemgnt was reported in predicting
the failure modes, the provided analytical displacement history matched the recorded data only at the

initial stage of loading.
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In the aforementioned modeling techniques, the material behavior is defined using simplified
uniaxial relations that rely on empirical equations. Thus, the accuracy of such methods is inherently
limited. The nonlinear truss analogy can capture the shear damage and tishea¢dxure
interaction more accurately, while relying on conceptuatlypte uniaxial stresstrain laws for

concrete and reinforcing steel.
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Chapter 3 : Triaxial Constitutive Model for Concrete under Cyclic Loading

This chapteprovides the formulation of a newaterial model fothe analysis of concrete
under multiaxial, cyclic loading conditiorigssentially, a elastoplastic formulation, having a ron
associative flow rule to capture compressittminated behavior, is combined with a rotating
smeareetrack model to capture then@ondominatedesponseTlhe proposed formulation resolves
the issues which exist in many available concrete material models, related to properly capturing the
crack opening and closing behavior and accounting for the effect of confinement on the atréngth
ductility under compressiedominated stress stat@$e accuracy of the model is validatadhe
material level by performing finite element analysis for simple models subjected to a variety of

loading scenarios.

It is important to not¢hat, despé many available triaxial concrete models which commonly
require a large number of material parameters to be calibrated, the calibration of the proposed

material model is straight forward and relies on monotonic test data.
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3.1Issues associated with existmtriaxial concrete models

Reinforced concret&ructures are common in earthqugkene areas, where cyclic loading
can lead to the opening and subsequent closing of cracks. Additionally, significant compressive
strains are expected to occur in, e.g. cbmpression zone of the inelastic hinge regions in flexural
members such as beams or columns. Modern design standards stipulate that, for structures located in
regions with high seismicity, inelastic deformability of the concrete under compression must be
ensured by means of transverse reinforcement which leads to the development of a confining
pressure. This confinement effect has been found to lead to aanseanghe compressive strength,
ductility and strain capacityf concreteand more important|yt improves the deformability of RC

componentgMander et al. 1988, ImreendPantazopoulou 2001

Typically, the analysis of RC structures such as frames and walls is conducted with models
based on uniaxial stresgrain laws. Such models are numerig&ifficient and allow systematic
parametric investigations, but they inherently lack the capability to accurately describe the behavior
of regions like bearto-column joints, shear keys etc., where multiaxial stress states may develop in
the concrete. Adtibnally, the effect of confinement contributed by the transverse reinforcement is
accounted for in these models by a prior adjustment of the parameters of the uniaxial material
models using simplified equations (e.g., Mander et al. 1988). The only meatzurately
determine the behavior of regions where multiaxial stress states develop is to use cebéisedm
finite element analys with appropriate constitutive models which can capture the interaction of the

various stress and strain components.

Early work by Willam and Warnke (19750ttosen (1977) and Hsieh et al. (1982) provided
triaxial failure criteria for concrete. These studies were the first efforts to accouhe &alient

features of concrete behavior, such as the different strengths\altiee compressive and tensile
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meridian and the impact of the third deviatoric invariant of the stress tensor on the failure state.
Although the early failure criteria were primarily useful &omplified failure analyses, they were
instrumental for thestablishment of the yield surface in many multiaxial inelastic models which

were subequently developed.

Thetotalstrain rotatingcrackmodel by Selby and Vecchio (1997), which is essentially an
orthotropic damage model, relies on the modified compres®id theory (Vecchio and Collins
1986) and establishes the stress as the product of the strain times a secant stiffness matrix. While this
model is numerically robust and can account for the crack opening and closing behavior and the
effect of confinemst, the fact that no irreversible compressive strains deyva®pepicted in
Figure 3.1a, may render it inaccurate for simulations involving cyclic loading. Furthermore, the
adjustment of the material law to account for the confinement effect is somewhat vague, because a

modification for confinement is made only for the minimprmcipd compressive stress.

Damageplasticity models based on a single scalar damage parameter, like théviuresyy
(2007) are also available. Since they have been primarily developed for monotonic or impact
loading, they cannot be used for analyses invgleyclic loading. An example case demonstrating
potential issues with this type of models is demonstratedjure3.1b for an analysis focusing on a
cyclic uniaxial strain history. The figure shows that the tensile strength degradation due to cracking
is accompanied by an identical degradation of compressive strength. This is not the case for concrete

subjected toyxlic loading.

The KaragoziamndCase(K&C) concrete modgMalvar et al.1997, SchwerandMalvar
2005 Magallaneset al. 2011 Crawford et al. 2002uses three independent strength sugdce
namely the yield strength surface, the maximum strength suafatthe residual strength surface

to interpolate and obtain the failure surfatéhe materialSimilar to the model biMurray (2007)
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theK&C modeloriginally has beedeveloped for impact and monotonic loading, tyedeforeit is
notaccuratdor the analysis involving cyclic loads. Essentially, the constitutive laws are established
using a single internal damagarameterhence as depicted ifigure3.1c, degradation in tension
would be followed by samemount ofstrergth reduction in compression, which is not the case for

RC structuresubjected to cyclic loading

A damageplasticity model which has been used for the analysis of components and systems
is the one by Lee and Fenves (1998)hich isthe improved version bthe model originally
developed byLubliner et al.(1989. This material law uses two scalar damage parameters to
describe the effect of tensile cracking and inelastic compressive strains. While the model can give
good accuracy for monotonic analysishdés several issues which may not allow its use for
simulations involving cyclic loading. One such issue is demonstratéidume 3.1d, for a single
element subjected to a uniaxial cyclic strain history. It can be seen thateafieing tensile strains
in the order of 0.1% a value which is fairly low for reinforced concrete flexural members, since it
would roughly correspond to a steel stress which is half of the yield stveksading does not lead
to sufficient crack clagre before compressive stresses develop. If the material parameters are
modified to better capture the crack closing behavior, the stress update algorithm fails to converge.
The specific issues of the model by Lee and Fenves (1998) have also been desdineis
Delso (2013). Issues also exist with models based on the srzeackdnodel. Specifically, Deaton
(2013) has reported that the models of De Borst and Nauta (1985) and Maekawa et al. (2003) lead to

either numerical convergence failures in threst update or to inaccurate results.
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Figure3.1: Issues of available damaggasticity models pertaining to the behavior for a uniaxial strain

history involving crack opening and subsequent crack closure and compressive loading.

Grassl andlirasek(2006a)compared dierent aspects of plasticity and damgudsticity
models and proposed a damguastiagty model for the analysis of RC structures. Tinedel was
usedonly for the analysis oA RC column subjected to axial force with and without eccentricity.
Nguyen and Krsunsky2008 presented the thermodynamic formulation for a-lvmal damage
plasticity model, and provided strategies for the calibration of the material parameters. The model
was used foanalysis of a RC beam subjectedhoeepoint bending andiniaxal tension tests.
Neitherthe model byGrassl and Jirasek (2086 or the one biXguyen and Korsunsk2008 were

used for cyclic analysis of RC structural components.
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L e r v and Rapanikolaou (2008) uske idea of multisurface plasticity model (Simet
al. 1988) todevelop afractureplastic constitutive lawfor concrete material. Essentially, they
combined the plasticitynodel byMenetrey and Willam1995, for concrete under compression,
with a Rankin type failure criterion, for material under tensiacking. The methodology relies on
solving two dependent nonlinear equatidgield functions)o find two distinct plastic multipliers
for tensile and compressive yield criteria. Sirglement analyses were performed to evaluate the
behavior of the mdel in terms of crackpening/closing and compressiomucedcrushing. The
model was also implemented the commerciaffinite element program, ATENA Ler venka
Counsultings.r.02016) to investigate the numerical stability and the accuracy of the nmotihed
analysis 0B RC beam an&C columns subjected to monotonic loads. The provided resultsnvere
good agreemenwith the experimental recosgdhowever, no cyclic analysis was conducted to

support the applicability of the model to simulate RQ&ures under seismic loading

Valentini and Hofstettgj2013 reviewedhe performance and the accuracy of two selective

triaxial concrete models namely the extended Leon model, developed by Etse and(¥884m

and improved byivonka(2001),and the damagplasticity model byGrass| andirasek(2006a)
Singleelement analyses were performed to demonstrate the superiority of dplastgety
constitutive laws over plasticity models. Subsequently, the enhanced versibe ddmage
plasticity modelwhichuses modified evolution law fdnedamage variable (Mohamatlssein and
Shao2007), was implemented in a finite element program to examine the performance of the
material model in the analysis@squaRC column The model wasubjected to cyclic loaanly

for the first three cyclesf loading,and then pushethonotonicallyto calculate theenvelope
response curvé&/alentini and Hofstettef2013 reportedhat usinga larger number of load cycles

the numerical simulation letb underestimation of sfifess and strength, because the material
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models byGrass| andirasel(2006a)andMohamadHusseirand ShaoZ007) were developedor

monotonic loading only

Another family of material models for concresebased on microplane concepiginally
proposed B a g a n@h (1883 dnd further developed Bagantand Gambarova (1984). In this
method, the strain tensor was projected on many special planes with arbitrary orientations, named
microplane, to provide equivalent vector form representation. The ooret@orrespondence
relation then was written between the components of strain and stress vectors, to circumvent the
need for tensorial calculatienThe tensorial properties, e.g. invariants, were preserved by means of
kinematic constraint defined betwethie orientation of microplanes and the strain and stress tensors.
The stress tensor then finally was obtained by integration over the calculated stressBagots (

et al. 2000).

The recently developed M7 version of the microplane model (CaneBajuht 2012a,
2012b) provides an algorithmically robust formulation since the stress update procedure is explicit.
Still, the M7 model is somehow complicated, becatisacludes many parameters requiring
calibration. Caner and Bagant (2012b) have pr
various parameters, but the impact of one parameter on the behavior of the model for various types
of loading may be hard fredict. For example, changing the value of a parameter which primarily
affects the behavior of the model for uniaxial compression may also affect the behavior for uniaxial
tension. Furthermore, the M7 model may not be sseiled for simulations of largstructural
systems, since it requires a large number of history variables in each quadrature point of a finite

element model.

A variety of similar material models, with different types of formulatiseyvailable today.

Several of thenemploy damaggladicity formulations (Wu et al. 20Q08Nguyen and Korsunsky
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2008, Valentini and Hofstetter 20)3vhile others rely omplasticity formulation (Kang et al. 2000,
Papanikolaou and Kappos 2007, Wolf 2008). éflthese models havieeen used eithefior

monotonicloadings, offor the simulation®f cyclic loadings onlyat the material level.

Given the aforementioned issues pertaining to available multiaxial constitutive models for
concrete, a sufficiently accurate and numerically efficient material model to &léoangalysis of
components such as beaoacolumn joints under cyclic loading is much needBEde following
sectiondescribes the formulation of a material model for the analysis of RC structures subjected to
cyclic loading, with an emphasis to analysisemebrthquake loading. The model can capture all the
aspects of behavior, such as compressive crushing, strength and stiffness degradation due to
cracking, and the effect of confinement on the material strength and ductility. The strain vector is
essentidy decomposed into three parts, namely an elastic part, a plastic part and a cracking part. The
plastic part is to capture inelastic strains asged with compressive stresses, while the cracking
part is to calculate the uniaxial tensile stress fromkcopening strainThe model is validateby
conductingvarious singleelementanalygs andcomparinghe analytically calculated stressain

curves witheither available experimental datathe empirical model by Maekawa et al. (2003).
3.2 Description of model

This sectiondescribes in detail theew triaxial constitutive law for concrete material
(Moharrami and Koutromanos 201@t first, the model is formulated for cracked and uncracked
concrete materials separately, and theset of compatibility crités areproposed to combine the
two material models and form a unified material constitutive law. Finally, an iterative stress update

algorithm is established to satisfy the compatibility requirements.
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3.2.1Uncracked elastoplastic material

The behavior of the umacked material is governed by an elastoplastic constitutive model.

The formulation is established in total form, in accordance with the following equation.

{s}=[o) & #0]({ }el- "} (3.1)

Where{ﬁ} is the stress vecto{é‘} is the elastic strain vector, alﬁd}, {e”'} are the total and

plastic strain vectasy respectively. The stresdrain law can also be formudat in the principal

stressstrain space as follows.

{8 =g o) (32)

where{lﬁ and{E‘} are column vectors containing the principal stresses and principal elastic

strains, respectively. Assuming that the elastic stiffness m@[ﬁx,, is that of an isotropic material,

its components can be expressed in terms of the elastic moHulus,and Poi g&80nos
follows.
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The yield surfae in the principal stress space can be descrimrallypy the following

eqguation.

((B.A)=-8aQ o3 ME) { -gEg)-0 @4

In Equation (3.4), the symbol( ) denotes the Macaulay bracket,and J; are the first

invariant and second deviatoric invariant, respectively, of the stress tensog compressive
strength parameter which can be shown to be equal to the uniaxial compressive sirsngth,

hardeiing parameter expressing the cumulative effect of inelastic deformétidnand o are
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dimensionless material paramet;ei?gax is theprincipal stress ith the maximum algebraic value,

andr(d.e) is a dimensionless factor, termed thdial distancen Kang et al. (2000and defined by

the following equation.

4(1- €)codqg +(2 B
2(1- €)cogy +(2 1) 4(1 & )cdsg B 4

rg.e)=

(3.5)

Parametee,termed the eccentricity, describes the deviation of the shape of the yieteé surfa
in the deviatoric plane from a circle, and it is a function of the first invatiguaf, the stress tensor,

in accordance with Kang et al. (2000).

JZ, - 5.5,
l,//3- 5.5,

wherec; is atensle strength parametefrhe radial distange(d,e), also depends on the Lode angle,

e= (3.6)

d, which is a polar angle Haigh-Westergaard coordinatkatranges from 0 t6/3, and can be
found from the following equation.
a
q =?,1),cos:1¢ae 23% (37)
whereJs is the third deviatoric invariant of stress tensor.

The generalield criterion presented irEquation(3.4) can be turned into the surface
proposedy Lubliner et al. (1989by setting the value af(d,e) equal to lor furtherto the yield
surfaceusedby Lee and Fenves (199&ith assuming zero value for parameteirhese vyield
surfaces are schematically showirigure3.2. Parametepexpressespf a given value of pressure,
the ratio of the octahedral shear stress on the compressive meridian over the correspledimg
the tensile meridigrandit can be set equal 8for Lubliner et al. (1989Yield surfaceParameteb
can be assigned arstant value (Lubliner et al. 1989) or can be defined as a function of the

hardeningvariable (Lee and Fenves 1998).
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By assigning zero values for bdbrandoin the yield criterion byubliner et al. (1989)a
DruckerPrager yield surface will battainel, whichis schematically presentedkigure3.2. The
specific yield criterion was also usedle and Fenves (199®r compressioidominated state of
stress. In Equatiof8.4), parametetJaccountdor increase in strength due to confinemamdcan

be determined from the following expressitubliner et al. 1989).

fb - fc
a (3.9)

S 2f, - f,
wheref. is the uniaxial compressive strength oé tmaterial andy is the biaxial compressive
strengthlf the value olJassumed to be zero in the Druckeager yield criterion, the simple Von

Mises yield surface would be obtained, whicpriessure independent and, hence, approgoate

constitutivemodeling of steel material.

Although he fairly simple DrucketPrager surfackas been characterized as inaccurate for
capturing themultiaxial response of concrete, it can be uasda starting point to ensure a
numerically efficient and robustaterialmodel which allows the simulaticof RC components and
systemslIn this work, he DruckefPrager yield surface is used for the validation analydiseat
material level, presented in following sections, and for the verification analyses confdu&®€ed
conmponents inChapter 4In Section4.3, the performance of the yield surfacelhybliner et al.

(1989 is investigated and the issue pertaining to the overestimation of compressive strength of

confined concretand, consequentlgtructural membes demonstrated.

To have an accurate yield criterion while maintaining the numerical efficiency of the material
model, a new yield surface is derived by setting the valbenflo equal to zero in Equatid3.4).

The modifiedyield surfacecan be expressaging the followingexpression
1+ .
f({8, /):_l_ 8 & ¥e, @.()ch (3.9)
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For a given value of pressure and for stress states b#retritaxial compression, the radial
distancer(d,e), leads to decreased material strength compared to that predicted by the Drucker
Prager model. For this reason, the coefficiehtyhich is determined to provide a target ratio of
biaxial compressive ngthf, overf., should be increased compaut® the value obtained from
Equation(3.8) to attain correct biaxial compressive behavior. If the modified yield criterion and the
DruckerPrager criterion are to prile the same ratio df overf,, the value ofJfor the modified

criterion must be B8times greater than that of the Drucl&ager criterion.

The DruckefPrager yield surface is compared with the proposed criterion iR two
dimensional (2D) plane iffigure 3.2c. For decreasing values of (i.e., for larger confinement
effect),r(d,e)assumes values close to 1 for the entire ranglevafues. Thus, for large confining
pressures, the modified surface tends to coincide withrugkerPrager surfaces shownin

Figure3.2a.

The capability of the modified yield surface to capture the hysteretic response and behavior
of RC members is validated in SectidB. Then the proposkyield surface is used for all

simulations presented @hapters$ and®6.

Tensile meridian

i & &

== Not exist in
= compressive state

4,

Decreasingd, = increasin '
/ DruckerPrager 9 @

Lublineret al. (1989
= = Modified surface

Radius increases J(
Compressive meridian lE

(a) Meridionalplane (b) “-plane
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Figure3.2: Different yield surface usedor formulation ofelastoplastic material model

The plastic potential function for the present model is described by the following equation.

g=a, § 2, (310

where, is a dilatancy parametecpntrolling the volumetric expansion of the material due to

inelastc behavior. Differentiating Equatidi3.10) with respect to the stress componegites:

42'72 (3.11)

wherel; is the Kronecker delta argglis the ifcomponent of the deviatoric stress ten$be plastic
strainratetensor and thiotal and deviatoristress tenssican be proven to be coaxial, i.e. they have
the same pricipal directionsThis allows to establish a mathematical expression providing the rate

of plastic strain in the thrga&incipal directions

£ = '%pai i=1,2,3 (312

23,

The strength ofte material changes with the accumulation of inelastic strains in accordance

with the following hardeningoftening law (Lee and Fenves 1998).
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f, & ;

o (k=241 &1 W -()) &z (313
wherefiesis the residuatompressive strength in the materék a noAnegative hardening variable
which is initially equal to zerd, anda are material constants, ad¢b) is an increasing function
given by the following equation:

J(A=1 «(2 & (3.14)

The evolution ob is governed by the following rate equation.

d.(1x) P
k=1 1) % o8 (3.15)
*Enln

(4

wherer is a weight factor g, is a mataal parameter an% is the component of the rate of
‘Emn

plastic strain vector in the direction of the minimum principal stress. The exponential term, for which
factordis a useidefined constanexpresses the effect of pressure @etolution of the hardening

variable. The pressurp, is related to the first invariant of the stress tensor.

Y
p= - (3.16)

The greater the pressure value, the greater the confinement effect on the material. The

parameteX in Equation(3.15) is given from the following expression.

— Il
X= \/3.]_2 (3.17)

The exponential term in EquatidB.15) is equal to 1 for uniaxial compression and it
decreases for multiaxial compressive states, meanatdtte evolution of the hardenksgftening
variable becomes slower for the case of multiaxial compressive states. In this fashion, the
exponential term, which was not present in the model by Lee and Fenves (1998), accounts for the

increased ductility otonfined concrete. In the limit, the value Xtbecomes minus infinity for
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isotropic compression, meaning that there is no evolution in the hardening variable. Of course, the
case of isotropic compression cannot practically occur in the computatdrsiote isotropic

compression stress states are always purely elastic states in the proposed model.

The variation of the strength paramedgwith ais presented ifkigure3.3a. The maximum
value ofc. = f. is obtained fob = g;, wheresg is the value obwhich gives a zero first derivative of
C.. The values o, f, anda can be found if the parametgy the peak compressive strendttand
the strain, at the peak compressive strength are given, by solving the followingnsait

nonlinearequations. The system includes an auxiliary parameter,

a= 1 fl = (3.18a)
_ a0y
o~ (1+ a)z (318b)
f o
b=—°% % (3.1&)
_f,éa _xre atl _ ,po a R

k =10 €8 ar g

T b ° 2b (3.18d)

where " = g -f—EC The parameteg. can be obtainedy stipulating that the area under the

hardeningsofteningcurveis equal to the ratiGy/h, whereG. is a compressive fracture energy of the

material andh is a mesh size parameter for the finite element model.

An alternative ananore meaningful approach is to establiglas a summatioge, + ge1,
whereg, corresponds to the hardening regimehef strength evolution argl; to the softening
regime as depicted ifrigure 3.3b. Of these two quantities, only the one related to the softening

stage, i.e g1, should be adjusted with element size to provide objective rdauligs approach, the

gcis unknownhence, the value éfneed to be assumérbt, e.g. f, = f%5, and then theg should
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be calculated using Equatiof#18a)and(3.18b). The area under hardening portion of the strength

evolution curvegg, can be found using the following expseon.

‘ " . o)
—f€a g atl , pe g
gco o 82) € b e 2b (319)

The value of). then can be found by setting tipg equal taG/h. Lubliner et al. (1989) have
argued thaG. cannot be identified with a particular physical gyerDespite such objections
pertaining to the existence obmpressivdracture energy, the value &; is established in the
present study as follows. First, an empirical equatioBdgjant(2002), providing the best fit to a
large number of data sets, usedto calculate the tensile (modl fracture energy@G:, of the

material;

é, f 066 o d O.ZZ%V -
=253 c Pre 1 a d o 320
G °&.051 2 9%1.27 & 2 (320
where f, is the compressive strength of concrete expressed in §|Fsthe maximum aggregate

size in mm,w/cis the water/cement ratio, ara}, =1 for rounded aggregate while, =1.44 for

crushed or angular aggregaidsen,G; is obtainedoy multiplying G; by 100.

Z\
; QCO& O \
7
K, k=1 K £ &

(a) Hardeningsoftening law (b) Area under hardening and softening portiol

Figure3.3: Hardeningsoftening law for ela@splastic model in compressive regime
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3.2.2Cracked material

If the cracking criterion is met in one of the principal directiorie., the stress in that
direction is greater than the cradfistrength of the material, then the stress must be corrected to
account for the currently active crack. The principal stress of the cracked material is a function of the

corresponding principal strain in accordance with the following equation.

g € - & &

& = tcg)l -M et +,1=1,2,3 (3.21)
whereM is the fraction of residual tensile streng#h,is the strain at onset of softening amib a
parameter controlling the rate of tensile softening. The value of material tensilgtistce is
obtaired by the following expression.

¢ =f,if 80a,

q:%f,if 9> 9, (3.29)

c

The softening law of the cracked material and the unloadilogdirg behavior in the
cracked regime are schematically presenteBigure 3.4a. Equation(3.22) implies that, if the
material has reached the stage of compressive streagthdhtion, then the tensile strength will be
subjected to a similar reduction. For unreinforced concrete, the value of parassaibtained by
stipulating that the area under the softening portion of the cracking straisslaw is equal to the

ratio G¢/h, whereG; is the tensilerfacture energy, as depictedrigure3.4b.

/, =%.h (329

For reinforced concrete, the valuedvbinda-can be found using.g., the approach given by

andPanagiotoy2013 which accounts for the tension stiffening effect of the reinforcement
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Figure3.4: Crack stresstrain modehnd definition of modé fracture in tensile regime
3.2.3Compatibility between cracking law and elastoplastic material

The correction for cracking is made in the principal stress space. If one of the principal trial
elastt stresses exceeds the corresponding cracking stress, then a cracking correction is conducted for
the specific principal stress with a simultaneous development of a crack opening strain vector. Each
principal direction is assigned the strength of the cvaoise direction is closest to that principal
direction. If not all three allowable cracks have already opened and a principal direction is not
sufficiently close to a previously formed crack, then a new crack is initiated. A crack opens after the
tensilestrength is exceeded, closes once compression develops and then reopens once the stress
becomes tensile. Consequently, the cracking strength is egufhtorack has never opened before

and zero if the crackad been closed and now reopens.

The cracking correction is only made for the tensile stresses. If cracking has occurred, i.e.,

one or more cracks are open, then two stress ve{:ﬁl‘@,} and{d:?(”’} are defined. Each of these

vectors has three terms, defirfeain the following equation.

< eE If a crack is open in principal direm "i"
& ::,0 Othervise ,i=1,2,3 (3.24)
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If cracks are open in the material, then the stress in each cracked direction obtained from the

elastoplastic constitutive modéE <“°)} , must be equal to the stress obtained from the crack model

{E(”’} . This condition can be mathematically expressed as:

{gw}-{ s&} {9 (3.25)

Additionally, the total strain vector of the material must consist of three parts, namely

elastic part, a plastic part and a cracking patrt.

(&= & { "pE(+) (3.26

Equations(3.25) and (3.26) must be enforced at each stage in the analysisatisfy the

compatibilityrequirements betweehe uncracked and cracked components of the material model.
3.2.4Numerical implementation-stressupdate algorithm

A discretized version of the constitutive modes b@en developed, in which the stress and

internal variables are calculated at a set of discrete steps. The model4drstesini.e., the strain is

a given quantity at each steBiven the stresgd,|, total strain[{], plastic straing}' and
hardening variablek, of a stepii n,@s well as the total strai[ﬂﬂ] of the new stegi n +,1 0
calculate the new stressﬁsﬂﬂ] , hewplastic strain%"rﬂ1 and new hardening variablg,.,. The

n+l "

discrete stress update algorithm relies on an implicit Backward Euler scheme, where the direction of

plastic flow is determined from the updated stress:

et @/ m] (3.27)

where[rml] is atensor obtained by using the componenthefupdated stress tensor in Equation

(3.1).
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My =@, ¢ \/h (3.29)
2n+1

The stress update is conducted using the@gtiiblished elastic predictiqutastic correction
approach (e.g., Simo and Hughes 1998) which was also used by Lee ag&l(280%). It can easily
be proven that the trial elastic stress tensor, the updated stress tensor, and the trial elastic strain
tensor are all collinear, i.e. they have the same eigenvectors (Lee and Fenves, 2001). This allows the
cracking correction fathe principal trial elastic stresses, before any necessary plastic correction step
is conductedAdditionally, for the plastic potential adopted herein, the valueode angled, in the
modified yield surfaces the same for the trial elastic stress and for the stress after the plastic
correction. Thus, the angtécan be calculated using the invariants of the deviatoric trial elastic
stress tensor. However, additional iteratisnrequired in the elastoplastic model, due to the

dependence adccentricity valueg, on the invariant; and onc.

The foll owing equations need to bet+tl@nifror ce
an analysis, to retain consistency with themulation of the model.
{&3={ & { g (329
(€} ={ &} (3.30)

In other words, the total strain vector consists of an elastic part, a plastiarmhthe
cracking part. Also, if cracks ar@en, the stresses given by the elastoplastic part of the model for
the cracked directions must equal the corresponding values obtained from the crack model. The
stress update algorithm which is presented in B@xequires iterations for the calculatiohtloe
cracking part of the strains. Iterations are also required for the stress update of the elastoplastic
component of the model, since it uses an implicit Backward Euler scheme. Despite the need for
iterations at two levels during the stress updateatfadyses conducted with the proposed model

indicate that it is characterized by very good robustness and efficiency.
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Box 3.1 Stresaupdateagorithm

1. Initialize:

n+1(0 s r% +](0

2. Calculate trial elastic straingeﬂl(o) g & - g'e, and solve an eigenvalue problem
find principal trial elastic strairgE'ﬂ(O) and associated eigenvectcﬁ@ .

Il terati &kn =Akg 1, 2, é

3. Calculate the three components of the princgrass tensor corresponding to trial el

strain for iteratiorfi K, élﬁ‘i{(k)} =8 FD{@ 1(k)}

4. Calculate cracking stress and strain components in principal space: For each

principal direction$=1,2,3, if we have an active crack in that diiect, replaced?) . by

ﬁﬁ?k)i, then find the three components of the cracking strain in principal dire

{ +1(k)} d En‘ték)}

5. Calculate the trial continuum stra|gE1(k ﬂgn@ & %

6. Use the plagtity model for & n+1(k) and obtamgfgﬂ(k &ef) , Dk, . Conduct th

necessary coordinate transformation to the global coordinate systen{Q]sjng
a. Calaulate the trial elastic straig@?) 88 4 g ' and find the correspondi
trial stress{ Eﬁ(ﬁ?)} ‘ﬁ}%}.

b. Find the first invariant)"’, and second deviatoric invariad€"” , of the trial frest
tensor, g Vggp) , and then check the yield function at Equatid#).

c. IF f<0, THEN the step is purely elastic. Sgﬁ‘ﬁ%k 2 v, el ﬂ{ 0,
D/((k) £, and go to Step.
ELSE do the iteration offi |. 0
lteratli=oh, Il D,é
i. Assumek, = ﬁﬂ(k and calculate the plastic multiplier increment as:

o A7+ 1 G (4)
0 OKa, a+/6G

whereK andG are the bulk and shear modulus respectively.

ii. Find the components of corrected principal stress:
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a 2G 2G
uc) tr) _ & (u _ é
£ ‘éfﬁ EX? 2\]5“’) . in%) (3\/2‘]—(;) 3K p)

iii. Use the corrected stress ten%ﬁ? to calculate the plastic strain increm

gDE) . from Equatior(3.12).

iv. Calculate the weight factdf a||5E§‘(‘,°))

. 3.
=0, r=0elser =3 (&4)/ gﬁﬁ”

i=1 i

v. Use Equatior{3.15), and find the vale oD/((l).

vi. IF Dk, @ol, THEN setDk, = [, &89, € g . &) & B -
ELSE setk ., = { + [fandl« | +1, then go to Step
7. Se gy § B YERE K= * bR
. IF H{ S(?} {ig)@}u ¢OI’THEN Set[snﬂ]:g#iEZK) ’ gﬂ ﬁe r%l(ki) ’ n+1 é(l(kﬂ})

Also, update history variables for cracks (if necessary)REEIOURN.
ELSE find improved guess for praipal elastic straingeﬁLl(k s 8 & - g'ﬁ 8-

Setk« k+1and go to Stef.

3.3Validation of material response

Theproposed constitutiveodelis implemented in two finite element prograrngonduct
nonlinear analysi$or various RC structure§.he material model firshas beenimplemented in
FEAP (Taylor 2013)which is an opn source finite elemeprogramappropriate for debugging
FEAP uses an implicit integration scheme and, therefbas, beerselected to investigate the
numerical efficiency and assess the convergence capabilibe abnstitutive driverLater, the
congitutive modelhasbeenmplemented ithecommercial finite element program, {LSYNA, to

conduct more refinedonlinear simulations.
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This section describes the validation analys®msductedat material levele.g. by single
element analysis, tevaluatehe behavioof the model under different loading scenarlasall of
the analysepresented her@a nonlinear iterative procedure using the initial stiffness matrix has been
employed. The initial material stiffness matrix of the proposed model is that of apisdinearly

elastic material.
3.3.1Crack opening/closing behavior

In this section, the cracking behavior of the material model is validated thcondhcting

analysisfor a single elemerdubjected tahreedifferent loadcases:

Case 1:Uniaxial compressiondyond the maximum compressive strength (crushing), then
unloading into tension (cracking), and then reloading again into compression. Thestsaiess
response of a singielement analysis is depictedkigure3.5. As can be s from the figure, a
crack forms and opens during unloading from compressive to tensile regime. The concrete tensile

strength is reduced due to previous crushing as described in Eq32@)n

The model resolves the issuettbharacterizes the material law by Lee and Fenves (1998).
Specifically, if crack opening and closingcur, compressive stresses can only develop upon full
crack closure. The occurrence of tensile strength degradation due to cracking does not affect the
compressive strength after crack closure. Thus, the model is not characterized by the inaccuracies of
models such as the one Murray (2007) Figure 3.5 also indicateghat irreversible (plastic)

compressive strains can occoontrary tothe model bySelby and Vecchio (1997
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Figure3.5: Crack opening/closing behavior for uniaxial compressivefeitsading

Case 2Biaxial loading where crack closes due to the concrete crushing in another direction.
As depicted irFigure3.6, at first a crack forms and opens in direction 1. Then nodal displacements
are constraint in theame diection, and compressive stragapplied in direction 2. The opened
crack in direction 1 gradually closes doerushing of concrete in direction 3. By full closure of the
crack, biaxial stress state forms and material starts to gain streragimpnessive regime until it

reachedo a second crushing (softening branch).

0.2
peckopenmy . A2
00 - - (1o,
-0.2
Crack closed in me—l
,-0.4 - direction of(, o
5 12
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Figure3.6: Crack opening/closing behavitar biaxial compressive/tensile loading
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Case 3:Biaxial loading where two cracks are formed successivelfirgtf a crack forms
and opens in direction 1. Then nodal displacements astramt in the same direction, and tensile
strain is applied in direction 2. As depictedrigure 3.7, the concrete reaches to the same tensile
strength in both directions; additionally by further loading the element in dm&tthe crack opens

more in direction 1, and consequently, the tensile strength reduces.

1.20
00 lj L > Wi
l. T 1 ©, o
........ &2 ) U= .{I’ U
0.801 Stage 1
. 0.60 - g

:\5 More crack opening Tz
0.40 A in direction of{;
NN i
0.00 - I e i
0.20 t

-0.002 0 0.002 0.004 0.006 Stage 2

strain, U

Figure3.7: Crack opening/closing behavior for a biaxial tensile loading
3.3.2Uniaxial cyclic behavior

The behavior ofthe model for uniaxial cyclic loading is validated this section
Specifically, a singleelement analysis is used to determine the performance of the model for cyclic
loading in thecompressive anténsile regime To this end, the results of the expeental testby
Gopalaratnanand Shah (1985andKarsanand Jirsa(1969)are compared to the corresponding
results obtained with the proposed moddéigures3.8aand3.8b. The model has been calibrated to
capture well the envelope of the cyclic stresgin curve. It can be seen that there is a discrepancy
in the analytical and experimental results, in terms of the unloadiagding behavior. This
discrepauy is not considered significant for the performance of RC components and systems. Better

agreement in terms of the unloadiredoading behavior has been obtained for danmpdasticity
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models (e.g., Lee and Fenves 1998, GrasslUaadek200&). However,the good agreement in
these references had been obtained for a calibration wfitoér did not accurately capture the
envelope curve of the stresgain responsi tensile region or with the unloading strains that did

not match the experimental unloaglipoints.
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Figure3.8: Validation for a ;hgle elemensubjected to uniaxial cyclic loading
3.3.3Response forconfined compression

Additional singleelement analyses are conducted to demonstrate the behavior of the material
under confined compress. Singleelement analyses are performed for monaally increasing
compressiominder different levels of confining pressure, and the results are presdfitpd@3.9.

To allow the calibration of the dimensionless parantetehich expresses tiedfect of confinement

on material ductility, the analyses have also been conducted using another model, namely, the one by
Maekawa et al. (2003). This other model has been shown to be capable of capturing the lateral
expansion duto dilatation and the increased material strength and ductility due to confinement, but

- as mentioned in Sectid®l - may be inappropriate for analysis of components and systems,

because it has been found to lead to numerical convergence failures in thgpdatesgroces3 he
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resultsshown inFigure3.9 have been obtained fde3.2. Thus, this value has been useddar all
the analyses presented @hapter 4 In Chapters5 and 6, the value ofd is set equal to the
compressive strength obncrete in ksi unitThis assumptiors foundto bevalid in the analysis of

different RC components.

o Model by Maekawa et gl.
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Figure3.9: Behavior for confined compressianith constant}, f. = 22.4 MPal3j = 0.002.

As shownin Figure3.9, the lateral expansion predicted by the proposed model for various
levels of confining pressure is in satisfactory agreement with the correspoaltieg obtained from
the model by Maekawa et al. (200@hich hasheen shown to be capable of capturing the lateral
expansion due to dilatation and the increased material strength and ductilitgolfniementThe
only disagreement is in the ppeak regime, where the proposed model overestimatésténal
expanson. This is due to the fact that, contrary to the present model, the dilatancy parameter in the
model by Maekawa et al. (2003) is not constant. Specificaibmegative at initial stage inelastic

response and continusly increases with accumulatiohinelastic deformations.

Similar to the model byvlaekawa et al. (2003)he dilatancy parametef the proposed

constitutive modell,, can be defined as a function of damage variable,
ap:ff( @ - po«? tha & (3.313)
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a. = 1-
P JB(+n)

wheresi s t he Poi sUsisadssedefinad tcdnstantandichting the maximum

(3.31b)

allowed dilatancy parametéfhe value ofl}; has been set equal 8.45, and theingleelement
analysis has been repeated. As can be seEimgume 3.10, using Equatior(3.31a) to define the
dilatancy parameter, as a function of damage varideégls to a closer match betwetre
monotonic envelop curves predicted by the proposed namakhe corresponding data obtained
from the model biMaekawa et al. (2003Howeversuch an equation introduces more parameters to

be calibrated, and increases computation cost of the stress afjghainm.
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Figure3.10: Behavior for confined compressiarith varying Q) f.= 22.4 MPa|3 = 0.002.

Additionally, since it has been found that the discrepancy in terms of predicting the lateral
expansion of the concrete material, showrFigure 3.9, would not affect the analysis of RC

components noticeably, the analyses provided in proceeding chapters use a constant dilatancy

parameter.
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Chapter 4 : Verification of the Capability of Novel Material Model for

Concrete to Allow Simulations of Structural Components and Systems

A threedimensionalfinite element modeling is the most reliable way to simulate the
behavior of reinforced concre{®C) structural components, especiaftyr those that exhibit
increased strength dmuctility offered by transverse reinforcement. The precision of the analytical
solutions for RC members with high level of triaxiality, e.g. beéaroolumn joints, critically hinges
on the capability of the material model to describe the concrete besafficiently accurate. In this
regard, th@roposedriaxial concrete material model, describe€imapter 3isimplemented in the
nonlinear finite element program, FEAP (Taylor 2013), ealilated athe component level ¥
conducting nonlinear finite elemgRE) analysidor several RC structural componer@pecifically,
two column specimens and a beto¥column jointare analyzed under questatic cyclic loadings.

A very good agreemem$ obtained betweeanalytically obtained andexperimentdl/ recorded
hystereticresponseParametric analyses are also pursued to provide information on the effect of
mesh size, the need for adjusting (regularizing) the compressive softening law with elemamtisize

to elucidate the &kct of using different yield surfaces, namely, DrueReager yield criterion, the

yield surfaceby Lubliner et al. (1989), and thmodified yield criterion that has beesxplained

in Chapter 3
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4.1 Validation of the proposa& material model for the analysis of structural

components

The proposedoncrete materiahodel is validated with analyses of structural components.
The effect of confinement in these components is important, due to the relatively high compressive
axial forcesand significant amounts of transverse reinforcement. In all the analyses, the concrete
members have been modeled with hexahedral,-eigt, fully integrated solid elements. In all the
anal yses presented hveis st egyal ta MW2Ehe Btrain atdhe peals r a't
compressive strengtl, is assumed to be 0.002. The value of the tensile strénigtset equal to
10% of the corresponding compressive strength. The modulus of elasticiyncreteE, is set
equal to2f/d. The residuatompressive strengtffies is assumed to be 5% of the compressive
strength. Finally, the parametédsandarin the cracking stresstrain law is calibrated in accordance
with Lu and Panagiotou (2013)he remaining values of material parameters foctimerete model
are presented ihable4.1 for all the validation analyseghe reinforcing steel is modeled with truss
elements which use the constitutive model by Dodd and Restrepo (T@85)alues used for the
material paranters of the reinforcing steel in the analyses are preseniattied.2. Perfect bond is
assumed between the truss elements and the surrounding hexahedral continuum elements. Finally,
the RDelta effects (i.e., the geometric rioearity) have been accounted for in the analyses in a
simplified fashion. Specifically, the obtained hysteretic plots have beepmusissed to account
for the impact of the secormtder moment, which is equal to the product of the column horizontal

displacement at the top and the column axial force.
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Table4.1: Concrete material model parameters

Specimen f. (MPa) ap a d 0. (MPa) a M
Gill (1979) 21.4 0.2 0.15 3.2 0.085 706.7 0.056
Ang (1981) 23.6 0.2 0.15 3.2 0.071 697.1 0.0
Beckingsale (1980 31.4 0.2 0.15 3.2 0240 678,760 0.07,0.06

% For column

2 For beam

Note: f; is concrete compressive strengdh,is dilatancy parametegq is a parameter affecting the increase in strength due to
confinementd is a parameter affecting the increase in ductility due to confinemgs the area under stressain curvega is a
parameter controlling the exponential softening in tensile redifiie a ratio of residual tensile strength over tensile strength.

Table4.2: Steel material parameters

Specimen BarType Es(MPa) f, (MPa) v fu (MPa)
DH24 187500 375 0.009 635.6
Gill (1979)
R10 212000 297 0.012 416.8
DH16 213000 427 0.01 6700
Ang (1981) R12 228000 320 0.016 4340
R10 200000 280 0.016 4080
D22.2H 196500 398 0.010 6550
D19.05 196500 298 0.019 4610
Beckingsale (1980) R12.7 196500 336 0.018 4480
R9.5 196500 332 0.016 4690
R6.35 196500 329 0.016 4300

! Estimated values from the experimental ststssin curves for rebars tested by Beckingsale

(1980). Exact value diswas not reported in thepecific reference

Note: Esi s
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4.1.1Analysis of columns under cyclic lateral loading

The first set of verification analysis is conducted for two flexdoeinated RC columns
subjected to cyclic horizontal forces. In thatie element models, the constant axial force is applied
as downward vertical forces at the top, and the horizontal cyclic force is applied by controlling the
horizontal displacements at the top. The prescribed displacements vary in accordance with the

experimentally recorded cyclic displacement histories.

The first analysis is conducted for a column which was referred as specimen 3 in Gill (1979).
The specific specimen has a lengkdepth ratio ofwo, and can be characterized as a short column,
based omhe definition by Moretti and Tassios (2006). The amount of transverse reinforcement was
so determined tonsure the occurrence of flexudeminated responsdhe dimensionsand
reinforcement configuratioof the columrare shown irFigure4.1a, and the corresponding finite
element model is presentedRigure4.1b. The axial load was equal to 2719 kN (611kip) which
corresponds to an axial load ratio of 0.41, since the concrete compressive strength was 21.4 MPa
(3.1 ksi). The longitudinal reinforcement consisted of 12 DH24, equally spaced bars, providing a
reinforcement ratio of 0.018. The transverse reinforcement consisted of R1@id¢spleith a
spacing of 75 mm (3 in) in the inelastic hinge region and 1054minin) in the remainder of the
column. The yield and ultimate strength of reinforcement were equal to 375 MPa (54.4 ksi) and
635.6 MPa (92.2 ksi), respectively, for the longitudinal reinforcement, and 297 MPa (43 ksi) and
416.8 MPa (60.5 ksi), respectiyefor the transverse ties. The clear cover of the longitudinal

reinforeement was equal to 50 mm (2.in)
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(a) Dimensions and reinforcing details (b) Finiteelement model

Figure4.1: Configuration ancnalytical model for the column tested by Gill (1979).

In accordance with Sectidh21, the value o is set equal t&/h, wherehis the element
sizeandschas been obtained based on )eHowever thetesale e x pr
many sources of uncertainty in the valué€sgfle.g. watercement ratio, maximum aggregate size
and aggregate type). Bagant (2002) has report e
formula. Using the aforementioned pimcal equation gives a value G equal to 6.4 KN/m. The
value ofg. is then obtained fdr = 75 mmwhich is used in the specific mod&h apparently more
meaningful approach is to establighas a summation.gtgc;, wherege, corresponds to the
hardening regime of the strength evolution aggto the softening regime. Of these two quantities,
only the one related to the softening stage,deg¢.should be adjusted with element size to provide

objective results.

The analysis is performed and thesteyetic plot is depicted figure4.2a. As can be seen
from the forcedrift plot, the analysis overestimates the column capacity by 7%. Moreover, the
analysis predicts a more pronounced strength and stiffness degradation during the last loading

cycles. The discrepancy between analytieallts and experimental observations can be reduced if
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Oc is set equal t@e, + gc1, andge is then set equal tG/h. Using this approach and a slightly
modified value for parametdd improvesthe accuracy of the analytical results, as shown in

Figure4.2b. In this case, the discrepancy in terms of the column capacity is reduced to 3%.
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(a)U=0.15,g. = 0.085 MPa (b) U=0.12,9.= 0.12 MPa

Figure4.2: Hysteretic response of column specimen tested by Gill (1979).

Thesecond analyses is performed for a column specimen tested by Ang (1981) and termed
Unit 3. The specific column had a lengthdepth ratio of more than 4, and it was pushed up to drift
ratios 0f3.1%. The applied axial load was equal to 1435 kN (322 kips). The column dimensions and
reinforcing steel details are presentedrigure4.3a. In the analytical model, which is depicted in

Figure4.3b, the loadings were applied in the same fashion as for the column tested by Gill (1979).

The concrete compressive strength was 23.6 MPa (3.4ndthaaxial load ratio was equal
to 0.38. The longitudinal reinforcement consisted of twelve DH16 bars, corresponding to a
reinforcementatio of 0.015 and having a 3Bm concrete cover. The transverse reinforcement
consisted of triple ties, made of R1&rb with a spacing of 100 m@ in) in the inelastic hinge

region, and R10 bars with a spacing of 180 vrh in)in the remainder of the column. The value of
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gcis calculated using a compressive fracture en€ggy.1 kN/m, in accordance with the equation

by Bagant(2002). The mesh size parameters equal to 100 mm.

Axial force = 143%N Truss elements faebars
Cyclic displacement
)
I
()
o E
EE
o o
— O
@ — <
20 £
Q e
R12 or R10 g @ o
triple ties - 3
) g b :
i sE
S A S E 400 mm
5 Sk
8 [0
N 2®
<~ 39
400mm v = g
12 DH16 longitudinal o
Reinforcement &
&> H
600 mm Hexahedral solid elements for concret
(a) Dimensions and reinforcement details (b) Finite element model

Figure4.3: Configuration and analytical model for the column tesiedng (1981).

The analytically obtained hysteretic plot is compared to the experimental results in
Figure 4.4a. The column lateral load capacity is underestimated by 8%, and the analytically
predicted lateral stngth degradation is more severe. Just like for the analysis of the column tested
by Gill (1979), separation af; into two partsge, andg.1, and calculation afi.; as the ratio o6,
overhleads to significantly improved analytical results, as showigure4.4b where the observed
discrepancy in the peak strength is only 2%. This verifies the assertion that, for a given material,
only the softening portion of the evolution law for the compressive strength should be adjusted based

on element size. This ap@tch is adopted for the analyses presented below.
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Figure4.4: Hysteretic response of column specimen tested by Ang (1981).

To evaluate the effect of mesh size amdbtained results, the analysis for the column tested
by Ang (1981) was repeated, using a finer mesh. Specifically, the element height in the new mesh is
exactly half the corresponding value in the original mesh. Accordingly, the vaiienekds to be
multiplied by factor of 2, to remain consistent with the requirementgthad equal taG/h. The
force-drift plot is demonstrated iRigure4.5a, which is consistent with the one with original mesh
size plotted irFigure4.4b. If no adjustment had been made to the hardesoftgning law for the
refined mesh, the analysis would predict premature strength degradatshown ifrigure4.5b.
This observation indicates that a spurious mesh size effect exists for localization associated with
compressive inelastic strains, and that the adjustmegpt &b that it is equal to the ratio Gf over
element sizeh, is necessary to ensure the mesh objectivity of the results, i.e. to preclude spurious

mesh size effects associated with softening in the material laws.

The deformed mesh and strain contour obtained at the end of the analysis eddepict
Figure 4.5c. The same figure shows compressive strain localizahonompanied by concrete

bulging (dilatation), in a band which is located at a distance of 5 to 12 b in)above the base.
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Localization does not occur at the bottom row of elementspdhe tonfinement contributed by the

base of the specimen
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Figure4.5: Results for Analysis dbeamto-column joint under cyclitbading

4.1.2 Analysis of Beamto-Column Joint under Cyclic Loading

An additional verification analysis is conducfedthe bearrto-column joint specimen tested
by Beckingsale (1980) and termed B13Ae specific specimen was subjected to constant axial load

in the column and to cyclic vertical displacement histories at the beams ends. The measured concrete
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compressive strength at test day was 31.4 MPa (4.55 ksi). The column axial load was e§@al to 28

kN (650 kips) and corresponded to an axial load ratio of 0.44. The specimen configuration and
reinforcing details are presentedhigure 4.6a, and the corresponding finite element model is
depicted inFigure 4.6b . Using the equati dGg= 60OykN/B éogthen t (2C

compressive fracture energy, while the mesh size paramistequal to 35 mm.

12 D22.2H longitudinal

) R9. le ti
Axial force = 289N l Reinforcement 9.5 QOUb e ties

‘ £ Hexahedrabolid
v?2 2y S elements for concre
<
Y £
8 sets R9.5 doub] | £
e fi P—
) ties @ 110mm R12.7 riple ties 457 mm q
West Beam: Cyclic Section 11 Section22 9
displacement
9 sets R9.5 single 12 sets R6.3 doublég I
ties@ 181mm  ties@ 51mm 1 1
>4 N >3, * * 2210 mm
Y
L 22 sets R12.7 triple
ties @ 70mm
Ly 4 Ly 3 East Beam: Cycli
D19 longitudinal Reinforcement displacement \
— < FR
€ RO.5ties Truss element
S
=] 8 sets R9.5 double for rebars
© " ties @ 110mm
i «—>
R6.3 doubldies 556 mm
Section 33 Section 44 -
(a) Dimensions and reinforcement details (b) Finite elemeninodel

Figure4.6: Configuration and the analytical model for betmtolumn joint tested by Beckingsale
(1980).

The analytically obtained hysteretic response of the beams and column are compared to the
experimental observations iRigure4.7. As can be seen, the capacity of the beams and of the
column is overestimated by 5% and 10%, respectively. Still, the agreement in terms of the strength is
deemed satisfactoryThe discrepancy in the shape of the unload@&igading regime of the
hysteretic curves is more significant than that obtained for the column specimens. This is attributed
to the fact that the borslip effect of the reinforcing steel, which is not acdedrfor in thefinite
elementmodel, has been significant. According to Beckingsale (1980), 30% of the end rotation of

the beams was due to rebar slip.
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Figure4.7: Hysteretic plots for beatto-column joint tested by Beckingsale (1980).

The analytically obtained cracking pattern and its evolution are compared with the
experimental observationskigure4.8. The maximum principal strain contours clearly shows the
propagation of the cracks by increasing the applied displacement history. For instance the joint
region is completely cracked figure 4.8c, which consistentwith the presented experimental

observation.
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Note: White regions in the joint panel correspond to strains greater than 0.0002
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Figure4.8: Cracking propagation at joint region in different displacement peaks of-toeamiumn joint
tested by Beckingsale (1980).

4.2 Effect of confinement onductility

An additional parametric investigation was conducted to detnate the effect of the
increased ductility due to confinement on the nonlinear performance of the columns which were
simulated using the proposed model. The effect of confinement on the strength is still captured
through the presswaependence of thérength of the material. The hysteretic response obtained
without including the increased ductility due to confinement is presentédure4.9. The figure
shows that neglecting the effect of confinement on the material ductility leads to significant
underestimation of the column ductility. Quantitatively, the capacities of the columns at last loading
cycles are underestimated by 65% and S@#«columns tested by Gill (1979) and Ang (1981)

respectively. Thus, models such as the one by Lee and Fenves (1998), which do not account for
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increased material ductility due to confinement, would predict premature lateral strength degradation

for the cdumns.
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Figure 4.9: Analysis results for the two columns, neglecting the effect of confinement on the material
ductility.

4.3 Effect of yield criterion on structural response

To investigate the effect of using more accurate yield criteriohén elastoplastic
constitutive equation, the modified yield surface and the surfadeublner et al. (1989pare

implemented in the FEAPTaylor 2013) andtheanalyses for the twoolumns are repeated

The results of the analyses using thedified yied surfacefor the two columns are
presented ifrigure4.10. As can be seen in the figuggod agreement is obtained for both columns
in terms of the overatksponsehowever, still the analysis overestimates the lateral capacity of the
column tested bill (1979)by 6% and underestimates the lateral cépaf the column tested by

Ang (1981) byl%.
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Figure4.10: Results for columns using modified yield surface

The results offte analyses using the surface by Lubliner et al. (1989) for the two columns are
presented ifFigure4.11. Parametertlando were assigned values of 0.08 and 3, respectively. As
shown inFigure4.11, the capacity of the column tested by Gill (1979) is overestimated by 20%,
while the capacity overestimation for the column by Ang (1981) is less severe and equal to 8%. Itis
worth mentioning that the value Bfvas significatly lower than that used for the Druckerager
model. In fact, the value=0.08 corresponds to the minimum value of the range recommended by
Lubliner et al. (1989) foul If Uhad been assigned the same values as for the DiRckger model,
then the oveestimation of the capacity for the model by Lubliner et al. (1989) would have been even

greater.

To investigate why the modified surface gives satisfactory results while the surface by
Lubliner et al. (1989) is apparently bound to overestimate the cagheitelative magnitude of the
three surfaces is comparedHRigure4.12 for different values of/c.. The figure shows that the
modified surface, based on the introduction of the radial distédes, is always inscribed on the
DruckerPrager surface. As the magnitude of the fat@ increases (i.e., for highermibnement),

the modified surface gets closer to the DrudReager surface. As shownkigure4.12a, the surface
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by Lubliner et al. (1989) is inside the other two surfaces for low value&ofAs the confinerant
effect increases, the surface by Lubliner et al. (1989) practically coincides with the modified surface,
as shown irFigure4.12b. Further increasing the confinement effect, as indicated in Figuras
4.1 and4.12, leads to the surface by Lubliner et al. (1989) predicting higher strength than the
other two surfaes. Eventually, the increased strength predicted by the Lubliner et al. (1989) model

becomes much higher than that predidigdhe DruckesPrager surface.
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Figure4.11: Results for analyses using the Lubliner et al (1989) yield surface.
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Figure4.12: Comparison of different yield surfaces for various levels of confinement (note: the various
figures are not using the same scale).

To provide further insight on the significance of the yield surface, the variation of the ratio

l,/fc for an elementtahe core of the two column specimens is presentédyure4.13a. The fact
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that this ratio assumes values much less thamovides an explanation for the increased strength
predicted for the surface by Lubliner et al. (1989). Itviportant to notehat the ratidi/cc may
reach even higher magnitudes thaadtiol ,/f;, due to the fact th&tis the maximum value thag

can acquire.

To remedy the issue of the strength overestimation when the surface by Lubliner et al. (1989)
is used, the value ofcan be established as a function ofltie ratio. If the ratio ofl;/c; is greater
than-1, therocan have the value suggested by Lubliner et al. (1989)cdbecomes lower thaid
due to either growth of confining pressure or reductiomjrthe value ofo should decrease.
Figure4.13b shows the variation of the radial distan¢d,e), for the same elements at the core of
the two columns. The figure indicates that the value of the radial distance significantly fluctuates
throughout the analysis. The radialtdisce in excess of 1 indicates a discrepancy between the
modified surface and the DruckBrager surface. Still, for the columns considered herein, the
analyses using the two surfaces provided equally good estimates of the column hysteretic response.
Thus, since the DruckePrager surface leads to increased conceptual simplicity and numerical
efficiency, it would then appear as the most preferable surface to use for simulations of components

similar to those examined in the present study.
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Figure4.13: Variation of quantities affecting the yield surface by Lubliner et al. (1989) and the modified
yield surface.

4.4 Discussion

Theproposed model uses a rotaticrgick formulation to capture the effect of cracking on the
material behavior. Several researchers (€gjhengoodet al. 1986Maekawa et al. 2003) have
argued that a fixedrack approach is superior to a rotatorgdk one, because the former has the
capability to describe generic material states where the stresses and strains cecobgiabme.,
the principal stress and principal strain orientations do not always coincide. This capability can be
instrumental foccases where significant shear stress transfer occurs across a formed craek. Fixed
crack models allow the incorporation of different shear stress transfer laws to explicitly describe the
shear transfer across cracks in concrete. Conversely, other studie®R6ts and Blaauwendraad
1989) have concluded that the capability of having-cmaxial stresses and strains can lead to
inaccuracy of the results. Although the use of a rotatiagk model could in light of the above
consideration$ be considereds a limitation of the proposed model, the accuracy of the analyses
presented herein was very good. To further enhance the applicability of the proposed model, it can

be extended in the future to incorporate a fieeack approach for the cracking partlodé strains.
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The coupling between the elastoplastic and the foradk parts of the model can be conceptually

similar to the one described in De Borst and Nauta (1985).

The material model presented herein uses a smeared representation of cracking, so its
accuracy for cases where strongly localized cracks may form is bound to be limited. Previous
research (e.g., Rots and Blaauwendraad 1989, Lotfi and ShingB.@9¢, andl Planas 1998) has
demonstrated that, in the case of strongly localized crackinghoontibased, smearectack
mocdels suffer from the stress loak effect, which prevents the accurate description of the response.
For this reason, if strongly localized cracks are expected to form, the proposed coiiasadn
model should be combined wighdiscretecohesive crack representation of localized fracture, in

accordance with previous pertinent research (Rots and Blaauwendraad 1989, Lotfi and Shing 1991).
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Chapter 5: Analysis of Damage and Failure of Flexurddominated

Reinforced Concrete Members undeilEarthquake Loading

Strong ground motions due to rare, extreme ewa@rtdead to openingf large cracks, cover
spalling, rebar yielding, and crushing of the concrete. Inelastic deformations can lead to buckling and
subsequent rupture of the longitudin@inforcement due to lowycle fatigue. The rupture of the
longitudinal reinforcement is associated with significant degradation in the strength of a member and

may lead to full or partial collapse of a structural system.

This chaptempresentsa threedimensional3D) analysis framework, based on the explicit
finite elemen{FE) method, for the simulation of reinforced concrete (RC) components under cyclic
static and dynamic loadindg.he proposedtriaxial constitutivemodel for concretedescribed
in Chapter 3is combined with a material model for reinforcing steel which can accourgtfar
rupture due to loweycle fatigue. The reinforcing steel bars are represented with nonlinear beam
elements to explicitly account for buckling of the reinforcem&he strain penetration effect is also
explicitly accounted for in the models. The modeling scheme is employleelaommercial finite
element program, L®YNA (LSTC 2007), and validated with the results of experimental static and
dynamic tests on R@tumns and walls. The analyses are supplemented with a sensitivity study and

with calibration guidelines for the proposed modeling scheme.
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5.1 Description of modeling scheme

This section describes the element types and the constitutive lavisntbedanalgis of RC
structures subjected to cyclic loadirdy.detailed description of the concrete and steel material
models is provided in Moharrami and Koutromanos (2016) and Kim and Koutromanos (2016),

respectively.
5.1.1Element formulation and constitutive model forconcrete

In the proposed analysis scheme, the concrete is modeled usinglithezesional,
hexahedral, eightode solid elements with uniform redudetegration (URI), ie. with a single
guadrature poiniVhile URI enhances the efficiency of finite elerhfarmulations by substantially
reducing the computational cosith the stress update at the quadrature points of the mesh, it also
entails the presence of spurious zenergy modes (hourglass modes), for which ‘b&ded
elements cannot develop resistaiggure5.1 schematically demonstrates the hourglass modes of

hexahedral element.
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Figure5.1: Hourglass modes of eighbde solid element (reprinted from Flanagan Balytschko 1981

An eightnode hexahedralement with URI has a total of twelve hourglass deformation

modes. To prevent the hourglass modes from polluting the solution, hotogtaiss methods must

be employed to allow an element to develop hourglkessting forces. The hourglasssisting foce

should be the summation of twelve vectors, each vector providing the resistance to one of the
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hourglass modes. For each né&gdthei-th component of the force vector resistingatth hourglass
mode is given by the following equation.

fe=8.9.94 (5.1)
where g, is thecomponent corresponding to ndder the basis vector of tleeth hourglass mode,

and g, is the projection of the nodalsgonse on tha-th hourglass mode, for theh direction of
the motion. The value af, is nonzero only when the corresponding hourglass mode is present in
the nodal response vectdihe value of a, in Equation (5.1) can be found from the following

expression.

2
3

a, =Qe Vs (5.2

c
4
where} is the material densityye is the volume of the elemert,is the speed of sound in the
material of the elemenandQyc is a userdefined, hourglass coefficient. A value of 1 @ys gives
an optimal approximation of the bending stiffness for linearly elastic elenmEmscomplete

procedure for hourglass control, including the determination of the hourglasssvaatbof the

corresponding resistance forces, is describddanagan an@elytschko (1981)

Two different hourglass approaches can be established for hourglass control, depending on
the nodal response quantity used to determine the hourglass compathentotion. Using the
nodal displacements to obtain the hourglass part of the motion leads to stiffisesishourglass
control, while using the nodal velocities leads to viscous hourglass control. Both approaches are used
in the present study. For elassolid elements, e.g. the locations where no damage is expected to
occur, and for the cover concrete, the hourgtassting force vector is stiffnetmsed The
hourglass coefficient is set equal to 1 for elastic elements, and 0.05 for the coveaecéoceases

involving quasistatic cyclic loading, and only for the core portion of the specimen, i.e. the location
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that are confined by stirrupsr ties the hourglass formulation developed by Belytschko and

Bindeman {993 is used.

The constitutive lavior the concrete is the one formulated by Moharrami and Koutromanos
(2016). The specific formulation accounts for the stiffness and strength degradation due to cracking
and crushing, and for the increase in strength and ductility of the material undieredon
compressionA completedescription of the model formulati@nd algorithmic implementatias

providedin Chapter 3
5.1.2Element formulation and constitutive model for reinforcing steel

The reinforcing steel bars are modkiesing continuurbased beam elemeritased on the
formulation byHughes andliu (1981a, 1981b)Although beam elements are computationally more
demanding compared to truss elements, they can naturally capture the effect of rebar buckling
(Maekawaet al. D03). The beam elements employed in the present study include a single
guadrature location along the length, and a total of four quadrature points are used for the section of
the specific location. To better capture the inelastic buckling in regions inbkstic deformations

occur, nine sectional quadrature points are used for the beam elements of these regions.

The reinforcing steematerial is described by the uniax@dnstitutivelaw of Kim and
Koutromanog2016), which is essentially an enhancedsven of the material model by Dodd and
Restrepo (1995). The enhancements include the elimination of the need for iteration in the stress
update algorithm and the capability to account for the material failure (rupture) dued¢gdiew
fatigue. The materiamodel can be fully calibrated if the strestsain curve of the material in
monotonic tension, shown iRigure5.2a, is given. As demonstrated in Kim and Koutromanos
(2016), he constitutive law carcapture the cyclihysterett response of reinforcing steel, as

gualitativelyshown inFigure5.2b.

86



; “ e
] L S F -
o il :
fsfh] --------- | | y Elu fy
VR : o fapfreeee £
I ! ' ' l‘(larqet S o
Lo ! : 4y U¢
i i 'b J | target pojnt_ ~
LJ’ Léh l%hl uj U =T ’ftarget
(a) Monotonic Tensile Response (b) Cyclic Hysteretic Response

Figure5.2: Behavior of reinforcing stéenodel (figures fronKim and Koutromanos 20}6

To account for the rebar rupture, a criterion based on the accumulation of a continuous

guantityD (Huang and Mahin 2010) is adopted. Specifically, given the true mateaas,f , and

theplastic strairratg &,, the evolution oD is governedy the following rate equation.

D
[o]
—h

0.
EL}J,lf f (53)

y :
otherwise

S

D=

— ) — = D:
o 0

wheret is a material constanRupture, i.ematerial failure occurswhenthe value oD becomes

equal toDg;, which is also a parameter of the material model.
5.1.3Accounting for the strain penetration effect

The analgis methodology also accounts for the bshid effect associated with strain
penetration at the base of the members considered. Specificalgino@esional contact elements
are used to connect the nodes of the beam elements representing the relthesnaeitles of the
surrounding solid elements representing the conakstshown irFigure5.3a,the contact elements
are essentially springs aligned with the axis of the beam elements, and can describe the coupling
forces between the rebars and the surrounding concrete. The coupling forces are a function of the

slip of the beam elements, ithe relative displacement of these elements with respect to the
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surrounding concrete. The displacements of the beam elements in directions other than the axial one
are constrained to be equal to those of the surrounding solid elements. The relation betwlee

forces and slip is assumed to be elastoplastic, with a softeningiplosbranch to account for local

bond strength degradation, as depicteligure5.3b. The curve describing the bostlp law uses

the peak bond strengfhiya, and the corresponding slip val@gsa, obtained from the borslip law

of Murcia-DelsoandShing(2014), to provide an approximation of the beslip curve obtained

from the specific law. This approximation can be deemed adequately accurate, provided that the

inelastic response in an analysis is not dominated by bond failure and pullout of reinforcing bars.
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Figure5.3: Methodology to account for strapenetration
5.2 Validation of analysis methodology

The proposednodeling methodology isnmplemented in the commercial finite element
program LSDYNA (LSTC 2007) to allow the simulatioof structural components under cyclic
loading.An explicit transient integration scheme is employed for the solution of the global equations
in the models. Specifically, the global equations are formulated as a dynamic problem, and a central

difference schemis employed for integration of the global response in time.

88



The validation is based on the simulation of two fiessioned walls subjected to cyclic
loading (Pakiding et al. 2014), a-shaped wall under fdirectional cyclic loadingBeyeret al.
2008),and a bridge pier subjected to a sequence of ten ground mdiicmsettieret al. 2012).
Rayleighdampingis used in the analyses, with a prescribed damping ratio of 1% for the walls and
0.5% for the bridge pier, for the first and fourth elastic natuegjuency of the modelSinceall
analyses usan explicit dynamic timenarching schemeapecial carés taken tsimulate the cases
involving quasistatic loading. For these castng cyclic loads are applied at a sufficiently slow rate,

thus ensuringhat the analytical solutiois not affected by dynamic effects.

The material parameters of the constitutive model for the concrete are calibrated in a
consistent fashion. The uniaxial compressive strerfgths obtained from material tests that
accompaniée the experiments of the structural components. In all analytical mddeds,tPoi s sono
ratio, v, is set equal to 0.Zhe values of parametdisandfesin Equation(3.13) are taken equal to
2/3 off;, and 5% of,, respectively, whilelte value of the tensile strengthjs set equal to 10% of
f.. The values of parametets ap anda are set equal to 0.0025, 0.15 and 0.375, respectiViety.
modulus of elasticityf the concretés assigned a value @f,/(J. The parameteM in Equation
(3.21) is calibrated in accordance with Lu and Panagiotou (20d8le the value o&is foundusing
the equation byBagant(2002)for the mode fracture energy(:. Also, the compressive fracture
energy,G, is set equal to 1@). Finally, the dimensionless usaefined ductility factord, is
assumed to be equal to the ratiofpbver 6.89 MPa (1 ksi). The values of several material

parameters for thconcrete model are presented able5.1.
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Tableb.1: Concrete material model parameters

Specimen fc (MPa) d G (N/m) G (N/m) M
Pakiding et al. 2014,
Wall #1 43.4 6.3 88.9 8890 0.053
Pakiding et al. 2014,
Wall #2 47.6 6.9 92.7 9270 0.044
Beyeret al. 2008 77.9 11.0 108.9 10890 0.025
Schoettleet al. 2012 41.3 6.0 83.6 8360 0.036

Note: f. is concrete compressive strengthis a parameter affecting the increase in ductility due to
confinement@, is model fracture energyG, is compressie fracture energyl is a ratio of residual tensile
strength over tensile strength.

The material failure of concrete associated with cover spalling and concrete crushing is
accounted for through element removal. Specifically, solid elements are remmwetiéranalysis

whenever the hardening variabdepbecomes equal to 1.

The material parameters of the uniaxial st&sain model for reinforcing steel have been
assigned the values presentedable5.2, based on the resuld$ monotonic rebar tensile tests that
accompanied each of the component tests. The value of the Poissanwatich is also required in

the continuurrbased beam elements, is set equal to 0.3 for all the analyses.

Table5.2: Steel material parameters

o

Specimen  Bar Type E;(MPa) f,(MPa) U, Qe fsu(MPa) U f, (MPa)
#3 200000 4730 0.010 0.04 6205 0.100 741.8
#4 200000 441.2 0.010 0.04 5310 0.1 683.3
#7 200000 518.5 0.010 0.04 6205 0.1 7440
#3 200000 4743 0.010 0.04 6205 0.100 7460
#4 200000 441.2 0.010 0.04 5310 0.1 683.3
#5 200000 436.4 0.010 0.04 5170 0.140  604.7
D6 200000 5180 0.004 0.04 6500 0.084 6810
D12 200000 4880 0.025 0.06 5500 0.126 5950
#11 195990 5185 0.011 0.04 606.7 0.110 7060
#5 200000 377.8 0.002 0.04 5170 0.125 592.2

Note:Esi s Y o u n g Ofgis yield alres$ |y is strain at onset of strain hardenifily; andf.,, are the strain and stress of an
intermediate point on hardening portion of the monotonic cdgig ultimate strengtlndl, is the corresponding ultimate strain.

Pakiding et al. 201«
Wall #1

Pakiding et al. 201
Wall #2

Beyeret al. 2008

Schoettleet al. 201.
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Calibration is alsmecessary famwo parameters,andDc,, controlling the lowcycle fatigue
criterion. The value of parametdan Equation(5.3) is takenequal tol. The value of parametéx;

(i.e. the threshold value of the continuous quaititiyat corrsponds to material failure due to low
cycle fatigue) is set equal @4D™ , whereD{™ is the value ob,, required to capture the instant

of rupture for monotonic tension. The valuel®f, used for the varioug/pes of rebars in the
analytical models is presentgdTable5.3. Longitudinal rebar rupture due to lesycle fatigue is
accounted for through element removal. A beam element is removed when the material failure

criterion,D = Dy, is satisfied for all sectional integration points of that element.

Table5.3: Critical damage parameter for rupture in steel materael

Specimen Bar Type D, ™" Der
Pakiding et al. 2014, #3 0.23 0.55
Wall #1 #7 0.35 0.83
Pakiding et al. 2014, #3 0.2 0.48
Wall #2 #5 0.28 0.65
D12 0.18 0.44

Beyeret al. 2008

D6 0.13 0.31
Schoettleet al. 2012 #11 0.19 0.45

5.2.1Posttensionedreinforced concrete walls under quasstatic cyclic loading

The first set of anals is conducted for twposttensionedRC wall specimens tested by
Pakiding et al. (2014)These were the first two specimens of the specific experimental study, termed
Wall #1 and Wall #2, respectively. The configuration and reinforcing details of the wall specimens
are depicted ifrigure5.4. Wall #1 represented a shear wall detailed in accordance with modern
design standards, while Wall #2 included a higher amount of prestressing tendons to ensure a self
centering (rocking) capability. Two prestressing tendon bundles, each considiveysifands,

were used to provide a prestressing force of 1561 kN (351 kips) for Wall #1, and three bundles, one
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with five strands and two with seven strands each, were used to provide a prestressing force of 2907
kN (653.5 kips) for Wall #2. The crosectional dimensions were identical for the two specimens.

The number and size of the reinforcing steel bars was the same, except for the vertical reinforcement
in the boundary regions of the sections, where Wall #1 included eight #7 bars having a dikmeter

22 mm and Wall #2 included eight #5 bars having a diameter of 16 mm. The walls included
additional vertical #3 bars, with a diameter of 10 mm, in the web and boundary regions of the
section, as shown iRigure5.4a. The sameidure shows the size and spacing of the transverse
(horizontal) reinforcement for the two walls. Each wall specimen was subjected to a prescribed
cyclic horizontal displacement history applied at a height of 3.81 m (150 in) from the foundation

block untilthe occurrence of severe damage.
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Figure5.4: Reinforcement details and geometrical configuration of-postioned walls tested by
Pakiding et al. (2014)

The finite element model of the walls is presentdegure5.5. An elastoplasticonstitutive
law with linear kinematic hardening is used to represent the material of the prestressing tendons in

the model. The yield strength and the hardening slope of the material are set equal to 1675 MPa (243
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ksi) and 2038 MPa (295 ksi), respectiydbased on provided experimental data for the tendon

stressstrain curve.

® Ghaugs point

Hexahedral soligtlement
with a single integratiopoint \ Corotationalruss

elements to model

R |4+ tendons
‘ A» \ { Beam elements with
Beamelement with4 or 9 ‘ 4 integration points

sectional integration points.

Beam elements with

Triaxial concri 9 integration points

material mod Elastic material

1D contactelements
‘\ >
\iigl

Figure5.5: Analytical model of postensioned walls tested by Pakiding et al. (2014)

The analytically obtained hysteretic response for the two specimens is compared to the
corresponding experimental observationsFigure 5.6. The points of the hysteretic curves
corresponding to some key events in the analysis are also marked in the figure. The capacity of both
specimens is well captured in the negative direction, and it is slightly underestimateguhisitifre
direction. The analysis predicts the same peak strength for both positive and negative directions,
while the experimentally obtained strength in the positive direction was higher than that in the
negative direction. Pakiding et al. (2014) haveprovided any discussion or explanation for this

aspect of the experimentally recorded response.
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Figureb.6: Hysteretic response pbsttensioned wallsested byPakiding et al. (2014

The sequence of damage accumulation obtained in the analysis of the two specimens is in
good agreement with the experimental observationsthieéoanalysis of Wall #1, the first flexural
cracks are formed for the cycles with a drift ratio of 0.1%, as shofigume5.7a. The longitudinal
steel reinforcement first yields for the cycles with a drift ratio of 0.9%hag/s inFigure5.7b.

Spalling of the cover concrete, described in the models through element removal, first occurs for the

cycles with a drift ratio of 1.35%, as shownrHigure5.7c.

Z-strain
9.786e-03

8.695e-03 :I
7.604e-03

6.513e-03
5.422e-03
4.331e-03
3.240e-03
2.149e-03
1.058e-03
-3.287e-05 :I
-1.124e-03

Z-strain

Axial stress (ksi) 4.376e-02

8.266e+01

3.766e-02
6.687e+01 :I 3.156e-02

Yielding in tension 5.1080+01
and compression 3.530+01

/ \ 1.951e+01

2.547e-02 _
1.937e-02 _
1.327e-02 _

7.175e-03 _|
Cover removal 1.078e.03 _
-5.020e-03
-4.363e+01
-1.112e-02
-5.941e+01

-7.520e+01] ( -1.721e-02_|

(a) Flexuracracking at 0.1%  (b) Rebar yielding at 0.9% drift (c) Cover spalling at 1.35% drift
drift ratio ratio ratio

3.728e+00
-1.206e+01
-2.784e+01

Flexural crac

Figure5.7: Prepeak damage sequence in Walltédted byPakiding et al. (2014

The occurrenceof tensile yielding of the vertical reinforcement is followed by the

accumulation of inelastic tensile strains. During reversal of the applied lateral loads, the vertical
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rebars which have previously yielded in tension, begin carrying compressive siefgsethe open

crack fully closes. The vertical rebars also incur transverse deformations, due to the multiaxial stress
and strain states developed in the surrounding concrete material. The combined effect of transverse
deformations and of compressiveestses following the development of inelastic tensile strains leads

to buckling of the vertical reinforcement. The specific process is schematically summarized for the
analysis of Wall #1 irFigure 5.8. In the analytical modeldyuckling of reinforcement in the

boundary regions of the specimens is visually detected, as depi¢temiias.9.
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Figure5.8: Contours of plastic strain at the west side of wallested byPakiding et al. (2014
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Figure5.9: Reinforcenent buckling invall specimensested byPakiding et al. (2014

Both wall specimens eventually incurred significant strength degradation due to rebar
buckling and subsequent rupture (Pakiding et al. 2014). In the analytical models, the first rebar
rupture for Wall #1 and Wall #2 occurs during the third and second cycle, respectively, with a drift

ratio of 4%. The bars that rupture first for the analyses of the two wall specimens are presented in
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Figure5.10. Three vertical bars simultaneously rupture for Wall #1, while rupture of a single bar
initially occurs for the analysis of Wall #2. In the experimental tests, rupture was obtained for Wall

#1 at the same exact cycle as in the analysis. Rupturebsasved in the test of Wall #2 during the

last loading cycle with a drift ratio of 3%. Given the inherent variability in the yield strength,
ultimate strength and fatigue resistance of rebars of the same material, the agreement between the
analysisi where all bars are assumed to have identical material properties, calibrated from the

monotonic test$ and the experimental observations is deemed satisfactory.

3rebarsare removed
from the analysis

Analysis

1rebar is removed
from the analysis

Analysis . rm

(b) Wall #2, second cycle of 4% drift ratio in the analytical model, and third cycle of 3% drift ratio d
the experiment

Figure5.10: Fracture initiation foposttensioned wallsested byPakiding et al.Z014).

Finally, Pakiding et al. (20)4lescribed the damage pattern of Wall #1 as a shear failure due
to extensive damage in the web of the wall, as showigure5.11. The specific damage pattern is

satisfactorily captured bihe analytical model, as depicted in the same figure
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Figure5.11: Experimentabnd analyticalamage patterns d¥all #1 atthe end of the analysis

5.2.2U-shaped reinforced concrete wall under bdirectional quaststatic cyclic loading

The next validation analysis is conducteddas-shaped RC wall specimen testecBayer
et al. (2008pmnd referred to therein as specimen TBAshown inFigure5.12a, the height of the
specimen was 2.65 meters (104 in), and the thickness of the wall was 150 mm (5.9 in). The same
figure defines a coordinate system to allow the efficient description of -thiecotional loading,
which corresponded to forces ajgpl along the Xand Y- directions.Figure5.12b presents the
crosssectional dimensions and reinforcing details of the specifferboundary regions of the wall
section included twentywo longitudinal#4 bars withadiameter ©12 mm while the web portion of
the section included a total of twerdight #2 rebars with a diameter of 6 mm. The transverse
reinforcement at the wall boundaries consisted of ties with a diameter ofehchanspacing &0
mm (2 in), while thediamete and spacing of the transverse reinforcement avéteregions of the
wall sectiorwere equal t6 mm and 125 mm (4.9 imespectivelyThe specimen was subjecte@to
prescribed cyclic bdirectional displacement histoontil the occurrence of sevestrength and
stiffness degradation due to rebar rupture and concrete crushiaglisplacement histories were
applied at a heiglfabove the basef 2.95 m (116 in) and 3.35 m (132,ifgr loading in the Xand

Y - direction, respectivelyl he finiteelement modebf the wall specimeis depictedn Figure5.12c.
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Figureb5.12: Configuration and computational model of theshhped wall tested Beyeret al. (2008)

The analytically obtained hieyetic response of the specimen is compared to the
corresponding experimental observationsigure5.13. Thepeakstrength and the initial stiffness of
the specimerare well capturedby the analysis for thé&'-direction, while they areslightly
underestimatetbr the X-direction.The analysis also provides a satisfactory representation of the

hysteretic response of the specimen

In both the analytical model and the experimetastl severe damage occurred duediar
fracture as shown irrigure5.14. Similar to the experiment, the fingbar rupturdn the analysis
occuss duringthe firstloadingcyclewith a drift ratio 0f2.5%along theX-direction.The analytical
model successfully captig¢he damage associated with cover spalling andufxand shear

cracking in the specimeans depicted ifrigure5.15.
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Figure5.13: Hysteretic response tf-shaped waltested byBeyer et al(2008.
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Figureb5.14: Rebar rupture in the-shaped waltested byBeyer et al. (2008
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Figure5.15: Damage at the base of thleshaped waltested byBeyer et al. (2008
5.2.3Full-scalereinforced concrete bridge pier subjected to seismic loading

Analysis is also conductedfor a full-scale bridgecolumn testedon a shakeable by

Schoettleret al. (2012. The specimenwas designed based omodernseismic provisions and
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subjected t@asequence of ten ground motioAs.explained in Schoettler et al. (2012), the specimen
was not based on a prototype structure, but it was meant to represert@uglebents commonly
found in CaliforniaThe column had a height of 7.31 m (288 in) and a circular-c@sson with a
diameter of 1.22 m (48 in) which wesinforcedwith eighteer#11 vertical bars, having a diameter
of 36 mm Thetransverse reinforcemeoavnsisted oflouble#5ties ata spacing o152 mm (6 in).
The column configuration and reinforcing details are depicteigare 5.16a. The specimen
included aconcrete block at the top, with a totetight of 2.32 MN (521 kips)to representhe
gravity loads andthe seismic mass of the bridge colurfhe finite element model of the specimen

is presented ifigure5.16b and has been analyzed for the entiotiom sequence of the specimen.
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(a) Dimensions and reinforcement det (b) Finite element model

Figure5.16: Configuration and analytical modfgr the column tested b§choettleret al.(2012.

The analytically obtained drift time historifs nine out of theen motions of the sequence
are compared to the corresponding experimental recofdgline5.17. A very goodagreement is
obtained in terms of the peak displacements and drift histesespt for the lasinotion in the
sequenceDuring tre experimental test fahat motion the column came to contact with a safety
support tower that was provided to prevent dgend the shake table from total collapse of the

specimen. Since the effect of this support tower is not accounted for in the analyticaltheodel,
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observed discrepancy between the analytically predicted and experimentally recorded drift time

histories forthis motion is expected

------- Experiment
2 4 ——\nalysis

Drift Ratio (%)

70 80 90 100 110 120 130
Time (Sec)

(c) EQ2: 100%_oma Prietab0x (d) EQ3: 100%._oma Prieta (e) EQ4: 100%.oma Prieteb0x

() EQ5: 100%Kobe (g) EQ6: 100%.0oma Prieta (h) EQ7: 100% Kobe

(i) EQ8:-120% Kobe (i) EQ9: 120% Kobe (k) EQ10: 120% Kob

Figure5.17: Comparison of analytically obtained and experimentally recorded drift historigetmiumn
tested bySchoettleret al.(2012) for every motion

Similar to the experimental observatiortg ainalytical model predicts that yieldiofithe

longitudinal reinforcemenfirst occursduring thethird ground motion. Duringhe same motign
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