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Abstract

The main cause of structural damage in buildingsjestted to seismic actions is lateral drift. In a@lsh all reinforced
concrete (RC) structures, whether designed witHsnal frames, it is likely to be the code drift iisnthat control the design
drift. The design drift limits and their contribati to damage may be represented indirectly thrahghmaterial strain limits.
The aim of this study is to investigate the seigieigign indicators of RC columns using finite elethanalyses (FEA). The
results of FEA have been compared with the resifltsxperimental studies selected from literatutds lobserved that the
lateral load-deflection curves of analyzed coluraresin agreement with the experimental results.eflasn these lateral load-
deflection curves, the drift limits and the matégtain limits, given by the codes as performaimzicator, are compared. It
is observed that the material strain limits are raonservative as performance indicator of RC colspmompared to the drift

limits.
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1. Introduction

Performance-based seismic design has been thecsubje
of significant research activity among the earthgua
engineering community for over two decades [1]. In
general, performance-based seismic design relieshen
identification of structural performance expresseterms
of limit states that are often defined on the basis
material strain, drift or displacement. Curvatuapacity at
the cross-sectional level and drift capacity at iember
level are often used as criteria for evaluating the
performance of the column. Priestley and KowalsRy [
and Kowalsky [3] have defined expressions for ctumes
and drifts based on material strains. Brachmanal.€i4]
proposed a direct relationship between the limitdrgt
ratio and the corresponding material and structural
properties of RC columnsand Kabeyasawa [5] and
Mostafaei et al. [6] presented approaches for
displacement-based analysis of RC columns and
estimation of ultimate deformation and load capacit
RC columns based on principles of axial-
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shear-flexure interaction. Barrera et al. [7] irtigegted the
deformation capacity of slender RC columns under
monotonic flexure and constant axial load based on
Barrera et al.’s [8] experimental study.

According to the Turkish Earthquake Code (TEC) [9]
and FEMA356 [10], based on relative storey drifiaa
three limit conditions are defined for ductile eksms.
Also, the TEC [9] defines the upper bounds (cagacit
deformation for different sectional damage thredbdbr
the ductile load-bearing system components thaengu
plastic deformations. The relationship betweenestairift
ratio and material strains is important because adgaris
often assumed to be well correlated with concrete
compression and steel tension strain levels.

The capacity and behavior of the columns of a RC
frame structure are important factors that deteentime
seismic performance of the whole structure [11]siB&
performance assessment has become more important th
ever since structural designers started to employ
performance based design methods, which require
predicting structural and member behaviors at difie
limit states precisely. The damage level of theucwis
subjected to an earthquake is essential for piadidhe
seismic vulnerability of a RC frame structure. djiaet al.

[12] proposed a semi-empirical method to estimateral

displacements of flexure-dominant rectangular RC
columns at a number of key seismic damage states.
Erduran and Yakut [13] have developed displacement-
based damage functions for the components of RC
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moment resisting frames using finite element arays
The seismic demands are obtained by a nonlinedysasma
or a pushover analysis [10, 14] of the structutgestted to
monotonically increasing lateral forces until agitrvalue
of roof deflection is reached.

It is generally accepted that damage is straintadla
(for structural components), or drift related (faon-
structural components). The damage-control lingitestan
also be defined by material strain limits and bygige drift
limits intended to restrict non-structural damagehe
material strain limits would be compared with thede
drift limits imposed to limit non-structural damagend the
more critical adopted for design. The aim of thisdy is
to investigate strain values for RC columns basedhe
drift ratio, defined as the ratio of the differenicetween
the deflections of the two ends of the column te th
column height. To develop consistent and relialalenage-
drift relations, a number of finite element analysEEA)

were carried out for RC columns using the software

ANSYS [15]. In order to validate the finite elemanodel,
a column tested previously by Lin and Lin [16], kta
and Penzien [17] and Lu et al. [18] was modelesdt.fir
Upon verifying that the finite element model reenes the
actual behavior adequately, strain values corredipgno
the drift ratios defining damage levels -minimunmadge
limit, safety limit and collapsing limit- were cormaped
with the strain limits given by the TEC [9] for émc
damage level.

2. Specimen Details of RC Columns
The first step of the numerical investigations wlas

verification of the finite element model. For thpsrpose,
Lin and Lin [16], Atalay and Penzien [17] and Luatfs

[18] columns were modeled and analyzed (Fig. 1)e Th
shear strengths of the columns were much greatar th
their flexural strengths so that the columns warreed

to fail in pure flexure.
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Fig. 1 Test setups (double ended) and details of coliomits mm)

Specimen details required for the modeling of tle R
columns are given in Table 1, wherd, is the

compressive strength of concreté/N, is the ratio of the
applied axial load(N) to the axial load capacit{N,),

a/d is the span-to-depth ratios is the spacing of
transverse reinforcemensg, is the spacing of transverse

reinforcement in confinement zoned,, is the yield
strength of transverse reinforcement, is the yield
strength of longitudinal reinforcementp,f,, is the

nominal transverse reinforcement strength, andis the
longitudinal reinforcement ratio.

Table 1 Specimen details of RC columns

Column fe N/N, a/d s [S¢] fyv Psfyy 0 fy Section size
name  (MPa) (mm) (MPa)  (MPa) (MPa)  (mmxmm)
NC?° 50.0 0.20 4.09 100 452.1 511 0.0338 438 300x300
NCZ 50.5 0.40 4.09 100 452.1 5.11 0.0338 438 300x300
NCZF 50.2 0. 60 4.09 100 452.1 511 0.0338 438 300x300
NC# 31.8 0.20 4.09 100 452.1 5.11 0.0338 438 300x300
NC5’ 57.6 0.20 4.09 100 452.1 511 0.0338 438 300x300
NC6& 49.0 0.20 4.09 130 452.1 3.93 0.0338 438 300x300
NC7 50.6 0.20 4.09 70 452.1 7.05 0.0338 438 300x300
NC& 48.5 0.20 4.09 100 365.2 4.24 0.0338 438 300x300
NCY 49.1 0.20 4.09 100 554.6 571 0.0338 438 300x300
NC1C 49.7 0.20 4.09 100 452.1 5.88 0.0338 438 300x300
187 29.1 0.10 5.50 76 363 5.59 0.0167 367 305 x 305
2ST 30.7 0.09 5.50 127 363 3.38 0.0167 367 305 x 305
3sr 29.2 0.10 5.50 76 363 5.59 0.0167 367 305 x 305
4ST 27.6 0.10 5.50 127 363 3.38 0.0167 429 305 x 305
6SY 31.8 0.18 5.50 127 392 3.65 0.0167 429 305 x 305

10° 324 0.27 5.50 127 392 3.65 0.0167 363 305 x 305

12 31.8 0.27 5.50 127 373 3.47 0.0167 363 305 x 305
caL1° 334 0.07 5.44 27 [60] 181 2.31 0.0179 462 300% 3
Cc3LZ 29.3 0.20 5.35 60 181 0.97 0.0226 462 200 x 200
C5LY 274 0.20 5.23 40 195 0.55 0.0187 475 110 x 110

N, = 085, (A, = Ag)+ Agfyn

®Lin and Lin [16];°Atalay and Penzien [17]tu et al. [18]
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3. Finite Element M odeling of RC Columns

In the numerical investigations carried out withire
scope of this study, the finite element software SM$
[15] was used. A perfect bond is assumed between th
reinforcement and the concrete components implying
compatible deformation. A load-controlled analysias
performed by increasing the load at the tip of ¢bkumn
incrementally. The deflection was then calculateecdach
step. Only the half of the column was modeled duthé
symmetry of the loading and geometry. The analygs
carried out using Newton-Raphson technique.

Reinforcements based on the effects of strain
hardening effect were modeled discretely using 8ink
element. Solid45 elements have been used at tipodap
and at the loading regions to prevent stress carat&ms
at those regions. The concrete has been modeled usi
Solid65 eight-node brick element, which is capabfe
simulating the cracking and crushing behavior aftlbr
materials. The Solid65 element requires linearrigot
and multiaxial isotropic material properties to pedy
model the concrete.

The tensile strengthf, of concrete is assumed as

f, = 03f 23 [19, 20], the modulus of elasticif is taken
as 473(1/f_C [21] for normal-strength concrete and

E, =332Q/f, +6900 [22] for high-strength concrete.

The nonlinear analyses of the columns were perfdrme
by employing the Drucker—Prager yield criterion for
concrete. The crack interface shear transfer coeffi for
open cracks is assumed to take a value of 0.5 vithite
assumed to take a value of 0.9 for closed cracke T
Drucker—Prager criterion is a generalization of Mises
criterion. The failure occurs when the Drucker—Ierag
cone crosses the surface. By failure, it is me#dheethe
actual failure caused by unstable crack growtherdnset
of softening material response, with the localmatiof
deformation into a shear band.

3.1. Principle and modeling parameters of the darek
prager criteria

The Drucker—Prager yield criterion can be used to
describe the ductile behavior of the materials,civhare
weak in tension and exhibit volumetric plastic stral’ he
Drucker—Prager yield criterion can be written a3][2

f(1,3;) =al; +/3, ~k =0 )

in which I, is the first stress invariant]J, is the
second stress invariany and k are material constants
which can be related to the friction angfeand cohesion
c of the Mohr—Coulomb criterion in several ways. We

shall assume that the Drucker—Prager cone circlipescr
the Mohr—Coulomb hexagonal pyramid, and the mdteria

constantsa and k are obtained as [23]:

2sing

6ccosp
a =
\/5(3—sin¢)

) J3@3-sing)

(2)

The internal friction angle is approximately betwee
30° and 37°, which can be found by drawing various
tangent lines to the compressive meridian, obtaiinech
the experimental data. These values have
successfully used in the previous studies [23-Bb]this
study, internal friction angles for normal and highength
concrete are considered as 33° and 37°, respagctivel

been

4. Comparison of the Results of FEA with the
TEC Requirements

4.1. Evaluation of the results of FEA

In the past, much experimental research has been
conducted on the inelastic behaviour of RC colufdits
18]. However, only a few of them presented the niglte
strain values during experimental tests [16]. Load
deflection curves and material strain values takem
nonlinear FEA have been verified using Lin and &ifiL6]
column test results.

The lateral load (H) versus deflectiow) (curves
obtained through FEA are plotted in Fig. 2. The atinal
and experimental results match fairly well. The euical
load—deflection curve was obtained from a pushover
analysis, which is a one-way static procedure. Hene
the test was carried out under hysteretic loadihgs
observed in Fig. 2 that the load carrying capasitieNC7,
and 1S1 columns are different in the positive aegative
directions. The results of FEA are in agreemenh wlite
envelope curve in the direction where the maximoad|
carrying capacity is reached.

The relative drift ratio corresponding to each dgena
level was determined using the load—deflection esirof
columns tested under cyclic loading rather than the
capacity curves of the columns. To determine thetive
drift ratios of the RC columns, the test data of RC
columns [16-18] were used.

According to the TEC [9] and FEMA356 [10], the
damage boundary mainly depends on lateral drifeltev
Basically, three limit conditions have been definked
ductile elements in terms of the drift correspogdia the
load carrying capacity of the column. The damage
boundaries based on the TEC [9] and FEMA356 [10[] wi
be discussed in detail in Section 4.2.

The relative drift ratios defining damage boundsarie
based on linear elastic analyses are defined iif B@ [9].
The section strain capacities corresponding torétegive
drift ratios obtained from FEA can be compared with
section strain capacities defined in the TEC [®isithe
deflections obtained from FEA agree with those iolgth
via experiments.
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Fig. 2 Load—deflection curves for columns

4.2. Definition of damages in cross sections amedhents

The principal damage states include yielding, dngh
of concrete cover, significant concrete spallingckiing
of longitudinal bar, and ultimate limit state. Acding to
Matamoros and Sozen [26], and Lehman et al. [27],
spalling of the concrete cover occurs after a yigjaf the
longitudinal  reinforcement under cyclic loading.
Subsequently, buckling or fracture of longitudirtzdrs
may occur, which causes failure of the column. Adow
to the TEC [9] and FEMA356 [10], three limit coridits
are defined for ductile elements. These &@mimum
Damage Limit(MN), Safety Limit(GV) and Collapsing
Limit (GC). MN defines the beginning of the behavior
beyond elasticity, GV defines the limit of the beioa
beyond elasticity that the section is capable dEtlga
ensuring the strength, and GC defines the limitthef
behavior before collapsing. Elements that the damag
with critical sections do not reach MN are withihet
Minimum Damage Regiotthose in-between MN and GV
are withinMarked Damage Regiornthose in-between GV
and GC are ildvanced Damage Regioand those going
beyond GC are withiCollapsing Region.

In the analyses performed using linear-elastic ough
in each earthquake direction, relative storey slrifif
columns, beams or walls in each storey of the mgld
shall not exceed the value given in Table 2.

240

Table 2 Boundaries of relative storey drift

Damage Relative drift ratio ©/h)
boundary TEC [9] FEMA356 [10]
MN 0.01 0.01
GV 0.03 0.02
GC 0.04 0.04

According to the TEC [9], the upper bounds (capacit
of deformation for different sectional damage thodds
for the ductile load-bearing system components that
undergo plastic deformations are defined below:

For Minimum Sectional Damage Boundary (MN),
upper bounds of the concrete strain in the outrilost of
the section and the reinforcement steel strairtigok:

(Ec)un = 0.0035; (£ = 0010 3)

in which &, and &, are strain of concrete pressure in

the outermost fibrous of the section of the crosstien
and strain of reinforcement steel, respectively.

For SectionSecurity Bound (GV)ypper bounds of the
concrete pressure strain in the outmost fiber afphand
the reinforcement steel strain volitions:

(£cq),,, =0.0035+ 000, / p) < 00135,

(£dcy = 0040 @
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in which & is strain of concrete pressure in the

outermost fibrous of the section inside of the rite
reinforcement binders.

For SectionCollapse BoundGC), upper bounds of the
concrete strain in the outmost fiber of hoop ané th
reinforcement steel strain volitions:

(5cg)ec = 0004+ 00140, / ) < 0018;
(£5)cc = 0060

(5)

4.3. Evaluation of the FEA results with performatiogts
of the TEC

According to the TEC [9], the general principle of
earthquake-resistant design is to prevent structanal
non-structural elements of buildings from any daenag
under low intensity earthquakes; to limit the damag
structural and non-structural elements to repagrdévels
under medium-intensity earthquakes, and to preveat
overall or partial collapse of buildings under higtensity
earthquakes in order to avoid the loss of life.eb@ining
the structural performances of the buildings urskdsmic

effect and for the strengthening purposes, effeatpacity
ratio of beam, column and wall sections are defined
according to the damage limits.

4.3.1. Minimum damage limit (MN)

The deflections of columns obtained via FEA are the
ones at the point of lateral loading. The ratio tbé
deflection at the point of loading to the distartween
the point of loading and support is defined astinadadrift
ratio (5/ h). The compressive strain in the outermost

concrete fiber of the cross sectitﬁfbu) corresponding to

the relative drift ratio of 0.01 was found to bevér than
0.0035 for NC1, NC3-5, NC7-10, 2S1, 3S1, whilesit i
higher than 0.0035 for the other columns.

According to Eurocode 8 [28] and ASCE/SEI 41 [29],
minimum damage level is defined as the yieldingeoiile

reinforcement. Based on this definitios,; was found to

be 0.0010~0.0242 in the analyses, where the aveage
of &4 for 20 columns is 0.0021 (Fig. 3).

0.0200
A
A A
0.0150+
- 4 A
- - < - -
maa 0.01001 - ° o 3
A A
o
A -
0.0050 A + A
5 o s s *
* 3 + © b ° 3 + * + + + + + + *
0.0000 T T T T T T T T T T T T T T T T T T
NC1 NC2 NC3 NC4 NC5 NC6 NC7 NC8 NC9 NCIO 1S1 2S1 3S1 4S1 6S1 10 1211 €32 C5L2
Column name
© Drift ratio=0.020 A Drift ratio=0.030- Compressive strain of the section inside of therddreinforcement binders In yielding of tensile reinforcement

Fig. 3 Comparison of FEA results and GV boundary by tR€T

4.3.2. Safety limit (GV)

The compressive strain in the outermost concréer fi
of the section inside of the lateral reinforcembimders

(ecg) and the tensile strain in the reinforcemégsy) were

obtained from analyses corresponding to the reladift
ratio of 0.03 for GV. The damage boundary GV defiby
the TEC [9] are compared in Fig. 3. Eq. (4) defitles

upper bounds foeg and £, according to the TEC [9].
&y corresponding to the relative drift ratio of 0.03

was found to be 0.0032~0.0182 for NC1, NC4-10, 2S1,
C2L1, C3L2, C5L2, while the other columns collapsed
relative drift ratios less than 0.03. The valuesegd‘ are

generally below the boundary given by Eq. (4) (R{.
Based on these results fo(d/h)=0.03, it can be

suggested to decrease the upper boundfgrdefined by
the TEC.

&y corresponding to the relative drift ratio of 0.02

was found to be 0.0007~0.0286 for NC1, NC2, NC4-10,
1S1, 2S1, 4S1, 6S1, C2L1, C3L2, C5L2, while thespth
columns collapsed at relative drift ratios lessntifa02.
The values ofe,y are below the boundary given by the
TEC (Fig. 3). Based on these results fdr/h): 002, it

can be suggested to decrease the upper bourg]for

4.3.3. Collapsing Limit (GC)

Fig. 4 shows the results of FEA with the limitinglue of
&gy for collapse state, defined by the TEL, was found to
be 0.0015~0.0196, where the average valug.pfis 0.0099,

which is below the maximum boundary given by theCTas
0.018. Based on these results, it can be suggestietrease

the upper bound fog. defined by the TEC.
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1211 €32 C512

& corresponding to the collapse state for 20 columns
was found to be ~0.0088 in the analyses, whichars f
below the boundary given by the TEC as 0.06. In the
experimental studies conducted by Lin and Lin [16],
was found to be 0.0021~0.0073, where the averalye va
of & is 0.0044. The values of, obtained from FEA
were found to be 0.0021~0.0082. The average vdlug o
for Lin and Lin's [16] columns is 0.0051. It is cyged
that the values ok, obtained from FEA are in agreement

with the experimental results. It should be noteat the
global collapse of a structure is not only relaiedollapse
of an individual column.

According to ICC [30] and ICBO [31], a storey drift
capacity of 2.0 to 2.5% is expected for special mom
resisting RC frames designed for seismic effeatsthis
regard, a lateral drift ratio of 2.5% is used as thrget
value for deformation. Fig. 5 shows that none of th
performance-based design expressions considerellisin
study guarantees a drift capacity of 2.5%.

GC
0.06 I
o
+§ 0.05 - I
E 0.04 * 90“ (3 ** I
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| - X
.% ‘ O XGO |
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o ¢ 50
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— - — - TEC (ecg=0.018)
rrrrrrrrrrrrrrrrrrrrrrrrr ICC 2006; ICBO 1997

Fig.5 &4 - Relative drift ratio corresponding to the collajtate

5. Conclusions

Considering that the results of nonlinear FEA on RC
columns are in agreement with the experimentalltsesu
the performance of RC columns subjected to lateral
loading is summarized below.

Minimum Damage Limijt

For the relative drift ratio equal to 0.01, the
compressive strain in the outermost concrete fidfethe
cross sectiong,, , is far above the boundary given by the
TEC [9] as 0.0035.

Minimum damage level is defined as the yielding of
tensile reinforcement by Eurocode 8, and ASCE/SEI 4

242

Based on this definition, the average valueegf for 20
columns was found to be 0.0021.

Safety Limit;

For the relative drift ratio equal to 0.02 and Q.0
compressive strain in the outermost concrete fifethe

section inside of the lateral reinforcement bindergg,

and the tensile strain in the reinforcemesyt, were found

to be below the boundary given by the TEC. Based on
these results, it can be suggested to decreasepiher
bound for &gy .

The upper bound for the tensile strain in the
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