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Abstract. Inaccurate predictions of effective stiffness for reinforced concrete (RC) columns
having plain (undeformed) longitudinal rebars may lead to unsafe performance assessment and
strengthening of existing deficient frames. Currently utilized effective stiffness models cover RC
columns reinforced with deformed longitudinal rebars. A database of 47 RC columns (33 col-
umns had continuous rebars and the remaining had spliced reinforcement) that were longitu-
dinally reinforced with plain rebars was compiled from literature. The existing effective
stiffness equations were found to overestimate the effective stiffness of columns with plain re-
bars for all levels of axial loads. A new approach that considers the contributions of flexure,
shear and bond slip to column deflections prior to yielding was proposed. The new effective
stiffness formulations were simplified without loss of generality for columns with and without
lap-spliced plain rebars. In addition, the existing stiffness models for the columns with de-
formed rebars were improved while taking poor bond characteristics of plain rebars into ac-
count.
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1 INTRODUCTION

Effective stiffness predictions in performance based seismic assessment of existing struc-
tures primarily affect the dynamic characteristics of structures via structural demand estima-
tions (lateral deformations and shear) and consequently the cost of seismic retrofit. In this
respect, the strong dependence of effective stiffness on column axial load level was recognized
by various researchers [1-8].

In addition, the influence of other parameters such as shear span to depth ratio, eccentricity
and longitudinal reinforcement on effective stiffness was investigated and proposed stiffness
formulations were modified accordingly [3, 5, and 9]. Moreover, simplified design implications
were imposed in various structural guidelines [10-14] using the axial load level as the main
design parameter. The literature study conducted on the effective stiffness reveals that all ef-
fective stiffness formulations are for columns longitudinally reinforced with deformed rebars.
ASCE/SEI 41 update report [15] states that lower effective stiffness values might be attained
for the structural components with plain rebars due to the reduced bond stress levels without
further elaboration. Thus, it is expected that the effective stiffness recommended in assessment
guidelines may show a tendency to overestimate the effective stiffness of vertical load bearing
members having plain reinforcement. In addition, since the effective stiffness estimations sub-
stantially influence the anticipated seismic deformation demands, internal force distribution and
dynamic response [3, 5, 7 and 8], special attention should be paid especially for the performance
based assessment of structures reinforced with plain rebars. Therefore, the aim herein is to pro-
pose sound column effective stiffness estimations for columns having plain rebars.

2 COLUMN DATABASE

In order to examine the stiffness properties of RC columns with plain rebars, a database
including 47 RC columns was formed [16] in which 33 of the columns were continuously rein-
forced and the remaining columns were spliced with various splice lengths. The database con-
sisted of monotonic and cyclic lateral force — tip deflection responses of rectangular RC
columns that were tested in single curvature. The axial load upper limit as taken from the data-
base is 63% of the axial load carrying capacity with a shear span to depth ratio range of 2.8 to
9.2. In addition, longitudinal reinforcement ratios ranging between 0.6% and 2.5% were used
with splice lengths from 15 to 40 bar diameters. The monitored failure mechanisms for the
columns in the database were flexure dominant (i.e. longitudinal rebar yielding in tension ac-
companied by other limit states such as concrete crushing, rebar buckling and rebar fracture) in
addition to lap-splice failures for inadequate splice lengths.

2.1 Spliced Steel Model

Instead of a constitutive steel model that was used for continuous rebars a spliced steel model
was generated for plain rebars considering the failure mechanism as pull-out rather than split-
ting failure that is usually observed in columns with deformed reinforcing bars. For the spliced
steel model, the strain decomposition method was implemented in which the total strain was
assumed to be decomposed into elongation and slip components. The strain components were
calculated iteratively while satisfying equilibrium and bond stress equations concurrently [16].
The adopted constitutive relationship of bond stress and slip depends on maximum bond stress
and maximum slip [17]. Since the confining stresses primarily affect the bond stresses and cor-
responding slips for deformed reinforcement pertinent to splitting type of bond failure, the con-
fining stresses were taken as zero as it would merely affect the bond behavior of plain rebars.

In addition, the maximum bond stress expression was modified for plain rebars using the
lap-spliced beam database that was obtained from literature [18]. The splices were located at
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the bottom tension reinforcement with various splice lengths in the middle of the beams. Ana-
Iytical calculations were based on standard section analysis carried out by the constitutive mod-
els of concrete [19] and spliced steel [16]. In the analyses, the analytically obtained beam
moment capacities were compared with experimental moment capacities in order to acquire the
maximum bond stress expression for plain rebars. Hereby, the maximum bond stress was de-

termined as 7,4, = 0.5\/E while providing the analytical to experimental moment capacity
ratio close to unity.

2.2 Stiffness Approximations and Code Comparisons

The experimental effective stiffness calculations for the columns were based on estimated
yield deflections (4, .,p) according to the yield forces (f,) that were determined by either
standard section analysis (SSA) or load deflection curves due to the unavailability of the meas-
ured strain data for longitudinal reinforcement. Thus, the incipient yield deflections (Af,) were
determined initially as corresponding to the preceding lateral force (Fr,) at which the tensile
reinforcement yielded or concrete compressive strain reached 0.002 by using standard section
analysis with the constitutive models for concrete, steel and spliced steel. In accordance with
Elwood and Eberhard [7], for the cases where the experimental lateral strength (Fp,qxexp) did
not exceed the calculated yield force by a minimum 7%, the yield force was assumed as 80%
of the experimental lateral strength concerning the influence of axial load and shear induced
failure mechanisms.

The experimental yield deflections were acquired by extrapolating the attained incipient
yield deflections in proportion to the ratio of the lateral force at which the strain at extreme
concrete fiber reached 0.004 (F, oo4) to the incipient yield force (Eq. 1a). The yield curvatures
() were determined similarly (Eq. 1b). The experimental effective stiffness (Elff xp) IS de-
fined in Eq. 2a assuming a linear curvature distribution over the column shear span (L) and the
flexural stiffness (Elf ) is calculated as shown in Eq. 2b.

Ay exp = DryFo004/Fry (1a)

Ky = KryMo ooa/ My, (1b)
Eleffexp = Fo00al?/3By exp (2a)
Elfiex = Mfy/Kfy = M0.004/Ky (2b)

11 columns out of the database were identified as not yielding while the experimental lateral
strength was not monitored to exceed the calculated yield force at least by 7%. Herein, 2 beams
and 7 columns were not identified to yield due to the relatively low shear span to depth ratio of
2.8 and high axial load ratio beyond 30% that introduced the effect of shear and axial load
induced failure mechanisms, respectively. The remaining 2 columns (1 lap-spliced column and
1 column with relatively low axial load ratio of 12%) were observed to exceed the calculated
yield force by approximately 5%. In reference to the measured effective stiffnesses for contin-
uous and lap-spliced columns, the influences of key parameters ranging in investigation limits
are presented in Figs. 1a - 1i.
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Figure 1 Experimental effective stiffness variations according to key parameters.

The most significant dependence can be observed for axial load level (P/A,f.) in which P
and Agspecify the axial load and gross cross-section area, respectively (Fig. 1a). However, due
to the cluster of data below 7 MPa and increasing scatter beyond that region impeded the inter-
pretation of the dependence of effective stiffness on mean axial stress (P/A,) (Fig. 1b), addi-
tional tests to investigate the column performances beyond 7 MPa are needed for more reliable
evaluation. Since the stiffening effect of axial compression on effective stiffness was verified
among many researchers in the literature [3, 5-8], a similar response was observed for the col-
umns longitudinally reinforced with plain rebars (Figs. 1a and 1b). The direct correlation be-
tween longitudinal reinforcement ratio (p;) and effective stiffness can be attributed to the
comparative increase in moment capacity rather than yield deflection with increasing reinforce-
ment ratio (Fig. 1c) [5-8] however additional tests for longitudinal reinforcement ratios beyond
1% can provide better interpretation.

A slight influence of shear span to depth ratio (L/h) [6, 7 and 9] and eccentricity ratio (e =
My 004/Ph) [5, 9] on the effective stiffness can be observed (Figs. 1d - 1e). Since the eccen-
tricity ratio is infinite for the beams, the cases with no axial load were not included in Fig. le.
The weakest interrelation with the column effective stiffness was examined for concrete com-
pressive strength (f), steel yield stress to concrete compressive strength ratio (f, /f;), bar di-
ameter to depth (d,/h) and shear span ratios (d,/L) as similar symptoms were attained in
literature (Figs. 1f - 1i) [6, 7].
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Guideline Expression (Elz¢/El ;)
0.35n<0.1
ACI 318 [10] 0.70.n>0.1
FEMA 356 [11] 05<n+0.2<0.7
ASCE 41 [12] 0.3<n+0.2<0.7
TEC-07 [13] 0.4<4/3n+0.8/3<0.8
M, L L d,f
EC-8[14] Y0, = i+0.013(1+1.5£j+0.13x by
3EIG," Y 3 L X
Elwood and Eberhard [6] 0.2<5/3n+0.4/3<0.7

Biskinis and Fardis [22]" a(0.8 + In(max(% ,O.GJD(H 0.048 min (SOMPa, %B

*a is 0.081 for columns and 0.10 for beams.

Table 1 The guideline expressions for effective stiffness.

In line with the experimental data obtained from the column database, the stiffness approx-
imations for columns with deformed rebars given in structural assessment guidelines (Table 1)
were evaluated regarding the Figs. 2a and 2b. Since all guidelines predicted effective stiffness
of the columns presuming deformed rebars as longitudinal reinforcement, a significant overes-
timation in effective stiffnesses was monitored for the columns longitudinally reinforced with
plain rebars for all levels of axial load as shown in Fig. 2a. Herein, FEMA 356 [11] and TEC-
07 (Turkish Earthquake Code —2007) [13] gave the almost upper bound predictions of effective
stiffness for low and high axial load ratios that represent the actual cases for beams and columns,
respectively. For Eurocode 8 [14], the moments and curvatures at yield were computed accord-
ing to the guideline provisions and compared with the aforementioned results of standard sec-
tion analysis as shown in Figs. 3a - 3b. Herein, the overestimated yield moments were observed
to have an increasing dispersion with the axial load as similar to the underestimated yield cur-
vatures. Since the lower bond stress levels of plain rebars and poor bond slip performance en-
hanced the slip component of the yield deflections, the effective stiffnesses were monitored to
be overestimated particularly for low axial load levels. However, for the columns under high
axial load ratio, the development of slip induced deflections was not permitted as much as the
columns under low axial load and the slip contribution can be expected to be higher for lap-
spliced columns regarding the lower bond stress levels. The outcomes of the previous research
[20-22] claimed the influence of poor bond performance of plain rebars on the yield deflection,
yield strength and effective stiffness of RC columns to be insignificant considering a database
including 20 columns reinforced with plain rebars.

Considering the inadequate bond strength along plain rebars that inhibited the full mobiliza-
tion of yield strength, the yield moments were overestimated with an experimental to prediction
ratio of 0.95 [20] and it can be anticipated that the development of yield strength can be inhib-
ited further for lap-spliced columns as compared to the columns with continuous rebars. Thus,
this phenomenon was found to be responsible for the reduced mean levels for yield moments
(0.92 and 0.69 for continuous and lap-spliced, respectively) with a low scatter as shown in Fig.
3a. Further, the suggested empirical formulation by Biskinis and Fardis [22] (Table 1) was ob-
served to underestimate the effective stiffnesses as compared to EC8-3 while satisfying slightly
higher mean and standard deviation (Figs. 3c - 3d). However, the effective stiffness and yield
properties of the columns should be evaluated while preventing shear force underestimations
or displacement demand overestimations for low effective stiffnesses [7, 20].
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Figure 2 The normalized (a) experimental effective stiffness and (b) flexural stiffness variations

The chord rotations at yield (6,,) were computed accordingly with the components of flexure,
shear and bond slip (Table 1) in order to determine the effective stiffnesses that were overesti-
mated beyond axial load ratios of approximately 0.2 (Fig. 3c) while ignoring the effect of plain
rebars. The closest and most reliable estimations were obtained by Elwood et al. [6] for low
axial load levels up to the ratio of approximately 0.3, above which the effective stiffness was
still overestimated. For all the investigated guidelines, effective stiffness overestimations can
be attributed to the consideration of deformed rebars. Regarding the normalized flexural stiff-
ness (Elf.x/Ely), the most consistent predictions were obtained by ASCE 41 [12] and Elwood
et al. [6] as shown in Fig. 2b. Since the other tip deflection contributors of shear and bond slip
were not accounted, overestimations were majorly observed for the other guidelines (ACI 318,
FEMA 356 and TEC-07) for all levels of axial load. Thus, the flexural stiffness estimations
were reduced using the three component approach in order to provide more reliable predictions
for the effective stiffness of the columns that were longitudinally reinforced with plain rebars.

3 EFFECTIVE STIFFNESS MODELING

The effective stiffness modeling estimations were based on the idea of reducing the flexural
stiffness that was computed by standard section analysis pursuant to the adverse effects of shear
and bond slip deformations. Since this phenomenon was a consequence of the three component
approach in order to estimate column tip deflections, the same idea was utilized in effective
stiffness computations for columns. The flexural component (Ag.,) of the column yield deflec-
tion (4,) (Eg. 3a) was computed as shown in Eq. 3b by integrating the curvature distribution
which was assumed to be linear over the column shear span (L). Eq. 3c enables the calculation
of the shear term (Agp.qr) OF the yield deflection while being comparatively lower regarding
the other sources of deformation such as flexure and bond slip. The effective shear area (A4,,)
and the effective shear modulus (G, ;) terms were concerned in order to reflect the deteriorating
impact of shear cracking on column stiffness. Bond slip deflections (Ag;;,,) were computed con-
sidering the rigid body rotation of the column as a result of elongation and slip of longitudinal
rebars at the interface of column base and footing. Thereby, as shown in Eq. 3d, the bond slip
component of yield deflection was calculated using the yield curvature (x,,), rebar diameter (d,,)
and column shear span (L). The bond strength for plain rebars was calculated by recalibrating

maximum bond stress as (T;qx = O.Sﬁ). The experimental and analytical yield deflections
are compared in Fig. 3e while providing close estimations except five lap-spliced columns for
which the yield deflections were underestimated by a factor of 1.58 to 2.31.
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Figure 3 The comparison of experimental to calculated (a) yield moments, (b) yield curvatures, (c) effective
stiffnesses according to Eurocode 8 (EC-8, 2005), (d) Biskinis and Fardis [22] and (e) yield deflections

Ay = Aflex + Aspear + Aslip (38)
_ Kyl Mooos
Aflex — 3 _3E1flex (3b)
M, 4.8M,
A _ Mooos _ 0.004 3c
shear AvGeff ApE, ( )

fsdbL _ dpL fy fs (3d)

Ao =K =
stip y 8Tmax Y o4 fcl Iy

Further, Eq. 2a was rewritten in terms of dimensionless parameters encapsulating Eq. 2b and
Egs. 3a - 3d that yielded Eq. 4 where a = Elf,, /El, denotes normalized flexural stiffness and
12 = 1,/Ag is the radius of gyration in loading direction. I, and A, denote the gross moment
of inertia and gross cross-section area, respectively. The experimental and calculated effective
stiffnesses are compared in Table 2.

EIeff,CalC — ¢2;_r (4)
Elg 1+17.28a("2) +0.75152 Ty dp

fy\/EL
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4 STIFFNESS MODELS

The aforementioned stiffness model acquired by Eq. 4 was further simplified in order to
eliminate the need of standard section analysis. Considering design simplifications, the param-
eters of a and f;/f, were estimated in terms of only axial load (n) (Egs. 5a - 5b) for continuous
(cont) columns as shown in Fig. 4. However, for lap-spliced columns, the parameters of splice
length (L;/d}) and shear span to depth ratio (L/h) were embodied in addition to the axial load
as presented in Eqs. 6a and 6b.

0.8 —— Continuous
f/f,=1.56 - 2.22n — —-L=40d,
----L=25d,
06 N T~ e L~15d,
| e e 0. *
o + Continuous| .
Ld=40db M
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Ld=20db H
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f/f.

t 2 4

Figure 4 The variation of steel stress with axial load.

For Egs. 6a - 6b, since the database did not include lap-spliced beams, the equations were
valid within database limitations for axial loads in the range between 12 to 63% for lap-spliced
columns and between 0 and 51% for the columns with longitudinal rebars. Table 2 demonstrates
that reliable estimations could be obtained for the effective stiffnesses. As can be observed in
Table 2, the introduced design formulations for continuous and lap-spliced columns had a good
correlation with the analytical results. Furthermore, the predicted yield curvatures (i cone) [4]
by Eq. 7a were monitored to correlate well with the continuously reinforced columns.

Acont = 0.26 + 0.65n (5a)
(5) = 156 —2.22n < 1.0 (5b)
v/ cont
L .\0.05 /10.25
s = 0.39n%5 (d—‘;) (E) (6a)
AN 1 (1a\02S (1708
(fy)LS =0.18n (db) () =10 (6h)
&
Ky, cont = 2-1;}) (7a)
_ L.7\016 ;7\ =037 £\—0.06 /; 0.16 ;1\ —037
Ky1s = Kycont (0.75n 0.06 (i) (3) ) =1575(2) (d—Z) ()~ ()
Eleff,calc a
= 8
T ®
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However, since this formulation tended to yield overestimated results for lap-spliced col-
umns, Eq. 7a was modified for lap-spliced columns with regard to axial load, splice length and
shear span to depth ratio (Eq. 7b). For the equations, &, and d identify the steel yield strain and
column effective depth, respectively. In addition, Eq. 4 can be further simplified to yield Eq. 8
by ignoring the shear term in the denominator since it constitutes at most 3% of the tip deflec-
tion. In EqQ. 8, a can be obtained by Egs. 5a, 6a and the 8 constant has a value of 50 for plain
reinforcement. Thus, Eq. 8 gave more realistic estimations (Table 2) as compared to the effec-
tive stiffness predictions of the previous studies that were related to the RC columns reinforced
with deformed rebars [6, 7]. For the Eq. 8, the difference between two cases was ignored and a
more general formula was suggested for the sake of simplicity.

Eleff ,calc Ay,exp Qcalc Ky,calc

Column Type * Elett exp A, @ pred Ky, pred
EC-8 a b c d e f g

Continuous x 090 119 1.08 1.04 1.02 0.96 0.97 1.02

(Cont.) o 022 043 021 0.25 0.26 0.21 0.12 0.11

Lap-Spliced x 068 0.90 095 0.91 0.98 1.21 1.06 1.02

(LS) o 025 036 036 0.35 0.32 0.49 0.12 0.09

Average 4 083 110 1.04 1.00 1.01 1.04 1.00 1.02

o 025 043 027 0.28 0.28 0.33 0.13 0.10

* uand o: Mean and standard deviations for experimental to calculated ratios.
a. Biskinis and Fardis [22]

b. SSA: Standard section analysis

c. a, f;/f, : Cont: Egs. 5a - 5b, LS: Egs. 6a - 6b

d. «: Cont: Eq. 5a, LS: Eq. 6a, =50

e. Eqg. 1a, Eq. 3a - 3d

f. Cont: Eq. 5a, LS: Eq. 6a

g. Cont: Eq. 7a, LS: Eq. 7b

Table 2 Mean and standard deviation variations.

Herein, the suggested values for @ = 0.45 + 2.5n and § = 110 in literature [7] were shown
to overestimate the effective stiffness of RC columns reinforced with plain rebars since the
formulations were suggested primarily for RC columns with deformed rebars. In comparison
with Eqg. 5a, it can be inferred that the use of plain longitudinal rebars induced a lower rate of
increase of flexural stiffness with axial load as compared to the deformed longitudinal rebars.
All design formulations were compared in Table 2 and good estimations were provided since
the terms of A, a, k,, could be predicted contiguous to experimental measurements. The rec-
ommended effective stiffness predictions for continuous columns were defined for upper and
lower bounds for force based and displacement based analysis in case of either underestimating
shear demands or overestimating displacement demands, respectively. Considering 90% of
confidence level, the upper and lower bounds for effective stiffness were defined as shown in
Egs. 9a - 9c (Fig. 5a). For lap-spliced columns, the ratio of effective stiffness to gross stiffness
was recommended to have a constant value of 0.2, since no significant trend was observed for
varying splice lengths used in the database (Fig. 5b).
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As a final remark, in common practice, the circular and rectangular cross sections generally
pertain to RC bridge and building columns with low to high axial load level, respectively. Thus,
circular columns are liable to possess lower axial load and d,, /L values with shear spans gen-
erally longer than ordinary building columns. Therefore, although all the formulations imple-
mented in this research were based on a database of rectangular columns, the suggested
formulations can also be utilized for circular columns regarding the range of variables under
investigation.
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Figure 5 The effective stiffness recommendations for (a) cont. and (b) LS columns with plain rebars.

5 CONCLUSIONS

Predicting the effective stiffness for RC members is crucial in assessment and strengthening
since the seismic characteristics and consequent response of RC structures is majorly influenced
by cracking under gravity and lateral forces. The current guideline recommendations on effec-
tive stiffness of RC columns may mislead for plain reinforcement due to the major postulation
of deformed rebars as longitudinal reinforcement. Thus, a RC column database was constituted
by monotonic and reversed cyclic tests of 47 columns in which 33 columns were continuously
reinforced and the remaining were spliced with various splice lengths. In the analysis of lap-
spliced columns, the adopted spliced steel model from literature was modified using a lap-
spliced beam database reflecting the failure mechanism of plain rebars. The analyses approved
the dependence of effective stiffness on axial load and longitudinal reinforcement ratio as com-
patible with previous researches on deformed rebars. In this sense, it was ascertained that due
to the shortcomings of the current structural guidelines upon utilization of longitudinal plain
rebars, column effective stiffnesses were overestimated. Therefore, more reliable effective stiff-
ness predictions were obtained by reducing the flexural stiffness of the columns regarding the
deflection constituents of shear and bond slip on the basis of the three component approach
while taking plain rebars into account. In addition, upper and lower bound effective stiffness
expressions were recommended that can be utilized for force and displacement based assess-
ment of RC structures, respectively.
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