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ABSTRACT

ARTICLE INFO

In determining the seismic performance of reinforced concrete (RC) structures in na-
tional and international seismic code, it is desired to use effective section stiffness of
the cracked section in RC structural elements during the design phase. Although the
effective stiffness of the cracked section is not constant, it depends on parameters
such as the dimension of the cross-section, concrete strength and axial force acting
on the section. In this study, RC column models with different axial load levels, con-
crete strength, longitudinal and transverse reinforcement ratios were designed to in-
vestigate effective stiffness. Analytically investigated parameters were calculated
from TBEC (2018), ACI318 (2014), ASCE/SEI41 (2017), Eurocode 2 (2004) and Eu-
rocode8 (2004, 2005) regulations and moment-curvature relationships. From the
numerical analysis results, it is obtained that the axial load level, concrete strength,
longitudinal and transverse reinforcement ratios have an influence on the effective
stiffness factor of RC column sections. The calculated effective stiffness for RC col-
umns increases with increasing transverse reinforcement ratio, longitudinal rein-
forcement ratio and concrete strength. Due to the increase of axial force, effective
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stiffness values of concrete have increased.

1. Introduction

Reinforced concrete (RC) columns are the critical
members of moment-resisting structural systems and
have to be designed adequately in strength and ductility
(Yiksel and Foroughi, 2019). Usually, it is desirable to
design a (RC) member with sufficient curvature ductility
capacity to avoid brittle failure in flexure and to insure
ductile behavior, especially under seismic conditions
(Foroughi and Yiiksel, 2020). The correct estimate of
curvature ductility and effective stiffness of (RC) mem-
bers has always been an attractive subject of study as it
engenders a reliable estimate of the capacity of buildings
under seismic loads (Foroughi et al., 2020). It is gener-
ally accepted that, in the interest of safety, it is essential
to provide a minimum level of flexural ductility, which
will allow energy dissipation and moment redistribution
as required (Baji and Ronagh, 2015). The moment-cur-
vature relation for simple bending is a well-studied

subject and the classical moment-curvature diagram is
commonly found in the literature (Petschke et al., 2013).
The flexural response is usually calculated with a numer-
ically-based moment-curvature diagram of the base sec-
tion and equivalent plastic hinge length (Gentile and Raf-
faele, 2018).

Seismic analysis and design of RC structures are per-
formed based on linear behavior. However, taking into
account the effect of cracking under severe earthquakes,
nonlinear analysis is performed (Pique and Burgos
2008). Cracked section properties must be used for the
analysis of existing structures. Cracked section proper-
ties may also be used when performing advanced anal-
yses (Wong et al. 2017). Cracks in concrete, which re-
duce the stiffness of (RC) members, occur at loads much
smaller than those corresponding to the yielding of the
reinforcement and bearing capacity of the members (Vi-
dovi¢ et al, 2012). Concrete cracking reduces the
bending and shear stiffness of (RC) members. Therefore,
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analyzing (RC) structures without considering the crack-
ing effect may not represent the actual behavior (Caglar
et al., 2015). The effective flexural stiffness EI of the col-
umn represents the equivalent stiffness of a fictitious
column with constant stiffness, whose effective buckling
length and critical axial load agree with those of the real
column (Bonetetal, 2011).

Various research studies have been conducted on the
effective stiffness of RC structural members. In the stud-
ies on the effective section stiffnesses, the equations pro-
posed for the design were investigated by considering
the parameters affecting the bending stiffness of the col-
umns. The researchers proposed equations for the ex-
amination of the effective section stiffnesses of (RC) col-
umns, taking into account different parameters and sec-
tion properties. Various parameters such as the axial
load level, the eccentricity of the axial load and the effect
of the longitudinal reinforcement, the normal and high
strength concrete, the concrete compressive strength
and the reinforcement ratio were taken into account
(Avsar et al., 2014; Kumar and Singh, 2010; Elwood and
Eberhard, 2009; Khuntia and Ghosh, 2004; Mehanny et
al, 2001; Panagiotakos and Fardis, 2001; Paulay and
Priestley, 1992; Mirza, 1990).

Current design codes and technical recommendations
often provide rough indications on how to assess effec-
tive stiffness of RC frames subjected to seismic loads,
which is a key factor when a linear analysis is performed
(Micelli et al., 2015). In widely used codes and guide-
lines, the effective stiffness of (RC) members is ex-
pressed as a proportion of their stiffness, calculated on
the basis of the cross-section properties. Several proce-
dures are suggested to consider effective stiffness:
Turkish Building Earthquake Code (TBEC, 2018),
American Concrete Institute (ACI318, 2014), Seismic
Evaluation and Retrofit of Existing Buildings
(ASCE/SEI41, 2017), Design of Concrete Structures (Eu-
rocode 2, 2004), Design of Structures for Earthquake Re-
sistance (Eurocode 8, 2004) and Eurocode 8-Part 3: As-
sessment and Retrofitting of Buildings (Eurocode 8,
2005). The effective section stiffnesses of (RC) columns
according to different parameters were calculated and
compared according to the mentioned methods and
codes. Analytically investigated parameters were calcu-
lated from different earthquake regulations, various pro-
cedures recommended by researchers and moment-cur-
vature relationships. In this study, a simple formula as a
securer, quicker and more robust is proposed to deter-
mine the effective flexural stiffness of cracked sections of
RC columns. The effective stiffness of RC columns is ob-
tained by based moment-curvature analyses depending
on member properties such as axial load levels (N/
Npax = N/A fo), concrete compressive strength (f,),
longitudinal reinforcement ratio (p,) and transverse re-
inforcement ratios (ps;). The analysis results obtained
for different RC column models are examined by summa-
rizing in graphs. The results obtained at the end were ex-
amined by comparing them according to different pa-
rameters and models.

2. Effective Section Stiffness of RC Column Elements

2.1. Effective section stiffness coefficient according to
moment-curvature relations

The flexural stiffness affects the load-bearing capacity
of the structural element. One of the realistic ways to cal-
culate the effective section stiffnesses of reinforced con-
crete sections is to use moment-curvature relations. The
effective stiffness does not reflect only the effect of
cracking but also the state of the RC members deter-
mined from moment-curvature relationships. Effective
stiffness (E1,) of the cracked section in RC sections is de-
termined by the ratio corresponding to the yield mo-
ment (M,) and the yield curve (@,), taking into account
the moment-curvature relationship (El, = M,,/®,,). The
stiffness of the uncracked section (EI) is calculated ac-
cording to the gross moments of inertia (I) of the RC ele-
ments and the modulus of elasticity of the concrete (E.).
For concrete classes, concrete elasticity modulus (E, =
3250\/5 + 14000 MPa) are calculated according to the
concrete compressive strengths (f;) given in Require-
ments for Design and Construction of RC Structures
(Turkish Standard-TS500, 2000). Effective stiffness co-
efficient of (RC) elements; it is calculated as k, = EI,,/EI.

2.2. Effective section stiffness coefficient proposed in
TBEC (2018)

Effective cross-sectional stiffness multipliers will only
be applied to calculations that are included in earth-
quake-effect load combinations and under loads entered
into these combinations. TBEC (2018) specifies the ef-
fective stiffness coefficient for the RC columns is speci-
fied as 0.7. Effective cross-sectional stiffnesses (EI) of
the RC members designed according to the lumped plas-
tic behavior will be determined according to Eq. (1),
where M, is the yield moment, 0, is the chord rotation
at the yielding end and L; is the shear span. Shear span
can be taken as approximately half of the span length of
the columns. For the nonlinear calculation, chord rota-
tion at the yielding (6,) of the RC members is calculated
by Eqg. (2). In the equation; f,, is the expected yield
strength of transverse reinforcement ( f,.=1.2f,,) and
fee expected compressive strength of concrete
(fee=1.3fx), h is the section height, d,, is the longitudinal
reinforcement diameter and @,, is the yield curvature.
1n = 1in columns.

MyLs

(D), = 2% (1)

_ Oyls n
6, =22 +000157(1+155) +

Q)ydbfye
8y fce

(1)

2.3. Effective section stiffness coefficient proposed in
ASCE standard (2017)

In ASCE/SEI-41 (2017), El. for columns with a de-
sign gravity load less than 0.14,f;, El¢ is specified as
0.3E.I,. For columns with a compressive force greater
than 0.54, f;, this coefficient is given as 0.7.
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2.4. Effective section stiffness coefficient proposed in
ACI standard (ACI 318, 2014)

In ACI318 (2014) specifies the effective stiffness for
the RC columns is specified as 0.70E,I,. Alternatively,
the moments of inertia of compression members, I, shall
be permitted to be computed as follow Eq. (3). I need not
be taken less than 0.35], for the compression members.
In the equation, A, is the total area of longitudinal rein-
forcement, A, is the gross area of concrete section, M,, is
the factored moment at section, P, is the factored axial
force, P, is the nominal axial strength and h is the height
of members.

_ A\ (1 _ Mu _ P
I = (0.80 +25 Ay) (1 0.52)1, < 08751, (3)

Pyh Py

2.5. Effective section stiffness coefficient proposed in
Eurocode 8 (2005)

Part 3 of Eurocode 8 (2005) provides an equation
based on moment-to-shear ratio and yield rotation,
which can be used for the determination of a more accu-
rate effective stiffness (M, L, /36,). The chord rotation at
yielding 6,, calculated at Eq. (4).

Ly+ayz
3

h dpLfy
6,=, +0.0014(1+150) + o, 22 (&)

ygx/Tc

ayz is the tension shift of the bending moment dia-
gram; z = d — d' in beam section; ¢, = f, /E;, d and d’
are the depths to the tension and compression reinforce-
ment, respectively; and d,,; is the diameter of the rein-
forcement. a, = 0, if Vg, > M,,/L; and a, = 1, if Vg <
M,, /L. Vg . is taken in accordance with 1992-1-1 (2004).

2.6. Effective section stiffness coefficient proposed in
Eurocode 8 (2004)

In Eurocode 8 (2004), recommends that the elastic
flexural and shear stiffness properties of concrete ele-
ments are taken as 50% of the corresponding stiffness of
the uncracked element.

2.7. Effective section stiffness coefficient proposed in
Eurocode2 (2004)

The following model may be used to estimate the
nominal stiffness of slender compression members with
arbitrary cross section:

El =K .E 4. + K;EI (5)

where E_; is the design value of the modulus of elasticity
of concrete (E.; = E.,,/Ycg the recommended y; value
is 1.2); I, is the moment of inertia of concrete cross sec-
tion; E; is the design value of the modulus of elasticity of
reinforcement; I is the second moment of area of rein-
forcement, about the centre of area of the concrete; K, is
a factor for effects of cracking, creep etc.; and K is a fac-

tor for contribution of reinforcement. As a simplified al-
ternative, provided p = A;/A, = 0.01, the following fac-
tors may be used in Eq. (6). ¢@.¢ is the effective creep ra-
tio.

0.3
Ks=0 ", K. = (1+0.50,7)

(6)
The stiffness should be based on an effective concrete
modulus:

Ecd,eff = Ecd/(l + (pef) [7)

3. Material and Method

In determining the seismic performance of RC struc-
tures in national and international earthquake regula-
tions, it is desired to use effective stiffness of the cracked
cross-section in RC structural elements during the de-
sign phase. One of the realistic analyses of calculating the
effective stiffness of RC structural members is the use of
moment-curvature relations. Effective stiffness of the
cracked cross-section in RC structural members are de-
termined by the ratio of yield moment to yield curvature
considering the moment-curvature relationship. The ef-
fective stiffness of the cracked cross-section depends on
parameters such as structural member size, concrete
strength and axial load levels. RC square and circular col-
umn models with different axial load levels, concrete
strength, longitudinal and transverse reinforcement ra-
tios were designed to investigate effective stiffness. The
effective stiffness coefficient of the cracked cross-section
of the RC structural members designed in different pa-
rameters were obtained analytically. Analytically inves-
tigated parameters were calculated from TBEC (2018),
ACI318 (2014), ASCE/SEI41 (2017), Eurocode 2 (2004),
Eurocode 8 (2004, 2005) regulations and moment-cur-
vature relationships of cross-sections.

Reinforced concrete column models having different
cross-sections were created in order to examine the ef-
fects of effective cross-sectional stiffness of design pa-
rameters of RC column cross-sections. In order to inves-
tigate the effect of axial load levels, longitudinal and
transverse reinforcement ratio on the effective stiffness
coefficient, the column models having dimensions of
500mmx500mm square cross-section and 600mm di-
ameter circular cross-sections were designed. Six differ-
ent longitudinal reinforcement (LR) diameters, two dif-
ferent transverse reinforcement (TR) diameters and
three different transverse reinforcement spacing are
used for each RC column model. In (RC) column models,
longitudinal reinforcement diameters were selected as
20mm, 22mm, 24mm, 26mm, 28mm and 30mm. In (RC)
column models, transverse reinforcement diameters;
10mm and 12mm and transverse reinforcement spac-
ings; it was chosen as 50mm, 75mm and 100mm. The re-
inforcement ratios used in the RC columns cross-sec-
tions have been determined by considering the limita-
tions given in TS500 (2000) and TBEC (2018). Details for
the designed RC column cross-sections with different pa-
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rameters are given in Table 1 and Fig. 1. Accurate calcu-
lation of moment-curvature relations of (RC) elements is
areliable indicator of the load capacity of structures sub-
jected to seismic loads. It is essential for the calculation
of cross-section strength, flexural stiffness and ductility,
and for the nonlinear analysis of (RC) structures. Theo-
retical moment-curvature analysis for RC members indi-
cating the available bending moment and curvature can
be constructed providing that the stress-strain relations
for both concrete and steel are known. Moment-curva-
ture relationships were obtained by SAP2000 Software
which takes the nonlinear behavior of materials into
consideration. The combined effect of vertical and seis-
mic loads (N4 ), cross-section area of RC column shall
satisfy the condition A, = Ngper/0.4f;,- In this study,
the moment-curvature relationships of the RC column
cross-sections were investigated for the values of
N /N4, ratios 0of 0.10, 0.20, 0.30 and 0.40. To investigate

-S00mnr

500mm A-A Section

the effect of axial force on the cross-section behavior; the
RC rectangular, square and circular columns were inves-
tigated under four different axial load levels. The de-
signed RC columns are considered to be composed of
three components; cover concrete, confined concrete
and reinforcement steel. A confined and unconfined con-
crete model proposed by Mander et al. (1988) used to
determine the moment-curvature relationships of RC
members. In moment-curvature analyses, material mod-
els given in Fig. 2 are used for concrete and reinforce-
ment steel. RC members having different geometries
were designed considering the regulations of ACI318
(2014) and TBEC (2018). For all RC members, C30, C35,
C40, C45 and C50 were chosen as concrete grade and
B420C was selected as reinforcement for the reinforce-
ment behavior model. In the moment-curvature analysis,
the effect of concrete tensile strength is neglected be-
cause it is insignificant.

600mm

B-B Section

Fig. 1. Cross-sectional dimensions.

Table 1. Details for the designed RC column cross-sections.

Longitudinal

Transverse reinforcement

R reinforcement " . N/Nmax
Diameter Spacing

®20mm

€30 ®22mm 0.10

C35 50mm
d24mm ®10mm 0.20

C40 75mm
d26mm ®12mm 0.30

C45 100mm 0.40

4

C50 D28mm

D®30mm
fe (MPa) fs(MPa )‘
Confined concrete f511:550
f '
\ f 5}.=42 0
' Unconfined
f co concrete
Assumed for
cover corncrete &c Es
- —— =
£c=0.002 0.004 0.005 Ecc Eeur 85;\-‘70'00‘] 53.]’:0_003 csu=0.08

Fig. 2. Stress-strain relationships for concrete and reinforcement.



Foroughi and Yiiksel / Challenge Journal of Structural Mechanics 7 (3) (2021) 135-150

139

Analytically investigated parameters were calculated
from different standards and codes and moment-curva-
ture relationships of cross-sections. In this study, the ef-
fect of the axial load levels, concrete strength, longitudi-
nal reinforcement and transverse reinforcement ratios
were considered for square and circular RC column
cross-sections. This study is based on parametric analy-
sis of the cross-sectional response of a wide range of RC
column cross-sections. The major factors affecting the
effective stiffness of the RC column cross-sections are in-
vestigated. The effective section stiffness coefficient ob-
tained from the analyses were compared with the effec-
tive cross-section stiffness coefficient given for RC col-
umns in different regulations. The results of the compar-
ison are examined in detail. The effective stiffness values
obtained from the analysis results are presented in detail
in the Research Findings and Discussion section.

4. Research Findings and Discussion

The effective flexural stiffness resulting from concrete
cracking depends on some important parameters such
as confinement, level of axial load, cross-section dimen-
sions and material properties of concrete and reinforce-
ment. The results of the parameters investigated for
(RC) column models are summarized in the following
sections according to cross-section geometries. The ef-
fective stiffness and effective stiffness coefficient of the
cracked cross-section of the RC structural members de-
signed in different parameters were obtained analyti-

cally. Analytically investigated parameters were calcu-
lated from TBEC (2018), ACI318 (2014), ASCE/SEI41
(2017), Eurocode2 (2004) and Eurocode8 (2004, 2005)
regulations and moment-curvature relationships. The
effective section stiffness coefficient obtained from the
analyses were compared with the effective section stiff-
ness coefficient given for RC square and circular columns
in different regulations. The results obtained at the end
were examined by comparing them according to differ-
ent parameters and models.

4.1. Nonlinear moment-curvature analysis of
reinforced concrete columns

In this part of the study, the moment-curvature rela-
tions are obtained by changing the axial load levels, con-
crete strength, longitudinal and transverse reinforce-
ment ratio. A total of 1440 different analyzes were per-
formed to determine the moment-curvature relation-
ships and effective stiffness coefficients of square and
circular (in two geometries) cross-section columns with
different parameters. Each cross-sectional analysis is
compared according to criteria which can change the ef-
fective stiffness of RC column cross-sections. The mo-
ment-curvature curves were drawn for different RC col-
umn models and were interpreted by comparing the
curves. Moment (M,,, M,,) and curvature (@,,, @,) values
were calculated for yield and ultimate conditions from
moment-curvature relationships according to different
parameters in the designed (RC) square and circular col-
umn models (Figs. 3 and 4).

850 LR:8®20-Concrete grade:C30 850 LR:8®20-Concrete grade:C30
800 800
750 750
700 700
,g 650 ’E\ 650
600 = 600 LY
2 550 — £ 550 ———
> 500 = 500 ~1
450 — | 450 — :
400 . 400 - = @ —=—1250mm
350 = —=—12/50mm | 350 A —o—12/75mm |
300 T/ ——10/50mm | 300 ¢ 12/100mm
250 4 | 250 4 |
0.1 0.2 0.3 0.4 0.1 0.2 0.3 0.4
NIN,,0x NIN ax
850 TR:®10/50mm-Concrete grade:C30 850 LR:8®20-TR:®10/50mm
oo | 30mm | 800 1 C50 |
750 4 o 2omm X 750 {- —*—C45 |
700 4 2emm T 700 - ca0 | ;74 -
I | Y 1 650 L. —=*—C35 >
__ 650 7 ——22mm = —~ 65 c30 i
£ 600 { —=—20mm — = [|Ee0f ° =
E 550 T———= / < 550 /*
=500 . = 500
= 450 T 450 7{;
100 = — 400 327/ 4
350 ji( 350
300 - 300 T!,/
250 250 -
0.1 0.2 NIN 0.3 04 0.1 0.2 NIN 0.3 0.4

Fig. 3. (continued)
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Fig. 3. (continued)
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024 —o—30mm _| 0.24 —¥—C50 _]
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Fig. 3. Influence of N/N,,,,,, concrete strength, longitudinal and transverse reinforcement
on the moment-curvatures (square columns).
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Fig. 4. (continued)
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Fig. 4. Influence of N/N,,,,, concrete strength, longitudinal and transverse reinforcement
on the moment-curvatures (circular columns).

4.2. Effective stiffness analysis of reinforced concrete
columns

The effective stiffness coefficient of the (RC) square
and circular column cross-sections designed according
to different design parameters was investigated using
the relationships proposed in different regulations and
non-linear moment-curvature analysis. The effective
stiffness of the RC columns is obtained by nonlinear
moment-curvature analyzes depending on different de-
sign parameters. The effective stiffness coefficient ob-
tained from analysis for different RC column models

are examined by summarizing in graphs. The results ob-
tained at the end were examined by comparing them ac-
cording to different parameters (axial load, concrete
compressive strength, longitudinal and transverse rein-
forcement ratio) and models (Square and circular cross-
section). The effective stiffness coefficient obtained from
the analyzes were compared from moment-curvature
relations and different seismic codes (TBEC, 2018;
ACI318,2014; ASCE/SEI41, 2017; Eurocode 2, 2004; Eu-
rocode 8, 2004; Eurocode 8-Part 3, 2005). The calculated
effective stiffness coefficient are comparatively given in
Figs. 5-17.
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Fig. 6. k, values obtained according to the non-linear behavior defined in TBEC (2018) of the square column.
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Fig. 9. k, values obtained according to the non-linear behavior defined in TBEC (2018) of circular column.
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Fig. 10. k, values obtained according to part 3 of Eurocode8 (2005) of circular column.
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Fig. 13. Effect of longitudinal reinforcement on k, of square column cross-sections (TR: ®10/50mm-C30).
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Fig. 16. (continued)
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Fig. 16. Effect of longitudinal reinforcement on k, of circular column cross-sections (TR: @10/50mm-C30).
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Fig. 17. Effect of concrete compressive strength on k., of circular column cross-sections
(LR: ®20mm, TR: ®10/50mm).

When the moment-curvature analysis results are ex-
amined, it is observed that the variation of the axial load,
longitudinal reinforcement diameter, transverse rein-
forcement ratio have an important effect on the mo-
ment-curvature behavior of the (RC) columns. Yielding
and ultimate moment capacities of the sections increase
when the transverse reinforcement spacing decreases.
The increase in the transverse reinforcement diameter
increases the ultimate moment, ultimate curvature and
curvature ductility values, but yield moment and yield
curvature values remain almost constant. The increase
in the axial load level causes curvature values to de-
crease. Yield and ultimate moment capacities of the
members increase with the increment of longitudinal re-
inforcing ratio for the columns.

ACI318 (2014) gives a constant ratio of 0.70E_I, for
columns. In ASCE/SEI-41 (2017), for columns with a de-
sign gravity load less than 0.14,f;, El¢ is specified as
0.3E.I,;. For columns with a compressive force greater
than 0.54, f;, this coefficient is given as 0.7. The effective
stiffness value of the cracked section given in Eurocode
8 (2004) is fixed. The effective stiffness of the cracked

section is considered to be half of the initial stiffness. In
Eurocode 8 (2004), features such as concrete strength,
cross-section geometry, longitudinal and transverse re-
inforcement ratio and axial force acting on the cross-sec-
tion are not taken into consideration. Part 3 of Eurocode
8 (2005) provides an equation based on moment-to-
shear ratio and yield rotation, which can be used for the
determination of a more accurate effective stiffness.
Both the ultimate level and serviceability level loads are
addressed in Eurocode 8 for linear and nonlinear anal-
ysis. According to Eurocode 2 (2004) in a second-order
analysis based on stiffness, nominal values of the flex-
ural stiffness should be used, taking into account the ef-
fects of cracking, material non-linearity and creep on
the overall behavior. Similarly, in TBEC (2018), effec-
tive stiffness is assumed to be constant and effective
stiffness coefficient values of the cracked section are
0.70 for the column. The effective stiffness of reinforced
columns modelled according to the lumped plastic be-
havior in TBEC (2018) can be calculated depending on
the effective yield moments, yield rotation and the shear
span.
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5. Conclusions

When the moment-curvature analysis results are ex-
amined, it is observed that the variation of the axial load,
longitudinal reinforcement diameter, transverse rein-
forcement ratio have an important effect on the mo-
ment-curvature behavior of the (RC) columns. Yielding
and ultimate moment capacities of the cross-sections in-
crease when the transverse reinforcement spacing de-
creases. The ductile behavior for (RC) column cross-sec-
tions is observed due to the increment of curvature duc-
tility with the increase of the transverse reinforcement
ratio. The increase in the transverse reinforcement di-
ameter increases the ultimate moment, ultimate curva-
ture and curvature ductility values, but yield moment
and yield curvature values remain almost constant
(transverse reinforcement spacing and axial load levels
are the constant). Yield moment, yield curvature, ulti-
mate moment and ultimate curvature values increase
however, curvature ductility values decrease as the lon-
gitudinal reinforcement diameter increases while other
parameters kept constant. The increase in the axial load
level causes curvature values to decrease. In cases where
the axial load is low, (RC) cross-sections have a ductile
behavior. Yield and ultimate moment capacities of the
members increase with the increment of longitudinal re-
inforcing ratio for the columns cross-section.

In the relations suggested for the effective stiffness
coefficient, the confining effect is not taken into account
as in the regulations. Therefore, it means neglecting the
effects of parameters such as cross-section dimension,
concrete strength, confining effect and axial force acting
on the cross-section. Determining the moment-curva-
ture relationship in the design and evaluation of (RC) el-
ements and obtaining effective stiffness values are of
great importance in order to obtain more realistic re-
sults. Existing codes and previous studies revealed that
the effective stiffness is often expressed in terms of the
axial load level in the columns. The axial loads, concrete
strength and the amount of longitudinal and transverse
reinforcements have been identified as the most im-
portant factors affecting the cross-section yield point as
well as the effective stiffness of the RC column cross-sec-
tion. As can be seen from the comparison results, the ef-
fective stiffness values calculated from the SAP2000 pro-
gram, from different regulations are different from each
other. Taking the effective stiffness higher than the re-
quired value will cause the structural stiffness to be
overestimated. As a result, problems will arise in the cal-
culation and evaluation of structures. As can be seen
from the comparison of effective stiffness coefficient val-
ues obtained with different regulations and relations for
RC columns designed in different parameters; the calcu-
lated effective stiffness for RC columns increases with in-
creasing transverse reinforcement ratio, longitudinal re-
inforcement ratio and concrete strength. Due to the in-
crease of axial force, effective stiffness values of concrete
have increased.

Acknowledgements
The authors thank the reviewers who evaluated the

article for their time and valuable comments and sugges-
tions.

REFERENCES

ACI 318 (2014). Building Code Requirements for Reinforced Concrete
and Commentary. American Concrete Institute Committee, USA.
ASCE/SEI41 (2017). Seismic Evaluation and Retrofit of Existing Build-
ings. The American Society of Civil Engineers, Reston, Virginia, p.

20191-4382, USA.

Baji H, Ronagh HR (2015). Probabilistic models for curvature ductility
and moment redistribution of RC beams. Computers and Concrete,
16(2), 191-207.

Bonet JL, Romero ML, Miguel PF (2011). Effective flexural stiffness of
slender reinforced concrete columns under axial forces and biaxial
bending. Engineering Structures, 33(3), 881-893.

Caglar N, Demir A, Ozturk H, Akkaya A (2015). A simple formulation for
effective flexural stiffness of circular reinforced concrete columns.
Engineering Applications of Artificial Intelligence, 38, 79-87.

Elwood K], Eberhard MO (2009). Effective Stiffness of Reinforced Con-
crete Columns. ACI Structural Journal, 106(4), 476-484.

Eurocode 2 (2004). Design of concrete structures: Part 1-1: General
rules and rules for buildings, BS EN 1992-1-1:2004.

Eurocode 8 (2004). Design of structures for earthquake resistance:
Part 1: General rules, seismic actions and rules for buildings, BS EN
1998-1:2004.

Eurocode 8 CEN (2005). Design of structures for earthquake resistance:
Part 3: Assessment and retrofitting of buildings, BS EN 1998-3.
Foroughi S, Yuksel SB (2020). Investigation of the moment-curvature
relationship for RC square columns. Turkish Journal of Engineering

(TUJE), 4(1), 36-46.

Foroughi S, Jamal R, Yiiksel SB (2020). Effect of confining reinforce-
ment and axial load level on curvature ductility and effective stiff-
ness of reinforced concrete columns. El-Cezeri Journal of Science
and Engineering, 7(3), 1309-1319.

Gentile R, Raffaele D (2018). Simplified analytical moment-curvature
relationship for hollow circular RC cross-sections. Earthquakes and
Structures, 15(4), 419-429.

Khuntia M, Ghosh SK (2004). Flexural stiffness of reinforced concrete
columns and beams: analytical approach. ACI Structural Journal,
101(3), 351-363.

Kumar R, Singh Y (2010). Stiffness of reinforced concrete frame mem-
bers for seismic analysis. ACI Structural Journal, 107(5), 607-615.

Mander ]B, Priestley MJN, Park R (1988). Theoretical stress-strain
model for confined concrete. Journal of Structural Engineering,
114(8), 1804-1826.

Mehanny SSF, Kuramoto H, Deierlein GG (2001). Stiffness modeling of
RC beam-columns for frame analysis. ACI Structural Journal, 98(2),
215-225.

Micelli F, Candido L, Leone M, Maria AA (2015). Effective stiffness in
regular R/C frames subjected to seismic loads. Earthquakes and
Structures, 9(3), 481-501.

Mirza SA (1990). Flexural stiffness of rectangular RC columns. ACI
Structural Journal, 87(4), 425-435.

Panagiotakos TB, Fardis MN (2001). Deformations of reinforced con-
crete members at yielding and ultimate. ACI Structural Journal,
98(2), 135-148.

Paulay T, Priestley MJN (1992). Seismic Design of Reinforced Concrete
and Masonry Buildings. John Wiley & Sons, New York.

Petschke T, Corres H, Ezeberry ]I, Pérez A, Recupero A (2013). Expand-
ing the classic moment-curvature relation by a new perspective
onto its axial strain. Computers and Concrete, 11(6), 515-529.

Pique JR, Burgos M (2008). Effective stiffness of reinforced concrete el-
ements in seismic analysis and design. The 14th World Conference
on Earthquake Engineering, 12-17 October, Beijing, China.



150 Foroughi and Yiiksel / Challenge Journal of Structural Mechanics 7 (3) (2021) 135-150

SAP (2000). Structural Software for Analysis and Design. Computers
and Structures, Inc, USA.

TBEC (2018) Turkish Building Earthquake Code: Specifications for
Building Design under Earthquake Effects, T.C. Ministry of Environ-
ment and Urbanization, Ankara, Turkey.

TS500 (2000) Requirements for Design and Construction of Reinforced
Concrete Structures. Turkish Standards Institute, Ankara, Turkey.

Vidovié D, Grandi¢ D, Séulac P (2012). Effective Stiffness for Structural
Analysis of Buildings in Earthquake. 4th International Conference
Civil Engineering-Science and Practice, Zabljak, 20-24 February,
811-818.

Wong JM, Sommer A, Briggs K, Ergin C (2017). Effective stiffness for
modeling reinforced concrete structures: a literature review. Struc-
ture Magazine, Jan, 2017, 18-21.

Yuksel SB, Foroughi S (2019). Analytical investigation of confined and
unconfined concrete strength of RC columns. Konya Journal of En-
gineering Sciences, 7(3), 612-631.



