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Investigation of Nonlinear Behavior of the Reinforced Concrete
Columns for Different Confined Concrete Models

Highlights
« Nonlinear behavior, stress-strain and moment-curvature
«+ Confined concrete strength and lateral confining stress
Graphical Abstract

Stress-strain and moment-curvature behavior of the reinforced concrete (RC) square columns have been analytically
investigated according to different confined concrete models.
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Figure. Stress-strain and moment-curvature relationships for reinforced concrete columns
Aim
Investigations of the effect of transverse reinforcement ratio and axial load on the behavior of the reinforced concrete
square columns are the main purpose of this study.

Design & Methodology

To better understand the non-linear behavior, information was provided about stress-strain behavior models
recommended by the TBEC (2018), Mander et al., (1988), Saatcioglu and Ravzi (1992). Using the proposed models
of confined concrete compressive strength of the RC column models were investigated analytically.

Originality
The literature on the confined concrete models has been reviewed and the stress-strain and moment-curvature
relationships of reinforced concrete elements have been calculated according to the current TBDY (2018) regulation.

Comparison of the nonlinear behaviors obtained from the TBDY (2018) and the confined concrete models found in
the literature has been a current study on behalf of the literature.

Findings

The greatest ultimate curvature values were calculated from the Saatcioglu and Ravzi models (average 24%). In the
examination of ultimate curvature values obtained according to the Mander model and TBEC, there is not much
difference. There is a negligible difference between the ultimate moment values obtained according to the Mander
model and TBEC. It is seen from the results of the analysis that there is not much difference between the stress and

strain values obtained for these two models. According to Mander, Saatcioglu and Ravzi models, the average
difference value is 3.1% between the ultimate moment values.

Conclusion

As a result, it has been observed that when the close to minimum and minimum spacing value, high confined concrete
strength values and the ultimate moment values are obtained from the Mander model than Saatcioglu and Ravzi
model. These differences are not much between the Mander model and TBEC (2018).

Declaration of Ethical Standards
The authors of this article declares that the materials and methods used in this study do not require an ethical
committee permission and/or legal-special permission
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ABSTRACT

Stress-strain and moment-curvature behavior of the reinforced concrete (RC) square columns have been analytically investigated
according to different confined concrete models. The effect of transverse reinforcement diameter, transverse reinforcement spacing
and concrete grade on the behavior of RC column models were investigated. For different confined concrete models, the
confinement effectiveness coefficient, effective lateral confining stress, confined concrete compressive strength, strain at maximum
concrete stress and ultimate concrete compressive strain values were calculated. In the second part, a parametric investigation was
carried out for examining the effects of different design parameters on the moment-curvature relationships. Analytical moment-
curvature relationships were obtained for RC cross-sections by using the TBEC (2018), Mander model (1988), Saatcioglu and
Ravzi (1992) confined concrete models. The effects of the design parameters on the RC square column behavior were evaluated in
terms of moment capacity and the curvature of the cross-section. In RC column models, stress-strain and moment-curvature
relationships are obtained and compared according to different parameters. Confined concrete strength and the ultimate moment
values obtained from the Mander model were higher than the Saatcioglu and Ravzi model when the transverse reinforcement close
to the minimum spacing values. The results obtained from the Mander model and TBEC (2018) are close to each other.

Keywords: Stress-strain, moment-curvature, nonlinear behavior, confined concrete strength, lateral confining stress.

Farkl1 Saril1 Beton Modelleri 1¢in Betonarme
Kolonlarin Dogrusal Olmayan Davranislarinin
Incelenmesi

(074

Betonarme kare kolonlarin farkli sargili beton modellerine gére gerilme-gekil degistirme ve moment-egrilik davranigi analitik
olarak incelenmistir. Enine donati1 orani ve beton siifinin betonarme kolon modellerinin davranisina etkisi incelenmistir. Farkli
sargili beton modelleri igin sargi etkinlik katsayisi, etkili yanal basing gerilmesi, sargili beton basing dayanimi, maksimum beton
gerilmesinde birim kisalma ve sargil1 betondaki maksimum basing birim sekil degistirme degerleri hesaplanmstir. Ikinci boliimde,
farkli tasarim parametrelerinin moment-egrilik iliskileri tizerindeki etkilerinin incelenmesi i¢in parametrik bir aragtirma yapilmustir.
TBDY (2018), Mander modeli (1988), Saatcioglu ve Ravzi (1992) sargili beton modelleri kullanilarak betonarme kesitlerde analitik
moment-egrilik iligkileri elde edilmistir. Parametrelerin betonarme kare kolon davranisi iizerindeki etkileri, enine kesitin egrilik ve
moment kapasitesi agisindan degerlendirilmistir. Betonarme kolon modellerinde, gerilme-sekil degistirme ve moment-egrilik
iligkileri elde edilmis ve farkli parametrelere gore karsilastirilmistir. Mander modelinden elde edilen sargili beton basing dayanimi
ve nihai moment degerleri, enine donati minimum aralik degerlerine yakin oldugunda Saatgioglu ve Ravzi modeline gore daha
yiiksektir. Mander modelinden ve TBDY (2018) ile elde edilen sonuglar birbirine yakindir.

Anahtar Kelimeler: Gerilme-sekil degistirme, moment-egrilik, dogrusal olmayan davramis, sargili beton dayanimi, yanal

sargi basinci.

1. INTRODUCTION

Understanding the nonlinear response and damage
characteristics of buildings subjected to significant
earthquakes is essential for the assessment of the seismic
performance of existing buildings, as well as the safe and
economic design of new buildings [1]. Reinforced
concrete (RC) columns are the critical members of

designed adequationuately in strength and ductility [2].
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 [3]. The correct
estimate of curvature ductility of reinforced concrete
members has always been an attractive subject of study

moment-resisting structural systems and have to be

*Sorumlu Yazar (Corresponding Author)
e-posta : saeid.foroughi@yahoo.com

as it engenders a reliable estimate of the capacity of
buildings under seismic loads [4]. In order to see the real
behavior of a reinforced concrete cross-section, a
concrete model that takes the transverse reinforcement
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ratio into consideration should be used [5]. The load-
bearing capacity of reinforced concrete column sections
ends with the destruction of the core concrete [6].
Theoretical moment-curvature analysis for RC structural
elements indicating the available flexural strength and
ductility can be constructed providing that the stress-
strain relations for both concrete and steel are known [7].
In seismically active areas, the ductility of structures is
an important parameter for structural design [8]. The
moment-curvature relationship is one of the best
solutions to evaluate and represent the behavior of RC
cross-sections [9].

Realistic moment-curvature relationships can only be
obtained if realistic material constitutive models are
utilized for confined and unconfined concrete and
reinforcing steel during the cross-sectional moment-
curvature analysis [10]. In order to achieve a more
accurate simulation of the real structural behavior,
designers need the accurate stress-strain relationships for
unconfined and confined concrete [11]. The stress-strain
curve of concrete under compression, and in particular
the compressive strength, ultimate strain and post-peak
branch, have an important role in the design of concrete
and concrete-based structures [12]. Ductile and durable
concrete structures are the goal of all designers. In order
to achieve such goals, it is necessary to know the laws
that govern the behavior of materials and structures for
both nonlinearities: the geometrically nonlinear effects
and nonlinear behavior of the material caused by inelastic
deformation [13]. Good modeling of the axial
compressive stress-strain behavior of confined RC
columns is necessary for the structural analysis and
design to assess their strength and ductility capacities
[14-15]. Itis well known that the strength and ductility of
concrete are highly dependent on the level of
confinement provided by the lateral reinforcement. [16-
17]. In the literature, a large number of stress-strain
relationship models were proposed for confined and
unconfined concrete. The factors that are generally taken
into consideration in these models are the amount of
transverse reinforcement, concrete and reinforcement
strength, distribution of longitudinal and transverse
reinforcement in cross-section, transverse reinforcement
spacing and cross-section dimensions. To better
understand the non-linear behavior, information was
provided about stress-strain  behavior  models
recommended by the Turkish Building Earthquake Code
(TBEC) [18], Mander et al. [19], Saatcioglu and Ravzi
[20]. Using the proposed models of TBEC [18], Mander
et al. [19], Saatcioglu and Ravzi [20] the confined
concrete compressive strength of the RC column models
were investigated analytically. A total of 105 column
models with different parameters were designed. The
effect of changing the concrete grade and transverse
reinforcement ratio on the behavior of RC sections was
examined according to TBEC [18], Mander et al. [19],
Saatcioglu and Ravzi [20] models. The stress-strain
curves were obtained for various models and were
interpreted by comparing the curves. In the second part,

a parametric investigation was carried out to be able to
examine the effects of various variables on the moment-
curvature relationships, such as concrete grade, axial load
level, transverse reinforcement diameter and spacing.
Analytical moment-curvature  relationships  were
obtained for RC column models by using different
confined concrete models. The examined behavioral
effects of the parameters were evaluated by the curvature
ductility and the cross-section strength. The stress-strain
curves and moment-curvature curves were drawn for
various models and were interpreted by comparing the
curves.

2. STRESS-STRAIN RELATIONSHIP
2.1. Theoretical Stress-Strain for Mander Model [19]

Thus, the effect of confinement on the strength and
deformation capacity of concrete members has been
extensively studied [2, 22]. Many mathematical models
for the confined concrete are currently used in the
analysis of RC structures [23-24]. Mander et al. [19] have
proposed a unified stress-strain approach for confined
concrete applicable to both circular and rectangular
shaped transverse reinforcement. The stress-strain model
is illustrated in Fig. la. and is based on an Equation
suggested by Popovics [25].

The confinement effectiveness coefficient (k,)
represents the ratio of the smallest effectively confined
concrete area (A,) to the confined concrete core area
(A¢e) (Eq. 1). Where p.. is ratio of area of longitudinal
reinforcement to area of concrete core, S’ clear vertical
spacing between hoops, b, and d, is the concrete core
dimension to center-line of perimeter hoop in x and y
direction, w; clear transverse spacing between adjacent
longitudinal bars (Fig.1b).

ez o

Effective lateral confining stresses in the x and y
directions and effective lateral confining pressure are
given in Eq. (2).

)

' A&x &y f|>v<+flly
fo =k, —=f >t
orsd, Sh, 2

To determine the confined concrete compressive
strength f.;

fl=f [—1.254+2.254 /1+7'(‘:7‘.”' —2:!J ®)

The longitudinal concrete stress (f,) is given as the
function of the longitudinal concrete strain (&.). In Eq.
(4), f. and &, represent the concrete strength and the
corresponding strain value, respectively. is compressive

fQ::ke ﬂI:
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strength of confined concrete and ¢, is the longitudinal
compressive concrete strain.

The corresponding strain at maximum concrete stress
(g¢c) and maximum concrete compressive strain (e.,) for
confined concrete has to be calculated too (Eq. 5). f;,
and ¢, represent the unconfined concrete strength and
corresponding strain, respectively (e.,= 0.002).

AT
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|
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2.2. TBEC [18] Confined Concrete Models

In the evaluation according to strain by nonlinear
methods, the following stress-strain relations are defined
for confined and unconfined concrete to be used when no
other model is selected. The stress-strain relationship for
materials given in TBEC [18] were used (Fig. 2).

fo=a.f =f, [—1.254+ 2.254 /1+ 7.94%e —2:6] (6)

Relation between confined concrete strength f.. and
unconfined concrete strength f., in this correlation is
given below. f, effective confined pressure in here, can
be taken as the average of values given below for the two
perpendicular directions in rectangular sections:

Section A-A

Section B-B
Figure 1. a) Stress-strain model proposed for unconfined and confined concrete, b) Effectively confined core for transverse
reinforcement [19]

fyw Yield stress of the transverse reinforcement indicates
the volumetric ratios of transverse reinforcements in p,
and p,, relevant directions whereas k, indicates confined
performance factor as defined in Eq. (8).

EJ2r2)a) o
6o, ) 20, )\ 20, )l b,

Here a; indicates the distance between the axes of
longitudinal reinforcements in the periphery of section,
b, and h, indicates the section sizes remain among the
axes of hoops that confined the core concrete, s indicates
the distance between the axes of transverse reinforcement
in vertical direction, A, indicates area of longitudinal
reinforcement (Fig. 3). Concrete compressive stress in

fo =k T Ty =k, T, (7)  confined concrete (f.), is given with the Eq. (4)
correlation as the function of compressive unit
deformation (e..).
fe (MPa) fs(MPa)
| A
fee ('?’1% fsu=350
=420 /
7 Unconfined Loy
co 7T concrete
\
\
\
\
\\ Ee Cs
8000002 0.0035 0.005 Ecc Ecu £4y=00021 g ,=0.008 £5u=0.08

Figure 2. Stress-strain relationship for concrete and reinforcement [18]
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Section A-A

2.3. Theoretical Stress-Strain for Saatcioglu and Ravzi
model [20]

An analytical model is proposed to construct a stress-
strain relation and Effectively confined core for
transverse reinforcement (Fig. 4). This developed model
is directly formed by a rising parabolic arm, a linearly
falling arm up to %20 of the strength, and a stable
continuation after that point. Considering the effect of
lateral confining stress o5, the confined concrete strength
is obtained from Eq. (9). f.. and f, is the confined and
unconfined strengths of concrete, respectively. For
normal concrete strength, k3=0.85 is generally assumed.
The expression given herein, obtained from regression
analysis of test data, reflects the variation of coefficient
k, with lateral pressure.

6.7

(O_2e )0A17

Using the experimental data, o, is derived from the Eq.
(10). The variation of coefficient k, with lateral pressure
0,. Was obtained from experimental data [20]. The
equivalent uniform pressure o,, was established by
reducing the average pressure with due considerations
given to the appropriate parameters. Therefore,
coefficient § was introduced to reduce the average
pressure. The following expression, also used by
previous researchers [19] is found to produce good
predictions of experimentally obtained strain values
corresponding to peak stress (e.,=0.002).

9)

fcc = k3 fc + klo-2e7 kl =

Gc g
r Confined Concrete
0.85f ce
Unconfined
fe Concrete
085f.
0.20 f e

Eco Ey85 Ecoc E.85 €20 &

Ineffectively
confined —
core
Cover
conerete

-

A

B

Section B-B
Figure 3. Effectively confined core for transverse reinforcement [18]

O = 0,,0, = Z A fYWk (sin2)
(S X bk ) (10)
5026 (bkj(bkj{lJ <1
a)ls )\ o,
Epe = E,,(L+5A),4 = ko5 (11)

3

Eqg. (12) can be used to establish the strain at %85
strength levels beyond the peak. In the absence of test
data, a value of 0.0038 may be appropriate for &,,45, under
slow rate of loading. The total area of transverse
reinforcement in two directions, crossing by, and by, can
be calculated by Eq. (13).

c

‘9085 = 260:0‘9(:00 + gu85 (12)
. > Aysina (13)
s(b, +by,)

Eq. (14) is suggested for the parabolic ascending portion
and linear portion for the descending branch. The first
and the second part of the curve:

1

2 1422
_ 2¢, &
C.=Tl|| — || —
SCOC SCOC

<

cc

(14)

e |
zedleine

Section B-B

— ] —

Section A-A

Figure 4. a) Proposed stress-strain relationship by Saatcioglu and Ravzi b) Effectively confined core for transverse reinforcement
[20]
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3. MOMENT-CURVATURE RELATION

Investigations of the effect of transverse reinforcement
ratio and axial load on the behavior of the RC square
columns are the main purpose of this study. The moment-
curvature relationships of the RC columns having
different axial load levels have been obtained by
considering the different concrete models [18-20]. The
combined effect of vertical and seismic loads (Ny,,), the
cross-section area of the column shall satisfy the
condition A, = Ngpax/0.40f. [18]. In this section, the
moment-curvature relationships of the column sections
were investigated for the values of N/N,,,, ratios of
0.10, 0.20, 030 and 0.40. Moment-curvature
relationships were obtained by SAP2000 Software [21].
In this part of the study, the moment-curvature relations
are obtained by changing the concrete grade, axial load
level, transverse reinforcement diameter and spacing.

4. MATERIAL AND METHOD

RC columns having square cross sections were designed
considering the regulations of ACI318 [26] and TBEC
[18]. The column models having dimensions of
400mmx400mm square cross sections were designed

(Table 1). Different transverse reinforcement diameters;
®8mm, ®10mm and ®12mm and the transverse
reinforcement spacing; 50mm, 75mm, 100mm, 125mm,
150mm, 175mm and 200mm were selected in order to
investigate the effect of the transverse reinforcement on
the cross-section behavior. In all the models the
longitudinal column reinforcement was 8@ 22mm. For all
RC square column models, C30, C35, C40, C45 and C50
was chosen as concrete grade and B420C was selected as
reinforcement for the reinforcement behavior model. The
stress-strain relationship for materials given in TBEC
[18] were used. For the recommended confined concrete
models [18-20], the confinement effectiveness
coefficient, effective lateral confining stress, confined
concrete compressive strength, strain at maximum
concrete stress and ultimate concrete compressive strain
values were calculated. Stress-strain relations were
obtained by calculating the values of confined concrete
strength and confined concrete strain for the designed
concrete models. Theoretical moment-curvature analysis
for RC columns indicating the available bending moment
and ductility can be constructed providing that the stress-
strain relations for both concrete and steel models are
known.

Table 1. Details for the designed model cross-sections

Material No  Transverse Reinforcement  No  Transverse Reinforcement  No  Transverse Reinforcement
Cl d8/50mm C8 ®10/50mm C15 ®12/50mm
Cc30 C2 ®8/75mm C9 ®10/75mm C16 ®12/75mm
C35 C3 08/100mm C10 ®10/100mm C17 ®12/100mm
C40 C4 ®8/125mm Cl1 ®10/125mm C18 ®12/125mm
C45 C5 ®8/150mm C12 ®10/150mm C19 ®12/150mm
€50 “ce ®8/175mm Cc13 ®10/175mm C20 ®12/175mm
C7 ®8/200mm Cl4 ®10/200mm Cc21 ©12/200mm
Cross-Section Dimention
A A
[ 1
S |
S S
i
A-A4 Kesiti

400mm:

5.NUMERICAL STUDY

The inelastic behavior of RC square column models was
investigated using the stress-strain and moment-
curvature relationships obtained based on real material
behaviors. Confined concrete strengths were calculated
according to the different concrete models [18-20] and
the stress-strain results were obtained and compared.
Stress-strain relationships of the confined core regions
inside the RC columns (C1 to C21) for the different
concrete grade, transverse reinforcement diameters and
transverse  reinforcement spacing were defined
analytically. Theoretical moment-curvature analysis for

RC columns indicating the available bending moment
and ductility can be constructed providing that the stress-
strain relations for both concrete and steel are known.
The moment-curvature relationships obtained from the
analytical results are presented in graphical form.

5.1. Stress-Strain Relationships According to The
Mander Model

The obtained stress-strain relationship of the concrete
stress (f,) as function of the concrete strain (&) is
summarized in Fig. 4. according to Mander et al. [19]
model.
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Figure 4. Stress-strain relationships of the RC columns for the different parameters.
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5.2. Stress-strain relationships according to the
Saatcioglu and Ravzi model

The confined concrete strength was calculated by using

designed column cross sections. The obtained stress-
strain relationship of the concrete stress (f.) as functions
of the concrete strain (e.) is summarized in Fig. 5. for
Saatcioglu and Ravzi concrete model
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Figure 5. Stress-strain relationships of the RC columns for the different parameters.
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5.3. Stress-strain relationships according to the
TBEC

The confined concrete strength was calculated by the
TBEC [18] for the designed column cross sections. The

obtained stress-strain relationship of the concrete stress
(f;) as functions of the concrete strain (&.) is summarized
in Fig. 6. according to TBEC [18].
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Figure 6. Stress-strain relationships of the RC columns for the different parameters.

1454




INVESTIGATION OF NONLINEAR BEHAVIOR OF THE REINFORCED CONCRETE COLU ... Politeknik Dergisi, 2022; 25 (4) : 1447-1462

5.4. Moment-Curvature Relationship of Square
Columns

Moment-curvature relationships of square columns for
different transverse reinforcement spacing and axial load
levels were obtained. The moment-curvature

presented in graphical form. Fig. 7. and Fig. 8. show the
moment-curvature relationships for confined concrete
models [18-20]. Moment-curvature relationships for
different transverse reinforcement diameters and axial
load levels are shown in Fig. 9.

relationships obtained from the analytical results are
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Figure 7. Moment-curvature relationships for different transverse reinforcement spacing and axial load levels.
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Figure 8. Moment-curvature relationships for different confined concrete models
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Figure 9. Moment-curvature relationships for different transverse reinforcement diameter and axial load levels.

6. RESEARCH FINDINGS AND DISCUSSION

Results obtained for RC column models according to
confined concrete models for the different parameters are
presented comparatively. A comparison of effective
lateral confining pressure (f{,f;, 02.) oObtained for
different parameters are given in Fig. 10. Comparisons of
the ratio of the confined to unconfined concrete strength

(f-. and f,.) obtained for different parameters are given
in Fig. 11. A comparison of strain at maximum
compressive Stress (&.c, o) and maximum compressive
strain (e.y,, €020) Of confined concrete obtained for
different parameters are given in Fig. 12 and Fig. 13.
respectively.
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Figure 10. Comparison of f/, f; and a,, obtained for different concrete grade and transverse reinforcement spacing.
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Figure 13. Comparison of ¢, and €., obtained for different concrete grade and transverse reinforcement spacing.
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It was observed that for all models, the transverse
reinforcement ratio have an effect on the bearing capacity
and ductility of the concrete cross-section. In all three
confined concrete models; with increasing transverse
reinforcement spacing, confined concrete compressive
strength, corresponding strain at maximum concrete
stress and maximum concrete compressive strain values
for confined concrete decreases. Confined concrete
compressive strength, corresponding strain at maximum
concrete stress and maximum concrete compressive
strain values for confined concrete increase with
increasing diameter of the transverse reinforcement.
Confined concrete compressive strength values increase
with the increasing concrete grade in RC column models.
Corresponding strain at maximum concrete stress and
maximum concrete compressive strain values for
confined concrete decrease according to the increasing
concrete class. The effective lateral confining stress value
increases with increasing transverse reinforcement
diameter, but decreasing with increasing transverse
reinforcement spacing. Effective lateral confining stress
value remains constant with increasing concrete grade.
According to TBEC and Mander models, confinement
effectiveness coefficient values increase with increasing
transverse reinforcement diameter but decreasing with
increasing transverse reinforcement spacing. According
to the Saatcioglu and Ravzi model, the confinement
effectiveness coefficient value decreases with the
increase of the transverse reinforcement diameter and
remains constant with the increase of the transverse
reinforcement spacing. The confinement effectiveness
coefficient values do not change with the increasing
concrete grade in all three models. In the RC column
models designed, small differences were observed
between the maximum compressive strain for confined
concrete values calculated from TBEC and Mander for
different parameters. Compared to Saatcioglu and Ravzi
model, higher maximum compressive strain for confined
concrete value is obtained. According to the analysis
results obtained, the differences between TBEC and
Mander model are less than the Saatcioglu and Ravzi
model. For the minimum transverse reinforcement space,
the calculated confined concrete strength in the Mander
model is higher than the confined concrete strength in

Saatcioglu and Ravzi models. With the increase in the
transverse reinforcement spacing and the decrease in the
differences of confined concrete strength, approximately
Equationual strength is obtained. As a result, it has been
observed that when transverse reinforcement is close to
minimum and minimum spacing value, high confined
concrete strength is obtained from the Mander model
than Saatcioglu and Ravzi model.

The differences between the ultimate moment and
curvature values calculated according to TBEC, Mander,
Saatcioglu and Ravzi models were obtained using the
Egs. (15, 16, 17 and 18). The deviation (D%) of analysis
results relative to the different confined concrete models
were calculated as in Egs. (15, 16, 17 and 18) and the
results are presented in Table 2 and 3. In strain-strain
relations, the largest strain value was calculated in the
Saatcioglu and Ravzi models. In the moment-curvature
relations, the greatest curvature values were obtained in
the Saatcioglu and Ravzi models. Curvature values
obtained from the analysis results in the deviation (D%)
of Saatcioglu and Ravzi relative to the TBEC and Mander
model analysis result was calculated. Confined concrete
compressive strength was calculated more than other
models in Mander model. However, with the increase of
the transverse reinforcement spacing for the minimum
transverse reinforcement diameter, great value is
obtained in the Saatcioglu and Ravzi model. Confined
concrete compressive strength obtained from Mander
model with the increase of the transverse reinforcement
diameter is higher than other models. Moment values
obtained from the analysis results in the deviation (D%)
of Mander model relative to the TBEC and Saatcioglu
and Ravzi analysis result was calculated.

D% [ saatcioglu and Ravzi (1992) — Mander (1988) (15)
L Saatcioglu and Ravzi (1992)

D% = [ saatcioglu and Ravzi (1992) - TBEC (2018) (16)
L Saatcioglu and Ravzi (1992)

D% — Mander (1988) — TBEC (2018) (17

Mander (1988)
DY — [ Mander (1988) — Saatcioglu and Ravzi (1992)} (18)
Mander (1988)

Table 2. Comparison of the ultimate moment and curvature values calculated according to different models for confined concrete

for different transverse reinforcement diameter.

Transverse reinforcement: ®8/50mm

Models for confined concrete

Deviation (D%) of analysis results

Axial Load Mander etal (1988) TBEC (2018) Saatcioglu and Ravzi (1992) Eg.(15) Eg.(16) Eq.(17) Eg.(18)

C, M, C, M, C, M, C, M,

N1 0.374 2904  0.370 290.0 0.464 283.3 19.40 20.26 0.14 2.44

N4 0.191 3575 0.187 3554 0.357 335.8 46.50 47.62 0.59 6.07
Transverse reinforcement: ®10/50mm

N1 0.445 300.1 0.439 299.5 0.5734 292.7 22.39 23.44 0.20 2.47

N4 0.260 363.4 0.255 360.4 0.5274 333.8 50.70 51.65 0.83 8.15
Transverse reinforcement: ®12/50mm

N1 0.458 3053 0.450 301.5 0.686 296.4 33.24 34.40 1.24 2.92

N4 0.271 3928 0.266 3828 0.650 3515 58.31 59.08 2.55 10.51
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Table 3. Comparison of the ultimate moment and curvature values calculated according to different concrete models for different

transverse reinforcement spacing and axial load levels.

Transverse reinforcement: ®8/50mm

Models for confined concrete

Deviation (D%) of analysis results

Axial Load Mander etal (1988) TBEC (2018) Saatcioglu and Ravzi (1992) Eq. (15) Eg.(16) Eq.(17) Eq.(18)

Cy M, Cy M, C, M, Cy M,
N1 0.374 290.4 0.37 290.0 0.464 283.3 19.40 20.26 0.14 2.44
N2 0.258 318.0 0.255 316.6 0.449 310.1 42.54 4321 0.44 2.48
N3 0.207 3375 0.202 3358 0.38 328.1 45.53 46.84 0.50 2.79
N4 0.191 357.5 0.187 3554 0.357 335.8 46.50 47.62 0.59 6.07
Transverse reinforcement: ®8/75mm
N1 0.275 279.5 027 2784 0.337 272.9 18.40 19.88 0.39 2.36
N2 0.187 312.2 0.183 310.9 0.260 304.7 28.08 29.62 0.42 2.40
N3 0.167 334.7 0.163 333.1 0.244 326.5 31.56 33.20 0.48 2.45
N4 0.142 352.9 0.138 350.2 0.211 338.9 32.70 34.60 0.77 3.97
Transverse reinforcement: ®8/100mm
N1 0.224 274.0 0219 2724 0.253 270.4 11.46 13.44 0.58 131
N2 0.152 312.0 0.148 309.8 0.183 303.0 16.94 19.13 0.71 2.88
N3 0.138 3344 0.134 3321 0.167 324.4 17.37 19.76 0.69 2.99
N4 0.112 349.2 0.1085 347.0 0.139 337.3 19.42 21.94 0.63 341
Transverse reinforcement: ®8/125mm
N1 0.183 272.8 0.178 271.1 0.192 270.7 4.69 7.29 0.62 0.77
N2 0.136 310.3 0.132 308.2 0.144 303.3 5.56 8.33 0.68 2.26
N3 0.122 334.1 0.118 331.0 0.135 326.2 9.63 12.59 0.93 2.36
N4 0.105 345.2 0.101 3416 0.122 336.1 13.93 17.21 1.04 2.64
Transverse reinforcement: ®8/150mm
N1 0.170 271.3 0.164 270.1 0.178 270.0 4.49 7.87 0.44 0.48
N2 0.133 309.5 0.127 308.0 0.143 304.5 6.99 11.19 0.48 1.62
N3 0.110 330.1 0.104 3275 0.125 324.2 12.00 16.80 0.79 1.79
N4 0.084 343.6 0.079 339.9 0.102 335.3 17.65 22.55 1.08 242
Transverse reinforcement: ®8/175mm
N1 0.144 270.8 0.137 269.8 0.136 270.3 -5.88 -0.74 0.37 0.18
N2 0.118 308.5 0.112 307.1 0.109 305.4 -8.26 -2.75 0.45 1.00
N3 0.101 329.2 0.095 3274 0.092 325.0 -9.78 -3.26 0.55 1.28
N4 0.080 342.00 0.075 339.1 0.067 334.4 -19.40  -11.94 0.85 222
Transverse reinforcement: ®8/200mm
N1 0.139 270.1 0.135 268.6 0.12 269.4 -15.83  -12.50 0.56 0.26
N2 0.109 308.1 0.105 307.0 0.101 305.1 -7.92 -3.96 0.36 0.97
N3 0.096 328.2 0.087 327.2 0.081 323.7 -18.52 -7.41 0.30 1.37
N4 0.077 338 0.069 3375 0.064 333.6 -20.31 -7.81 0.15 1.30

As can be seen from the examination of ultimate
curvature values calculated for different transverse
reinforcement diameter; the greater values are calculated
from the Saatcioglu and Ravzi models as %25 for the
N /N ax = 0.10 level and %52 for the N/N,,q, = 0.40
level compared to the Mander model. As can be seen
from the examination of ultimate curvature values
calculated for different transverse reinforcement
diameter; a higher value is calculated from the Saatcioglu
and Ravzi models as %26 for the N/N,,,, = 0.10 level
and %53 for the N/Np,,, = 0.40 level compared to
TBEC. As can be seen from the examination of ultimate
moment values calculated for different transverse
reinforcement diameter; the greater value is calculated
from the Mander model as %2.6 for the N/N,,,,, = 0.10
level and %8.2 for the N/N,,,4,, = 0.40 level compared
to the Saatcioglu and Ravzi model. As can be seen from

the examination of ultimate moment values calculated for
different transverse reinforcement diameter; a higher
value is calculated from the Mander model as %0.5 for
the N/Np,,, = 0.10 level and %1.3 for the N/N, 4, =
0.40 level compared to TBEC.

As can be seen from the examination of ultimate
curvature values calculated for fixed transverse
reinforcement diameter, different transverse
reinforcement spacing and axial load levels; the values
calculated from the Saatcioglu and Ravzi model for the
50mm transverse reinforcement spacing was %38 greater
than the Mander model and %39 greater than TBEC. The
values calculated from the Saatcioglu and Ravzi model
for the 75mm transverse reinforcement spacing is %28
greater than the Mander model and %29 greater than
TBEC. The value calculated from the Saatcioglu and
Ravzi model for the 100mm transverse reinforcement
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spacing is %16 higher than the Mander model and %19
greater than the TBEC. The value calculated from the
Saatcioglu and Ravzi model for the 125mm transverse
reinforcement spacing is %10 higher than the Mander
model and %15 greater than the TBEC. The values
calculated from the Saatcioglu and Ravzi model for the
150mm transverse reinforcement spacing is %8 higher
than the Mander model and %11 greater than TBEC. The
value calculated from the Saatcioglu and Ravzi models
for the 175mm transverse reinforcement spacing is %11
lower than the Mander model and %5 smaller than
TBEC. The value calculated from the Saatcioglu and
Ravzi model for the 200mm transverse reinforcement
spacing was %16 smaller than the Mander model and %8
smaller than TBEC.

As can be seen from the examination of ultimate moment
values calculated for fixed transverse reinforcement
diameter, different transverse reinforcement spacing and
axial load levels; the values calculated from the Mander
model for the 50mm transverse reinforcement spacing
was %3.4 greater than the Saatcioglu and Ravzi model
and %0.4 greater than TBEC. The value calculated from
the Mander model for the 75mm transverse
reinforcement spacing is %2.8 greater than the Saatcioglu
and Ravzi model and %0.5 greater than TBEC. The value
calculated from the Mander model for the 100mm
transverse reinforcement spacing is %2.6 higher than the
Saatcioglu and Ravzi model and %0.8 greater than the
TBEC. The value calculated from the Mander model for
the 125mm transverse reinforcement spacing is %2
higher than the Saatcioglu and Ravzi model and %0.7
greater than the TBEC. The value calculated from the
Mander model for the 150mm transverse reinforcement
spacing is %1.6 higher than the Saatcioglu and Ravzi
model and %0.7 greater than TBEC. The value calculated
from the Mander model for the 175mm transverse
reinforcement spacing is %1.2 higher than the Saatcioglu
and Ravzi model and %0.6 greater than TBEC. The value
calculated from the Mander model for the 200mm
transverse reinforcement spacing is %21.1 higher than the
Saatcioglu and Ravzi model and %0.3 greater than
TBEC. In the research findings and discussion section,
the percentage values obtained from the comparison
results of different models are given on average.

When the results obtained from the study are analyzed, it
has been observed that there are different results in the
cross-section moment and curvature values calculated
according to Saatcioglu and Ravzi, Mander and TBEC
models. It is observed that the variation of the axial load
and transverse reinforcement ratio have an important
effect on the moment-curvature behavior of the RC
square columns. With increasing axial loads ultimate
moment values increase, however, the ultimate curvature
values decrease. The cross-section ductility decreases
when the transverse reinforcement spacing is increased
under constant axial load. As can be seen from the
moment-curvature relationships, it is observed that the
cross-section ductility and the curvature increase
significantly with the reduction of the transverse

reinforcement spacing. The ratio of transverse
reinforcement is effective in the cross-section behavior of
the RC cross-section. The increase in transverse
reinforcement diameter increases the ductility of the
cross-section and the maximum moment bearing
capacity. The increase in the transverse reinforcement
diameter increases the ultimate moment and ultimate
curvature values. With the increase of the transverse
reinforcement ratio, more ductile behavior is achieved
due to the increment of curvature ductility on RC
columns.

7. CONCLUSION

It has been found that for all models, transverse
reinforcement ratio are effective on the lateral load-
bearing capacity. The transverse reinforcement spacing
densification has a greater effect on the ductility and the
bearing capacity of a column cross-section. The increase
of the transverse reinforcement ratio increases the
ductility and the maximum bearing capacity of a column
cross-section. The result is that the axial load is a very
important parameter affecting the ductility of the column
cross-section. The relationship between axial load and
ductile behavior is generally inversely proportional. The
increase in the axial load level causes the curvature
values to decrease, although it usually increases the
moment capacity of the column cross-section. As the
diameter of the transverse reinforcement increases, the
moment capacity of the column cross-section increases
as expected. The effect of axial load on cross-sectional
behavior appears to be more explicit in cross-sections
where the transverse reinforcement spacing is minimum.
If the analysis results are compared the ultimate moment
capacities of the sections increase when the decrease of
the transverse reinforcement spacing. Moreover, the
more ductile behavior for RC cross-sections is observed
due to increment of curvature ductility on RC square
columns with the increase of transverse reinforcing ratio.

As can be seen from the examination of the moment-
curvature relationships obtained according to the
confined concrete models, the greatest ultimate curvature
values were calculated from the Saatcioglu and Ravzi
models (average 24%, the Saatcioglu model is larger).
This is a natural result because the greatest strain value
in stress-strain relations is also obtained in the Saatcioglu
and Ravzi models. This is because Saatcioglu and Ravzi
model is directly formed by a rising parabolic arm, a
linearly falling arm up to 20% of the strength, and a stable
continuation after that point. As can be seen from the
examination of ultimate curvature values obtained
according to the Mander model and TBEC, there is not
much difference (average 3.5% mander model is larger).
There is a negligible difference between the ultimate
moment values obtained according to the Mander model
and TBEC. It is seen from the results of the analysis that
there is not much difference between the stress and strain
values obtained for these two models. According to
Mander, Saatcioglu and Ravzi models, the average
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difference value is 3.1% between the ultimate moment
values. With the increase in the transverse reinforcement
spacing and the decrease in the differences of the ultimate
moment values, approximately Equationual strength is
obtained. As a result, it has been observed that when the
close to minimum and minimum spacing value, high
confined concrete strength values and the ultimate
moment values are obtained from the Mander model than
Saatcioglu and Ravzi model. These differences are not
much between the Mander model and TBEC.
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