CHAPTER IV

BEHAVIOR OF REINFORCED CONCRETE COLUMNS AND PLANE FRAMES

4.1 Introduction

The capability of the proposed co finement and reinforcement buckling models is

assessed by comparing the analytical en nt-curvature relationships of sample

reinforced concrete columns with:experimen m cyclic load tests.

To determine the ture cutves & R it diffrent il load

levels, it is convenient to di ti ” I_' : 0 a1 .~ € * iscrete laminae, each being
parallel to the neutral axis as gho amina then contains a quantity
of core concrete and cover coger: ection remains plane during
deformation, as shown in Figure in each concrete lamina is then
calculated. The stresses in the core concrete are then determined from
the stress-strain relationships of; ned concrete, respectively. The
strains and stresses in the - 50 b¢ similarly computed

The theoretical mo nt-curvature relationship for a gﬂen axial load level can be
determined by inc ﬁi m ssion fiber, &,,. For
a given set of md'@ﬂ ﬁm )EJ:]I is found from the
condition thﬁ the fo’lﬁv&ngéqﬁﬂ% E] ’_] a EI

BN lh
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where o, o, and oy are, respectively, the unconfined compressive stress, confined
compressive stress of the i/* lamina and stress in the i layer of the longitudinal
reinforcement; A,.;, A, and Ay; are, respectively, the area of cover concrete, core concrete
in the i lamina and the area of longitudinal reinforcement in the iy, layer; nc denotes the
numbers of concrete lamina and »b the number of layers of longitudinal reinforcement;
and d,; and dj; are the distances of the centroid of the i lamina of concrete and the i

layer of the longitudinal reinforcement from the extreme compression fiber, respectively.

4.3)

In this study, the ‘ , , ribed in Chapter II is used for
concrete core. The stress- / -' : cluding bt [Dhakal (2000)] is used to
model the longitudinal reiffo ts- "compres loading. For unconfined
concrete, the stress-strain relation. ‘ by Mander et al. (1988) is applied for the
concrete cover. A small comp veloped to determine the analytical

4.1.2 Comparison of ‘Ar
Relationships

Figures 4. ﬂu ﬁ] nﬂj lationships for the
columns tested at eﬂ“ ttipunt (2003) while
Figures 4.6-4.7 present the moment—curvdure relationships for those testedl b EI; Sheikh and

oy 53 3< HGONL] Wb b, e e

compressive Strains are shown in Figure 4.8. The details for the columns considered are

bars under

given in Tables 4.1 and 4.2. It can be seen from those figures that the peak moments are
satisfactorily predicted with a maximum discrepancy of about 11%. It is also obvious
from Figures 4.2-4.5 that the buckling of longitudinal reinforcements has significant
effect on the load-carrying capacity of the columns. For the columns tested at
Chulalongkorn University by Lukkunaprasit and Sittipunt (2003), good predictions of the
overall moment-curvature curves are observed. However, for the columns tested by

Sheikh and Khoury (1993), the proposed procedure cannot predict the descending
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branches of the moment-curvature relationships. It is observed that the major differences
between the columns tested by Lukkunaprasit and Sittipunt (2003) and those tested by
Sheikh and Khoury (1993) are the amount of confinement and the arrangement of the
transverse steels. The volumetric ratio of the transverse steel, Pn, 1n the columns AS-17
and AS-18 are 1.7% and 3%, respectively, while p, of the columns tested by
Lukkunaprasit and Sittipunt (2003) is in the order of 0.9% only. In addition, all of the

longitudinal bars in the former columns are fully restrained by the transverse steel while

stress after buckling is predicted i€ ¢ s with moderate confinement
5 G — - 5 G .

tested by Lukkunaprasit and+Sittipunt w%hght reduction in compressive

stress is predicted for the columas™ and AS-18 with heavy confinement, as depicted

as buckling occurs, the re

deformation of the concre

predicted with satisfaction. It is ob¥ T refinement in modeling buckling of

longitudinal remforcemirit as wen%fmode

5

ete ;nder large axial strain is

needed.

~ i
4.2 Cyclic Behavior of R;forced Concrete Columns and Plane Frames

421F,...teE.emﬂm.l’J 1 EJ‘V]‘?’W g%
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analysis of féinforced concrete columns and plane frames in this study. FINITE was
developed by the Civil Engineering department at the University of Illinois at Urbana-
Champaign, the University of Kansas, the University of Wyoming and Carnegie-Mellon
University. Nonlinear effects from strain-displacement relationships (geometrical
nonlinearities) and from material constitutive relationships (material nonlinearities) are

both included in the finite element formulation. Cracking of concrete is modeled by
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means of the smeared crack procedure. The incremental-iterative Newton-Raphson

algorithm is used for solving the nonlinear equilibrium equations.
4.2.2 Material Models for Finite Element Analysis

In order to investigate the behavior of reinforced concrete columns or plane

frames using the finite element method, the

e important aspects of behavior in

1onlinear path-dependent constitutive models
for both concrete and reinforceme I}

reinforced concrete member, stiffening, crack closing and

reopening, compression so@
cyclic loading should be consi
When concrete ¢

which is transferred throu

the surrounding concrete. ' ¢ average tensile stiffness of a

still carries tensile stress

d aggregate interlock in

reinforcement embedded in of a plain reinforcement. This
aspect is called tension stiffe d Woed (1993), the effect of tension

lower-bound stress, o;, at ﬂﬁte i

¢ v/

Under cyclie-loadi 1 7jﬁ rﬂﬂﬂﬁ loading history. As
the crack status chﬁ;ﬁoﬁ!r ﬁﬂﬁoﬁly closed, the stiffness of cracked concrete
increases from a value near zero agﬁ 1 initi ﬁ elasticity of
concrete. S&ﬁ&ﬁsﬁnﬁ mlﬁgﬁ ﬁ?ﬂ[:‘;fl hﬁn in Figure.
4.10. The typical compressive cyclic stress-strain relationship used in modeling the
concrete is shown in Figure 4.11. Basic rules for defining such curve are based on the two
curves: an envelope curve and a common point curve. The envelope curve defines the

boundary of the permissible stress-strain coordinates and can be represented by the

uniaxial stress-strain relationship of concrete under monotonic compression.
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The shear stress function represents the relationship between the shear stress and
the shear strain. The important aspects of the shear transfer mechanism that are included
in the shear stress function are the interface shear stiffness, the dowel action stiffness and
the loading and unloading rules for cyclic shear loadings. The shear stiffness of cracked

concrete is composed of two components:

1. Shear stiffness from the aggregate mterlock or the interface shear transfer, G,

2. Shear stiffness from dowel a

4.4)

4.12. As shown in Figure
strain, y, consists of three

The cyclic shear
4.12, the relationship betwe
regions: loading, unloading
Wood (1993).

.u',.-"J',::-" b o

Due to time conismnt, onlys sﬁgﬁt ..n. fio sreffects of confinement in
FINITE could be made _- ------------ ' he conting emen o ., proposed by Sheikh and
Uzumeri (1982), originally~ incorporate i S tti}ﬁxt and Wood (1993), does

not include the influence of the flexibility of the perimeter ties. It was shown in the
previous chapter m d influence on the
confinement pressm ﬁ ﬁ.m:ﬁm z of core concrete.
Therefore, the confinement model proposéd b replaced by
the conﬁne& w’az@ﬁ'lﬁ% ﬂﬂﬁiﬁﬁ%ﬁ Havxor of the
longitudinal b!n's, it was found that the original Ramberge-Osgood model in FINITE was
not suitable to model the buckling behavior of the longitudinal reinforcement described in

Chpater II. However, due to the problem in modeling the cyclic stress-strain relationship
of the longitudinal reinforcements including buckling, the original Ramberge-Osgood
model in the program FINITE is used to simulate the cyclic behavior of the longitudinal

reinforcements without consideration of buckling.
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4.2.3 Load-displacement Relationship for Reinforced Concrete Columns

The reinforced concrete column, CF135/0.30 described earlier was taken as a case
study. The column was subjected to a cyclic lateral load under a constant axial force
[Lukkunaprasit and Sittipunt (2003)]. The finite element mesh of the column is shown in
Figure 4.13. The experimental load-displacement curve for column CF135/0.30 is shown
in Figure 4.14 together with the analytlcal results obtained from the program FINITE. It
can be seen from Figure 4.14 that, bq drop of the load-carrying capacity,
the predicted hysteretic loops a penmental results. However, the

finite element model fails (em ﬂle-ﬂ)ehawor-ﬁthe column after the sudden
‘ ) e uring the cyclic test of this

is point. Due to the significant

#.rd"f

4.2.4 Load-displacement Relatxons‘hﬁzfa: Reinforeed Concrete Plane Frames

umns and beam and the

this section. The details .

finite element model for half of the reinforced concrete fram e shown in Figures 4.15

and 4.16, respec m W ps of both frames
from the program Fﬁﬁ m zl ﬁﬁl‘im Figure 4.17 that
the flexure dommat behavior with slight pinching effect is observed.in both frames.
Because Fréae < 1 a iy Yl o f Yo amece o e oiverse sie,a
the same latefal displacement, Frame type I can sustain a slightly larger value of lateral
load than Frame type II, as expected. More importantly, the amount of confinement has
significant influence on the maximum displacement capacity of the frames. During
performing the finite element analysis of Frame II, the solutions fail to converge when a
displacement greater than 35 mm. is applied to Frame II. Thus, as depicted in Figure 4.17,
Frame I can sustain a maximum displacement of about 42 mm while Frame II can sustain
only 35 mm. In addition, an increase in the pinching effect is observed for the reinforced

concrete plane frame with a lower volumetric ratio of transverse steel in the column.
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It is well known that modeling plane frames with 2-D plane stress elements results
in a large number of elements which consumes much computational time for nonlinear
analyses. Therefore, an alternative approach is explored in which highly nonlinear regions
of the concrete members are modeled as 2-D plane stress elements while the remaining
(essentially) elastic portions represented by elastic beams. A transfer beam assemblage
embedded in the plastic hinge zone is emplo ed at the plane stress-beam junction. Figure
ing advantage of symmetry of the
' _Lhe properties of the transfer beam
assemblage are selected such tha """ ution of thet ysteretic loop is close to that of
the 2-D plane stress mbdel. N thisest; e m ~ ema of the transfer beams is
taken to be equal to the’ nomeh ,/' ertia \\\N\ sectlon of the beam. The

: m -.- : ith the previous one is

/e

4.18 shows Frame type II modeled & \\~ ; y
structure and anti-symmetry of the laf “

comparison of the analyti€al

shown in Figure 4.19. It isg@vidényth at, aithongh the maximum difference between the
analytical and experimental refligagloric ement is about 10%, the solution of
the simplified model fails to cofiverge af _' he displacement reaches two times the yield

displacement.
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Figure 4.3 Comparison of predicted envelope moment-curvature relationship with
experimental results for column CF135/0.30
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Figure 4.5 Comparison of predicted envelope moment-curvature relationship with
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Figure 4.7 Comparison of predicted moment-curvature relationship with enveloped experimental
results for column AS-18 [Sheikh and Khoury (1993)]
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Table 4.1 Details of columns tested at Chulalongkorn University by Lukkunaprasit and

Sittipunt (2003)
Column P Tie B. dy s Son S fea' Je'!
label (%) configuration (mm) | (mm) [ (mm) | (MPa) | (MPa) [ (MPa) (MPa)
Q)] (2 3 (C)) ) (6) () (8) ® (10)
CF135/0.30 0.88 Type 2 360 8.94 120.0 305 470 304 33.10
CF135/0.37 0.90 Type 2 360 9.08 120.0 318 475 259 27.70
CFL90/0.30 0.90 Type 2 360 9.06 120.0 306 470 269 29.83
CFL90/0.37 0.88 Type 2 360 9.00 120.0 304 470 275 30.37
Table 4.2 Details of columns el @/ (1993)
Column Pu id), St I | 1a" fa"
label (%) co ) | (MPa) | (MPa) (MPa)
(¢)) (€)) ® (6)) (10)
AS-17 1.68 508 26.6 35.14
AS-18 3.06 > . / 508 27.9 45.22
>
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