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Strength and Flexural Rigidity of RC Columns
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ABSTRACT

This paper presents a rigorous method for performing the sectional analysis utilizing realistic stress-
strain models for concrete and reinforcement, and a modification of the effective moment of inertia, I, in
the current ACI Code to predict the load-deflection curves of RC columns under biaxial bending at any
monotonic loading stage including post-ultimate stage. To verify the accuracy, forty experimental ultimate
strength data are compared with the analytical results. Furthermore, three numerical examples are illus-
trated to provide design/check aids such as three-dimensional failure surfaces, interaction diagrams and
dimensionless load contours. Seven experimental load-deflection curves are compared with the analytical
results. It is observed that if some parameters are redefined, the effective moment of inertia, 1, in the
current ACI Code for flexural members can be employed to predict the complete load-deflection behavior

very well.
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I. INTRODUCTION

It is more difficult to predict the load-deflec-
tion curves for RC members than for structural
steel members. This is mainly due to the
nonlinearity of the materials, rigorous analysis for
sections and the tension stiffening effect of
concrete.

For material nonlinearity, Wegner (1978)
pointed out that an improvement of the stress-
strain relationship for reinforced concrete can in-
crease the accuracy of the analytical results, some-~
times more than that achieved using the finite ele-
ment method. Furlong (1979) had the same obser-
vation in his research on biaxially loaded RC
columns. Park et al. (1975) described more directly
in their book that the parameters recommended
for the equivalent concrete stress block are not
applicable for columns with biaxial bending
moments. Therefore, compared with other
researches, the more realistic stress-strain models
for concrete and reinforcement are utilized in this
paper.

For rigorous section analysis, there is no
exact analytical method to determine the strains
and stresses in a nonhomogenous, anisotropic
body with nonlinear material-behavior. Based on
the Bernoulli hypothesis, a plane section before
bending will remain plane after bending, a biaxi-
ally loaded RC column has three unknowns at each
cross section. Theoretically, these three un-
knowns can be solved using the three simulta-
neous nonlinear equilibrium equations of force and
moment. However, it seems to be very difficult
and complex to solve the unknowns in closed form
completely, if the realistic stress-strain material
model, the irregularity of cross section and the
reinforcement arrangement are taken into consid-

eration simultaneously. Most researches usually

16

made some simplified assumptions and/or used
the finite element approach to overcome these
difficulties. Actually, most biaxially loaded RC sec-
tions do not need to be analyzed using simplified
assumptions or the time-consuming finite element
approach. They can be analyzed by directly solv-
ing simultaneous nonlinear equilibrium equations
of force and moment. Some researches have been
carried out using the direct analysis approach for
computing biaxiallly loaded column capacity
(Dundar, 1990; Yen, 1991; Brgndum-Nielson, 1997;
Rodriguez et al., 1999). An equivalent rectangular
concrete compressive stress block and perfectly
elastoplastic reinforcement were usually used in
these researches. This method cannot reflect the
actual behavior. Therefore, the first purpose of
this paper is to propose an accurate and direct
analysis method for biaxially loaded RC sections
utilizing the most realistic stress-strain models for
the materials and integral methods to solve the
three unknowns for such a column.

In order to calculate the deflection of the
RC member, several countermeasures might be
considered in the tension stiffening effect of the
concrete. The simplest and most widely used coun-
termeasure is implied in the ‘effective moment in-
ertia’ calculation, which is assumed to be con-
stant over the full length of the member. Several
empirical expressions for the effective moment of
inertia have been suggested (Branson, 1977; Sakai
et al., 1980; Branson et al., 1982; Krishna Mohan
Rao et al., 1992), however, they are limited prima-
rily to members subjected to uniaxial bending with/
without axial force. Because most of the RC col-
umns are subjected to axial force and biaxial bend-
ing under long-term and short-term loads, these
problems have attracted considerable attention
and several researches have been made in the past

few years. While most of these researches devel-



oped an approximate analysis method, design aids
(Furlong, 1961; Taylor, 1985; Hsu, 1988) or utilized
the finite segment approach to analyze the load-
deflection curves (Wang et al., 1992), few re-
searches so far have focused on the flexural rigid-
ity of biaxially loaded RC columns. All of these
researches were concerned with the flexural rigid-
ity of slender RC columns at buckling or yielding
load (Furlong, 1979; Resheidat et al., 1996). This
approach is used in the current ACI Code (1999)
for moment magnifier, not for calculating or trac-
ing load-deflection curves. It seems that there is
no research that has ever attempted to investi-
gate the ‘effective moment of inertia’ to predict
the load-deflection curves of biaxially loaded RC
columns. Accordingly, the second purpose of this
paper is to propose a reasonable ‘effective mo-
ment inertia’ to accurately predict the load-deflec-

tion curves of biaxially loaded RC columns.

II. BASIC ASSUMPTIONS

The following assumptions are made in this

paper:

1. Based on the Bernoulli hypothesis, the
cross section remains plane and normal
to the deflection line.

2. Shear deformations are neglected.

3. The tensile strength of concrete is ne-
glected in the section analysis.

" III. STRESS-STRAIN MODELS OF
MATERIALS

This paper utilizes realistic stress-strain
models for concrete and reinforcement. With the
strain and stress in compression positive, the math-

ematical formulas for such models are as follows:

1. Concrete
The modified Kent and Park models (Park et
al., 1982) for both confined and unconfined con-

crete are used in this study, as shown in Fig. 1:

o)

c

A Ve 0, = Agc2 +Be,

kf.

o.=Ce.+D
0.=E
0.2k, i
_» ¢
& &

Fig. 1. Stress-strain curves for confined and

unconfined concrete

o,.=0 ; £,<0 (1a)
o,.=Ag +Be, ; 0<e <g  (Ib)

o,=Ce, +D ; £ SE.<¢E, (Ic)

o, =E ; &, <€, (1d)
in which

A=—kf!/(ke,)

B = 2f0,/80

C = —0.5kf!/(€s0n + Esop — KE,)

D = kf'[1+0.5ke, (€5, + 50 — kE,) ]

E = 0.2kf]

£ = ke,

£, = ke, +1.6(gg, + &g, — kE,)
g, and g, denote the stress and strain of
concrete, respeétively. f,” denotes the speci-

fied compressive strength of concrete and k, ¢_

’ 85011 ’ 85011

1982). Setting different values for ¢, ¢, and pa-

are defined in detail in (Park et al.,
rameters A~F, Eqgs. (1) are identical to those for

other models, such as the Modified Hognestad
model:
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A=~f] 802 in which o and ¢ _denote the stress and strain
C =—-0.15 fc/ /( €, - 81) of reinforcement, E , fy oS £, €, and & denote

, the modulus of elasticity, yielding strength,
D = flle, —0.85¢)/(e, - &)

ultimate strength, yielding strain, hardening

E=0 strain, and ultimate strain of reinforcement,
g =18f//E,, & =0.0038 respectively. Setting f, =, the presented model
and parabola-rectangular model: is identical to the perfectly elastoplastic model.
—_— ’ 2 —
A=-f 1&g, C=0 IV. SECTION ANALYSIS
D =085f/, E=0
g =0.002 or 1.6f// E, Based on the basic principles of equilibrium,
&, = 0.0035 compatibility, and superposition, the analysis
method for biaxially loaded RC sections is
2. Reinforcement presented.

The reinforcement formulas are derived from Fig, 2:
1.Derivation of Nonlinear Equilibrium Equations

o

§
A Here equations for a partially-cracked rectan-

f gular section with fully-confined or fully-uncon-
s

fined concrete are derived. Refer to Fig. 3, consid-

f ering a partially-cracked rectangular column cross-
y

section with width » and height d subjected to
tan F=E,

load P at coordinate (xp, yp) in the X-Y coordinates.

P is taken as positive when compressive. Let Y’ be

4
¥ p & the neutral axis that intersects the X-axis and Y-
gy Egh i

axis at a and £, respectively. The depth of the

Fig. 2. Stress-strain curve for reinforcement in neutral axis, kd, is

tension or compression
P kd = ahfa* + 1 ©)

X’ is perpendicular to ¥’ and passing through
o, =E £ L 0< Igs‘ <&, (2a) the tip of the corner. For convenience, since
this section should bend about Y’(neutral axis),
e the equations will be derived with respect to

— § .
O, =hnT b & S < (2b) the load-depended X’ —Y’ coordinates. The

¥
transformation between X—Y and X’ =Y’ are

£

o, = {(f) - f:n )[(Es — &g )/(esh —Ey )]2 + f_xu }e_A

s

: X =kd(l-a"'x-1"y) (4a)

g, < <€ (20)

St

Y =kd (h"'x—ay) (4b)
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From the free body equilibrium, we have XF

=0,ZM,=0and ZM = 0. That is:

jachc' + f: (O-A‘i - O‘ci )A.\'i -P=0 (Sa)

i=1

NS
J.XIO'chC + Zx.:i (o‘xi - O-L'i )A.)'i - Px;7 =0 (Sb)

i=1

NS
Iy,achc + Zy:l(o-\l - aci)Asi - P y; =0 (SC)
i=1

where NS is the total number of reinforcement. A,
is the cross-sectional area of reinforcement i. o is
the reinforcement  stress. g, 1s the concrete stress

at the position of reinforcement i. (x',y’ ) and (x »
y’p) are the coordinates for the reinforcement i and
load P in the X Y’ coordinates, respectively. Since
the location of the neutral axis is unknown, it is
difficult to carry out the integral of Eqs. (5). In
order to simplify the expression of Egs.(5), the fol-

lowing parameters are defined :

(1 - ba™ )2 0 (62)

K
Il

o =[(y, —pa Y (1-ba")]20 (6b)

B, =(1-dn")>0 (6¢)

B =1y, —an Y(1-an")]z0 o
v, =(1-ee )20 (6e)

y1=(1—gze;})zo (6
in which > denotes that zero is substituted for
the negative value. Suppose that the maximum
concrete compressive strain at the tip of the
corner is g, and let a, b and g be the unknowns
for the section. Expanding Eqs. (5) and intro-
ducing Eqgs. (6), we acquire the simultaneous
nonlinear equilibrium equations for the section
as shown in Fig. 3:

E= £ E= &)

Fig. 3. Geometry under biaxial bending and axial load
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NS
ah12( ke, > +hoe, +k, J+ Y (0, -0, JA;—P=0 (72)

i=1
ah160(k 2., + ke, + kg |+ a® +h /a/hfx‘si (0, ~ 0 )A,
=1
—P(l—a_lxp —h_lyp)=0 (7b)
1/120[ (6 a? + kgh? e, ? + (koa® + kgh? e, + Kya® + Kgh? |

NS
a2 1alhY v, (o, -0, )A, - Pk, —aly,)=0 ()
i=1

where k; ~ kl2
k=All-a’ B~y -8y, +6)v o o Bo 8oy + 6 BB -8A 6] s@
k=2{Bli—a, - 8+ (C-B)3,23-2,)- 0, 3~20,)- B, B2 (3-2,)]

—Cr(3-27)F 8w

k = 61Dy, ~ o'’ - 6,267 )+ (E- D)y’ | 8(c)
ko =34[1-0" = 57— 7,210~ 207, +157,> — 47, )+ &, "0, (10— 200, +150% - 40,
+578700-208, +1587 —4p7)] 8@
k=5{Bl-a, -5, )+ (C-B) 7, By, ~87, +6)-a,' 0,3, - 8, +6)
-5, 8268 -8 +6)]-crbr’ -3 +6)} s
b =10{0[1,26-27,)- 0,0 (-20)- 8,87 (3-28) |+ (5-Dr26-27)} 50
k= 24[1+ 40, — 50, - B° - 7,67, - 157, +10)+ &, %0 (60" — 150 +10)

+ 80687 - 158, +10)+ 50,0’ Bey? - 8a, +6)7, - o01) ] 8(2)
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ko = 24l1+48° 58,

~yl6y,” - 157, +10)+ e (60" - 15a, +10)

+ ﬂfﬂﬁ(wf 158, +10)+ 58, B BB - 88, + 6)y, - B.B))  B®

b =5{B+3a, ~4a, - B (C-B) 7, (4-37,) -0, o (4= 30y )- B, B} (4-38)

~4a 00’ (320, )y, - or,0) }— Cy(4-3y,) } 8(9)

ko=—5{ B33 -4~ o'+ (C-B)| 1 (4-3,) - o (4-3c;)- B *(4-3P)

~48, 73287,

kHZZO{D[j/U 0504 ﬂlgl 3““1(

k,==20{D| 3 ~a’0r - BB -382 K1y,

2.Extended application of Equations

Eqgs. (7) are derived from a partially-cracked
rectangular cross section with fully-confined or
fully-unconfined concrete. However, based on the
algorithms shown in Fig. 4, Egs. (7) can be applied
to analyze some types of biaxially loaded RC
sections, such as fully-uncracked, partially-
confined, channel-shaped, L-shaped, and rectan-

gular hollow-shaped cross sections etc.

3. Solution of simultaneous nonlinear Equilibrium

Equations

A FORTRAN 90 module, based on
Broyden’s method and line search procedure, was
written to solve simultaneous nonlinear equations.
The details of this method are far beyond the scope
of this paper. Because an extensive explanation of

this technique has been published in many nu-

B A)+(E-

-BB)era-3n)} 80

o,00) +(E-D) 5 | 8(k)

D)y | )

merical textbooks (William et al., 1994), it is not

described herein.
4, Comparison with Experiment Results

In order to check the accuracy of the method
and computer program developed in this paper,
forty experimental specimens by other researches
(Bresler, 1960; Ramamurthy, 1966; Hsu, 1974;
Heimdahl et al., 1975) were analyzed for compari-
son of the ultimate load P,. To calculate maximum
eccentric load P , the three unknowns in Egs. @)
were changed to P, a and /. Let the maximum con-
crete tip strain ¢, be given and increase from zero
to whichever corresponding P is less than the
latest one. For each given €, we can acquire the
corresponding P, a and /. The maximum value for
the series output P is the ultimate capacity that
the column can be subjected. The hoop confine-

ment effects are considered, i.e. the column sec-
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tion is divided into a confined concrete core and
an unconfined concrete cover. The principle of
superposition, as shown in Fig. 4(b), is then
applied. The analytical and experimental results,
which show excellent agreement, are listed in Table
1. The maximum and average absolute errors are 9.

7% and 3.9%, respectively.

V. APPLICATION EXAMPLES

The verified computer program developed
in this paper can also be applied to generate de-
sign/check aids for biaxial bending with/without
an axial load, such as three-dimensional failure

surfaces, interaction diagrams and dimensionless

/
NA N.A NA

(a) Fully-uncracked section

s Unconf.
Conf. _ Unconf, _ |pneon
N/A N.é NA
-+ [Conf.
NA

(b) Partially-confined section

C—1 Comp.

IR Q-

load contours. There are three examples for rect-
angular solid, rectangular hollow, and L-shaped
sections presented herein.

Although the realistic stress-strain curves
for concrete and rebars and the confinement ef-
fects of hoops can be taken into consideration,
the following assumptions are made just for de-
sign purposes:

1. The maximum compressive strain of

concrete is 0.003.

2. The stress-strain curve for rebars is

perfectly elasto-plastic.

3. The confinement effects of hoops and

bukling of longitudinal rebars are not
taken into consideration.

NA NA NA

(c) Channel-shaped section

&\_\ )

NA NA NA

(d) L-shaped section

7 /

/
NA N.A NA

(e) Rectangular hollow-shaped section

— Ten.

Fig. 4. Utilization of superposition
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Table 1. Comparison of ultimate loads

P, (kN)

Ref Specimen ey ey Tested | Calculated | Calculated &co Error
eference

No. (cm) (cm) by by (10 (%)

reference | this paper

B-5 7.62 10.16 142 157 156 4.0 9.7

Bresler B-6 15.24 20.32 75 63 74 34 2.6

(1960) B-7 15.24 10.16 93 83 97 5.0 4.2

B-8 7.62 20.32 107 96 108 4.4 0.9

A-15 3.54 3.54 267 - 267 4.0 0.0

B-1 2.10 7.85 629 614 628 3.6 0.2

B-2 1.94 4.69 772 787 806 3.6 43

B-3 5.10 8.80 534 526 518 4.0 -2.9

B-4 6.40 11.00 396 409 404 4.0 2.0

B-6 6.47 6.47 501 512 513 4.0 2.3

B-7 7.18 7.18 516 487 484 4.0 -6.3

) B-8 10.16 10.16 369 338 356 3.6 3.7

Ramamurthy

(1966) D-1 2.54 3.80 787 794 797 3.6 1.2

D-2 5.57 8.45 401 394 392 4.4 2.2

D-3 7.62 11.41 312 290 291 4.6 -6.6

D-4 3.23 3.23 681 653 687 4.0 -0.9

D-5 8.08 8.08 378 345 346 4.0 8.5

D-6 7.92 4.57 401 408 374 4.4 -6.6

E-1 6.01 11.40 465 447 419 4.2 -9.7

E-2 7.62 15.24 312 314 310 4.6 -0.6

E-4 6.60 3.81 543 576 543 42 0.0

ER-1 6.36 2.63 187 141 172 5.0 -7.9

ER-2 12.42 5.14 82 75 87 4.6 6.0

Heimdahi FR-1 4.87 4.87 170 138 167 4.8 -1.7

& FR-2 8.06 8.06 81 73 33 4.6 2.4

Bianchini EW-1 6.40 2.65 172 138 157 5.0 9.1

(1973) EW-2 12.46 5.16 76 73 80 5.6 5.1

FW-1 4.84 4.84 162 136 152 4.8 -6.1

FWwW-2 9.50 9.50 72 71 76 5.4 6.8

H-1 7.62 5.08 62 60 62 4.6 0.0

H-2 8.26 5.72 53 57 58 4.2 9.3

H-3 6.35 7.62 61 60 60 4.2 -1.6

S-1 2.54 3.81 93 96 98 34 5.3

Hsu S-2 2.54 3.81 110 111 110 3.2 0.0

(1974) U-1 6.35 8.89 43 44 43 4.8 0.0

u-2 7.62 8.89 39 40 40 5.0 2.5

U-3 8.89 8.89 35 37 37 5.0 5.6

U-4 5.08 5.08 64 67 66 4.8 3.1

U-5 1.27 10.16 48 46 51 4.8 6.1

U-6 1.27 17.78 27 27 27 34 0.0

Maximum absolute error 9.7

Average absolute error 3.9

Note: e = eccentricity of axial load along X-axis

e = eccentricity of axial load along Y-axis




Instead of varying the angle or location of
the assumed neutral axis (Furlong, 1961; Taylor,
1985), the triplets (P , M _, M ly) on the failure sur-
face of a given section are generated by varying
the loading axis angle 8 under a series of constant
axial loads P at the plastic centroid of the section.
This solution strategy is good because the trip-
lets can be obtained directly using the real load-
ing axis angle and not by interpolation between
the two nearest curves produced by the prede-
termined neutral axis. This is more precise, con-
venient and faster.

The dimension and material properties of
these examples are shown in detail in Figs. 5(a), 6
(a) and 7(a). The analytical results are shown in
Figs. 5(b)~(e), 6(b)~(e) and 7(b)~(f), in which P is
nominal axial load strength at zero eccentricity. It
must be emphasized again that the intersected
points on the failure surfaces are the direct ana-
lytical results, not interpolated or extrapolated by
some powerful graphic program. They are smooth
enough to prove the reliability and accuracy of

the algorithm presented in this paper.

M, M

——

/
x X ® e o X
\f
o — e M,
hd PC
) * 30x60cm
£’ =20.8 MPa
v X ¢ * * X f;) =375MPa

x4 ¢ 20+« 109 14

(a)Section details
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(b) Failure surface

P, (MN)

0.0 0.1 0.2 03 0.4 0.5
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1.0

T
0.4

MIIX / MOX

(d) Quadrantal top view of failure surface



0.0 0.2 0.4 0.6 038 1.0
MHX / MOX

(e) Quadrantal bottom view of failure surface

Fig. 5. Rectangular solid section
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T T T T T T T T
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(e)Top view of failure surface

1.0+ 120°

1
240"
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(f) Bottom view of failure surface

Fig. 7. L-shaped section

VI. EFFECTIVE FLEXURAL RIGID-
ITY

The effective flexural rigidity E {, is the
product of two quantities E_and [, in which E,
is the modulus of elasticity of concrete defined
by the ACI Code, and /, is effective moment of
inertia. Over the past few years, several empiri-
cal equations for I, have been suggested. The
best-known and most widely used equation was
proposed by Branson (1977) and adopted by

the current ACI Code for members subjected to
uniaxial bending without an axial load. For mem-
bers subjected to uniaxial bending and axial
force, Branson et al. (1982) proposed a modifi-
cation for M_ in his formula. However, this is
not applicable to the post-ultimate stage be-

cause I, does not decrease with softening.

Theoretically, the section should bend
about an instantaneous neutral axis. In other
words, the E I calculation for biaxially loaded
columns may be simplified into that for uniaxi-

ally loaded columns. Accordingly, I, is proposed

as:
3 M 3
p— cr cr
1= I+ 1= = |1,
max max
.............................................................................. ©)
in which
Igl = moment of inertia of the uncracked trans-
formed section, with respect to the axis that
passes through the centroid and parallel to
the instantaneous neutral axis of the section
I = moment of inertia of the cracked transformed

cr

section, with respect to the axis that passes
through the centroid and parallel to the in-
stantaneous neutral axis of the section.

M =maximum moment in the member, with re-
spect to the instantaneous neutral axis

M =(f+ P/Ag) Igr/ ¥, cracking moment associ-

ated with Ig,

fo=07 fc , MPa, modulus of rupture of con-

crete
y, = distance from the reference axis of Ig, to ex-

treme fiber in tension

P and A are normal force and gross area of

section, respectively.
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To reflect the realistic behavior of the
material, the modulus of elasticity of concrete is
different strip by strip, therefore the mechanical
characteristics of concrete are calculated strip by

* strip. In general, 100 strips give sufficient accu-
racy for sectional analysis. In order to calculate
I, the area of discrete concrete strips and rein-
forcement is transformed into unstressed plain
concrete area using the ratio EY7E_ and EI”‘/EL_, in
which E“and E“are the secant modulus of
elasticity at a specific local strain in each concrete
strip and reinforcement, respectively, as shown in
Fig. 8. Thus, I_ is not constant and decreasing
with the maximum concrete compressive strain of
the section increasing.

O-C
A
K’ 1
0.45f," |
& £ 2 -
(a) Concrete
o
IS
1L
K
Sy
{;‘y gsh gsu
(b) Reinforcement

Fig. 8. Secant modulus of elasticity
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Furthermore, special emphasis is placed on
M

max®

especially in the post-ultimate stage. In the
pre-ultimate stage, M is essentially identical to
that in the ACI Code. While in the post-ultimate
stage, the ultimate bending capacity of the column,
M, is substituted for Mm. This is reasonable be-
cause the curvature localization phenomena ap-
pears at the peak load. Thereafter deflection de-
pends tremendously on [ of the section.
Mathematically, Eq. (9) is an interpolation func-
tion of the upper bond 1, and lower bond [, Uti-
lizing M" in this equation, leads 1, to remain close
tol ,as shown in Fig. 9. Therefore, it is reason-
able to reflect on the curvature localization phe-
nomena in the post-ultimate stage.

| T > My
M, M,
Fig. 9. Effective moment of inertia versus maxi-
mum moment
Comparison with Experimental Results
Seven test specimens from two researches (
Tsao, 1991; Liu, 1997) are analyzed to compare the
monotonic eccentric load-lateral deflection curves.
All specimens were loaded eccentrically and the
details are shown in Table 2 and Fig. 10. The flow
Chart for the load-deflection curve calculation is
shown in Fig. 11. The load controls it when the
maximum concrete compressive strain, ¢_, s less
than 0.003. Otherwise, the maximum concrete com-
pressive strain, &, controls it. The following as-

sumptions are made:



To model the true behavior of concrete
spalling, let E=0 in Eq. (1d) to restrict
o,=0whene >e¢,

The P-A secondary effect is taken into
consideration, where A is the latest lat-
eral deflection.

The brackets at both ends must be rigid
enough to prevent cracking, i.e. the flex-

ural rigidity remains constant.

Table 2. Details of specimens

Therefore, the specimens can be con-
sidered as pin-ended columns with
stepped sections. The lateral deflection
calculation is carried out using the con-
jugate-beam method and the effective
moment of inertia formula, Eq. (9), in

this paper.

Figures 12 and 13 show the comparison be-

tween experimental and analytical curves. They

are reasonably matched even in the failure stage.

Reference|Specimen| L L’ f 5 Rebar Space of ey e,
No. (cm) | (cm) (MPa) (MPa) reinforcement| hoop (cm) | (cm) | (cm)
MO03 175.0( 20.0 31.5 470.9 4-#4 10.0 10.6 { 10.6
Liu Mo04 175.0] 20.0 25.9 470.9 4-#4 12.5 10.6 | 10.6
(1997) M08 175.01 20.0 21.6 470.9 4-#4 15.0 10.6 | 10.6
C18 175.01 20.0 29.4 14709 467.6] 4-#4,4-#3 10.0 10.6 | 10.6
C1 121.9( 20.3 19.1 544 .4 4-#3 7.62 097 | 2.35
Tsao
C5 121.9( 20.3 25.5 420.3 4-#3 7.62 1.94 | 4.69
(1991)
Co6 121.9{ 20.3 25.5 420.3 4-#3 7.62 0.97 | 2.35
Kl ?f— le—— 300 —
L’ — 4#4
4 3.0 4#3
4
T ﬂ 30.0
|— #2
17.0 Ties
T .
; , 3.0 [+—17.0 — |+-3.0
v v L
A A’
(b) Section A-A’, Liu (1997)
fe— 15.24 »
1.27 4#3
T 15.24
’ d No.14
_i; -y _T_ Y gage
5.0
- A 4

(a) Elevation

1.2_7{;] e—5.0— }e1.27

(c) Section A-A’, Tsao (1991)
Fig. 10. Specimen elevation and sections (dimension in cm)
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Input material
properties and
geometry
Initialize
P * A T € co
Y
FNO €6 < 0.003 Yes?
Let Let
€ .,=€ ot A P =P+ AP
h 4 v
Eccentricity _
=(e+ /) Mmax—P(e-I—A)
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Solve simult. eqgs. Solve simult. egs.
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| Calculate P
Mc e Ic 0 Ig
Calculate
Ec I eff
4
Calculate
A
A > A max No
Yes
End

Fig. 11. Flow chart for the load-deflection curve calculation
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VII. SUMMARY AND CONCLUSIONS

1. Simply resetting the parameter values,
the stress-strain equations for the material pre-
sented in this paper can be used for other material
models, such as the Modified Hognestad model
or parabola-rectangular model for concrete and the
perfectly elastoplastic model for reinforcement.

2. This paper provides three simultaneous
equations for biaxial loaded RC sections, directly
derived from the equations of equilibrium and com-
patibility using realistic stress-strain models for
concrete and reinforcement. Based on the prin-
ciple of superposition, these formulas can be ap-
plied to analyze general types of column sections,
such as fully-uncracked, partially-confined, chan-

nel-shaped, L-shaped and rectangular hollow- -

shaped cross sections.

3. The comparison between the analytical
and experimental ultimate loads shows excellent
agreement. The maximum and average absolute
errors are 9.7% and 3.9%, respectively. The com-
puter program developed in this paper can be used

to generate three-dimensional failure surfaces, in-
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teraction diagrams and dimensionless load con-
tours as design/check aids for sections under bi-
axial bending with/without an axial load. Three
examples: rectangular solid, rectangular hollow,
and L-shaped sections are presented. The curves
are smooth enough to prove the reliability and
accuracy of the algorithm presented in this paper.

4. Reasonably redefining some parameters,
the effective moment of inertia I, formula in the
current ACT Code for flexural members can be em-
ployed to predict the load-deflection curves of RC
columns under biaxial bending. In this paper, /_in
the /, formula was redefined as the moment of in-
ertia for a cracked transformed section. The area
of discrete concrete strips and reinforcement is
transformed into unstressed plain concrete area
using the ratio E.'7E, to reflect the nonlinearity of
the material stress-strain curves. In the post-ulti-
mate stage, the constant ultimate bending capac-
ity of the column, Mu, is substituted for me to
lead I, to remain close to [ . Although the effec-
tive flexural rigidity calculation presented in this
paper is simple and traditional, the experimental

and analytical curves are matched excellently at



any monotonic loading stage including both the

pre-ultimate and post-ultimate stages.
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