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Abstract. Designing of reinforced concrete columns mostly carried out by a simple planning
method which uses column interaction diagram. However, the application of this method is
limited because it valids only for certain compressive strenght of the concrete and yield strength
of the reinforcement. Thus, a more applicable method is still in need. Another method is the use
of quadratic polynomials as a basis for the approach in designing reinforced concrete columns,
where the ratio of neutral lines to the effective height of a cross section (£) if associated with £
in the same cross-section with different reinforcement ratios is assumed to form a quadratic
polynomial . This is identical to the basic principle used in the Simpson rule for numerical
integral using quadratic polynomials and had a sufficiently accurate level of accuracy. The basis
of this approach to be used both the normal force equilibrium and the moment equilibrium. The
abscissa of the intersection of the two curves is the ratio that had been mentioned, since it fulfill
both of the equilibrium. The application of this method is relatively more complicated than the
existing method but provided with tables and graphs (N vs &) and (M vs &) so that its used
could be simplified. The unigueness of these tables are only distinguished based on the
compresssive strength of the concrete, so in application it could be combined with various yield
strenght of the reinforcement available in the market. This method could be solved by using
programming languages such as Fortran.

1. Introduction
If a normal force acted on a column then it could be described as a normal force relationship with the

moment in a diagram as below. The column interaction diagram was divided into 3 regions:
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Figure 1. The division of region in the column interaction diagram

1.1 The assumption of the stresses of the concrete and steel

1. 1.a Assumffpn of concrete stresses

1. Strain on reinforcement and concrete should be assumed to be proportional to the distance from the
neutral axis. (Bernoulli - Navier)

2. The maximum strain that could be utilized in the outermost compression concrete was assumed to
be 0.003.
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3. Strenght at the reinforcing value smaller than the strength of f, should be taken by E,;multiplied by
the steel strain (Law of Hook). For strains of greater than & associated with f,, the stress on the
reinforcement should be taken equal to f,.

4. In axial and bending calculations, concrete tensile strength should be ignore@

5. Therelationship between the distribution of compressive stresses of concrete and concrete strain may
be assumed to be square, trapezoidal, parabolic or other shaped, resulting in a good reasonably when
compared to the compression test results.

The above conditions could be {@tisfied by an equivalent square distribution defined as follows:

a. A stress of concrete average of 0.85 f.', was assumed to be uniformly distributed over an equivalent
compressive area boundg}l by a cross-sectional edge and a straight line parallel to a neutral axis
of a = fi ¢ of fiber with maximum compressive strain.

b. The distance from the fiber with maximum strain to the neutral axis ¢ should be measured in the
direction perpendicular to the neutral axis.

c. For /' between 17 and 28 MEEJS: must be taken at 0.85. For £.' above 28 Mpa, f#; must be reduced
by 0.05 for any 7 MPa over 28 Mpa, but /i should not be taken less than 0.65 or could be written
in mathematical form as:

By =0.85 - ——(f! —28) 2 065 (1)

6.

1.1.b The asumption of steel stress
The idealization of steel stress with strain to be used as commonly used in structural analysis was bi-
linear as shown below :

{E,=200000 MPa

é‘.\'
5
Figure 2. Stainless-steel strain idealization
1.2 Balanced condition
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Figure 3. Cross section of columns and the stresses

From the drawing, obtained the relationship:

e e _ £

4 :"L-+£,-_)5 T e e (2)
For the balanced condition :

e 0.003 0.003 600
= £ = = = 3

b el tey 0‘003+% 0.003+2u£ﬁ 600+ fy )
Z H=0

Co+C—Ts—Pp,=0 4
Where: C; =Tg = Py = C. = 0.8564f; by, (5)
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1. 3 Region il

P,<P<P,
Compression forces :
C. = 0.85f'ab = 0.85p, f; bc (6)
Cs = 0544 f, = 0.5p,bdf, (7
Tensile forces :
T, = 0.545f; = 05pcbde,E = 300pcbd (*~ 1) ®)

ZH=0
Co+C—T,—P,=0

0.858, £ bc? + {p,bd(0.5f, + 300) — P, }c — 300p,bd* = 0 (9)
Z M=0

—cc.[d—g)—cﬁ.{d—d‘ﬁpn(eq-“%“’)=0 (10)

0.85p2f/bc? — 174, fbdc — p,bdf,(d—d') + P,(2e +d —d') = D (1)

From the above two squares equations (9 &11) it 1s seen that the value of ¢ depended on o and
vice versa so it was difficult to solve.

1.4 Region Il
P <P
C. = 085f'ab
C; = 054, f, = 0.5p;bdf,
Ts = 0.5A4 f, = 0.5p,bdf,
Z H=0
C+C,—T,—PF, =0

_ _ I _ P
P = C, = 0.85f ab>a = 2 (12)
M=0
B (d-2)-c@-a)+ B (e+E5) =0
Pyze—n+—E0_
Agt — ( u.us{cb] “3]

fy(d—d')
From this equation (13) it could be seen that the designed of reinforced concrete columns for region
III could be calculated directly so that the discussion needed not be elaborated further.

1.5 Region Il for 4 sided reinforcement
With each 0.25 Ay reinforcement on each side. (P, < P < B)

0.254y £=0.003
-
d [
dd’
0.254, 0.254w  /
b S0.254, ©

>
Figure 4. Cross section for 4 sided reinforement
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The forces acting on the cross section :
Compression forces :
C. = 085f'ab = 0.85p:f.bc

Cor = 0.25pbd, (14)

Cor = =L 0545,2f;, = 200p, %% (c — d)? (15)
Tensile forces :

Tr = 025p,bdesEs = 150p.bd (£~ 1) (16)

Top = =20.5453f; = 200p, 75 (d — ¢)? (17)
Z H=0

CetCoy+Cp—Ty Ty -k =0 (18)

it =r (19)

0.858,f/c® + {ptd(O.ZSfy +150) - %} €2 +250p,d%(1 — 1.6R)c — 200p,d* = 0 (20)

2

—Ce(d=3) — Ca(d—d) = Cofilc —d) +d — c} + Tpi(d — ) + Py (e + =0

(21)
0.85B2f/c* — 176, fidc® — {0.5p.df,(d — d') — " (2e +d — d")} 2 = 2p,df(c —
d)?{3d(1-2R) —c} - (d —c)*} =0 (22)

2. Research methods

In this research the normal force equilibrium equation, the form was converted to equation with & =
(i) as a variable :

0.85B, £/ &% + {pt(O.S,ﬂ, +300) — ;—d} &y —300p, =0 (23)

This equation could not be solved because the value &y depended on pf and vice versa so that there was
a solution it was determined pf first so that £y could be determined. While the other value was a known
factor of a column.

Therefore this equation would be solved by taking the value of the column reinforcement ratio
pr1s o2 and oy which had the same difference it would be obtained three pairs of numbers {p,1, &y} ,
{pe2,&nz2} and {pez, Enz} which were assumed to satisfy quadratic poly nomial.

. + e . . ~ . . C
Similarly, the moment equilibrium equation, the form was converted to equation with &y = (E) as
variable :

0.85B7f1 &5 — LIB fl e — pe (L —R) + ;;—“,(28 +d—-d)=0 (24)

In the same way above, taking the values of the column ratios of p,y, g2 dan p;1 that had the same
difference would Hfffobtained three pairs of numbers {p;1, &n1} . {Pez, €z} dan {py3, &3} which were
assumed to satisfy quadratic polynomial.

This was identical to the assumption used by Simpson in numerical integration that using three points
as the basis of calculation assuming it meeted the qua dratiaolynomial and given quite accurate results.
The value of {p;, &} occurring was that which satisfies the normal force equilibrium curve and the
moment equilibrium curve or, in other words, the point of intersection of the two curves.

2.1 Determining the value of { from the normal force and moment equilibrium equations
The normal force equilibrium equation could be written as:
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0.858,f/ & + N&; —300p, =0 (25)
where : N = p,(0.5f, +300) — % (26)
By solving the quadratic equation, it was obtained :

v = 1y (N + /N2 + 10200, B, ) o

From the above equation it can be seen that §; depended on N and the compressive strenght of
theconcrete. Of the three values of Ny g, Ny s dan N> were determined by three variation pyy = 1.0 %,
prs=1.5% and p» ¢ = 2.0 % so that the value 4 g, Eyq5 and €y 5 could be obtained.

So that the three points obtained {(0.01, &y, o), (0.15, &y, 5) and (0.02, £y5 )}

The moment equilibrium equation could be written as :

0.8587f1&h — LI flEy + M =0 (28)
where: M = —p,f,(1— R) + 2 (2e + d — d') (29)
By solving the quadratic equation, it was obtained :

From the equation above showed that £, depended on M and the compressive strenght of the concrete.
Of the three values of M1, M1s dan M2o could be determined with three variations pro= 1.0 %, pis=
1.5 % dan p2 o = 2.0 % so the value §yyy o, $ppq 5 and €y, o could be obtained.
Thus, there were three points {(0.01, &x1.0), (0.15, &15) and (0.02, £y20)}

2.2 Determining the reinforcement ratio on the basis of pro, pr.s and p2o

&=l
c T

[
Ero §||.5 §|2.0
|

001 0015  0.02
Figure 5. Quadratic equation curve

o

§ = 20000(&.0 — 2§15+ &10)pf +100(=5850 + 128 5 — 7€ 9)py + 3850 — 8815 + 681,
(31)
Forms of quadratic equations on the basis of {yq g, Eyq.5 and Eyz g or &y 0. €15 and Eyz
The pr value that occurs was the abscissa value of the intersection of the curve of normal force and the
curve moment equilibrium and as an illustration saw the picture below in figure 6.

1Ev=1py)

Eu=flpr)

0.01 00158t 0.02 o

Figure 6. Illustration of intersection of two curves normal force and moment

For easy writing, next

[Ev20 = €m0l = Yoo (32)
[Ewis — $misl =Tis (33)
[n10 = $mr0] = Y10 (34)

So the quadratic equation to be solved was:
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20000(Y, o — 2Y; 5 + Yy g)pf + 100(—5Y, 5 + 12V, 5 — 7Y, g )p, + 3V, — BY; 5 + 6Y; 4 =0

(35)
Or: 200004, :pZ + 1008, zp, + C;5 =0 (36)
Ays =Y =2V 5+, (37
Bys = =5Ya4+ 12Y15 — 7Y (38)
Cis =3, —8Y 5 +6V, (39)

B Ay 5C.

pe = 4001;15 (—1 + [1- 3—1;12;-5) (40)
2.3 Determining the reinforcement ratio on the basis of p2.o, pos and pso
Incase p, > 0.02 then it was better to use pzo = 2,0 %, p2s = 2.5 % dan p1o= 3.0 %, as the based of the
analysis.
&= 200000830 — 2625 + &.0)pf + 100(—9¢30 + 20825 — 118 0)ps + 10830 — 24825 + 15659
(41)
[Evzs — $mzs]l = Yas (42)
[st.o - st.o] =Yzo (43)

So the quadratic equation to be solved was :
20000(Y; o — 2V, 5 + Y5 o) pf + 100(=9Y; 5 + 20V, 5 — 11Y, )p, + 10V, o — 24V, 5 + 5V, =0

(44)

Or: 200004, -pf + 100B,-p, + C;5 =0 (45)
Ags = Ya0— 225 + Yap (46)

By5 = =935+ 20Y;5 — 11Y; 4 47

Cy5 = 10Y55 — 24Y; 5 + 15V5 5 (48)

B. As -

pe = —400;52_5 (—1 + [1- 3—‘;_.22 ;-5) (49)

24 Determining the reinforcement ratio on the basis of p;.o pss and pig

In case p, > 0.03 then it was better to use pap = 3,0 %, prs =3.5 % and ps0= 4.0 %, as the base of the

analysis.

§ = 20000(84p — 2835 + §3.0)p7 + 100(—138, 0 + 2835 — 15830)p + 21840 — 48835 + 2885,

(50)
[st.s - fm.s] =Yz (51)
[‘qu-.o - ‘fMJt-.O] =Yio (52)

So the quadratic equation to be solved was :
20000(Y; o — 2Ya5 + Yag)p? + 100(—13Yy g + 28Ys5 — 15V g)pe + 21V, g — 4855 + 28Yz =0

(53)
Or :20000435p% + 10083 5p; + €35 =0 (54)
Aszs =Yoo — 235 + Yo (55)
B35 = —=13Y, 4 + 28Y35 — 15V;3, (56)
C35 =21Y, 5 — 48Y55 + 28Y5 5 (57)

_ Bss _ _nAssCss
pf*q—oozig_s( 1+ '1 B_E§_5 ) (58)

Research of region Il for 4-sided reinforcement
The normal force equilibrium equati§e)
As in the above of this research the normal force equilibrium equation, changed to the equation &y =

(3) as a variable :
0856,/ % + {p(0.25f, +150) — 121 £Z + 2509, (1 — 1.6R)éy — 200p, = 0 (59)
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Where : Ny = p,(0.25f, + 150) — 1 (60)

The above equation (59) was in the form of a cubic polynomial so that £y was obtained with the aid of
the Newton-Raphson method.

This equation would be solved by taking the value of the column reinforcement ratio pr1, prz and
peawhich have the same difference it would be obtained three pairs of numbers {p;1, éy1}. {Pe2, énz )
and {p,3, €3 } assumed to satisfy quadratic polynomial.

The moment equilibrium equation :

As in the above section of this research the the moment equilibrium equition, changed to the equation
y = (5) as a variable:

085 B2f/ 5% — L7 fi6 — {05p fy, (1= R) =32 Qe + d — d)} &% — 400(1 — R)?pefy, +

00, (2R* —3R? +1) =0 (61)
Where : M, = — {O.Sptfy(l ~R) -5 Qe +d- d’)} (62)

The above equation (61) was in the form of a quartic polynomial so that §,; was obtained with the aid
of the Newton-Raphson method.

This equation was solved by taking the values of the column ratios of pri, pr2 and i3 which had the
same difference then there would be three pairs of numbers {p,1, 41}, {0¢2, 42} and {p,3, £443} which
is assumed to satisty quadratic polynomial.

The value of {p,, £} occurring was that which satisfies the equilibrium the normal force curve and
equilibrium the moment curve or, in other words, the point of intersection of the two curves.

3. Result 1
The case of double-sided reinforcement with the following data : /-* = 40 MPa, f, =420 MPa, b=0.8
md=08 md =0.15mande=03m
Estimate Ag, = 2%bd (Tied column)
Py = 085f/(A, = Ax) + f,Ase = 26207 MN
P, = 0.8P, = 28.37MN
P=-"L=162MN
0.65

600 0.72 = 0.424
=600 +420 C
Py = 0.858:f'bcy = 9.36 MN
Py <P <P, 2> regionll

[ = 40 MPa
I = 420 MPa
P,= 10,53 MN
b= 0.8 m
d= 0,85 m
d = 0,15 m
e = 0.3 m
B = 0,764
o) 1,00 1,50 2,00
N -18,724 -16,174 -13,624
&y 0,856 0,831 0,81
M 32,977 31,248 29,518
Eur 1,082 0,937 0,834
Y -0,226 -0,106 -0,024
Ars= -0,038
By s= 0,43
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Cis5= -0,58

p= 0,022196
That mean not cut between the two curves were at 0.01 < p; < 0.02 then recalculated with pyg, p2s
and pa as the basis :

o) 2,00 2,50 3.00
N -13,624 -11,074 -8,524
& 0,81 0,791 0,775
M 29518 27,789 26,060
& 0,834 0,749 0,676
Y -0,024 0,042 0,099

Azs= -0,009

82_5 = 0,2 13

Cas= -0,378

pe= 0,021741

Results from the fortran program : pr = 0.0217 and validation by the iteration method : pr = 0,0219
(taken from the analysis but not shown)

Analysis method Pr Ratio to the iteration method
Manual 0.021741 99.27%
Fortran program 0.0217 99.09%
Iteration Gauss-Seidel 0.0219 100%

4. Conclusion

The most unique of these appm;ales was that the tables or graphs (V vs &y) and (N vs &y) were only
distinguished on the basis of the compressive strenght of the concrete alone while the yield strenght of
the reinforcement could be adjusted to the available market. To ensure the accuracy of this method used
Pio s prsand prp or prg, prs and pig or psa, pas and pupas a basis for calculation two sides and
calculation with 4 sided of reinforcement. If with the help of fortran program all combination of concrete
and reinforcement could be completed so that the application was very flexible.
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