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ABSTRACT

Title of Thesis: Behavior of Thin-Walled Channel Shaped
Concrete Columns under Combined Biaxial
Bending and Compression.

Subash Yalamarthy, WMaster of Science
in Civil Engineering, 1983.

Thesis directed by: Dr. C.T. Thomas Hsu,
Associate Professor of Civil Engineering.

Next to rectangular, circular and L shapes, Channel
section may be the most frequently encountered reinforced
concrete columns since they can be used as box wall for
elevators. Nevertheless, information about the load
deformation behavior is not generally available to
structural engineers. Most of the investigations have been
emphasized on the ultimate strength of column sections under
combined biaxial bending and axial compression and the
resulting interaction surface.” No'attention is paid to

load deformation behavior.

Current code provisions do not provide adequate
guidelines for assessing the strength and ductility of
biaxially-loaded reinforced concrete columns. Therefore,
this investigation is aimed at an experimental and analyti-
cal study of the behavior of biaxially-loaded channel-
shaped short columms as the applied load 1is increased

monotonically from zero to failure.



1i

For the test purpose four reinforced concrete Channel-
shaped columns of nearly half the size of the true specimens
were casted and tested till failure. Moment-Curvature and
Load Deflection curves obtained from testing channel section
were compared with the results from a computer program
developed by Hsul and were found to be in excellent
agreement. In addition a eomputer program was developed
to calculate the ultimate flexural capacity of cracked
arbitrary concrete sections under axial load and biaxial

bending based on the Brondum-Nielsen's paper.
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CHAPTER 1.

A) INTRODUCTION

Most investigations on the behaviour of concrete
under axial compression and biaxigl stresses have been
primarily concerned with the determination of the
ultimate strength of concrete under combined stress and
relatively few studies have been presented on the deforma-
tional characteristics of concrete subject to biaxial

bending.

However, in recent years important'developments
have been made in the philosophy of structur%l design.
These have been embodied in new codes of pra;tioe
such as CpllO which require a structure to be analyzgd
for compliance with states of serviceability as well
as ultimate strength. To satisfy these requirementss
information is needed regarding the behavior of cencrete
under biaxial states of stress throughout the entire
1oading regime up to ultimate. Comprehensive research
work for obtaining such information has been carried out
only under uniaxial compresgion at both the structural

and the phenemenological levels.

The investigation, forming the basis of\this topic,
extends the above work to regimes of biaxial loading.

The prime object of this program is to investigate the



full range of column behavior, deformation characteristics
and moment curvature relationship subjected to biaxial-

loading.

The study emphasizes on reinforced concrete columns
of channel-shaped cross sections only. Four reinforced
concrete channel-shaped columns were tested$+till failure.
By measuring column curvatures, reactions and deformations
the moment curvature relationship for a constant axial
load was experimentally measured. The moment curvature
relationship obtained experimentally was then compared
with that obtained from the computer program developed
by Hsul, on the basis of static equilibrium, where as the
stress~strain curves and strain compatability requirements
across the column cross sections were among the input

variables. A modification of Newton Raphson numerical

method was used to achieve the above computation procedures.



B) DESIGN CRITERTA:

Design criteria for eccentrically loaded concrete
columns during the last few decades have evolved from
allowable stress limits for presumably elastic members
toward strength limits that recognize inelastic material
response before maximum strength is achieved. Iarly
recognition that compression stress limits at the extreme
fibers of concrete cross sections produced unacceptably
low estimates of allowable load preceded the adoption of
a strength formulation of an allowable stress for the
design of non-slender axially loaded columns. Analysis
for flexure in addition to thrust continued to require

an elastic analysis of the heterogeneous cross sections.

The application of strength criteria as a basis
for designing concrete columns would be more comple;
analytically than the presently available maximum
elastic strain and allowable stress block for concrete
at ultimate. A constant ultimate stress equal to
85 per cent of the cylinder strength f'c on a compression
zone extending from the extreme fiber 85 per cent of the
depth to a neutral axis made strength analysis of

columms no more difficult than the allowabié stress

analysis had been. Under biaxially eccentric loading



conditions the use of the rectangular stress block for
concrete at ultimate made the strength analysis less

complex than the elastic stress analysis.

DESIGN PRACTICE:

Almost all columns that support bridges must be
designed to resist load combinations that create sig-
nificant amounts of biaxial bending, but biaxial bending
is rarely a critical concern for the design of columns
in buildings. Even though every column in every
building resists biaxially eccentric thrust most of
the time, the limit loading conditions that serve as a
basis for structural design are derived from an analysis
of frames in the planes in which the principal axes of
columns are constructed. Column design moments are”
largest when live load exists in the bay adjacent to
a column only in the direction of maximum moment. Only
2% .the exterior corner of a buiiding does maximum.skew
bending occur under the éame loading that creates maxi-
mum moment about each principal axis. The type of fra-
ming sometimes eliminates significant skew bending

possibilities even at corner columns of bulldings.

The ACI Building Code and the AASHTO criteria

explicitly recognize the use of the rectangular stress



block and the ultimate compressive strain of 0.003 for
concrete for strength analysis. More sophisticated
representations of the stress strain behavior of concrete
are permitted, but only the rectangular stress block

is used for the derivation of design aids that are readily
available. The design aids are applicable for the strength
design of cross sections, presumably after moment magnifiers
from slenderness effects have beén investigated for the
secondary moments acting seperately about each principal

axis.

Rectangular cross section capacity is derived
from analytical representations of an interaction
surface for which thrust capacity is the vertical
abscissa and bending capacities about each grincipal
axis are horizontal ordinates. Contours at constant
thrust have been described as an elliptic function of the
ratios between moment componentg and moment capacities

about each principal axis in the form

The magnitude of the exponent 'n' has an upper limit



value of 2 when thrust equals the squash load PO, and
the magnitude of 'n' decreases to .reflect variables

such as the reinforcement ratic, the ratio between the
short side and the long side of the rectangle, and the

ratio between concrete strength and steel yield strength

(£, / fy ).

The form of Eq. (1) is convenient, but the appa-
rent precision of accommodating numerous parameters
is not appropriate for the real accuracy of the equation.
The design aids for determining the exponent 'n' were
derived from computer programs that used the rectangular
stress block and a limit strain of concrete at ultimate

load.

A direct formulation of mathematical expressions
for ultimate loads and moments, as is possible for
columns eccentrically loaded with respect to one prin-

cipal axis is virtually impossible.

Even for the simpler case of an eccentrically
loaded column, use of the available formulas is res-
tricted to particular position of the steel, i.e. all
the steel being concentrated in opposite faEBS. If the
bars are distributed among all faces, the ultimate
load can be determined only by a process of trial and

erxror.



The methods available for the design of biaxially
loaded columns are: (1) trial and error procedure, and
(2) determination of ultimate loads from faflure sur-

faces in columns.

16

Whitney and Cohen first outlined a successive
approximation method. 0Other investigators later invariably
followed the same procedure, adopting some simplifying

assumptions to facilitate computation. (see Fig. 1.1).

Recently published methods are based on the concept
of failure surfaces in columns. Pannelll7 has shown that

the equivalent uniaxial moment Mux of the radial moment

O

Mu corresponding to any ultimate load Pu can be deter-
mined with the aid of the parameters N, the deviation

factor and 2, the curvature the ratio of MuX/M The

uy”’
theoretical load corresponding to the calculated uni-
axilial moment is then determined from the major axis

interaction diagram.

This procedure, namely, determining the load from
the moments, is likely to give rise to possible errors
in the estimation of the ultimate load. This is especially
the case when the failure is controlled byuiension and the
calculated equivalent uniaxial moment is nearly equal. In

such cases, as seen from the interaction diagram(Fig.l.2) the



load falls rapidly for little change in the moment at the

onset of tension failure condition.

18
Of the two methods proposed by Bresler the equation

1 1
—_—
P
ux uy

J

1 1
—_—_— +._.___
Pi PO
is simple and easy to apply. This equation, though
exact for materials obeying Hooke's law, gives surpri-

singly satisfactory results when applied to concrete.

Few analysis and test results have been published on
biaxial bending theory and experimentation for channel
shaped columns. Among them the theory of Marinl9 and
Presley and Parkzo(see Fig.1l.2) have limited application
as they pertain to ultimate strengths of channel shaped
reinforced concrete columns. DHNMore recently ChidamﬁarraoZl
has presented test results for several channel columns.

In these tests, the maximum implied eccentricity ratio
1s seen to be small and the thicknesses of web ana flange

of channel section are larger than the present column

specimens.
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FIGURE 1.1 COLUMN SECTION WITH BIAXIAL BENDING
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CHAPTER II TEST PROGRAM

A) DETAILS OF TEST SPECIMENS

Four reinforced concrete channel shaped columns of
nearly half the size of the true specimen were tested till
failure. The specimen has a channel section with 7.5 in.
breadth, 15 in. width and 1.5 in. thick asmshown in
figure (5.1). The columns were designed a; short columns
and were each six feet long. The six feet length of column
consisted of two end brackets of length one half feet. Proper

care was taken in designing the column and column bracket

portion which conform to current code practice.

Each concrete unit had eighteen number #3 longitudinal
bars of grade 60. The longitudinal bars were held in
proper position by using steel ties of grade 60. &he
arrangement of longitudinal bars in the section is of
interest because it has been shown that the presence of
well tied intermediate column bars between the corner
bars significantly improves the confinement of the concrete}u
The center to center spacing of longitudinal bars across
the section was determined such that the spacing did not

exceed one third of the section dimension\in that direction

or 8.0 in whichever was larger.

All transverse reinforcement was from plain round
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bars and the bars were anchored normally by a 135 degree
bend around a longitudinal bar, plus an extension beyond
the bend, atleast eight tie bar diameters, embeded in
the concrete core. The spacing of transverse ties

was reduced by one half for the 15 inches o§ bracket
portion at each end of the test units to pr;vide extra

confinement and insure that failure occured in the four

and half feet long central region.

B) MATERIAL PROPERTIES

Type III Portland Cement(High early strength) was used.
Standard river washed sand was employed as fine aggregate.
The water cement ratio varied from 0.70 to 0.80 by weight
and the aggregate(sand) cement ratio was 3.2. The slump

was held between 2in. and 3in.

C) PROPORTIONING

Cement/Sand : 3.2
Water/cement : 0.7 to 0.8
Dry ingredients were used for all mixes and the proportion-

ing was by weight.

D) CASTIN

The test specimens were cast horizontally. For each batch
of mixing six control cylinders of size 3in by 6in. were

casted and cured in the same way as that of column specimens.
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E) INSTRUMENTATION

1. LOADING METHOD: The testing was carried out by using
Enerpac 100 ton capacity hydraulic cylinder ram (effective
area = 20.63 in.z). The columns were axially loaded and
the testing was carried out in horizontal position.

The loading stress was directly read through a pressure
gauge and the effective load was calculated by multiplying

pressure with the effective area of the ram.

2. STRAIN AND CURVATURE MEASUREMENTS: The measurements

of strain and curvature were done by the demec gauge
method. The strain was calculated from measured defor-
mation, between a pair of demec points, divided by the
distance between the two points. The distance between

a pair of demec gauges was 6in.

3. DEFLECTION MEASUREMENTS: ,The measurements of the

mid-span deflections were made using Ames dial gauges.
A set of dial gauges were used to determine the deflection

in both directions X and Y.



A)

B)

c)
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CHAPTER III.

TEST PROCEDURE

STEEL REINFORCEMENT TESTS:

Random samples of the bars were taken and tested
in a Universal testing machine in tension till failure.
L8O mm length of test specimens were cut from the #3
bars and punch marks were marked 55 mm apart. The
strain measurements were taken using a strain gauge of
least count 0.0lin. The resulting stress sitrain curve

for the reinforcing steel is shown in Figure.(3.1)

CYLINDER TESTS:

Six 3X6 inch (standard size) cylinders were casﬁ
for each batch mix of concrete. The cylinders were
tested on a 400,000 pound capacity hydraulic testing
machine till failure and the ultimate strength of con-

crete was then calculated.

COLUMN TESTS:

The load points werelmarked on the bracket face
and the Demec gauges were glued at the 6 in central
portion symmetrically on two adjacent sides of the
column specimen. Then the specimen was hoisted into the
frame and adjusted such that the load goes through
in a straight line from one end to the other; with the

exact required eccentricities (see Fig. 3.2 and Fig. 3.3).



A steel plate was placed flat against the bracket
face on each end inorder to ensure a uniform distribution

of load on the bracket face.

A small initial load was applied to hold the column
in proper position and then the initial readings of all
demec gauges and dial gauges were taken. The load was

then increased in increments of 500 psi. Once the dial

gauges came to rest the readings for each load were taken.

The load was increased until the failure of the specimen
occured and the failure load was recorded. Figure 3.U
and Pigure 3.5 illustrate the c&lumn specimens after
testings. As can be scen, the failure of the column
specimens are characterized as compression failure in the

flanges.

15
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CHAPTI'R TV

DUTFRMINATICN OF ULTIMATF FLFXURAL CAPACITY OF A CRACKID
ARBITRARY CONCRITE SECTIONS UNDER AXIAL LOAD AND BIAXIAL
BINDING: -

A computer program to calculate the ultimate flexural
capacity of cracked arbitrary concrete sections under
axial load and bilaxial bending was developed basced on
the Brondum - Nielsen'slo paper.

The program has the ability to use any arbitrary
concrete cross section with arbitrary reinforcement.
Given stress strain relationships for concrete and steel,
the program can find the ultimate limit statc value of
normal force 'HN'.

Sign Convention:

Steel tensile stress o and concrete compressive
stresses I, = fcd are taken as positive. Also compres-
sive force is assumcd to be positive.

Arbitrary cross section:

An arbitrary cross section loaded by an cccentric

axial load Nu is shown in Fig. 4.4, which also illustrates

the assumptions regarding cracked cross section, plane

strain distribution, stress-strain relationships, etc.
.

The cross-scecticonal arca of an individual rein-

forcing bar is denotcd Ai and elements of the active



concrete compression zone dAC.

Moment equilibrium with respect to the axes through
the normal force N, and parallel to the arbitrary ortho-

gonal X-and Y-axes, respectively, requires:

) :Zf(yi~e)Aiégi— fcd~§ky—e)dAc S o (1)

i
O
—~
3N]
~—

fZ = X(Xi—n)Aio’;i* deJ((X-n)dAC

Fquilibrium of axial force components requires:

Nu = deAC -ZAi@”‘i

If the origin is loacated at the point with maximum
concrete compressive strain Ecu (as in.Fig.u.5), then the

plane strain distribution requires:

-6 (Fry) (25)

The stress-strain relationship for the steel can

<o

be expressed as follows:

€] < &6 o = Eg € L...... (2¢)
]‘Es\>£° - °5= 55,551~{f%.d ........ (2d)

The value of the maximum concrete compressive strain
éﬂlis assumed to be determined by code specifications.
The main problem is thus limited to determiﬁation of the

neutral axis, i.e., the values of a and h.

The non-~linear equations 1 & 2 can be solved by

20



a two dimensional, root finding algorithm. The nonlinear
equations can, for instance, be solved by a two dimensional
Newton Raphson iteration using finite differences in lieu
of the partial derivatives.

Iteration Step No. i yields:

- -1 »
a;, = a; - D 7(fy.af,/dh - f,.4f,/dh), ... . (2e)

-1
h h; - D 7(f,.df/da - fl.dfz/da)i e (21)

i+1 i

with the notation:

D, = (df,/da.df,/dh - dfl/dh.dfz/da)i ........ (2g)

The highlight of this program is that it can shift
automatically between triangular, trapezoidal and
pentagonal compression zones as the iterations adjust -

the estimated location of the neutral axis.

X =1 -Db/mn.a e (3)
Y =z 1-+4%/n.h ... - (8)

Pentagonal Compression Zone

For the case of a pentagonal compression zone the

following relations apply:

A, = 1/2 nfan(1-2"f) L (5)
jidAc = 1/6 n3ah?[1ﬁx3~yﬁ(3—2y0] DERRREE (6)
fxaa, = 1/6 n2a?h[ 1y~ -22(3-21) ] DT (7)

Trapezoidal or triangular compression zone

It will be seen from Fig.l..5that the compression zone

21
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forna<b, i.e., @z<0) or forgh<t, i.e., QP<O)%becomes
trapezoidal and for negative values of bothZand p,
triangular, Eq.( 5) through (7 ), consequently also
cover these cases 1f the following equations are sub-

stituted for Eq. (3 ) and (4 );

X 1- b/n.a € 0

W

1- t/n.h 4 0

The symbol«4indicates that if the expression to the
left of the symbol leads to a negative value, then zero
should be substituted forX orwy. The computer program
is thus arranged to shift automatically between these
possible shapes of comﬁression zone, which cover a large
percentage of cases encountered in practice.

Fig.(}+6) shows the flowchart for the computer progran.

NUMERICAL EXAMPIE  |j<— 4 /2>
X -
S . o Fig. (4.0)
e 4
|

.
The cross section shown in Fig.%;o) is\provided

with nine reinforcing bars. The cross sectional area

of each reinforcing bar is 0.0001979 mz.
The following quantities are given:

fcd = 18.466 MPa
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o

0.0035

~

0.70

fyd = 322.69 Mpa

E. = 2.0 x 102 Mpa

a = 0.2744 m (estimated)
h = 0.2744 m (estimated)

The above cross section is one among several test
specimens tested by Ramamurthy22 at Indian Institute of
Technology. The computer program developed was used to
analyse the experimental results obtained by Ramamurthy
and it was found to be in excellent agreement. These results

are shown in appendix II.

The above computer method can be used to calculate
the ultimate strength capacity for a given section. ‘However
it does not account for the determination of both strength
and deformation for an arbitrary corss section. In the
present analytical study the computer method developed by
Hsul was used to compare with the experimental results of
the present study. Fig. 4.1 shows a typical load deformation
result from Hsu'sl method. Fig. b.2 presents an arbitrary
section under combined biaxial bending and axial load, the
section will be divided into several small\flements, for
analytical purpose. Fig. 4.3 illustrates tjpical stress-
strain curves for concrete and reinforcing steel to be used

in Hsu's1 program. More details of Hsu's1 analysis and

computer method can be found in Reference 1¢
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BASIC ASSUMPTIONS:

The following assumptions have been made in this

theoretical analysis:

(1) The bending moments are applied about the principal axis.

(2) Plane sections remain plane. .

(3) The longitudinal stress at a pointﬁis a function
only of the longitudinal strain at that point. The
effect of creep and shrinkage are ignored.

(4) The stress-strain curves for the materials used
are known.

(5) Strain reversal does not occur.

(6) The effect of deformation due to shear and torsion
and impact effects are negligible.

(7) The section does not buckle before the ultimate
load is attained.

(8) Perfect bond exlists between the concrete and the

reinforcing steel.
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Fig. (4.4) Cracked Arbitrary Cross
Section loaded by an eccentric Axial
Load.
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Fig. (4.5) Pentagonal Compression
zone
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Substitute estimated values of a and h

!

Execute subroutine {

4 3
Substitute (a + Az, b} for (a, h)

Execute subroutine f

\

81

81
i 2
Calculate e and Ty in Eq. {(11)

Substitute {a, h + Ak) for (a, h)

Execute subroutine £

of, bt
Calculate 57, 5 and D, In Eqs. (10) and (12)

Calculate a

{44 and b, according to Eqe, {10)-(12)

Execute subroutine {

&

Yes No

Calculate N saccording to Eq. (3) Caleulate M according to Eq. (5)

Prim N
u

Fig. 4.6 Main flow chart
for computer prog.
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Start

Subatitute Al’ x; and yy for first bar

Calculate corresponding value of € according to Eq. {7)

Yes: {

1

Calculate v, = E, ¢, according to Eq. (8§)

Calculate o4y = » Il. f" l)’d according to Eq. (9)
| 1
(I

171 DX A vy and T i Al vg 1o Eqs. (1) -(6)

Calculate contributions to T A

Subntitute Ai' * and Yy {for next bar i

Have all bare been considered

Calculate K according to Eq. (13}

Yes K20 No

Maintain this x value Substitute k¥ = 0
L 1 ]

Calculate § according to Eq. (44}

Maintaln this ¢ value

Substitute ¢ = 0
[ ]

Ye. /\ No
N, #* 0

ilculate contributions from concrete to Eqs. (1) - (3) Calculate contributions {rorré concrete to Eqs. (4) and (6)

Calculate f, aod ‘Z according to Eqs, (i) and (2)

Catculate fi and Iz according to Eqs. (4} and (6)

L i ]

Fig. 4.7 Subroutine f

Return
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CHAPTER 5.

ANALYSTS OF TEST RESULTS

Four reinforced channel shaped column sections were
tested till failure. Strains and deflection at various
loads were determined from demec gauges and dial gauges
readings respectievely. Then the experimental results were
compared with the results obtained by using a computer
program developed by Hsul. For simplicity and convenience
of comparison, the experimental and theoretical results
are plotted on the same graph and the detaiféd step by

step calculations are only shown for column #1.

1. LOAD DEFLECTION CURVES: Since the computer program

developed by Hsul does not take into consideration the
secondary moments that are developed, the axial load Pl
was reduced to an equivalent axial load P3 by using-the

equations developed by Hsu and MirzaZB.

23

Hsu and Mirza proposed the approximate equations
using the well modified moment-area theorem to evaluate
the central deflections and therby equivalent load P3

due to secondary bending moment.

The equations are as follows: N

2
by

ﬂ&.lZ/B ................ (1)

t

g..1%/8 . (2)
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and Oy - Oy T HIR/E L (3)

Sy = Sy g 10/8 ()

Where the behaviour of the bracket region in bending
is assumed to be the same as the rest of the column

sections.

813 Deflection at the end of
bracket region.
1 = Length of

the Column
1 82: Deflection at the centre
‘.« Deflection at the end of
bracket region.
X

The equivalent axial load P3 is calculated by Ry
together with the factors which relate to the effect of

the mid span deflection. The equations are as follows:

2 2,0.5
P.(e e. ")
b = 1x * Ty ...(5)

3
Lok (5 - 8017+ Loyr (8, - §,07°( %7

Neglecting Sly and Six we have

Where e_ and e are the eccentricities alorig x and y axis respec-
tively. y
2 2) 0.5

P, = P(e.“4+ e
3 1 x Y . (6)

Cley+ 5,05+ (e, + 8,071 90



Once the axial load P3 was calculated, a graphical
plot was made with axial load P3 on the Y-axis and deflec-
tion on X-axis. On the same graph the experimental load
deflection curve was also plotted. Two graphs have been
plotted for each specimen: Load deflection curve in the
X-direction and load deflection curve in the Y-direction.
The complete calculations for column number 1 load

deflection, are shown in tables 5.1.a, 5.1.b and 5.1l.c.

2. MOMENT CURVATURE RELATIONSHIP: The strain measurements

were made by using demec gauges. The distance between

a pair of demec gauge was 6 in. with a possible error

of 0.05 inches. For simplicity this gauge was assumed

to be exactly 6 in. Knowing the change in length between
the demec gauges, the strain was computed at each demec

gauge level, by using the formula Al/1.

The strains at various demec gauge levels were
found for all loads and then a plot of strain vs. distance
was drawn. The strain distribution acrorss the section,
both in the x and y direction was calculated for each
load. Then for each load the avérage curvature was found

from the following formula:

o = é/kd ................... (7)

Where & = Curvature

32
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:

kd

Maximum Compressive Concrete Strain (cracked),

distance from this maximum compressive concrete

strain to the neutral axis.

The complete calculations are shown for column #1.
Table 5.1.d shows the measured values of changes in
length between pairs of demec gauges and table 5.1.e shows

the strains of concrete surface between demec gauge pairs.

The experimental moment consisted of primary and
secondary bending moments and the total moment was

calculated by,

M
X

P(ey—}-gy) .............. (g)

M
y

P(ex+-8x) .............. (9)

The moment thus calculated was plotted against the
corresponding curvatures. The values of bending moments
and the curvatures are shown in table 5.1. The theoretical
and the experimental curves were plotted on the same

graph to provide a comparison of the results.
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Column
Specimen

No.

row N

Table 5.0.

SPECIMEN DETAILS

No. and £ és.
Size of v (#1 bar)
Bars (ksi) (in. squared)

18 #3 65.5 0.1227
18 #3 65.5 0.1227
18 #3 65.5 0.1227
18 #3 65.5 0.1227

S

(in.)

w W W W

h232
232
2964
2964

X
(in.)
3.726
4,140

L, 554
L.9690

y
{in.)

2.520
2.804

3.085
3.370

9¢



Table 5.1.a.
LOAD vs. VERTICAL DEFLECTION CALCULATIONS FOR COLUMN #1.

(Logd Load g:igicii g:ﬁéiczé DZ?iziziin Dgiizégiin Average Yertical
psi ) (kips) ( inch ) (inoh) Gagge#l Gauge 2 Deflection at
(inch) (inch) Mid-Span (inch)
0 0 0.420 0.849 0 0 0
500 10.31 0.415 0.847 0.005 0.001 0.0030
1000 20.63 0.398 0.842 0.022 0.0035 0.0130
1500 30.95 0.382 0.840 0.038 0.0045 0.0213
2000 b1.26 0.368 0.831 0.052 0.0090 0.0305
2500 51.58 0.358 0.829 0.062 0.0100 0.0360
3000 61.89 0.347 0.824 0.073 0.0125 0.0428
3500 72.21 0.336 0.818 0.084 0.0155 0.0498
4000 82.52 0.322 0.804 0.098 0.0225 0.0603
L 500 92.@# 0.307 0.745 0.113 0.0520 0.0825
© 5000 103.15 0,291 0.728 0.129 0.0605 0.0978
5200 107.28 Failure.

LE



Table 5,1.b
LOAD vs. HORIZONTAL DEFIECTION CALCULATIONS FOR COLUMN #1.

, Horizontal Horizontal
: Horizontal Horizontal Deflection Deflection Average Horizontal
Load Load Gauge #1 Gauge #2 Gauge #1 Gauge #2 Deflection at
(psi) (kips) (inch) (inch) (inch) (inch) Mid-Span (inch)
0 0 0.533 0.475 0 0 0

500 10.31 0.534 0.471 0.001 0.004 0.0025
1000 20.63 0.542 0.453 0.009 0.022 0.0155
1500 30.95 0.553 0.431 0.020 0.0hL 0.0320
2000 L1.26 0.558 0.415 0.025 0.060 0.0425
2500 51.58 0.570 0.394 0.037 0.081 0.0590
3000 61.89 0.586 0.368 0.053 0.107 0.0800
3500 72.21 0.494 0.352 0.139 0.123 0.1310
Looo 82.52/, 0.361 0.315 0.172 0.160 0.1660
k500 92.84 0?243 0.161 0.290 0.314 0.3020
5000 103.15 0.139 0.065 0.3%4 0.410 0.4020
5200 107.28 Failure.

519



Table 5.1l.c

REDUCED AXIAL LOAD P3

CALCULATIONS FOR COLUMN #1.

Load P Reduced

(xips) (i};) (ii) 1/%011 1/%10}1 (%) (%1) ggl?iill)g?d
140.00 3.726 2.520 8.140 2.00 0.0129 0.05k4 39.58
50.00 3.726 2.520 10.80 2.60 0.0168 0.069 49, 47
60.00 3.726 2.520 13.40 3.20 0.0207 0.086 59,01
70.00 3.726 2.520 16. 50 .00 0.0259 0.106 68.58
80.00 3.726 2.520 21.00 5.10 0.0330 0.136 77.95
90.00 3.726 2.520 27.70 6.90 0.0Ll7 0.179 86.97
100.00 3.726 2.520 53.10 12.10 0.078L 0.3k 93.80
100.10 34726 2.520 53.90 12.30 0.0797 0.349 93.75
1 100.20 3.726 2.520 54.90 12.40 0.0803 0.355 93.70

6€



Load
(psi)

500
1000
1500
2000
2500
3000
3500
4000
4500
5000

5200

Table 5.1.d.

MEASURED VALUES OF CHANGES IN LENGTH BETWEEN PAIRS OF DEMEC GAUGES FOR COLUMN #1.

1

1812

1821
1828
1841
1843
1860
1878
1891 -
194u'
2013
2142

Failure.

1999
2006
2013
2022
202k
2038
2053
2064
210k
2161
2263

A1l units are multiplied by a factor of (x107°)

2060

2066
12070
2078
2079
2090
2102
2110
2141
2183
2258

Demec Gauge Pagirs

b
1650
1654
1657
1663
1664
1671
1678
1684
1706
1734
1786

5
394
395
398
Lol
403
L4os
406
A
b5
431
L65

6

697
698
700
702
703
70k
705
710
711
721
L2

555
556
556
558
558
559
559
561
562
566
575

985
985
985
985

- 986

986
985
985
984
983
980

1360

1359
1359
1358
1357
1356
1355
1353
1352
1346
1331

O



Table 5.1.e.

STRAINS OF CONCRETE SURFACE BETWEEN DEMEC

15.
26.

L8

51.
g0.

110.
131.
220.
335.
550.

Pailure.

=

Lo

67
.33
67
00
00
67
00

’

Ve
00

00

GAUGE PAIRS - FOR COLUMN #1.

All units are multiplied by a factor of (xlo'5)

2
0

11.67

23.

ko.
65.
90.

108

175.
270.
bho.

33
.33
00
00
00
.33
00
00
00

10.

16

30.
31.
50.
70.
83.
135.
205.
330.

3
0

00
.67
00
67
00
00
33
00
00

00

6.

11
21

23.
35.
Lé.
56.
g3.
140.
226.

o2 5

0 0
67 1.67
.66 6.67
.66 11.66
33 15.40
00  18.33
67  20.00
67  33.33
33 35.00
00  61.67
67 118.33

[oN

11

.67
.00

.33
10.

00

.66
13.
21.
23.
Lo.
75.

33
67
33
00

00

AN O U (na

11.
18.

33.

.67
.67
.00
.00
.67
.67
10.

00
66
33
33

o o |

(@]

1.67
1.67

-1.67
-3.33
-8.33

.67
.67
.33
. 00
.67
.00
.66
.33
.33
33

T



Table 5.1

CALCULATIONS OF EXPERIMENTAL AND COMPUTER MX, @%, My’ ﬁ& - COLUMN #1.

Experiment Computer
Load M kd 6% M kd Qy Load Mx ﬁk My Z&
(kips) (kipxin) (inch) l/inig (kipyin) (inch) l/inig (kips) (kip in) l/inE% (kip in) l/ing?
x 10 x 10 x 10 x 1077
0 0 - 0 0 - 0 0 0 0 0
10.31 26.00 11.0 1.b0  38.45 9.30 0.25 39.58 100.80 8.40  149.04 2.00
20.63 52.30 10.9 2.50 77.13 9.30 0.62 ho.47 126.00 10.80  186.30 2.60
30.95 78.98 10.8 Lo o 116.27 "9.20 1.31  59.01 151.20 13.40  223.56 3.20
41.26 105.73  10.7 k.90  154.99 9.00 1.60 68.58 176.40 16.50  260.32 I 00
51.58  133.03 10.6 7.60 194,04 8.90 2.12  77.95 201.60 21.00 298.08 5.10
61.89  160.94 10.6 10.30  233.25 8.80 2.35 86.97 226.80 27.70  335.34 6.90
72221 191.43 105% 12.50  272.65 8.80 3.80 93.80 252.00 53.10  372.60 12.10
82.52 | 221.65 10.4 21.20 312.4s 8.70 4L.10  93.75 252.13 53.90  372.79 12.30
92.84  261.99 10.3 32.60  353.58 g.60  7.10 93.70 252.25 54,90  372.97 12.40
103.15  301.L0 10.23  54.0 394,43 8.50 13.90 Failure
107.28 Failure

<h



Table 5.2

CALCULATIONS OF EXPERIMENTAL AND COMPUTER MX. EX, M @y - COLUMN #2.

v’
Experiment Computer
Load M, xd Py My %d 2y TLoad My Zx My By
(kips) (kip in) (inch) 1/inch (kip in.) (in.) 1/inch (kips) (%ip in.) 1/inch (kip in.) 1/inch
x 1070 x 1075 x 1077 x 1077
0 0 - 0 0 - 0 0 0 0 0 0
10.31 29.00 10.9 1.00 L2.,76 9.1 0.40 bo,24  140.20 12.30 207 .00 3.0
20.63 58.22 10.8 3.00  85.49 9.1 0.80 58.87  168.24 15.40 248 .40 3.7
30.95 87.65 10.8 5.00 128.29 9.0 1.30 68.31 196.28 19.70 289.80 L.g
b1.26 118.21 10.7 7.00  172.10 8.9 2.00 77.49 224,32 25.80 331.20 6.4
51.58  148.55 10.5 11.00  215.66 8.9 2.20 85.64  252.36 40. 50 372.60 9.9
61.89 180.29 10.4 14.00 259,13 8.7 2.40 85.98  253.76 L1.90 374.67 10.2
72.21  212.15 10.2 20,00  303.57 8.6 L. 50 86.30  255.17 43,40 376.74 10.6
82.52 ~246.65 1072 2k.50  348.32 8.6 7.20 Failure
92.84 | 282.51 10.1 45.00 393.08 8.5 11.90

97.99 Failure

€4



Table 5.3
CALCULATIONS OF EXPERIMENTAL AND COMPUTER MX, o

M, 8 - COLU )
. MN #3

-
Experiment Computer
Load Mx kd Qi My kd 9& Load Mx E& M gy
(kips) (kip in) (inch) 1/inch (kip in.) (in.) 1/inch (kips) (kip in.) 1/inch (kip in.) 1/in:
x 1077 x1072 x 1072 x107°
0 - 0 0 - 0 0 0 0 0 0
10.31 31.91 10.7 1.2 Lé.97 8.8 0.40  19.87 61.70 5.9 91.08 1.4
20.63 6L .16 10.6 2.5 ok.11 8.7 0.90 29.68 92.56 9.3 136.62 2.2
30.95 96.66 10.5 7.0 141.26 8.5 1.80 39,42 123.41 12.8 182.15 3.1
L1.26 129.56 10.3 12.0 188.68 8.4 2.90 49.05 154.26 17.0 227.70 .1
51.58 163.77 10.2 15.0. 236.13 8.3 .00 58.42 185.11 23.6 273 .24 5.8
61.89  197.61 10.1 23.5 284,08 8.3 5.00 67.09 215.97 38.0 318.78 9.2
72.21  239.02 {00 ~ 38.0 333.90 8.2 9.90  67.47 217.51 39.3 321.06 9.5
7L.,27 Failure Failure

il



Table 5.4

CALCULATIONS OF EXPERIMENTAL AND COMPUTER Moy B4, My’ Q’y - COLUMN #4.

Experiment Computer

Load MX kd Q% kd B& Load MX ﬁk My L
(kips) (¥ip in) (inch) 1/inch (kip in.) (in.) 1/inch (kips) (kip in.) 1/inch (kip in) l/{n.
X 1077 x 1072 x 1077 x1072

0 0 - 0 0 0 0 0 0 0 0

10.31 5@.80 10.3 2.6 51.33 8.3 0.60 29.66  101.13 10.3 149.07 2.5

20.63 69.74 10.2 7.0 .102.90 8.2 1.63 39.39  134.84 14.2¥ 198.76 3.4

30.95 104.88 10.2 9.9 154,50 8.2 2.12 4g8.97  168.54 19.5 | 248 by 4.7

41.26 140.19 10.0 13.5 206.11 8.0 3.13 58.23 . 202.25 28.3 298.14 7.0

51.58 175.51 9.8 20.9 258.00 7.8 5.13 59.12  205.63 29.6 303.12 7.4

61.89  210.94 “9.6 28.9  309.98 7.6  8.99  59.99  209.00 31.4 308.09 7.8

66.02 Failure Failure

S
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CHAPTER V[. CONCULUSION AND

DISCUSSION OF RESULTS

1) Presently, both beam and column strength under the
ACI Building Code 1is based on a limiting compressive concrete
strain criterion of 0.003in/in. Application of this failure
criterion of 0.003 in/in. to columns was based on tests of
statically determinate columﬁs which became unstable when
the first hinge(maximum moment resistance) developed in the
specimens. This criterion was adopted primarily because it
represented a lower bound of the measured strains at maximum
flexural resistance. However, due to the type of instrumen-
tation which was used in many instances the concrete compres-
sive strain at the exact point of maximum moment resistance
or at the instant of the release of the members could ;ot be
determined. It 1is possible that higher compressive strains

existed from the time the members became unstable until

the energy release of the systems occured.

2)Compression crushing was observed over an extended
zone. Large column strains and curvatures was observed before
failure. The measured curvatures were also much larger
than generaily though possible for concrete columns with
axial load and biaxial bending. The large mégnitude of these
observed strains and curvatures made interpretation of the

test results difficult when using M-Z relationships.
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3) The experimental M- curves were plotted using
the computed moments and the measured curvature at stations
near the failure region. Theoretical curves based on
results obtained from computer program developed by
Hsul were almost superimposed on the experimental
curves for comparison. The theoretical M- curve obtained
from computer results does not take into account moment
gradient and was not based on data collected using the
said type of instrumentation or loading technique. Con-
sequently theoretical curve accurately predicts strength
but does not reflect the deformation capacity shown by
the experimental curves. Therefore the thesretical
curves are much more accurate representation of the
magnitude of deformation and are generally on the cgn—
servative side. This can be clearly observed from M-g&
curves, i.e. the theoretical curves are well below the

experimental curves indicating conservativeness.

L) The experimental straihs shown were calcﬁlated
assuming linear sitrain pfofiles from the demec gages and
the strains recorded are average strains over 6 in. gage
length. Approximate curvatures beyond maximum moment
could be calculated because the gages on the tension side
of the specimen were apparently broken by the development

of a crack beneath them.

5) The relatively long, nearly flat-topped, latter
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portion of the M-g relationships indicates ?hat the
highly loaded columns with high strength co;crete and
minimal ties can provide the capability for significant
post yielding redistribution of moments in monotonically

loaded concrete columns.

6) An extensive series of equilibrium checks was
carried out to verify the measured moment values. Minor
corrections were required to account for small movements
of Jjacking piston and end plate and a few missing or
disturbed instruments. Overall the maximum inaccuracy
in measured moments is about 4 percent, which is well
within acceptable limits.

7) Considerably greater ductility exists in
lightly tied heavily loaded concrete columns than u;ually
predicted by M-2 relationships. -

8) A few experimental load-deflection curves did
not duplicate the analysis results, may be due to the
experimental errors.

9) Although thin-walls in nature, the specimens
subjected to biaxially eccentric loads were not failed by
shear, rather all the specimens were characterized as

compression failure. .

\
10) In general an excellent agreement of experimental

results was found with that of results obtained from

computer program developed by Hsu’l
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APPENDIX 1.

Area and Coordinates of the elements of

Channel Section.

Element Area X~-Coordinate Y-Coordinate
1 0.1100 -6.7500 4.3330
2 0.1100 -6.7500 2.8330
3 0.1100 -6.7500 1.3330
L 0.1100 -6.7500 -0.1670
5 0.1100 -6.7500 -1.6670
6 0.1100 -5.2500 ~-1.6670
7 0.1100 -3.7500 -1.6670
8 0.1100 -2.2500 -1.6670
9 0.1100 ~0.7500 ~-1.6670

10 0.1100 0.7500 ~1.6670
11 0.1100 2.2500 -1.6670
12 0.1100 3.7500 "-1.6670
13 0.1100 5.2500 -1.6670
1k 0.1100 6.7500 ~1.6670
15 0.1100 6.7500 -0.1670
16 0.1100 6.7500 1.3330
17 0.1100 6.7500 2.8330
18 0.1100 6.7500 4.3330°
19 0.3160 -6.2810 4.8020
20 0.2110 -6.7500 4.8020
21 0.3160 ~7.2190 4.8020
22 0.2110 ~7.2190 4.3330



Element
23
2k
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
4o
L1
L2
L3
Iyl
b5
b6

Area
0.3160

.3160
.2110
.3160
. 3160
.2110

o O O o o ©o

.3160

O

. 3160
0.2110
0.3160
0.3160
.2110
.3160

O

.2110

o

. 3160
.3160

o O

.2110
. 3110
.3160

o O O

.2110

O

.3160

o

. 3160
0.2110

o

.3160

-7

.2190
.2190
.2190
.2190
.2190
.2190
.2190
.2190
.2190
.2190
.2190
.2190
.2190
.7500
.2810
.7190
.2500
.7810
.2190
.7500
.2810
.7190
. 2500
.7810

74

.8640
.3020
.8330
. 3640
.8020
.3330
L8640
.3020
.1670
.6360
.1980
.6670
.1360
.1360
.1360
.1360
.1360
.1360
.1360
.1360-
. 1360
.1360
.1360
.1360



Element

b7
L8
Lo
50
51
52
53
54
55
56
57
58
59
60
61
62
63
6L
65
66
67
68
69
70

Area

o O O O o © e}

S O O O

o o O o o o©

o O

o O O o

O

.3160
.2110
. 3160
.3160
.2110
.3160
.3160
.2110
.3160
. 3160
.2110
.3160
.3160
.2110
.3160
.3160
.2110
.3160
.2110
.3160
.3160
.2110
.3160
. 3160

X=~Coordinate

75

Y~Coordinate

-1

2190

.7500
.2810
.2180
.7500
.2190
.7810
.2500
.7190
.2810
.7500
.2190
. 7810
. 2500
.7190
.2810
.7500
.2190
.2190
.2190
.2190
.2190
.2190
.2190

.1360

.1360
.1360
.1360
.1360
.1360
.1360

.1360
L1360
L1360
. 1360
.1360
L1360

. 1360
L1360
.6670
.1980
.6360
.1670
.3020
. 8640

.1360

L1360

.1360 -



Element

71
72
73
74
75
76
77
78
79
80
81
82
83
8l
85
86
87
88
89
90
91
92
93
ok

o O O O O

o o O O

Area

.2110
.3160
.3160
.2110
.3160
. 3160
.2110
. 3160
.2110
.3160
.2110
.3160
.3160
.2110
.3160
.3160
.2110
. 3160
.3160
.2110
.3160
.3160
.3160
.2110

X-Coordinate

U Uttt v v O O O O O O O O O O O O NN N SN N~~~

.2190
.2190
.2190
.2190
.2190
.2190
.2190
.2190
.7500
.2810
.2810
.2810
.2810
.2810
.2810
.2810
/2810
. 2810
.2810
.2810
.2810
.2810
.7190
.2500

Y~Coordinate

76

O FOHE NN W W FEEFOF W W NN

.3330
.8020
. 3640
.8330
.3020
.8640
3330
.8020
.8020
.8020
3330
. 8640
.3020
L8330
. 3640
.8020
3330
. 8640
. 3020
.1670
.6360
.1980
.1980
.1980



Element

95

96

97

98

99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119

o

(&)

o o o O

Area

.3160
. 3160
.2110
.3160
.3160
.2110
.3160
.3160
.2110
.3160
.3160
.2110
.3160
.3160
.2110
. 3160
.3160
.2110
.3160
.3160
.2110
.3160
.3160
.3160
.2110

X-Coordinate

4.7810
L.2190
3.7500
3.2810
2.7190
2.2500
1.7810
1.2190
0.7500
0.2810
-0.2810
-0.7500
-1.2190
-1.7810
-2.2500
-2.7190
-3.2810
-3.7500
-4.2190
L.7810
-5.2500
-5.7190
-6.2810
~6.2810
-6.2810

77

Y-Coordinate

.1980
.1980
.1980
. 1980
.1980
.1980
.1980
.1980
.1980
.1980
. 1980
.1980
. 1980
.1980
. 1980
.1980
.1980
.1980
.1980
.1980
.1980
.1980
.1980
.6360
.1670



Element

120
121
122
123
12k
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
1hh

o O O

o O O O

Area
.3160
. 3160
.2110
. 3160
.3160
.2110
. 3160
.3160
.2110
.2110
.2110
.2110
.2110
.2110
.2110
.2110
.2110
.2110
.2110
.2110
.2110
.2110
.2110
.2110

.2110

X-=Coordinsate

-6.2810
-6.2810
-6.2810
-6.2810
-6.2810
-6.2810
-6.2810
-6.2810
-6.2810
-6.7500
-6.7500
-6.7500
-6.7500
-6.7500
-6.7500
-6.7500
-6.7500
-6.2810
-5.7190
-k ,7810
-l . 2190
-3.2810
-2.7190
-1.7810
-1.2190

78

Y-Coordinate

0

N W W W W o o | o

.3020
.86L0
3330
.8020
L3640
.8330
.3040
.8640
3330
.86L0
.3020
. 3640
.8020
. 8640
.3020
L6360
.1980
L6670
.6670
L6670
.6670
.6670
L6670
.6670
L6670



Element

145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162

Area

o o o O O

o o o o O

o

o

.2110
.2110
.2110
.2110
.2110
.2110
.2110
.2110
.2110
.2110
.2110
.2110
.2110
.2110
.2110
.2110
.2110

.2110

X-Coordinate

79

Y-Coordinate

|
<

= - NI~ NI NI NI N o NI« N U U = - O e

.2810
.2810
.2190
.7810
7190
.2810
.2190
.7810
.7190
.2810
.7500
.7500
.7500
.7500
.7500
.7500
7500
.7500

L6670
L6670
L6670
L6670
.6670
.6670
L6670
.6670
L6670
L6670
.1980
.6360
.3020
. 8640
.8020
. 3640
.3020
.8640



APPENDIX IT.

0?22 F ARRORFORROR KRR ORK 3 KRR GRS ROKHOIOR R O MOR SO O ROk WK KOl
0000 € '

hhon ¢ FROGRAM TO FIND AXTAL LOaAD

0000 C AND RIAXIAL BENDING MOMENTS

0000 C OF AN ARBITRARY CONCRETE SECTION

0000 €

0000 € 3o olokioiokkok kR ok oK SRR OO ROR SOCRK R SOIHOROR SOR KRR SOk kR K K Kok
Q000 C THIS FROGRAM CALCULATES THE ULTIMATE FLEXURAL CAPraCITY OF
0000 € CRACIED ARBITRARY CONCRETE SECTIONS UNLER AXTIAL LOAL ANU
Q000 € EIAXIAL BREMDING GIVEN STRESS STRAIN RELATIONSHIPS FOR

0000, C CONCRETE AND STEEL. '

Q000 T THE HIGHLIGHT OF THIS FROGRAM IS THAT THE FPROGRAM CAN SHIFT
Q000 C AUTUNATICALLY BETWEEN TRIANGULARy TRAFEZOIDRAL AND FENTA-
0600 T GIHAL COMFRESSION ZONES AS THE ITERATIONS ADJUST THE

0060 € ESTIMATED LOCATION OF THE NEUTRAL AXIS.

L0000 C .

L0000 E THE FOLLOWING ARE THE NOTATIONS USED IN THE FROGRAM.

0000 C

L0000 € A= INTERCEFT OF NEUTRAL AXIS ON X-AXIS

0000 € H= INTERCEFT OF NEUTRAL AXIS ON Y-AXIS

0000 € Et= Y-CO-ORDINATE(ECCENTRICITY IN Y DIRECTION) OF AXIAL L
0000 € E2= X-COORDINATEC(ECCENTRICITY IN X DIRECTION) OF AXIAL LO
0000 C AN FOISSONS RATIO

0000 C L= WIDTH OF THE CROSS SECTION,

0000 C A= AREA OF REINFORCING RAR.

00006 € T= THICKNESS OF THE FLANGE OR EBREARTH OF THE CROSS SECTI
0000 C J= TOTAL NUMBER OF REINFORCING BARS.

0000 C ES = STRAIN IN REINFORCING EARS.

0000 € EouU= HAXIMUM CONCRETE COMPRESSIVE STRAIN

L0000 € EO= STRAIN IN CONCRETE

0000 C Fo= STRESS IN REINFORCING STEEL.

L0000 € vy D= YIELD STRESS IN REINFORCING STEEL.

L0000 € ENMS= YOUNGS MODULUS OF STEEL.

0006 C = " FORCE IN A SINGLE REINFORCING STEEL BAR.

w0000 € rixi= MOMENT ARBOUT X-AXIS

20000 C MYS= MOMENT ABOUT Y-AXIS : :

OO0 € SLrinka=FARTIAL DERIVATIVE OF F1(FART OF CONCRETE) W.R.T. A
20000 € SDF2DA=FARTIAL DERIVATIVE OF F2(FART OF CONCRETE? W.R.T. A
0000 C SDFLDN=FARTIAL DERIVATIVE OF F1(FART OF CONCRETE) W.R.T. H
L0000 € SDF20H=FPARTIAL DERIVATIVE OF F2(FART OF COHCRETE) W.R.T. H
0000 € FOF1DA=FARTIAL DERIVATIVE OF F1(FART OF STEEL® W.R.T. A
0000 C FIOF2DA=PARTIAL DERIVATIVE OF F2(FART OF STEEL) W.R.T. A,
20000 C FIDFIDU=FARTIAL DERIVATIVE OF FL1(FART OF STEEL) W.R.T. H
0000 C FI2DH=FARTIAL DERIVATIVE OF F2(FART OF STEEL) W.R.T. H
0000 C ELF1DA=SUMMATION OF FDF1DA



5. Q000
70000
00000
15,0000
00,0000
11,0000
2,0000
3., 0000
4. 0000
15,0000
6, 0000
70000
8, 0000
0, 0000
50,0000
S 100)
51,0000
52,0000
13.0000
4. 0000
15, 0000
5640000
57+ 0000
3, 0000
5%« 0000
70, 0000
71,0000
12,0000
73.0000
74,0000
75,0000
76,0000
770000
73,0000
72,0000
80. 0000
81,0000
82,0000
83,0000
84,0000
B, 0000
B6. 0000
87,0000
B, Q000
85,0000
90,0000

2SN

EnEz

ETU L

nFLD
LE20
L 1h
nE2n

ANUI
AN =
XX=
b=

OOoocooooao oo oo

BEO

120
130

81

MA=SUMNATIUN OF FDF2DA

DH=5UMHATION OF Foeind

EQF20H=8UMMNATION OF FLOF2DH
A= FARTIAL DERIVATIVE OF FL(TOTAL)Y W.R.T. A
A= FARTIAL DERIVATIVE OF F2(TOTAL)Y W.R.T. A
H= FARTIAL DERIVATIVE OF FL¢CFOTALY W.R.T. H
H= PARTIAL LERIVATIVE OF F2(TOTAL) W.R.T. H
=  FROFOSCD VALUE OF AXIAL 100D,

EXFECTED VALUE OF AXIAL LOAD AFTER ITERATION.

KACKRREK MAIN FROGRAM okkikoiok
DIMENSION X(100)yY(100) s ARC100) +»FS(100) s F(100) »AMXS(100)

DIMENSION FXS(100),FYS(100)
K=0
EMS=200000.0
WRITE(2y949)
FORMAT CLX v S5%y “ANU s 11Xy “MXS v 11Xy “MYS » 12X “A7 v 12Xy /117)
READCLsS0) JyEMS
FORMATC(IZy2X»F8,1)
REAT(1951) (XCI)pI=1y )y (Y (L) yT=1y Yy CARCI) v I=1y )
FORMAT(3F11.7)
READCLIyS2) AyHyANUISEOsFCD s ANy FYDYECU s By TYEL1yE2
FORMAT(3F11.,7)
I:=0
HT=H
HI=HI4+0,00%
H=HT
AT=AI+0, 005
A=AT
EFS=0.0
EFXG=0.0
FFEYS=0.0
0o 10 I=is)
ES=FCUX (X (D) /ALY (I)Y/H-1.,0)
IF(ARS(ES) ,LTLED)Y GO TO 120
F&E(I)=ES/ARS(ES)YXFYD
GO TO 130
FS(I)=CMBXES
FOI)=AR(IIXFS(I)
EFS=EFS+F (1)
AMXSCI)=F (1) %Y (1)
AMYS(I)=F (I)%X(I)



+ QOO0
» Q000
» 0000
0000
- QOQ0
31 DGOO
L OO00
1. 0000
1, 0000
[, 0000
. 0000
1. 0000
. 0000
1. 0000
i» 0000
1. QOO0
F QOO0
1. 00C0
P Q000
Y, Q000
L0000
0000
1.0000
§.0000
5. 0000
. QOO0
7.0000
B, 0000
7. G000
D, 0000
1,C000
2. 0000
3.00G0
§.,0000
5. 00060
5.0000
7+0000
2.0000
?.0000
D.0000
1.0000
2.0000
1.0000
4.0000
5.0000

10

850
430

FREC(D) =AMXS (I -EL1RF (I

FYSCI)=ANMYS(I)-E2%F (1)

EFXS=FXS(IYHEFXS

EFYS=FYS(IYH+EFYS

CONTINUE

AX=1,0-B/ (ANXA)

W=1.0-T/ (ANXH)

IF(XX,LT.0.0) XX=0.0

IFCU.LT 0,00 W=0.0

YOAC=1.0/6 OXANKRIXANHNHE (L 0 XX Z-WRWK (3, 02, 0%W))
XBAC=100/6 ORANKRIRARRIHEK 14 Q- LWERMF - XXNRR2R (I 02, 0%XX))
SO0 GXRANKK2RARMHE (L, O0-XXRR2 Wik
Fl=EFXS8-FCOX(YDAC-E1¥AC)

FR2=EFYS5-FCOX (XDAC-E2%A0)

A=t 0001

EF&E=0,0

EFX5=0.,0
EFYS=0.0

DO 42 I=1,.
ES=ECUX (X (I /A4Y(I) /H~1.0)
IFCABS(ES)LT.EQ) GO TO 890
FS(I)=ESAABS (ES)%FYh

GG TO 430

FS(I)=EMSXES

FUI)=ARCIIXFS (D)

EFS=EFS+F (1)

ANXS (I =F (I)XY(I)

AMYS(I)=F (I)¥X(I)

FXGCD) =AMXSCI) ~ELRF ()
FYS(IY=AMYS (D) -E2%F (1)
EFXS=FXS(I)+EFXS

EFYS=FYSCIHEFYS

CONTINUL

YX=1,00-B/ (ANKA)

W=1,0-T/7 CANKH)

TFAXXGLTL040) XX=0.0

TFAW.LTL0.0) W=0,0

YIOAC=1,0/6, OXANKRIRAKIDEMN (L 0= XXHokZ- WKW (3. 0-2, 0%W))
XUAC=1,0/6 ¢ OXAMDRIRAKL2NK (14 O~ WHRZ-XX 2K (3,02, 0%XX))
AC=0 s SHANKK2XARHK (1 0-XXK K2~ WkkD2)
F1=EFX8-FCO¥X(YDAC-E1%AC)
F2=EFYS-FCDR (XDAC-E2RAC)

FlAa=F1

F2A=F2

EDNF1iDA=0,0
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, 0000
L0000
L0000
w0000
1, 0000
L0000
1, 0000
10000

1, 00007

0000
5, 0000
,0000
10000
72,0000
70000
{0000
10000
1,0000
1, 0000
75,0000
0000
0000
2, 0000
7.0000
0,0000
[+0000
2,0000
50000
0000
5,0000
5, 0000
1.Q000
8. 0000
7,0000
3. 0000
1.0000
2,0000
17,0000
10000
53,0000
£,0000
7,0000
5.0000
F.0000
0, 0000

N

+J
oe]
o8]
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ChF20A=0.0
0 40 I=1ysJ4-
ES=ECUX(X(ID) /ALY (I)/H-1.0)
IF(ARS(ES) .LT.EQ) GO TO 222
GO TO 40 .
FOFIDA=(Y (D) -EL) XAR (D) XECUFEMSXX (LI X(~1.0)/ (AXA)
EDF1DA=EDFI1DA+FIF1DA
CONTINUE
SOF1DA=~1,0/6. O*FCD%AN*%"‘H\¥“%(1 O-XXX%3¢3. OXM“*“7~. R qH

=3 ORXXER2HZ/ CANKAY Y10 « SR CIDKE TRANIOK 2% HX (1 0-XXoNk2—Wkx 2
X2 0% XXEE/ (ANXA)Y) ,

SIF20A=-1.,0/6 . OXFCIKANKXINHR (2 OXAX (1 . O-WXkXZ =3, QX X%kX2
ZH2 O¥XXEX%3) =6 OXXXRB/ANK (1« 0-XX) )40 . SXFCOXE2XANY %2
ZRHHE (L L O-XXKR2~-WkK2-2, OKX XKL/ CANXA) )

DF1DA=EDF1DA+SLF LA

DF2RA=EDF2LA+SOF20A

H=H+.,0001

EFS=0.,0

EFXS=0.0

EFYS=0.,0

Do 92 I=1,J

ES=ECUX(X(IS/A+Y(I)/H-1.0)

IFCARSTES) WLT.EQ)Y GO TO 320

FS(I)=ES/ARS(ES)XFYD

GC 10 930

FS(I1)=EMSXES

FAD=ARC(IIXFS(I)

EFS=EFS+F (T

AMXSCI)=F (IXRY (1)

AHYS(I) FOID%X(I)

S(I)=ANXS(I)-E1XF (1)

"{“(I)"AHYS(I) EX2RT T

FXS=FXS(I)Y+EFXS

EFYS=FYS(IJ)+EFYS

CONTINUE

XX=1.0-B/ (ANxA)

B=1.0~-T/(ANXH)

IF(XX.LT.0.0) XX=0.0

IF(U.LTL0.0) UW=0.,0

YRAC=1,0/6. ORANKXKIKRAXKHRHX (1, O XX kI3~ N*MY(3 0~2,0%W))

XDAC=1,0/6+ OXANXXIKRARK2KHK (1, 0-WXRKI-XXKR2X (3,02, 0%XX))

AC=0, TXANNK2XAXHK (L1, 0= XXHKR2--W¥kK2)

F1=EFXS-FCOX(YDAC-EL1XAC)

FR=EFYS-FCIk (XDAC-E2XAC)

F1H=F1



YEO0
2000
0302¢1¢]
0000
0000
QQoQ
0000

0CO0 .

Q000
0600
0000
Gooo
0000
0000
0000
0000
QGCQ0
yOQQ0
D00
L0000
0000
Q000
L0000
L0000
+ 0000
0000
L0000
LO0GO
L0000
: Q000
Q000
Q000
L GO0
i OQ00
re QGO0
y e Q000
T+ Q000
}., 0000
T+ Q000
)+ Q000
L+ 0000
2, 0000
3.0000
4.0000
35,0000

620
730

F2H=F2

EOUF1LH=0.0
EUF20H=0.0
g 20 I=1,J

ES=ECUXIX{IY/ ALY (I1)/H~-1.0)
IF(AES(ES).LT.EDQ) GO T0 333

50 TO 20

FOFIDH=(Y(I)-E1)RAR (D) XECUXEMEXY (TIX (-1, &))/(HAYH)

ENFIDH=EDF 1 UH+FOF10H

FOF2NH=(X (D) -E2YXAR (I Y XECUXEMS

ElF20H=ELF2DH+FDF2DH
CONTINUE

SOF10H=~1,0/& . OXFCDRANRRIRAX (2

FYCIIH(-1. 007 CHXHD

yOXHY (L O-X000% 33, OXLIRX2

L2 ORWERZ) —6  ORURT/ANK (L. 0-WI ) HO . SXFCORE L RANNKIRAKX

ZC1 0 XXRR2-WhRR2-2, OXWXT/ CANXH )

SOF20H=-1.0/6, OXFCINYANXEIRAXK2R (L O~ WKXRI -3 « ONXXKNK2
A2 () CXXART -3 ORWARZAT S CANKHD Y +0  GRFCIREZRANSR XA
a0, 03Xk 2 - WRRZ2 -2, ORWKT/ CANSIHD )

UFJU1 =EOFLOHFSOF L OH
IF20H=EDF20H+5DF2DH

DI=0F10ARDF20H-DF IDHXDF2DA

A1=A-1,0/DTX(FIHXDF2DH-F2HXDF 101D
H1=H-1.,07 DTk (F2AXDF1DA-F1aXDF20A)

A=Aa1

H=H 1
EFG=0.0
EFXS5=0.0
EFYS5=0.0
0o 60 I=1.J

ES=ECURX(IY/ ALY (I)/H-1.0)
IF{ARS(ES)Y .LTLEO) GO TO

FSOIY=ES,/ ARS(ES)YXFYD
GO TC 730
FS(IY=EMSYES
FOIY=ARCIIXFS(I)
EFS=EFSH (1)

AMXS LY =F (IYXY ()

AMYS (T =F (I)%X(I)
FXS(IY=AMXS(I)~EL1XF(I)
FYSCD) =AMYS(I)-E2%F (T)
EFXS=FXS(I)+EFXS
EFYS=FYS(I)+EFYS
CONTINUE
XX=1,0~-E/(ANKA)Y
W=1,0~T/ CANKH)
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0000
0000

0000 -

0000
0000
0000
0000
0000
L0000
0000
0000
0000
L0000
L0000
L0000
0000
0000
L0000
0000
0000
0000
0000
0000
16000
b0 4)

L0000
0000
L0000
0000
0000
000D

»

oo
Cd
T3

664
133

®e7

Feh

ARG

1y

2=y
73

IF{XX LT 0.0) XX=0.,0

IFCW.LT 0.0 W=0.,0

THAC=1, 076+ OXANSRIRAMHEHY (L, 0 XX kB3~ (3,02, 0% )
XDAC=1,076 0 OKANKXIRANK2KHR (L, 0~ UNKI-XXKKI¥ (F,0-2,0%XX))
AC=0  TRANKKRL2KANH K (1, 0-XXKKR2~Wk$2)

F1=EF XG-FCDX(YDAC-EL%a0) '
FE2=EFYS-FCIK(XDAC~E2%Aa0)

ARU=FCDXAC~EFS

IAHU=ANU-ANUT

K=K+1 :

IF(K.GT.500) GO TO 389

I CARS CHANLZANULY L LT, 0.001) GO TO 6866

WRITEC(2y139)Y ANUy FleF2eAvH

FORMATCIX»S(F11 .7y 3X0)

ANUL=ANU

IF(A.LT.0.0) GO TO B8

IF(H.LT.040) BD TO 98

o TO 180 T

WRITE(2y133) ANUSF1,F2yA¢H

FORMAT (1XyS5(F11.7,3X))

RITE(Z2,287) AU “
FORMATC70 “THE ULTINATE AXIAL LOADCMN) = ‘Fi1i.7)
WRITEA(2,988) Ay H
FORMAT (707 y “THE LOCATION OF NEUTRAL AXIS5 1S A=‘F&.493%y

G0 T0 7346

WRITEC(2,119)

FORCSATCZ Oy /THE ITTERATION FATLED TO CONVERGE
A7AaND THE FROGRAM IS TERMINATELI?)

STOF

END
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Q0o
BCOO
0QO0
Q000
QQOo0
0000
D000
[4T0201¢]
GO0
00Q0
00QO
0000
0000

Data for the Computer Program

g  2Q0000.0

0,045
0.177
00,0254
0.0254
G,1778
0.1016
0.0001979
0.0C0187Y
Q27434
0.0020
322.69

0.2032

0.1016
0.1778
0.0254
0.0254
0:+1778
0.,0001%79
0.00Q1%79
0.0001%279
£ 2744
18.466
0.0035 "
D.06G7

0.177¢
0.1016
0.0254
Q.1016
00,1778
0.,000197¢
0.000197¢
0.0001979
0.01

0.70
0.2032
0.,0657
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FASTEOR (CORVERSATIONAL VER 10)%%

AN MX8 MYS A H
0.7133174 ~0.0003514 ~0,0047741 Q0.3290747 0,2875348
0,956397353 0.0011178 0.0117654 0.2375080 03147796
0. 50303565 0.02186530 =0.0076622 0.5060352 0.1763893
1.8436880 -0.1443724 =0. 0208576 -1.9143250 0.38%5054
0., 7019235 -0.0002%20 =0, 0032885 0.3183179 Q2924675
0. 61120%% 0.0008451 0. 0062156 0.2615288 4 0.3085708
07376660 0.0011259 =0.0078592 0.3652208 0.2708293
0.,1817221 0.0071103 0.,0352727 0.1409039 0.3287864
Ao OR Gk SFlkEKoR Yk Solorkeskorklok SO.6071100 =-45.9788300
0., 689230%8 ~0.0002080 =0. 0019475 0.300386842 Q. 29484349
0.6492358 0.0005880 0.,002904% 02786323 03036615
0.7040504 -0.0002244 ~0. 00322810 0.3177218 027381641
0.,6144733 0.00078201 0, 0059705 0,28627035 0.3084852
0.73784618 0.00034608 =0.0073226 0.3610178 0.2730023

26785602 Q0.00460G530 0.03034644 0.15796544 0.3260967
2.5960600 4.,8568324¢ ~-17.84641800 2.7312350 -~ -1.4374540
0.6784028 -0.0001247 ~0.,0008413 03024557 0.,2966334
0.67200473 0.,0005706 0.0007544 02901616 0.3000751
0.6772518 . -0.00086571 —0.0001829 0.2973527 0.3011942
0. ELPQ1L04 -0.0000093 —0.00003%1 0.¢77787O C.2973457
0.668954% —0.0000187 0.0000886 2971207 0.2978131
0.6704443 —~0.000018¢ =0.0000872 0.2?80534 0.2975067
06683921 ~0.000018¢& 0.0001331 2967364 0 2979391
06712661 ~0.0000183 =0, 0001758 .h?8;P8u s 2973303
006671774 -0, 0000183 0.00024627 0.29596%93 O 2781899
0.67202647 =0 0000G173 -0.00034%3 0.292E420 0.29569812
O.u/$78 i 0.0005%212 =0.,000014% 0.2944322 - 0.29086882
0.6815423¢ -0.00000%51 - 0 0003410 0.2913305 0.3029419
0.67483467 ~0,0004383 0000998 0.29957133 0.3016520
0 6732212 0,00006020 ~O 0004073 0.3000342 0.29873514
0.46787412 0.0003890 0.600087¢ 0.29u8304 0.2988733
0.68B32036 -0.,0000083 0,0001842 Q2921848 03026950
0.6876884 ~0,0000176 ~0.,0002427 0.2945293 0.3020203
0.6813770 -0.0000178 0.00034%0 0.2211587 0.3030673
06748239 -0.0006394 0.0000594 0.2959482 0.2015777
0.6727624 0.0000002 -0.0003358 0.29971468 0.29608643
0.6795844 0.0005%911 0.,0000033 0.2943210 0.2987221
0.6818627. -0.0000056 0,0003115 2914944 0.3028945
N4v6740625 -0.0006370 0.0001384 O 2954881 0.3017221
1067363574 0.,0000037 =0, 0004562 3003371 0,2966440

HE ULTIMATE AXIAL LOADCHM) = 067386574

HE LOCATION OF NEUTRAL AXIS IS A=0,3003 H=0.2966
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