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SCOPE AND CONTENTS:
A research program is presented for assessing the

plastic ccllapse load and shake-down load of reinforced con-
crete continuous beams., This investigation attempts to
establish a range of validity of simple plastic theory when
applied to the under-reinforced concrete beams and to deter-~
ﬁine the sensitivity of such structures té variable repeated
loading. In attempt for more accurate prediction of the
behaviour of reinforced concrete beams when subjected to
variable repeated loading, the numerical beam analysis was
deveioped.

An experimental program was conducted on 10 reinforced
concrete continuous beaams. Deflections and strains of these
specimens of nearly prototype size were measured and compared
with predicted values a2t critical cross-secticons. Resulting

conclusions and recommendations for further research are made.
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CHAPTER 1
INTRODUCTION

1.1 FORWARD

The plastic methods'of analysis are very well developed
for steel structurés,eséeéefly for a structure of a mild
steel. . The behaviour 6f steel structures is very close to the
predicted actual behaviour when using the plastic theory. On
the other hand deve10pmen§of a plastic theory of a reinforced
concrete structure, particularly when subjected to variable
repeated loading was rather neglected. »Therefore it was
decided that in this research program, number of tests with
variable repeated loading will be dcne oﬁ the continuous
reinforced concrete beams. Number of tests, as well as number
of varfab]es included in the testing program was limited by
time requirements. This was the reason why the numerical
. beam analysis, which will be able to predict the behaviour
of beams, was developed. The numerical beam analjsis employes
all the basic hypothesis usad in the plastic methods of
structural analysis. Only necessary changes caused by the
different behaviour of reinforced concrete under repeated
loading have been added. It was hoped that the results of
this analysis, which is including the stress~-strain history
of concrete and steel in each investigated cross-section,
should serve as a more accurate comparison of an overail

1



behaviour of the beam subjected to variable repeated loading.
It was also hoped that the analysis, when some necessary
adjustments are made, wii] be capable to predict the behaviour
of the beams with a wider range of parameters.

Some of the effects associated with variations of the
parameters involved in the prediction of the behaviour of the
beam have been partly e]iminateq in this testing program by
choosing a standard cross-section throughout most of the tests.
However the nature of concrete combined with the curing con-
ditions caused some changes in the concrete strength even
though a standard mix was uﬁed. The accuracy of the corres-
ponding theoretical analysis has been 1imifed by the necessity
~of incorporating approximate assumptions which are discussed

later.

1.2 PURPOSE AND SCOPE

The primary objective of thfs investigation was to
contribute to the knowledge of the behaviour of beams. 1In a
more restrictive sense the major area of investigation was
concerned with the behav{our of continuous reinforced concrete
beams and parficular]y their behaviour under variable repeated
loading.

The purpose was to establish the actual value of shake-
down load and the collapse load from the tests as well as to
determine their theoretical values. In order to obtain these

theoretical values it was used the plastic analysis and the



numericeal analysis, which was adjusted as much as possible to
the real behaviour of reinforced concrete structures. The
validity of the method of numerical analysis will be checked
by comparison withvfhe test va]ueg using the corresponding

known test properties.

1.5:  SCOPE OF THE EXPERIMENTAL PROGRAM

The test specimen and the method of testing were
chosen for many reasons. However, the main criteria were
that the tests would be as simp]e as possible while providing
leful information for understanding the behaviour of contin-
uous beams. |

It was observed that variaﬁ]e repeated loading of con-
tinuous beams was an important area of research which had
been neglected. It was decided that in addition to the
tests for incremental collapse will be done also the tests
for proportional collapse. These tests would alsco be the
same beam type, thereby providing a comparison basis for test

- and ana]ysis..

It was preferred that the specimen dimensions be 55
large as was practical in order to reduce any déubts concer-
ninagsize effects when relating.test va]ges to actual
structural sizés. in addition, fabrication errors wou}d‘be

less sighificant‘for larger overall dimensions., A standard
test beam was designed for use throughout~the testing program.

.The beam design called for a constant percentage, a



uniform type and an unchanging positibn of the reinforcement ‘
steel having a flat yield region'in the stress-strain diagram
was preferred. A uniform concrete was desired. To accomplish
this, standard mixing procedures and éuring conditions were

planned.

1.4 BASIC HYPOTHESIS IN THE PLASTIC THEORY

The basic hypothesis of the plastic theory are con-
cerned with the relation between bending moment and curvature
for the structural members. The basic hypothesis underlying
the plastic methods are summarised in Fig. 1.1. This figure
shows the type of relation between bending moment M and
curvature K which is assumed to hold at any cross-section of
a typical structural nuhber. The moment-curvature diagram
shown in Fig. 1.1a is related to the behaviour of mild steel.
A reinforced concrete member behaves differently and its
behaviour depends on the réinforcement ratio. Generally a
reinforced concrete member can be identified as an under-
reinforced or an overreinforced cross-section. The typical
moment-curvature diagrams for the underreinforced and over-
reinforced cross-section are shown in Figure 1.1b and 1.1c
respective]y. If a bending moment is applied to a previously
unloaded and unstrained structural member made of mild
steel, the curvature at first increases linearly with increasing
bending moment- This continues through the Qrdinary‘elastic

range and is terminated when a bending moment MY is obtained.



This bending moment is such a§ to cause the yield stress in
thé most highly stressed outer fibres of the member. When a
bending moment above the MY value is applied, the.curvature
begins teo increése mofe rapidly pér unit increase of bending
moment and fina]]y'bends to infinity as a limiting value of
the bendinngoment is épproached.'VThis limiting value is

termed as the fully plastic moment, MP.

/ MP /
MY / MY

' / KY kP TRy ke

MY
MP : { '

) ) Q)

FIG. 1.1 MOMENT-CURVATURE RELATION

The attainment of the fully plastic moment may be thought of
as corresponding physically to the development ¢f the full
yield stress down to the neutral axis of the beam in both

tension and compression.



'IfatvSOme sectibn 5nfa member the bending moment
obtains. the poéitivé~fully plastic moment, MP, it is assumed
that as the beqdihgvmomeﬁt_?eache§ thebva]ué MP, the
curvature tends to becomé jnfinitely large, So'that a finite
- change of s]ope can,bccur'qver.a small length of the member

.atﬁthiémcfoss-settidn. Thus the béhaviour at a section wheré
MP is obtained can be described by imagining a hinge to be
inserted inithe member at this section. 'The hinge is described
as being tapable of resisting rotation until the fully
plastic mbﬁent MP is obtained,Aand then permitting positive
r;tation of cerfain‘magnitude while the bending moment remains
constant at the value MP. |

As was mentioned before, rei;forced concrete structures
behave very differently. In fhe region subjected to suffi-
cient]y.great bending moments, the concrete has a plastic
component in compression an& the reinforcement yields in
tension. At fracture, the compressive strain of the concrete
iﬁ the fibres of a bent member varies from 0.3 to 0.5%.
VBecause_this value is small, the limited rotation capacity of
the plastic hinges frequently determines the Tailure load.

The limited rotation capacity of a plastic hinge was the
reason why the plastic hinge length was introduced in the
numerical analysis.

The behayiour Qfstaticaily indeterminabie réinfcrcéd
concrete structures further depends on the reinforcement

ratio of the members.
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a) Underreinforced structural members: Thé moment-curvature
'diabram for an undérreinforqed tross-sectiqn is shown in
~Fig. 1.1b. In‘generalﬁMY:differs only sTight]y from MP., For

small reinforcement ratibs, the curvature K. is much larger

P
than K, . .Therefore a statically indeterminate structure

y

,consisiipg of reinforced beams witﬁ small reinforcement ratios
behaves like a stfuctﬁre made of mild steel beams,
"~ b) Overreinforced structural members: The behaviour of
reinforced concrete beams changes drastically when the critical
reinforcement ratio is exceeded. The critical reinforcement
rétio can be described as the fatio, when at the same time
;he steel yiers in tension and the‘gtreés in top compression
fibres of concrete reaches its maximum value.
The moment versus curvature diagram (Fig. 1.1c) does not
differ significantly from a straight Tine. The plastic
rotation vanishes. Since the beneficial redistributions of
,Abending moments stems from the great rotation capacity of the
- plastic hinges, it is practically nonexistent in a structure
‘of this kiﬁd. For intermediate reinforcement ratios, fracture
occurs at some cross-section before all the plastic hinges

of the collapse mechanism have developed.

1.4) PLASTIC COLLAPSE OF SIMPLY SUPPORTED BEAM
The following i%]ﬁstration of plastic collapse is
explained. A simply supported beam has a unifoerm underrein-

forced cross-section and is subjected to a central concen-

vy



trated load, P, as shoﬁn in Fig. 1.2a. The bending moment
diagram for this beam is shown in ng. 1.2b. If the load

P fs iﬁcreaséd.sfeadily ffom zero the beam at first behaves
elastically. At a certain value Sf the load the maximum
céntra] bending moment reaches the’value MY and a plastic
‘hinge‘Stafts forming. »Furfher increase of the load causes
rabid inérease in curvature and finally at a magnitude of
Ioad,PC, the bending moment reaches the value of fully

plastic moment, MP. At this stage the plastic hinge had spread
over a certain hinge length, which can be characterised as a
segment of the beam length in which the degree of plastisation
of the cross-sections is Qarying from partially plastic cross-
sections (tension steel in yield) to fully plastic cross-
sections (inierna] moment of the cross-section reaches the
velue of a fully plastic moment). However the plastic hinge
can by thé hypothesis undergo limited rotation through a
certain angie while the bending moment, and therefore the

load remains'consﬁant. The beam can thus continue to deflect
“at constanf Toad due to this hinge action until the 1imitihg

strain in the concrete is reached.

a) LOADING

Ay




b) BENDING MOMENT DIAGRAM

c) CHANGES OF DEFLECTION
DURING COLLAPSE

FIG. 1.2 SIMPLY SUPPORTED BEAM WITH CENTRAL
CONCENTRATED LOAD

The load at which this occurs is termed the plastic collapse
load, and is denoted by PC, its value is determined by

equaling the magnitude of the central bending moment to the

fully plastic moment, giving

-

Since the bending moment at every cross-section except the
hinged section is less than MY, the beam remains elastic

everywhere except over the plastic hinge length and the
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~constant Tload and’theréfore'constant bending moments during
collapse implies constancy of the curv;tures.bver the non-

g yié]dihg region. The increases of deflection during collapse
are therefore due solely to the rotation at the plastic

hinge.

1.5 VARIABLE REPEATED LOADING

The structure under variable’repéated loading may
fail due to eventual development of exéessive plastic flow
in parts‘of the structure even though pone of the loadings
applied is ever sufficiently severe to cause failure by
p]éstic collapse. There are two possible types of failure
which can occur.

a) Alternating Plasticity

If the loads are essentially alternating in character
éhen one'or more ¢f the members might be bent back and forth
"repeatedly so that yield occurred in the fibres alternately
in ténSicn and compression. Such behaviour is termed
alternating plasticity. A condition of alternating plasticity-
in a sfructure would be expected tc lead eventually to the
frécture*of a member. While a fajlure by alternating
plasticity is due to the continuance of plastic Tlow in some
part of the structure, the difference between this type of
failure and a fatigue fTailure is one of decree rather than

kind. Whereas fatigue failures are usually associated with a

anumber of load reversails of the order of millions, alternating
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plasticity failures would occur with a number of load
feversals of the order of hundreds or perhaps thousands, but
the eventual fracture is probably of a similar nature in
both cases.

b) Shake-down

If a number of critical combinations of loads follow
one another in fairly definite cycles and if the loads are
all multiples of one of the loads P, it can be shown that if
P exceeds a certain intensity Pl, increments of rotation
at plastic hinges can take place at various cross-sections in
the structure during each éylce of loading, these increments
being in the same sense during each cycle of loading. If P,
while exceeding P;, is less than a'higher critical value PS,
the increments which occur in the rotations at the plastic
hinges during each cycle of loading become progressively
smaller as the number of cyC]es of loading fncreases. When
this happens, the structure is said.to have shaken down.

After a number of loading cycles is applied it is
possible that a sufficieﬁt number of plastic hinges are
created at vqrious cross-sections such if these hinges occurred
simultaneously at all these cross-sections the strﬁcture
would be transformed into a mechanism. For example if a
sufficient number of plastic hinges to form a mechanism is
3, then if in part of each cycle of loading the plastic hinge
rotations are taking place in hinges 1 and 3 so that these
rotafions change the residual bending moment in cross-section

2, the residual moment may act in such a way as to cause the
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-

further formation and rotatfon of a plastic hinge in section
2. Generally, the rotation in a number of plastic hinges,
~.which is insufficient for forming a mechanism, causes a build-
Fup'of~the residual stresses (or sérains) and therefore residual
fbending moments, Which increase in ;uch a way that after a
_.sufficient numbér of loading cycles the structure creates a
sufficient number of plastié hinges to form a mechanism.

When a load of a certain magnitude PS is applied in a
f]oading cycle and when only after an infinite number of lcading
cycles the mechahism is formed, this load is called shake-down
load. It can also be called a lower limit cf incremental |

collapse load, because all the Toads of a magnitude highér
‘than Ps and less than_PC cause incremental collapse. And all
’the loads ¢of a magnitude lower than,Ps finally result in an
retastic change condition. -

¢) Incremental Collapse

If the magnitude of P exceeds the critical value PS,
the structure never shakes down, and definite rotations take
‘pface aﬁ the .piastic hinges durfng each cycle of loading. If
Fthe}peak Toad intensities do net vary from cyé]e to cycle, a
steady regine dis established in which the increment in ths
srotation at any given hinge is the same in each cyc}e so that

cyelz
in each cylce the daflections of the structure increase by a
given amount. Incremental collapse in general only takes
place when during each cvcle of Toading increments of plastic

hinge rotation occur at a sufficient number of cross-sections



13

such that if hinges occurred simu]taneou§1y at all these
cross-sections the structure would be transformed into
mechanism. |

The number of applied load cycles causes such an
increase in residual stresses that if a sufficient number of
cycles takes place, unacceptably large deflections will be
built up, rendering the structure useless. The structure would

then be said to have failed by incremental collapse.

1.6 SUMMARY

This chapter had generally described the purpose and
scope of this research program. Also some basic hypothesis
in the plastic theory and their application to the reinforced
concrete and general behaviour of a <cecntinuous beam subjected
to variable repeated loading has been introduced. 1In the
following chapters there will be a more detailed analysis of
the material properties and descripiion of the numerical
analysis. Chapter 4 will introduce the test results and
analytical results, the errors of the results are in
Chapter 5 and discussion and conclusion are in Chapters 6

and 7.



CHAPTER 2

. MATERIAL PROPERTIES, TEST SPECIMEN AND
EQUIPMENT AND INSTRUMENTATION

2.1 INTRODUCTION

This chapter provides information about the materials
useé for the experimental beam tesf program, about the test
specimen and equipment used for testing.‘ Properties of the
concrete and the steel, such as the stress-strain relationships
aré introduced in both actual and theoretical forms. The
real prdperties of materials were obtained from back-up
tests, which were done fof'each beam testing program. The
theoretical stress-strain relationships introduced in this
chapter contain some simplified assuhpt{on and the results
are compared with the real one.

YV The'test specimen and the test equipment are detailed
described at the end of the chapter. An analysis of the
ervors either in the test results or in the numerical analysis
due to deviation from assumed or specified material proper§ies,
test specimen properties or the test equipment and testing

techrniques are described in Chapter 5.

2.2 CONCRETE PROPERTVIES
Only one set of concrete mix properties were used in

14
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this testing program.

- 2.2.1 CONCRETE MIX AND BATCHING PROCEDURE
- Table 2.1 1ists the properties by weight of the

concrete mix as well as the weights required for each batch.

TABLE 2.1
CONCRETE MIX DATA

COMPONENT PERCENTAGE BY  WEIGHT (1b)
| "WEIGHT .

PORTLAND CEMENT TYPE I : ' 14.0 106

WATER 9.1 69

FINE AGGREGATE (WASHED PIT -

RUN SAND; FINENESS MODULUS = 46.6 . 352

- 2.51) ‘

COARSE AGGREGATE (3/8" MAXIMUM

SIZE CRUSHED LIMESTONE) 30.3 : 236
100.0 763

VOLUME PER BATCH = 5 cubic feet

The weight of the aggregate was for the air-dried condition.
~The concrete mix was designed to have a slump of 2 1/2 inches
for standard 12 inch high slump cone. The fine aggregate

and coarse aggregate were stored outside. The failure to
properly account for the excess moisture and some variations
in curing resulted ih variations>in’ccncrete Strength between

different test specimens. Twd batches of concrete were



16

required to complete the pouring of a test specimen and six
cylinders. The cylinders were the standard 6 inch diameter
by 12 inch long type. The test specimen was a beam which
was 20 feet long with an eight inch square cross-section.
Each batch was allowed to mix for five minutes after the last
of the water had been added. The complete mixing and pouring
operation took about haif an hour. Steel forms were used for
- casting the beams. The horizontaly cast beams were poured
ih two equal layers corresponding tq the two concrete batches.
Each layer was placed and vibrated as soon as it was removed
from the mixer. The concrete was internally vibrated by a
1 1/4 inch diameter poker type vibrator.

Standard cylinders were poured using a mixture of the
concrete from the two batches. The cylinders were filled

and vibrated in three layers as specified in ASTM C192.

2.2.2 CURING OF THE CONCRETE

About five hours after pouring, when the concrete had
begun to harden, wet buriap was placed cver the specimen and
kept moist until the day of the test. The specimen and |
cylinders were removed from their forms at the ageyof one day.
A1l the beams and cylinders were poured and cured in the.
laboratory, where the temperature was maintained between 68°F
and 72°F and the relative humidity varied from about 20%
to about 80%, depending upon the season. Three weeks after

pouring the beam was removed from the curing place and was
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placed on the Supports. Usually on the day before the test was

-planned, the demec points and dia]lgauges were set up.

.2.2;3 CONCRETE STRESS-STRAIN RELATIONSHIP

’ Age of testing: One or two cylinders were tested
after 14 'days to give an indieation of the incréase in concrete
' ”strength;‘ The rest of the cylinders were tested at the day
~ of the test, usually 287day§ after pouring.
AConC}ete cylinder tests: Most of the cylinders were instru-
mentgd with'two sets ofrgauge points placed on opposite sides
of the Ey1inder. These cauge points were centered on the
12 inch length with an 8 inch gauge length. A demec mechanical
strain indicator, was used to measure the strains. This
instrument was caiibrated inte divisions of 0.00001 inches per
inch and could be read accurate]y to one half of a divisicn.
The cylindérs were capped with a molten sulphur
compound called VITROBOND, and viere tested in a 300 kip capa-
city hydraulic cylinder testing machine. The test procedure
adhered to ASTM specifications except for the taking of strain
readings. Readings were taken at 10 kip intervals up to
about 80% of the cylinder strength{ After exceeding 80% of
the cylinder strength the cylinder was‘loaded until material
failure occurred. The averages of the strains from the
cylinders were used for plotting the stress-strain curvé.
Two of the cylinders wzre tested with répeatedvloading~.

The readings were taken each 1C kips up to 20% of‘the cylinder



strength, then the cylinders were unloaded and the readings
were taken again each 10 kip. This cycle was repeated 2 to 3
times. The reason for taking the readings only up to 80%

of the cylinder strength was that the readings above this
range were difficu]t to obtain. The shape of the stress-
strain curve as plotted from the average strain readings was
quite similar to that of SINHA(3). Fig. 2.1 contains a

typical example plot of cylinder stress-strain data.

TABLE 2.2
AVERAGE CONCRETE STRENGTH

BEAM NUMBER AGE AVERAGE MEAN STANDARD
# OF (days) STRENGTH DEVIATION DEVIATION
CYLINDERS (PSI) (PSI) (PSI)
1 6 28 3100 70 68
2 5 34 3340 39 40
3 5 30 3720 182 196
4 6 38 3880 52 59
5 4 28 3440 67 72
"6 € 29 2950 240 308
7 5 34 3100 72 78
8 -4 28 3130 143 216
9 6 32 3650 98 124
10 6 36 3820 40 48
I fe
Average Strength = ?é = —~H£
I WAL IV
Mean Deviation = - T
_ A(f‘ - f1y2
Standard Deviation = c C




NCRETE STRESS IN PSI

Co

4000

3000

2000

1000

THEORETICAL CURVE | -

o~—. —: —o CYLINDER DATA

0.002 0.003 ‘ 0.004
CONGRETE STRAIN IN INCH/ INCH ‘

~ FI1G.21. CONCRETE STRESS-STRAIN RELATIONSHIP

6l



20

Mathematical Expression of Concrete Stress-Strain Relationship

From the results of the extensive expebiments Hansen,
Hognestad and mehenry{1), Kriz and Lee(2) have established
polynomial expressions for the usual stress-strain curve of
concréte, of the form:

6% + Ae? + Boe + Co + De = 0 - (EQU. 1)
in which the values of the coefficients for three strengths
of concrete are given in Table 2.3 (where o is in kips per
sq. inch and € in. x 10'3'inch per inch) The initial tangent

modulus of the stress-strain curve is given by:

do = . D
( de ]0 = 0 c
e =0
TABLE 2.3

CONCRETE PROPERTIES

CONCRETE

STRENGTH A B C D a H J K L
/psi/ '
3000  -3.434 -3.434 -6.751 22.58 0.125 0.07 0.95 3.42 1.26
3750 -8.7 -3.8 -11.9 45 0.111 0.09 0.52 2.52 1.03
4000 -11.51 -3.8 -14.26 56.99 0.111 0.10 0.61 4.61 1.07

The equation for the average stress-strain curve becomes

2 V2 . , 2 2 L2 2
g” + A}sz + 81052 + Lo + Dei + Eo € + Fcyc,,,1 + Qo €y = 0

= £
€ T 7T7-

€
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€-

1 + ae,
A] = A + aD
B] = B + 2ac¢
E = 2a
F = oB + aZC
G = a2

Equation (1) can be solved for the stress:

. 'Qz ‘\/sz - 4Q]Q3

0:
20,
Q; = 1 + Ee, + Ge,?
1 2 2
Q, = C + Bye, + Fe,°
2 18 * Feg
_ 2
Q3 = Dey + Ayey

Expression for unloading curves:

21
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G1s €1 are the coordinate values of certain known points in
the stress-strain plane.

Expression for reloading curves:

o+ K=Y(e + L)

o] + K

e —
EI]"‘I\

2.3 STEEL PROPERTIES

The bars used in this test program were number 4 and
number 6 deformed reinforcement. In the firSt’two-tests
8 nuhber 4 bars were used in each beam. in the tests
number 3 to number 8 four number 6 bars were used in each
beam. All of these bars were from the same shipment. 1In
tests number 9 and number 10 four number 6 bars from another
shipment were used in each beam. By special request the
second shipment very closely matched the first order as
verified be]ow. | |

Twenty inch lengths were randomly cut from some of the
bars to determine the stress-strain properties of the rein-
forcement. A 120 kip capacity hydraulically operéted Tinius-
Olsen Testing Machine was used to run the tests. Reference
holes for the Demec Strain Indicator were drilled on opposite
sides of the test specimens. Readings were taken until the
range-of the Demcc was exceeded. The results of these tests

are tabu]ated in Table 2.4. Figure 2.3 shows the stress-
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strain diagram for the #6 reinforcements described above.

The strain readings indicate that strain hardening started

when the strain of 0.0066 inch/inch was reached. However the

strain hardening of the steel was not taken into account in

the'analysis and the stress-strain diagram in the plastic

‘region was assumed straight. An equation which describes

both the elastic and the p]éstic portions of the stress-strain

relationship is also given in Figure 2.3,

TABLE 2.4
PROPERTIES OF THE REINFORCING STEEL

SHIPMENT BAR  NUMBER OF AVERAGE YIELD MEAN DEVIA- STANDARD
SIZE SPECINEN  STRESS/KSI/  TION/KSI/  DEVIATION
/KS1/
1 #a 4 5¢ 0.92 0.52
1 #6 6 60.2 0.97 0.99
2 £6 6 60.1 0.94 1.02

2.4 PREPARATIONS AND EQUIPMENT FOR BEAM TEST

This section briefly describes the procedures and

equipment used to prepare the beam for testing. In addition,

the test equipment and measuring devices are described.

2.4.1  FORMS AND STEEL REINFORCING CAGES

Forms for pouring the beams were prepared by rearranging

existing steel forms used to fabricate twe bay frame specimens.



N KSI (s

STRESS

o
@®
—t —_ -7
o e T
~ —
—
[} x » - -_ |
o 7 YIELD STRESS f Y
I
I
2 |
o |
” |
l
- ; THEORETICAL  CURVE
(321
| — — — STRAIN HARDENING
- I
o [—f— ! ‘ EQUATION FOR STRESS-STRAIN RELA -
} | TIONSHIP
RVA | fsz,y{ (€,+g,)-}(€5-€3>\.}
) | | 2 &
| |
i
| S
0 &  2g 4 6 8 10 12 i 6

, STRAIN IN iNcHES/iINGH {(x107)
FIG, 2.3. STRESS-STRAIN RELATIONSHIP FOR STEEL

-



25

The éteel forms were chosen because-they were not easily
damaged with re-use and because they were fabricated to
closer dimensiona1 tolerances. These forms were made by
bo}ting 1 2 inch fhick, 9 inch by:A inch angles to a 1/2 inch
thick base plate. The base plate was made from two pieces,
12 feet and 8 feet long. The two parts were put tbgether,
theaanglés were then clamped in place and bolt holes were
drilled. in the components as a unit.

| The reinforcing steel cages for‘the beams were made
by tying the bars to 0.15 inch diameter ties spaced at
3:inéh interva]é. These ties were accurately produced on a
specially designed bending device. The reinforcing was
firmly wired into each corner of the ties. After the cage
was completed; the spacing of the reinforcing steel Was
checked. If necessary, adjustments were made and the bars
were re-wired to the ties. The position of the cage in the
form was controfled by using 1 inch high steel chairs. The
chairs were'pIaced at the bottom of the steel form and
after the reinforcement cage was in position, additonal
chairs Were installed at the sides of the form. Then during
pouring of the concrete and by vibrating, the position of

the cage could not be moved.

2.4.2 PREPARATION OF BEAMS FOR TESTING

After curing for 21 days under wet burTép, the beams

were meved to the main test floer where'they were prepared



for testing. The foliowing steps were required io ready

the beams for testing:

a) Position of the vertical load: Two hydraﬁ]ic jacks were
used to apply the load, their posftion between the bases and
their clearance from the top of the beam had to be checked.
The load was épp]ied to thé beam through the ball seat, which
rested on arstee1‘p1ate. The begring stress was reduced by
transforming the load through a 8 inch by 8 inch plate

bearing devibly on the surface of the concrete. This part

of the loading system is shown in Fig. 2.4. |

b) Position of the bases ahd the roller supports: The bases
were made from concrete poured into the form of an approxi-
mate dimensions 2 feet by 2 feet ahd 1 1/2 feet high. In the
middie of the form was placed hollow steel 8 inch by 8 inch
section. The hollow sections were cast in the concrete and
their height over the concrete surface véried between 4 inches
to 1 foot. At the top of the ho]]ow section were steel plates
1/2 inch thick, welded to the hollow section. 1In order to
have the beam placed in truly horizont;l position, small
adjustménts were made by adding plates of various thicknesses
to the tops of the bases. The whole set-up for the test is
shown in Fig. 2.4. The beam was placed on the three bases.

In the first 4 tests the bases were of the same height. Latef
, it‘was ¢ecided»to cut off the ho}]ow se;tion of two bases, in
order to get enough'spate to insert the load cells. iInsta]Iation

of the additional ioad-cells under the supports was done in
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order to provide comparative informations about the moment
distribution as well as contribute to a better controlled
loading system. -Once the load-cells were installed to ine
information about the magnitude of the reactions, the |
strucfure was statically determinate and thé magnitude of the
applied load as well as calculation of the real bending
moments throughout the beam could be easily done.

Due to the statical scheme, the outside supports for
the beam were composed of a simple, 1 1/2 inch in diameter,
8 inch long roller, sitting on the steel plate. This
arrangement enabled a small movement in the horizontal direction.
In addition,>the outside supports were required to resist
upward movement. This arrangement was necessary because of
an up-1ift caused by locading with load on only one span.
The construction of the hold down arrangement is shown in
Fig. 2.4, The middle support was provided with roller bearing,
which enables permitted rotation.
c) Strain measurement preparations: Demec strain gauge
points were attached on one side of the beam at three levels
spaced over the beam height. The spacing of the demec gauge
points is shown in Fig. 2.5. The demec gauge points were
fastened to the beam by using a drop of melted sealing wax.
This wax hardened quick]ykand made a very durable connection.
d) Preparation for deflection measurements: The deflection
was measured at the points of 16ading and near the outside

supports. The measurements were taken using Dial Gauges.
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The set-up is shown in Fig. 2.5.

e) Load sensing abparatus: The load was applied by‘two
hydraulic jacks. The coﬁtro] and adjustment of the load was
done by'using load-cells, which were inserted between the
bottom at loading platform and the steel plate on the beam.
Similar load-cells were used for measuring the reactions. A
full bridge of electrical resistgnce type metafilm strain
gauges from Budd Instruments Limited, were glued to the
load cells with GA-5 efoty cement. The load cells were
ca]fbrated in a 120 kip Tinius-Olsen Testing Machine. The
calibration curves were verj nearly linear. The load cells
for all the beam tests were connected to balancing and
switching boxes which in turn were bonnected to a strain

indicator.

2.5 DEMEC POINTS AND DIAL GAUGES-DISPLACEMENT
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CHAPTER 3

" BEAM ANALYSIS °

3.1 INTRODUCTION

In conjunction with the beam tests which are described
in Chapter 4, a method of analysis was sought which could
accurateiy predict the behaviour of reinforced concrete beams
under the conditions of repeating loading. The purpose of
this chapter is to prbvide a detailed account of the numerical
analysis evolved to facilitate prediction of the above men-
tioned behaviour. ,

The large number of important variables and the
nature of repeated loading preclude the:feasibi1ity of an
overall experimental type of analysis. Therefore, the choice
df the beam testing program was orientated by the desire to
eliminate most of the variables and to chocse condftions which
would serve as a relatively simple but meaningful test case
for comparison with the analytibal ﬁethod.

To be able to provide cycle loading and create the
conditions for building up the residual stresses and residual
moments which can eventually resuli in forming a mechanism,
‘there was a need to have an indeterminate étructure. It was
decidaed that all test beams and therefohe‘a]] beéms anaiyéed
wiil be continuous, with two egual spans. The singlie point
fecads on each span were applied symmetrica%ly about the middle

-
i
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sdpport. Placing of the loads was 0.45L from the outside
supports. This position of the loads was chosen to produce
a reasonably high ratiokof thevproportionai éo]1apse load
over the shaké-down load.

The plastic analysis was worked out mostly on the
principles of the behaviour of the mild steel. Because one
of the objectives of this research program was to establish
if the plastic theory can be directly applied also to rein-
forced cohcrete structures, it was necessary to have a cross-
section which has the overa]] behaviour véry close to that of
the mild steel. This was the reason for choosing the under-
reinforced cross-section whiph has the moment-curvature
relationship almost identical with the moment-curvature
relationship for the mild steel. The underreinforced ratios

also typifies normal design practise.

3.2 RANGE OF PARAMETERS

The range of parameters used in the analysis were
very limited. However any of the parameters mentioned in
this section could be varied without changing the method of
analysis.

a) Beam Dimensions

| A11 the beams analysed in this section have an
overall length of 20 feet with two spans, each 9 feet long.

b) Cross-Section Dimensions

The beams have the same cross-section. The size used
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was a 8 inch by 8 inch section with four number 6 reinforcing
bars, or eight number 4 reinforcing bars. The dimensions of
the cross-sections, position of the reinforced bars and also

the spacing of the ties are shown in Fig. 4.1.
¢) Concrete

In conjuncticn with each beam tested, tests were
carried out on the standard cy]jnders to establish the stress-
strain relationship for the concrete. This stress-strain
diagram was than compared to the theoretical stress-strain
relationship for the established concrete strength as intro-
duced by SINHA(3) and HOGNESTAD and McHENRY(]). The mathe-
matical curve for the stress-strain relationship which matched
up best with the cylinder test resﬁ]ts was then used in the
numerical analysis.

d) Steel

A concrete cover for the deformed reinforcing bars
mentioned in (b) was 1 inch. Therevwas a small variation in
the yield stress as shown in Tabie 2.4 and the average yield
-stress was 60.2 ksi except for the bars #4, where the yield
stress was 56 ksi. The idealized shape permitted a simpli-
fication of the ca]cu]afions and was thought to be justified
in that there is very little discrepancies bétween the real
and the idealized stress-strain relationship.

e) Age of Loading

Because of some technical difficulties most of the

tests were not carried out at the age of 28 days after
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casting. However the stress-strain relationship for the
concrete was measured in the same day and therefore the

influence of the age of the concrete was eliminated.

f) Atmospheric Conditions

' In general, the atmospheric conditions were relatively'
similar considering the curing period. Variations in the
temperature and humidity in the laboratory where the tests
were done occurred but hopefully the.tests of the concrete
stress-strain relationship acﬁounted for any effect of these

variations.

3.3 ASSUMPTIONS

Various assumpticns were included in the analysis.
The assumptions which are listed below can be divided into
three groups. These are: .
a) Assumptions which have been verified by the author and
other investigators.

1. Strain Variation: Plane sections pefpendicu]ar
to the axis of the member(before loading remain
plane after application ¢f load and moment.

2. Effect of Ties: The effect of ties upcn the
strength of the section and the stress-strain
relationship of the concrete may be ignored,.
Calculations show that even at yie?ding stress in
the ties, very little confining influence could

be exerted due to confining effect.
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b) Many of the aséumptions summarized in this group resulted
from the lack of an absolute numerical evaluation of their
influence. The effect of these assumptions cannot be expressed
in a quantitative manner, but thé&r general influence on

the analysis is known. The method of analysis could be

adjusted to handle variations in the assumptions.

1. Effect of Bond
The effect of the change in the cross-section
between cracks was ignored. This change of cross-
sectibn is caused by bond between the concrete
and steel,

2. Concrete Stress-Strain Relationship

The concrete sfress-strain relationship expressions
which are the results of the experiments of
HANSEN, HOGNESTAD'!) and SINHA(®) were used. The
equations were compared with the back-up tests.

A more complete description of the deviation of
these curves is shown in section 2.2.3. The
cocncrete strength in tensicn was ignored. Calcu-
fations show that there is very little influence
of concrete strength in tension on the moment-
curvature diagram. Tension in concrete was
considered as a significant factor only for
unloading of the cross-sections. It was assumed
that the cracking strain for concrete in tension

was 20C micro-inches per inch,
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Steel Stress-Strain Relationship

The, ideal, elastic-plastic experimentaly
verified steel stress-strain relatibnship shown
in Fig. 2.3 was used. The strain-hardening of
steel was not included in the analysis in order
to cbtain the, ideal, stress-strain relationship.
Also the Bauschinger's effect, which could be
described as a reduction of the yield limit for -
plastic flow in one sense, when there already

had been a plastic flow in the opposite sense,
was also ignored. The Bauschinger's effect would
cause a slight change in the magnitude of the
elastic range of the bending moment by variable
repeated loading. It would be possible to do
some additional tests to establish the.fea]‘effect.
However, it was felt that this small change in
the magnitude of elastic moment would not be
significant in the further analysis. Therefore
the effect was ignored.

Plastic Moment (MP)

It was assumed that the value of the MP is the
highest magnitude of the momenf in the moment-
curvature diagram (Fig. 3.1) and that this value
of MP stays unqhanged throughout the cycles of

loading.
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~Plastic Hingg

When a section has developed the full plastic

momént capacity then a hinging action can occur at
this section. 'This plastic hinge rotation takes
place while the bending moment'transmftted across
the hinge remains_conétant;  A plastic hinge can
undergo rotatidn'of a Eertain magnitude provided
that the bending moment stays consﬁant at the

fully p]astic.vaIue. The reinforced éoncrete

beams tested in this reséarch program had a
symmetrical cross-section. The amount and position
of the reinforced steel was equal on theuton‘and
bottom. This arrangement of reinforcement makes

it impcssible to reach at the'éame time a high stress
in concrete, yield stress in the tension steel and

yield stress in the compression steel. Therefore,

in this numerical analysis, the reinforced concrete

cross-section in which concrete is in the inelas-
tic region, tension steel is at the yield stress
and the compression steel has not reached the yield
point is considered as fully plastic.

Length of the Plastic Hinge

As the length of the plastic hinge is assumed to
be the length of the beam on which the appliied
bending moment is equal to or greater than the

bending mement MY (Fig. 3.1). The curvature ‘in
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the cross-sections throughout the hingevlength is
assumed to be equal to average curvature, which is
calculated from the rotation of the hinge over the
hinge length.
7. Shrinkage
The effect of shrinkage was not included in this
analysis. It has been shown by calculation that
its effect is not significant.
c) The following assumption is of the type which have facili-
tated the computer application of this analysis.

Weight of the Beam

The weight of the beam is small when compared to the

applied load, therefore it was ignored in this analysis.

3.4 ANALYTICAL METHOD

The analysis of a continuous reinforced concrete beam
with two equal spans will be discussed in-detail in this
section. Two of the tests, #1 and #10, were done as the tests
for propo%tiona]-ioading. The ané]yses for these tests were
done by adding a small adjustment to the analysis for variable
repeated loading. The proportional loading tests were helpful
in the establishing of the fully plastic moment for the given

cross-section as well as in the establishing of the collapse.

load.
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3.4.1 CALCULATION

The nUmerical solution of the beam énaiysis was
cérrieé out on an CDC 6400 Computer. The computer program is
reproduced in Appendix; . |

The length of the beam was divided into 26‘sma11
segments. The cross-sections a]ohg the beam length couid be
spaced so closely that fhe distanéé between them would be
infinitely small. Then the ca]culétion of the change in slope
between sections and the displacement could be very accurately
performed by using the average of the curvatures befween
édjacent cross sections. The practical solution required
that the beam be divided into a limited number of segméﬁfs.
Dividing the length into 26 segments precduced reascnably
correct deflected shapes. The time required for calculation
was nearly directly proportional to the number of beam
segments used. Dividing the beam into a fewer segments will
cause decreasing accuracy in the prediction of the deflected
shape of the beam. The calculation empioyes the average
curvature over the segment length and by increasing the 1ehgth
of thé segment the average curvature becomes iess and less
accurate. Wnen the number of segments will establish the
length of a segmentAto be more than 15 inches, the iteration
procedures which used to calculate the deflected shape tend
to become ineificient due to s!dw convergencé; An increase
1in the number of segnments prcvide; morelaccurate calculation,

but the number of variabies in computer program increases soC
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rapidly that it can result in exceeding the computor memory
capacity and the increase in the ratio of accuracy is very
small.

a) Input Information for the Computer Program: For the

computer solution of the problem the following information
was given as an input. The information was either read as
variable data or were given'a constant value in the progran.

1) Beam Characteristics

11) Dimensions of the length, width and thickness of the beam.

12) Number and length of the segments also the distance of

Y each cross-section from the left hand support.

13) infcrmation about the positiqn and the magnitude of the
leoad. |

14) Area and location of longitudinal reinforcing steel.

15) Va?uerof the fully plastic mcment MP for the given cross-
section and the value of the moment when the tension

steel starts yielding (MY).

2 Materié]‘Pro erties
2) P

21) Stress-strain relationship for steel indicating a modﬁlus
of elasticity, yield strain and yield stress.,

22) Concrete stress-strain relationship. Given were a set
of three equafions. One Q;s the equation of the
'enve1op¢ of the stress-strain curves for a given concrete.
One was for unloading and one for reloading. Along with the
equations, a éet of the coefficients was given.

These are different for every strength of concrele.



41

3) Program Limits and Range

31) Set‘]imits for fterative cycles for cafcu]ating strain to

| balance load and moment af a cross section.

32) Assign limit to cycles for converging‘on the correct
Hef]ected shape.

33) miet the number of load cyc]es'for incremental collapse.

b) Initial Estimates and Iterative Procedures

ba) Moment Distribution: The evaluation of the fixed end moments
for the given load gives us the initial estimate of the values
fo; the balancing computafions. The result of this iteration
in the calculation of the moment over the'midd1é support. Then
the structure becomes statically determinant and the rest of
the bending moments over the length of the beam caﬁ be calcu-
lated. Because the moment distribution method employs an unchanged

stiffness throughout the beam, the method is only an approxi-
mate estimate. The corréction of the bending moment diagfam
is the next sfep in the iteration. 1In the case that the
loading conditions produce at any place bendingvmomeht which is
higher or equal to'MP then the adjusted B.M. diagram is kncwn
because the frame becomnes déterminant. This is facilitated by
the properties of the plastic hinge. o

When the moment diagram does not reach at ény point

the value of MP, an estimate of the correct moment diagram is
made by usfng the moment-curvature relationship.and satisfying
compatibility of displacements aﬁd equilibrium. This‘process‘is

continued through a certain number of converging cycles until
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the‘correCt deflected shape of the beam is known and therefore
a correct bending moment diagram. These iteration cycles are
more particularly described in section (bec).

bb) Balancing the Cross-Section

Each cross-section is_divided into 20 strips. First
the strain in the top fibres and the centroid of the cross-
'.sgction for the initial loading are estimated. From the geo-
metry of the section the strain at each strip and also at the
centroid of the tension and compression steel is known.
Using the equations for the stress-strain relationship both for
c&ncrete and steel the values of stresses throughout the croés-'
section are calculated. “Simply by multiplying the area of
each strfp by the average stress in the strip and then adding
.thesefvalues for all strips the magnitude of compressfon force
in the concrete‘is'obtained. Because the point of application
of the compression force in:each small strip is near the cen-
troid of each strip, the resultant of the compression in the
concrete can be computed. A}so the magnitude and the position
of the tension and the compression forces in the reinforcing
steel are known. The first condition for a balanced section
is that the sum of the infernal and external axiai force is
equal to zero. UWhen this condition is not satisfied, the centroid
of the cross—section\hasto be moved until the condition is
fulfilled to within é»certain accuracy. This accuracy limit
was for practica? ressons set at 100 1b.

When the section is balanced for the first condition the
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internal moment is computed gnd cohpared to external moment.

In this second step in the-iteration-the initial estimated strain
'is changed to 2 strain which produces an internal moment of a
magnitude and sign closer to the external moment. The satis-
factory accuracy limit for this step was set at 0.5 inch-kip.
difference between internal and external bending moment. Once
the section is balanced for both conditions, all informations
about the strains_and stresses thnroughout the cross-section are
stored in the computer's memory. For unloading and reloading
the section the important information is the strains and the
séresses from previous loading stages. Using the equations

for the stress-strain relationship for unloading and reloading,
the same iteration steps as are mentioned above are followed.
When the section is in the unloading stage, the residual strain
at zero stress is calculated and added to the stored informa-
tion for each strip as well as for the reinforcing steel. The
equation fer the reloading stress-strain relationship for
concrete is an equation of a straight line and by alteraticen
can happen that values pf stress beyond the range of stress-
strain curvefcouid be taken into further ca]cu]ation. There-~
fore a Timit was ;et to this equation so that the values of
stress could not ekceed thé-values given by the origfnair

stress-strain curve.

bc) Deflected Shape of the Beam
Using the applied load and the assumed bending moment

diagram, the strain distribution required to provide
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resisting moments was computed as déscribed in section (bb).
From thgse strain values the curvature was found. Assuming
vthe aVerage,cﬁrvature over the segment Iehgth the value of
the average curvature is cq]cu]ated. 'Calculation of the
deflected shape is illustrated in Fig. 3.3.

| The result of this calculation is a deflected shape
of the beam shown in Fig. 3.4. This calculation is started
from the left hand suppdrt. To get the real deflected shape
for an estimate moment diagram the curve which represents the
deflection must be rotated to 1ie on the right hand support
(;ig. 3;4.b). This curve represents the real deflected shape
for‘the-assumed moment diagram. If the.moment diagram was
correct, then the curve has zero deflection over the middle
suppoft; If the magnitude of the deflection at the middle
suppbrt'is_not equal to zero, then the assumed moment diagran
was incofréct. The first iteration step is to choqse.a new
magnitude for the moment over the middle support, iﬁen compute
the new momeht diagram and from this the new deflected shape.
When finally the deflection at the centfé] support reaches
zeyo; the moment diagram is correct. A limit for this itera-
tion step in the computor pfogram was qﬁosen for deflection
at the .central support. It was aséumed that a value of less
than '+0.01 inch deflection is sufficientEy accurate. This
1imit corresponds to a change in thé moment at the middle
support of 22 inch kibs.

In the case that bending moment 2ither reaches the
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value of MP or is greater than MP, the exact moment diagram
i§ known and therefore it is possibie to combute the correct
deflected shape of the‘béam: There are three possible cases
for the development of plastic momentS:’

1. Fully plastic moment is in the left span.

2. Fully plastic moment is in the right span.

,3, Fully plastic moment is at the middle support.

In the first case the calculation of the deflected shape of
the beam uses»the radii of curVatures for each segment star-
ting from the right support;(see Fig. 3.5). Using the
a;sumption‘that the length of %he plastic hinge is equal to

_ the distance between the two moments MY, then the length and
position of the plastic hinge are known. The deviation of
deflections are evaluated as was described above up to thei
segment where the segment length containing the beginning-

of the plastic hinge - where the first MY is located. Because
it is known that the moment diagram is correct and hence so
are deviations of def]ectioné, the procedure is to simply
rotate this paft of the deflection curve until it goes
through the middle support. This step establishes the magni-
tude of deflections over the length from one endjof the beam
to the beginning of the plastic hjngea The deflections under
both extremities of the nlastic hinge are assumed to be the
same. The next computation consists of thne same,calcu!étion'
from the other end of the béam,' This fime thg jength of the

deflection curve is rotated until it matches up with the
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magnitude of deflection at the other side of the plastic hinge.

To accomodate ;ompatibi]ity of deflections the plastic
hinge has to undergo a certain rotation. This rotation is
defined as the sum of angles ¢ and ¢é which is equal in
maghitude to the angle between the tangents to the deflection
curve at the extremities of the plastic hinge (Fig. 3.5).
Once the rotation which occurs at the plastic hinge is calcu-
lated, then it is possible to compute the strain distribution
over this cross-section using the average curvature over the
plastic hinge 1engtﬁ. This average curvature is equal to the
value of hinge rotation divided by the hinge length.

In the second and third case, when MP is in the right
span or at the middle support, the same procédure is followed
except that the calcu]atipn for iﬁe-deviation of deflections

starts from the left hand support.

c) Loading Cycles and Residual Moments: One loading cycie

consists of three‘1oading stages and three unloading stages.
- The loads are app}iéd in the following sequence: .

.1. Load on the left span

. Unload the left span

Load‘on.the right span

Un]oad the right span

Load on both spans

Unload both spans

r—q (o] o +» W [AS]
- L ] L »

he loading cycle is shown in Fig. 3.6.
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In the three loading stages the moment.diagrams are
computed by using the moment aistribution method and in the.
case ‘where the bending moments do not reach the value of
fully pltastic mement the diagram is corrected by iteration

procedures as was described in section (bc). After these
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procedurqs the‘distribution of bending moments throughout the

beam length are knowh and the magnitude of deflection in each

chosen segment and all necessary informations about the

chosen croés-sections are calculated. When a plastic hinge

forms, from compatfbi]ity of deformations the hinge rotation

" is determined and the length of thé plastic hinge is calcu-

lated from the shépe of the bending moment diagram.

. The'shape cf residual B.H. fs'knoﬁn,hbecause”thé beaﬁ‘is stafi»
gzélﬁggggiﬁngirate to one degree &_if is necessary‘oniy to estimate
After a few converging iteration cycles when the curve which
representé the deflected shape of the un]oaded'beﬁm sits on
a]]‘thrée'supports, the correct residual moment diagram has

been found. These residual moments are important for the next
]cadihg stage where these moments are added to those calcu-

lated by the moment distribution method as a first trial.
The’residuaf strains’ and stresses in all the strips of the
crdss-sections aré recorded and used for balancing the sections

for a new set of benqing moments from the next 1oading stage.

The magnitudes and positions of Toads used in the aha]ytical

program are the same as specified in the tests,

‘3.5 MORE GENERAL APPLICATION OF THE METHOD OF BEAMN ANALYSiS

. The finite element method has proven to be a valuable
tool for the analysis of varicus members and structures. The .
}ess'sophisticgted form used here seemed very satisfactory for

beam analysis. The basic principles involived may be programmed


http:specifi.ed
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to provide solutions for a wider range of boundary conditions.
The iterative techniques were highly specialized and would |
require adjustments for é wider application. Even with the
use of high speed computers, the CDC 6400 in fhjs case, the
method developed here was very time consuming and Qoqu be
impractical for design purposes. The analysis does however
provide an alternative and comp]jmentary meaﬁs for studying
vshake~down effects. The computer program can be used up to

a magnitude of the load close to that of collapse load. The
program stops as soon as the collapse mechanism has developed.
The loads which produce a distribution of bending moment with
one plastic hinge and one or two values very close to MP

can easy stop the computor program.because due to iterative
technique, the magnitude of the moments close to MP might be

changed into MP and create an apparent collapse mechanism.,



CHAPTER. 4
THE RESULTS OF THE BEAM TESTS AND THE NUMERICAL
- BEAM ANALYSIS

4.1 INTRODUCTION‘

This chapter provides compliete information about the
test data which are compared with the results of the numerical
analysis. In the first part there are the descriptions of the
proportional loading tests which were done on two test speci-
mens with different cross-sections. The results are compared
with the resufts of the adjusted.numerica1 analysis. The
second part contains the test results of 8 test specimens
subjected to variable repeated loading. Plotted are dafa of
deflection, strain measurements and curvatures along with
interpretafion of some typical strain history readings in the
tension steel by using the idealized stress»strain relationship.
The test data are compared with the datas obtained by using
the numerical analysis which was explained in Chapter 3.

In the last part of this chapter all the datas from the tests
and the ané]ysis for eacnh critical croés—section at each
critical loading stage are accupu)ated to facilitate comparison.

The fabrication and instrumentation of the test beams,
the material uséd, the proparties of materials and the test
equipment were described in Chaptef 2. The test procedure is

described in this chapter.
53
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4.2 RANGE OF THE BEAM TESTS

The beam testing program concentrated on only one type
of beam. The beam dimensions, material properties and tésting
methods were standardized as well as possible. The dimensions
of the test beam are shown in Figure 4.1.

A concrete mix with a designed 28 day éy]inder strength
of 3750 psi was used throughout the tests. Naturally, even
though a standard mix was used, variations in. strength occurred
for each test. The discussion of the causes and the methods
for handling concrete strength variations was included in
Section 2.2. Four of the beams (#3, #4, #5, #6) tested with
variable repeated loading are shown in Fig. 4.2.a and b.

The position, percentage and type of reinforcing steel
as shown in Fig. 4.1, were the same in test beams #3 to #10
inclusive. The other type of reinforcing steel with a different
yield point was used in the test beams #1 and #2.

A1l the beams were tested with the same equipment. The
position of the load and program of the loading cycles remained
constant throughout the tests. The tests #1 and‘#lo were
proportional loading tests and their purpose was to determine
fully plestic moment as well as the value of the proportional
collapse load. In these tests the load was applied in both
spans at the same time and the magnitude of the load was
gradually increased until the collapse occurred. The rest of
the beams were subjected to the previously specified program'

of load cycles to determine shake-down load. The number of
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cycles of load varied from 2 to 23 in this test program. The
.magnitude of the load throughout any single test remained
constant. A test was stopped when failure occ&rfed or when
after a number of load cycles the deflections and strain

measurements reached a stable state.

4.3 EVALUATION OF THE TEST RESULTS

3 -
—

One evaluation of the test results was done by using
the second computer program. The program\calculates‘from the
geometry of the cross-section and from the strain readings
" the curvature and strain distribution throughout the cross-
section.

A) Input Information to the Second Program

The following information was either read as data or

was set at a constant value in the program:

1) dimensions of the cross section

2) location of the reinforcing steel

3) number of cross-sections where the strain measurements
were taken

4) location of the demec-points or strain measurements along
the side of the beam

5) the magnitude of the load

6) strain measurements at three levels in each section
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~ B) Program Limits and Range

From the geometry of the cross-section and the strain
measurements the program was designed to calculate the
centroid of the section, thé strains at the top and the bottom
of the section, the strains in the level of reinforcing steel
and the curvature of the cross-section. The calculation
emp]oyed.on]y the test strain readings in the compression zone
of the cross-section. The third strain reading which was
taken at the level of tension reinforcing steel was not accurate
enough mainly due to the distribution of cracks.

The errors which were due to the strain reading
including positioning of the demec points described in more
detail in Chapter 5. Chapter 5 also contains descriptions of
possible errors associated with the position of the load and

the magnitude of the load.

4.4 PROPORTIONAL LOADING BEAM TESTS

‘Two of the 10 beams were tested on proportional
loading. The purpose of these tests was to establish the
fully plastic moment for a given cross-section as well as the
value of proportional collapse load. The load was applied in
both spans as is shown in Fig. 4.2 and was gradually increased
until the collapse occufred. The load was applied slowly and
maintained at constant values during the times required for

taking deflections and strain readings.
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FIG. 4.2, PROPORTIONAL LOADING TEST

The evaluation of a theoretical internal moment was done by
using the strain readings in the cross-section from the demec-
points and then calculating the stress in the concfete and

the steel using the stress-strain equations described in
Section 2.2.3. By knowihg all the forces in the cross-section
the value of the bending moment was calculated. In addition
to this theoretical moment-load and moment-curvature relation-
ship in the test #10 also calculated and plotted were the
actual moment-load dnd moment-curvature relationship, using
’the readings from the load-cells under the subports.

The computor program designed for variabie repeated
loading was adjusted so that it could be run also for propor- -
tional loading. Unfortunately the program was designed for a
beam which has formed only 1 plastic hinge at any particular
loading stage. Therefore by the critical loads of magnitude
13K and ISK the program stopped. As loads near those required

to form additional plastic hinges were neared, the iterative
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" methods would not converge.

4.4.1 BEAM #1

The magnitude of the load was‘in the range_O to 20 kip.
The history of loading as well as the theoretical moment-load
and moment-curvature reiationship are shown in Fig. 4.3.

From the moment-load diagram it is evident that the
critical load, when the creation of plastic hinges is taking
place 1is 12K - 16K. The first plastic moment forms over the
middle support, critical section #2, and is reached at a load
of ]ZK. Then the value of bending moment reaches the value of
MP at the critical section§ #1 and #3 at a Magnitude of
applied load of ]2K to ]GK. Then even if thé magnitude of
the load is increased tHe values of theoretical fully plastic
moment remains constant. The further increase in load magni-

tude was enabled by increase in value of real plastic moment

due to the strain hardening of reinforcing steel.

4.4.2 BEAM #10

In this proportional loading test the cross-section
was slightly changed. The dimensions are the same as in the -
beam #], but different reinforced steel with a higher yield
stress was used.

The load was again in the range of 0 to ZG kips. .The
history of loading and the theoretical and actual moment-load

diagram and the moment-curvature diagram are shown in Fig. 4.5.
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- The load-deflection re]ationship fS'compared with the
theoretical results of the numerical analysis in Fig. 4.4.
The critical load PC in this test was 188, The theoretical
MP.reached higher value than in the first test. This was due
to the higher yieid point as well as the greater amount of
reinforcing steel in the cross-section. The first plastic
hinge was created over the middle support when the load had
the magnitude of ]6K. The p]astit,hinges in the critical
sections #1 and #3 were created simultaneously at the 18 kip
load.

The actual moment-curvature and moment-load diagrams,
which were plotted by using the readings from the foad-ce]ls,
are not following very we11>the theoretical diagrams. The
most important discrepaﬁcy is that even after reaching the
predicted value of MP the actual MP is further increasing.
This effect is mainly due to strain-hardening in the reinforced

steel which was neglected in the theoretical analysis.

4.5 INCREMENTAL COLLAPSE BEAM TEST

Eight of the ten beams were tested with variable
repeated loading. Thé test specimen #3 to #9 had the same
dimensions (Fig. 4.1a) and material properties. There were
only slight changes in the concrete strength. The regime of
loading cycles was the same. The load magnitude was adjusted
from test to test. The test specimen #2 had a different type

of steel reinforcing with a different yield stress (Fig. 4.1b).
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The loading cycle is shown in Chapter 3, Fig. 3b.
This section contains the test results and the
corresponding comparison results from the numeriéa] beam

analysis.

4.5.1 DEFLECTION MEASUREMENTS

A The deflection measurements were taken at the points

of application of loads (critical section #1 and #3) using

the Dial Gauges as was described in Chapter 2, Section 2.4.2d.
When the test beams failed after less than 10 loading cycles,
the readings were taken at each stage of the loading cycle.

In the tests where 23 Toading cycles were applied, the readings
were first taken at each loéding stage and then after 8 or 9
cycles only at the end of each cycle. The deflection diagrams
are presented in the same order as the beams were tested.

Each cross-section, where the development of a fully
plastic moment was expected, is drawﬁ separately. The tests
where the magnitude of the applied load was greater than IGK
are not compared with the numerical analysis results because
according to the analysis, applied loads of magnitudes greater
than or equal to ]6K form a plastic collapse mechanism. The
"program was not designed for this type of failure.

A1l the predicted deflections are drawn as dotted
lines. P] is the applied load in the left span, P2 is the
applied load in the right span. P] = P, means that the both

loads are applied at the same time and P] = P2 =0 in the
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unloading stage after the loading cycie.

4.5.2 STRAIN MEASUREMENTS

A demec mechanical strain indicator was used to measure
the strains at three levels in the cross-section: The spacing
of the demec-points is shown in Chapter 2, Fig. 2.5. Readings
were taken until the range of the strain indicator was exceeded,
When the number of loading cycles was greater than 8, on}y the
residual strain readings at the end of each cycle were taken.

The strain diagrams are reproduced fbr all three
critical cross-sections, where the formation of a plastic hinge
was repeated. Unfortunately there were no strain readfngs
in test #3, where the magnitude of fhe applied load was ]9.8K-
When the load was applied, the strain in the critical cross-
sections had exceeded the range of the mechanica] strain
indicator. For the same reason there were only a very few
readings taken in test #4, where the.magnitude of the load

was 18.25K.

In addition to the strain history of the section
either in the top or bottom fibres and curvature of the cross-
section, also shown are the stress-strain diagrams for the
reinforcing steel in the critical cross-sections. The values
of the strain in the steel were computed using the second
computer program (Section 4.3).

Assuming the idealized stress-strain relationship and

knowing the yield stress and the yield strain, the values of
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strain in the steel were simply drawn in the same order as the
loads were applied. |

"The predicted strain data are drawn as dotted lines.
The identification Pi means again lbad applied in the left

span, P2 load in the right span. P] = P means that both

2
loads are applied at the same time.and Py = P, =0 indicates
the situation for the residuaT strains at the end of a loading

cycle.

4.6 PREDICTED SHAKE-DOWN LOAD ANb THE ACTUAL TEST LOAD

' According tc the plastic theory the value of ccllapse
load and shake-down load can be calculated by knowing the
value of fﬁ!]y plastic moment for a given cross-section. This

calculation (see Fig.4.36.é) gives the value of collapse

load Pc = 5,85 ﬂ% and value of shake-down load PS = 5,12 ﬂ%1
P P
Al L LAt L-A1 | Al
1
L o L
¢| gz Q’). ¢l
x- A J ’/Tr"zs ~;\\\ /é»"A
¢9_ QS‘ @ll ¢2_
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_ f
% = AT
_ f
%2 = AT

e o, D)

MP(7 + 05) + MP ¢, - P (6,(L-A1))

=2
—
U

o~

L+A1)

¢ = " WAy

)
n

o)

if Al = 0.45L as in our. case

- MP
PC = 5.85 T

Simf]ar calculation for shake-down load:

TABLE 4.1
ELASTIC MOMENTS FOR A1-045L

CROSS-SECTION 1 ' 2 : 3

Py +0.288PL  -0.0896PL  -0.0404PL
P, -0.0404PL -0.0896PL  0.208PL
Mooy 0.208PL 0 | 0.208PL
M -0.0404PL -0.1792PL  -0.0404PL

min
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mp(e) *+ ¢p) - 2m3¢§ tmy (o) + ¢,) = 0

(MP - 0.208PL) 1.818¢, -2[-MP + 0.1792PL] 0.818¢ +
+ [MP - 0.208PL] 1.818PL = Q

TABLE 4.2
COLLAPSE AND SHAKE-DOWN LOAD

 DIF. STEEL
Fe 3000 3400 3750 3100
MP 289 291 293 249
P, 15.67  15.78 15.9 13.5
Ps 13.7 13.8  13.9 1.8

4.7 COMPARISON OF THE RESULTS

In the previous sections of this’chapter the theoreti-
cal results and the test results were compared for each test
and each critical cross-section separately. In this section,
the test results and nﬁmerica] analysis results are compared
separately for each critical cross-section only and the data
from all tests are drawn in one diagram. |

The purpose is to show how the magnitude of the applied
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load influences the strain history as well as the def]éctidns
in a particular cross-section. |

First compared are the deflections measured under thei
applied loads. Included are only the largest deflections
caused by applying one load only and the same span as in the
investigated crbss-section. Also shown are the residual
deflections at the end of the loading cycle when no load is
applied. '

In the same order are drawn also the stains and
curvatures in the compared cross-sections. Included are again
only the maximum and the residual values. The reason why
the results can be compared all together is that, except for
the chanaging magnitude of the applied load, there was only
one variable - concrete strength. As was shown by calculation
(TABLE 4.2), the concrete strength variation doesn't have
much influence on the value of the fully plastic moment for
a given cross-section. Only the results from the test #2
should be drawn separately because the beam had a different
amount and different properties of reinforcing stee1f _The
results from this test were for practical reasons included

with the rest of the results.

4.8 SUMMARY

The results of the tests and theoretical predictions
presented in this chapter will be used to evaluate the

numerical method of beam analysis which was described in
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Chapter 3. In addition both sets of results provide informa-
tion about proportional collapse, fncremehta] collapse and'
shake-down.

Four aspects of the comparison between the theoretical
prediction and the experimental results were mentioned in the
course of exp]aining the methods used to display these results.

A more complete description and discussion of the
relationship between the tests and the analysis is included
in Chapter 6. The discussion of sources of errors is con-
tained in Chapter 5. The possible magnitude of variations

between tests and analysis are indicated.



CHAPTER 5 |
ERRORS IN THE NUMERICAL ANALYSIS OF BEAMS AND IN THE
EXPERIMENTAL BEAM TESTS

5.1 INTRODUCTION

| In this chapter references are made to sources of
error and their possible influence on the interpretation of
the theoretical and experimental results. An attempt is made
toiindicate the possible magnitude of errors due to particular
considerations. No methematical method in the probable'errcr
is accepted. However ffom personal observations and experience
the magnitude of errors and the corresponding effects are
estimated. The discrepancies in the tesé results were
re]atively small in magnitude. Aiso the numerical ana]ysié
was r asonably accurate. The existing inaccuracy in the
ana]ysis is a resuit of emplbying of simpiified assumptions

Cin stress-strain relationship of reinforcing steel.

5.2 ERRORS IN THE PREDICTION OF BEAM BEHAVIOUR DUE TO THE

METHOD OF ANALYSIS

The beam analysis was accomp1ished‘by the use of a

122
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simplified beam model as was described in Chapter 3. Sone

discrepancies resulted from the approximate nature of the model.

5.2.1  THE EFFECT.bF THE BEAM MODEL

In the.beam analysis, each investigated cross-section
Was divided into a number of strips. The force on each element
was calculated using the strain at the centroid of the element.
Similarly, for calculating moments, the force was assumed to
act at the centroid of the element. This system would be
correct if infinitely small elemerts could be employed.
HJwever to accommodate a reasonable computor solution time,
relatively large elements were necessary. The variation in
accuracy by changing the number of strips in the cross-section
is shown in Fig. 5.1a. ‘

The deflected shape of the beam was found Ey dividing
the beam length into a.number of segments and using the
average curvatures from the croés—sections at the ends of each
segment to calculate the displacement of one end of the
segment with respect to the other end. The assumption of
average curvature over a segment length is not exact, therefcfe
the analysis is closer to being correct as beams are divided
into more segments, which detreasesvthe difference between the
bending moments and the curvatures at the ends of each segment.
"The variation in accuracy depending c¢n number of segments is
shown fn Fid. 5.1b. Tﬁe datas for diagrams in Fig,. 5.1 have been
taken from Dr. R. Drysdgle‘s thesis: "Creep in Reinforced

Concrete Columns".
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5.2.2 THE EFFECT OF THE LENGTH OF THE PLASTIC HINGE

The length of the p]astic'hinge was assumed constant
throughout the test. This assumption was based on the theore-
tical moment-curvéiure diagram whefe the value of fu]]y
plastic moment stays constant by increasing curvature. The
length of the plastic hinge has an'inf]uénce on the average
curvature in the plastic hiqge, which is calculated as the
hinge rotation over the hinge length. The value of MP as is
shown in Chapter 6 does not stay constant when the curvature
increases. The change in the MP is due to the strain hardening
ofvreinforcing steel and the magnitude of increment of MP is
prdpbrtiona] to the magnitude of increment of stress in the

reinforcing steel.

5.2.3 THE EFFECT OF ERRORS CAUSED BY COMPUTER CONVERGENCE
TOLERAKCES

A different percent of tolerance limit was allowed in
order to speed up computér convergence on to the required
load and moments at each cross-section of the beam. This
1imit generally does not exceed 2%. Because of the system of
convergence the éa]cu]ated ioad was always very close to
réquired value by the time the moment calculations were within
fhe tolerance limit. Observations of computer print out of
balanced moment compared to calculated bending moments showed
thaf the indjvidual*toYérance errors tend to coﬁpensate'for

each other.
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In addition to the to]erance'error for convergence of"
ca]culated values of forces and bending moments there is .
another source of convergence error resulting from the tolerance
allowed for convergence of the defleéted shape. An accepted
discrepancy of 20.01 inches, which is equal in 22 inch-kip
change in the moment over the middle supporf,~was used in the
analysis. In the average the calculated value was less than

the allowed tolerance.

5.3 ERRORS ASSOCIATED WITH THE USE OF IMPERFECT MATERIAL

PROPERTIES AND ASSUMPTIONS

Many of the material properties used in the numerical
analysis were derived experimentally and were therefore subject
to experimental error. in addition some assumptions concerning
material behaviour were made. The accuracy of some of these
assumptions can not be checked withouf some additiona] studies

which would be complete programs in themselves.

5.3.1 PROPERTIES OF REINFORCING STEEL

The stress-strain relationship for the reinforcing
steel was found experimentally and indicated that there is
strain hardening of the steel as shown in Fig. 2.3. Tests of
16 specimen (TABLE 2.4) indicated some deviation of the yield
stress. There have been done only tests of specimens for each
nev- shipment of reinforcing bars and not for every bar used

in beam reinforcing. The deviation of 1 ksi from the average
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yield stress 60.2 ksi will cause a calculated change of 1.7%
in the value of MP. | -

The strain hardening of the steel was neglected as
well as BAUSCHINGEQ'S effect. The strain hardening was
neglected for bractica] reasons. When it'wou]d be included
in the analysis it will cause an average 10% change in the
fully plastic moment of the cross-section. Because the
magnitude of MP was assumed constant and because it would be
difficult to keep track in the éhanges of MP and plastic hﬁnge
length it was decided to neglect the strain hardening effect
of?the steel. The strain hardening has an influence on capacity of
of the cross-section as well as on the behaviour of the beam.

The Bauschinger's effect which causes a2 non-linear
stress-strain relationship for reloading the specimen in the
opposite stress direction was not taken into account because
it would be necessary to make a complex test series for each

teel. Therefore

[72)

barvby discovering the true behaviour of the
it was assumed that the steel has its Tinear stress-strain
relationship also in the reloading in the opposite direction.

The Bauschingers effect <ces not have much influence on the capacity
of the cress-section, but has an influence en the behaiour of the
beam. |

5.3.2 MATERIAL PROPERTIES OF THE CONCRETE

The derivation of the concrete stress-strain relation-
‘ship is described in Chapter 2 and illustrated in Fig. 2.1.

h up quite well

or
L]

HIE

(%3]

The stirain results of the cylinder test

with the mathematical curve. The greater of the concrete
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stress-strain relationship obtained from the cylinder tests

for each beam indicates that there are some differences

between the actual and theoretica]hcurve. However this shouldn't
cause a problem because the equation for concrete stress-

strain re1atioﬁship used in the analysis was actually ihe
éxpression for the average of the stress-strain curves and

should cover the indi?idua] réadings.

In the analysis no tensile stress was included in the
behaviour of reactions;vrééd from the load-cells, to the
predicted reacticns. The positionnof the loads and the length
ofrthe span was measured with a fape. A double measurement
Was done to'make sure that the ioad was applied at the correct
position. The expected error of (.1 inch in positioning of

the load wouid cause a change_of 1.2% in bending moment.

5.4 ERRORS DUE TO VARIATIONS IN BEAM DIMENSION

‘The dimensions of the beam cross-section which were
contro]led;by the forms were within 0.02 inches of the
required size. The measured thickneéses to the trowelled
.surfacé were occasionally in error by as much as 0.2 inches.
To minimize the effect of this variation, the beams were loaded
so that the trdwel]ed face was on the tensicn side on the main
portion of the beam. The error in positioning of the reinforced
‘bars in the cross-section was within C.1 inches. The result of
this discrepancy is in the range of 1.5% in the change of the

capacity of the cross-section.
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5.5 ERRORS RESULTING FROM THE LOAD CONTROL SYSTEM

The load cells used to measure the load on the beams
- and reactions under the suppbrts were calibrated as was
described in Section 2.4.2. The acéuracy of the load sensing
device for this 120 kip Baldwin Testing Machine was guaranteed
to be within 0.5%. Any loading errors due to calibration of
this testing machine were consistent.

A load-cell was discarded during calibration if the
calibration curve was not repeated withiﬁ 2%
for several repetition of loading. However in the test #3 and
#4#there was a failure of load-cells caused by the wrong
ca]ibrafion.‘_The load-cells were re-calibrated after the
test was finished and it was found that the actua]'applied

lcad was higher than it was planned.

5.6  DEFLECTION AND STRAIN MEASUREMENT ERRORS

vAn examination of the methods cof measuring deflecticns
showed fhat ény meascrement could be made by as much as
10.003_in€hes due to human error. Then the deflection values
could bossib]y vary a total of 0.06 inches because of opposite
errors in the initial readings and measurement under the applied
toad. The Demec-strain indicator is read to the nearest
division, which equal§ 10 micro-inches per inch. Repeated
'readings fndjcate that this instrument is reliable to one half
of a division. Therefore the'strafn measurements were.se1dom

“wrong by more than 0.00001 inches per inch. However, incorrect
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positions of the gauge points could result in some error,

5.7 SUMMARY OF ERRQRS:

Improvements in the beam model can be made to increase
accuracy of the ana]ysis but as was mentioned before it will
cause an increase in computer time. There might be also more
addition tests done to increase the accuracy of some of the

employed assumptions.



CHAPTER 6
DISCUSSION AND RECOMMENDATIONS

6.1 INTRODUCTION

This chapter contains a discussion and comparison of
the experimental and analytical results presented in Chapter 4.
Sources of discrepancies between the test and predicted beam
behaQiour for the variable repeated loading are referred to
and the trends of the correlations are pointed out. In
conjunction with the discussion of’the variations between the
tesf‘and“the predicted results, possible improvements in the

method of analysis are suggested.

6.2 COMPARISON OF TEST DATA AND PREDICTED RESULTS

As was mentioned in Chapter 3, the numerical analysis
was derived for predicting the behaviour of the beam for
variable\repeated loading. The adjusted computer program was
run also for the proportionél loading condition, but it stopped
just prior to formation of the second plastic hinge. The
magnitude of the load at which the program stopped in close
and is assumed to ﬁe that of the predicted proportiona]
collapse load, PC.' The predicted magnitude of the load PC was
16 kibs. When the applied load has a magnitude equal to or

greafer than that of PC, the loading causes plastic collapse

131
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df the beam according to the numerical analysis as well as the
plastic theory. A number of tests with'variéb]e repeated
loading have been done where the Toad magnitude was higher
‘than the predicted P.. These tests can not be compared
directly with the numerical ana?ysis, which is based on the

idealized moment-curvature relationship.

6.2.1 PROPORTIONAL LOADING TESTS

Tests #1 and #10 were done in order to establish the
value of Fully Plastic Moment MP and the proportiona} collapse
Igéd PC’ Some differences are evident between the predicted
maghitudes of Pc and the'actuaT collapse locad. AISo diffearences
were observed between the theoretical plastic moment MP and the
actual MP, which was calculated from the load-cells readings
in test #10. Test #10 was most important because the cross-
section of the beam used in this test had the same parameters
as the cross-section used for 7 of the tests with variabie
repeated loading. The evaluation of the test is done in
Section 4.4 and the mcment-load, moment-curvature and deflection-
load re]ationships are shown in Figures 4.3, 4.4 and 4.5.

The theoretical value of MP (TABLE 4.2) is 249 inch-kips and
€93 incn-kips respectively for tests #1 and #10 and the
predicted value of collapselload PC according te the plastic
theory and the numerical analysis is correspondingly 12.5 kips
and 16 kips.

Following the moment-load relationship for all inree
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critical crbss-sections where the hinging action was expected,
the first plastic hinge was created over the middle support

at 12 kips load in test #1 and at the 16 kips load in test #10.
To obtain a collapse mechanism one more plastic hinge was

~ required under one of the applied loads. 1In test #1 the

- plastic hinges under the loads were formed simultaneously

at the Toad of 15 kips. This is shown in Fig. 4.3. It is
perhaps more clearly seen when comparing the load-deflection
relationship illustrated in Fig. 4.4. The relationship is
almost linear for both points under the applied loads until
the loads reach the magnitude of 15 kips. Then the relative
increase in deflection is much hfgher. However the beam did
not collapse even if the magnitude bf the load reached 20 kip.
The first value of P., which can be called P.q was established
at 15 kips.

In test #10 the formation of the first plastic hinge
took place again over the middle supbort at the load of 16 kips.
The second plastic hinge formed at the critical cross-section
#1 at the 15 kips load. This result could be due to an
unaccurate strain reading from which the theoretical value
of MP was calculated. As more realistic value seems to be
that the plastic hinge was created at the load of 18 kips at
critical section #3. When comparing the load-deflection
relationship in Fig. 4.4, the relatively rapid increase in
deflection starting at the Ioad 18 kips tends to confirm this
suggestion. Askin the test #1, also in this test the beam

did not collapse at the load 18 kips, which was established
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to be the first collapse load PC] and resisted even if the
magnitude of the applied load was 20 kips. The highest magni-
tude of the load the beam was subjécted to can be called the

last applied collapse load PeL-

TABLE 6.1 |
THEORETICAL AND ACTUAL Pe

TEST # ACTUAL ACTUAL PLASTIC NUMERICAL PCT/PC] PCT/PCL

Pey PeL ANQLYSIS AgALYSIS
' cT cT
8 15K 20K 13.5K 13.5K 90% 67.5%
10 18K 20K 15.9% 16X 89% 80%

The theoretical value of MP, calculated to be 293 inch-kips,
| when compared to the actual value of MP from test #10 (Fig. 4.5)
does not match up very well. Also the theoretical moment-
curvature relationship, which assume$ a constant value of MP
shows some discrepancies with the actual moment curvature
relationship, where the value of MP steadily increases with
increasihg curvature. | |
The differences between the predictedPC and the first

coi]épSe']oad PC] and the last applied collapse load P,y
(TABLEA6.1) was caused by the fact that the actual capacity
of the cross-section was higher than the pfedicted one when
usfng the, ideai, stress-strain re?étionship for reinforcing

. Steel.



135

6.2.2 INCREMENTAL COLLAPSE RESULTS

Eight beams were tested with variable repeated loading.
The number of ]oading qyc]es applied to the test specimen
and the magnitude of the load was varied from test to fest.
The results of the tésts were drawn separately for the
deflection-cycles relationships in”Figures 4.6 to 4.12 and for
the strain-cycles relationships in Figures 4.13 to 4.25. For
illustration the stress-strain relationships for the tension
steel in the critical cross-sections are also shown in
Figures 4.26 to 4.36.
a; TEST #2

The magnitude of the load P applied to the beam was

-chosen as a result of a wrong estimate of a MP from the first
proportional loading test. Both tests were done within a
few days and therefore the analysis of the proportional lcading
was not complete. As a result the fuT]y p]asticrmoment for
a cross-section with eight #4 bars as used in the first pro-
portiona1‘]oédinq test, was assumed more than 20% higher than
was the actual capacity of the cross-section. According to
the analysis of the first test the actual collapse load PC and was
15K and therefore each load app]ied to the test specimen with
a magnitude equal to‘PC or‘higher than PC should cause a
biastic collapse of the beam.

| From the strain-cycles diagram and curvature-cycles
diagram shown in Fig. 4.13, it can be seen that in the first

}oéding cycls, when the single leoad P] in the left span
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was applied, a plastic hinge was created in the critical cross-
section #1 (strain= 4 x ]0f3, curvature = 2.6 x 10'3) but there
was no plastic hinge at fhe critical section #2. The reading
in strain reached 1.15 x 107° and curvature was 4 x 10”7,
Fig. 4.3 indicates that the curvature in the p]éstic hinge
should be at Teast 1.25 x 10'3. The collapse mechanism had

not formed even in the second stage of the loading cycle when
the load P2 was applied in the right span. There was a plastic
hinge in the éross?section #3 but again no plastic hinge at
cross-section #2. Only when both loads P] and P2 were applied
simultaneously in both spans did a collapse mechanism form

with plastic hinges in all three critical cross-sections. The
explanation why the plastic ;o]]apse occurred only when both
loads P] and P2 were apb]ied is probably in inaccurate

estimate of theoretical moment-curvature diagram as well as

inaccurate strain readings.

b) TEST #3 AND #4

In test #3 and in test #4 there was a failure of the
load-cells which controlled the magnitude of the load. The
load of 19.8 kips and 18.25 tips magnitude Were higher than
planned for these tests. In test #3 the deflections were so
high that the demec gauge readings in the critical cross-
sections were out of range. In test #4 some demec strain
readings were obtained and they indicate as shown in Fig. 4.14
that the test specimens had formed a collapse mechanism in the

first stage of the load%ng‘cycle. Crushing of the concrete
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was observed in all critical cross-sections and therefore the
test was stopped.

c) TEST #5

The magnitude of the load P = 16.5 kips was higher
than the predicted collapse load and therefore the numerical
analysis could not be done to be compared with the test results.
The magnitude of the load lies between the actual collapse load
PC and the predicted shake-down load PS. The behaviour of the
beam under the appiied loading cycles was expected to be as
for an incremental collapse. The deflection-cycles relationship
shown in Fig. 4.8 and the strain-cycles relationship and the
curvature-cycles relationship shown in Fig. 4.15 seem to
indicate that this is an inqrementa] collapse. The deflections,
strains and curvatures were quite rapidly increasing with each
loading cycle. It was appareﬁt that after a number of loading
cycles the beam will collapse, therefore the experiment was
stopped.
d) TEST #6

"The bahaviour of this beam was very similar to test #5
even though the load P = 16.2 kips was slightly less than in
the previous test. The discrepancies between the tests and
the expected deflections, strains and curvatures can be
explained by a number of practical errors and natural varia-
bility which have been described more detailed in Chapter 5.
When it was apparent that the beam behaves as by an incremental

collapse, the test waS.SfOpped.
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e) TEST #7

Comparison of the test results with load magnitude of
14.6 kips and numerical analysis results in Fig. 4.10 and
Fig. 4.19 indicated that the behaviour of the test specimen
was very much like that expected for incremental collapse.
The increments of def]éction, strain and curvature were
smaller than in previous tests but nonetheless steady increa-
sing. At plastic hinge #1, the strain readings and curvatures
from the test match up quite well with the predicted results
in the first three loading cycles. Then there was a sudden
Jump in the test readings. Generally the same can be said
about the plastic hinge #2, except that there was‘no sudden
Jump, but the test readings increased more rapidly then was
predicted. The readingé frdm pléstic hinge #3 gave the best
comparison with the predicted readings. There is also quite
a difference between the test re§u1ts~for plastic hinges #1
and #3. A1l these factors indicate that the load P], applied
in the left span of the beam had an increase in magnitude
after three cycles were applied which had an-ianuence on both
plastic ninges #1 and #2 and increased their readings by 15%.
This increase could be caused by an uncareful overloading of
the load P] in one loading stage, which would cause more
intensive cracking in both plastic hinges #1 and #2 and would

have an influence on their stress-strain history.

f) TEST #8

According to the numerical analysis the magnitude of



139

the load P = 13.8 kips was not high enough to create through
a number of loading cycles a sufficient number of plastic '
hinges for incremental cb]lapse. In other weords the load was
below the actual shake-down limit.

The applied Toad was the same as the calculated shake-
down load PS according to the plastic theory (TABLE 4.2).
Comparing the test results, the deflection readings at the
plastic hinge #3 characteristic shape fairly close to that
expected for éhakeFdown. The deflections at plastic hinge #1
have conversely the character of an incremental collapse. The
strain and curvature test results for critical section #1
define a flat curve throughout the first five loading cycles,
than the increase is more rapid. The test results for the
critical section #2 are quite c]ﬁse to the predicted results.
According to the diagram in Fig. 4.2.1, the curvature reached

a value of 1 x 1073

in the third loading cycle and following
this the diagram was more nearly conétant. A fairly good
agreement with the numeriaal analysis is also evident from the
results for critical tross—sectibn #3. Excluding the discre-
pancies for plastic hinge #1, the overall behaviour of the
test specimen was very close to an expected shake-down result
and seems to agree with the predicted shake-down load PS
calculated by the plastic theory. The numerical aha]ysis has
also predicted behaviour very close to the test results and
similarly the loading cycles did not create a plastic hinge in

critical section #2 and therefore the beam tends to behave
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elasticaly after a number of cycles.  In the test after 23
cycles of loading almost stable stage was achieved. In the
analysis this stable confiquration was reached at fewer cycles
of load. The result of this test and an;lysis provided a
lower bound for PS'

g) TEST #9

The magnitude of the load P = 14.2 kips}was chosen
slightly higher than in test #8 because of an increased
concrete strength. The behaviour of the beam in all aspects
was very close to the expected behaviour for a shake-down
situation. The applied load P was higher than the shake-down
load PS = 13.9 kips predicted by the plastic theory. The
numerica] analysis results match up very well with the test
results. Again as in the previous test the predicted and the
experimental results do not indicate the development of a
plastic hinge in critical section #2 even after 23 loading
cycles were applied and the beam tends to behave almost
elastically after cyclic loading. Using the numerical analysis
a condition for sufficient number of p]astic hinges were
developed for cyclic loading when the load was 14.3 kips.
Therefore the shake-down load PS according to the numerical
analysis is between 14.2 kips and 14.3 kips. The difference
between the predicted sh&ke-down load from the plastic

analysis and the numerical analysis is approximately 3%.
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6.3 PREDICTED AND ACTUAL VALUE OF PLASTIC MOMENT MP

The value of MP was assumed constant throughout a

number of load cycles.
inch-kips depending on
following
under the

reactions

The values were set from 291 to 293

the concrete strength.

For the tests

test #5 two additional load cells were installed
supports in order to measure the magnitude of the

and therefore provide values of the actual MP.

The results of these readings are summed up in TABLE 6.2

and jn Fig. 6.1.

TABLE 6.2
ACTUAL MP IN INCH-KIPS
cyeLvs 1 2 3 4 5 6 7 8 THEORETICAL
TEST MP
#5 309 331 335 340 347 293
#6 333 333 341 341 338 293
#7 309 316 321 309 293
#8 292° 299 304 300 305 307 308 291
#9307 319 319 320 326 325 319 320 293
TABLE 6.3

RATIO OF THEORETICAL AND ACTUAL MP

TEST #5  #6 #7 #8  #9

THEORETICAL 293 293 293 291 293

HIGHEST 343 341 321 308 326

ACTUAL
91.3¢% 90%

\ g o
MPT/NPA SS.SA 86%

95.2%
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From the results the ratio of fheoretical MP to actual
MP(MPT/MPA) seems to-décrease in each test with increased

number of load applied cycles and also decreases with increasing
magnitude of the app]ied load. These changes in magnitude

of MP are probably caused by strain hardening of thé reinforcing
steel. The error between MP; and MPA from test to test is

in range of 10% to 14.5% as indicated in TABLE 6.3.

6.4 SUMMARY OF THE RESULTS

| Test #8 and #9 had behaved very close to the predicted
behaviour for these shake-down cases. Therefore the value of

the 'shake-down load according to the test results is taken as

14.2 kips. Tab]e‘6.4 éhows the comparison of the test results

with the predicted collapse load PC and shake-down load Pg.

TABLE 6.4
ACTUAL AND PREDICTED P. AND Py
TEST - NUMERICAL  PLASTIC
ANALYSIS  THEORY

P 185 16X 15.9K
P 14.2% 14.3% 13.9%
Ps/P. 78.8% 89.3% 87.5%

* value Qf‘Pt as determined from the strain and deflection

. readings.
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The discrepancies between the ratips of PS/PC for the tests.
and the predicted results qre,8.7% and 10.5% for numerical
analysis and plastic theory prediction respectively. The same
difference is shown in Table 6.3 for the predicted and the
actual values of MP. The difference between the aptua] and
predicted behaviour is exp]ained by the assumed idealized
stress-strain relationship for steel and the constant value
of MP. The prediction is quite accurate as far as lower
strains are céncerned thus the region around shake-down load.
The discrepancies keep increasing by higher strains, when the
load is close to the collapse load and the effect of strain

hardening of steel is significant.

6.5 RECOMMENDED IMPROVEMENTS FOR THE METHOD OF ANALYSIS

As a result of the experience gained by developing the
method of.analysis presented in this thesis, a number of ways
to improve it are suggested. These suggestions are either
means for increasing accuracy or for decreasing the computer

time required.

a) Moment-Curvature Relationship ,

Bétter analytical results would be obtained if the
strain hardening of the reinforcing steel thus the changing
value of MP was included in the analysis. An additional
investigation to show how this would influence the plastic
hinge length and therefere the hinge rotation should be done.

When these aspeéts were included into the analysis the
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acéuracy would be significant]y increased. As was mentioned
previously, inclusion of these aspects should increase the
predicted collapse value by approximately the magnitude of
the apparent discrepancies found for the present analysis.

b) Material Properties

CONCRETE - more attention should be given to the stress-strain
relationship for concrete when subjected to cyclic loading.
The theoretical values of this relationship obtained from
expressions dérived by SINHA(3) generally match up well with
the test results obtained from cylinder tests. Observed magni-
tude of the discrepancies could be decreased, when larger
number of cy]fnders would be tested with cyclic loading

and the coefficients used in the theoretical expressions will
be deyived directly from these cylinder tests.

STEEL - as was mentioned before, the gtrain hardening of the
reinforcfhg steel, when included in the analysis, will
significantly decrease the magnitude of discrepancies between
the test results and the analytical results.

c) TIME DEPENDENT PROPERTIES

The number of iterating cycles and therefore signifi-
cant computer time would be saved by better initial estimaté‘
of distribution of residual moments. The shape of the
residual moment diagram is known. The initial estimate of the
magnitude of residual moment over the middle support could be
nore. @chratalyfcalcu]ateﬁ‘by multiplying the value of bending

moment over the middlé'support from previous loading stages

by a constant coefficient.
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CHAPTER 7
SUMMARY AND CONCLUSION

7.1 SUMMARY OF THE INVESTIGATION

The main purpose of the investigation reported in
this thesis was to provide additional informaticn to aid in
understanding continuous beam behaviour. The specific area
of interest was the behaviour of continuous reinforced concrete
beams subjected tc variable repeated loading.

A beam testing program was designed to provide a
thorédgh investigation of a particular beam with a limited
~number of variables. These tests furnished.a reliable source
'of information which was necessary for aﬁ accurate appraisal
of the proposed method of analysis. The method of analysfs
was based on an approximate beam model which inveclved dividing
the beam into a number of smaller segments. Ffor the analysis,
information about the physicai properties of the concrete and
the steel was needed. Additicnal tests were performed to

determine the required properties.

7.2 CONCLUSION

The test results showed that the general behaviour
~of the reinforced concrete beams is very close to the expescted

- benaviour for ircremental collapse and for shakadown as pre-

146
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dicted for steel structures. The results of themselves
provide the values of shakedown load Ps and broportional
collapse load Pc' ‘

The numerical analysis fesults verified the
accuracy of the analytical method when comparihg the results
with the test results for the shakedohn loads. Greater
discrepancies were observed when the magnitude of the loads
'was closer to the proportional collapse load. These diffe-
rences were mainly due to the employing of simplified
assumptions for the stress-strain relationship of the
reinforcing steel. The neglection of the strain hardening
effect of the steel, which influenced the capacity of the
cross-section and the overall behaviour of the beam, resulted
in underestimated values of the fully plastic moment MP.
Strain hardening of the sfee] also is responsible for some
différences from the predicted deflections. The Bauschingér‘s
effect due to reversed of plastic straining in the steel was
neglected in the analysis. This effect actually softens the
"behaviour of the beam and results in larger deflections than
predicted by the numerical analysis. This partially also
explains the differences between actual and predicted deflec-
tions. Pfior to reaching the region of strain hardening and
prior to repeated loading in the plastic range, the predicted
behaviour was relatively accurate.

The simple plastic theory showed good agreement with

‘the test value of shakedecwn locad as well as with the value
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of shakedown load predicted by numeritaI analysis. The dif-

ference between the plastic theory and numerical analysis

predictions and the test col]abse load was due to underesti-
mation of the value of the fully plastic moment, MP.- Also

the numerical analysis predictions were less accurate when

the magnitudes cf the loads were closer to the yalue of

collapse load. In other words accuracy decreased when the

strain hardening effect of the steel was greater than that
which occurred at lower loads.

The numerical analysis is slightly more accurate
iJ prediction of shakedown than the simple plastic theory and
has the advantage of predicting the deflections and Strains.
In addition, the analysis can be used-when axial force exist
on the members. This is a more common situation in real
structures.

The following conclusions are made:

1. When Limit Design proceedings are employedrin design methed
it has been shown that variable repeated»}oading may be an
important consideration. |

2. For reinforced concrete members which are very much under-
reinforced and are not subjected to axial forces the
plastic method provides satisfactory prediction of shake
down and proportional collapse lecads. However for higher

percentage of reinforcement there is no restriction on
‘the rotation which can limit the capacity of the structure
by causing fai1uré prior to formation of a collapse

mechanism.
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The numerical éna]ysis is reasonably accurate in predic-
tion of strains and deflections when the loads are in

the magnitude close to the value of shakedown load. The
analysis can limit rotation and therefore indicate
material failure. The analysis Qith the present
assumptions for steel behaviou; provides lower bound for
proportional collapse and under estimatés the deflections
for repeated loading. Therefore for more accurate

prediction of incremental collapse and proportional

collapse the strain hardening andeauschinger's effect
for steel should be inciuded in the analysis.

Experimental verification of this method of analysis

for members with reinforcement ratio closer to the

critical reinforcement ratio will be required.



APPENDIX

FORTRAN PROGRAM: - THE ANALYSIS OF CONTINUOUS REINFORCED
CONCRETE BEAMS SUBJECTED TO VARIABLE
REPEATED LOADING

NOMENCLATURE:

The meanings of the variables named in the program are
listed below. Those that do not appear here are defined by
the context in which they are used. Several dimensions are

included as constants but can easily be changed.

A - Length of the span in inches

. AA,BB,CC,DD,ALFA,AA1,BBT1,ET,F,G,

OH,0J,0K,0L - coefficients in the stress-strain equations
for concrete

Al1,A2,A3,A4,A5 - distance between the critical cross-sections

in inches '

AC - width of the cross section

AL - length of the segment

AM. - bending moment

AR, AX - area of one strip in the cross-section

AS - area of-reinforcing steel

CURV - curvature in the cross-section

DEF - deviation of one end of the segment due to the average

curvature over the segment
149
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APPENDIX CONT'D

DEFE - the angle of deviation of the segment

DEFL - the who]e.deviation 6f the end of the segment

DEFO - deflection at the end of the segment

DL - distance between the top of the strip in the cross-section

and the top of the cross-section

D1 compression force in concrete

D2

force in top reinforcing steel
D3 - force in bottom reinforcing steel
D22 - force in the top réinforcing steel in previous loading
stage
D33 - force in the bottom
EC - modulus of elasticity for concrete
EPA, EPTT - strain in the strip of the cross-section
EPT, EPSTT - strain at the top of the cross-section
EPB, EPSBB - strain at the bottom of the cross-section
EPST - changed.straih‘at the top of the cross-section due to
the iteration process
EPSTI -‘strain in the strip of the cross-section from previous
loading stage
EPXO,EPSO,EPSO1 - value of strain in the strip of the cross-
section when the stress is equal to zero
FEMAB
FEMBA
FEMBC

FEMCB - fixed end moments, used in moment distribution method



151

APPENDIX CONT'D

GRG - average curvature over the plastic hinge length

H - height of the cross-section '

HS - distance between the centroid of reinforcing steel and top

or bottom of the cross-section
OMAB, OMSC, OMCB -‘bending moments at the supports as a result
of moment distribution method

OM1, OM2, OM3 - bending moments at the critical cross-sections

OMP - value of fully plastic moment

OMY - value of plastic moment when the tension reinforcing

v steel is in yield

P], P2 - magnitude of applied load in the left and right span

RADR, RBDL, RBDR, RCDL - reactions due to continuity of the
beam

'RASR, RBSL, RBSR, RCSL - reactions calculated as on simple
beam -

SIGMAT - value of concrete stress for a strip of thé cCross-
\section from previous loading stage

SS, SST - the strain in top‘reinforcing Steel

SB, SSB - the strain in bottom reinforcing steel

STX, STRC - stress in the c0ncreté for a strip of the cross-

section
SSTO, SSBO - value of strain in reinforcing steel when stress
| is equal to zero
SST],-SSB1 - strain in reinforcing steel from previous Tecading

stage
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APPENDIX CONT'D

TANI, TANE - rotation of the plastic hinge from right a;d left
side of the hinge
W, WA - centroid of the cross-section from the top of the
section

WCC - centroid of compression concrete force

WX - changed centroid of the cross-section due to iteration
process

Y1, Y2, Y3, Y4, Y5, Y6 - distances between the 1eft‘hand support
of the beam and beginning and end of each plastic hinge.

XX1 - deflection under the plastic hinge



NUMERICAL ANALYSIS COMPUTOR PROGRAM
| 153
DIMENSION EPT(26)3EPB(26)sWA(26) ‘
COMMON /D/ P1(138)5sP2(138)sAM(265138)sCURVI27) >
1 R1(138)sR2(138)sR3(138)
COMMON /C/ AL(26)3sRAD(26)sDEFO(26)
COMPRESSION 1S TAKEN AS POSITIVEsTENSION
AS NEGATIVE
READ (5531 )ACsAS sHsHS
READ(5s30)A1sA2sA39A4Ls A
OMP=250.
OMY=230.
P=14.6
RRS1=P*A2/A
RRS2=P# (A1+A4) /A
BM1=(OMP-RRS1%¥A1)*A/Al
BM2=—-OMP
BM3=A¥ (OMP+P* (A+A3-A1)-RRS1*({A+A3) —RRSZV*AB Y/ LA=A3)
THE DISTANCE BETWEEN THE LEFT SUPPORT
AND THE BEGINNING OR THE END OF EACH
EXPECTED PLASTIC HINGE
Y1=OMY#A/ (BM1+RRS1%A)
Y2=A% (OMY=A1*P)/ (BM]+AXRRS1—P*A)
Y3= (A% (OMY+P¥*A1) )/ (OMP+A*P—-A*RRS1)
Y4=(2 . %OMP—OMY -P#A1+A%¥RRS2) / (0P /A+RRS]1~P+RRS2)
Y5= (OMY+AXRRS2-24XBM3-P*A1) / (~BM3/A-P+RRS1+RRS2)
Y6=(OMY =2 #BM2-P%¥A1+AXRRS2~P% (A+A3) )/ (~BM3/A+RRS1-P+RRS2-P)
DEVIDING THE BEAM INTO 26 SEGMENTS
READ{5532) (AL(T)s1=1226)

SAL=0.
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DO 33 1=1+26
AL(6)=A1-Y1
AL(7)=Y2-Al
AL{13)=A-Y3
AL(14)=Y4-A
AL(2U)=(A+A3)-Y5
AL(21)=Y6=(A+A3)
IF(I1.EQe5) AL(I)=Y1-SAL
IF(1.EQs12) AL(I)=Y3-SAL
IF(1.£Q.19) AL(I)=Y5-SAL
IF(1eEQe8) ALII)=AL(I)I=AL(7)+0.2
IF(1.EQea15) ALIT)=AL(I)=AL(14)+Ua2
TF(1.£Qe22) AL(T)=AL(I)I=AL(21)+0e1
SAL=SAL+AL(I)
CONTINUE

N-NUMBER OF LOADING STAGES
N=11
DO 12 J=2sN
NN=1
READ(S,AG)PI(J)sPZ(J)
WRITE(65200P1(J)sP2(J)
P11=P1(J)
P22=P2(J)
CU2=0.0
GRC=0.0
CURV:(U)=0,U

DEFR=5.0
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10

R1(J)=0.0
R2(J)=04.0G
R3(J)=040
R1(1)=0.0
R2(1)=0.0
R3(1)=0.0
K=Jd-1.

FIXED END BENDING MOMENTS
FEMAB==(P11%A1%A2%A2)/ (A%A)
FEMBA=(P11*A1%A1%*A2)/ (A%A)
FEMBC==(P22%A3%A3%A4)/ (A%A)
FEMCB=(P22%A3%A4%AL) / (AXA)
OMAB=FEMAB
OMBA=FEMBA
OMBC=FEMBC
OMCB=FEMCB

MOMENT - DISTRIBUTION METHOD
OMAB1=0OMAB-OMAB
OMBA=OMBA-0 4 5%0MAB
OMAB=0MAB1
OMB=0MBA;0MBC
OMBA=OMBA~0.5%0OM8
OMBC=0MBC—0U 4 5%0MB
OMCB=0MCB~U4+25%0MB
OMCB1=0MCB-0MC8
OMBC=0MBC—~U+5%0MCB
OMCB=0MCB1

OMB=0OMBA+OMBC

155



OMBC=0OMBC~-U.5%0MB
OMBA=0OMBA-U«5*0MB
OMAB=0OMAB1-U425%0MB
OMB=0OMBA+0OMBC

IF(ABS(OMAB) «GTela) GO TO 10
IF(OMCReNE.Ce) GO TO 10
OMA=0OMAB

oMB=0MBC

oMC=0M(CB

REACTIONS DUE TO THE BENDING MOMENT CVER

THE MIDDLE SUPPORT
RADR=(OMB~OMA) /A
RBOL = (OMA—OME ) /A
RBDR= (OMC-OMB) /A

RCDL=(OMB-OMC) /A

REACTIONS AS ON SIMPLE BEAM DUE TO THE

APPLIED LOAD
RASR=P11*A2/A
RBSL=P11*Al/A
RBSR=P22#A4/A
RCSL=P22%A3/A
OMD1=0OMB¥*ALl/A
OMS1=RASR*Al

BENDING MOMENTS IN THE POSITION. CF

EXPECTED PLASTIC HINGES
OA1=0MD14+0M51
0A2=0MB

OMD3=0MB*AL/ A
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82

34

OMS3=RCSL*A4

OA3=0MD3+0MS53

IF(J.EQ.2) GO TC 81
ADDING THE BENDING MOMEN{S FROM PREVICUS
LOADIND STAGE

OM1=0A1+AM({6+K)

CM2=0A2+AM{13sK)

OM3=0A3+AM(2UsK)

GO TO 82

OM1=0A1

OM2=0A2

"OM3=0A3

X1=0U.

X2=0.

X3=U.,

X4=0,

X5=0.,

X6=0,

AB=A+A3

6o To 22
CHANGE IN THE B. MOMENT OVER THE MIDDLE
SUPPORT WHEN THE DEFLESTED SHAPE OF THE BEAM
DOES NOT GO THROUGH THE MIDDLE SUPPORT

DG=DEFO(13)

IF(ABS(DG)«GELDEFR) DG=DG/24

QU2=0M2-DG*0M2%0.8

IF(ABS(DG) «GEe7eE~ULl) QU2=0M2~-DG*¥0OM2%U,.5
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IF(AM(135K) oLE4 (~OMP)) OU2=0M2-DG*OM2%0¢25
IF{OM2 LT e (=2004)) OU2=0M2+05*0M2*5,E—01
DEFR=DEFO(13) V. ‘ 5
OK=AM(135K)+0U2 |
IF(OKeLToUeAND.OKeGTo(=3,)) OU2=0U2-3,
IF(OKeGToaOeANDeOKeLTo34) OU2=0U2+34
oM2=0U2
GRC=1.0
CONTINUE

CALCULATION OF B. MOMENT IN EACH SEGMENT

OF THE BEAM

RAG=0A2/A+R1 (K)

"RBG=-2 +#RAG

SAL=0.0

OK=5.

DO 11 I=1+26

L=I-1

SAL=SAL+AL(I)

RAS1=RASR

RBS1=RBSL+RBSR

RAS:RA51¥5AL

RBS=RBS1#(SAL-A)

P1S=P11%#(SAL-A1)

P25=P22%(SAL-A-A3)

IF(OM]1«GE+OMPeAND«OM2.LE. (=0OMP)) GO TO 50U
WHEN ONE OF THE Be MOMENTS EXCEED THE VALUE
OF MPsMOMENT DIAGRAM IS KNOWN

IF(CHM1.GE.CMP) GG 10 24
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26

27

25

IF(OM2.LEL(=CMP)) GO TO 26

IF(OM3.GE.OMP)Y GO TO 27
IF (OM2.EQ.0U2) GO TO 25

OM1=0A1

OM2=0A2

OM3=0A3

GO TO 29

oM2=BM1

X1=Y1

X2=Y2

GO TO 25

OM2=~0OMP

X3=Y3

X4=Y4

GO TO 25

OM2=BM3

X5=Y5

X6=Y6

CCNTINUE

RAG=0M2/A

RBG==2 « ¥RAG

RAD1=RAG*SAL

RBD1=RBG* (SAL-A)
IF(SAL.GT+A5) GO TO 18
IF(SAL.GT.A) GO TO 17
IF(SAL.GT.ALY GO TO 16
MOIsJY=RAD1+RAS

GC TO 15
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16

17

18

15

400

402

51

AMII s J)=RAD1+RAS-P .S
GO T0O 15
AM(1+J)=RAD1I+RBD1+RAS-P1S+RBS
GO TO 15
AM{IsJ)=RAD1+RBD1+RAS~-P1S+RBS-P2S
CONTINQE
IF(P11.LT.Us0R.P22.LTo0s) GO TO 400
GO TO 401
BY UNLOADING THE Be MOMENTS FéOM PREVIOUS
LOADING STAGEARE ADDED
AMUT oY =AMIT s JI+AM(T sK)
IF({leEQe13) OK=AM(IsJ)
IFIARSIOK)eLTa3e) GO TO 4UL2
GO TO 401
IF(OK.LT.U.)_OAZ=OM2—3.
IF(OKaGTalUs) QAZ2=0M2+3,
GO TO 22
OM=AM(T] +J)
IF(ARS(OM)Y~U410) 51951953

SUBROUTINE FOR BALANCING THE CROSS-SECTION

CALL CURVAM (ACsASsHHS eI sJsP119sP2290MsUesGRCICRUVIEPSTT

EPSBBsW)
CURV(1)=CRUV
EPT(I)=EPSTT
EPB(I)=EPSBB
WALT) =W
GO TO 65

CURY(I)=04U
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11

13

83

84

85

| 161
RADIUS OF THE SEGMENT

RAD(1)=24/(CURV(I}+CURVII=1))
CONTINUE '
IF(OM1.GE.OMP) GO TO 13
IF(OM2.LE.(~OMP)) GO TO 83
IF(OM3.GE.OMP) GO TO 84
DEFLECTED SHAPE OF THE BEAM WHEN NON
OF THE B. MOMENTS ARE EQ. MP
CALL PRDO(A)
NN=NN+1
IF(NN.GE+5) GO TO 85
IF(ARS(DEFO(13))=Us01) 85585534
‘DEFLECTED SHAPE OF THE BEAM WHEN OM]+EQ.MP
CALL PRDA(AsX1sX2sGRGsDEFR)
6o TO 85
DEFLECTED SHAPE OF THE BEAM WHEN OM2eEQeMP
CALL PRDBI(AsX3sX4sGRG>GEFR) -
GO TO 85
DEFLECTED SHAPE OF THE BEAM WHEN OM3eEQeMP
CALL PRDC(A>X535X63GRGsDEFR)
SAL=0.0
WRITE(65201)
DO 47 I=1s26
CORRECTION DUE TO THE ROTATION OF PLASTIC HINGE
SAL=SAL+AL(I)
[F(SALeGT (X140 e2) o ANDeSALeLT«(X2=Us2)) GO TO 48
IF(SAL.GT4(X3+U02) s ANDWSALLLT o (X4=00a2)) GO TO 48
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GO TO 47

48 DEFO(I)=DEFR

CALL CURVAM<AC,A5,H,H5,1,J,Pll,PzzaOMP,GRGaGRC,CRuJ]EPSTT,

1 ~ EPSBBsW)

CURV(1)=CRUV

EPT(I)=EPSTT

EPB(I)=EPSBB

WA(T)=W
47 WRITE(6571) TsSALsAM(TsJ)sWACI)sEPT(I)sEPB(T)sCURV(I)sDEFCLI)

IF(P11eLTa040RP22,LT.04) GO TO 100

GO TO 12

REACTIONS DUE TO THE RESIDUAL MOMENTS

100 R1(J)=AM(135J)/A

R3(J)=R1(J)

R2(J)==(R1(JI+R3(J))
12 CONTINUE
30 FORMAT(S5F1U.4)
31 FORMAT (4F1Ue4)
32 FORMAT(1Flue3)
140 FORMAT (2F1U.4)
70 FORMAT(1F843)
yl FORMAT(11595X31F1Ue395X91F1Ue395X51F1va335X33E15e6295X91F1043/)
72 FORMAT(2E1546)
200 FORMAT(10Xs3HP1=31F10e3910X93HP2=51F10U43//)
201 FORMAT(3xs4HZONE,1ux,1HLa12x,2H0M,13Xa1HWa15xs3HEPT,12x,3HEPBs‘

1 . 12X s4HCURV» 15X s 4HDEFL/ /)
500 STOP

ND


http:FORMATl2El5.6l
http:FORMAT<lF8.3l
http:FORMAT(1Flu.3l

SUBROUTINE CURVAM (ACsASsHsHSsI5JsP1sP2s0MsGRGsGRCsCURV SEPSTT, 163

1 ‘ EPSBB, W)
DIMENSION EPS (26535211 5EPSU(2653521) »STRC(2653521)555(265150) s
1 sa<26,15u>,WR(zs,15u),Aszli,BRK(zl)
COMMON AAsBBsCCsDDsALFAsAAL sBB1sEL1»F»G
SUBROUTINE DOES THE BALANCING OF CROSS—SECTION
CHOOSEN VALUES OF STRAIN AT THE ToP

EPST=4.E~U4

LL=KK-1
M=1
IF(JeGTe2) GO TO 52
GO TO 54
AFTER THE FIRST LOADING STAGE THE STRAIN
DISTRIBUTION IN FIRST ITERATIVE CYCLE IS
THE SAME AS IN THE PREVIOUS L. STAGE
52 EPST=EPS(IsKK»1)
W=WR (T 9K)
3IF(GRC.NE:O.) W=WRI(TsJ)
COEFFICIENTS INTO THE STRESS-STRAIN EQUATIONS
54 AA=-1.725
BB=-2439
CC==6.199
DD=164951
ALFA=UL111

AAl=AA+ALFAXDD


http:BB=-2.39
http:IF(J.GT.2l

20

220

11

851#BB+2.*ALFA*CC
E1=2.*ALFA
F=ALFA%BB+(ALFA%%2)%CC
G=ALFA*ALFA

SXX=U,0

SA=0.0

CONTINUE

N=1

CONTINUE
IF(JaGTe2) GO TO 23
EPT1=0.0

SAREA=C.O

 SBRK=U.0

INPUT-STRAIN AT THE TOPsCENTROID

QUTPUT-STRAIN AT THE BOTTOM AND IN THE STEEL

CALL STRAIN (EPSTsWsHsHSSsEPSTTEPSBBsSSTH»S5SR)

DO 11 L=1,.21

DL=L*H/20.~H/20,

STRESSES IN THE CROSS-SECTION BY HTE FIRST LOADING

CALL ARAL(LsHsDLswsEPSTT»0TXsEPASAXBRX)

STRC(I9JJ;L)=STX
EPS(IsJJsL)=EPA%1.E-U3
AR(L)Y=AX

BRK (L) =RRX
SAREA=SAREA+AR(L)
SBRK=SEBRK+BRK (L)

CONTINUE

IF(EPT1.NE.Ce) GO TO 25

‘V-.
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23

53

SST1=0,
$sB1=0,
GO TO 25
SST1=SS(1sK)
SSB1=SB(1sK) <
STRAIN DISTR&BUTION THROUGHOUT CROSS-SECTION
CALL STRAIN (EPSTswsHsHSSEPSTTSEPSBBsSST»SSR)
IF(P1+GT.0.0RsP2.GToU.) GO TO 24
SAREA=0.0
SBRK=0,0
DO 53 L=1s21
DL%L*H/zo.—H/zu.
SIGMA1=STRC(IsLLsL)
EPS1=EPS(IsLLsL)*1.E+03
IF(JsLEs64) GO TO 39
EPXO=EPSO{IsKKsL)

STRESSES IN THE CeSe BY UNLOADING

CALL BARAL(L9H}DLsW9EPSTT’EP51sSIGMAlsSTXaEPTTiAXsBRXsEPXOsJ)

STRC(I»JUsL)=3TX
EPS{T19JJsL)=EPTT#]1,E-03
EPSULTIsJJsL)=EPXC
AR(LL)Y=AX

BRKAL)Y=BRX
SAREA=SAREA+AR(L)
SBRK=5§RK+BRK(L)
CONTINQE

GO TO 25
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24 SAREA=0.0
SBRK=U,0
DO 26 L=1s21
DL=L%¥H/20e-H/20,
 SIGMA1=STRC(I9KKaL)
EPS1=EPS(IsKKsL)*1+E+03
EPSUi=EPSU(IsKK9L)
STRESSES IN THE C.S. BY RELOADING
CALL CARAL(LaH{DLsanPSTTsEpsl,SIGMAl9EP501,STXsEPTT;AXaBRX)
STRC(IsJJdslL)=5TX
EPS(IsJJsL)=EPTT*1.E-03
AR (L) =AX
BRK (L) =BRX
SAREA=SAREA+AR(L)
SBRKzSBRK+BRK(L)
26 CONTINUE
25 IF(EPSTT.LT«Us) GO TO 125
SSTEFL=AS*STRC(IsJJs4)
SAREA=SAREA~-SSTEEL
SRRK=SARK—SSTEEL* (H-HS)
GO TO 127
125 SSTEEL=AS*STRC(IsJJs18)
SAREA=SAREA-SSTEEL
SBRK=SBRK-SSTEEL*HS
127 iF(SAREA.Eo.u.) GO TO 128
CENTROID OF THE AREA OF COMPR. CONCR.

WCC=SRRK/SAREA~(H-W)



128

129

88

~ FORCE IN CONCRETE
D1=-AC*SAREA*1.E+0U3
GO TO 129

WCC=0,.0

D].:O.U

FORCE IN THE TEN AND IN THE COMPR. STEEL

CALL STRSC(IsJsASsSST9SST19D2)

CALL STRSS{IsJsAS+5SBsSSRB1sD3)

BALANCING CeSe DUE TO FIRST CONDITION

SUM OF THE FORCES EQe. ZERO
$=p1+D2+D3
IF(ABS(S)+GELABS(SA)) $=5/10.
IF(ABS(S)«LT4100s) GO TO 21
N=N+1
IF(NsGE.25) GO TO 21
IF(EPSAR.GTW0a4) S==5
IF(WelTeUeOReWeGToH) 5=-5
SA=S

WX=W+S#8,E~US

IF(ABS(SST)eGEe242E-03) wx:w+5*é.Ef05
IF(ABS(SSB) e GEe242E~03) WXsW+5#2,E~05
IF(WXeGTeUeAND e WXalLToa2,E~01) WX=2.E~-01
TF (WXl TeOeAND WX oeGT o (=3,E~CT))
IF(WoLT.0.AND.WX.GT.0u) GO TO 88

[FIWeGTsUeANDeWXeLTaus) GO TO 89

W=WX
GO TO 220

sw‘w"'-:].oo

WX==3.E-01
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http:LT.8.0R.W.GT.HJ
http:IF<N.GE.25

89

21

34

35

168

IF(EPSTeLTo2eE~04) EPST=2.E~Ct4

GO TO 220
Wee1.0

IF(EPST.GT.Us) EPST=-EPST
IF(EPST.GT4(=5.E~05)) EPST=-5.E-05
GO TO 220 - ‘
IF (GRG.NE+0+) GO TO 18

IF(WeLTe0.) GO TO 34
IF{W.GT.H) GO TO 34
INTERNAL MOMENT IN CoS. |
OM1=(—51*WCC—D2*(W—HS)+D3*(H‘W4HS))%I-E-OB
GO TO 35
0M1=<}03—02)*<H—2.*H5)/2.)*1.5—03
IF(GRGeNE.Ue) GO TO 18
BALANCING CeSe DUE TO THE SECOND CONDITION
SUM OF THE MOMENTS EQs ZERO
SX=0M1~0M
M=M+1

IF(MeGE«3U) GO TO 18

| IF(ABS(SX).LT.0.5) GO TO 18

IF(ABS(SX)eGELABSISXX)) SX=SX/1u.
EPST1=FPST—SX#3,E-U5

IF(ARS(SST)eGFe242E-02) EPST1=EPST-5X%1.E~C5
IF(ABS(SSP)efGEe2.2E-03) EPST1=EPST-5X*1.E-C5
SXX=5X

IF(EPSTeGToaUaANDERPST141.T.04) GO TO 68

IF(EPSTaLTeUaAND«FPST14GTele) GO TO 67



68

67

69

18

EPST=EPST1

GO T0 20

WX=5.6

IF(OMl.LT.OoAND.OM.LT.d.) WX=-14,0

IF(EPST1.GTe(~5.E~05)) EPST1=--5.E-05

W=WX
EPST=EPST1
GO TO 20

IF(OM]1eGTeUeANDsOMaGT&0s) GO TO 69

W=2eb

EPST=E§ST1

GO TO 20

W=2.*w

EPST:EPSTI

GO TOo 20

CONTINUE
CURV=(EPSTT~EPSBB) /H

IF{GRG«NE«TUa) GO TO 51

GO TO 50

BALANCING CoS. WHEN THERE IS A PLASTIC
HINGE ROTATION |
GRGA=CURV-GRG
M=M+1
IF(M.GE.15) GO TO 50
IF(ARS{GRGA) 4LT.1.F-04) GO TO 50,
EBST1=EPST-GRGA
IF(EPSTaLTeUANDWEPST1.GTa04) W=244

EPST=EPST1
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GO TO 2V

50 SS(IsJ)=8ST
SB(I»J)=5S5B
WR(IsJ)=W
DO 111 L=1s21
DL=L*¥H/20e~H/2U,
EPS(IsKKsL)=EPS(IsJJsL)
EPSUIT sKK L) =EPSU(TsJJsL)
STRC(I sKKsL)=STRC(Is+JJsL)
IF(P1elLToeOeORP2.LTL04) GO TO 111
EPS(I’LLsL)=EP5(I9KK9L{ |
STRC(i’LL9L)=STRC(I’KK9L)
111 CONTINUE
| RETURN

END

cCo TOT v210
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30

20

SUBROUTINE ARAL (L sHsDLsWsEPSTTsSTRsEPA s ARSBRK)
DIMENSION STRC(21)

COMMON AASBE sCCsDDsALFAIAAL1sBE1sE19F G

SUBROUTINE CALCULATES .STRESS CORRESPONDING

TO THE STRAIN IN EACH STRIP OF CsSe.
EPA=EPSTT#(wW=DL)*1E+03/%
IF(EPA.LT.Us) GO TO 10
EPSE=EPA/(1e-ALFA%EPA)
EPSE2=EPSE*EPSE
Ql=1.+E1*EPSE+G*EPSE2
Q2=cc+881*EPSE+F*EP5E2
O3=DD*EPSE+AA1*EP5Eé

STRESS |
STRCIL)=(~-Q2-35QRT(Q2#%2~4+%Q1%Q3))/(2+%Q1)
IF(L.EQ.1) GO TO 30U
AR=H*(5TRC(L)+STRC(L-1))/40.
PRC=H-DL+H/ 40,
BRK=AR*PRC
GO To 20

NO TENSION IN CONCRETE ASSUMED
STRC(L)=0.U
AR=0,0
BRK=040
STR=STRCI(L)
RETURN

END
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)

SUBROUTINE BARAL(LsHsDLIWIEPSTTSEPS]19SIGMAT +STRSEPTT
1 | AR sBRKEPSOsJ)
DIMENSION STRC(21)

COMMON,AAsBBsCC’DD9ALFA$AA1)BBl9E19F9G

S. CALCULATES STRESSES CORRESPONDING TO THE

STRAINS IN EACH STRIP OF CeS. B8Y UNLOAbING(
OH=04.09
0J=0.52
EC=—DD/CC

STRAIN
EPTT=EPSTT* (W-DL)*1.E+03/W
IF(EPS1.LT.9.E-Ul) GO TO 15
B=(SIGMAL+0H)/ (24 %0J) |
X=EPS1+B-=SQRT((EPS1+B) % (EPS14+B)~EPSI*EPS])
Ql=0J/X
Q2=-24%0J
Q3=0J%X~OH

STRAIN WHEN COMPR.STRESS EQe ZERO
EPSU=(~Q2+SQRT(Q2%Q2-44.%01%Q3))/ (24%Q1)
IF(EPTTeLTeve) GO TO 10
IF(EPSU.GT.EPTT) GO TO 12

STRESS
STRC(L)=(0U* (EPTT=X) % (EPTT=X) ) /X—OH
IF(L.EQ.1) GO TO 11
GO TO 14
IF(EPS0.FQ.0.) GO TO 16

TENSTION IN CONCRETE ASSUMED UP TO 2.E-04

IF((EPSU-EPTT)GT42.E-01) GO TO 10
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15

16

14

10

11

20

STRC(L)==EC*(EPSCL-EPTT)

IF(L.EQ.1) GO TO 11

GO TO 14

IF(JeGE+&4) GO TO 12
STRC(L)=ECHEPTT

EPSU=0.0

IF(L.EQ.1) GO TO 11

AR=H* (STRC(L)+STRC(L=1))/40.
PRC=H-DL+H/40.4

BRK=AR*PRC

IF(STRC(L) oLToUu) STRC(L)=040
GO TO 20

STRC(L)=0.U

AR=040

BRK=U.C

STR=STRC(L)

RETURN

END

cD TOT
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| | 174
SURROQUTINE CARAL(LsHIDLsWsEPSTTYEPS19S5IGMAL sEPSCL »STRIEPTTsARIBRK)

DIMENSION STRC(21)

COMMON AAsBE sCCosDDsALFASAATSBBL1sEL19F G

S. CALCULATES STRESSES BY RELOADING

OK=2e52
OL=1.03
EC=-DD/CC
EPTT=EPSTT* (W-DL)*1.E403/%
IF(EPTT.LT.us) GO TO 10
IF(EPS]1.LT.EPSU]1) EPS1=EPSU]
IF(EPSO1.EQ-EPS1) SIGMA1=U.0
IF(EPTTL.LT.EPSOUL) GO TO 15
Y=(SIGMA1+0OK)/(EPS1+0L)
STRC(L)=Y*(EPTT4+0L)~0K
EPSE=EPTT/(1.fALFA*EPTT)
EPSE2=EPSEXEPSE
Q1=1.+EL1¥EPSE+GHEPSER
Q2=CC+BB1*EPSE+F*EPSE2
Q3=DDXEPSE+AAL*EPSE2
SIGA=(-02-SQRT(Q2%02-4,#Q1+*Q3))/(2.¥%¥Q1)
IF(STRC(L)+GT.SIGA) STRC(L)=SIGA
IF(EPSO1.EQ.0.) STRC(L)=SIGA
IF(L.EQ.1) GO TO 11 '
GO TO 14

15 IF((EPSG1-EPTT)4GT.2.F=u1) GO TO 10
STRC(L)=~EC* (EPSUL-EPTT)
IF(L.EQ.1) GO TO 11

14 AR=H#{STRC{L)+STRC{L=-11)/40U.



10

11

20

PRC=H-DL+H/ 40,

BRK=AR*¥PRC

IF(STRCIL ) 4L Tau,s) STRCIL)=C,U
GO TO 2C

STRC(L)=0.0

AR=0.0

BRK=0.0

STR=STRC(L)

RETURN

END

‘Ch TOT
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SUBROUTINE PRDO(A) 4 176
DIMENSION DEF(26)9DEFE(26)3DEFL(26)
COMMON /C/ AL(26)’RADk26)sDEFO(26)

DEFLECTED SHAPE OF THE BEAM WHEN NON OF R.Me

IS EQ. MP

5AL=G.

SDEF:O.

SDEFE=0.0
DO 10 I=1,26
K=I-1
DEVIATION DUE TG THE CURVATURE OVER THE SEGMENT
DEF(I{=AL(I);AL(I)/(2.*RAD(I))
FULL ANGLE OF DEVIATION
DEFE(T)=AL(I)/RAD(I)
IF(K=1) 8Us8Us60
SUM OF THE ANGLES FROM. PREVIOUS SEGMENTS
SDEFE=SDEFE+DEFE(K)
FULL DEVIATION OF THE CURVE
SDEF=SDEF+AL (1) #*SDEFE+DEF (1)
DEFL(1)=SDEF
CONTINUE
DO 2U I=1s26
SAL=SAL+AL(I)
DEFLECTION AFTER THE CURVE WAS ROTATED To
RIGHT SUPPORT
DEFO(T)=DEFL (26)%SAL/ (24%A)=DEFL (1)
CONT INUE
RETURN

END



SUBROUTINE PRDA (A3sX13sX2sGRGsDEFR) | 177
DIMENSION DEF(26)sDEFE(26)sDEFL(26) B
COMMON /C/ AL(26)sRAD(26)sDEFO(26)
DEFLECTED SHAPE OF THE BEAM WHEN OM1sEQeMP
SDEF=0.
SDEFE=040
SAL=2 e %A
DEFO(26)=0.
STARTING FROM THE RIGHT HAND SUPPORT
1225
14 L=I+1
K=I1-1
THE DISTANCE BETWEEN LEFT SUPPORT AND SEGMENT
SAL=SAL-AL(L)
IF(1.EQ.7) GO TO 31
GO TO 33
31 AKI1=AL(L)
SAL=X2
33 IF(SAL.EQ.X2) GO TO 51
DEF(I)=AL(L)Y*AL(L)/(2.%#RAD(L))
DEFE(I)=AL(L)/RAD(L)
Go TO 52
51 DEF(I)=AK1¥AK1/(2.%RAD(L))
DEFE(I)=AK1/RAD(L)
SDEFE=SDEFE+DEFE(L)
SDEF=SDEF+AK1%SDEFE+DEF (1)
GO TO 100
52 IF(L-26) 1201215121

120 SDEFE=SDEFE+CEFE(L)



178
121 SDEF=SDEF+AL (L)*SDEFE+DEF (1)

100 DEFL(I)=SDEF
IF(SAL.EQ.X2) GO TO 28
I=1-1 |
GO TO 14
28 N=1I
ROTATION OF PLASTIC HINGE ON RIGHT SIDE
TAN1=AK1/RAD(L) | i
SDEFA=DEFL(13)
I=25
SAL=2-;A
19 L=I+1
K=I—1’
IF(I.EQ.N) GO TO 15
SAL=SAL-AL(L)
GO TO 16
15 SAL=SAL-AK1 v
DEFLECTIONS AFTER THE CURVE WAS ROTATED
THROUGH THE.MIDDLE SUPPORT
16 DEFC(I)=SDEFA*(2.%A-SAL)/A-DEFLI(I)

[IF(I.EQeN) GO TO 29

I=1-1
GO TO 19
DEFLECTION IN THE PLASTIC HINGE
29 XX1=LEFO(N)
SAL=0.
SDEF=U4

SDEFE=0.0


http:IF(I.EQ.Nl
http:IF<I.EQ.Nl

179

43 -K=1-1
L=1+1
SAL=SAL+AL(I)
IF(I.EQ+5) GO TO 35
GO TO 36
35 AK2=AL(I) ' -
 SAL=X1 |
36 IF{SAL.EQeX1l) GO TO 53
DEF(I)=AL(TI)*AL(TI)/(2.%RAD(I))
DEFE(I)=AL(I)/RAD(I)
IF(K=1) 7C»70s60
60 SDEFE=SDEFE+DEFE(K)
GO TO 70
53 DEF(I)=AK2¥AK2/(2+*RAD(I))
DEFE(1)=AK2/RAD(I)
SDEFE=SDEFE+DEFE(K)
SDEF=SDEF+AK2*SDEFE+DEF (1)
GO TO 110
70 SDEF=SDEF+AL(1)*SDEFE+DEF (1)
110 DEFL(I)=S5EF
IF(SAL.EQ.X1) GO TC 38
I=1+1
GO TO 43
38 M=1
ROTATION OF PLASTIC HINGE FROM THE LEFT
TAN2=AK2/RAD( ) |

SAL=0.


http:IFCI.EQ.5l
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AVERAGE CURVATURE OVER PLASTIC HINGE
GRG=({TAN1+TAN2)/{X2~X1)
I=1
39 IF(I.EQ.M) GO TO 20
SAL=SAL+AL{I)
GO 7O 21
20 SAL=SAL+AK2 -
DEFLECTIONS FROM LEFT SIDE OF PLe HINGE
AFTER THE CURVE WAS ROTATED TO THE KNOWN VALUE
OF DEFLECTION IN PL. HINGE
21 DEFO(I)=DEFLII)I+(XX1-DEFL(M))*SAL/X1
IF(I.EQeM) GO TO 46
I=1+1
GC TO 39
46 DEFR=DEFO(M)
WRITE(639219U) X19X235AK1sAK2sTAN1sTAN21GRG
210 FORMAT(7E1546)
RETURN

END

cb TOT  $104



SUBROUTINE PRDB (AsX3sX4sGRGsDEFR) -
DIMENSION DEF(26)sDEFE(26) sDEFL(26) . 181
COMMON /C/ AL(26)3sRAD(26)sDEFO(26)

DEFLECTED SHAPE OF THE BEAM WHEN OM2<EQeMP
SDEF=C.
SAL=040
SDEFE=0.0
DEFO(26)=0.
STARTING FROM LEFT HAND SUPPORT
1=1 ‘

14 L=1+1
K=1-1
SAL=SAL+AL(I)
IF(1.EQ.12) GO TO 31
GO TO 33

31 AK1=AL(I)
SAL=X3

33 IF(SAL.EQ.X3) GO TO 51
DEF(I)=AL{I)*AL(I)/(2.%RAD(I))

DEFE(I)=AL(I)/RADI(I)

IF(K=1) 7057060
60 SDEFE=SDEFE+DEFE(K)
Go TO 70

51 DEF(1)=AK1*AK1/(2.%RAD(I))
DEFE(I)=AK1/RADI(I)
SDEFE=SDEFE+DEFE(K)
SDEF=SDEF+AK 1*SDEFE+DEF (1)
Go TOo 100

70 SDEF=SDEF+AL{I)*SDEFE+DEF (1)
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100 DEFL(1)=SDEF

IF(SAL.EQ.X3) GO TO 28
I=1+1
GO TOr14
28 N=I
TAN1=AK1/RAD(I)
SDEFA=DEFL(12)
I=1
SAL=0.0

19 L=I+1

IF(I.EQ.N) GO TO 15
SAL=SAL+AL(I)
GO TO 16

15 SAL=SAL+AK]

16 DEFO(1)=SDEFA*SAL/X3-DEFL (1)
IF(IEG.N) GO TC 29
I=I+1
GO TO 19

29 XX1=DEFO(N)
SAL=2 « ¥A
SDEF=0.0
SDEFE=0.0
I=25

43 K=1-1
L=1I+1
SAL=SAL-AL(L)

IF(I«EQe14) GO TO 25



35

36

53

52
120
121

110

38

39

20

GO TO 36
AK2=AL (L)

SAL=X4

IF(SAL.EQ.X4) GO TO 53
DEF(I)=AL(LI*AL(L)/(2.%RAD(L))
DEFE(T)=AL(L)/RAD(L)

GO TO 52

DEF (1)=AK2*AK2/(24%RAD(L))
SDEFE=SDEFE+DEFE(L)
SDEF=SDEF+AK 2% SDEFE+DEF (1)
GO TO 110

IF(L-26) 12u»>1215121
SDEFE=SDEFE+DEFE(L)
SDEF=SDEF+AL (L) *SDEFE+DEF (1)
DEFL(1)=SDEF

IF(SAL.EQ.X4) GO TO 38
I=1-1

GO TO 43

M=1

TAN2=AK2/RAD (L)
GRG=({TAN1+TAN2)/{X4=X3)
SAL=2 e *A

1=25

IF(1.EQ.M) GO TO 2C

L=I+1

SAL=SAL-AL(L)

6o To 21

SAL=SAL-AK2
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21 DEFO(T)=DEFL(M)*(24%A=-SAL)/(2e%A=X4)=DEFLI(T)

46

210

IF(I+EQ«M) GO TO 46
I=1I-1

GO TO 39
DEFR=DEFO(M)

DEFO(12)=0.U

WRITE(6521V) X3sX4sAK1sAK2sTAN1sTAN2GRG

o

FORMAT(7E1546)
RETURN

END

. CD ToOT
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SUBROUTINE PRDC (A3sX53X63GRGsDEFR) ; 185
DIMENSION DEF(26)sDEFE(26)sDEFL(26) o
COMMON /C/ AL(26)sRAD(26)sDEFO(26)
DEFLECTED SHAPE OF THE BEAM WHEN OM3EQeMP

SDEF=0.
SDEFE=0.0
SAL=0.0
DEFO(26)=0.
I=1

14 L=1+1
K=I-1
SAL=SAL+AL(I)
IF(1.EQs19) GO TO 31
GO TO 33

31 AK1=AL(I)
SAL=X5

33 IF(SAL.EQeX5) éo To 51
DEF(I)=AL{I)¥AL(I)/(2.%RAD(I))
DEFE(I):AL(I)/&AD(I)
IF(K-1) 70,70,50

60 SDEFE=SDEFE+DEFE(K)
G0 To 70

51 DEF(I)=AK1%¥AK1/{2.%RAD(I))
DEFELT)=AK1/RADI(I)
SDEFE:SDEFE+DEFE(K)'
SDEF=SDEF+AK 1#SDEFE+DEF (1)
GO Toilao

70 SDEF=SDEF+AL (I )*3DEFE+DEF( )

100 DEFL(I)=5DEF


http:IFCI.EQ.19

28

19

15

16

29

IF(SAL.EQ.X5) GO TO 28
=I+1

GO TO 14

N=T

TAN1=AK1/RAD (1)

SDEFA=DEFL(13)

IF(I«.EQ.N) GO TO 15
SAL=SAL+AL(I)
GO TO 16

SAL=SAL+AK]1

DEFO(I)=SDEFA*SAL/A-DEFLI(I)

IF(I.EQ.N) GO TO 29
[=1+1

GO TO 19
XX1=DEFO(N)

SAL=2 %A

SDEF=0,0

SDEFE=0.0

I=25

K=l-1

L=I+1

SAL=SAL-AL(L)
[IF(I.EQ.21) GO TO 35

GO TO 36
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http:IE(SAL.EQ.X5
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35 AK2=AL(L)

SAL=X6

36 1F(SAL.EQeX6) GO TO 53
DEF(1)=AL{L)%AL(L)/(2.%RAD(L))
DEFE(I)=AL(L)/RAD(L)
GO TO 52

53 DEF(1)=AK2%AK2/(2.%RAD(L))

 DEFE(1)=AK2/RAD(L)

SDEFE=SDEFE+DEFE (L)
SDEF=SDEF+AK 2% SDEFE+DEF (1)
GO TO 110

52 [F(L-26) 12051215121

120 SDEFE=SDEFE+CEFE(L)

121 SDEF=SDEF+AL (L)*SDEFE+DEF (1)

110 DEFL(1)=SDEF
IF(SAL.EQ.X6) GO TO 38
I=1-1
GO TO 43

38 M=1I

TANZ=AK2/RAD (L)

GRG=(TANI+TAN2)/ (X6=X5)

SAL=2 %A
WRITE(6521U) X59X69AK1sAK2s TAN1s TAN2 sGRG
210 FORMAT(7E1546)
1=25
39 IF(1.EQ.M) GO TO 20
L=1+1 -

SAL=SAL-ALI(L)


http:IF(I.EQ.Ml
http:FORMAT(7El5.6l

20

21

- 46

GO TO 21

SAL=SAL-AK2

DEFO(I):(XXl—DEFL(M))*ﬁz.*A~SAL)/(Zw*A—X6)+DEFL(I)

IF(1.EQ.M) GO TO 46
I=1-1

GO TO 39
DEFR=DEFO (M)

RETURN

END

Cb ToT
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12

10

30

11

20

SUBROUTINE STRAIN (EPSTswsHsHo»EPSTTsEPSEEsSST»SSE)
STRAIN DISTRIBUTION THROUGHOUT C. S.
WW=ABS (W)
IF(EPSTeLT.0e) GO TO 11
EPSTT=EPST
IF(W.LT.04) GO TO 10
IE (WaGToH) GO TO 30
EPSRB=—~EPSTT#(H-W)/W
STRAIN IN THE TOP AND IN THE BOTTOM STEEL
SST=gPSTT*#(w~-HS)/W
SSB=—EPSTT*(H-W=HS) /W
6o TO 20
EPSRB=EPSTT* (W+H) /Ww
SST=EPSTTH(Wi+HS) /W
SSB=EPSTT%(WW+H—HS)/WW
GO TO 20
EPSBB=EPSTT*(W-H) /¥
SST=EPSTT#(W=HS) /w
SSE=FPSTT*#{W~H+HS) /W
GO TO 20
IF(WeLT+0u) GO TO 12
IF(W.GTeH) GO TO 12
EPSTT=EPST
EPSBR=—EPST#(H-W) /W
SST=—EPSBB* (W-HS) / (H=)
SSB=EPSBE* (HoW=HS )/ (H=1)
RETURN

END
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30

10

50

40

90

70

SUBROUTINE STRSC(I2JsAS»SST»S5T15D2)
COMMON /A/ DT(265138)

STRESS-STRAIN HISTORY OF THE TOP STEEL
K=d-1
E1=25.4E+06
IF(J.GT.2) GO TO 40

IF(ABS(SST) «GTW0.0022) GO TO 10

FORCE IN THE STEEL IN FIRST LOADING STAGE

DT(IsJ)=-E1¥*AS*SST

GO TO 50

DT(I9J)#AS*u.UUZZ*El
IF(SSTLT,Ua) DT(I5J)==DT(I5J)
D2=DT{IsJ)

RETURN

FORCE IN THE STEEL FROM PREVIOUS LOADING STAGE

D22=DT (1K)
SSTu=5ST1+D22/{E1*AS)
SST1U=ABS(SST-55Tu)
IF(55T1VeGTavaUL22) GO TO 90
DT(I;J):AS*El*(SSTL;SST)

GO TO 70

DT(1+J)=AS*E1%0,0022

IF(SST GTSSTu) DT(1sJ)==DT(IsU)

D2=DT(IsJ)
RETURN

END

co TOoT v026
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http:IF(J.GT.2l

16

50

40

SUBROUTINE STRSS(I15J9AS9535R955815D3)

COMMON 7B/ DT(269+138)

STRESS-STRAIN HISTORY CF THE BOTToM STEEL

K=d-1

E1=25e4E+06

IF(JeGTe2) GO TO 4U
IF(ABS(S5B)4GToUC022) GO TO 10
DT(IsJ)==E1*AS*SSB

GO TO 50

DT (IsJ)=AS*ULUG22*E]
[F(SSB.GTeba) DI(Ia)=-DT(IsJ)
D30T (121

RETURN

D33=DT(15K)

SSBO=SSB1+033/ (E1%AS)
SSB10=ARS(S55R-SSRU)
IF(SSB1U.GT.0.0022) GO TO 90
DT (I5J)=AS*E1*(SSBU-55B)

GO TG 70

DT(IsJy=AS#E1%U,0022

CIF(S5B.GTS5BU) DT(1sJ)==DT{1sJ)

1 D3=DT(120)

RETURN

END

o TOT

uoZ2a
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NOMENCLATURE AND DEFINITION

elastic strain in reinforcing steel

plastic strain in reinforcing steel

concrete strength

é]astic sfress in reinforcing Stee]

yield stress in reinforcing steel

curvature of the cross-section when the internal
moment reaches value of fully plastic moment MP
curvature of the cross-section when the internal
moment reaches va}ue of Yy

fully plastic moment - internal moment of the cross-
section when tensile reinforcemeht is in yield and
the}stress in top compression fibres in concrete
is equal to fé.

value of an internal moment of the cross-section
when the tensile reinforcement reaches yield point
residual moment

minimum elastic moments

maximum elastic moments

magnitude of the load

collapse lecad

shakedown load

deflection



NOMENCLATURE AND DEFINITION CONT'D PAGE 2

¢ : - rotation

- strain

Y]

o - stress
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