9 - )

" . BIBLIOTHEQUE NATIONALE

a N

2213“'20

NKﬂONALIJBRARY

OTTAWA . OTTAWA
‘ .~ ' ' : a
‘NAME OF AUTHOR.....Mr. Edward Vickers . .. . . .. . .. . - .. .

i-‘ .

TITLE OF THESIS....f?!‘.%'.‘?..".“ﬁé"ce of Reinforced

...........................

Concrete Structures

............................................
e 6 4 6 000 0008 008 LI IR S B U A ) 6 6 b o b b o b b s b e e s b e aa” a2

UNIVERSITY McMaster Un1vers1ty ' . -

...................................................

DEGREE FOR WHICH THESIS WAS PRESENTBD....”..@E‘.“ . Dearee -

YEAR THIS DEGREE GRANTED.....L37%, . . ... ... ... .. ... ...
. < ‘
Permission is hereby granted to THE NATIONAL LIBRARY

OF CANADA to microfilm this thes1s and to lend or sell coples

.of the fllm. v ‘ N
\ : . AN
The author reserves other publication rights, and
neither the thesis nor extensive extracts from it may be
printed or othé?wise reproduced without the author's
written permission. . _ '
(Signed) Cg)/ 7 / . éé/“"’*
PERMANENT ADDRESS: . : . .
\ e
k ST Gt L A
| i-' .......................... e
DATED..V.??./:..‘../’..’......~,19]r§/ '

NL-91 (10-68)

¥



THE FIRE ' ENDURANCE OF REINFORCED CONCRETE STRUCTURES .

- M -

-~



THE FIRE ENDURANCE OF REINFORCED CONCRETE STRUCTURES

by

. Edward F. Vickers, B.Eng.

AN ’

A Thesis
Submitted to the Faculty of Graduate Studié%
in Partial Fulfillment of the Requirements

for the Degree . "

Qaster of Engineering
Se—

McMaster University
Hamilton, Ontario
Canada

1974

/




MASTER OF ENGINEERING (1974) -

- McMaster University _ )
Hamilton, Ontario ™~ )
Canada.
TITLE: The_Fire Endurance of Reinforced Concrete Structures ’

[

AUTHOR: Edward F.. Vickers, B.Eng. (McMasﬁgr Uhi&ersﬁty)
SUPERVISOR: Dr. R.G. Drysdale .

NUMBER OF PAGES: XI , 155 :

%

SCOPE: The material behaviour of concrete at elevated
temperatures has been:investigated. A series of tests was

pexformed to verify and add to information available in the
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litgiature. This information has been used to model the behaviour
‘of pinned end columns and the behaviouﬁ of columns in a building

frame when subjected to fire éxposure. ANgomputer program was
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written to analyze-rigid frames. This program employs an iterative
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\proceduré to approximate the inelastic behaviour ‘of the frame.
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N Nomenclature
| ). :
Notation ~ . ‘
.2 ) ,
A - area, in . .
c¢ - concrete cover to steel stirrups, inches. 4
d - distance on cross.section to point under -consideration

’
measured from subscript ‘location, inches.

e - eccentricity of load, inches. : ¢ -

E - modulus of elasticity, ksi.

’

EA - axial stiffness, kips. * )

EI - flexural stiffness, inz—kips. .
£f - material stréss, ks1i. . ) ’ lh“
f'c~. 28 day concrete compressive strength, ksi;. :

I - moment of inertia, in°. | %ﬁ

L. - length of column, feet. ' B - ) ‘maé
m - nuﬁber‘of gteel bars. B
M - bending moﬁent in-kips. ‘ .

n - number of lelSlonS of the square cross’ sectlon

depth and width.

P - steel area as percentage of concrete darea, %.
P - axial load,_kips: .
t - dimension of square cross section, iqches.
T - temperature in thousgnds'Sf °c.
X, Y- cobrdinates on face of cross section, define frame
‘geometry. ’
Greek ' ,
¢ - curvature
& - strain, in/in. . ’ -
& - deflection; inches. - ) .

¥y — summation



Subscripts

\

b - balanced- conditions.-

¢ - of concrete.

cg - at elastic centroid.
ext,int -

i,jJ - of concrete element 1i,].
k - of steel bar k. -

Tinimum, maximum.

' -

min,max -

s - of-steel.

u - ultimate.

-y - -at steel yield

¥t - at-cross section mid-depth.
Sﬁperscripfs -

d
-

- )
' - .normalized value; (except £.)-

.

external, internal.

T - jat elevated temperature.

- -
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Chapter 1 .

- INTRODUCTION TO FIRE ENDURANCE

1.1 Gemneral Introduction

Exposure to high temperature in a building fire will
haye detrimental effects on the load capacity and on the
deformation characteristics of a building element. The effect
of fire exposure on an unprotected steel column or on an

entire steel framed building can be readily calculated. This

-

is due to the avallablllty of knowledge of the thermal effect

(10,13)

on stéel propert:.es and also due to the elastic m

behav1our of the steel whlch permits conventlonal matrix ]
structural analysis of the frame. If the building has a %

large degree of redundancy it may reqguire the use of a computef *x
as a design eid but the methods involved are common knowledge %@

to most engineers. For the steel framed building fire O E

endurance .can be readily determined.(ls)

Unlike the steel framed building it is very difficult to,
analytically determine tie fire endurance of a reinforced
concrete building. This’is due in part to the lack of

quantitative information of the effect.of high temperature'
. i : . :

on the mechehical properties of concrete, especially the
effects on deformation related pfoperties such as creep,
ehrinkage and expaneion: It is rot possible to determine

analytically the mechanical .properties for all concretes.

) Ny
However, it is possible to determlne the mechanlcal propertles

-

for a specific test concrete in the laboratory. The laboratoxry

results which are available although not as,thorough or as

complete as would be desired have been used in this investigation



AR . _‘ 2.

to obtain the fire endurance of pln -ended unrestralned

L

relnforced concrete columns. ) L ’ T
Concrete exhibits nonf}inear, inelastic behaviour at
almost any strain intensity. Conventional stiffness matrix
analysis cannot be used pebause the modulus of elasticity
of the concrete is dependent én the strain and on thé stré§s
in the element.. This inelastic behaviour can be estimated by

a succession of elastic approximations. By a process' of
iteration, the inté;nal stresses and strains on thé elements
comprising the assumed eiastic framé can be adjuéted to
represent the actual behaviour of the inelastic frame. The
actual stfess and strain distributions over the cross section
are used to obtain the axial section propertyy(EA) and the

flexural section property (EI) by a numerical summation over

the area. These two parameters are‘adjusted due to changes in

AT e P

gtréss and étraiﬂ until the benﬁviour of, the frame has been
approximated within some allowable tolerance.

\ The effect of expansion must be inéludédkwhen there is any
festraint td'free-movement. This is true for ?in;énded

columns as weil as for a rigid frame. In the case of a:

- rigid frame theré can be subséantial increases in column axial
.load as a result of. expansion. Thé harmful effect of this
increase is al;eviated to some extent by the 'simultaneous
ﬁwment £e~distribution brbugﬁt about'by changgs'in_member axial

and flexural stiffnesses._

+1.2 Remarks on Fire Endurance .

The only performance reqdirement related to fire endurance

»



ité‘load carrying_capaciﬁy during fire exposure. The fire .
rating required by building codes is'the‘léngth of time that

a structﬁfalﬂbegm, golﬁmn, floor o wall can support the:
desidn load when exposédlto a standard~fire;

Pasﬁ practicg has been to base the firg.endurance of
reinforced concrete structures on actual testing if not too
expensive,'or on the application of empirical data to check
the fire worthiness of a design. This data has been/ggtained
from many varied aﬁd perhaps unrelatable sources. I%ith
reinforéea concrete a column test will have a large number of
maﬁerial variables, some of which are ﬁ&pe of éggrégate, initial
water—-cement ratio.and degree of hydratidn at the time of

testing. As well a large number of structural variations ‘l

such as depth of cover to steel, size and shape of cohncrete 3@

CXoss squ;oh, degree of restraint and amount of re}nforcing
steel exist. These possibilities for variation make it
unlikely that designs beiné cérried out at bresent w;ll'exactly
fit the design parameters of fhe'previoﬁsly tested columns.
Designers should be cautioned against the attitude_that‘éhe‘
similarities are “close enough". There can be éignifican£
changes in tﬁe fife endurance fof seemingly small differences
in say, percentages of hydration or degree'of restraint.

It is,ﬁhe opinion of the authoxr Ehat present chécks.fof fire
endurance based on pin-ended columns, have little va;idity_wﬁen
the column is used.in a ffaﬁe. All the structural members of
a frame will be'réstrained by frame action. As—the temperéture
environmént changes, a redistribqtion'of foiceé in éll members

that is different from the originalidesigﬁ will occur. This



interaction with-the remainder of the structure can be
beneficial or non-beneficial depending on the p051tlon of
each member in the frame and depending on the extent of the
fire in the frame. For a reinforced concrete co;umn that-is
designed.princr?ally for axial load rhére_could be a "
detrimental increase in axial load due'to expansion. However,
for'a reinforced concrete beam, an increase in axial load due
to expansion with a constant bending moment will usually
increase the factor of safety in the bean.' Beams and columns

in areas of a frame adjacent to the fire tould have adverse v

4 -

increases in bending moments due to expansion and moment

redistribution by the members affected by the fire.,

L
X
N,

Although the use of pin-ended columns for the checking of =

?3

L
1wt

designs ﬁay not be totally satisﬁactor§ for a rigid frame the
use of pin-ended columns provides a good means to study the
effects of different variables on the fire endnrance of
reinforced concrete structures.

Previous worr, by Clark(4? for'exemple, was'hindered By a
lack .0of knowledge of material properties.- This reenlted in

L]

very empirical methods for predicting the fire endurance cf"'
concrete columns. - ' l

With a better understanding of material behaviour, it could
be possible to use fewer shnplifying'assumptions. At present
research is being carrled out in many countrles along the llnes
of testlng the individual components of relnforced concrete.
Studies into ‘areas such as aggregate comp051tlon, thexrmal
induced creep or.thermal coqductivityxhave §ielded;date that

has recently increased the knowledge of concrete thermal and



mechan%sal properties.(1’2’5’7’9’18’19) This has permitted
numerical modelling of column 'and frame behaviour which is as
reliable as much of the empirical data avallable.

In the present study, some variables that should be
included in the overall analysis have been excluded. It is ’
felt that this work should provide a basis for furthering the
design of reinforced concrete stfuctures so that they are /
actually designed‘and not,just‘checked for fire endurance.

As Canada and other countries adopt national design codes
-based on limit. state design, it is neécessary that a consistent
safety factor be used in all aspects of design. The use of -
computer aided design allows a set of calculatlons to be
performed to check the actual safety factor of a structural %
element. The qumerlcal analysis and design of ao entire %
relnforced concrete bulldlng for fire endurance as well’ as
de31gn loads could be performed in a fractlon of the time and
cost required for the experlmental testing of a single structural
element._ | \

The ultimate reason for studies in this area is to prevent
loss-of life and also loss of financial»invest;ent.: A‘full
study on structural flres would 1nclude flre preventlon methods,
flre_extlngulshlpg methods; structural 1ntegr1ty assurance,

'smoke control and means of ensuring occupant egress.

Only srructural integrity will be investigated now but this
does not mean that otherfaspects of a structural fire axre not
important. In a reinforced concrete stfucrure, which by.nature

has a high latent fire endurance and hence hlgh structural

integrity, problems of smoke control and -egress may be more’
A



Major fires in high rise reinforced concrete buildings have
shown that the problems of smoke conkrol and egress are more
important to prevent loss of life. These same fires have

" shown that the possibility of a reinforced concrete building

’

actually¥collapsing during a fireﬁls probably minimal. This

could he explained by the fact that not all columns or beams

bt )

in a'building will be eXposed to the same maximum temperature
at the same time, thus allow1ng ad301n1ng members to share the
load on a member that is underg01ng the max1mum temperature.

Also the interior de51gn of many apartments or office buildings

tend to isolate the effects of the fire from other areas.

Bulldlng fires can result in structural collapse as . b

-
x.

[

FT

evidenced by recent flres in two bulldlngs. A large one-storey

kS

o
iy

data warehouse operated by the General Services Admlnlstratlon

-

in the United States was exposed to a severe building flre.

The structure enclosed an acre of floor space under a contlnuous
roof.' The expandlng concrete roof deck exerted enormous column
base shear 1oads, resultlng in a base displacement after

-

failure of several feet.
’ )

As reported in recent publicatlons, a'hotel in tﬁe United'
-States_was eiposed to}a,fire while under construction.* Although
several floors collapsed along many frame lines;.the‘remainder_
of tﬁe construction was:deeméd to be.sound and reconstruction
followed. ) - _ |

Although the Eullding may not'collapse; there is the
economic question of utility after the fire. ‘Excessive
permanent set deformatlons and spalled surfaces of beams,

columns or walls will affect the appearance and the structural



adequacy of the building: Less obvious problems that will
affect member strength arise from hidden details such as
sprface layers of concreﬂé witich may have yielded and crushed
slightly, interior areas of a cross section wh}ch may have - /
cracked due to dlfferentlal thermal expan516n and matéfIEI ///
transformation of the concrete and steel which may have
occurred due to thermal activalion. These structural problems
:coulﬁ all be_ﬁinimlzed by proper design allowances.

e

1.3 Théory of Fires - ' - . ‘

It is necessary to have some understanding of the charac-
teristics of a building fire in arder that the seriousness of [
such fires can be a;preciated. The severity of a fire has
been estimated by wvarious means over the years. The(severity
is a means of éxpressing.the temperature course of ‘a fire,
that is, how high the teﬁperature will rise and ﬁow long the
fire_will.be sustained at‘high_temperatdresf' ~

The'ealorific value of the combustible material in én
enclosure used to be the only means of estlmatlng fire severlty.‘
.Actual fire ;;;;s were found . to yleld qreatly varying
maximum attained temperature for the same amount of combustible

material. This led to the con51derat10n of the ventilation

area of the enclosure and of the thermal propertles of the

' .enclosure walls, floors and celllngs.

The tempe{ature course. of a fire has three major portlons
ie. growth, burning gnd decay, as shown in figure 1l.1. ‘The

growth period . begins when the heat.source ignites ‘some

a

combustible material in the room. There is a slow increase in

=t

as‘ PN 1:1; ' = T . is the



when a fire can be extinguished easily or escape can be-

made. As the temperature increases, heat transferred in the_
enclosure will cause volatile gases to be evolved from the
coﬁbustible material. _The evolved'gases mix with-;he air to’
form.a combustible mixture which ignites, causing "flashover",
spreading the fire and rapidl& raising tﬂe’tempprature.'The

5
duration of the growth period is affected by many factors. - A

low ignition température and a large’surface area with lirtle
naterial depth will cause rapid flame sbread; A‘shallow-
tiaterial depth means thaﬁ*heat'from the flames will not be
absorbed by a large materiil éass, but will tend ro spreadgalong
the surface or irradiate to oéher objecrs.: ﬁith_some'materials

which are not shallow in depth an insulating char will‘debelop i %

,
e

-

on the surface which inhibits flame spread The shape of the
. enclosure, location of_ventilation sources and the‘quantity
of air movement ishalso essendial in determining whether the
- fire's growth will be limited.by the avail%ble combustible
material or by the ventilation source.“ The amount of.

combustible materials is important as is the spacing of the

combustible material with respect to each other and to the

ignirion.source. | .
The burning stage'pegins at flashover. All of the combustible-

'materials begin.to burn rapidly, pushing the temperarure.in

the enclosure up until the heat produced by the fire equalizes

Wlth the heat 1ost from the enclosure. The maximum temperature

L.

in figure 1.1 is where the heat production just begins to’ drop.

-

At all points on the curve 'the heat produced by the fire

« " ined with the heat brought .in with the 1ntake Ventilation
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air must balance against all heét losses. Heat is absorbed
by the surfaces of the encldsure and by the air in the
enclosure. Heat 'is also lost by radiation tﬁrough openings
and by cénvection in the outgoing gases. The better the
enclosure is insulated, the higher gill be the maximum
attained temperature. With the extremely high heat produced,
the fire can spread-to surroundiﬁg.fooms by flame spread and
5y penetration. The fire can also spread to adjacent buildings
by the collapsé of barrier walls or by radiation throuéh

windows and doorways. .

During the burning and decay periods the rate of burning

is controlled by the amount of ventilation up to the point ‘

where there is an excess of air available for combustion.
When.the(air supply is unlimited then the surface area of the
combustible material will govern the maximum temperature.
The decéy period, when temperature begins to lower, is caused
by excessive charring whzgﬁ\restricts ﬁhe,aréa availabie for

'combustion. 3

‘L.4 * Standard Fire Curves

A modexrn building usually has large windows, ensuring
adequate ventilation for a fire. The walls, floor and ceiling
are often concrete or block’wéék p;oviding good isolétion of

. the fire but which allows very high temperatures to develop in
a lppalized.portion of'a building.' Every room in a building
will have different amounts of combustible material which will
likely change with time due to_occupan£ usage, therefore, the

. fire severity in a buil%ing will be ﬁery difficult to ascertain.

,a.
:'ﬁf::’
I
ji

S
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ﬁEach room could have its own fire temperature course curve
which would make actual testing to determine the fire endurance
a very coskly affair. Recognizing the variability possible in
the fire load and ventiletion, standard curxves have been
de&eloped to regresent the expected tempereture course. of a
fire. Although most countries have developed their own
standard fire test curves, these curves are quite similar
between countries. For the present study, tbé stanéard fire

curve.used is described by ' ASTM EllQ-?l,(4)

/

shown in figure
1.2. This curve can be approximated by the following equatlon(
T = 530 + l350(l—exp(—3.795531%)) + 306.74T% ' 1.1

v

The actual fire temperature curve may not be the same as the
standard curve but at least a uniform standard will be applied

to the design.bf building elements for high temperatﬁres.

1.5 Temperature Gradient in a Square Concrete Column

For this study all of the temperature information has
supplied by T.T. Lie of ‘the National Research Council of

Canada, Lie,(lz?

in his work to determine the temperature
gradient in concrete has developed an accurate method of
obtaining'intefnal concrete temperature when the specimen is
_exposed to external heat at the surface. Thé study at hand

has been restéicted'to the analysis of square concrete cross
sections. Due to the four axes of symmetry, the number of
calculations for thermal and meéhanical properties is greatly
reduced. The temperature related calculations are requ;red for

a pie- shaped wéﬁge over only one eighth of the cragss sectlon.

The column cross section is exgpsed,on;all four sides to a

4)

aa
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fire that follows the temperature. course of ASTM E119-71.
fsee equation 1.1) It has been assumed that the column will
act as a black body and absorb all heat developed by the fire
that is incident on its surface. The thermal gradients are
calculated by a finite-element technigue. The results of the
finite—-element analysis are tabulated in matrix form with -
each element of the square matrix corresponding to the midpoint
of the respective element on the cross section. The temperature
gradient surface over a sixteen inch square quartz aggregate
concrete column is shown in figure 1.3. Since this cross
section is quite large, there is a great differential between
the tempefature at the surface and that at the centre point.
Along grid lines in the central portion of the cross section,
the temperature drops rapidly as distance from the outer surface
increases. Near the corners of the cross section the
temperature gradient is more shalleow, resulting in higher
temperétures in the four corners. This is the resulF of heating
on all four surfaces. There is a greater flow of heat on the
corners.

Since the fire exposure is uniform the temperature of the
outer layer of concrete is the same all around the cross

section. The shape of this temperature surface will affect

-~

later_considerations on design parameters such as, cover to

~

reinforcing steel or the location of the steel in the cross

section.
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1.6 Objectives

This study will .attempt to. verify by Festiné, some Yof the
-existing information on éhe material behaviour of concrete.
This will be déne in a quélitative‘mannep to discover ény
abnormali£ies in the literature.

With the material properties either accepted oxr questioned,

; representative sét of material properties'wiil be selected
for following column and framg anaiysis. |

Short and slender columns will be analyzed)to determine the ’
effects of variation of design parameters such as concrete
cover, on the‘fire endurance. Finaliy, building frames wiil,

be exposed to fire to examine the effect of frame continuity

on the fire endurance. ’ . ‘ ’
:

i
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Chapter 2 -

THERMAL AND MECHANICAL PROPERTIES OF REINFORCED CONCRETE

2.1 Introduction

-~

A Y

To determine the strength and deformation characteristics

N
+

of a compound building material exposed to a fire, it is
necessary to understand the hehaviour and the thermal

properties of the.constituent material at the temperature

-

attained in a fire. The thermal properties determine the

temperature increase over the cross section of the member.
.This temperature rise causes a change in the mechanical k

properties; strength and deformation. These mechanical '%&
R T

R BN
praoperties will be tempgrature—dependent and may also be stress- ‘%&,

dependent and time-dependent. v g

e

In sections 2.2 and 2.3, the thermal and mechanical
< S

properties of the components of reinforced concrete will be

*

outlined. In the following section, the results of a limited
test brdgram, performed to generally verify the data in thé
literature will be given. Finally, the properties selected to

represent a standard quaftz aggregate concrete ‘will be discussed.
) . . $
This staridard concrete will be used in all cailculations.

5 »

2.2 Thermal and Deformation Properties of Concrete

* T e
The thermal and deformation prbperties of concrete cdn be

determined by:appropiate testing methods. However, due éo

the poésible wide variations in aggregate composition and
watef—cement—aggreéaﬁe ratios, it becomes necessary to generalize
~about the effects of each variable. ‘

It is important to note that all of the testing to determinq



’

the thermal properties of concrete performed in the past
has been done on small specimens, usually oven-dried prioxr

to testing. The specimen is heated to an elevated temperature
with or without an. applied load, ellowed to heat equalize at
this temperaéure aﬁd then tegted.to rapid failure by a force
controlled device. '

Material properties obtained in 'this manner may not be tfuly
indica;ive of the actual behaviour of reinforced concrete
assembiies in a fire. Due’ to the size of columns and beams,
the temperatyure gradient over the cross section is always in a k

state of dynamic flux. Over the cross section this results in

unequal thermal expansion, unequal stress-strain characteristics

and the entrapment of both pore-yater and released crystallization—'
water within the hot, dried outer layer ef concrete. Testing
in this dynamic state, which would require the costly testing
of wﬁole-assemblies, needé~t01?e performea te verify the
design usage of information obtained by testing on small
sbeéimené at static-teméerature. ,Ig has been assumed in this
study that this usage is elleWable. In fact, others (14) have
shown reasonabre agreement between results of experiments on
assemblies compared wjih.calculated predietions.
Elevated temperatures result in two types of design;;steady
state and transitory. . Steady state occurs when the assembly
is in thermal equilibrium. The. design can proceed using usual .
methods with proper.reductions for stiength and modulus ofA
elasticity. The expanded shape should be taken into account.
Trans1tory desxgn occurs when the temperature is ehanglng

up or =~ - 1 ' « non- uﬁlform stressing. due to dlfferentlal
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thermal expansion and due to thé&é wvariation of maximum strengths

and the stress-strain relationships over the cross section.

A large éonstruction subjected to an extreme temperature gradient
may ¢rush in the hot zone and pull apart in the cold zone. For
this phase of‘éesign, thermal expansion must be accurately
defined for all temperatures. A linear coefficient is not

sufficient.

In the following section, the effect of thermal expansion
~

and conductivity will be examined to indicate how . they affect

o
the components of concrete. Thermal expansion is common to all
materials. In concrete, the apparent expansion is the sum of ?&

- - - - : ‘:J;); 5
all of the expansions of the individual components. Due to B

different rates of expénsiop large in;ernal stresses and strains
can develop between‘the components. Thermal conductivity needs
to be completely defined especially for the trénsitory design B
stage. Thermal conductivity of concrete ié affected by the
conductivities of the‘cement and aggregate, by the mix ratios;
by the compactness (lack of porosity) and by the moisture

-

content. )

The physical meaning of the factors affectiﬁg heat flow
through the concreté cross section, that is, cqﬁdﬁctivity,
specific heat and diffusivity will pét be explained in detail.
Information on these vaF;ables_can be found in refe;en;e_(l3).
Thé effects of temperature and material composition on these

S%has been included in the der?vatiqn of the temperature
éradients by Lie. iThe température rise at the‘position of the
. )

steel reinforcing is a function of the concrete thermal

proberties and is considered to be unaffected by the steel
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thermal properties. (~.

2.2 (a) Aggregate ’ -

(1) Ekpansién

The mineral composition and structure of the aggregate

@

is the major factor in determining the thermal expansion
coefficient of the concrete. Due to the low cement to.
aggregate ratio, the thermal characteristics of the hardened

concrete are very close to those of the aggregate.

.

It should be noted that rocks with high guartz content such:

- ) . T
thermal expansion (aboqy/lz X 10 ® in/in/°C at temperatures S

as quartzite and sandstone have the highesﬁ coefficient of

e

Ay T
of 10°C to 65°C). Limestone (carbonate) rocks with no quartz

content have. the Iowest'goeffidient of expansion (ébout

5 x 107% in/in/%C). 1Igneous rocks such as granite with low
quartz content have a thermal egpanéion in between the two
extremes. As temperature is increased, the coefficient of
thermal expansion will increase non—}ipeafly.' Thus, for later
use in stress-strain calculations, the coefficient of therma}
expansion must.be changed qqntinuously as the temperatu?e is
inéreaéed: |

3

Water content plays a part in aggregate expansion. Air dry

rocks .may have a 10% higher apparent expansion than water

saturated rocks. This is the result of initial drying shrinkage

of. the saturated rocks decreasing the true aggregate expanéioh.

L )

(1i) Thermal Conductivity
Thermal conductivity is higher for quértz aggregate’than

~ -7 : -t g rrmi11l A be -
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elementary thermodynamics, a crystalline‘aégregate such as

guartz will have a higher thermal cénductivity, due to increased.
molecular order.than would an amorphous aggregate. As
temperature is increased, -there is usuglly a drop in thermal
conductivity. In general, aggregates with a high thermal
expansion which could result in increased micro-cracking

(rupturing of intercrystalline bonds in the aggregate) are

those rocks which undergo the largest decrease in thermal

conductivity as, the temperature increases. Lightweight ' -
aggregafes with a high degree of porosity have a low thermal {
conductivity. Other factors affecting the heat flow in the "

aggregate are the‘possibility of thermally activated tfansfor—
mations of the aggregate or the release of aﬁy crystal waterx.
Limestohe aggregate will transform to a soft chalk at GOQ°C,
while gquartz will undergo several phase_fransfqrﬁa£ions.
Usually-associated with‘thesé trgnsformations is a large
increase in the specific.heat thch has the effect of slowing
the thermal condqétivity.

The relatiohship between thermal conductivity and expansion
is importaht. For quartz which has a‘high therﬁal cpnductivity,i
the temperature gradient is not as steep as.would be expected
. for anorthosite aggregate. Althéugh the thermal expénsion is
greater forlquartz than_for anorthosite; due to £he Sméller
differenceé.in temperature between the inner core and outer
layer, the strain differenfial will be less for guartz than
for énorthosite. It is éhis strain diffef%ntial which i's
respénsible.for tension-cracking in-the conérefé core while

the surface concrete is being crushed.



20.

This leads to ‘weaKening of the concrete and couid,be a ’

cause’of'spallidg._ Although a number of temperature gradients

»

for different aggregate concretes were made available by

T.T. Lie and D.E. Allen of the National Research Council of
. . “~
Canada, only those gradients dealing with quartz aggregate have,

been used.

-

2.2 (b)'Cement.Paste
(i) Expansion : " _ .

The actual expansion of cement is the super-imposed’ sum

of the true and apparent expansion. True expansion caused by k3

increased kinetic molecular action is essentiaWlly constant at
10.0 x 107% in/in/°%C. Apparent or hygrothermal expansion ie a
hygrothermal volume change caused by movement of internal".
moisture‘fro the cement capillaries to the gel pores. . The
movement ys caused by capillary forces produced by temperature
changes w1thout any change in total water content 1n—the spe01men.
Apparent expansion depends prlmarlly on the moisture content
and as. well on the capiliary structure and quantity of cenmnent.
Certaiq moisture contents have the effect of increasieg the
thermal;expansion so that a maximum is obtained at 65% to 70%
saturation for a six monthé{wya sample or at 45% to 50%
saturatlon for a sample many years old. Mlnlmum expansxons
'occur at zero and 100% saturation.
Hygrothermal expansion of neat cement paste ma& exceed true
expansion since totallthermal expansion can vary from 9.0.x 10™

up to 21.6 x 107° 1n/1n/°C at .room temperature. ‘The different

rates depend on dlfferences in cement flneness, cement
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with age of cement.
Cement paste expands rapidly up to the boiling point of

water and then begins to contract as water is given off at a

donstant‘temperature of 100°C. This contraction is greater
than initial expansion. Shrinkage is due to,.the removal of /
the water of hydration. This shrinkage is time-dependent -

-due. to the length of the path that the water must follow to

escape. Contraction will continue up to 500°C to 700°C where
. . ' . . &
expansion will again occur. . : m
& L ‘ E
(ii) hermal Conductivity A

AN
As with the aggregate the thermal conductivity of the cement

paste lowers as the temperature of the cement is increased.

This decrease in conductivity is caused by mictro-cracking due’
to aggreéate expansion'ahd ceﬁenf contraction at elevéted
temperature. Increased porosity due to loss of pore water will
also causé a decrease in conductivity. Pore water has a high
épecifig heat which adversely a¥fects conductivity but the air
. void remaining after the water is driven off has an even lower

4

conductivity,

2.2 (c) Combined Aggregate and Cement.

The thgrﬁal properties and expaqsion of the combined cement
paste and aggregate c¢an be estimated by using their relative '
proportions in the concrete mix. Dug to possible wvariations
in moisﬁﬁre content,.porosity.or age, the taking of actual

’ . LLN
measurements is the most reliable means of determining these

values. : ' oo
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At temperatures up to 100°C the cement matrix that holds

the aggregate in place will eXpana faséer“than~the7aggrqgatetj%j—f-iﬁ
fhis expansion places the cement paste-aggregate bbnds in .
compression. At higher temperatures‘the cement shrinks while.

the aggregate expands. WNow the internal bonds undergo tension

or they must crack. The addition of external stress on the
specimen will reduce the ‘strain differential between the cement
and aggregate. This reduced strain differential results in

less internai cracking. With fewer cracks the concrete will

retain a hiéher compression strength at the elevaﬁed témpe&atnré. '
To avoid the detrimental effects of this cradkiﬁg, the

external stress must be present while the specimen ;i.s being k

heated.

Eai

[

2.3 Strength Properties of Reinforced Concrete gt

The strength of concrete and steel at elevéted temperatures L5
must be determin?d by testing. For concrete the usual test
ié a cylinder compression test. Steel strengths are usually
determined by a tension test. These tests must be performed

at a number of temperatures.

2.3 (a) Concrete Properties

(1) Streﬁgth ‘
Although the method of testing has little effect on the
steel strengtﬁ, there are a large number of factors relatgd
to methods of testing to be considered when testing tg detérmine
concrete strength. The rate and duration of heating, size aﬁd

shape of the specimen, load intensity during\héating and whether

L4
(S
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the specimen was tested hot or cold are all aspects of the

L4

method ok testing. The'tactors that affected the thermal

- aa

poe

" proerties discusseé~in section 2.2, that is, aggregate type

and water-~cement-aggrégate ratios will also affect the concrete

strength.

The effects on concrete strength of the cement to aggregate

f
ratlo and the 1oad 1ntens;ty during heatlng are shown in figure

-

2.1.. Loss of strength id slower for a high aggregate content.

As temperature is, 1ncreased the rate of loss of streng\g\

accelerates. This is partly aue to increased expansion causing =s

. 7
more cracks and due to material transformation. Work by

(1)

Abrams shows that the addition of load during heating Ps

beneficial to the compressive strength of'the‘concrete. His.

[N 04

work indicates that the actual load intensity is not important

but rather that the addition of any load’possibly in the range
. .- o .

of 0.25 to O.S-f is the. controlling factor.

Figure 2.2 shows the efﬁects of hlgh temperatures on the

4dnstressed residual strength, that is, the-strength of the

core after heating in an unstressed state, allowing it to cool

and then testing. This indicates that”the concrete continues

P
-

to lose its strength after the heating has stopped. Possibly,
a structure should bg checked for its after-fire worthiness
as well as its behaviour' during the fire.

During the fire in an actual building, the®concrete and
steel both lose strength. .After the fire the steel regains
its strength as it cools except as noted in sectlon 2.3 (b).

Therefore, the reinforced concreté assembly would have a large

el

-t

i
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proportion of its initial strength after tﬂe fire even though
the concrete is weak.

Following initial losses, the concrete will begin to regain
after heating, a large propértion of its strength over a period
of several months. This applies to concrete heated up to about
500°C, Above this temperature, permanent material transformations
occur which inhibit any regaining of strength. The gain in

strength after heating is due to recovery of the water of

hydration lost during heating. (see figure 2.3) -

(ii) Modulus of Elasficity

The modulus of elasticity of concrete exhibits behaviour
similar to the strength of coné{ete. Figure 2.4 shows the upper
and lower bounds for'the elastic modulus that can he expected
for normal weight concrete. As was the case with strength, the
modulus of elasticity declines when heated énd continueé to
decline for a period after cooling. Then it slowly begins to

regain a portion of its initial strength and modulus of elasticity.

(1i1) Creep
The creep rate of concrete will ‘increase at high temperatures.

‘The work by Cruz(s) (

'(modified by Lie 13)) shown in fiQuré 2.5
indicates the effect of temperature on the creep rate of norﬁal
weight concrete for a 4,000 psi concrete stressed to 1,?00 psi.
The creep rate increases as the stress level is increased for a
constant- temperature. Creep at high temperatures would be very
difficult to measure due to gradual heat flow to other partions

of the test apparatus resﬁlting in expansion and creep of those

& 'R

LI LTS
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(iv) Spalling

Concreée structureg have a tendency to lose layers off of
thelirx outér surfaces when exposed to elevated temperatures.
This phenomenon is usually caused by either high compression
strains in the outer layer due to differential -expansion, or
caused-by high vapour pressures resulting from boiling of
entrapped pore water beneath the surface or caused by a
combination of these two factors.

Thermal expansion strains can develop large stresses in the
outer layers of a concrete assembly if the assembly is restrained.
by the edges or by the reinforcing steel. A sfeep temperature

gradient in the outer layer will result in very rapidly decreésing

expansions with the depth away from the surface. Unless the

\ o 1
interior can crack in tension, the exterior will fail in
compression. Spalling as a result of restraint will result in "
- B
a gradual loss of concrete.’ R

Moisture is also responsible for spalling. A concrete w?th
a high moisture content and low porosity is susceptible to
explosive spalling. As tﬁe te@perature is increased, water in
the outer iayers will either be evaporated or Se attracted to
the cooler concrete pores deeper in the concrete. An outer
layer of dry concréte forms which traps the free water in the .
filled pares. As the tempeggture is incfeased, this water
begins to vaporize. If the dry layer is porous, the steam can
escape. Otherwise an explosive spalling will take place to

release the steam.
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2.3 (b) Steel Properties

(i) Strength

The yield strength of steel decreases as the temperature -
is inéfease&. The shape of the typical stgeés-strain curve is
affected also. The definite yield point for mild scecel becomes
a gradual curve‘for\highér temperatures. For mild steel there
is an initial increase in ultimate strength as the temperature
is raised, then a rapid drop aftgf 400°C. PFor high strength
steels both yield stress and ultimate strength drop rapidly as
the temperéture is increased; Cold drawn and heat treated
steels lose their strength more rapidly than high strength alloy
steel or mild steel. As would be expected, cold drawn .and heat

treated steels do not regain their initial strength after fire

exposure. : . . '

(i1) Elastic Modulus . . } "

Previous test data show a large variation in experimental &
results concerning the changes in the elastic modulus. All’ A
results indicate that the elastic modulus decreases at a B

slightly slower rate than the yield strength.

(iii) Expansion and Creep
™ fThe coefficient-of thermal expansion increases very slowly

with increasing temperature. ’The_only irregularity in the

-

expansion of steel is the transformation to austenite at abont
700°C, resulting in a small contraction. This has little
importance since the steel has lost almost all of its strength

at.this temperature.
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The creep rate for steel is practically zero up to a certain

temperature which1erends on the load intensitj/and type of;
steél © At this point, the ereep rate increeses dramétlcally
as is shown in figure 2.5. For high strength steels, the
crltlcal temperature is lower than for mild steel. In figur;
2.5, the applled stress on the ASTﬁ A36 steel is 21. 6 k31 ’
(O:L Fyl%and the applied stress on tﬁe AS?M A42l is 100 kSl,

(approximatelylo.s Fy).

o

274 Concrete Cylinder.Fire Tests

-2,

2.4 (a ) Introductlon

Abrams(l) et al(2 5,13) haVe 1nyestagated ‘the strehgth of

concrete at temperatures up to 850 C In%thls area there has

't

been a great deal of confllct over results and observations.

°

Thls is due in small part to the many variations possxble of-
] ~ N
' ' wA -k
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ratio, plasticity of concrete, rate of heating, strain-rates

and other factors. It is extremely difficult to obtain a
meaninéful relatioﬁship with SO many factors to be considered.
Thus, it is more plausible to obtain a set of teet results which
are as close as possible to the actual situation that will be
investigared. The author was interested in the material properties
in a building which has been erected on a job site. Therefore,
niceties such as humid rxoom for controlled environment curing

" are not to be expected. A more realistic case is moist curing

,

for a few days followed by continual drying in the open air.
This will prodiice somewhat poorer concrete but will yield a
more realistic picture. ‘ : -

“Many investigators have attempted to dry their specimens k

before heating to eliminate any dhance of spalllng that may 'g
occur due to boiling of trapped pere water. This spalling 3
might also have been caused by differential expansion of ehe %&
concrete as exp;ained'in section 2.3 (a) (iv). Artifiéial
preheating to dry the sample is noe representative of an actual
building fire, which wiilflikely have a rapid rise in temperature

~
.

to a more or less constart temperature.

2.4 (b) Test Program . : b

~

A iimited feef program was carried out to observe rhe
behaviour of cencrete specimens heated to a ﬁigh temperature.
Due to llmltatlons on the avallablllty of the testlng machinery,
_espec1ally for testlng spec1mens under load while heating, it
was not p0551b1e to obtain conc1u51ve ev1dence. However, the

'few tests performed were valuable .to the author in aldlnq the
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underStanding of previous information mentioned in sections
: \ i *< .
2.1 to 2.3.

2.4 (c) Concrete and Specimen Preparation

it was decided to>avoid thermocouples buried in the centre
of the test specimens. To ensure rapid and uniform heating
througﬁ the specimen, the size of the specimen had to be smaller
than the usual six inch diameter test cylinder. Additional
limitations were placed’On size by the oven used for the loadlng
while heatlng tests and by the testlng machine itself. The
diameter of the cylinder was restrlcted to one and three guarter
inches. Therefore, a maximum height o¥ 2xD or three and one
half inches was-usea. fhe cross sectioh area was 2.4l square r;
inches. Although it was necessary to use a small diameter,
it, was importaut to keep the iengtﬁ as long as possible so that .‘%

expansion and creep effects could be easily measured. '

2.4 (d) Forms and Preparatlon of Sample

The forms for the small cyllnders were made from two inch-
outside diameter plastic tublng. The tubing was cut into three‘
and one half inch lengths to make the forms. . To facilitate
removal of the concrete specimen, each sectlon of tube had one
lonthudlnal cut made into it and was coated ;nternally w1th
_form oil before'caséing. The specimens were cast on a smooth
surface to prOVlde one good end for pla01ng in the test machlne.
Although care was taken to ensure that the upper end of the
cyllnder was trowelled smooth and v1brated .1t was necessary to

-

have the second end saw cut to provide a good testing surface.
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Standérd'practice for preparing six inch diameter cylinders

is to cap the ends with a sulphur compound.

the high heat that the specimens would be exposed td,‘thié

was not possible and saw cut surfaces had to be used.

2.4 (e) Concrete Mix

The aggregate size was limited to three.eighths inch

maximum due to the small cylinder size.

However, due to

The aggregate sievé

analyses in figure 2.6 were performed for the lakeshore sand

and for the limestone aggregate. The combined curve shown in
figure 2.7 is'in the aggregate mix proportion 1.54:1.0 fine to
coarse aggregate, that is, the fine aggregate is 60.5% of the

total aggregate. The water—cement ratio was 0.65:1.0 and the

cement to aggregate ratio was 1:5.5.

0.65:1.0:5.5, water to cement to aggregate ratios yielding an '
. . 1 - . .
average 28 day strength (fcl of 4,006 psi. ~The following six

]
inch d@iameter cylindetrs were testéd to obtain-fc.

L3

Cylinder Axial (1§s)
81 119,000
42 110, 000-
. 83 . 111,600
VR .£13}500
#5 . . .110,500
£, = 39@939- ;_4,b06”p;i. ?

(4,220 - 4,006)

The mix design was

c

Stress (psi)

4.220
3,900
3,960
4,030

3,920

.20,030 .

‘x 100% =

maximum deviation .= y
: . -, 4,006

5.3%

- N

%
o)
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2.4 (f) Unstressed Cylinder Test Procedure

At each designatéa temperature level, four types of heat
lt;eétment were carried out.on specimens that were not lqadéd - !
while being heated. In the first test, the specimen was heated
_in the oven and tested while still hot. Secondly, a different
,Specimen was_similarly heateéAand then allowed to cool in air
for 24 hours before testing. Two other tesf speciniens were
subjected to a quenéhing bath of cold water after héating. This
was to represent the effect of a concrete assembly being subjeétéd
to cold water from a fire hose in an actual fire. For both
of these quenching tests, the specimens Qere_immersed.in cold
water;for‘only 10 seconds. One specimen was then tested
immediately while the secénd one was-allowed to cool for 24
hours before ‘testing. ' ' ' .

The sbecimens were all heated in an electric oven.to the

faiel
byt
At

desired temperature by heating a.5°C/minu£e:. This ﬁlow rate of
heating allows the entire cylinder to reach nearly the same
teméerature.A An arbitrarily chosen period of tén miﬁutes for
heat soak;ng was allowed at the desirea temperature to ensure
’unifofm heatigg. The thermocouple was placed neér fhe test
specimen so that any effects of radiation would be’ very nearly
the‘game.on both objects. The teﬁﬁerature in the oven
fluctuated only a few degrees and did.not move_abbve the: set
point. |

The specimens‘aftéf‘appropiate héat treatments Qere ﬁlaced '
on a 300 kip Tinius-Olsen compreésioﬁ_testing machine. The
specimens werxre quickly reﬁoved from the oven, pléégd under the

- . - - N l -
ram of the machine and tested to failure. The maximum load
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was noted foxr each speéimen;

. Specimens that were quenéhed were removed from the 6Ven,
held ’in the water bath for ten seconds and then quickly
testea in compression. The two specimens that were tested
cold were removed from the oven, quenched if required, allowed

to cool for 24 hours and then tested.

2.4 (g) Stressed Cylinder Tests

For specimens which were under load during heating, a small
three-zone electric furnace was mounted on an Instron Universal
testing machine. The size of the oven and the capacity of the
test machine limited the cylinder diameter to one and three
quarter inches and maximum load to ten kips. Due tb restrictions
on machine usage, very few of theéé tests could be carried out.

(Approximately one day was required for set up and carxying-

out of a single test). The oven contained three heating zones: i

AN

oA
o oF

upper, middle and lower. Qy appropiate setting of the upper
and lower heating zones, the middle zone would agtomatically
turn off after-the desired temperature was reached. This
pfevented any cyc@iﬁg of the temperatqré. The‘con;;ete cylinder
was élaced in the midd}e zone,‘supported top and bottom by 1ongﬂ
dense alumide rods. The rods in turn were placed:in sta;nless
steel ﬂoldefs attached to the testing machine. One rod was
.attached to .the load cell.‘ To prevent any flow of heat to the -
load cell or to the cross—head, the steel. holders were’wrapﬁeq

. with copper tubing through wh;chxco;d tap water-flowed.“The
conﬁﬁollelectronics for the'oven'requifeg air céoling aue to

£

‘the confined work area and high temperatures. (see figure 2.8).,
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various rates. The machine had an automatic graphing system,
plotting load cell reading against paper roll—out.v The paper
roll~out could be transformed into a deflecti&n axis by
synchronizing the paper rate of movement and the rate of
cross-head travel.

As was the case for the unstressed cylinder tests, the f;te
'of heating was 5°C per minute. While the specimen was heated
under load, expansion tock place requiring the giaduai backing
off of the cross-head to prevent over-stressing. Care had to
be exercised to prevent the axial load from exceeding ten kips

in order to avoid any damage to the locad cell.

2.4 (h) Results and Observations

o The results of the tests are given in fiéure 2.9. The values
of maximum ioad at room temperature are plotted against a
‘temperature sca;e. The curves for the unstressed.tests are
fairly cohplete buf the curve for ‘the stféssed whilé heating
case was necessarily incomplete. Due to machine load cépacit&
limitations, maximum load‘points for the strgssed while hea;ing
tests éould not be reached for temperatures below 600°C. Aé

(1) *

noted in the work by Abrams , some concretes will aétua%@y

show an increase in strength, for heating up to a certain point,
if they have been under an initial stress. {

!

¥

(i) Unstressed Tests

The tests of initially unstressed hot cylinders all exhibited

. !
a slow failure. That is, there was no sudden rupture of| the

. i
cylinder. Up to 700°%C, all of these cylinders had a cone shaped

4
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! .
failure. With iﬁcredsing temperatures above room temperature
there Qas‘leSS aggre&ate failure and more bond rupturing.
At the higher témperatures, the, concrete cylinders visibly
"barreled out" (bulged at mid-height) as failure began to occur.
As the temperature increased, the concrete cylinder exhibited
more ductility as it fractured. The tests for residual strength
after Eooling show a decrease in strength compared with the
companion specimens that wégé tested while hot. As noted in
section 2.3 (a) (i) this is most likely due to the effects of the B
continual loss of the water of hydration after heating. The ‘
differences between results for testing while remaining hot 3;
compared to after cooling. decrease with increasing temperature. ¥
The drop in "hot" strength'at higﬁ temperafures is due to the
sudden loss of crystalli;ation—water in the hot speci&ens.t For
specimens heated above 700°C,,lhe dark grey limestone aggregate
transforms to a white cha;kdlike'éhbStahce:'

When the specimens are éuenched, surface cracks appear. For
both quenched tests (tested hot or cold), the.maximum load is
lower than the corresponding unguenched test. The thermél shock
of guenching must rupturé a large number of thé bonds betwéen
aggregate and cement. Quenching also serves to indicate the
extent.of‘cracking in the specimen. For the specimen heated to
a low.tempe£ature, thé wetted area after quenching is only a
ring around the cylinder but for the high temgefature, the
cylinder is wetted throughout even though it is Gery hot and
should repel water. This indicates the occurence of more
extensive and larger cracks‘as the températﬁre is)increased.\

L -
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The load-def%ection curve for small qylinders was obtéined
at thrée different temperatures. Figure 2.10 is the plot of
the experimental observations. The drop in maximum load is
apparent at inc¢reased temperature. The deflection at which

maximum load occurs is shown to increase with,a rise in temperature.

(1i) Stressed Tests
The data points obtained for maximum locad are plotted in
figure 2.9. These clearly indicate that application of a léad

during heating is beneficial to the maximum stress.
’ ’ ﬂ..
At low stress levels, it is necessary to back off the cross-

head as the temperature increases and hence, the expansion 4
) r - Bt

increases. Howe&er, at hiéh stress levels with high temperature‘,”?}é;?T
it is necessary ta advance the c;osg—head!in order‘to maintain r%
the constant load. -This indicates £hat‘c;eep strain is larger
than egpansion Straiﬁ. Re;axa&ion occurs very rapidly under
these particul§r conditions. Fai}ures of the cylinders were
gradual and fa#led shapes were si@ilgr to the unstressed tests.

These tests are corréct for the maximum load. Failure is
easily defined and as loqg as the other componeh@s of the systém
are not damaged then the failure was definitely in the concrete.
However, the effects of expansion and creep ;s‘previously menéioﬁed,
are open to criticism. One cannot state éhat the expansion and
creep as witnessed is opl; due to ihe concrete. The expansion
of the alumide rods and portions of the steel holders must also
be considered. Alumide, by nature, has a low thermal expansion

but it is a refractory ceramic of material hence, it is

/7

/4
probably susceptlble “to creep as is ¢ ncrete. Again due€e to
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physical limitations, it was not possible to test the alumide
rods bQ themselves to determineé the magnitudes of e#pahsion

and éreep~ Since the alumide rods were each fifteen ‘inches

long compared to only three and‘one half inches for the concrete
cylindex, the creeptobserved could principally be'that of the

alumide and not of the concrete.

2.5 Selection of Material Properties

Up to now, fire resistance has been determined by testing
of whole assemblies. Now, since the behaviours of the in@ibiqual
cahponenﬁs Qf concrete are known, an attempf can be made to
calculate the fire resistance (a much cheaper a%ternative). As ’
ﬁther investigators have realized, the predominant factor in B
reinforced concrete fire resistance is the temperature of the
reinforciﬁgu eel. Aithoﬁgh tﬂe concrete may shrink or creep, RN
as long as tﬂe'steel does not reach its critical temperature ' R
for the stress level involved, concrete beams or columns should
be able to carry their service load.

To determine fire resistance by calculation, a mathematical
model of the assembly must be derived that is as closely
representative of the agsembly as possible. However, copputing .
time, computer storage capacity, and expense forces one to
examine each variable in order to determine itsiimportance to:
the overall model and in ordexr to gonsider the complexif; of
each variable. The stress—st:aiﬁ chafécteristics of steel and
concrete and how.éhey change with temperature are necessary.
Expansion is very important when considering_interaction’with

the remainder of a building. Expansion also affects a compound

-~
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neterial internally dne to different rates of ekpansion.
Ekpansion‘strains are very high for concrete and steel and’
hence, have a large effect on the structure.‘ =

.Creep and shrinkage for concrete could be iﬁportant; however,
conclusive\information is not available in a quantitative form.
Since the foliowing investrgations are for:a short time period,

-

only‘two to three hours, creep and shrinkage have beén neglected.

Creep would be very difficult to‘account for in any calculations
since creep is time, stress and temperature dependent. Stress
and temperature vary over the entire cross section and change

with time. The history of one cross seotion would'be difficult

to. ascertaln let alone the hlstory of an entlre structure. " For
’{ ) ) am

N <

these reasons, the dlrect effectsqpf creep and shrlnkage have

been' ignored. However, the’ stress—straln curves for concrete s

will indirectly include some eﬁ%eots of creep and shrinkage

since they have been obtained aver a short time period.

T

2.6 Mathematical Representation gg Material Properties.

The follow1ng equations are used to represent relnforced
(12 14)

i"

-concrete. These equatlons dre also used by ‘D.E. Allen
of the Natlonal %esearch Coun011 of Canada. Use of 51milar
_equatlons epould give comparable resultst Reference’should:be
made to -the Nonenclaturel All temperatures foxr equatiens 2.2

to 2.13 are in thousands of degrees CelSlus above room

Al

-

temperature. : . 3 ',(m\

- . f

(¢ - 200 . 7 | o
T = —317000 . - . o 2.1, - -

~
)
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for quartz aggregate concrete

T, et . . )

£ = £, if T< 0.429 _ . 2.2
max

T et ' "

£r = £,(2.011 - 2.353T) for 0.429 2 T < 0.855 2.3
max ‘ T .

for steel

4

T

f° = f (L - 0.78T - 1.89T" . .

v =y .

EY = E (i -‘2f04T2f ' ' - 2.5
s s * ¢ o } °

‘concrete stress-strain

£, = %f.  (L((-1.797 * 10'°E + 2.126 x 10°)E - 9.304 x.
‘max . L . -
E + 1.2 x 10°)5 + 3.529) , ‘ 2.6
£ =g, - 0.00127367 ' g 2.7
steel stress-strain“ . . . - - "

max

fs"= Ez('lgs J;‘-g§|, ~ |gsﬂ-' g§|):/2.0 o ‘ :2-8

sl , 2.9
concrete fracture strain ‘

E, = 0.004 if T< 03i | : | . 2.10

. max . . ‘ .

‘&c _ =.0,00274 + 0.01276T if T < 0.1 . . 2.1

oA
R
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thermal expansion -

£, = (0.008T + 0.006)T ° . 2.12
el = (0.004T + 0.012)T : . 2.13

Equations 2.2 and 2.3 for maximum concrete stress are
illustrated in figﬁre 2.11. Sshown with this equation is an
example of maximum stress taken from fhe literature. Cbncéete_
stress—étpain behaviour represented by éqﬁatiqngiz.z;_2.3 énd
2.6 are shown in figure 2.12: Equations 2.4 and 2.5 fér maximum -

steel stress and modulus of elasticiﬁy are illustrated in figure

2.13. The steel stress-strain relationships described by 2.8 p

R
't
e i

and 2.9 éfg shown in figure 2.i4 for several temperatures. When
.thermal expansion is conéiderea, the maximum coné;ete frac;dre
strain must be adjusﬁed. To achieve #his effect, thé strain -
axis 1is gcaled-éfoducing an elongated stress-strain curve. -
“This is tantamount to the inclusion of creep. If this adjustment
was not made, calculations indicate that the concrete would
rapidly crush due to thermal expansion. The cqmbined effect of
equaéions 2.2, 2.3,'2.6; 2.10qand 2.ll~ié shown in’figu:e 2.15
for Qafious temperatures. - o

The caléulatigns in the following.chapters are madg assuming
that the bona'bétﬁeen the concrete and stéel ;einforcing bars
is Raintéihedl .It is also assumed that ény shear 'in the cross
sgbtion is supéorted by adeguate étirrgpg, thus only agial and_
fiexural forces wiil be considered, - l

e Wt
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2.7 Summafx
<f\\\Material properties as reported in the literature have been

outlined. The properties selected for use in structural analysis

have beep defined. The limited test proéram was carried ou£ to
supp%ewent the available information and to gaiq.insight-in
definiﬁg theAébove material properties. |

Although the information available is not as comprehensive
as ideal, it is considered adéquate to enable this investigation

to providé additional insight into the behaviouf'of'reinforced

concrete under fire load.
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- Chapter 3

I3

FIRE ENDURANCE OF REINFORCED CONCRETE COLUMNS - * :

-~

3.1 Study of Design Parameters on Fire Endurance

Having defined the mathematical models of concrete and
sze2l behaviour, a study was undertaken to determine how different
design parameters affect fire endurance. The folld%ing pafameters

were selected for evalqation of their effect on the fire endurance

of columns:
- concrete cover to‘steel
- steel as percentage of concrete area
- column size
- load eccentricity
—'column slenderness

- placement of steel

The column analysis‘wés based completely on theoretical
béhaviour of the concrete and steel. Many of the'simplifications
assumed in sﬁandard design procedures Were not incorporated into
the anélyﬁié. The oni& assumbpion; made for this study regarding

N

strength and-deformation were:

(15 pl#ne sééhions remain plane ‘

. (2) concrete strength at any strain and températhré,ié defined
by equg£ion§ 2.2, 2.3, 2.6, 2.7, 2.10, 2.11.°

.{3) steel strength at ény straiﬂ and tempgréture is defined by
equations.2.4, 2.5, 2.8, 2.9. |

(A)‘boncrete has no -tensile strength

(5) concrete fracture occurs at an ultimate strain of 0.004.

(6) failure of the cross section is defined by the inability
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to achieve cohﬁergence, thét ié, balance beéween external

and interngl forces cannot be obtained. .
(7) éhe,application of cross section mechanipé is valid for

the determination of section capacities and strains at réom

temperature and at elevated temperatures.

. A
3.2 Calculation of Column Strength

The capacity of a short column, that is, a column of such

length that buckling will not occur, is determined, by the strength
N . - .
_of tee materials and the dimensions of the cross section. High

\ i
temperatures in a fire will produce a transitory temperature '
~ . ’ .

13

v -

e
g

gradient over the column cross section. The material properties =y
- i

have been assumed to vary‘uniformly over thg*cross'section due

to this‘tempgrature gradient.
The temperature gradient as. supplied by T.T. Lie is based on

one half inch or one inch square elements. This size limitation

sets the grid.division for all calculations. The material
properties are redefined for each element as the temperature

. changes. :
~

’ P}
With a linear strain distribution for applied loads, the

strain at each element can be calculated. By using the stress-
Sstrain curve for concrete or steel defined at the temperature
of the element, the appropriate stress can be found. It must
be borne in mind that the stress 'in the poﬁciete.ﬁnd the steel

for this study is a function of strain and temperature.
= . : ‘ o 3.1
fc 'ﬁc(;c’ Tc) . . S

- £ § ‘ . - 3.2
fs fs(Es’ Ts) . - . .
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With the stress defined for each element, an integration
could be carried out over the cross section to determine infernal
axial -and bending forces.

m
{ A k=1 ‘
5‘ w ' m -
\ M, = i (£, (E5, T)A_ @A) + I (f

k=1 sk(gsk’ Tsk)dskAsk)3'4

A}

Since the temperature gradient was supplied as a series of
pd;nts and not an eguation defining the temperature surface,
Y . ‘

it qas not possible }o perform these integrations. Even if
- . g
equat%ons for.the temperature gradient surface were developed

to perform the 1ntegratrons by hand would be uneconomical in
light of the availability Of'qomputers.

The_stresses 4in each -~

element can be'defined numerically gquite easily,

therefore, a
numerlcak 1ntegrat10n ‘can be carrled out over the surface of

a5,
.
]

the cross section,

uSLng cross section mechanics to obtain the
. desired forces as follows:

n n m '
P. = I L (£ . )+ T (f ) 3.5
int i=1 3= cij Clj- k=1 sk sk’
n n . m ( -
M,. = L T (f .,.d ..A ..})+ L (£ .4 .4A.,) - . 3.6
int i=1 §=1 cij cij cij k=1 sk sk sk

Use of equatlons 3. 5 and 3. 6‘wlll permlt determlnatlons of

the actual forces w1th an accuracy that is acceptable for‘
.structural de51gn. Due to the non-llnearlty oﬁ the material
behaviours and of the temperature gradlent
T

it is necessary te

«: the correct sérain magnitude:and curvature by a trial
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.and error process. Accep®ance of the final strain pattern is

‘given by:
Pint = Pext + tolerance , ) 3.7
Mine = Mexe = tolerance ‘ 3.8

For this chaptor‘which deals with short and slender columns
only, the efﬁecos of thermal expansion have not been included.
There is little effect of expansion on the cross section capacity
if .the column is not restrained (as assumed here). The effect

of expansion is secondary to the other design parameters being

. : B
considered in this chapter.

?
?

The detailed description of the cemputer program in Appendix

@

A gives more information as to the methad of determination of
forces and strains. It should be noted that the subroutlne
descrlptlons apply to thlS chaoter and to Chapter 4, therefore,

some information particularly concerning expansion and section

properties may be confusing until Chapter 4 has been read.

v

3,3 Variaple Ndrmalization !

All variables w111 be normallzed to fa01lltate comparlsons
with the results in thlS study and other studies. Any variable
concexrning ledgth units w11l be drv1ded by the dimension of the
square Cross sectlon. All axial force ‘values will be lelded
by the gross concrete ax1al force at room temoeratUre. Slmllarly,
bending moment forces w1ll‘be divided by the product of the °
gross concrete section modulus and the maximum concrete stress.

A

The follow1ng symbols rgpresent the normallzed varlables (see

r

.
bl

s



51.

Axial Load P

“ . ' . -
= P/(£ t?) : 3.9

' ' . ’ .
Bending Moment = M = M/(fc t3/6) 3.10

?
Eccentricity e = %p . 3.11.

[} ”L .
Column Length L = T (in/in) . 3.12

On all graphs, these normalized values will be used unless

otherwise indicated.

3.4 Staﬁdard Cross Section

One column cross section has been studied in detail to obtain
the complete axial léad versus bending moment interaction Y
.-diagram énd for all the results in Chapter 4. The effects of ’
ichanges in cover, steel percentage, steel plécement and column i
.vlength will be compared using this‘column.croés section as much =
astpossible.. :
The size for this §tandard cross section is sixteen by
sixteen inches. The percentage of steel reinforéing is three
- and one hélf percent and the corcrete cover to the outer edge
- of the stirrups is onéﬁgné one half inches.
The sixteen inch squéré size of column was chosen as a
_realistic practical size. It also brobided two hundred and
fifty;sik‘elements of the cfoss section, which is a fine ehough
mesh to vield an accurate numericaliintegratién, even in the
cage whepe Ehefmal egpanéion-was considered. The large percentage
of steel meaﬁt.tﬁaﬁ the loss of_steel strengthnhad a predominant
influénce on the loss in sectién,éapacitg, eééeqialiy for large

- 3 » ¥
eccentricities. The selection of one and one half inches fox
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concrete cover was made to coincide with normal design practice.
This also ensured that the steel would loée all of "its stréngth
because 6f increased temperature by an elapsed time Sf exposuré
of three hours. Therefore, this standard section had changing
propertie§ which covered the fu;l spectrum of behaviour. It

is suggested that this standard column prowides a realistic

model for comparison of effects of the.various parameters.

7
3.5 Interaction Diagrams

'
By the selection of a large number'of e ratios, it is
~ 8 '

possible to obtain a complete interaction diagram for a k

reinforced concrete cross section. Figure 3.1 shows this for

%
“

the standard sixteen inch square column for room temperature
and for every half hour of standard fire exposure up to three

t
ey

.hours. As would be expected, the interaction diagram "shrinks" “
as the elapseé t&me of exposure increases. This is due to the
previously mentioned decreage in material strengths at elevated
temperatures. The maximum bending moment decreases much more
rapidly than does the maximum axial compressive load. Also’, the
case of bendiné moment with zero axial load and the case of
pure tension with no bending moment decrease to zero at the
three hour limit. The reason behind these two observations is
that the steel strength'has decreased to zero at the three hour
(180 miriutes) exposure time.

Since all bending moments are positive, it is necessar& to
use a negative e ratio to obtain a negative force. The

interaction diagram ih the tensile axial load region is not a

straight line but is actually curved. Near the maximum load
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point for a given eccentricity and tensile force, the cgncrefe
section will contribute some strength to the compressive force
of the bending moment couple and also cause a shift in the
force centroid. Hence, the interaction diagram is curved in
this region.

Wt roomltemperature, the balanced conditions (siﬁﬁltaneous
yielding of steel and crhéhing concrete) occur at an e; ratio
of approximately 0.7. This eccentricity shifts as the exposure
1s increased. At one and one half hours the value of e; is
about 0.5 And this reduces further to 0.175 at a time of three
hours. This shiftiﬂg of e; indicgtes the loss of strerngth in
outer layers of concrete. The effective area is being reduced.

A second interaction diagram is shown in‘figure 3.2. 1t
can be seen in this second figure that changing the steel

percentage or cross section size will only affect the maénitude

.and not the general shape of the interaction diagram.

3.6 Thermal Protection of Steel

Referring back to figure 1.3, it can be seen how the temperature
in the concrete varies over the cross section. The temperature
is high .near any outer edge but drops rapidly as the distance
from the edge increases. Theré is a large flow of heat incident
on the cross section in the cérner areas. This results in the
concrete in the corners beiﬁg hotter than any other point on
the cross section at a simllar distance from the outer edge.
These observations indicate that the steei reinforéing should

be kept at a maximum distance from the outer surface or from

the corners. This restriction on steel location may have a

.
1" "

v
e
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.significant effect on the structural design. The steel .can

-be protected by ipcreasing the concrete cover to the depth of
. . ) \. . oo :
the steel, by increasing the column outer dimensions or by

re-arranging the steel to avoid high temperature regions.

3.6 (a) Concrete Cover

¢+ The degth of concrete cover over the steel reinforcement is
the single most important factor ih,fire endurance of reinforced

- s " +
cohcrete. Figures 3.3 and 3.4 illustrate the effect of cover

on the ultimate.load for a §ixteen inch squareicoiumn and a :n.h

twelve inch square column respectlvely. Curvee are plottéd for ’

a constant steel percentage of. 3. 5% and for three values of

1oad1ng~eccentr1c1ty and for three values of cogcrete cover. T
At_zero tiﬁe, the minimum, cover corresbonds to the maximum

normalized load. The momént.leverwarm'increases as the cover..

decreases hehce, the increase in ultimate load for minihum

cover. s A - R l
The temperature in_thensteel'will be high for a’ shallow

cover. For ali eccentricities, there is a rapid decrease in

the wltimate load for a_cover;pf 0.75 inches.'’ If the' eccentrlclty

is greater than‘or néar balanced.load conditions,<then the

ultimate ‘load wili drop to zero when the steel strength drops'

to zero due to. excessive temperature. When the eccentricity

'is'low, the ultimate load curve for 0.75-inch coter will not

drop to zero ‘but w;ll begin to decdline at a less steep slope.

Although the: steel has no strength, the interior concrete can '

contlnue to re51st lbads for a long time before the concrete

completely‘loses it's sttength.

£
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For, 1.50 inches cover, the slope'of the ultimate load curves

are similar to the 0.75 inch cover. The time'at‘wﬁich steel

loses its strength is.greater for 1.50 inches cover, thereby

resulting in a greater endurance of the column. For the sixteen

inch square column, the steel then falls at about "170 mlnutes
as ev1denced by the failure at 0.7t eccentr1c1ty. Once the
steel has failed, it does not contribute to the ultimate load.
At an eccentricity of 0.1t, curves for both'O.?é and 1.50
1nches of cover approach a common strength. For the twelve

o

inch square column w1th e = 0.1t, the graph shows the ultimate

load for the 1.50 J.nches cover to be sllghtly less than’ the L

load for the 0.75 inch, even though these two curves should be
coincident after steel failure. This apparent anomaly was
. calculated using the computer program which correctly deducts
for the concrete area which is’ dlsplaced by the steel (see
Appendix A). The.concrete at the level of the steel is sllghtly
strongér for the cover of 1.50 inches, resulting ip a greater
‘deduction. ¢ -

The curves for 2.50 iriches of couer exhibit no failures.up
to l80 minutes ‘At 180 minutes, the ultlmate load is about"
47% of the correspondlng load at zero time for the 51xteen ‘inch

square column- Clearly, .increasing cover incredses’ the,K fire

endurance of a concréte column.

3.6 (b) Column Size

The larger the column, the'dreater mill_pe its fire endurance

for identical depths of cover: As a square column is increased

in size, the ratio of internal, area of concrete to exposed
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‘perimeter of concrete increases. This results in an increased

heat capacity for the larger section. The 1nc1dent heat is

P
0

‘ﬁgpread over" a larger area which results in smaller temperature

T s

,rises at the steel locations. This effect can be seen-by

compariné results in figure 3.3 and figure 3.4, At the time

of 180 minutes, the sixteen inch square has a strength of 47%
of the initial strength for e = 0.1t end 2.50 inches coVer.
1Us1ng 51mllar design parameters, the twelve inch square ‘column
has’ enly 26% of its initial strength. Use of a smaller Ccross
section~reeults in greatly rednced.fire.endurance. .

In the design stage of a céncrete_member, the effects of
cover should be remembered. ' A.heaviiy reinforgea member with-
minim : cover w1ll have a low flre endurance.  However, a largerv'ﬁ
column w1th the same or even less ;zea of steel at. the same . ‘ﬁ
.steel bar separation, will haVe.a longerxr frre endurance and lese

reduction of capacity. : P . L
} - .

&

3.6 (¢) Placement of Stée.l‘f

The temperéture in the steel is a function of the steel

in the cross sectién. For a given depth of cover to

location
steei, the-temperature will be higher .in the-corners tnan at

any other locatlon 1n the cross sectlen. Flgure 3 5 shows en
“interaction dlagram w1th 'the pos;tlon of the steel re- arranged
from the usual 4-bar corner layout. In figure 3.5 half of the
steel area is concentrated at the mid—depth'ef the eross section.
The remaining one—ha1f of the steel is in the standard 4-corner

position.
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Figure 3.6.shows a partial comparison between #he resﬁlts
shoén in figures 3.1 and 3.5. At-three hours of fire exposure
tﬁeké is a significant increése ip the stréngth’of the cross
sgction with Epe mid-depth steel compared to the éimble 4-5Er
corner steel layout. If the étéel %as positioned on a circular

pattern which would avoid the high tempeiature locations, the

period of fire endurance could be further increased.

3.7 Effect gi Steel Percentage

increasing éhe areas of the cérner s£éel reinforcing bars
will not lengtﬁen tbe f;ie endurance pééiod for a column. The o
maximum steel strenith.,is dependént on its loCa£iqn in the ///
cross sebtion; | ‘ »g‘

Fiéu?es 3.7 and 3;é show the effect of variation of the steei )
pefcentabe on the ultimate load for sixteen inch.square and - -
twelve iﬁch square qolumhs, respecéively. As expected; the
~ultimate load at zero time, inéréaseg'as the percentage of steel
'incféages. Howevér, the lpads for ail three percentages of steel
approach ;he same ultimate load when the géeéilstrength goes to
zero. As.pfeviqusly'noéed, the Eoﬁputer pfogram.deducﬁs for
a;eé of concreté displaced by .the steell . For tﬁis reéson, the
twelvé inch square column with e = 0.1t and only 1.5% steel .
reinforcing is-st;énger thén.the Cross section with more steel
after 150 minuégs, When the éoncrete'at the levei of the steel"
loses ;té sf;éng£h also, then the results for all thfee.pﬁfcen~
%ages df steel.wiil have‘a common point.

. ) . . ¢ P _‘. ' ) b
When. a column is heavily reinforced, the steel carriés a large

. portion of the total axial load, At the 180 minute exposure time,
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the s;xteen 1nch square with 3- l/2% ste°1 has an ultlmate axial
load of 30. O of its original. strength for e = O,lt. The sixteen
inch square Eol&ﬁn\gith 1-1/2% steel has an ultimate load of
39:0% of its or}ginal strength under similar conditions. This
indicates that é ﬁeavily reinforced column will fail under design
load soonexr than a lightly reinforced column. As‘can‘be seen
in figures 3.7 and 3.8, the fire endurance decreases much more

rapidly with increasing eccentricity of load. ﬁigh eccentricity

results in a failure when the steel strength drops to zero.

3.8 Column Slenderness

—

As the calumn length is 1ncreased the secondary bending
moments, (P-A effects) reduce the capacity of the pin-ended

column. The effect of column length can be investigated by‘the

[
—t
¥

program in Apéendix A. The results in figure;3.9'show tﬁe' T
effect.oﬁ_column 1eﬁgth-on the ultimaté cross section loed for
zero and for 120 minutes of iire.exbosure. Increased column
slenderness lowers tﬁe'maximum axial load, for ali three cases
'shown. | |

For the 51xteen inch square standard column w1th the propertles
descrlbed in figure .3.9 (a), the ultlmate 1oad at 120 mlnuteS'ls )
55% of the load at zZero time for no slenderness’ effect and e =
O.lt.. For a slenderness-ratlo of 30, the ultlmate Joad at 120
minutes is only 40% of the load at. zero time. Thls decrease in
capacxty is explalned by the. loss of flexural stlffness (EI)
due to heatlng of both concrete and steel. As the concrete is

heated, the effectlve depth of the cross sectlon will be less

" than t. ‘As the effectlve depth decreases, secondary effects

.
! - - '
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When the percentage of steel is reduced there is a decrease
*in the maximum load for all column lengths. This can be seen’
by comparing results in figure 3.9 (b) for 1.5% steel with
figure 3.9 (a) for 3.5% steel. Siﬁila;ly, for a decrease in
column cross section size, the normalized forces also decrease
with, increasing slenderness. The twelve inch square golumn has
(a gréater reduction in capacity for small eccentriéities at .

increased temperature and slenderness than does the sixteen inch

squarxe column.

3.9 Summatx

' This chapter has présented.phe results of analysis of
inidividual colﬁmns subjected to Variousidurations of exposure N
to fire. It is thought £hat these results provide important.
information on the effect of various parameters on column capacity.

Also it is suggested that in a géneral way the results provide

evidence of column fire endurance. .However, isolated columns

s

-

which are .unaffected by the remaindexr of the structure are seldom
found in"practice; Therefore, a ﬁoreuiealistic eQaiuatioﬁ of the
effect of fire‘on’column:capacity may be found by anaLyzing '

columns %s part of a‘éon£inuous frame. This subject is discussed

in Chapter 4.

.



Chaoter 4

FIRE ENDURANCE OF REINFORCED CONCRETE FRAMES

4.1 Concept of Stiffness Properties Based on Transformed Areas

The calculations performed in Chapter 3 are not dependent
on the reference position on the cross section. As long as the
external and internal bending moments are calculated about the
same point, usually the mid-depth, the two forces are related.

In this cﬁapter, the same relation between external and
internal forces erists. However, there is also a relationshio

between the forces, the stiffness properties and the internal

strains. For an elastic section, this relationship is as follows: ™
EA = P/.gcg or P = EA gcg 4.1 .
EI = M/¢ =~ or M= EI ¢ o 4.2

Y ,
These relatlonshlps are the basis of structural analy51s. As
‘before, the values .for forces,.stlffness properties and strains
must be calcualated aboutag common point. What is this common
point? The arbitrary selection of the mid-depth is as valid as
selecting the extreme edge of the cross section. The internal
andnexternei forces oill balance at either of these points. ~
However, he value of EI found by equatlon 4.2 will not correspond
to the value of EI calculated by uslng the second moment of the
axial ‘stiffness about that particular point.

It ig known that EI, determined using transformed section'

propertles, will vary for. different reference pOlntS ln a

parabollc fashion over thé.cross section. This w1ll be shown by
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L4
kY
equation 4.5. From mechanics of sections, it is known that

.

ET will be a minimum at the “ransformed elastic-centroid,

(EL in = Elcg). This transformed elastic centroid is found by

considering the summation of the first moment of the element

o

axial stiffnesses about any initial.point, i. The centroid will

then be referenced to that point by equation 4.3.

d., = (EAd);/ EA : 4.3

Y
The value EICg can be found by

= - —_ 2 . ’
EIcg EIi (EA)(dj dcg) 4.4

[ W

The guantities EI., (EAd)i, di and dcg are all referenced to

the same calculation point. Now the value of the second moment

of transfermed area at any point, j, is found as follows:
EIj=EI + EA(d.-d _)?2 4.5

cg j cg \ >

.

The curvature used in éﬁuation 4.2 is a constant at any
point on the plane of strain. However, the moment due to
eccentrically applied load’'varies linearly depending on the
reference point over the cross section, as long as P_is‘greater
’than zero. Thus EI, determiﬁed_by this manner, will also vary
linearly. The moment will be calculated about the same initial
point, 1i. Thereforé, the moment At any point, 3, will be:

-~ M. =M, - P(d.-d,) " ) 4.6
] i .3

-



Then,by using equation 4.2
EI, = (M, - P(dj—c'fi)‘)/ ¢ * ‘ 4.7

Unlike equation 4.5, equation 4.7 has no minimum. The wvaluc /
of EIj can seemingly be qalculated by two methods. However, /
the two methods result iﬁ different values for EIj. Both
nethods vary due to a change in the calculation reference péint.
Equation 4.5 will always vary, no matter what the external loads
may be. Equa;ion 4.7 is invariant only for the case of zero
axial load. For zero axial load, equation 4.7 becomes equation

) : [\
4.2,

All methods of elastic structural analysis depend on the

members of the structure being defined along their elastic

centroids, even simple columns. In the analysis, the axial forces ™.
.

B

are determined such that they will act along the centroidal axis
of the member. The bending moment forces are also defined in
reference to this axis. fhe value of EIj, when calculated by’
using "element axial stiffnesses is a minimum by defi?ition at
the transformed elastic cenéroid. Thus it éppears to be necessary
to define all stiffness properties and to have all locations of
forces referenced to this centroid: ‘ -
Using equations 4.1 to 4.11, the values of EIcg determined
by the curvature method are found to be identical to those
determined by using the elemenf axial stiffnesses at the
transformed centroid. In addition, the value of EA calculated .

by equation 4.1 is identical to. the value based on the summation -

of the element axial stiffnesses if the axial strain is taken as
’ - < o 1
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.

A . i o4 .

~

. . s . s '/ B .
.Therefore, it is now stated that the values for the stiffness

- properties EA and EI nust be,definea at the E;énsformed'elastic

centroid for use- in any ‘structural.analysis program. For this

-

reference poinf,{the values of EI and EA could be found by

o

either method. _However, th%_non—linéar.therﬁal expansion érbduceé

what is in effect the same’ thing .as a non-linear strain

distribution. Thus only the. method based on' elément éxial

. stiffness is used in this investigation. 4

N -
. . LAY . N
., . .
. . - 5
LI - . > .
.

\4.2f'Calcu1ationw9§_Stiffness Properties

. " : ' b
. The calculation of. EA .and EI proceeds in a manneér analogous E

to the. method used in obtainin? element force on the cross sectioﬁi

The procedural steps are identical until the summation. At this &
point, the cgﬁprete element fqrce&iszdivided by the total strain
. ' '

* v a'. .\ . -yt‘:‘, » . -
or the -"contact- strain” as it is referred to in this study. The "

contact strain is the sum of the ‘apparent strain as can be
meaéured,.plus the intérnal strain due to thermal expansion. If.

=

"thHe concrete is,cfacked due to ‘external forces, there is neithexr

strain nor stress in the element. ‘Thermal éxpansion at this .
- s R “ - N . -‘ . ‘, . - Lt
element could cause a net compwessigs strain t6 occur as)ﬁhe.

" element -comes into contact at the crack. Similarly, the addit%oﬁ

e -

df‘pxpansion strain could cause an element alréady_in compressian

[ ve

to crush, losing all strengths This contact strain is ‘a measure
of ;he(attual-effective interrmal strain.occurring in the cdqbreté.-
‘ .o ’ . 3, ’ . Co :

elemént.

H

. i ‘ . kg ) .
. The result of.dividing the element force by the contact strain

v

& . . : . 4
gives the elemert axial stiffness property. This cgm'also be

defined as the secant modulus for the element ngtiplied-by the .

T . -
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the effective area. The following summations are carried out

at the mid-depth of the cross section.

+

'n n P no. o A .
13 : .
¥ N
. n .n Pci' m : .

EAd = L T ( d:.)+ T (E_,A _.d_ ,) . 4.9
3 =i .
2t<' =1 4=1 Ecij 13j k=1 sk’'sk sk ‘ - »

. \ : ) ‘
. ) n .n m
B, = I-. % (29l1-<d1% + (ién) )) + I (E_A kd‘i) 4.10°
¢ i=1 j=1 “cij 3 k=1 SX S

i

1

Since the propertles are calculated about the m1d depth thé
value of EI g can be found as’ follows' co ' ' B

‘

'BI_ . = EI

SORVAL S | 3.11

)

The values of EA and EI " are .now ready for the structural
. . R =< '

¢
»
1

analysis ?rog;am,

4

4.3 Load-Deformation Relationships

The behaviour 6f the internal cross section !strains have been
& . . . . v . . .
examined in relation to the external loads. For this study; -

the standard sixteen.inch square cross section described in -

sectiaoh 3.5, was usqu The effect of temperature on strains
N Vo . "4 ‘ . I
"was not included in this section of the investigation since
N . ., . . 4/:* L. P < -' . .
increased temperature will only afféect the magnitudes of forces

and not the general concepts involved;- Figure 4.1 shows the

. _ : $ . . :
material properties -for the concrete and steel as defined in
- i _ , ] .

section'2.6; Alﬁoishown is the interaction’ diagram obtained at

on the'
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. seen that the intensity of the axial load strongly influences %

-2

"load is increased, the 1n}tlal straight llne portlon of the curve

e

graphs lie within this interaction\:fagram.
‘Three distinct characteristics for load-deformation curves

will be seen. The most obvious characterlstrc is the p01nt of
™"
initial ‘tension cracklng of the concrete. ThlSLpOlnt is
F)

esoecrally ev1dent on the moment-— curvature graph (Flgure 4.2).

The other characteristics to notice are the points of tension

,yield of'steel and compressidn yvyielding of the'section. A large

amount of ductlle behaviour occurs after steel yielding and

) f
before section failure. . L

- <. L - = -~
4.3 (e). Moment-Curvature. Relationship '

The moments calculated in this section ﬁere those taken about |

the transformed elastic centroid.’ From Figure 4.2; it can be =

the ‘moment-curvature relationship.

- Fox zero arial load, the moment curvature relatlonshlp 15
close to being a stralght llne untll reachlng the pornt of tension
steel yleldlng. The curve then eXhlbltS very ductlle behav1our;:>

np-toftheﬁconcrete—crushlng andwhenceT_faLlurel_qu the axial

becomes steeper. This 1ncrease 1n_the steepness stops at a pornt

between a .value of P' of 0.25 and 0.50. quklng at the interaction

. diagram, this particular value of P' where this increase stops,
s ~

corresponds to the:balanced conditions. . After this point of

i .

balanced condltlons has been exceeded, the straight line portlon
beglns to lose steepness and moves in the dlrectlon of the zero_
aglal load curve. .Thls behaviouxr caused,byilncreased ax1al__

s -

load indicates that for a section with a low axial load, an
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increase in that load aliows the section to carry more bending
fmoment'at.the same curvature. However;‘after passing the balanced
load poiht,-an increase in-axial load rs detrimental to.the”
-moment capacity:_ ) | .

With increases in axial load above eero, the ‘pbint of tension
cracking iS$ moxe evident. This cracking moment increases as the
arial‘load.is ihcreased.

For low axial ioeds, a great amount of ductile behaviour can .
occur once:the tension steel yields. The ductile behaviour
continues.beyond yielding of compression steel and up to the

19 of on steel | A

point of concrete crushing when failure occurs.

4.3 (b) BAxial Load-Bxial Strain ‘Relationship : ‘

The axial load has.been a}io&ed to‘go %nto the tensile region ?%
on the graph in figure 4 3 which describes the'axia}_load—akial e
straln behaviour forxgarlous constant moments. The axial strain
plotted is’ the«straln at the transformed elastlc centrold.

" As would be expected, all curves pass through the orlgln.

S e e e em——— - e

The_curve for zero bendlng moment is a stralght llne in the tenSLle

.-——

reglon, srnce the concrete is completely crackeﬁ. When the
.axial load is compre351ve, the graph follows a line resemblingh

the shape of the concrete. stressestraln curve. The strain at

-

max1mum concrete stress is the peint of failure for thls curve.

4

It is noted that the steel yﬂelds at'very nearly the same’ strain.

i

Up to:M'.ecual to 1.15, there exmsts the pOSSlblllty of a
tensile axial load.. Above this moment, the axial load: must’ be
coﬁpressive to avoid failure. 1In the tensile region, the curyes

‘aporoach the straight line fer M' = 0.9.'\beviation from a

. “ ' l
\ . -
S . - e

if
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.. For the compression region, as léng as the strains on -the

entire cross section remain fn compression, there is little
dev1atlon from the Zero noment curve, When the axial load is

low, tenSLOn strains can devélop even for small M!® ratlos'

(ie. when M/P > t/6).. As the aXLal load is 1ncreased for the

.low moment curves, they w1ll approach the zexro’ moment curve agaan.

.

Moment values aoove 0.75 w1ll always result 'in ten51on cracklng
Fd

of the. concrete and hence, larger dev1atlon from the zero moment
curve. ngh M' values of 1.25 or 1. 50 ShOW‘tWO dlfferent vield
points at.both ends’ of thelr curves. -The yleld point at low
.axial load ihdicates plastic deformation in ‘the tension steel.

~

The yield point at high axial load is caused by compresseon

P .
- N

steel plastic‘deformation and by the loss in compression strength

of the concrete after the ultimate strength has been exceeded.

4.3 -(c) Ax1al Load Curvature Relatlonshrp

’

The first feature noted on. Flgure 4.4 1s the fact that for
any value of ax1al  load, an increase -in the bendlng moment causes

'an 1ncrease in the curvature. As the moment is increased'for
' 3
'a constant ax1a1 load, the rate of change in the curvature also

increases. ’
. =

. > . . 3 . ‘s ) .
k\bfor.any cohstant axial load, the .curvature has two local
.maximum values. Starting at low axial loads (tension if

n"permitted), there is a max1mum due to ten51on yleldlng. .As the .

o

.axial load is. 1ncreased at éonstant moment the curvature

decreases. The addl ion of compre551ve ax1a1 load places more -

" of "the cracked Section under compressxohu This lncreases the

effective area up to ‘the point where there is.no cracked concrete

a

a
-
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i

remaining or until the concrete under highest compression reaches .
the maximum strength. The curvature gradually increases as the

. \
axial load is further increased because of the nan-linear concrete

stress-strain relationship.

Tbé ductile behaviocur at low axial loads.ahd high moments due
to yielding of the tension steel is inaicated. The post yield
behaviour associated with high axjal load exhibits légg
dﬁctility. Also, the yielding of the compresgibh steel coinéiées
" with a ;apid deoreésetin concréte capaqity.. These two features

e

result in a more abrupt failure. The curve representing a £

constant M' of 0.25 is of special interest. When the concrete

section is fully cracked, the‘curva}ure is a constant related Eo}r

g

the steel behaviour. Failure due tgnincreaﬁéd tension is abrupt"ﬁ

3

o

oY

A
X'

since little plastic distribution of forces can take place wheh %%
" gll the tension steel yields at the same t;ﬁe. For a large
compreséive.qxial load coupled with low bending moments, the

failure is again abrupt. 1In this case it is the combined result

of ¢compression-steel yielding and concrete crushing.
: v T .

/

¥

w4 . . . i .
4,4. Variation of EA and EI.withi External Loads

The behaviour of the transformed section properti%s relative
v e ! . N » . . . pla ) -
to the ekternal loads has béen exanined. As in section 4.3,
analysis have been made. using the standard sixteen inch squaré

]

cross section.

-,

The values of EA and EI from the graphs in' figures 4.5 and

4.6 were obtained usihg the transformed section method of

e 1

‘ ca}culatipﬁ.. The aXial‘lbéd is both tensjle and compressive,

K resulﬁing in a full definition of the section properties for any

- -
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load combination. It will be noted that the poinkt of tension
cracking ié‘£he most important aspect in determining the
transformed section properties.

The Qalues of EA and EI at ény leocad and moment are normalized
by dividing by the resgpective values of ECAC and EcIé' E_ is

c
the value of the elastic moqulus of concrete calculated at low

3
axial strains. The stress—strafh curve for low strains is close
to being linear. AC and Ic are the area and moment of inertia

b's

respectively of the uncracked‘séction.L

4.4 (a) Variation of EA and EI 'with Moment .

— ———— ———

The\normalized curves for EA and EI shoﬁn in figuré 4.5 . ‘al

x

and figure 4.6 are very similar in appearance as would be expected.’
f

EA' and EI' are plotted for a constant value of P', with M’

-

varying from zero to the maximum associated with that axial load.

. For cross sections with a compressive axial foxce, there are

=

three distinct segments to each curve. For each curve for both
EA‘ and EI', there is an initial high value, ther a transitory
stage followed by a relatively constant low value as the moment

increases. \ ' ’

g

«

The initial high plateau for EA' or EI' with compressive

~

axial load, is the result of ;hé cross section being fully
efﬁegtiVe. The extent of this high plateau up to the gtart of

the tranﬁitory stage is directly proportional to the axial goad,
' ' : . 8
the: larger the load is,then the greater is the extent. ‘The

secant modulus.for the concrete stress—-strain curve is greatest

for‘ﬁery small strains. This results in maximum values for EA'
and EX'. At concrete cracking, there is a drop in the values of ’
EA''- 7 EI'. The sloée of this transiﬁory stage is steepest f?r

i



"low axial loads. The slope is more severe for EI' than for

W -

\
N
\

EA'. With low axial loads, the cracked section stabilizes
rapidly to the relatively flat segment of the curve. With high

compression, the transitory stage is more gradual a®d failure

may occur before EA' and EI' reach relatively constanf values.

After the transitory stage, the values of EI' and EA' for

Al

low axial compression are nearly constant bt gradually decrcase’
for increases in the moment. At the yield moment for low

compression loads, there is_a sudden drop in the stiffness

-~

properties which is indicative of a plastic behaviour. At high

.

compression loads, the failure is sudden due to concrete crushing
. i Y - . o ~
and compression steel. yielding. ’ -

For axial tension, the values for EA' and EI' correspond to

A}

’ . ‘ . %
(ESAS)‘ and (ESIS)‘, the normalized stiffness properties for the

~

steel only. As long as the concrete is wholly cracked, EA' and,

-
F)

EI' remain constant. When compression in the concreée begins,
as the moment is increaséd, then EI' rises~to,the prev;ously
mentioned nearly constant value for cross SeCEions under
compression. The values remi}n nearly cénstant until tension
yielding odturs.

As a comparison, the; value of EI was calculéted using the
moment about the geometric centroid divided by the curvature.
The comparative graph is plotted in Figure 4.7. Althdugﬁ\Fhe
generai shap; is similar, there is substantial differegces ig.
the actual valﬁes. The changes in EI values are mpre gradual.

. The differences between the two.séts of EI cu;ves'iﬁ figure

4.7 are due to the movement of the transformed elastic cerntroid.

The ‘effect on moment is shown in Figure 4.8.. Here the moment
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i
'

\ ' . -
about the geometrlc Fentro;d isg plotted agalnst the moment

about the elastlc ce*tr01d Only for the case of zero axial

- 3

load 'is there a one to dhe‘collation. For low axial'loads,
there.-is a rapldlv 1nérea51ng difference for a portlon of the -~
curve Lnb’l the elastlc centroid becomes stable- A stable
centroid is indicated by the constant offset of the parallel
lines fot-P! up to.-0.5. Up to Pf‘equal to 0.5, the elastic
centrqld of the transfor@ed-area moves several inches towards

the compression zone . .Aé the axial load is increased, the
effectlve area also.lncreases, pulllng the centro;d away frod the
compression stéel. At hlgh ax1al loads, the concrete secant
modulis is larger on the ten51op side moving the elastic oentroid
to the tenslop side of the geometric centroid. The talls at the
ends of each curée on Figure 4.8 indicate the mode of fallure.

A tail to the left indicates tension failure while a tail to

the rlght indicates compresslon failures. The elastickcentrold
moﬁes away from <he failure‘sidef |

t : *
* / A

4,4 (b) ‘Variation of EA and EI thh Axial Load RN Y

‘t«-.éi's
!;{ 55
f The curves for EI' and EA' are plotted for constant M' w1th L,

z‘u;;u
Q

varying P 1n flgures 4.9 and 4. 10. The Value of p? goes from a-

minimum (negatlve lf feasible) to a maximum in compre551on.

-For" a negatlve axial load the ‘EA" and EI' values are close'

to the (E A )' and (E I )‘ values, respectlvely. As the ax1al
1oad is 1ncreased, 1ncrea51ng the effectlve area, all curves up
to M' of 0. 75 approach the boundary curve defined by M' equal

to- 0 0.. The ductlle nature of the Yleldlhg Cross sectlon is again

.evident.

2
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4.5 Method of Structural Analysis

For a relnforced concrete frame there is a problem with

v

defining the geometry. The transformed elastlc centroid is
dependent on the magnltude and the eccentricity of the ax1al load

and o’ the magnitude of the bending moment. This causes a continuc

M

shlrtlng of the centr01d as the forces change For instance, at
the onset of ten51on cracking in the. concrete there is a very
f:%apld movement of the centroid tgaards the compréssion zdje.
For an elastic structure, the centr01d loCatlon does not

. change, but for the non- 11n3?r structukre, the centroid will

-

change. This neceSSLtates ~adj the member stlffness and

~

transformatlon matrlx as the joints deflnlng the centr01dal axis

move. This would’ compllcate the analysis. o .
To determine the importance of this‘ﬁovement of the centroid,

two'enalyses werelperformed using a singie—bay,'single storey

reinforced concrete frame. One.analysis used the mid-depth of

the cross section as the centroidal axis (the straight frame)

_&hile the other analysis used the actual eiastiC'centroid (the -

crooked frame) ‘At first appearance, the results shown 1n

Figure 4.11 for: forces seemed to be’ dreatly dlfferent, but this
was due to a drﬁferent reference pélnt for moments for each
.analysis.q»For’qomparison, the forces in-the crooked frame were
‘tran5posed tofthe;mid-depth of-tne cross section which was the

.centroidal axis for the - 'straight frame. Now the bending moments
. ' . - ) )
are in close agreement, as are the deflections and the transformec

x
[

section properties. It is noted that the  frame shown: in Figure
4. 1L is a small frame. . As the dimensions of the'frame are .’ o

1ncreased the effeét of movement of #/e centr01dal axis-will
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decrease.. For this study, the effect of the movement of the
centroidal axis will be"ighoreq. Therefore, all moments; forcés‘
and stiffness properties will be calcuiated.for convenience, at
the cross section mid-depth. The resulting sti#&ffness propérties
are transposed'éo the centrgid.to obtain the actu;l minimum value
for EI. nhe-valﬁe of Ef at the centroid is used in:the frame
analysis which is referenced to tﬁe mid-depth of members. Errors
no larger than the ‘one or two.percent cngergence golerance
should 6écﬁ&: )
b A further consiaerafion:is the secondary bending moment
(P-4 effect) due to joint translation under applied loads. _This
effect cén oply be taken inﬁo account for a multi-storey building
by maﬁ;ng‘use-of the deflected shape o£ the entire structure.
Thus the deflected shape of the centroidal axis becomes the )
iqput geometfy af the frame. By an iteration proceés,jcarried
out at the.saﬁq time as the Eofces and seétion properties are
being adjust;d,ga final ééflected“shapg is attained. Each
iteratjive cycle produces new deflections which are ﬁeferenced
to the original geometry. As the.cycles‘proceed, the'change in
. J -
deflection decreases approaching. a stable éonfiguration if there
1is no buckling. ;Aléo tﬁe.moments at the centroids change in an
. amount quél\to'thé axial load mui;iplied by the reference
deflection.. The reference deflection is defined here as the
displacement of the load on the ﬁréme relative to the joint
being‘investigatea. Figure 4.12 illustrates thelP—A effect more
ciearly. | ‘ ? )

The final configuration of the frame is the sum of the initial

geometry and the joint dgflectioné. This final configuration is

!



Without P-A

057 1" _k )

(With P-A '
300 )
1 “k . .
300 Left
:Di5placed 7 - Y
~,Frama ‘Il ' '
1 0.432" - Change
e | in
| “ Moments

" '
54 X

P
<

- 7Flgur%’A.l2

. 130 %
P # A = 300(0.432) )
= 129.6 X TR
- 12" x 12"
c=1.5"
p=3.52%
P-4 Effect

*Z6



93.
, \ %

1s close to the deflécted shape obtained after only one cycle

of analyéis. It shoulq.be noted that if the frame loads were
reversed at this deflected shape then the frame would move back
to its orlglnal geometry with only one lteratlon cycle.
Examlnlng the base moments for the left column shows that the
change in moment due to deflectian is 11%. This is a large
v%riation and is quite iméortant. Moreovéé, the effect of
secopéary bending momepts will in%rease greatly as the number
of‘floors in a building increases. In the present study, Oniy
the primary éffects of fire exposure are examined. To include

. . ; : o~
the secondary effects of joint translation could possibly hide )

thé desired ‘information. Comparisons in th;s‘chapter are for
different heights of bhilding. Cleérly, the secondary effects ‘%
would be different for the different buildiné heights. Therefore,
the P-A effect has been left out of the frame anilysis. An

actual design should include this effect.

. ¥
- The foregoing has dealt with how an inelastic frame is defined

with regard to its stiffnesszproperties and its geometry. A
method -of successive linear approximations of éhe inelastic

frame has been developed to analyéé the inelastic frame. An
initial approximation to the étiffne;§ properties is made. These
stiffnesses a?é used in an elastic structural analysis res&ltiqé
in member faorces. These forces are used to determine the cross
section~;trains which a;e in tiurn used to obtain new estimates

to the member stifﬁAess properties. This cycle continues until
convergence has been obtained, if possible. A more detailed

ekplénation of the program is'available in Appendix A section

A.6 (b). . . L AV L
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4.6 Results and Observations of Frames Subjected to ”
Fire Exposure

4.6 (a) Frame Details

v

Differential thermal expansion over a Ccross section is more
detrimental to the section capacity than is a uniform exvansion.
In a similar manner, expansidnh of only a few selected members in
a rigid frame will have more serious effect$ on these members
and on the remaining frame than if all members of the frame were
exposed to fire. There is also a great expené&ture of computing
time,required'ﬁo analyze a complete frame rather than a portion -~
of that frame.

‘Restraint of therma}.expansion must never be ignored. Even
at temperatures just above room ambient there can be difficulties
in a frame due to expansion. The expansion; resulting from fire
exposﬁre'can have majoxwgtruétural significance. The seriousness

of the expansion corresponds with the degree of restraint at the

member ends. If all members of a frame are expanding there will

be little restraint on the individual members except at fpundatioﬁ
locations. However, if only a few members are expanding, then
elastic restraint’'is afforded by the members which are not
expanding. ’ )

A three-bay building with varying building heiéhts has been
exaﬁined with two lower floor columns exposed to fire. The
columns chosen were Qnevinterior column and one exterior column.
The interior column was heavily restrained by the short floor
beam spanning the buidding hallway. The exterior column had

much lesserestraint since the floor beam attached to it spanned —

a longer distance.



The height ,effect has been studied using two, four and
eight floors.é(see Figure 4.13) The restraint function should

increase as the number of floors increason.

Since the expansion
1s resisted by frame action, it follows that the greater the
distance from the exvanding member, the lesser will be the effect
of the restraint function. Therefore, the addition of extra
floors will not proportionately increase the restraint function.
Some simplifications have been allowed in these analyses.
The cross section has been made equal for all members. After
the initial force-strain-stiffness balance at zexro time, the -
cross section stiffness properties of all members not exposed
to fire have been set as an elastic constant,ifor all following
times of exposure. A set of representative design values for
floor and wind loads have been applied go the frame. These
loads are also set as constants. If the external wind and
Aiﬁternal live loads varied,dthen it would be difficult to
determine the effect of the fire.
The lower column axial reactions would nqrmally vary as the

-

building height changes.- .However, the stiffness properties of
the cross seotions'wpuld alsc vary with the changing axial
reactions. Likewise, with a change in stiffness characteristics,
the thermal expansion force would alsé’change. As before, all

of these changing variables will hide the effects of the deéree
of resiraint associated with different building heights. To make
up for the loss of axial load due to the removal of upper floors,
point loads e;ual to the loss have been added to the columns on

the top floor. Now all three frames will have similar reactions

and can be compared to study the restraint effect.
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The four lower floor columns have been studied in detail
in the following tables. ‘Columns one and two are the columns

exposed’ to the fire. Columns three.and four were not exposed.’

4.6 (b) Force Redistribution Due to Fire- Exposure
The normalized axial and bending moment forces are shown in

tables 4.1, 4.2 and 4.3~for the analyses of the eight, four and

.

two storey frames. Two cases, one with expansion and one
‘without, were studied for each building height.
The-effect of moment redlstrlbutlon is eV1dent for both cases.

The moment is substantially reduced in the flre exposed columns rL
Q

as the. period of exposure is increased. Some of this moment is

k
transferred to the ad301n1ng columns and some o the floor beams. %
- k)

The total moments are not greatly affected by the inclusion of

v

.expangion in the columns. ThlS ig partly because the large part
of tne column noment is caused by the lateral forces. This loss
of coiumn moment 1is beneﬁicieltto the fi;e endqrence of the
exposed columns. However; the increase in moments in the
unexposed bolumns causes them to be oyerloeoedt‘ ‘
The- column axial loéds_ate affected by the.;nclusion'of thermal
expansion in the analysis. Without expansion, effects,’ the
heated columns may lose é small portion of their ‘axial loads due
to the decline of’En. However, columns with thetmal expansion
1noluded have large lncteases in axmal load.- |
The increase in axlal load is not restrlcted to the column
1ength between the floors where the flre ex1sts. The expansion
in the lower column affects the whole bulldlng column from the

- t

foundathn to ‘the roof. Thls is shown in Table 4.4. The initial
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FORCE LEVEL AFTER FIRE EXPOSURE

Column
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=z =y |Force
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WITHOUT EXPANSION

r

XRY X

£

0.291 0.292 0.292 0:293 0.295 0.297
0.262 0.231 0.199 0.168 0,133 0,101
0.285 0.257 0.226 0.192 0.153 0.117

0.403 0.399 0.393 0.386 0.376 0.368
0.074 " 0.066 0.058 0.049 0.040 0.030
0.075 ‘0.057 0.041 0.029 0.019 0.126

0.346 0.351 0.356 0.364 0.374 0.387
0.268 0.285 0.304 0.324 0.349. 0.374
0.291 0.299 0.307 0.315 0.321 0.324

0.272 0.271 0.270 0.269 0.268 0.266

.010 0.027 0.046 0.067 0.095 0.124
.217 0.208 0.198 0.186 0.172 0.159

-

Bcgciie]
’y

QO OO0CO|C o

~

o

r

WITH EXPANSION

r

=R Kﬁw. 2

.28l 0.275 0.292 0.290 0.286 0.286
.128 0.083 0.083 0.054 0.046 0.037
.188 0.153 0.138 0.076 0.060 0.047

.484 0.548 "0.470 0.438 0.439 0.431.
.050- 0.040 0.031 0.027 0.020 6,124

+-.036 ~.072 -.042 -.019 -.008 ~-.004

0.264 0.193 0.258 0.302 0.312 0.321
1 0.291 0.284 0.304 0.362 0.387 0.400
0.436 0.546 0.495 0.456 0.441 0.437

0.284 0.296 0.293 0.282 0.276° 0,274 |
-.033 -.092 =-.034 0.051 0.084 0.101

0~.196 0.185 0.160 0.145 0.146 0.140

I3

Table 4.1 Eight étorey Frame Analysis
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force in the interior column (column 2) is tabulated for eath

t -

£loor. .Compareq with this initial force is the total column

force at sixty minutes of exposure. Thi%‘time period has the
largest effect due to thermal expansion. . After'sixty minﬁtes,

the Qecrease in cross section stiffness.EA has ; greater influence
than the ;hermal'expansion force and a reduction in force begins.
The remaining three columns in Table 4.4 contain the extra_ force
caused by expanQion in the first floor colu@n, éhis extira force
expressed as a percent of the initial forces and the shear g
transferred at each floor level. ‘

; N o
Although the extra forces in the upper columns

-

o

the height increases, the extra forces are still a large
percentage of the initial axial loads. If these columns were
designed with a reduced cross section at the upber levels, then

these extra forces could be critical.

4.6 (c) Thexmal Restraint Equation

The ‘floor. shear transfer is an.indication of the degree qf'

decrease as N

restraint.  The shear transférred to the individual beams decrease

.as the number of.floors is increaéed.j Although the thermal
expansion force is lower far a fewer number of floors, the

individual shear transfer forces increase as ;he number of floors

decrease.. A coréllary'of.thié obsefvation is, although doubling
the number of flooirs may doublé the capécity for tdtgl vertical
sﬁegr transfer, the aetdal réatraininé férce is not doubled
accb;dingly. ...

| The‘thermal reétraininé fo;ce is definitely non—;inear with .

This is illusgrated in

-

respect t6 increased building height.
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- .
THERMAL EXPANSION EFFECTS ON COLUMN FORCES
No. of.| Flooxr | Initial | Forces at éT % of Floor Shear
Floors | No. Forces 60 min. Initial | ' Transfer
8 47.51. 59.13 11.62 | 24.4 11.62
7 95.24 | 120.90 | 25.66 | 26.9, 14.04
_ 6 144.56 184.56- | 40.00 | 27.7 14.34
s 5 185.42 251.. 05 55.63 1 28.5 ] 15.63
. 4 247.91 320.90 72.99 | 29.4 17.36
3 302.14 394.84 92.70 | 30.7 19.71 .
2 358.03 473.83 | 115.75| 32.3 23.05
1 414.26 560.71 | 146.45| 35.3 30.70
4 243.15 265.45. | 22.30 9.2 22.30
a 3 297,37 346.73 49.36°| 16.6 27.06
. 2 353.53 431.06 77.53 | 21.9 28.17
1 409.84 521.92 | 112.08 | 27.3 34.55
, 2. | 341.36| 372.98 | 31.62 . 9.3 31.62
1 397.47 470°. 64 73.17 | 18.4 ~41.55

Table 4.4. Thermal Expansion Effects on Column Line 2

THERMAI RESTRAINT FORCES AT BASE
No. of . . . 180
Flooce 30 60. (90 120 150
i) 36.34 78.17 46.58 17.41 13.63 11.14
4 60.42° 112.08 57.47 -26.17 23.20 19.08
. 8 81.71 146.45. 66.77 34.43  35.10 27.39
RESTRZ&INT EdUATION VALUES
s (T) 22.685 36.64 10.095 8.51 10.735  8.125
B (T) 13.655 36.53 36.485 8.90 2.895  3.015

Table 4.5 Thermal Restraint Force at Column Base 2
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Table 4.5, where for each duration of exposure, the thermal
restralnt force on the lower interior column (column 2) 1is
listed. The increase in the restraint force must follow a

curve of decreasing slope as thé&ﬁhmber of fioors is increased.
This suggests a logarithmic function as’ follows:

R = B(T) + S(T) 1dg_(n) ' 4,12

r

R - restraint force on lower column
a - base of log. function
n -~ number of floors

‘S(T)~ shear transfer/floor

B(T)~ e constant . ‘ E _ -~

_This equation is unique for every building and is dependent 3
upon ;he’frame stiffness, the frame loadings, 'mechanical and %

-
‘ b

| R
A

thermal properties of the materials and the length of fire
exposure. This equa;ionIWOuld be impossibie to evaluate by any
simple analyticai method and hence, éequires the computer ¥
analysis as performed in this 1nvest1gatlon.f If the base of the
logarlthmlc functlon 1s taken as 2, then the restraint equatlon

for time equal to sixty minutes becomes: 7

='36.53 + 36.64 log,(n)

LN

. The values of the restraint equation for a log base of 2 for.

other times are shown in the lower half of Table 4.5. Although‘

- ~

it is possible to arrive at a restraint.equation of ?he'type
shoﬁh after a computer analysis for particular con@itions, it

is not possible to determine a similar equation for othex

-

conditions without performing the samé type of analyses. At

present, there does not seem to be any accurate method to



104.

suggest in trying to simplify design procedures.

It is evident that position of the member in the frame has

# -
an effect on the restraining force. The exterior column in {

these studies, although exposed to fire, showed/ﬁg increase in’
4/\—‘

~

axial load due to restraint. The exvansion of the interior &olumn

next to it, cancelled any restraint caused by the floor.

4.6 (d) Deflection of Fire Exposed Columns

With thermal expansion excluded, the axial deflections of
the lower columns increased®in the’ directd.on of the‘ applied &
load. With expansion,. the vertical deflection of the lower
columns moved opposite to tﬁe applied loads. This characteristié%
ie shown in Table 4.6. Tﬁe f;re exposed extérior column has 5,
little reseraint and hence, tends to elongaﬁe freelz. ?he
interior fire exbosed column is more_heavily restrained and
cannot elongate as'ffE§I§. This resulte in the increesed axial
force. The other unexposed interior column is pulled up by the
reefrained exposed interior column. At some point, the ihcreased .
ax1a1 load due to restralnlng forces and ‘the "softenlng" of the
material due to flre exposure combine to cause the EA value to

begin to decline. This in turn causes a gradual return to net

downward deflecéione. . . /

4.7 Summary

In this chapter, a method for analyzxng relnforced concrete

'frames subjected. to fire exposure has been descrlbed and results

of a'few analyses have been descussed. To the'author s knowledge,

=

this type of analysxs has not been attempted or reported




P
1 VERTICAL DEFLECTION AT TOP OF BASE COLUMNS WITH EXPANSION
No. of Column 0 - 30 60 .90 120 150 180
Colunns . : : :
' 1 '{-.0214 0.1098 0.2847 0.3614 0.1602 0.018L -.0049
] 2 -.0307 0.0669 0.1583 0.0981 0.0313 0.0060 ~.0054
. 3 -.0258 -,0197 -.0144 -.0193 ~-.0226 =-.0234 -.0240
4 €.0203 -.0212 <-.0221 -,0219 -.0211 =~.0206 -.0205
. 1 -.0210  0.1107 0.2855 0.3687 0.1776 0.0185 -.0004
4 2 -.0304 0.0738 0.1746 0.1120 .0.0354 0.0043 -.0055
3 -.0262 ~.02i8 -.0178 =-.0213 -.0233 =-.0246 ~.0250
4 -.0205 -.0211 =-.0217 -.0215 -.0210 ~-.0207 -.0206
1 |-.0208  0.1108 0.2851 0.3724 -.1873 0.0184 -.0045
5 2 -.0298  0.0800 -0.2015 0.1473 0.0420 0.0052 -.0050
3 |=-.0271 -.0244 -.0217 -.0234 -.0257 ~-.0262 -,0264
] 4 |-.0207 -.0210 ~-.0214 '-.0212 =-.0209 -.0208 -.0207

-

Table 4.6 Vertical Deflection at Top of Lower Column 2 ~

TS0T
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elsewhere. It 1s suggested that progress in understanding the
behaviouwr of structures exposed to fire-will be greatly °
Facilitated by‘usé of and fu#ther development of the analytical
methods\ggyelaped in this investigation.ﬁ

Two features are important in the analvsis of reinforced
concrete rigid frames, one beneficial and the éther detrimental.
Since a frame has continuity, when one porgion of it weakens,,| :
the remainder of the frame takes up the load that is on the
weakening‘member: This redistribution of load allows a member
exposed to fire to proiong its endurance. However, any member = «

: B N
exposed to fire is going to expand. Depending on the restraining

stiffness of the remaindef of the frame, the force in'the
expanding member will vary from zero force to‘a very large
compressive force. Aﬁj incréase in axial force could be beneficial
to a beam due to the typical P - BM ihtéraction, however,
increases in column axial load may precipitate failure., Even as
afreinforced concrete member gtarts to fail, it loses some
stiffness resulting in lower forces due to redistribution.
Differential expansions due to non-uniform heating of parts of

a rigid frame are more seri&us than uniform heating of tpe entire
frame. It should be noted that thermal.expansion forces vary
directly with thercross section size of the membex. Therefore,

if a member is larger than it is requireé to be, the member %aill
develop a large thermal force. This force will be out of
proportion to the desigh load on the member. Analysis of concrete
members as part of a frame is required in order that proper

values fér fire endurance can be assigned to the frame.

-

X
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Chaptex 5

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

The following conclusions have been based on the investigation

carried out in this report:

(1)

(2)

(3)

1L

Concrete and steel high temperature behaviour has been
sufficiently investigated by others(l'z’s's'g’lg’lg)

to enabye structural analysis of columns and frames.

Tests per%prmed for this present study have verified the
high temperature material behaviour. These tests have

also shown to the author, the difficult;es associated o~
with testiné at‘high temperapurés.

Structural édequacy of reinforced concrete columns is
mainly dependent on the method of support and depth of

concrete cover. If the member is simply supported, -

‘assuring no axial restraint,, then.cover is the most .

>

critical factor in determining fire endurance, with cross

.section size, percent of steel. slenderness ratio and

stgél placement having legser effects.”

The ability of columns in frames to support the structure
is'dependent on the restraining effect of the structure,
the loading cohbinations and the portion exgosed to fire.
In many caées, moments in exposed columns decrease,
thereby increasing the éx?al load.capacity.z.Howéver,
exbansion cau;es substantial increases in axial load on

: > L)

some‘eiposed columns which increases the likelihood of

failure.

ha A Aoy ° " to A nine the
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fire endurance of reinforced concrete structures. With

this program it is possible to analyze the frame\for

both gravity and fire loads. Small revisions to the -

program would allow analysis that includes secondary

bending effects and creep in the structure.

5.2 Recommendations

Much more research is required to better define the effect
of fire exbosure on the material properties. Although the
£emperature effect on the strengthé of 'concrete and steel have
been widely investigated, further research ié required in areas
related to -deformatiaon, such as creep, shrinkage and reduction
of elastic moduli. - The process of spalling should be analyzed
to determiné the reasons for its occurence and the proper
corrective méasures to prevent. its occurence. Studies should
be undertaken to determine if the concréte and steel maintain
suf ficient bbnd fdr shear transfer between each other at high
temperatures. ﬁith better understanding of 3¥e§e properfies,
the computer program could be revised to include their effects.

Pinned end column analysis is useful in the‘gtudy of how

changes in design parameters affect the fire endurance. However,

. 3
it is the author's opinion that analyses or standard tests( )
of individual columns exposed to fire can only provide an

approximate and not necessarily safe estimate of the effect of
fire. Design provisions must be based on consideration of the

behaviour of columns in structures.

.
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- A.2 Program FIRE

» Appendix A

- COMPUTER PROGRAM FOR FIRE ENDURANCE
i .

A.l1l Introduction N

The analyses for the behaviour of cross sections,'cdluﬁns
and and frames have been merged to form one program.‘ Since
there is a gré&t\déaijé? duplication betwéen the calculations
for each type of aﬁalysis, it was de01ded to develop a

comprehensive program to handle all cases. One advantage in

*

' uéing a combined program is that the subroutine for calculating

equivalent EA and EI values for the frame can be used to
determiﬁe.a very good set of initial values for axial load,

bending moment, stralns and curvature when an 1nteractlon dlagram

for sectlon or column behavmour is being computed. Subroutlnes

" that are not requird for a particular study can be simply - -

removed f£rom the computer deck.

-
-

-

This is the driving program which is uséd to input the

' section dimensions, the material properties gng the code:numbers'

which are used for direction to the parts of the program being

used. The input variables are listed on the comment cards at
the start of the progrém. The dimensions of variables input
1n thls part of the program are 1n inches for length measurements

and ifh kips per square inch (ksi) for materlal propertles.u

° : ; v
! . ¢

A.3 Subroutine TEMPER

S#?routing TEMPER is used to calculate the temperature

“depeﬁdent-properties_of.each element on the cross section.. The
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1%

tcﬁperatdregradient over the cross section is input at the
midpoints of the square elements, The temperature values

supplied by thé National Research Council are in degrees Rankine
and require conversion to thousands of degrees Celsius. Since

. the temperature grad;ent is symmetric for a square section

heateq on all four sides, it is,necessary to enter only one
eighth'ef the values over a "pie—shaped“ wedge, reducing the
keypunching required and also the possibility of mistaken input.
Since all loadings on the cross section ‘have been assumed to be
uniaxial causing stresses and strains symmetrical about a line
perpendicular to the loading axis pAass‘ing thr?ugh the area h
centroid, then the température properties are required for only
one half,of the total cross section. The re@uction factor for
conc;ete“strquth and if required, the values for concrete ]
thermal expansion and forvincreased concrete.failure strain are %
calculated using the equations noted in section 2.6.

The temperature‘in the steel reinforcing must be approximeted
using the avallable concrete temperature gradients. The location
of the steel is deflned at 1n1t1al input in program FIRE. The;
three closest poxnts on the temperature'gradlent to the steel-
location are used to form a‘plane surface approx1mat1hg the
curved temperature gradlent: The tempefature in the steel is
deflned where a perpendlcular 'line from ‘the steel -locafgion
plerces,thls plane. This method is sllghtly conservattve but
T it eiiminates the need tpr the very lengthy process of calculating
the temperature by.finite elements teEhniques. (see figure A.1l)

It has been assumed that the steel will not act as a heat sink

thereby attractlng a large amount of heat to its partlcular

’ s
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daléﬁlations For Subroutine ITERATE
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position and thus distorting the uniformly varying temperature

gradient in the concrete.

Once the steel temperature is known,

then all of its temperature properties can be calculated hsgng

equétions from section 2.6.

]
:
i

If the effects of thermal expansion and?elongation of the

strain axis of the stress-strain curve are to be ignored, then

only the strength reduction factoxrs for the concrete need #o,

!
be calculated.

Since these strength reduction factors ar%

I

symmetrical over the cross section, then an effective red@ced

area or reduced widfh can be defined such that the reduced

maéﬁitude of strength of concrete multiplied by the full #rea

equals the unreduced strength of concrete mﬁltiplied by the

reduced area, for a given strain. For this case, the cross

section is treated as a series of strips parallel to the axis '

of bending.

each element is carried out across these strips to arrive at a R

factor ,of reduced strength-or reduced area for each strip. This

i

A summation of the strength reduction factors for

is pos#ible only when thermal'expansioﬁ effects are neglected.

This subroutine is entered each time that the duration of fire

3
.

exposure is increased. (see figure, A.2)
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A14 Subroutine ITEQATE

The basis of the whole program is the ability to force the
internal strains to change in a reliable fashion in order that
the internal and external forces can be brought into equilibrium.
There are two major problems to overcome iﬁ tﬁe balancing of
the strain pattern. First, there is a prbbleﬁ with the materials
comprising the cross section. Steel is linear elastic and hence,

corrections to the strain pattern would be a single step requiring

no further iteration. 'The major problem is the concrete itself.

avens

The material is non-linear and also’ has been assumed to possess

no tensile strength. Due to the composite action of the two
. . € . “ u

materials, it is obvious that axial load and bending moments =

L
L

.é
are functions of the strain magnitude and of the curvature.” This B

£
wés illustrated graphically in Chapter 4 figures 4.2 and 4.3. ‘
Small changes to the magritude or cu;véture of the strains will
affect both axiay bending forces and not just the respective
individual force as would occur for an elastic cross section.

The second problem involves the financial éonside;ation of

1

maintaiﬁing é‘rqalistic usage of computer time. The use of
either strips or small squares in the computat&on of intérnal_
forces requires a largé number of calculations.foi each iteration
cycle. With the case of Effipé (which corresponds to ignoring
thermal expansion), there are (n + m) calculatlons requlred for
each cycle; The varlable n lS the mumber of strips which -
represents the number of tlmes that the stress-straln polynomlal
must be evaluated and - the resultlng element forces totalled. ‘The~
variable m represehts a basic set of_calcuiafions élso réqui;eq

with each:cycle;'h is much less than n. However, when the inclusion
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of thermel expansion is necessitated, then the number of
calcu;ations will be (n?/2 + m) which is a 'substantial increase;
A largerx numbet oﬁ cycles of iteration are elso regquired for
this second case due to the non-uniformity of the stresses.
Limitations of money and of user computer time forced a reduction
in the number of Cross eection elemeuts to a miuimum at a possible
sacrifice to accuracy. '

In early work involving integrating the ctoss gection capacity
numerically, the calculations were performed to obtain axial

capacity then a check was made to compare this force with the

required force. Finally, a change wasS made to the strain

magnitude. The same procedure was followed for bending-moment, ™~

resulting in a change to the curvature.(G), This method requlres 5
%

a cycle of calculations of internal forces for a given strain }

diStribution for both load and moment. Since the'changes to %

4
t

straln are made independently for load and moment w1thout
con51derat10n of the’ effect on,the other, there is a strong
probability of cycllng about the de51red paixr of strain parameters.
With this problem 1n.m1nd, further work was'done on a metpod of
improving ‘convergence. This consisted\ of extending the Newton-
Raphsou method to the use of twoe iudependent variables. Changes
to- the megnitude and curvature of the strain distribution were

) ° ) (] M l 6
made simultaneously, hence cycllngawasAreduced.( )

'Howevet,'
there is now a cycle of force integration.required to obtain

the fofces and . one cycle each to obtain the differentials of the”
forces due to a small change’ in strain pagnitude or curvature.

Although thls method may reduce the number of-cycles required .

to obtaln convergence of stresses and strains, unfortunately,
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it requires that three lengthy force summations for each cycle
of iteraticn be performed. One summation is for caiculating the,
total forces and twa summations for the differentials of these
forces. The accuracy of both of the above programs would suffer
greatly if the numner of strits ot squares were recuced below

an established minimum. Many steps have been taken in the present

program to reduce time requirements, to increase the accuracy

(4
of numerical integration and to improve thewconvergence process. -

1

A large time saver is achieved by performing the calcuiations

for internal axial and bending forces at the same tlme. The-

L]
-

1nd1v1dué1 element forces are totalled to arrive at the 1nternal ‘\

’

ax1a1 force at the same tlme ‘as the first mghgnt of each 1nd1v1dualwf
force is taken about, the gross concrete centroid to arrive at

. %
the internal bending moment force. Erxrror bounds are then found

for each ggfﬁe. N

.Due to{the"method of calculating EA and EI using the section

<

properties directly, it became necessary to develap a more
- ) v "
accurate method of integration to determine section properties

as well as forces. *It should be noted that the integration

N 4

process is usnally baseaton the finite area of .a strip or square
.and on using the strain at the centre of this element to .
determlne the element force. This is basical sound for force
calculatlons when the stress goes to zero as Eﬁe straln goes to’
zero. However, to determlne section, properties, it should be
'noted that EA-or EI values for a glven element go to a maximum
for concrete as the straln approaches zero. This fact aggravates
the accuracy of the convergence process for frame analysis since,

T

for some element areas, the values for EA and EI can switch from

P ]
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[y

maximum to zero with only the slightest change in the strain
at the elément centre.

In £he present program, failuﬁe of tﬁe section is taken to be
failure to reach convergence. This definition allows the ex£reme
compression fibre strain to go beyond the g§pally iimiting
strain of concrete érushing, gc . This faq;or also causes
convergence problems fowm the fo?iz calculations since the element
force can now switch from a high value to %ero for a small strain
.pattern change. The effect éh EA and EI values is léss than the
case of zerédstrain since E is not a maximum at high strains.
Added to the pre&ious two considerations is the ﬁroblem of non-

linearity of tp%al~strains (contact strains) due to the high ‘_

thermal expansion strains involved. These thermal strains can

result in only a very small area of the total cross section ,%g
- . . - kS
remaininq effective due to crushing on the outer layers and, . ﬁé

tension at the core.
From consideration of the above, it was apparent that using
mid-eélement strains and total element area§ would result in /
. using a very large number of elements if convergence was to be
obtained.,_ﬁowever, the number of.elements that could be used
wés limited already by tﬁe available temperature information.
Therefore, 5 different method offeLement integration was developed
based on the straiﬁs at the element edges instead of the centroid.
In the subroutine TEMPER, the ﬁhermal exbangion strains were
calculated at the edgeé of.eaéh element using an interpolated
»value,for\phe:temperature. Now when the integration procegs is |
perfofmed, the strains due to the externai loads aré found at

the édges of the.element and added to the thermal strains. The
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two strains are taken to represent two points on the assumed
linear etrain distribution‘between,the'two element edges. The
actual effective depth of the element can be found, as well as
the effective strain {(contact strain) as showh in Figure A.1.
Referring to Figure A.3, it can ce seen that the forces and EA
values are close to the actual values. No attempt was made *
to find the position of“the resultant (centroid of EA) for each
element because with small .elements, the increased complexity
was unwarranted because oﬁ the small effech on accuracy. With
this refinement, element force and section property calculations
will vary uniformly from a maximum to zerc as the effective

element depth is reduced, adding to’ the accuracy without the need‘“
for many more elements. On each cycle of iteration the effects ;ﬁé
of the steel reinforaing are calculated and added to the concrete
effects. The actual steel contrlbutlon to the £@rce or section
property calculation was reduced by the effect of the area:of
concrete that was displaced by the steel. For concrete of

4 ksi haxim;m strength, steel of 60 ksi yield and a percentage
of steel over gross ccncrete.area of 3.5%, the‘eiclusicn of the
adjustment for-displaced concrete would result in an error of
2.3% for axial force calculations. This was considered an
unaccepteble error wheh’convergenoe is set at only.l%.

Iteration to converge'to a force and strain comhination
hhat.is close to zero is very time consuming. The possibilitg
of there belng no eccentricity on-a cross ‘'section is remote
espec1ally with conSLderaﬁlons such as ,workmanship or materlal

variability. Therefore, a minlmum value of bending moment was

assumed, that was based on the section properties. The minimum
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bending.- was taken as 1% of the gross concrete section modulus
@ultiplied by the allowable concrete stress. %his épplies to
structural analysis only and not £o P Qs M interaction diagrams.
In the case of axial load, a different method wag followed
whéﬁ the load fell.below certain limits. Whenever the total
stecel effect was tensile, the usual_balgnéing of internal
axial force with external axial force was not foIlowéd. Instead,
the interna} cgﬁcrete axial fgrce wag baéanced against the
applied‘éXterngl axial force, which could equdl zero, less the
tensile force of the steel. This step aiways allowed easy
conve‘;:cjence of the axial load especially for very higﬁ ‘:

eccentricities. i

58

: . AP o,
The converxgence process has. two main parts. The first method L

, - . . . , g
of converdepce is just a direct search for those strains which

produce internal forces compatible with the outside forces. -

The calcﬁiated error bounds are used to detérmine the step size
for the sf;ains: There axe ﬁaximum and minimum step sizes
allowed. When and if the direct search method fina1l¥ oversteps
the desired strains and hence, the forces, the‘coﬁvergenCe

proceés switches to a bisectiﬁn method. Methods such as Newton-
Raphson or Regula-falsi of'yhich bisection is a sub group, were,
not used in finding the gengral area of feasibility of the
solution .strains since they have a tehdené& to over-project -
when moving to the ne* point. Near failure of the section, this
over—pfojection can céuse premature prédiction of failure.
Bisection was chosen over NeWton—Réphson for the final convergencel

process because bisection has a. higher Effectivity Index. Q.

Newton-Raphson has a higher convergence power, a = 2 (gquadratie)




compared to a = 1.62 for bisection. However, many more
evaluations, v, of the forces and derivatives are required for
the Newton-Raphson method. In this case, three are required

compared to only one for bisection for each cycle of iteration.,.

The Effectivity Index, defined as:

1
Q=a"
which gives Q = 1.62 for bisection and
N ’ Q =;l.26 for Newton-Raphson F
is strongly in favour of bisection. Although the bisection %g\
method has more anfillary calculations associated with each ﬁ§§u

cycle of force determination, these extra calculations are small
in number compared to the number required for each cycle of
forcé determination. i

Bisection is carried out to obtain Ehe independent corrections
to the magnitude and curvature of strgin based on the error in
the axial:r force and bending moment réspectively. Since these
variables are interdependent, a limitation on the number of
consecutive cycles of bisection®is imposed to prevent the process

from hanging up on a false point.

The corrections to the magnitude and curvature of strain

kS

_are added to the extreme fibre strains after they have been duly

g

weighted to reduce any cyclic problems. The weighting ratio
of corrections for curvature to axial strain was determined to
be 4:3 by a number of trial runs. * It was notednthat éfter
concrete tensiqn cracks appeared due to high bending moments,

convergence was aided by forcing a curvature change on the tension

strain. that was -double. that forced on the compression strain.
>
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Tihis is due to the movement of the centroid of the transformed
area. Even when there was no change required to one of the
strain parameters, due to convergence of its raspective force,
a weight factor of 1 was stjll added to the total weighting
.factor to reduce the magnitude of the change in strain due to
the vgriation of the remaining force. This ca;sed the actual
straips to asymptotically abproach the required strains and not
cycle about the set of strains.,

AS mentioned, failure i§ defined as the inability to convérge.
For a safeguard against cyclic iterations, the tolerance level
for convergence 1is doubled after 75% of the stated maximum -~
number of iterations has been reached. If the iteration prpcessta

4
\ X,

is going to converge, it usually will very rapidly. Otherwise

il

o
o

divergence usually occurs very rapidly. It is only the cyclic
problem sometimes associated with small }rror tolerances which

require the larger error bounds.

A.5 Subroutine STIFF

The equivalent elastic sectian properties for the cross section

are calculated following the method discussed ‘in sectian 4.2.
The method of,calculation is similar to that used in computing
the forces in subroutine ITERATE. Once the element force is
found, it is divided by the total ef?ective strain which has

been r;ferred to as the "contact strain". (see section 4.2)

Force divided by contact strain, defines the secant modulus
multiplied by the effective areé for that element. The axial
section property of all elements is summed. Also summations

of the first,a;d second area moments of all the transformed

[y

"7 ted 21t the gfoss concrete centroid.
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L

The effects of steel less the displaced concrete are also
added to the totals. :

The distance to the elastic centroid is defined by the
quotient of the sum of the first moment of the transformed areas
divided by the sum of the transformed areas. The sum of the
second moment of the transformed areas can naw. be transposed -
to the elastic centroid Qhere it will 6; at its minimum valﬁe.

With this method it is possible to obtain EA and EI values
for any strain pattern including the case in wh?ch the section
has yielded. It is also possible to obtain the transfearmed
section pfoperties even for the cases of zero, axial load or

bending momént forces. This is not possible for methods Based l

ﬁjk

P s
!
e

e

simply on the total internal forces and the strain pattern.

Ry

To obtain the thermal expansion force in the cross section,
the'smaller of either the thermal expansion strain or the net’
contact strain is multiplied by the transférmed axial section
property for ‘each element.‘ It is tﬁis thermal expansion force
which causes ;éditionél deformaéion of the frame.

A.6 Structural Analysis Subroutines

')

A.6.a Subroutine COLUMN _ |
Short or slender pinned end columns can be analyzed using

subroutine COLUMN to establish the effect of increasing éxposure
to fire. With a predetermined column cross section*iﬁput in
program FIRE and with columnflength to Ehickness ratio input, .
‘the maximum axial logds for an input set of load eccentricjties
can beé found. The effect of secondary bending moments in the
reduction‘of‘axial load capaciﬁy'éue to thé P-A effect is
considered for columns with-a finite length. ‘The program can

‘e

be © --= «tndv - - atricity of load or enough eccentricities
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to be useful in sketching an axial load-bending moment
interactiop diagram.‘ Although zero axial locad cannot be input,
it is possible to use a very large eccentricity .to represent

pure bending. Zero axial load is not allowed for in this

.~

subroutine because the bendirig moment is related to the

axial load by uSLng the eccentricity as a multiplier, thus,

if axial load was zero, *the bending moment would be found to

be zero also.
To converge qguickly to the maximum axial load, it ie important

to have a feasible starting point below the actual maximum. This

initial start}hg point is found by assumlng two values for extreme
fibre strains and substltutlng these stralns in subroutlne

STIFF to obtain a set of transformed section properties.. These
; . ( ) S
transformed.section properties are-used in equaE;on A.2 to

obtein an allowable axial load for the spa:ified‘eccentricity.

-

-

.p = .-0:008 .3 lely A.2
- (;1-0 + t ) 3 ‘ L ; .
EA el 2EI ’ .
le] - absolute value of eccentricity ¢ ’}%éi

“

The first portion of equation A.2 is based on elastic

.

analyeis. The second portlon of the equatlon is a reductlon

factor used when the eccentr1c1ty is negatlve. A negative wvalue

‘for axial load 1s possxble but bendlqg moment is always p051t1ve.:'
If there is no convergenée forJthe first estimate for the

-axial load lt-ls reduced in magnltéée until convergence w1ll

“

0ccun; At- some hlgh temperatures convergence may not be possible

-
AN P4 . B -

a v T has beena
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obtained, a direct search method with expanding step size is
used to increase the axial load. The current feasible set of

parameters, loads and strains is stored by use of subroutine

»

VALID. When an invelid point is attempted after an increase in
axial.load, the pragram reverts to the last feasible set of
parameters stored in subroutine VALID. The step size is redﬁced
and a fufther attempt is made to ;ncrease the axial load. This

<

process can continue until the step size is less than the

required accuracy. Then the maximum axial load point is assumed

to have been reached.

aen!
adF

When the column length is not zero,:e;ch increase to the
axiai load is followed by an analysis of the secondary bendihg
effects. The éeflection at the mid-height for the simple column
is based on the curvature of.each subsection along the celumn
length. The end rotation of the column is determined. Using
-the.tengent established at. the column base, a projectioq_ffom
suﬁsection to subsection is carrxied out. The tangent is adjusted.

.

at each subsection'due te the curvature. The deflectiaon at each
subsection and at:the mid-height 1s found. The exial 1oad‘and
‘correspondlng 1ncreased bendlng moment are checked to determlne
whether equilibrium can be reached ﬁor the axial load.-

When column leﬁéth'effects are not considered, the maximum
axial load is determlned by fallure to obtaln(ioad convergence
for any set of straln parameters.- When .length effects are
consxdered the prev1ously stated fallure crlterlon or the
dlvergence foxr the calculatlon of the deflectlon at mld span will

* . .

define failure. ' * . . : T W o

When the. ratio of load eccentricity to cdlumn depth is small,
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it isqnecessary to decrease the size of thé error bound to

. ensure that bubkling of the column will occur at Qery nearly
.the correct load. False points indicating greater column
* strength than is actually available could occur if the error

bound on deflection is not adjusted.

A.6 (b) Subroutifie FRAME
Subreutine FRAME can be used to analyze a rigid frame which
has a number of its members def?;ed as inelastic. At this
stage of development of the program, the entire inelastic frame
or the, 1nelast1c portlon of the total frame is subjected to the “
same firxe exposure. The cross section for all 1nelast1c members 1~
is assumed to Be idenﬁlcal and is input through program FIRE. A
One of the most eff£Eient'methods of matrix‘structural‘

analysis uses a banded stiffness matrix with the Choleski metﬁoé
~of sélution. However,‘this.requires care in éhé joint numbering
which may have proveﬂ restrictive for this study. It was
‘desirable to be able to choose ‘the inelastic’struciural members .
at random anywvhere in the frame. In addition, to improve the
accuracy of the analy51s, each inelastic member (column or beam)

is divided into a number of sub—members, Tpe sub-members at

the ends of the inelastic member are smaller in size. 'Thiéiie-
dorne te redﬁce tﬁegeffect Qf the calcuiation'for deformations

dué to the external forces being.performedlat the mid-length and
not at the ends of nembers. 'Thie me thod of division of the
1nelastlc nenbers would have made systematlc joint numbering

, difficult 1f dlfferent members 1n the same’ frame were chosen as

" inelastic forfseparate computer‘analyses. Using a standanf
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method of solukion for simultaneous equations allows repeated
use of a siegle set of data cards. The input requirements for
this subroutlne are similar to most other matrlx analysis
programs. A detailed sketch as shown in Flgure A.4, indicating
all jolnt and.member numbering is reqqired.

The three global forces are input on only the loaded jointsl
Inputting only loaded joints allows for more flexibility for
changes to tﬁe load pattern. The input load values are
calculated to represent a standard floor lgading with all forces
and moments "in the correct ratio to each other. The load ralues
are in kips/foot and in inch-kips/foot. The input values are
converted to klps and inch-kips by means of a parameter
representing the frame ba§ spacing in feet. The loads on the
loaded jolnts are placed in their correct locations in the
external load vector. ‘fhe use of the bay spacing variable allows
different load intensities with no change to the input load data.

The member information for the inelaseic members are lnout
first. The inelastic sub—members can be in any order but.
systematlc 1nput aids the understandlng of the results. Tﬁe
first anut variable is the member or sub—member 1dent1f1catlon
number, Followlng thls number is a dlsplacement vector
representing the p051t10n of the second jOlnt relative to the
‘flrst "joint of the member. . This vector is in global dlrectlons
and is in foot unlts. For a rectangular frame, this joint:
dlsplacement Vector represents the column Or floor spa01ng, a
simple form of input requlrlng only two numbers.' This method
was used because standard joint coordlnates based on the global

‘jire a great deal of calculatlon and addltlonal input.
!
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Note: ﬁember.end one is always the smaller joint number and
is always the origin for the displacement vecter.

For inelastic members only, a pair ef extreme fibré strains
are input. These strains should be estimated so that the
magnitude and curvature will be similar to the crxpected strains.
That is, if the moment is large, the curvature should be large
also and vice-versa. If tﬁe exial'force is large, then both
extreme'fibre strains should indicate compression. However, iﬁ
the axial load is small and the moment is high, then the strain

on the tension fibre will be negative.

The: transformed axial and flexural section properties are &

i

input in kips and in inchesz—kiés‘as equal for all members. As
each member is input, the transfer. matrix felating‘globﬁl'ané
member coordinates is calculated using subroutine TRANSF.

With all input,cdﬁglete, the sﬁud§ of'Fhe effects of temperature
exposure on the fraﬁe is begun. &he first temperature’must
always be zero time, that is, no fire applied, in order that
the initial member section properties cen be coirect;i ca}culated
for all of the inelastic and elastic members. At the end of
each cycle, for zero time only, the average section properties
over all of éhé-inelastic sub-members are found. The section
proﬁerties of each sub-member is found by using STIFF. The
average section property is used for all members that are not
exposed to f}re and hence, are assumed to remaln elastic. When
the frame has reached convergence for zero tlme, the sectlon ]
properties af all elastlc members)are set as eonstants for the

remalnlng fire exposure. It should be noted that as long as the

case-of zero flre e¥posure is Tun flrst, as it must be, then
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N - .
the remaining fire exposures can be run in any orxder with

convergence to the identical results within the allowable
error.bounds. Although order of.exposhre is net important,
convergence will be obtained faster if the exposures dre*apblied
in increasing time. ‘

When the effects of thermal expansion and concrete softening-

~

are neglected, then the iteration cycles are simple. With

N

the section properties calculated for each member, a structural

-analysis is performed to obtain the member axial and bending
' [\
forces. These forces are calculated at the member ends, hence,g

T
3

the average of these forces is used to obtain fibre strains %
¢ < v; .

Y,
3

¥

W

v¥

which are assumed to be uniform along the member:' These strains

93
i

»

are'usgd by subroutine STIFF to obtain new approximations té

the inelastic member section properties. With new section

properties, a new structural analysis is performedf "This cycle

is repeateg until convergence of both.axial and flexural éection.

properties is found. A simple weighting,proce@ﬁre is again

used to'pfevenﬁ fluctua;ions. Convergence to a set of section

propertiés‘is reqﬁiredeor this program. Fai%gr?‘is defingd

by inability 5f,interna1 and exte;nal gorces to reach equilibrium.

After cdnvergéncé, the time of'exposgie is increased. .
If the forcéé from the preceding converged state are used .

directly for the first iterative cyclé after. temperature increase,

fﬁen a false failure may be predicted. It is noted that as

the fire progresses, the affected_membef‘sectibn ﬁropertigs

will decrease. Aséociated with this éedrease is usually a

corresponding decrease in actual msmbgr bending force. Therefore,

it is . arv to use the strains from the preceding converged
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state with the new thermal properties'to obtain a héw set of
section properﬁies. These new section properties aré then used
for the first frame analysis following increased exposure to
fire. This aspect points out another advantage in calculétiné
EI and EA values using Ehe s;ction geometxry coupled wifh strains
rather éhan‘éimply using the total forces with the strains.

with the latter, neW‘sﬁrains and forces can only be obtained
after a new frame analysi; has been carried out. If the férces‘

have not been adjusted‘from the previous converged state, a

false failure could be piedicted.mberéas the structure would

[\
actually have sufficient strength due to load redistribution. L
A,
The problem of thermal-expansion causes new loads to be N
applied to the frame. Aé the fire progresses, the concrete %

and steél tend to expand greatly. Fér the pinned end column -
program free expansion was allowed because Ehere was no
additionalﬁfestraint. However, for a rigid'frame, there is a
large resistance to the equnsion of any single membey due to
ad 4Acent member stiffnesses. The thermal restraint force is
calculated for eéchﬁfnelastio‘sub~memhér in suProu;ine STIFF.
The reverge of this restraint force is applied to the frame
causing the deflection and the forcé redistribution that would
be asgwciéied with the expanding member. However, as far as
the expanding ﬁember is qdncérned. the restraint force is
pushing alqgé’its axis. The;efore, to the final results of -
the structural-;nal§sis, a force equalnbnp‘opposite to the
re:Eraint force must be .added to the'fprces in tpe ?pelasticl
. sub-member. With each cyclekaf strqcturai analysis, new restraiht

” are . "ulated and~épplied to Fhe ffamei
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Convergence is defined when all axial and flexdral secfion
prOperties‘of.the frame have converged to within the specified
error tolerance. The axial and bending forces are not checked
since they are a function of the frame section propefties.

When the frame section properties reach a convergent point, they
no longef change and the forces from the frame analysis cadﬁot

change. As a general rule, the effect of a change in the member

PR |
-

section properties on member forces will be much smaller than
the change in the section properties. It has been’ found that

.-after the first cycle of iteration, only a few members will

still have varying section properties. ’ s-“
Yo,
I B - %%%w
A.6 (c) Subroutine RIGID ﬁ%ﬁ

Subroutine RIGID perfcrms the actual.structural analysis for
a vector of load values aﬁd a set of member stiffnesses. The
subroutine assembles the general frame stiffness matrix making
use of the subroutlne GLOBAL which transforms the member stiffness
matrix .from member coordinates into global coordlnates.

Once the frame stiffness mafrlx has been formed, the sciutioﬂfi
to find joint global displacements is performed using the.
McMaster CTomputex-Centre library subroutine SIMQ. After these
global displacemedts have been transformed into:member joint~
displacements, -member forces can be found using the individual
member stiffness matrices. After the effects of any thermél
restraint forces have been added to the member forcesL afull |
listing' of the. deflectlons ‘and member forces is printed, if
desired.‘ The average forces in each lnelastlc sub-member are

e

'calculated and then transferred to the calllng routlne FRAME

[
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for subsequent equilibrium checks.
No attempt has been made to study the effects of seéondary
bending moments due.to the P-A effect in FRAMES. For the‘
relatively short columns used in this study of frames this
omission will not cause significant error.
J

{

~J

A.7 Program Listing

IS

The compu%er program is listed on the'follow;ng pagés.
The subroutines are listed in the order that they were first
mentioned in the preceding sections. . As mentioned §n the
comment cdrds in program FIRE the subroutines not required
for the s ure being analyzed may be removed from the

card deck.
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‘ % X % . "

PUEOGE AT FERE IS THE COMTRAOL PPONRAY THAT IS USLED TO [upUT . THE
CECEIMN AND VATERTAL PPACERTICS,  TeIS [vyaneaiiny 154 “«,aCD-Tﬁ
Ters Ty ANALYSTI SURQAl'TIAFS 1CA) U0 AND s opave s ;

H o r L84 g =™ 4 - ! [
I\.D|J] T ]r-!\ Ql'f\f':')h\ I AR F'ﬂl_l ()_‘*S. N(\T:. S'lf”?("UT!"'»'S 'COLl"“N' R
TERAVE Ty ANME 1TCYDERY Apan OINJIPE [anT VARTARLES )

TORNEAT LIVITATIONT - wEslina OF CPOLAGECTION AN AL eoun bines
~ CROSS SECTINN VUST RE SAUARE
- BENMDING ABOUT X-AXIS ANLY

CINPUT SECTION DIMENSIONSs MATERIALPPROPERTIFSs AND PROGRAM

CONTROL PARAMETEDRS ,

X = WIRTH OF CROSS-SECTINN, AXTIS ABOUT WHICH BENDING OCCURS

Y -~ DEPTH CF CROSS—SECTIONs DIRSCTION OF ECCENTRICITY (INCHES)
FC - NOMINAL CHNCRETE STRENGTH AT 28 DAYS (¥Sl1)

FS — STEEL YIELD STRESS (XSI)’

ES - FLASTIC MODULUS OF STEEL (KST) S
cFATL -~ dAXI“UV CONCRETE COMPRESSIVE FIBRE STRAIN 1

TALER "~ CALCULATION TNLERAMCE AS A RATLO (1Fs 0.01)

MX — NUMBER ~F DIVISINNG TN THE X-DIOFCTINN .ﬁia

NY = MIMBER OF DIVISINNS N THE,Y—DIQECTION ﬁ%&x

MSTL - NMUSBEP NF STEEL RFIMFARCIMG BARSs NNTES RFINFORCING MUST ﬁ%ﬁ
5

BE SYMMETRICAL ABNLT THE Y- AXIU
ITER - MWUMBER OF ITFRATIONS ALLOWED IN THE STRESS-STRAIN BALANCING
CRUIBSRNUIT I MF
[ORINT — PRINMTINA ¢CANTROL FACTOR USEN TO LIVIT OUTRPUT WHEM = ZERO
ITTHERN — CONTRNL NPARAMETER FAR THERMYAL FFFECTS, TN IGMARE THEPwAL
TXOAMSTINN o T TChs FTHFRY = Oy ATHERWISE [ TPV = 1
MTEM'P — MUMBER OF TEMPERATURF GRADIENTS INVFSTIGATED
STL{Is1) - X-LOCATION OF STEEL RFINFORCING RAR NUMBER 1|
STLIT14+2) = Y=LOCATION oF | STEEL REINFORCING mrAR NMUMBER T
STL{1+3) - AREA CF pEINFqQCIMG B8AR NUMBRER |
TITLE(TI) — IDENTIFICATION OF PRCALEM BEING SOLVED (ALDHANUNERICS)
ITYDF & TYPE NF STRUCTURE BEING+ANAL YZED
FNAR RIGID FRAWE JTYBRF = 1
FAR_PINNFL COLUMN [TYPE = 2

*

PROGRAM FIRE MUST RE USED WITH - COLUMN OR - FRAME
‘ - TEMOER - TEMPFR
- STIFF - STIFF
~ ITERATE - 1TERATE
~ VAL ID - RIGID
. o : - GLOBAL :
: : - TRANSF

36 B 3636 0 3 35 30 36 2 36 36 2630 2 38 30 96 36 36 36 30 3 36 % 36 303 36 36 3 336 30 36 3F 35 06 36 SE I 30 36 3 30 3 3F 36 36 3 3 36 3 3 36 3 30 96 X33

:3 é $ %S PR OGR A M F TRE BFG I NS $ % % % %

I\ITIALIZF MAX TYUN LFNGTH NF COMMON RLOCKSs USFR TO ENSURE THAT
CAMVON BLOCY LENGTH 19 NAT FXCFFOED ITa AMY SUBROUT INE

DIVFENSInn TETLFR(I1R)
/RPLOCKY/ TFMD(Rs}S}9CT(F’17)’cU(31g6‘95TL(69]7)9X9Y90Y;DY9N

o
' s F5 sy ACONCH [ THER



AT

)

20

)
Ry
A0

~

136.
2 [TRRNTFMP, [ PP T /

*

CovvOoN JRLOCE?2/ T2 74346)DI5T (A6 aSF(A»a) 3T [ LAR) s FA(AR)sSTF1T( 353
1566)s53TFI2(03,5356R)1353TF21 (Fa36A4) 4 STE2D (3,0 ,06 ) . h
L, Ceenyf eI e/ or iy 1240 L 1T A £y, s I TN(HEY o mF | !’)),S’\ﬁf:( 10) ,2T (10) sU
lf\l(l\))v“‘“’(lx)) -

DRINT 129
ERIMNT 160
PRPEMT 40

DRINT 160

TITAMN AT, N AN UL FSL,ET L TT L s T

READ 60y NXsNY SNSTLHTITERQReIPRIMT S I THERM G NTEMD
PRIMNT 70y XY oNXINYSFCyFSsI'SH»yEFAIL

DX=X/ 44X

DY=Y/NY

X2=X/2.0

Yo=Y/2,0 S U—

ACONC =2 =#DX*DY®FC /
pPLMT A0 ' o(
DO 10 I=1NSTL ' .
RTAD 50, (STLITsJ)sJ=1+3)

PRIMT 90, (STL(IsJ)sJd=193) B4
STL(T»9)=STLI(T+2)=Y2 oA

STL(T +1)Y=STLIT ¥1)/X . ’
STL(T+2)=STL(Ts2)/Y

ConT I NUF

[T ([THFRM,CA,N) DRINT 177

IF (TTHFRY“.FN.1) RRINT 11C

N=NX=NX/2 i

IF (ITHFRVFNLC) mX=1

1VPUT ANMD NP ITFE ALRRANUSTCIC TITLE FI9LD

eRivT 17260

ZRINMT 163 ’
READ (545130) (TITLF(1)y1=1512),1TYPE

GO TO (20:3U)s I1TYPF

WRITE {6146 ) (TITLE(IYs1=1513)
PRINT 160 .

CALL FRAMF o
WRITE (6+150) (TITLF(I)s1=1513)

PRINT 1A2
CALL COLUMN A
STOP

FORMAT (1HCs//s17XsxA FORTRAN ORNAGRAM FOR THE ANALYSIS OF pEINFORC
LED CONCRETE FRAYES AND COLUMNSH®///526Xs*UNDER THE INFLUENCE OF GRA
2VITY LOA IN A FIRFE ENVl?ON%ENT*////25Xo?WPITTEN AS A PORTION OF
ATHE THE&IS SUBMITTED FOR THE DEGREEE*///,44X,»*MASTER OF ENGINEERIN
wGx/7/7s6\Xs#RY E. F. VICKFRS, 8. ENGe* /46X s ¥ MCMASTER UNIVERSITY*/ 24
565X s tHAYV ] Tone, CANMARAX/// /)

FOARMAT (7F10.0)

FOPMAT (7110 . . e
FORWAT (//6X »%SECTIQON PRCPERTIES*/ /10X s ¥MENRER DIYFNSTONS*+F5. 1%
19Y%sF8,1+% {INCHES) DIVIDED INTN#sT3,% BY#,[3,% DIVISIONS®/ /710X +%C
' - # F (KS1) S

ONCRETE STRENGTH®.FBa1e#% (KSIV®/ /10X *STFFEL YIELDS*»F6e 1%
zTEELEIs ELASTO—DLASTEC*//lcx.*STEF; ELASTIC MODULUS*3F8el.* (XKSI)#*
' RURTLRE STRAIN¥:TO 6% {INCHZTMNCHYRS/ /)

"y AND O ry
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FORv AT (AX43F10.%)
~

— (9 T Ty -

Fonal (NS0 /738X YTHFRY AL TXPANT IS SFF-/ T An= wn] tar | gnEDF )

AR (IHJE//'KX’*YH;p”A' EXPANT T oo To ey, ;\PIHQLM:) '

sapvAal (181 .
FAneAl (17AAK517)

CARUAT (1, 92QX 4 *ANALYSIC AF A OI7 17 PLAYE oyt 1 4 FIRE ENVIRCN
MENT R/ D2INGYIRG/ /)

Foran AT (JHS s 2AX s #AMALYST S DF A D=t OE0 LAyt 1 A T IRE FAVIPON
caTe / /2779138677 7)

erovAl (1H »4X #8535 583¢7 7223

XX S
Vit SRNARE AT BRCESTIIECITIRT L5 53585

L

-

)

-

L1TefT IRRSRTEREERSE

( A
s -
L
AN
.
.

SURBRNUT JNE TEMPER S
e/

*******i*******&x*****#*%}****#x&x»*}**}%;%«*%%**&}*%**#****&***#wﬁ
GO DICNT (ALPHAMUVERICS)

ARPAY(T) — I[DFNTIFICATION OF TEVDLEQATURE
MIDPOINTS OF EACH

TEMP(1+J) — TENPERATURE GIACIEMT EXPRESSEC AT
FLEMENT ON THE CR0OSS-<alTI™™
. RECOMES RFNJCTION FACTCP FOR (QVCRETE FLFMENT STRENGTH
EU(] ) = MAXIYLM CONCRFTF FIRTF ATTAIN £07? TACH FLEVINT
ETI{2J) — THERMAL FXPANSTON STRATN ~\ THE FRGE OF FACH ELEVENT

CATL(1a5 ) = TEWSFZAYJINE ~7 FACH 97 TATARCinG 7A8
GTLU1e7) - STEFL ELASTIC ~IELD 3T7 0w F09 0CH RAR
STL({Ts8) — STEFEL ELASTIC vODULUS

STL(I-10) - STEFL THERMAL SXPANSION STRAIN
STL(I,311) - DIFFFRENCE. IN THERVAL EXFAP 1CM STRAINY RETWFEN
STSFL AND COVCRETF AT LEVOL\OF STEFEL
STL(1s12) = NMAXTWUY CONCRETE FIRRE STRAIN\ AT LEVEL OF STEEL

HRBE TR UN YR w*****i**%******%***%*

**i**!*ﬁ##***********#*ﬂ&%%**

N E T T MP F R BEGI NS 3 |5

-

< 5 % % s R R OUTI

NDIMENSTON ARRAY(13)
coMuny /aLoCrl/ TFVP(Rytﬁ)-ET(8,17)aEU(Sslé\,STL(s,lp),X,Y,Cx,ny,u
]X9NY’N§TL9’?1Y?9T9LFR»¢FAIL)FC’FFODCAL,Q”CfL’OﬁTL9:S’N9ACONC7ITHER
2 s JTFR sNTENP A IRRINT
A=5.075.C “

C=EFATL

READ 280, ARRAY -

oR[MT 280+ ARRAY

NA=N+1

CALCULATE CONCRFETF TEYPERATURE PRASTRTIES WITH MR WITHOUT
FxpAng[An EFFFCTS .

IF (1THERM.NFC) GO TN 27
no 16 =1aN

hp 10 -0 .
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CT(1aJ)=0.0
N 60 1T=1sN
PEAN 220, (T {1 4 1)y =147
[0 Ta VRS & J=!a“
T=({TFYD (1) =8492 " 1*¥A-27 .2V /107 a7
TFMP (T, Y=TEND(J1)=T '
e ((THERKEGeN) GN TN 37
C=0e QNP 720+ 01276%T.
I8 (CJLTLFFATL)Y C=FFrafL

N FUlT s ) =FUR(Ys I ¥1=C
[F (I TUERULFALEY A~ TA 50
T=TEMO( 141151 aB-TFVP{1,2)/?
ET({+11=(CCO8%T+0.0061%T
FTIIsN+1)1=(0e008%#TEMP (1,01 +00046)#TEVP (1 4M)
DN L0 J=2 4N ) -
To(TEMP(T,yU=-1)+TFM¥O(14J)) /2
ET{FsJ)=(0.0C82T+0,CO06 T

&

. CONT I'NUE, ‘ : ‘ -

= DO 6C J=1N ] . :
NB=NY 4]~ , ) .
TEMP (T sNB)=TEMP{ 1) ‘ \
ET(I sNR+11=FT (s J) . o

65< FUCT +N8)Y=EUITT 4J} . =£;?_
PRINT 290 ] Ny
PRINT 3405 ((TEMP(L>J)sJ=15M)51T=14N) e,

~ \‘,‘i":'

CALCULATE STETL TFVPERATUSE PRAPFATIES wWITH N WITHOUT
r FXPAMSTNAN EFFFCTS

DO 90 I=1-NSTL

A=STL(T 513 *X .
Q.=STL( I ’?)*.Y

IF (AeGTeX?2) A=sX-=A

1F (B8.GT.Y2) RA=y-"
NA=A/DX$0.5

MBR=R/NY +0e 5

A=A/DX—-NA4+0.5
RzR/DY-NR+Ja 5

IF {NAGF«N) GO TO 70
STL(!,5)=(TEMP(NA,NB)*(1~5)+TEMP(NAsﬂB*l}*B)*(1—A)+(TEMP(NA+1aNB)*

111-B)Y+TEMP(NA+1SNB+1 ) 3 ) #A

(S

Ga To 890
7" STL ([ +5)=TEMPINASNR)* (1-R)I+ATFMP(NA,NA+] %8
ef STL{I»12)=149
STL(I+10)=5TL(I5111=0.0 )

IF (ITHERM.FN.0) OGN TN 20 _ ( .
STL(T’]O):((;,OL‘&*STL(19334-0.’)1?)*51'{ {1,5) .
STL(Iy11)=(O-008*STL(I;S)+3-006)*SILJI,5)~STL(Is101
STLU1+12)=(0,00272647,01275¥5TLETS)I/7EFAIL
IF (STL(I912)elTele0) STLIT1,5121=1.0
93 CANT L NUS : . .
DY 11D I=1.NM
0On 10D _):!,9\‘
R22e011-7.253%TEMPA(]sJ)
IF (ReGTalel) R=1.D
[F (PelTa0e2) R=0.0
_ TEMPIT s ) =TEMP(JsT)=R
100 - - "



120

112G

140
ran

aValal

167

170

:Dd

197
500
21C
529

323N
240
P

oRiMT 2807 ((ST([sJr1ad=TsYA) s I=140)

1FPTIFS®/)

A

139, -

Na=my+]~J .

Tovo (] »M3)2TF¥P (15 J)

SolaT 2N ' )
on AT maQ s ((TFv0lTy )y dslon)s=]sn)
PRINT 160 ’ < (
A=A

pRINT 200N .

CRINT 24Cy (U sdYad=19"")sl=1M) ! . -
~A 120, 1=1,N '
TR EPROTEE PRl N )
FULTy )=FULLI s Y /EFAITL
print 210 \
PRINT 340, (1EU(11J)QU=19NY11=49N’ . : ) —
PRINT 222 . L -

oPInT 210 (STL (1989121 sM5TL)

NA 150 I=1,.MSTL

T=5TL(.T+5) v . -
STL(I95)=3TL({TI+7)=STL(1+2)=".0 - .

E=ES*#(1.0-2e04%T*T) . ‘
IF (EsLF.GCe0) GO TO 130 .. ° ‘ s
FaFS#{160-0e7R¥T—]4R0%TH#4) : T %

IF (FelLFe0aC) GO TO 1139

STLlTIs7)=F/E -

STL(Is8)=F ‘ g
A=20011"’?035?’*T L. : . - i .
IF (I\-GT.].C-‘),.‘AT-"I.O . . . »
IF (A) 215051505140 ‘ -

STU(T s8)=A

CNTINUF )

CAINT 272Cy (STL(TsR)41=1-MSTL)

POTNT 220, (STLLI=7)sT=1,NSTL) .

ORIRT =247 (STL(IS1C)s1=1585TL)

O INT- 260 (STLII511)s1=15NSTL)

- ~

IF THERMAL EXPANSION IS NOT COMSIDERED TRANSFORM "FROM USING
SNUARE ELEMENTS 'TC STRIPS (1E£. .USE EFFECTIVE WIDTH)

IF (iTHERPM.NELO) GO TO 182 o )
DN 170 J=1sY X D o,

T=0.0 . . . . t Y. W
DN 16C T=1,N = .o - . . , o
T=T+TEMP (s J) ) ' .

CONTINUE
TEMP(1+J31=TEMP(1aNY+1~J)=T

CONT I NUF . .
ORINT 260 . ‘ .
PRINT 270, “(TEMP(19J)sJ=1+N) "
" REFTURN ) . )
FORMAT (1M s/5X{*CON6RETE THERMAL EXPANSICN STRAINS*/) . ’

CFORMAT (1M 2/5X1#CONCRFTF *1aX. YTELD STRATNS*/)

T ELEV TEMP/EUNMAX AT ROOM TEMP*/)

2 X»*CONCRETE EUMAX A
O AT (1. /asx,worEeL ATURE DEAEMDENT PROP
. 13

FARMAT (141 +/655Xs#STEEL PLINFORCING BAR TEMPER
FAPMAT (1HL $25%,#STEEL ELASTIC YTELS STRAIN®.6F11.6) . .
FGRMAT'11EC:¢GR:*SIEEL THERUYAL EXPANSION STRAINS¥*56F1146]) R
FAn (MG s 6X s 8 THEPMAL STRAIN DIFFERPENTIAL AT LEVEL NF STEEL*,6F1

'] 7



140. .

~e s aRMY ’ - .

- 1? AT QK ”Tx'*ACCUMdLATrﬁ COMTRATF STPTMATH RESUCTION FACTRS*/
~ e FAPMAT (1H 28F11.4)
~od FromvaT (13A6)
A FoORMAT (1H +/6X s 2 THAUSANDS e Brrof” Ceo” AADLVYE RDOY TFup 2/}
2 FORMAT L(1H s /5X»#REDUCTINY FACIARS £ *rNCRFTE STREIAT LR/ )
y FORMAT (iHL»SX s *THOUSANDS OF DECRIFC ¢, #08QyS RAQM JEVOFRATURE* .65
. 11146) ) .
222 FARUAT (1HO» 19X, %RFEDUCEE TLA%TIC “nDLL LS nF STrFL r A1 41)
220 TENARMAT (RF12.1) & )

20 FORWAT (1H »8F11.6) °
N TAnVAT {1 3QF11.6)

END
%
. :*\
Y
’ G
X,
. kG
- ' - -
SURRQUYINF TTFRATFE (PyBMyUl,U2,5KOUNT? . . S hiy
' : . : B
~ ¥ 36 SRR *****%*******%*%***%-}*%**%***%—*?—-}(—%*%*******%*4********-ﬁ-***
C . hd S N . . .
C SUBRGUTINE tITERATE' ADJUSTS THE “AGNITUDE AND CURVAT Uo~'0F
C STRAIN ON THE CRNSS-SECTION To BaL ANCE THE INTERNAL CAPACITY
< AGAINST THE EXTERNAL APPLIED LOADS , ‘ -
~ ****k*%%.*i-%(—**%****%*%***-‘e**ﬁ-**:}ﬁl*****%**%%**&******%%4****%*%******
. )
e g & U amp MU T LR DT T AT E RF AN S S %%
c * ’ . N :
DIMFNDIOM UA(2s3) s UX(.252) :
- COMMON 7BLOCK 1YL/ TFVD(Ralﬁ)sFT(8,17),EU(8,16),STL(6,12),X,Y,DYaDYaN
1XsNY s NSTLsX23¥2 s TOLERSEFATLSFC>F5 s PCALSRMCAL »PSTLAES>N» ACONC > I THER
PMSITERHNTEMP 3 IPRINT, ‘ \
C oL ) .
Xe FXPRESSION FOAR THE COMCRETFE STRFSS-STRAIN FUNCTION '
’ FCONCIX)Y=(({{~1a 797E+10*X+2.]?6 FRIEX=Q.30L T +oq)*x+1 2Ry HX+3 3520
101)/4 o}
(— )’
. WA =WX-= NC 1.C . !
DO 1Q 1=1,2 . ) }
10 - UA(IQJ’=UX(I’J)'—‘;OOG'
=0 . :
ACCUR=TOLER . Q\
RISECTA=RISECTX=C - ‘ . ;
IF (BM,FR.0.0) Ul=U2= A%JiU2*P)/P : : , RN
DN 170 xnUNT=1-1TER |

IF (KOUNT.GT.0.75%1TER) ACCUR=2%TOLER
PCAL=PSTL=BMCAL=0.0 )

U12=(U1-U2) /NY ' : . _ )
nA oy T=1 WX . . . . . L '

DA 90 J=1sNY
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an

o

100

IR EA

12C

141.

FALCULATE THE STRAIN AT TwE EDGES OF Ealit ELEMENT
UL = (U= 2% (J=134FTEEs SV /EUCL ) ,
P (AN T2 )+ FT T, -1V /00T 1Y

TMNCRETE SLEMENT

NETERMINE THE AVTRAGE COVPRESSIVE ST1(n
Toan S IN {NVeRES S TON

DETERMINEG . THSE PROPAPT AN ~F FEve:
QU7 HAS MOT CRUSHED
TE (ULaGTeCeANDUPLGT )

e

T
- T

]

G TO 47

1F (URLAHTLC) a0 T 2C. .
cr oL T Gy e TA an
an'To Q0 ( . .
D=zUR/{UP-UL) :
U=ur/7?
an To 70
“:UL/(UL—UD)

=UL /?
\Jo TO 70
IF (UL 4GTe. FFAIL.A\u.UQ GTLEFATILY GO TO 290 . )
[F‘(UL GTLEFRIL)Y RO TH g o -
If (URAGTLEFAIL)Y B0 Tn 57 _ k
U=(uUL+URr)/? . 1
Ga To RO o : ‘ %
P=(FFATL-UR) / (UL-UR) _ S T By
U=(UR+EEAIL) /2 : . . %ﬁa
¢ T 10 | L N
D=(EFATL-UL) 7 (UR-UL) ( 8
U={UL+FFATL)/? ’ ) R %ﬁh
C=C=D " . . ‘%ﬁ
Rz( J-0 %) ¥DY-Y? _ . ) : . : KN

PEAFARN THE AXTAL AND BFNTING MOVENT FORCE SUMMATIONS
F=FCONC(U~0.00127267 ) #C*TENP(14J)

oCAL=F.+PCAL

RUCAL=8MCAL+F*B

CANTINUF

REPEAT AQQOVF OPERATIONS FCR THE MET STFEL APEAS

Uiz =u1-u2 . iy )

fA 100 [=1,NSTL .

A=STU(Tr&4)=U1l~ U12iSTL(Ia?)+STL(Isl

F= STL([:61 STL(I,q)*STL(i,Q)*(AQ (A+5TL(I97))—APS(A =STL{Is7)))Y/2
Uz CA+STLIT»1 1)) /753TLIT212) )
IF (U.GT.O.AND.U.LT.EFAIL)"'_-'F
1) 3FC i . :
DSTL=PSTL+F’ .
QUCAL =RMCAL+F#STL (159) . X
EOMT I NUE '

DETERMINE THE ERROR 30UNDS FOR THE AXIAL LOAD
IF (P%PSTL.GT.2.0) GO TO 119 :

-FCONC(U-0.90127367)*5TL(175)*STL(I9

pA:p—pSTL * >
.60 T 120
DA =D

pcAL=PlAL+RSTL -

CORR=(PCAL- PA)/AQS(PA

IF (P#PSTL.LT.O0.T) PCALS= -DCAL+PSTL .
[F LT GN T~ 135



yan

BN

V50

169

v =0
wa=12,0 .
1e (AQS(CPRR).GT.l.Oyocceo=aqs(chQ)/cooc

~ETFRMINE THE CORRFCTIRN T0 THF ”tﬂNlTV”f °F
A STEPDIMG ROUTINE FIRST ANT THIA AY 281 r
Uz (U1+J2) /7 '
MY=CNRR*xARS (L))
121 :

CIF (MM LT.0) 1=

TS (AR MY T e T NNTnAaY Do SnAantgn”N3R
18 (ARS{DU) e 0T e QaC0O0/Y D=00008% AR (D) /D
UA(T,1)=U . .
UALT.2)=DUA=DU

UA(T$3)21.0

IR ({UAC(T192)4UA(253)),8E,2.0) " TO 140
NUAZOURTUA LT 2 1) ="JAL2 1) )/ (HAL192 )Y 2UA(2,5))
1€ (NUA/DULLT0.CR) DUA=",08xDY |

IF (DUA/DU.ATL1.0) DUA=DY
BRISECTA=8ISECTA+1.0

IF (RISFCTA.GT.6) RISFCTA=
UA(TI53)1=1.06 ‘ '
GO To 140

K=K+1] .

DUA=D.O .

DFTERMIME THE ERRQR RPOUUNS.FOR Tuf ”"ﬂDLﬂu
IF (R, &~ ,0,0) GO To 188
C()RR:(B.VCM_.-BM)/B'“ oo ’ .
€ {ARS{CARR/IACCUN) LT 1.7 )Y ~n T~ 159

WX =440 .

v=0

1€ (ARS(IARR)CT o140 CreZ=RR E(CARRY /107D

UA(1+3)1=UA(253)=0,0

142, —

TSOTENG

Ti~y “ETHOD

WAQUENT LDAD -

DETERMLNF THE CORRECTIAN. TA THF CURVATUPE OF srpmxm ay A STED

METHOQD -FOLLOWED BY A BISPCTIhM METHOD

- U= (U2-U11)/2

DU= CORP*ABS(U)

1=1

iF (DU.LT.O) 1=2 .

IF (ARS(U}LT.0.00060%) 0U=0,00005%CORR

IF (ARS(NU) «GT.0.000a) A =C.CO00R¥ARS(DUY /DU
UX{1+1)y=U, ot .
UX(1s2)="UX=DU

UX{T153)=1.0

IF ({UXT1+3)+UX(2.3))NE.2.0) 60 TO 160
PUX=DJ* (UX (1911 =10 (251 3) 7 (UX (19 2)=1IXE2520)
IF (DUX/DU.LT0.0%5) DUX="+C5%*DU .
IF (DUX/DUGT21eC) DUX=DHU
RISFCTX=RPTISECTX+1.0 :

1F (RISFCTx GTab)
UX(T+3)=1 .0

GN TN 169

K=K+]

DUX=0.C - )

IF (K.GF.2) GO TO 180

L © . 19 THE STRAIN PATTERN TD AVQID

rarfo UX(I I =UX(24+3)=0,7

*

ANY CYCLUIRG

;

>
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o 143,

POCRLFSs CURVATURE CAPPT AT IANS anE SIVEN A LARAFo CEAUT NG
*“'. et L

!

EASTOQ’ HEICHTING FACT AR ALMWAIYS o500 oo gea Tope CORRES Q-
'gl§2+g;°PFCTIQN IS FQUAL T Zgnn ™n “P?qur.cvpo_cnerffﬁéquq'
I8 (1T T oDy WC=2,7

19 (U2.LTe9) WC=1.0

=1« (DUARTA-DIUIX e 0iX %W C) /o

o= (DUAXWASTDUX WY ) 7

WX =AY =1 .0 -

IF (IPRINTLOTLCY PoINT 1@ 7. DCAL’DA’EV’P“CAI’Ul’U5~ﬁCCUQ,kOUNT

CONTTNMUE

RETURN TO THE CALLING PROCRAM WITH Tal CONVEAGTD STRAIMS, If
POSSIBLEY ANMD THE COQRESDJNUING COMVERGENCE TNMTEGER 1KOUNT ¢
CAUNT =0

BETURN

EARMAT (1H s4F10.2,2F17,£+55.2,15)

Eap
.
- l; ]
b
’3:’;{-_‘__
B,
, S
\ ‘ : Y&
! . . . A kﬁ@
. T8 Y . .A};E{;‘
SUBROUTINE STIFF (UlsU2sFasFIsCGsPT). { - R

HHH RN KR F BRI % N Kt 2 LR H B 36 20 B 3 S 36 230 SN 3 3 34 38 360 3 K

HE RASS—-STCTION STIFFMFSS

SuURRNLT InF 'QTIFF'—CALﬁbi'TF% T
DRPADERTIES. RY NUMERICAL I"FQ RATION ACRNSS THF .CRNSS-SECTIONM
FXPANSINON I5 ALSO rALCULATFD IF REQUIRED

"THE (FORCE DUF TO THERMAL

3 363 36 3 36 I 3658 % 3 3 26 3 36 R 36 K SE 3 56 38 0% 36 M 3ESE 03036 36 30 36 35 3 30 35636 K 30 2030 2 I I M0 3 KW X K I A F NN

S FF SUBROUTINE S T,p'F FoBF GINS 5 %35
COMNMAON /21 0CK1/ TFMp£8,15),FT(q,17),»U(s,ls),STL(5,17),x,Y,ox,nY,N
IXsNYINSTLsX29YDsTOLER S EFA;LyFCvFSoPCAL)B’CAL9PSTL7E5aN’ACONC,ITHER

7V?ITFQ,MTFVD IQQ]NT \

EXPRESSION FAR THE CONCOETE STRESS-STRAIN FUMCT TON ,
FCONCI{X)=((((-1. 797F+10*X+7 126E+2) $X=0 o2 4F+05)*X+1 2E+3)%X+2,529

l“l)/h 0

FA=F1=FAY=0.0
M12=(U1-2Y7/NY

DT:O .

DN 80 I=1sNX

DO 80 J="1sNY . )

C=ACONC : . - o

CALCULATE THE STRAIN'AT T-=F EDGFS NF EACH F| EMENT

U= (WY1 =125 3~1)+FT{T9 277157} ' -
ST YN /EST D) .
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a0

DFTERMINE TlF AVFRAGE CA2ZSS1VYE croaru
NETERMINE TwF DPQpppT;ﬁm ~T _Lrn T O ADE A
QUT HAS M7 T ((eysuen

1€ (UL «CT Qe &NNLUD AT 7)) 20 TH 37

IF (UP.GT.0) T 10

IF (UL.GT.0)Y nG TO 20 .

oA Tn &0

D=UP/ (URP-UL) .

=Ur fn

an Ta 60 S F
N=UL/ (UL-URY !
ti=UL . . . T

Gn 10 6C ,yg’J
IF UL oGT «EFATL «ANDGURLGTLEFATL) GDXTb 80
IF‘(UL:GTQEFAIL‘ G T 49 . '

If (URLGTLEFAIL) O Tn:57 '

e

d

U=(UL+UR)Y /2
D=DY®xDY/12

GO TO 70
D=(FFATL-UR) /7 (UL-UR)
U= (URFFFATL) /2

GO TO 60

D= (EFATL-UL)/(UR=-UL) "
U= (UL+EFAIL)/2
C=C*D

D=DxDx DY *DY /17
_=(J—v 5)y#DY-Y2 ‘
I[F (UelLTaOa0NGT) N=0A"0 ,

NETEFRMINE THF AXTAL STIFFUESS OF

FELACTIC YOoULUS, PFRFOP' T-4€ SUVVATION

BENDING STIF=MESS DFTFe T F ARNUT THE
F=FCOANCIU=-067C127367)1%CeTI0(1,J)/U-

FA=EA+F .

FAY=FAY+F ¥R

Al =F+F*(D+B%R) .

CITHFRM.MN.2Y GO Tnh o0 . ’
—(ET(IsJ)+FT(IoJ+l))/?

U=U%FUI(T +J) -

[F ((U=R).GT.0.C) U=R

PT=0T +F U ’

CONTINUE

Ui2=ul-up>

DN 90 I=1H»NSTL |

A= STL(194)-U1-U12*STL(I,/!+STL(Is1C)
F=STL(T1,8)%S5TL{153)

IF {ABS(A).GT. ABS(STL(I»75))
Us (A+STLCT 2111/ STL(T512)

IF (UeGTeDeANT . Dol TeDe0NY ) Uz
I1F 1U 6T« Qe ANDUe LT.FFAIL) F=
3)*FC/U

A= FA+F

FAY=FAY+F*STL([,9) .
FI=EI+F#STL{TI »9)#STL(T+9)

A olaleh BN

TH

It

TH'T

fos
T
1

P
)

COMIRITE

!M

EACH ELTMENT USING
TO FIND T
GRPOSS CNNCRETE C

QEPFAT ARAVE ABFRATIONS FN9 THC‘va STFFL R°EAS

at of
F=F*STl(f,7)/AQS(ﬂ)

144.

FLCM'NI
’”"DgfﬁbfﬁN

THE SECANT

AXTAL AND

FNTRGID

£ prq~.(U_;.o~1773A7/¥<TL(¥,=)*%Tt(r,



DIIDNIATIIIN I IANATAAAA NN A

CONTIMUE 145.

TRAMSFENARY THF RFNNDING STICFRN
CENTROID TN TH” CELASTICY o
= FAY/CA, ~
FI=Fl-FAY2Cr

RETIHIRN

Fan

_..lﬁ
-~ N

S CALCULATED -AROUT The POS
RO!(\ . h_: ('P(L)S

SURRNUT INE CHLUMN
. P * [
*\K‘*** *****%*%"****‘?***%***%*%**%*****************%********%********

\
SU%ROUTINF *COLUMNY RFADS "THT DATA FOR THE OINNFD COLUMNSs PERFORMS
THE MFQESSA"Y CALLULATIONS AND PRINTS THE FINAL INFORMATION FOQOR

FACH FCCENTRICITY
INDUT VAQIARLFS IN THE FopL Julkﬁ ORDER

MDTS - NUMBFR OF FCCCNTRICIT £S5 TO BE INVESTIGATED
NSECT ~ NUMRER OF FQUAL SECTICONS THE COLUMN LENGTH WILL RE DIVIDED,
COIMTA (NSECT UST ST OSVEN AND GREATE® THAN ZE2N FVFN FOR
THE CASF WHERF LEAAT= IS MOT BFING CONSIDERED) :
COL ~ COALUNMN LTNGTH FXpRe 27750 AS A RATID OF LENGTH T DEDTH 1Y
RAT(T) - ;nnD cCCFNTQIC‘T"c SXPRESIED AS RATIO TO DEPTH Y

-n

*****‘************é****** = ***%-}{-*******’(—*%**{{***%***’t*************

% % % S U B R 0 UuTT1T™NE cotLtu™MN BEGTIN S 3 % %5

COMMNAN /RLOCK Y/ TFMD(Ra]%)’FT(8917)’EU(8916)vSTL(6:1?)9XaY;DX’DY,N
]XsNYoNSTL9X29Y79TQLCR9:FA'|9¢C’VS9D’AL98“CAL’PSTL’:59V,ACQNC?ITHER

7N91T¢R9\TFMPsIPQINT
COMVMON /%LOCKZ/ DEFL(ll)’CJO(ll)’EYY(30)7RAT(3O)

-DATA CARDS FNR CO[UMM ANALYQIS
OFAMF 140, VPT51N5:6T9COL .
ORIMT 160s:COLINSFCT ‘ : . ) .
CoL=CoL =Y ‘ ) -
DRIMT 170s NPTS ) : ‘ J

READ 15C, (RATI(I)-I=1sNPTS) | ) .

DO 10 I=1-NPTS :

EYY{T)=RAT(I)*Y

CONT INUE ! . .

PRINT 180» (RAT(I1)sl= lsNDTS) o . -
HSO=(COL/NSFCT)%%D _— o
MNMID=NSECT/2+1 . ‘ .

HINT=COL /NSECT
NC=NSFCT+1 =~ -

_~.



R

D NN A

lxh

S0

Xy

70

aQn

CATTEMPT FOQCF AND STRAIN COMVERGENCE FAR RASE MOMFMTS
CALL ITERATE (P’ny 2Ul,U25xNT

146.

NA 1206 1TEVD =1 ,NTEYD
CALL TFupsa ™ =
oolaT 220 . -

INITTAL FSTIVATFS T STRAINT ANN €4m70S N15(\C 5gbggur;mr.v%rrrp-
1S=Y/2 )
U2=FFAITL*cU{ 131}V =FT(:S+1)

ULl==2»FFATL®FU(IS»1)~FT(I1S,1) = ‘ i

caLL STIFF (U19U73FAqr19(vaDT) :

A 130 KaUNT =1 98NP TS

TY=FYY (KOQUNT )

P= EFAIL/(|/(FA4AQS(»Y))+Y/F1/7)/ Y*‘?+AR%(FY)/ Y)Y/«

U2 =EFATLEFULTISs 1Y /n~FT(TSs 1)

Ul==EFATL*EU(TISs11/2=FT(]Ss ¥}
OINT==0.09 - : l
PRINT 210, EY,RAT (KOUNT) h ‘ R,
BVX=P*EY : %
4 %

CALL VALID (PQQMX9U19U?91}
RMX = p*FY :

IF (KNT) 1105170430

CALCULATE DFFLECTION CURVE AND INCREASED RENDIMG MOVFNTEJLT

VAR [AUS PATNTS UP: THE CALUMY FRav RASE Tn VID-HEIGHT, IF REQUIRED
1IF (COLeFNeT0)Y GO TO 107 ) . . ’

Ua=tJ]

URr =12 ' ‘ S

NO 40 1=1.NC :
CURITII=(UR=-UA) /Y
CANT I NUF
OFFL(l)—D“=uF¢1(MC)—O.¢,
nn 90 ro—1.10-

N=040

nn 50 1“79NC . )

D=CUR(T~1)3 (NSFECT~-T+1. 5)+(CUR(I)—CU°(I—1))*(NSFCT I+4 N/3.0)/2 0+D
CONTINUF , )
TAU=N/NSECT ’ . - - T

PN 70 y=2sNMID
D=0,0

DO 60 =2+
D= CUR(I—I)*(J—I+0 R)+(CUQ(I)—CUR(I— })*(J 141.0/3.0)/2.0+D

tp

-

‘CONTINUF - . JE

DEFUCIYEDEFLIMNC+1 =)= (TAU* (J— 1Y=p )*H<Q'
CONTINUF .
DO 80 I[=2,.N%ID

BMXD= p*(FY+DFFL(I)1 .
CALL "ITERATE (P,BMXD>UAUB,MNT) , -,
IF (<NT)Y 1130+110-RC i : . P
CUQ(I)—CUQ(MC+1-I)—(UR-UA)/Y ] . . )
D=DFFLI{NMID) .

TOL=TCOLFR ., : )
1F ((FY/Y).LF.O 175) TOL=TQOLER/2.9

"PRINT 280, P’BMXDslAaURsWEFL(NM133

e Mf);HF[GHT.WEFgFCTEnﬁ



107

110

120

130

140
180
160
170
IR0

1o
200
210

20"’

1FDED INTO *,13s% EQUAL VERTICAL SECTIONS®//)

147.
N =N- - .
CoMT TANUE 3
co 70 110

FIND NFW FSTIMATE TO AXPRL LOAD RY STEPPING, S5TEP S1ZF EXPANDS

AFTFR FACH SUCCFSEUL INCREASE AND DECRFASES AFTE '
AFIR EACH sucCESEUL Tn SES AFTFR FacH [NVALID
CALL VALIR (PsP™XoUlsU>211 '

PRIMT 1905 PsRwXstl],UD, | . 1

PINT=1,1#A8S(DINT) s

P=P*(],0+PINT)
CA TA 90

CALL VALID [PH»RMX,UlsU242)°

IF (ABS{PINT)LLT.INOLFRY GG TN 120
PIMT=0,4¥PINT

IF (DINTLTIN.0) PINT=4.0%DINT

IF (PINT.LFe=1.0) GO TO 129

P=P*{].0+PINT) .
GO TO 20

TCALL VALIN (PyBMX YUl sU2+2)

PRINT 190, P9sBMX Ul U2

PR INT 220

STOP

FORMAT (2110sF10.,0)
FARMAT (8F10.0) !
FORMAT (1H. sSX+%¥RATIO OF COLUHN LEMGTH TO THICKNESS IS*,FS 149 DIVk?

FORMAT (1H »8X,®NUM3FR CF O VS, M PCINTS Tn AF FQUND [S%,13//)
FORMAT (1H +8Xs*Y — ECCENTRICITIFS QOVER THIGKNESS RATIOSH//>(10XsF
110e4)) ) : ' . ;

FORMAT (1HOs2F 1244 s2F12.8)

FORMAT - {1H +50X52F12.4453F12.6)
FORMAT (1H +SXs*¥FCCENTRICITY =%42F043,% FOR THE £/7T RATIOQ OF ¥, 8.3/

17/.+5X s #PRIMARY EFFECTS*943X’*VID‘HEIG“I SECONDARY EFFECTS CONVERGEN
?CE SERIFS (IF CONSIDERED)I®//911Xs#P%s11X5%#BM%¥s1CXs*¥U1%*s1CXe*U2%s16
AX s #PHsRX s #TOTAL BMit»TXs#U1#510X s %Ui2* s £Xs #MIN-HEIGHT DEFL#//)
FARMAT (1H1)

END ) . .0

(¥4

SUBRNUTINE VALID‘(P,BMXsU1,U2’MODE)‘

SURRQUTINE VALTD STORES THF MOST RFCENT SET OF CONVERGED "VARTARLES
(10-20)s MODF - | \ . :

BETURN
Fa -
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LJINCIO) 2UP(10)

SUPONLUT INE FRAVE , 148.

**********************k*%44}****4*&*#**%**a******»*ﬁﬁ*n&****4***;*

SUBROUT INE 'FRAME! READS THE STRUCTURAL FRAME IMPUT, GERFORMS THE
NFCESSARY CALCULATIONSs A"D CALLS THE APROPRIATE SUBRAUTINES T0
APRIVE AT A STABLE. SET NF FOAME FOOCES AMD STIFENFSSES [F POSSIBLE

INPUT VADIARLES [N THE FALLOWING NA295p

NJOIN — NUMBER OF JOINTS IN THE STRUCTURE, ®AST JUDINTS ALL EQUAL 0
NELEN = VUMBER OF STRUCTURAL VWEVARERY [N THI FRAWS, InCgnNIvs Tur
INELASTIC SUB-MEMBERS ’
LDJUNT — NUMBER OF JUOINTS ACTUALLY LOADED
INFLAST. = NUMBER OF INELASTIC SUR-NMEMRFRSs MUST 3E GRFATER THAN 0
BAY — SPACING OF THE RIGID FRAMES ALONG BUILDING LENGTH
"J — LOADED JOINT NUMBEP ,
FORCF(1) —-LOADS ON THE LQADED JNINTED tU's IN THE GLNBAL-
" X» Y AND Z-DIPECTIONS, RESPECTIVFLY

EIT — INITIAL APPROXIMATION TO THE MEMBER BFNDING STIFFNESS
EAA — INITIAL APPROXIMATION TO THE MEMBER AXIAL STIFFNESS
K - MEMBER NUMBER BEING INPUT .
XP — RELATIVE GLORAL DI%PLACEMCNT OF END 2 OF THE MEMBER IN THE

X-DIRECTTION ‘
Y® ~ RELATIVE GLOBAL DISDLACFMENT OF END 2 nF THE MEMRER IN THE

Y-DIRECTION (
TFRCM(J) — JOINT NUMBER AT END 1 OF THE MEMRER, ALWAYS SMALLER

) THAN ITO(J). X _— .

ITOCJ) — JOINT NUMBER AT FND' 2 OF MEMBER O
FOLLOWING TWO VARIARLES ARFE FOR INELASTIC MFMBERS ONLY -
UN(J) - INITIAL FIRRE STREIN AN TENSION SIDE OF CROSS-SECTION '
UP(J) - INITIAL FIRRE STRAIN ON COMPRESSION SIDFE - 1§*

33696 35 3 3 36 336 S A 36 3 I E 3 A S 3SR N r A HR ?65(‘-)’-‘*-}’ ***"-*%*%-}’-—**’4*%** %**%********* ‘if',

$ % %% S U B ROUT I N E FRAME B'E G I N S $ 3% S ES

COMMON" /BLOCK1/ TEMP(87]6)9FT(8917)1EU(8’16)7STL(6’12)’X9YsPX’DY’N
1XsNY » NSTL’XZ9Y?QTOLER’EFﬁIL9FC9F5;PCﬂL98MCALapSTL9FS9N9ACO\C9ITHER

P2MSIITERSNTEMP 4 IPRINT
CnMMON /BLNCK 2/ T(?’3,66),DIST(66)95F(6’6)’51(66)aFA(66)7STF1](3 +3

1966)3STF12(3+3966)9STF21(25356619STE22(2»3+56)
COMMON /BLOCK3/ poo(1?6),IFQomtséx,ITO(sc),DF(10)aBMF(10).pT(10).U

DIMENSTCN FORCE(3) N .

INPUT THE PREVIQUSLY MENTICONED DATA
READ 220, NJUINGNELEMsLDINT » INELAST
PRINT 210, NELEM,IMELAST,NJGIN,LDJNT
JOINT=3%NJOIN,
READ 230, BAY.
PRINT 240, BAY
DO 10 T=1+JOINT
PRD(1)=0,C ) =
CONTINUE . .

DO 20 I= I,LDJVT

RPEAD 250,  J2FORCF

PRINMT 2850, JsFORCF

»




EA

70

C“NTINUF

'CHFCK TOLFRANCF LEVFL

o 149.°

DO 20 J=1 47

BIN(C + )1 =FADCE{ JixfAY :
DRINT 200

oo [NT 267 N

RFAD ?'7.’), EII+TAA

DN R0 J=1 5 INFLAST

REAN (65,2831 KsXEsVYPaIFROU(¥) > ITA(K) JUN(Y) 51D (V)
Ci(¥)=FI11 '

FA(K)=FAA

WRITE (A5293) K sXPaYP s TFROVIX) s ITO(K Y sFI(K) ,EA(K) ,UN(K) ,UP (K)
ALL TRANSFE (XP,YPsx)

IF LINFLAST.®N. Nclﬁv) GNn T~ =0 %

L=TNFLAST +1

PRINT 300

NO 40 J=L sNELEM .

READ (5+280) KsXDsYPSFROV (K} ITO(K) .

ET(K)Y=ET1T

FALK)=FAA

WOTTE (65200) KaXPsYPsTFROM(K) «ITO(RI>EIIK)EALQ) .
CALL TRANSF (XRsYP,K) _
CONTINUE (h
RMXMIN=TOLER*X*Y*Y*FC/6 . fb!

BEGIN TNVESTIGATION OF EACH THERMAL GRADIENT
PO 170 NTM=1,MTEMD

PRINT 200

CALL TEMPER

CALCULATE INITEIAL MFMARFR STISFMFSSTS, PERFOQV‘INITIAL ANALYSIS
DN 60 w=1sINFLAST

CALLL STIFF (UN(K),UD(K).»A(K),EI(V),CG.PT<K)) -
CONTINUE .

CALL RIGID (MELFMsJOINT»IPRINTHINELAST s ITHERM)

PR INT 210 . ' ) '

ITERATINN CYCLE REGINS TO ORTAIN_CONVERGFNCF OF MEMBFR STIFFNESS

AND HFNCE FNRCES ' N
DO 130 kKOUNT=1+10 . ;
PR INT 320, KNUNT

KNT=INELAST

DO 90 K=T1s>INFLAST

SIGN=1.0

1€ (RMF{¥).LT.0.0) SIGN==1.0

Ao STGN®RME (Y ) ' .

[F (BM,LTBMXMIN) AM=AMXMIN : .
CALL TITERATE PF(K),HM,UNtK),upcK),MODF)

IF (MODE)Y 1R0,180,70

RUMCAL =BMCAL *SIGN

CALL STIFF (UN(K),up(K),FrA,cII,CG,pT(Kw) .
CG-CG*SIG . ‘ ‘ .

CHANGES T9D STIFFﬂFSSCS ARE WCIGHTco T0O

AVOID CYCLING CAUSFD BY NVFER- CORDEQTIOM
EA{Y)=(EAIK)I+3%FAAY/4 ‘ -

FI(K)-(FI(K)+2*FII)/4

IF (ABS((EALK)~EAAI/EAA)LGT.TOLER/4:0) GO TO 80’
IF LT 6D To 90

ay
el o



an

o

110
120

160
170

1ran
10

200
210

220
210
240

20
260

270
290
290
2N0

320
2204
2640

- IF (KNT.EQ.0) GO TO 14¢C

150.

¢eNT=¥¢NT +1
Sﬁiglméj?, PECKERMFIRTSDCAL S BUCAL UM GO, UP (K) 5 0GP TIG) oF ALK 5
IF (MTM,GTe1) 60 TA 320 » '
IF (NFLEMJENJINFLAST) GO TN 129
FIT=EAA=0.0

Do 100 1=3sINFLAST
FIT=ETI+FT(I)

FAA=FAA+FA(T)

CONTINUF

FII=F11/INFLAST

FAA=FAA/INFLAST

DO 110 I=L +NELFM

FI(T)=ETT

EA(TI)=FAA

CONTINUE . \\ .

CALL RIGID (NFLFMs UNINT» IPRINTSINELASTSITHERM)
CANTINUF

PRINTOUT OF RFSULTS AFTFR CONVERGENCE OR WHFN THE MAXItUM NUMBER
OF CYCLES HAS BEEN EXCEEDED o :
PRINT 340, XKOUNT SKNT

DO 150 J=1sIMFLAST . - (

PRINT 280y PFJ)sRME{J)HZUNCIIsUP(J)SFT(IV2EA(I) 5

CANTINUF .

IF (INFLASQTLFNJNF_FEMY N In 1865

DRINT 260+ FICGL)sTA{L) L NTLTM , ,

CALL RIGID (NSLEM»JOINT,1 s INFLAST s ITHIRM) )
CONT INUF -

GN-Tn 190

PPINT 270

STnp

FORMAT (1H1) ; .
FORMAT (1HD»*STRUCTURE CONSISTS OF *,13,% MFMBRERS INCLUDING #,13,%

1 INELASTIC MEMBERS#*// 35X, #¥FRAVME HAS #,13,4% JOINTS OF WHICH *s13,%
?ARE LOADED¥*//)

FORMAT (6110)

FORMAT (F10.9) )

FORMAT (//5X+%INPUT LOADFD JOINTS ONLY, (INPUT ORDER IS NOT IMDORT
1ANT) BAY ST2ZF = *9F5,7+% FTx// % JOINT X—-ACTINON Y-ACTION
2 Z-ACT 1NN (KIDS AND INCH-XIPSK)*/)

FNPYAT (110+2F10.72) -

FORMAT {1H 25X s ¥MFMBEP X*¥e10X Y FROM T0 El%®sQXs%*E
1A%*s6Xs #STRAINS (TEMSION AKD COYMPRESSION)SFOR INELASTIC MEMBERSH#/)

FORMAT (2F2C.0)

FORMAT (15+,2F1C.0,52155,2F1C.0)

FORMAT (5XsI1592F1lless2L6s2F11.Cr»2F11.5)

FARMAT (THO s 6X s XMFMRER Xt s JNXy*Y Fonv ™ El*s0X #F
TA%+6X s ¥POR FLASTIC NFMBEPS*/) .

FORMAT (1H195X»%START [TFRATION CYCLE®//aX s 5Pt 8XyBBMR o X s *PCAL
1 BMGCAL *-sx,*Ul*.gx,*UQ*,ex,*pG*.RX,%FI*vlﬂx,*FA*/)

FORMAT (1HO+17) . ' )

FORMAT (6X32 (FB.2sF0.2)33F10.69F12.0,F10.05 MEMRER NDe*»13)

FORMAT

(1H1 s 95Xy #FINAL PESULTS AFTER®,[2ex CYCLES OF [TERATION, LEA
1IVING*» '3, % UNSLTISFIED VAQIARUES*{/]QX.*P*97X9%RM*,QX.§U1*.8m?xug¥



ae N

.
TH7

27N

DAY YANANNNANA N Y N

’

ANARA!

‘ . : 151.
FORMAT (18 5P 13.00F 3003051 0080F]10,0+F 040, MEMBER NOL#*,13/)
FARMAT (1RED b2 X F 1D ,UF] o7
FARMAT (22X sxmn CANVYEROT D g )
Tan

* MEMEER MOL¥ (3% THx,[2)

SUBROUTINE RIGID (NELEMsJOINTSIPRINT S INELAST s I THERM)

ERCE S s b Rl RS SRR REE R L EEEEEEEE X BRI R R R I I JURE VIS AT R T AE S

STRUCTURAL ANALYSIS OF TkT RIGID FRAVF

#MOTS® ALL JOIMTS INCLUDING BASF ARF RIGIDs SNHLUTIDN BY
SIMULTANMENUS FAUATIANS DUF Tn FACT THAT EXTrPA MEMRBERS AND
JOINTS CAn BE ADDED To 0o DELETED FROM THE INPUT DATA DECK
AS DESIRFD %WITHOUT DISTURZING ORFVIOUSE DATA

B S 9E 3 336 6 36 36 0 B SE I 36 F0OR K R OE M0 R E 05638 3030 3 36 3 3030 03 26 341 3 3 20 030 3 36 36 3 3 365 I K 2 N
T-% % <% SU‘%DI‘UT’YA[“E' 1 G1 D 2 EGTI NS 5 % %S

DIMENSION STIFFI78+78)s DRD{TR)

DIMENSION GD1(3)s GD2(3)s FCRC1(3)s FORC2{3)y D1(3)s D2(3)
DIMENSTION QK (3+7%)s SK(34%21 5 QKI(393) UK{3+3)

COMMON /BLCCK2/ T(v,:,ésy.othtas),SF(é,e),Fl(56),FA(sﬁ),STFll(a,B
15612 STFI203934366)sSTFR2113537366)s5TF22(3,3946)

COMMAN /RLOCKR/ PDR (125615 7266 1TOL66)sPFLID)RMF(10)PTL1IC)

Do 19 I=1-unInT

DAY 10 J=15JnINT
STIFF{T1,J1=0.0 N ‘
MEMSER STIFFNESS MATRIX [ MEMBRER COORDINATFS =
D0 70 KNT=1sNELEM . ) o
DN 20 1=11+2 : N
DO 20 J=1.3 BN
P (19 J)=SK(T5J : s
OK(150)=UK(>J
RE=DIST(eNT) ;

ek (1511=U¥ (151)=FALENT)/RL
RK(2s2)=UK(252)=12.0%EF(KNT)/BL*®3
RK(2+3)=RK(352)=6.0#E1(KNT)/BL/BL
QK(3a1)=U((3;3)=a.S*EIiKMT)IBL

UK (252)=UK{252)=~RPK(253)
SK(151)1=0¥{151)=2-RK(1s1)
SK2,2)=nx {222 )==RK(2+2)

Se (24312 {342)1=RK{2+3)
SK(35,2)=nK(253)=-RK(3s?)
SK(3531=0K(3,31=RK(353}/7.3 _ P

1=20.C
}=0.C

éTOQE MEMBER STJFFNESS vATRPIX (MFMBER 'COORD'S) IN 3TOIMENSICNAL

ARRAY. THIRD SUBSCRIPT DUFIMES MEMBER NUMAFEP



e YaYala

AN

4

n
)

0

A0
70

l{'\(} N et

0G

o

152.

DO 30 J=1,3
T¥F | N QK {
2TFIR LT Nt ) 28k
STE21{ T e JsNTY =N ({1
STF22 019 0sxXMTY =0
1TH0= 1*1T“(<MT)-1 . . 3
Vs

TRANSFORM MEMBER STIFFNESS MATRIX To NE REFFRNECED 2Y GLCBAL ©
COORDINATES USING SUBPOUTIWC 'GLOBAL Y ’
FOR MEMBERS COMNE(CTING TD 2ASE JOINTS, OMLY K22 REQUIRED
CALL TLABAL (U, 2,707 o —
IF (IFROM({YNT)EQC) Gn TO 8N
[FRA=3%[FROM{KNT )=~ ,
ADD K11ls X12» K21» K22 TO ASSEMBLY MATRIX AT CORRECT LOCATION.
LOCAT ION DEFINFD BY JOINT NUMBERS OF MEMBRER EnDSe
CALL GLCRAL (PK3Ds03¥NT)
CALL GLORAL (5K9O 3 HXNT)
CALL GLOBAL (NK33,0,XMT) . Y

Te-1o1FR0 o ) ' k
IF=1+1FRO o ‘

IT=1+1T0O0 T

DN 40, u=1,3 , N
JF=J+IFRO gﬁ
JT=J+1T00 ’ W
STIFFUIF s JFI=STIFF(IF s JFI+SF (1) St
STIFFLIFJTI=STITF(IFs 3714551 )x3) : 5y
STIFFLITsUF1=STIFF{IT»J71+5F(1+35)) i
STIFF(ITsJITI=STIFF(IT»JTI+SF{I+3+J+3) . %
GO T 70 ’

&~

ADD K27 T~ ASSEMBLY VATRI ¢ FOR MEMBEPS CONMFCTING TD BASE JOINTS
DN 60 [=1,7 :

[T=I+ITOO

Dr) 60 J 192 o
JT=4+ITNnn .
STIFF(ITsJT)=STIFF(ITsJT) *SFI1+3,3+3) . -
CONTINUE

TRANSFORM MFMBER THERMAL EXPANSION FQRCES INTD GLOBAL FORCES -
DO 80 KnN=1+JOINT . -
PD(XQ)=PDDI(KN) . O
CONTINUE . :

IF (ITHERM.ER.O) GN TO QYN . , v .
DN 100 I=1,INFLAST ‘.
P1=T(1+1s1)%PT(T)
P2=T(1+2+1)*PT (1) ,
J=3*IFROM(1)=2 o

IF. (J.LE.O0) GO TN 90 .
pPOLSY=PD(J)-P1 )
PO(U+11=PD (J+1)=~P2
J=3#1TOL1) -2 ' : ,
PN =PD(J)+P1 .. C e
PD(J+1)=PD(J+1)+D2 .

CONT I MUF S ’

! ALL MEABEQS HAVE EEEZ PROCESSED» PROCEFD wliTh v“lUTIOk
iy ‘ - TiNE 'SIVG

\



7 . = . . R .
S . R - I -

-

10T CALL SIND (STIFEF DD 7RI [rMA)
S WRITE TITLES FA2 SURSFAUSST DATA NUTDYUT
IF. (IPRINTGTU)Y PRINT 217
2

) :
IF (IPRINTIGT W)Y WRITZi65223) :

c oo INITIATE C-LGOP TO EALCULATF YEYRFR FGF7FS ANG DISPLACEMENTS .
DN 200 K=1NFEM : . .
[Trn=3%IT (¢) =2 - . ‘
[FRO=ZI#[FRNU(K) -3 : Co ‘ Co.
T (735075 0 Th 132 ;
Do 129 I=1,.3 .
IF=I+1FRO .
IT=1+1T0OO
GD1(1)Y=PDULIF) )
GR2(T)Y=pPD(ITY - '
L1205 CENTINUE
- 60 TN 150 )
129 DO 140 1=1,2 - . o .
.IT=[+ITO‘0 . N
GD1(11)=C.0 .
-rﬁ\_GDZ(I)=PD(IT) ) ]
146 CONTINUE . ' .
150 CONTINUF | ] > ‘
v IF (IPPINT.GT.D) WRITF (K:+2467) (GDI(1
« IF (IPRINT.GT.2) WRITF (5+283) (GD7(I
DA 160 T=19+7 V4
D1(11=02(11=0.0 o
FNRC1ILII=FCRC2(1)=0,C
160. CORTINUFE

fn

IT=212)s¥% ‘

Yo
YsI=1s2) ¢

-

-~ ., . > .

CALCULATE mEwRrD NISPLACEYSNTS FrOM GUNBAL WALUFSs VIA T YHICH
WAS DREVINAUSLY STARER I 2-TIUENSINNAL ARRAY FOoo THIS PURPOSE.,
o 170 =143 . C . o Q .
DO 170 M=153
Dl(L)-DI(L)+T(L;M»K)*GDI(“)
7L DZ(L)“DZ(L)+T(L9VaK)*GD?(V) ) ‘
P
CALCULATc NEVBFQ FORPCES IN MEMBER CODRDINATFS )
nn 180 1-1,3
. Do 180 J=1+%2
. .anc1(r)-FoRCl(I)+5TF11(1,J,<)*Dl(J)+5TF12(x,J, ) *D2 (J)
180 CORCZ(*)_FORC2(1)+STF?1('stK)*Dl(J)+STF72(TvJ9<)*D?(J
IF (KeGTLINELAST) -GN TN 107 . :
FarCl(1)Y=FARC1(1)+PT(¥) - i .
.o FORCZ‘I%;FCRCZ(I)-PT(K)'
199 CONTINUE

A

©

L]

0N -

"IF (TPRIMTeGT.0) WRITE (6:267) (SORCI(T)»T1=7,+3)
IF CIPPIMTCT0) WRITF (52277) (ﬁpnc?cl 1=1,53)
IF (KeGTLINELAST) Gn TH 227 T

- OF(K1=(FORCI(1)—FORC2(1): /2 S : :
BUF(K)=(FORCL(3)=-FCPC2(3) ) /2 ' L.

290 CONTINJUE .

. RETURN . L L ..
c . o : .
210 FORMAT, (1H1)

© 530 FAovAT (X s#MEVRFEP DisoL. (INCHES) [N GLOPAY CANRPTS. AND MFMBFD ¢

#./7)



27N

240
el
260
27C

N AN ANAANN NN

[aYaNa RS

(22 e Tie WV

H0

: - . . 154,
FORMAT (23XF19HXS AND X DIRFCTINNS6X+10HYS AND Y ”TQCCTIONS,zxgln

IHZS AND Z DIRFCIICNS/ ] .
FApPYaT (1HOUH»4Xs#¥DISOLCG Fan 1%53F 25,5 55X s xMEUPED AN, [ )

FAovAT (S5Xs%¥DISDLC FAD 2%,3E£25.57% . -

FORVAT (S5Xs%FORCTS FND 1%,3225.%) - "4
FARMAT (S5Xs%¥FORJCES FND 2%,3525,5) . :
‘-hlr) " < > - :

SURROUT INF "GLORAL (A5 I115J1,¥NT)

***%*****%*************%*******%*“**%%*****x**********%*******%%**

THIS SUBRQUTINE ACTUATES A SIMILARITY TRANSFORM OPERATING ON qu
PRIMARY 3X3 MATRICES. THESE ARE SUBSEQUENTLY STORED IN PROPER
LOCATIONS IN THFE STIFFNESS MATRIXs SF. ) .

%*?********%********%****%%%*%%*%**ﬁ***%***%*%***%*%%*%*****%***%*

=% < SURRCUTINE GLOBAL BEGINS s $ s

DIMENSION A(353)}s B{353)s D(3,3) ,

.COVMON /BLOCK2./ T(393,66)vDIST(ﬁé),SF(é’é)
L1C 1=1,3 .

Dﬁ 10 U=1,3

Q([OJ)=OQ’1

N(1%J)Y=0a0

CONT IMUF

CALCULATE (B) = (AY(T)
DG 20 1=1,3 _ . .
(570} 20 J=1s3 : .

. . .
DA 20 K=1,7
D(I,J)=P(I»J)+A(I,K)*T(K JoKMT)

MATRIX D THFEN REPRESFNTS MATRIX A,

CALCULATE (D) =\(TT)(A)(T).
CIN GLOBAL CCﬁQDI“ATES (FQ D IS EQUAL TO 'A-AR!)
DO .20 I=1,72 ’ ‘
0o 30 JU=1,93 - o

DN 30 ©v=1s3 L . . . . . .
Df[oJ)“P(l9J)+T(K91a<NT)*%(V9J) . - .

POPULATF STIFFNFSS MATQIX WITH SURMATRICFS WHICH ARE NOW
EXPRESSED IN GLOBAL COOPDINHTES- RESULT 1S MEMBER STIFFNESS

MATRIX IN GLOBAL CONRDINATESs READY FOR ADDITION Tn STIFF..
DO 40 12152 S
11=11+1 - : ,

DO 40 J=1-3

JI=EJd1+Y
SE(1T23015D( sy
RPFTUIPN - ) : . .



.o ) 155.
SU?DHVT‘“F TQAMGC {(XP YD1
) ~N
ER RS B R LR R Rl R R R R A R R R R R R U R R R R R R Y A R T R R R VIt A X 2
ULATFE MEWAFE |EMGTH Son .CAnnD [MATFS .
TRAMSFOARVMATIAM VATS IX [\ 3-DIYFNMSINNAL 29PAY, THIRD
SCRIPT DEFINFS VAMAED “UT3ER, AS COUNTED .Y PRAGRAV FPANME.

By L H I I N R A AL HY R LE NIRRT E S Y N I X I R

o -
WOt
w N

541“

# 3%

s % < S UR PO U T I M E T » & N S .F 2 EG 1T MS s %5 S
CAMeN /QL0C<2/ T(3,3a66)ahIST(66)

AL=(XD#XP+YP YR ) %#0,5
T(]9Y1ax)=T{222:K)=XP/AL
T(1s2.k)=YP/AL
T(132ex)=T{2+15K})=0,0
T{2+1:¢)==T(152,K)
T2, )1=T(332:K)}=0.0
T(%a?v()-’."

TRANSFORM “EVBER LFNJTH FQQ” FEFT TO INCHFS FOQ DIMENSTIONAL™
CANMTINUEITY : LT .
DIST(K)=12e O*AL

RETURN

EMND

O




