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Chapter 1 

INTRODUCTION TO FIRE ENDURANCE , 

1.1 G.en'eral Introduction 

Exposure to high temperature in a building fire will 

have 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 c~lculated. This 
. , 

is due to the availab~lity of know+edge of the thermal effect 

t ' 1: t' (10,13) 'd 1 d t hI' s ee p~oper ~~s an a so ue 0 tee ast~c 

behaviour of th~ steel which permits conventiopal ,matrix 
,~ on 

structural analysis of the frame. If the building has a ... ~~ 
J., 
1!:~ 

1 arge degree of. redundancy it may require the use of a computer ";;" t::i-
.'~, 

as a design ald but the met~ods involved are common knowledge 
.. ~) 

"t:.. 
~'> 
'.;"~:. 

to mo~t engineers. For the steel framed building fire 

endurance .can' be ~eadily determined. (15) 

t:1nlike th~ steel> framed building it is very difficult to 
ana~ytically determine t~e fire ~ndurance of a reinforced 

concrete building. This/is due in part to the lack of 

quantitative information of the f?ffect .. of high temperature 
I 

on the mech~hical properties of concrete, especially the 

effects on deformation related properties such aS,creep, 
,I ;.r . ' 

shrinkage an'd expansion = It i.s riot possible to d,etermine 

analytically the mechanica~.~roperties for all concretes . 
. ..... 

However, it is possible to determine the mechanical prop~;ties , 

for a specifiq tt:1st concrete in the 1aboratpry,. The laboratol::Y 

results which are ~vailable a~though riot as_ thorough or as , 

~omplete qS would be desired have peen used in this 'investigation 

"i..I'::.·· ... ' ...... ~~ 

:~ 



2. 

to obtain the fire endurance of pin-ended_unrest~~ined 

reinforced concrete colurnns~ 

Concrete exhibits non~linear, inelastic behaviour at 

almost any strain intensity. Conventional stiffness matrix 

analysis cannot be used because the modulus of elasticity 
. 

of the concrete is dependent on the strain and on the stress 

in the element _. This inelastic' behaviour can be e-stimated by 

a succession of elastic approximations. By a process' of 

iteration, the internal stresses and strains on th~ elements .. 
comprising the assumed elastic frame can be adju~ted to 

represent the actual behaviour of the inelastic frame. The 

actual stress and strain distributions over the cross section 

are used t~ obtain the axial section property~ (EA) and the 
. 

flexufa~ section ~roperty (EI) by a numerical s~ation over 

/ 

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

stress and strain ~ntil the be~viour 9£. the .frame has been 

approx~ated within some allowable tolerance. 

The effect of expansion must be included when th~re is any 
, . 

restraint to free movement. Th~s ~s true for pin-ended 
I 

columns as well as .for a rigid fr~e. In the c<Slse of a< 
, 

rigid fr~e ther~ can be substantial increases in column axial 

load as a'res~lt of. expansion. The harmfu1 effect'of this 
. . 

increase is alleviated to some e~tent by the 'simultaneous 

~ome~t re-distribution brought about by changes in member axial 

and flexural stiffnes·se·s_ 

. 1.2 Remarks on Fire Endurance 

The only perf~rrnance requirement related to fire endurance 
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its load carryin~,c~pacity during fire exposure. The fire 
, " 

rat~ng required by buil~ing codes is "the length of time that 

a structural~e~m, column, floor or wall can support the, 
I 

design load when exposed~to a standard'fire. 

Past practice has been to base the fire endurance of . 
reinforced concrete structures on actual testing if not too 

e~pensive, or on the application of empir'ical data to check 

the fire worthiness of a design. Thip data has beenfObtai~ed 

from many varied and perhaps unrelatable'sources. ~~tn 
reinforced concrete a column test will have a large number of 

material variables, some of which are type of aggregate, initiai 

water-cement ratio and degree of hydration at the time of 

testing. A$ well a large numb'er of structural 'variations 

such as depth of cover to steel, s~ze'and shape bf concrete, .. 
cross section, degree of restraint and amo~nt of re~nforcing 

$teel ex'ist. These possibilities for vari.ation make it 

unlikely that d~signs being carried out at present will exactly 

fit the design parameters' of the previously tested columns. . , 

Designers should be cautioned against the attitude, that 'the 

slmilari ties are 11 close enough II • There can be significant 

changes in the fire endurance for seemingly small differences 

in say, percentages of hyqration or degree of restraint. 
• c 

It is £he opinion of the puthor that present checks. for fire 

eI}durance based on pin-ended columns"have little va~idity when 

the column is used in a fr·ame. All the structural members of 

a fr~e will be restrained by frame action. As the temperature 

environment changes, a redistribution 'of forces ~n all membe~s 

th~~ .is: different from the original design will occur. This 

, 
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" interaction with the remainder of the structure .can be 
. , 

beneficial or non-beneficial depending on the po~itiori o£ 

each member in the frame and depending on the extent of the 

fire in the frame. For a reinforced concrete column that is 

designed. principally for axiaL load there could be a 

detrimental increase in axi~l load due to expans~on. However, 

fqr a reinforced concrete beam, an increase in axial load due 

to e~pansion with a constant bending moment will usually 

increase the factor of safety in the beam. Beams and columns 

in areas of a frqrne adjacent to the fire could have adverse 

increa~es in bending moments due to expansion and moment 

redistribution by the members affected by the fire. 

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

designs may not be totally satis~actory for a rigid frame the 

use of p.in~en~ed columns provides a goo~'m~ans to st~dy the 

effects of different variables on the fire endura'nce of 

reinforced concrete structur~s. 

P~evious work, by' Clark(4~ for example, was hindered by a 

lack.o~ knowledge of material properties.' This resulted in 

very empirical methods for predicting the fire. endurance of" 
I 

concrete columns. 

\ 

With a better understanding of mate~ial ~ehaviou~, it could 

be possible to use fewer simplifyin9"assurnptions. At present, 

research is being .carried out. in many c~untrie's along the lines 

of testing _the individual cpmponents of reinforced concrete. 

Studies in~o 'areas such as aggregate composition, thermal 

induced creep or therI}lal ~o!)ductivity: have yielded :da-t;:a that, 
" " 

has recently incr.easec:1 the knowl,edge of concrete thermal and 

'\ 
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mechanical properties. (1,2,5,7,9,la,I~) 
~ 

This has permit~ed 

numerical modelling of column 'and frame behaviour which is as 

reliable as much of the empirical data available. 

In the present study, some variables that should be 

included in the overall analysis have been excluded~ It is 

felt that this work s~9uld provide a basis for furthering the 

design of reinforced concrete stfuctures so that they are 

'actually designed and not, just 'checked for fire endurance. 

I 

As Cana4a and other cou?tries ad9Pt national design codes 

·based on lim~t. state design, it is necessary that a consistent , . 

safety factor be used in all aspect& of design. The use of .~ 

computer aided design allows a set of 9alculations to be 
t ", 

k .. ~ 
'{. 

performed to check the ,actual safety factor of a struc'tural 

element. The n~~rical analysis "arid design of a~ entir~ 
reinforced concrete bui14ing for fire end~rance as well a~ 

;{-, 

. . 
design loads could be performed in a fraction of the time and 

< 

cost required for th~'experimenta~ testing of a single structural 

element • . . 
The ultimate reason for studies in this area is to prevent 

I 

1055- of, life and also ;toss of 'financial ·investIt].en'h. A full 

study on structural. fir~s would ~nclude fire preven'tion methods, . . 
fire extinguishipg methods, structural integrity assurance', 

'smoke con'trol and means of ensuring occ.:upant egre::>s. 

Only s~ructural integrity will be investigat~d now but this 

does not mean that other:aspects of a structural fire are not 

important. In a ~ei~forced con~rete structure, which by nature 

has a high latent fi~e endur~nce and hence high structural 
" , . 

in.te9'rity, problems of smoke control and "egress may be more" 
. I 

" '~~ 
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Najor fires in high rise reinforced concrete buildingp have 

shoo..;n that the problems of smoke con't:rol and egress a~e more 

important to prevent loss of life. These same fires have 

'shown tp<?-t the possibility ·of a reinforced concrete building. 
, " 

, . 
actually coll"apsin9 during a fire ··is probably minimal. This . . 

could be explained by the fact tha~ not al~ columns or 'beams 
" . 

in a building will be exposed to the same maximum temperat~re 
, .' 

at th~ same time, thus allowing adjoining members to share the 

load on a member that is undergoing the maximum temperature. . " 

Also the interior design of many apartments or office buildings " ' , " IlIIIr.... 
tend to isolate the. effectp of the fire from ?~her are'as. 

Building fires can result in structural collapse as, 

evidenced by recent fires in two buildings. A large one-storey 
~ 

data' wa~eho.use operated by' the ,General, Services A4Jninistration 

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

The structure e~91osed an a~re of floor space under a continuous 

roof. The expanding concrete roo'f deck exerted enormous column . . ~... . . 

base shea~ loa~s, resu~ting in a base displacement after 

failure of several feet. 

As reported i? recent l?ubl'icat~on$, a hotel in the United . . 
States was exposed to'a fire while'under construction. 'Although . '" ~ . 

several floors collapsed along m?-ny-- frame lines;. ,the I;ernainder. 

of the constructio~ was 'deemed to be sound and reconstruction 

:followed. . . 

Although the bU~lding may not'colYap$ei there is the 

ec~omic question of util~ty after the fire. Excessive 

permanent set 'deformations and spalled surfaces 6£ beams, 
.. .' .. . 
columns or walls will atfect the appearance and the structural 
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adequacy of the building. Less obvious problems that will 

affect member streng'th arise from hidden details such as 

s~rface layers of concre~ .. "hich may have yielded and crushed 

slightly, interior areas of a cross section wh~ 

cracked-due to differential thermal expansion and 

may have 

ma-terial 

~ 

/ 
-

transformation of the concrete and steel which may have 

occurred 'due to thermal activation. These structural problems 

could all be minLmized by proper design allowances . 

• 
1.3 Theory of Fires ~ 

It is necessary to have some understanding of the charac-

t~ristics of ~ building fire in Q~der that the seriousness of 
/ 

such fires can be appreciated. The severity of a fire has 

been estimated by various means over the years. The severity 
, . 

~s a 'means of expressing the temperature course of'a fire, 

that is, how high the temperature will rise and how long the 

fire wilL be sustained at high temperatures: 

The 'calorific value of the cornbustible'materia~ ~n an 
-

I , 
J 

enclosure used to b~ the only means of estimating fire severity., 
,--

. Actual ~ir~' tests wer~ found.to yie~d greatly varying 
\, 

maximum attained temperature ,for the same amount of combustible .. ., " . 
rnater.ial. This led to the consideration of the ventilati~n 

a·rea' of the enclosure and of the thermal properties of the 

enclosure 'walls, floors and ceilings. 

,The temperature course '.9f' a f,ire has three major portions 

'le. growth, burning ,and' dec~y, as shown in f i'gure 1.1. 
'4 

The 

growth period', begins when the heat. sour~e igni:tes 'some 

cOmQustiple material in the room. There iG a slow increase ~n 

as r is the "I 

r 

'. , 
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when a fire can be extinguis~d easily or escape can be' 

made. As the temp~rature incre~ses, haat transferred in the 

enclosure will cause volatile gases to be evolved from the 

combustible material. The evolved gase~ mix with the air to' 

forn . a combustible mixture whic"h ig!li tes, caus"ing II fla,shover" , 

spreading the fire and rapidly raising the temp~ratur~.· The 
'l 

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

low ignition temperature and a large" surface area with little 

material depth will caUse rapia flame spread; A"shallow . . 
e> 
material depth means that"'heat 'from the flaIQ.es will not be 

absorbed by a large materiki ~ass I but w.ill 
" -' 

tend to spread,along 

the surface or irradiate to o~he~ onjec.t"s. With some ~aterials 

which are nO.t ,shallow in depth, an insu.lating ~har will ,pevelop 

on the surf~ce' which inhibits 'flame sp~~ad, The shape of the 

enclosure; location of ventilation sources an~ the quantity 
~ ~ ~, .. 

of air movement is also esse~ial in dete~ining whether the 

f ire ~ s growth will. be limited. by the a~a;il~bl.e .combustible 

material or by the ve'ntilat;ion source. The amount 'of 

combustible materials is important as is the spacing .~f'bhe 
"\.,. ~. . 

combustible material with respect to. each other and to the 

ignition source. 

The burning stage ~egins at flashover. A~l of the combustible' 

"materials begin to burn .rapidly, pushing tbe temperature in 
. . 

the enclosure up uncil the heat produced b~ the fire equali~~s 
'. 

with the heat lost from the "enclosure. The maximum temperature 

in figure 1.1 is where the ne~t production just begins to'drop. 

At a;tl points on the curve 'the heat produc'ed' by the fire 
> . 

-" 111ed with the heat brought ,in with the intake v~ntilation 
.' 
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ai~ muit balance agaLnst all heat losses. Heat is absorbed 

by the surfac~s of the enclosure and by the air in the 

enclosure. Heat 'is also lost by radiation through ope~ings 

and by convection in the outgoing gases. The better the 
~ 

enclosure is insulated, the higher will be the maximum 

attained temperature. with the extremely high heat produced, 

the fire can spread ·,to surrounding. rooms by flame spread and 

• 

by penetration. The fire can also spread to adjacent ~uildings 

• by the collapse of barrier walls or by radiation through 

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 mater.ial will govern the maximum temperature·. 

The decay period, when tempe~ature begins to lower I is ca'used 

by excessive charring wh~restricts the .area ~vailab~e for 

. combustion. 

1 
'1. 4 Standard Fire Curves 

i 

A modern building usually has large windows, ensuring 

adequate ventilation for a fire. The walls, floor and ceiling 
, 

are often concrete or block work providing good isolation of 

_ the f.ire but which allows ve.ry high temperatures to deve~op in 

a lpcalized portion of'a building. . , 

w,il,l have' dif£erent amounts of combustible ma"berial ,.,hich wilf 

likely change ,with time due to ,occupant usage, therefore, the 

fire severity in a building will be very diffi~ult to ascertain. 
:I 
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Each room could have its own fire temoerature course curve ..:p,. .... 

which \vot'lld make actual testing' to determine the f ire endurance 

a very cos~ly affair. Recog~izing the variability possible in 

the fire load and ventilation, standard curves have been 

de~eloped to re~esent the expected temperature cours~ 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, t9k standard fire 

curve.used is described by'ASTM E+19-7l/(4) shown in figure 
I 

1.2. This curve can be approximated by the following equation~14) 

T = 530 + l350( l-exp(-3.79553T~») + 306.74T~ 1.1 

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 of building elements for high temperatures. 

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 Nationai Research Council of 

Canada. Lie,(12) ~n his work to determine the temperature 

gradient in concrete has developed an accurate method of 

obtaining inte'rnal concrete temperature when the specimen is 

.exposed to external heat at the surface. The study at hand 

has been restricted" to the analysis of square concrete cross , 

sections. Due to the four axes of symmetry, the number of 
, 

calculati9ns for thermal and mechanical properties is greatly 

reduced~ The temperature related calculations are required for 

a pie-shaped we~ge'ovet on~y .Qne eighth of the crQS9 section. 
, ,. .... " , 

The column cross section is e~p'~s~d,on~~ll fou~ sides to a 
.' ~ .. , 

"t 
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fire that follows Lhe temperuture.course of ASTM El19-7l. 

(see equation 1.1) It has been assumed that th0 column will 

act as a black body and absorb all heat developed by the fire 

th~t is incident on its surface. The thermal gradients are 

calculated by a finit0-element technique. The results of the 

finite-element analysis are tabulated in mat}-ix form \vith . ' . , 

each element of the square matrix corresponding to the midpoint 

of the respective elemen~ 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 temperature 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 seytion the 

temperature gradient is more shal10w, resulting in higher 

temperatures in the four corners. This is the result 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 o~ this temperature surface will affect 

l~conSiderations on design parameters such as, cover to 

reinforcing steel or the location of the steel in the cross 

section. 

c -. 
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1.6 Ol:;>jectives 

This study will.attempt to. verify by testing, someYof the 

existing information on tQe material behaviour of concrete. 

This will be done in a qualitative ,rnanneF .to discover any 

abnormalities in tne literature. . ' 
With the material properties eithe~ accepted or questioned, 

. 
a representative set of material properties·will be selected 

for f~llowing column and frame analysis. 

Short and slender columns will be analyzed to determine the 

effects of variation of design parameters such as concrete . . 
cover, on the fire endurance. Finally, building frames will. 

be e~posed to fire to examine the effe~t of frame continuity 

on the fire endurance. 

" 

. -

, . 
'. 

c: • 

.... 

.. - .... . , 

I 



15. 

Chapter 2 

THEru1AL AND MECHANICAL PROPERTIES OF REINFORCED CONCRETE 

2.1 Introduction 
" . 

F 

To determine the strength and deformation characteristics 
, , 

of a compound building material exposed to a fire, it is 

necessary to understand the behaviQur and the thermal 

prope~,ties of the _,consti tuent material at the temperature 

attained in a fire. The ,thermal properties determin~ the 

temperature increase over the cross section of the member . 

. This temperature, rise causes a change in the mechanical 

properties; strength and deformation. These mechanical 

properties will be temperature-dependent and may also be stress~ 
'" 

dependent and time-dependent. 
, . 

In sections 2.2 and 2.3, the thermal and mechanical 

propertie~ 9£ the components of reinforced concrete will be 

outlined. In the following section, the results of a limited 

test prdgram, performed to generally verify the data in the . 
l~teratur~ will be given. Finally, the prope~ties selected to 

_ represent. a st?,ndarc;1 quartz aggregate concrete 'Wi,ll be discussed. 

This st~nd~rd concrete will b~ used in all ca~culations. 

2.2 Thermal and Deformation Eroperties of Concrete 

The 'thermal -and deformation properties of cope rete CaR be 

determined by' appropiate testing me'thods. However, due to . ' . 
the possible wide variation.s ,in aggregate qomposition and 

water-cement-aggregate ratios, it becomes necessary to generalize 
\... . .. '. 

~baut the effects of each va~iable~ 

It is important to note that a11 of ~he testing to determin~ 



16. 

the therm~l properties of concrete performed In the past 

has been done ,on small specimens, usually oven-dried prior 

to testing. The specimen is heated to an elevated ternp~rature . 
with or without an. applied load, allowed to heat equalize at 

this temperature and then tested to. rapid failure by a force 

controlled device. 

Material properties obtained in'th~s manner may not be truly 

indicative Qf the actual behaviour of reinforced concrete 

assemblies in a fire. Due'to the size of columns and beams, 

the temperat~re,gradient over the cross section is always in a ~ 

state of dynamic flu~. Over the cross section this results in 
0, , 

... ~: 

'. , ;{~f 

unequal thermal expansion, unequal stress-strain characteristics '~ 
~ 

and the entrapment of both pore-water and released crystallization-

water within ~he hot, dried outer layer of concrete. Testing 

in this dynamic state, which would require the costly testing 

of whole 'assemblies, needs.to-~ performed to verify the 

design usage of information obtained by testing on_small 
, . 

specimens at static.tem~~rature. ,It has been assumed in this 

study that this usage is allowable. In fact, others (14) have 

show.n reasonabl'e agre~ent b,etween r~sults of experiments on 

assemblies c~~pared wit'h. calculated predictions. 
, . 

Eleva~ed te~peratures result in two types of design; stea~y . 
state and transitory. ' Steady. state occurs when the assembly 

is in thermal' eqUilibrium., The. design can proceed using usual 

methods with proper. reductions for strength and modulus of 

elast3.city. The expanded shape ~hould be taken in'to account. 

Transitory 'design occurs when the temperature is chan~ing 
: 4, , 

up or c· non-urf1form stressing. due' t,o di,fferential 
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;, 

thermal expansion and due to the variation of maximum strengths 
. 

and the stress-strain rel~tionships over the crOS$ section. 

A large construction subjected to an extreme temperature gradient 

may crush in the hot zone and pull apart in the cold zone. For 

this phase of ,design, thermal expansion must be accurately 

defined for all temperature? A linear coefficient is not 

sufficient. 

In the followi~g s~c£jon, the effect of thermal expansion 

and conductivity will be examined to indicate how.they affect 

the components of concrete. Thermal expansion is common to all 

materials. In concrete, the apparent 'expansion is the sum of 

all of the expansions of the individu.al components. Due to 

different rates of expansion large internal stresses and strains 

can develop between the components. Thermal conductivity needs 

to be completely defined especially for the tran~itory design 

stage. Thermal conductivity of concrete is 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 affecting heat flow 

through the concrete cross section, ,that ,is, copductivity, 

~pecifi~ heat and diffusivity wi~l ~ot be explained in detail; 

Information on these var~ables can be found in reference ,(13). 
, 

The effects of temperature and material composition o~ these 

~has been included in the derivati<?p o,f the temperature 

\gradients by Lie. The temperature rise -at the pO,sition of the 
"I. ," , 

steel reinforcing is a function of the concrete thermal 

properties and is considered to be unaffected by~ ~he steel 



thermal properties. 

2.2 (a) Aggregate 

(i) EXpansion 

l 

The mineral composition and structure of the aggregate 

is the major factor 'i!l determining the thermal expansion 

coefficient of the concrete. Due to the low cement to, 

18. 

aggregate ratio., the thermal characteristics of the hardened 

concrete are very close to those o£ the aggregate. 

It should be noted that rocks with high quartz content 

as quartzite and sandstone have the highest coefficient of 

thermal expansion ~abo~12 x ~O-6 in/in/oc at temperatures 

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

con tent have. the lowfPst' c;:oeffic'ient of expansion (about 

Igneous rocks such as ~ranite with low 

quartz content have a thermal e~pansion in between the two 

extremes. As temperature is increased, the coefficient of 
, , 

thermal expansion will increase non-~i~early. Thus, for later . . 
use in stress-strain calculations, the coefficient of thermaL 

expansion must~be changed c,qntlnuously as the temperature is 

increased ~. 

Water content plays a part ~n aggregate ~xpansio~. Air dry 

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

saturated rocks. This is the result of inttial drying shrinkage 

of. the saturated rocks decreasing the true aggregate expansion . 

..... 
(i~) Thermal Oonduc~ivity 

Therrn~l conductivity is higher.for quartz aggregate than 

P' 
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elementary therrno~ynarnics, a crystalline aggregate such as 

quartz will have a higher thermal c6nductivity, due to increased. 

molecular order than would an amorphous aggregate. As 

tempera ture is increased, -.there is usually a drop in thermal 

conductivity. In general, aggregates with a high thermal 

expansion which could resurt in ~ncreased micro-cracking 

(rupturing of intercrys~alline bonds in the aggregate) are 

th9se rocks which undergo the largest decr~ase in thermpl 

conduct~vity as, the temperature increases. Lightweight 

aggregates with a high ,degree of porosity have a low thermal 
~ 

conductivity. Other factors affecting the heat flow in ,the 

aggregate are the po~sibil.i ty of thermally activated transfor­

mations of the aggregate or the release of any crystal water. 

Limestone aggregate will transform to a so~t chalk at 60~oC, 
. 

while .quartz will undergo several phase .transformations. 
! 

Usually associated with these tra~sforrnations is a large 
. . 

increase in the specific h~at which has the effect of slowing 

the the~al cond~ctivity. 

The relatio~ship between thermal conductivity and expansion 

.is important. For quartz which has a high thermal c~nductivity, 

th~ temperatu~e graaient is not as steep as ,would be expected 

.for anorthosite aggregate. ~lthough the thermal expansion is 

greater for.quartz than for anorthosite, due to the smaller 

differences.in temperature between. the inner core and outer 

layer, the strain differential will be less for quartz than 
" 

for anorthosite. It is this stra~n different1al which XS . ' 

responsible. for tension-cI;"acking in the concrete core' while 

the surface concrete is being crushed. 
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This leads to 'weakening of the concre.te and CQuld. be a 
. . 

cause·of spalling. ~~though a number of temperature gradients 

fo'r different aggregatJe concretes were mad.e· available by 

T.T. Lie and D.E. Allen of Ehe National R~sea~ch Counci~ of 

Canada, only those ,~radients dealing with quartz aggregate ~ave. 

been used. 

2.2 (b) 'C~ment. Paste .. 
(i) Expansion 

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

of the true and apparent expansion. True expansion caused by 

increased kinetic molecular action is essent~ constant at 

10.0 x 10- 6 in/in/oC: Apparent or hygrotherrnal expansioh is a 

hygrotherrnal volume change caused by movement of internal,. 

~oisture f~th~ cement caPil~ari~S to the 9~l 

movement ~s caused by capillary forces produced 
. 

pores., . The 

by temperature 

changes without any cbange in total water conte~t in the specimen. 
, ~ 

Apparent exp~~sion depends primarily on the moisture content 

and as,~ell on the c~pillary structure and quantity of cemen~. 

Certain moisture contents have the effect' or increasing the 

thermal expansion so that a maximum is obtained at 65%. to 70% 

saturation for a six month~d ~ample or at 45% to 50% 

saturation for a sample many years old. Minimum, expansions 

occur at zero and 100% saturation. 

Hygrothermal expansion.of ?eat cement paste may exceed true. 

expansion since 'tota~ therI~\Cl1 exp~nsion can vary from 9.0 x, ~O-6 

up to 21.6 X 10- 6 in/in/OC. at .room temperature. 'The differe~t 

rat~s depend on diff~r~nces.~n cement fineness, cement 



21. 

with age of cement. 

Cement paste expands rapidly up to the baLling -point of 
. 

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

constant 'temperature of 100°C. This contraction LS greater 

than initial expansion. Shrinkag~ is due t~.the removal of 

the water of hydration. This shrinkage is time-dependent 

- due. to i::he length '.of the path that the water must foll.ow to 

escape. Con~r~ction will contin~e up t~ __ 50DoC to 700°C where 

, expansion will agaip occur. 

(ii) ~a"; Conductivity 

As with the aggregate the thermal c~nductivity of the cement 

paste lowers as the temperature'of the cement is increased. 

This decrease in cond~ctivity is' ca~sed by micro-cracking due 

to aggregate expansion ahd cement contraction at elevated 

temperature~ 'Increased porosity due to loss of pore water will 

also cause a decrease. in conductivity. Pore water has a high 

specific heat which-adversely affects conductivity but the air . . ~. , 

. void remaining after the water is driven off has an even lower 

conductivity, 

2.,2 (c) Combine,d Aggregate and Cement. 

The thermal properties and expansion of the combined ,cement 

paste and aggregate can be est~rnated by us~ng their relative 

propo~tions in the concrete mix. Due to possible vqri~tions 

in moisture content, porosity or age, the tak£ng of actual 

" measurements is the most reliable means of d~terrnining these 

values·. 

.,. 
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At temReratures' up to lOOoC th~ c~rnent matrix that holds 

the aggregate in place wi~l expand faster- -than the. agg-r-ey-,9r-:;:a't""""t!---.oe~.~~--~~ 
T • __ 

This expansion places the cement paste~aggregate b6nd~ in 

compression. At higher temperatures the cement shrinks while 

the aggFegate expands. Now the internal bonds undergo tensfon 

or they must crack. The addition of external stress on the 

specimen ~ill reduce the:~train differenttal between the cement 

and aggregate. This reduced strain diff~rential results in 

less internal cracking. with fewer cracks the concret~ will 

retain a higher compression strength at the elevated temperature. 

To avoid the detrimental eff<ec;ts of this cracking, the 

external stress must be present while the specimen is being 

heated. 

... 
2.3 Strength Properties of Reinforced Concrete 

The strength of concrete and steel at elevated temperatures 

must be determined by testing. For concre~e the usual test 

is a cyl~nder 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 , 

(i) strength 

Although the method of testing has little effect on the 
. 

steel strength, there are a l~rge number of factors related 

to methods p£ testing to be consid~red when testing tq determine 

concrete strength. Tne r"ate and durat'ion of heating, si.ze and 

shape of the specimen, load intensity during,heating and whether 
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the specimen ~as tested" hot or cold are all aspects of the 
I • 

me,£hoq Q~ t~~t:J:.p..~ ~ -~e fac£ors 'that affected the thermal 
F----' . 

proerties. di,scuss~ in section 2.2, that is, aggrega.te type 

and water-cement-aggregate ratios ~llI' also affect the concrete 

strength. 
... 

The effects on concrete strength of the cement to aggregate 
I • 

ratio and the load 1ntensity during heating are shown in figure 

2.l~. LO~s oJ st~e~gth i$ s~owe~ for a h~gh aggregate content. 

As temperature is. increased, the rate of loss of streng~ . 

accelerates. Th~s is partly due to increased expansion causing~ ., 
1 

more c~~cks and due to material transformation. Wo~k by 

Abrams~l) shows that th~.addi.tion of load during hea.ting \Bs 

beneficial to the compressive strength Q~ the. concrete. His 

work indicates that the actual load intensity is ~ot important 
. . 

but rather t~at the addition Of any load possibly in the range 
'" . 

of 0.25 to 0.5" f is t·he. controll'ing factor. . . c " 

Figure 2.2 sh~w~.the effec~s ~f 

unstressed residual strength, that 

. 
h~gh temperatures on the 

\ . - - ,-. -
is, the-strength of the 

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

and then testing . This indicates that" the concrete continues . . . . 
to lose its strength after the heating has stopped. Possibly, 

a structure should.b~ checked for its after-fire worthiness 

as well as its behaviour'duri~g 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 section 2.3 (b)~ 

. 
Therefore, the reinforced concrete assembly would have a large 

'. 

') . " 



1:6 
.0 Ot; J-..::--=~--__ 

o 

.. 
.c 
~ 
tj'I 
~ 
Q) 
~ 

~- ....... -::::...-- ----...... ---1:4.5 

Loaded 
Unloaded 

" ............. 
.............. 

" " " "-
\. "-" \. \. \. 

\. \. , \ 

\. \. 
\ , 

\. 
\. 

~ ~ ____ ~ ____ ~ ____ -L ____ ~ ____ ~~ __ ~ 

100 200 30~ 400 500 

Temperature, °c 
Figure 2.1 

Variation of Concre~e Strength 
at Elevated Temperatures 

.~ 

100% 

Tested Hot ---­
Tested Cool - -

UnlQade9 Specimens 

lob 200 300 400 500 

Tempera ture , °C. 

Figure 2.2 

24. 

Variation of Concrete Strength 
at Elevated Temp~ratures 

LOO% __ ------------~lOO%----

2 4 6 B 
Time, months 
Figure 2.3 

10 

Recovery of Concrete Strength 
\ 

.. 
,., U 

I%.l 

100 200 300 400 500 
Temperature', °c 

Figure 2.4 
Bounds on Ee 



: 

.. 25. 

proportion of its initial strength after the fire even though 

the concrete is weak. 

Following initial losses, the concrete will begin to regain 

after heating, a large proportion 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 El~s~icity 

The modulus of elasticity of concrete exhibits behaviour 

similar to the strength of con~ete. Figure 2.4 shows the upper 

and lower bounds for the elastic modulus that can he expected 

for normal wei9ht concrete. As was the case with strength, the 

modulus of elasticity declines when heated and continues to 

decline for a p~riod after cooling. Then it sl9wly begins to 

regain a portion of its init~al strength and modulus of elasticity. 

(iii) Creep 

The creep rate of concrete will ~ncrease at high temp~ratures .. ~ 

-The work by Cruz (5) (modified by Lie (13») shown in f igur~ 2; 5 

indicates the effect of temperature on the creep rate of normal 

we"ight concrete for a 4,000 psi concrete stressed to l, 200 psi. 

The creep rate in~~ease~ as the stress level is increased for a 

co~stant· temperature. Creep at high temperatures would be very 

difficult to measure due to gradual neat ~low to other PQrt~ons 

of the test apparatus resulting in expansion and creep of those 

(" 
;, . ,. 
" 



26. 

-" 
(iv) Spalling 

Concrete structures have a tendency to lose layers off qf 

their outer surfaces when exposed to elevated temperatures. 

This phenomenon is usually caused by either high cornpr6ssion -

strains in the outer layer due to differential Expansion, or 

causedo.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 steep temperature 

gradient in the outer layer will result 1n very rapidly decre~sing 

expansions with the depth away from the surface. Unless the 
r.> 

interior can crack in tension, the exterior will fail in 

Spalling as a result 'Of reslraint will result in compression. 

a gradual loss of concrete.' 

Moisture is also responsible for spalling. A concrete with 
\ . 

a high moisture content and low porosity is susceptible to 

explosive spalling. As the temperature is increased, water in 
• 

the outer ~ayers will either be evaporated or be attracted ~o 

the'cooler concrete pores deeper in the concrete. An outer 

layer of dry concrete forms which traps the free water in the 
" 

, 
filled p~es. As the temperature is increased, this water 

begins to vaporize. If the dry layer is porous, the steam can 
" 

escape. Otherwise an e~plosive spalling will take place to 

release the stearn. 

" 



27. 

2.3 (b) Steel Properties 

(i) Strength 

The yield strength of steel decreases as the temperature' 

is increased'. The shape of the typical s~ress-strain curve is 

affected also. The definite yield pOlnt for mi~d sceel becomes 

a gradual curve <for higher temperatures. For mild steel there 

is an initial increase in ultimate strength as the temperature 

is raised, then a rapid drop after 400°C. For high strength 

steels both yield stress and ultimate strength drop rapidly as 

the temperature 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 serength after fire 

exposure. 

(ii) Elastic Modulus 

Previous test data show a large variation in experimental 

results concerning the changes in the elastic modulus. All 

results indicate that the elastic modulus decreases at a 

slightly slower rate than the yiel~ strength. 

(iii) Expansion and Creep 

The coefficient·of thermaf expansion iqc~eases very slowly 

with increaping temperature. 'The,only irregularity in the 

expansion of steel is the transformation to austenite at about 

700°C, resulting in a small contraction. This has little 

importance since the steel has lost almost all of its strength 
I 

at. this temperature. 

\ 
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The c~eep rate for steel is pract.ically zero up to' a certain 
. .., 

temperature which1~epends on t~e load intensity and tyPe of 
i\ 

steel. ' At_ this point" the creep ra.te increa,ses dramatically , 

as is shown i~ figure 2.5. FOr high strength steels, the 

critical temperature is lower than for mild steel. In £igure 

2.5, the appl'ied' stress on the ASTM A36 steel; is Zl.6 ksi 
. \ 

(0.6 Fyh and the applied stress on the AST.M A42l is 100 ksi, 

(qpproximately 0.5 Fy). 

2~4 Concrete CyQinder Fire Tests , 

2.4" (a ) Introductxon 
, i 

Abr~s (1) et al (2,5,J.3) 'h~ve iI).vest.tigated'the strength ~f 
, ' -/ . .;,: ' 

" . .'. 0 ' 
tempe~atures up to 850 .~~ I~his area there has .. concrete at . " 

been a great deal of confiict over results and qbseryat"ions' . 
. ~'~ 

~his is due in small part to the many, v.aria~ions possible of" 
.' - "~ 
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ratio, plasticity of concrete, rate of heating, strain-rates 

and other factors. Itis extremely diffiqult to obtain a " 

meaningful relationship with so many factors to be considered. 

Thus, it is more plausible to obtain a set of test results which 

are as close as possible to the actual sItuation that will be 

investigated. The author was interested in the material properties 

in a b~ilding which has been erected on ~ job site. Therefore, 

niceties such as humid room for controlled environment curing 
, -

are not to be expec.ted. A more realistic case is moist curing 
• 

for a few days fo~lowed by continual drying in the open air. 

This will produce somewhat poorer concrete but will yield a 

more realistic picture. 

'Many ,investigators have attempted to dry their specimens 

before heating to eliminat~ any cban~e of spalling that may , , 

occur due to boiling of trapped pore water. This spalling 
,. 

might also have been ca~sed by differential expan~ion of the - . 

111.... 

concrete "as expl:ained' in section 2.3 (a) (iv). Artificial 

preheating to dry the sample is not representative of an actual 

building fire', which j'lilV likely have a rapid rise in temperature 

to a'more or less constant te~perature. -. 

. 2.4 (b) -Test' Program 

A limited test program was carried out to observe the . , . 

behaviour of concrete spe~.i:l1l~.n.s. heated to a high temperat'Ure'. 

D~e to l~it~tions Qn ~he availabiLi~y of the testi~g m~chinery, 

especiaLly for testip~ specirne;ns under loa9, while heating', it 
'V! AI· • ...." 

was not possib~e-~o obtain conclusive ev{dence. However, the 
!W 

~ew ~ests perfor.roed were valuable .to the author in aiding the 
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underst~nding of previous information mentioned in sections 
i' 4 .. 

2.1 to 2.3. 

2.4 (c) Concrete and Specimen Preparation 

It was decided to avoid thermocouples buried in the centre 

of tna test specimens. To ensure rapid and uniform heating 

through the specimen, the size of the specimen had to be @naIler 

than the usual six inch diameter test cylinder. Additional 
.' -, \ 

limitations were placea on size by t~e oven used for the loading . 
1 

while heating tests and by the testi~g machine itself. The 

diameter of the cylinder was re~trict~d to one and three quarter 

inches. Therefore, a maxim'1b.m height 0\£ 2xD or three and one 
, .. 

J:alf inches was used. The cross sect!o~ area was 2.41 s'quare 

inches. Although it was necessary to use a small diameter, 

i~ was important. ,to .keep the lengt:h as long as. pos::>ible so that 

expansion and creep effects cbuld be easily measured. 

" 
2.4 (d) Forms and Preparation of~SamEle 

The forms for the srnqll cylinders'~ere made from two inch· 

outside diameter plastic tubing. The tubing w~s cut into three 
" 

and one half inch lengths to make the forms. ,To facilitate 
. ' . 

removal of the concrete specimen, each section of tube had 'one 

longitudinal cut made into it and was coated ~nternally with 
, ~;;t'A. 
• ...! 

form oil before c~sting. The specimens were cast on a smooth 

surface to provide one good end for placing in the t.est machine. 
" , 

Although ca~e was taken to ensure that the upper end qf the 

cylinde~ was tr.owe'lled smc;>oJ:h and,." vibrated" it was necessary' to 
'. 

have the s~cond ~nd saw cut to p+ovide a good testing surface. 

" -. 



/. 

31. 

Standard'practi~ for preparing six inch diameter cyl~nders. 

is to cap the ends with a sulphur compound. However, due to 

the high ~eat that the specimens wbuld be exposea to, this 

was not possible ~nd saw cut surfaces had to be used. 

2.4 (e) Concrete Mix 

The aggregate size was limited to three. eighths inch 

m~ximum due to the small cylinder size. The aggregate sieve 

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 ~ix proportion 1.54:1.0 fine to . , 

.coarse aggregate', tha-t;: is,. the fine aggregate is 60.5% of the ~ 

total aggxegat~. The water-cement ratio was 0.65:1.0 and the 

cement to aggregate ratio was l:5.5. The mix design was 

Q.65:1.0:5.5, water to cement to aggregate ratios yie~ding an 
. • I 

~verage 28 day strength (fc~ of 4,006 psi. The f~llowing six 
, 

inch diameter cylin~e~s were tested to obtain ·fc . 

p a , 

Cylinder .Axial (lbs) Stress (I?si) 

#1 119,000 4.220 

#2 110 ;000- 3,900 

#3 111,600 3,960 .,-
.' ... 

#4 113,500 4, 03.0 

#5 . 110',500 '3, ~20 

.20,030 

0 20,030 
= 

5 . 
r= 4,006' psi. 

. . d " t' (4,220 - 4.,006) 
max~mum ev~a ~on ,= > x 100% = 5.3~· 

4,006 
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2.4 (f) Unstressed Cylinder Test Procedure 

At each designatea temperature level, four types of heat 

treatment were carried out on specimens that were not lQaded . ' 

while being heated. In the first test, t~e speci~en was heated 

in the oven and tested while still hot. Secondly, a different 

,specimen was, sim:i.larly heated. and then allowed to cool in air 

for 24 hours before testing. Two other test specimens were 

subjected to a quenching bath of cold water after heating. This 

was to represent the effect of a concrete assembly being subjected 

to cold water from a fire hose in an actual fire. For both 

of these quenching ·tests, the, specimens were immers~d. in cold 

water: for only l.0 seconds. One specimen was then tested 

immedi~tely while the second one was allowed to cool for 24 

hours before :testing. 
" 

The specimens we.re all. heated in an' electric oven. to the 

desired temperature by heating a SOC/minute: This slow rate of 

heating allows the entire cylinder to reach nearly the same 

temperature. An arbitrarily chosen periqd of ten minutes for 

heat soaking was allowed at the desired temperature to' ensure 

'uni form 1?-eating. The thermoc,ouple Wi:lS placed near the test 

specimen so tnat any effects of radiation would be'very nea~ly 

the same on both objects. The temperature in the oven 

fluctuated only a few degrees arid did,not move.above the- set 

point. 

The specimens after appropiate heat treatments were placed . . . , 

on a 300 kip Tinius-Olsen compression, testing machi'ne. The 
. . 

~pec,imens wel;e' qui~kly removed from the oven, placed under the 

rrum of ~he machine and test~d to 'failure. The maximum load 
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was noted for each specimen~ 

I 

, Specimens that were quenched were removed from the oven, 

held ~n the water bath for ten seconds a~d then quickly 
" 

tested in compress~on. The two specimens that vlere 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 w~re under loaq during heating, a small 

three-zone electric furnace was mounted on an Instron Universal 

testing machine. The size of the oven and the capa?ity of the 

test machine limited I the cY,linder diameter to one and three 

quar~er inches and maximum load to ten kips. Due to restrictions 

on machine usage, very few of these te$ts could be carricid out. 

(Approximately one day was required for set up and carrying' 

out of a single test). Th~ oven contained three heating zones: 

upper, middle and lower. By appropiate setting of the upper 

and lower heating zones, the middle zone would automatically 

turn off after the desir~d temperature was_reached~ This 

prevented any ayc~ing of the temperat~re. The 'concrete cylinder 

was placed in the middle zone, supported top and bottom by long, 

dense alumide rods. Th~ rods in turn were placed 'in stainless 

steel holders attached to the testing machine. One rod was 

. attached to ,the load cell. To prevent ~ny 'flow of heat t~ tp~ 

load. cellar to the cross-head, ~he steel. holders were'wrapped 
, , 

with copper tubing through which co~d tap water flowed. The 

cont~ol electronic~ for the ovep,reqQ~red atr cool~ng due to 

the. confined work ar~a and'~igh 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. The paper 

roll-out could be transformed into a deflection axis by 

synchronizing the paper rate of movement and the rate of 

cross-head travel. 
,.-l-

As was the case for the unstressed cylinder tests, the rate 

of heating was SoC per minute. While the specimen was heated 

under load, expansion too~ place requiring the gradual backing 

off of the cross-head to prevent over-stressing. Care had to 

be exercised to prevent the axia~ load from exceeding ten kips 

in order to avoid any damage to the load cell. 

2.4 (h) Results and Observations 

The results of the tests are given in figure 2.9. The values 

of maximum load at room temper~ture are plotted against a 

temperature scale. The curves for the unstressed.tests are 

fairly complete but the curve for 'the stressed ~hile heating 

case was necessarily incomplete. Due to machine load capacity 

limitations, maximum load points for the str~ssed while hea~ing 

tests could not be' reached for t~peratures bel"ow 60·O oC. A:,~ 
, 4f " 

noted in the work by Abrams (I) , some concretes will actua~~y 
. I . 

show an increase in st~ength, for heating "Up to ~ certain, point, 

if they have been under an initial stres~. 

(i) Unstressed Tests 
,I 

~he 'tests of initially unstressed hot pylinders al~ ~kh~bited 
" I 

a slow failure. Th~t iSJ there' was no su~den ~upbure Ofl the 
i 

cylinder. Up to 700 6 C, all of these ·cylinders.had a con~ shaped 
I 
\ 

;ro" 
,'. 
f.~: .. , 

;:t; '. 



.. 

QJ 
~ 
::J 
+J 
III 
~ 
Q) 

~ 1.0~ T 
Q) 

8 

§ 
~ 
~ 0; 8 
/0 

ro 
./0 

s-
........ 
Q) 

.~ 

Z 0.6 
ro 
~ 
QJ 
~ e 
QJ 
8 

rrJ 0.4 
Q) 

q.l 
10 
~ 
Q) 
r-i 
fil 

+l 
10 0.2 
't1 
10 
o 
H 

I.'" 
,-:.-, 

, . 
.t'-~' . .,.. 

,,, 
.I.;'~' 

cy1inder size 1-3/4" 
limestone aggregate 

'0 /Y o ~. . 
\' 

t~. - . tested. 
hot 

t~. + heated under load 

.. 

tquenched . 
~dhot 
t' . +~ " 

t~ ...... ~ ~'t 
~idual • 

+ " 

quenc~~ • 
tested ;;;;Old~ ______ t + 1 

G) not 'failure for heated 
. under load tests,'load 

limited by capacity of 
machine load cell 

~ 

200 300 400 500 60'0 
Temperature, °c 

700 800 

l' 

~ 

4-

gOD 

Figure 2.9 Small Cylinder Load Tests at Elevated Temperatures 

W 
-...J 



38. 

I 

failu~e. With incrcdsing temperatures above room te~perature 
>, 

there was' le'ss aggregate failure and more bond rupturing. 

At the higher temperatures, ehe,concretc cylinders visibly 

"b.J.rreled 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 cooling show a decrease 

companion~specimens that ~ 
in strength compared with the 

tested while hot. As noted in 

section 2.3 (a) (i) this is.most likely due to the effects of the~ 

continual loss of the water of hydration afte~ heating. The 

differences between results for testing while remaining hot 

compared to after coolin~ decrease with increasing temperature . 
. 

The drop in "hotll strength at high temperatures is due to the 

sudden loss of crystallization-water in the hot specimens. For .,. 
specimens heated above 700°C, the dark grey limestone aggregate 

transforms to a white chalk--like 'substance. 

When the specimens are quenched, surface cracks appear. For 

both quenched tests (tested hot or cold), the maximum load is 

lower than the corresponding unquenched test. The thermal shock 
, 

of quenphing must rupture a large number of the bonds between 

aggregate and cement. Quenching also serves to indicate the 

extent·of cracking i~ the. specimen. For the specimen heated to 

a low temperature, the wetted area after quenching is only a 

ring around the cylin~er but for the high temperature, the 

cylinder is wetted throughout even though it is very hot and 

should repe~ water. Thii indicates the occurence of more 

extensive and larger cracks as the temperature is>increased. 
!.. 
• 



The load-def~ection curve for small 9ylinders was obtained 

at three different temperatures. Figure 2.10 is the plo~ of 

the experimental observations. The drop in ma~imum load is 

apparent at increased temperature. The deflection at which 
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mcJ.ximUIn load occurs is shmvn to increase with. a rise in t,emp~rature. 

(i i) Stressed Tests 

The data points obtained for maximum load are plotted in 

figure 2.9. These ~learly indicate t,hat applica-t::ion of a load 

during heating is beneficial to the maximum 'stress. 
~ .... 

At low stress levels, it is necessary to back off the cross-

head as the temperature i'ncreases and hence, the expansion 
j)-

increases. 

"" .~~ .... 
-~t. 

"";ot::'\ 

However, at high stress levels ... ,i th high tempe'rature: "-::~,'> 
, '''''-... 

~tf'" 

it is necessary to advance the c~oss-head 'in order to maintain 

the constant load. . This indicates. that' creep ,strain is la'rger 

than expansion strain. Relaxation occu~s very ~ap~dly under 

these particul~r ,conditions. Failures of the cylinders were 

~radual and ;fa+n-ed shape s were ~!jn'il~r to the unstressed tests. 

These tests are correct for the maxim~,load. FaiIure is 

easily defined and as long as the other components of the system 

are not damaged then the failure was definitely in the concrete. 

However, the effects of expansion and creep as p~eviously mentioned, . . 

are open to criticism. One cannot state that the expansion and 
., 

creep as witnessed is only due to the concrete. The expansion 
) 

of the alwnide rods and portions of the steel holders rnu'st also 

be considered. Alumide, by nature, has a low the~mal expansion 

but it is a ~efr~ctory ceramic of materia~ hence, it is 
. 

probably susceptible to creep as is Again due to 

:~ 



1.0 

:.8 

1'\ '6 ow •• '!J 

0.4 

0.2 

r--.---1 I~ 

Roo~ Temperature 

.. 
oooOc' 

""'-

Lim~st6ne Aggregate 
Specimen Size 

1-3/411 Dia. x 3-~11 Long 

,--......" 

aooOc 

\ 

\ 

o.o~- ~~ 40 60. aO 100 120 140 160 
Axial Deflection, inches x lO-~ 

Figure 2.10 Experimental Load-Deflection Curves for unstressed Tests 

...... --,~ r 
~ ~ .. l ,:;"." ,'.; 

.. ., 

A 
o 



41 . 
., " 

physical limitations, it was,not possible to test the alumide 

ro.ds by themselves to determine the magr..itudes of expansion 

$nd ~reep.. Since the alumide rods were each fifteen -inches 
\ 

long compared to only three and one half inches for the concrete 

cylinde=, the creep observed 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 individual 
~ '" 

{ . 
components of concrete are known, an attempt can be made to 

calculate the fire resistance (a much cheaper alternative). As .. 
other investigators have realized, the predominant factor in ~ 

reinforced concrete fire resistance is the temperature of the 

rein~orcing\l~eel. Aithough the concrete may shrink or creep, 
, . 

as long as the steel does not reach its crjtical temperature 

for the st~ss 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 clqsely 

representative of the assembly as possible. However, computing 

time, computer storage capacity, and expense forces one to 

examine each variable in ~der to determine its importance to 
• .1 

the overall model and in order to consider ~he complexity of 
, 

each variable~ The stress-st~ain characteristics of steel and 

concrete and how they change wit~ temperature are necessary. 

Expansion is very important when consider~ng interaction with 

the r~rnainder of a,building. Expansion also affects a compound 
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material internally due to different rates of expa~sion. 
, 

Expansion 'strains ~!e very high for concrete pnd steel and 

hence, have a,large effect on the structure. 
'- , 

. Creep and shrinkage for concrete could be important, how~v~r( 

conclusive information is not available in a quantita~ive form. 

Since the fol,lowing investigations a're for a short time period, 
, , 

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

Creep wou~d be very difficult to, account for in any calculations 

since creep is time, stress and temperature dependent. S'tress 

and temperature vary over t-h~ entir,e cross section and 'change 

~ith time. The- histo~y of one cross sec~ion ~ould 'be difficult 

to ,ascertain let alone the history of an entire structure. For 
i /' ~' ~. , .... 

these reas?ns, the direc~ effects~f creep antl shrinkage ha~e 

been"igno·red. Howev~r, *-he' stress-strai~ c~rves' for concrete .. ' 
will indirect,ly incl.ude some ef¥ectE? of creep and shrinkage 

since they have bee~ optained' aver a snort' time period. 

2.6 MatPematic~l Re.presentation of Material Properties, 

T~e fOllowing'eqqation~ are used t~ represent reinforced 

'concrete. 
• • 0-. 

These equations are also used by D.E. Allen(1~,14) 
A. ~ ~ Ir • ~ -, 

of t~~ National ~search 'CounciJ of Canada. U'$e of similar 

equa~ions ~hould give qomparable results: Reference' should 'be , 

made to ,the Nomenclature. All temperatu~es for equa~i0ns 2.2 
,J • f ,,-. 

to 2.13 are in thousands ,Of .degrees Gelsius above room 
,1 

. . 

temperature. 
" , , ", a 

" 
2.~ 

. I 
& 



for quartz aggregate COJlcrete 

fT, 
, ... 

= fc if T< 0.429 c max 
2.2 

fT.4 
, 

0.429 = .fc (2. 01X -' 2. 353T) for < T < o .B55 
C ':" 

2.3 t 
max 

for steel 

2.4 

2.5 

'concrete stress-strain 
.' 

fa - ~f~ (.«(-1.797 * 1010~ + 2.126 X 108)~ - 9.304 x·10 s ) 
'max 

steel stress-strain 

E;~ -.y 

concr~te frac~ure strain , 

~ = 0.004 ~f T< fr.l "c . 
max 

.SC
max 

= ·0;00274.+ 0.0127.6~ if T < 0.1 

2.6 

2.7 

2.8 

2.9 

.. 

2.1.0 

2.11 

J f 
~. 
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thermal expansion 
'~ 

E;T - (O •. OO8T + O.OO6}T 2.12 C 

'T 
(O.OO4T O.O~2)T f;s - + 2 •. 13 

Equations 2.2 and 2.3 for ma~imum concrete stress are 

illustrated in figure 2.11. Sh~wn with this equation is an 

~xample of max~rnum stress taken from tne literature. Concrete. 

stress-stra.in behaviour repre.sented by equations 2. 2 ~ _ 2.3 and 

2.6 are shown in figure 2.12. Equations 2.4 and 2:5 for maximum 

steel stress and modulus of elasticity are illu~trated in figure 

2.13. The steel stress-strain relationships aescriped by 2.8 

and 2.9 are shown in f'igure 2.14 for seve~al temperatures~ When 

thertnal expanosion is considered, the maximum concrete fracture 

strain must be adjusted. To achieve ~his ef£ect, the strain. 

axis 1S scaled· producing an elongated stress-strain cu!ve. 

'This is tantamount to the inclusion of creep. ~f'tnis adjustment 

was not m~de, calculations indicate that the concrete would 
., 

rapidly crush' due to thermal expansion. The combined effect of . ,. 

equations 2.2,2.3, "2.6,2.10 and 2.l.l·is shown in fl.gu~e 2.15 

for various temperatures. 

The calculations in the following, chapters are made assuming 
~ . . . 

that th~ bond' between the concrete and steel reinforcing bars 
~ '. 

is maintained. It is also assumed that ~ny shear'in the cross , 

se:ction is supported by adequate stirrups, thus. only axioal and 
.' 

'fiexura'l forces wiJ-l. be conside:r;ed., 

•• 

• 
~ -., 
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2.7 Surrunary 

(\ M~terial properties as repo~ted in the' l"iterature have been 

outlined. The properties selected for use i.n structural analysi.s 

have been defined. The limited test program was carri~d out to 

supplefent the available information and to gain insight in 

definin~ the.~bove material properties. 

Alth?ugh the information available is not as comprehensive 

as ideal, it is considered adequate to enable this investig.ation 

to p'rovide add,i tiona,l insight into the behaviour of reinforced 

concrete under fire load. , . 

.. . 

.. 
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, Chapter 3 

FIRE ENDURANCE OF REINFORCED CONCRETE COLUMNS 

3.1 Study of Design Parameters on Fire Endurance 

Having defined the mathematical mqdels of concrete and 
, ' 

s=eel behaviour, a study was undertaken to determine how diffeient 

design par~eters affect fire endqrance. The fOllo~ing pa~ameters 

were selected for evaluation of thei~ effect on the fire endurance 

of columns: 
> 

- concrete cover to st¢el 

ste~l as percentage of concrete area 

- column size 

load eccentricity 

column slenderness 

p'laceinent of steel 

The column analysis was based comp~etely on .theoretical 

behaviour cif the conc.re~e and stee~. Many df the 'simplifications 

assumed in standar~ design procedures were not incorporated into 

the analysis. The only assump~ions made for this study regarding 

strength and deformation were: 

(l) plane sections remain Pfane 

, ' . . 

,(2) concrete strength at aI1Y strain and temperature ,is defined 

by egu~tions 2.2, 2.3, ~.6, 2.7, 2.10, 2.~1.' 

.(3) steel strength at any strain and t~p~rature is defined by 

eguations.2.4, 2.5, '2.8" '2:.9. ", 

(~) concrete has no ·t~nsile strength 
. 

(.5) cone rete f rac ture "occ~r sat an ul tiJna te strain o'f o. 0'04 . 

(6) failure of the cross section is defined by the inab~lity 
, . 

.' 
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, ' 

to achieve convergence, that is, balance between external 

and internal forces cannot be obtained. 

(7) the,application of cross section mechanics is valid for 

the determination of section cap~cities and strains at room 

temperature and at elevated temperatures. 

" 3.2 Calculation of Column Strength 

The cap'acity of a short column, that 1s, a column of such 

length ~hat buckling will not occur, is determined, by the strength 

" " of ~e materials and the dimensions of the cross section. H.igh 

" temper~ures in a fire wil~ prod~ce a transitory temperature 
'-.. _.' •• I. ,_. 

gradient over the column cross section. The material properties 

have been assumed to vary. uniformly over the.cross 'section due 

to t~is' tempf7rature gradi~nt·. 

The temperature gradient as· supplied by T.T. Lie is based on 

one ha~f inch or one inch square elements. This size lirtl.itatio.n 
' .. 

sets the grid,division fo~ all calcuiations. The material· 

properties are redefined for each e.lement, as the temperature 

changes. 
,-r" 

~ 

With,~ line~r strain distrib~tion for applied loads, the 

strain at each element can b~ calculated. By using the stress-. 

.strain curve 'for· concr.ete 'or steel'def,ined at the temperature 
.. ' 

~ -of th~ element, the appropriate stress Can be found. -It 

be ·borne.in m~nd that the stress ~~ the ~o~crete .~d the 

fo~ this study is a function of strain anq'temperature. 

must 

steel . 
" 

,3.1 

3.2 
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With the stress defined for each element, an in~egration 

could be carried out over the cross sect~on to determine in£ernal 

axial ·and bending forces. 

m 
P, t = f (fc (E.: c ' Tc) dA) + E (f k V~ k' T51~.) Ask) 1n ' A k=l s (s, ~ 

3.3 

m 

= ~ (fG(~;' Tc)dc·dA) +k:l (fsk(E.: sk , Tsk)dskAsk)3.4 \ 

Since the temperature gradient was supplied as a series of 
\ 

pd~nts and not an equation definin~ the temperature surface, 
\ 

it was not possible to nerform these integrations. Even if 

/ 
/ 

_ \ ' ) F • 
I \ . 

equat~o?s ,f~r.the temperature gradient surface were develope~, 
\ '. 

to perform the integratiDns by hand would'be uneconomical in 
\ . 

light o'\the avail'abili ty 'of c:omputers. The. stresses -in each 

el~~ent ~n'b~'defined numerically qUit: easily, therefore,' a 

numerica~ ~ntegration 'can be carri~d out over the surface of 
\ . 

the cr~ss\sec~ion, USing,C~OsS section mechanics to obtain the 

desired forces as follows: 
, \ " 

( 

n n m 
Pint - L L (f .,A ",)+ k;-Ll(fsk:Ask), 

i=l j=l C~) C1)" 
, 3.5 

n n m 
Mirit = i~l j:l (fCij,d<?ijAcij >.' +, k!l (f ~kdsk~Sk)" 3.6 

Use of equations 3.5 and 3.6 ~ill permit 4ete~inations of 

the actual force~ with an accuracy that is a~ceptable for, 
" . , . 

structural d'esign. Due to the non-linearity of the materi,al: 
. , . 

behaviours and of tbe temperature gradient, it is necessary t~ 

• j I! the correct strain rnagni tude '~I\d curvature by a trial. 

," 
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. . 

" .arid error process. Accep~nce of the final strain pattern is 

'given by: 

Pint:. = P ext + tolerance 3.7 

1,1. = ,.:Lnt + tolerance ·3.8 

For this chapter,which deals with short and slender columns 

only, the ef~ects 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 par~meters being 

consid~red in this cHapter. 

The detailed descr ip'tion of the computer program in Appendix 
"'" 

A gives more information as to the "method of determination of 

fo~ces and strains. It should be noted that the subroutine 
. . ' 

descriptions apply to this chapter and to Chapter ~, therefore; . . 
some information particularly concerning expansion and section 

properties mqy be confusing until Chapter 4 has been read. 

'3.3 Var iap1.e Hdrma·lization 

All variqbles will be normal~zed .to facilitate comparisons 

with the results in this study and other stu~ies. Any variable 
\ .- . .. .. 

concerning length units will be divided by the dimension o~ the 

square cross section.' All axial force 'values will be divided 

by the gros,s concrete' a.xi<;il for6e at room tempe.rature. Similarly, 

~ending moment forces will' be divided by. the product o'f the 

gross concrete section modulus and the maximum concrete st~ess. , . 
J -',. 

Th~. foll~wing ~'ymt:>0l?: represent the normal:i,zed' variables. (see 
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I , 
Axial Load P ::: P/(f t 2 ) 3.9 c 

I , 
Bending Moment M = M/(f t 3 /6) 3.10 c 

Ecce,ntricity e e = -;. 3.11. t 

, 
L Column Lengir.h L = t (i~/in) 3.12 

,On all graphs, these normalized values will be used unles~ 

othe~wise indicated. 

3.4 S.tandard Cross Section 

One column cross section has been studied in det~i1 to obtain 

the complete axial load versus b~nding moment interaction 

diagram and for all the results in Chapter 4. The effects o~ { 

; changes ~n cover, steel percentage,' steel placement and column ., 
.,' 

length will be compared using this column cross section as much 

as possible .. 

The size for this standard cross section is sixteen by 

sixteen inches. The percentage of steel reinforcing is three 

and one h~lf percent and the concrete cover to the outer edge 

of the' stirrups is one ~nd bne half inches. 

The sixteen inch square size of column was chosen as a 

.~ealistiG·prac£ical size. It also provided two hundred and 

fifty-sii elements of the cross section, whic6 is a fine enough 
, , . 

mesh to yield ~p. accurate numerical integration, eve~ in the 

case where thermal e~pansion. was conside~ed. The large percentage 
. " 

of steel meant that the 1.055 ot_st;eel strength had a predominant 

in'fluence on the loss in secti~n, ~apaci ty I espec,ially for largEt,. 

eccentricl.ties. The seleotioI:\ of one and one half i"nches for 
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concrete cover was ~ade to coincide with normal design practice. 

This also ensured that the steel would lose all' of-its strength 

vecause of increased temperature by an elapsed time of exposure 

of th~ee hours. Therefore, this standard section had changing 

properties which covered the full spectrum of behaviou~. lt 
, . 

is suggested that this standard column pro¥ides a realistic 

model for comparison of effects of thervarious parameters. , 
3.5 Interaction Diagrams 

• 
By the selection of a ~arge number 10f e ratios, it is 

possible to obtain a complete interaction diagram for a 

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 tbree 

,hours. As would be expected, the interaction diagram IIshrinks" 

as the elapsed time of eX'posure increases. This is due to the 

prev~9usly mentioned decrea.se in material strengths at elevated 

temper~tures. The maximum bending moment decreases much more . 

rapidly than does the maximum axial compressive load. Als'o', the 

case of bending moment with zero axial load and the case of 

pure tension with no bending .moment decrease to zero at the 

thre~ hour limit. The reason behind these two observations is 

t~at the steel strength has decreased to zero at the three hour 

(180 minutes) exposure time. 

Sinc~ all bending moments are positive, it is necessary to 

• 
qse a negative e ratio to obtain a negative force. The 

interaction diagram ih the tensile 'axial load regio~ is not a 

straight line but is actualiy·c~rved. Near the maximum load 

" ~ 

. '1--;. 
~. 

~ .~ 

'" 
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, 
point for a given eccentricity and tensile force, the concrete 

section will contribute so~e strength to the compressive force 

of the bending moment couple and also cause a shift in the 

fo~ce centroid. Hence, the interaction diagram is curved in 

this region. 

yAt room temperature, the balanced conditions {simultaneous 
t I 

yielding of steel and crushing concrete) occur at an e
b 

ratio 

of approximately 0.7. This eccentricity shifts as the exposure 

is increased. At one and one half hours the value of e
b 

is 

about 0.5 and this reduces further to 0.175 at a time of three 
I , 

hours. This shifting of e b indicates the loss of strength in 

outer layers of concrete. The effective area is being reduced. 

A second interaction diagram is shown in figure 3.2. It 

can be seen in this second figure that changing the steel 

percentage or cross section size will only affect the magnitude 

.and not the general shape of the interaction diagram. 

3.6 Thermal Protection o~ 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 increas~s. There is a large flow of heat incident 

on the cross sect~on in the corner areas. This results in the 

,concrete in the corners being hotter than ~ny other point on 

the cross section at a similar distance from the outer edge . 
. 

These observations indicate that the steel reinforcing should 

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

the corners. This restriction dn steel location may have a 
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. 
. significant effect'on th~ structural desigh. The ste~l ,can 

·be protected by i~creasing the concrete cover to the depth of 

" .. 

, , ,\. '. 
the steel, .by increas..:} .. ng the column outer dimensions or by 

re-,arranging the steel to avoid high t~mpera:ture t::egions. 

3. 6 (a) Concrete Cover 
)0 

~ The de~th of concrete cover ove~ the steel reineorceme.nt is 
. 

the singl~ most important ~actbr in, fire endurance of 'reinforced 
I 

cqhcre.te. Figures 3.,3 and 3.4 illustrate the effect of cover 
J : 

on the ultimate load for a yixte:n. incb s~~a're', cO'lumn and a 

twelve inch square column -resp~ctively. Curves are plot~ed for 

a constant steel percentage 9f, 3.5% and for three values of 

~oading .eccent~icity and for three values of copcrete cover. 
" 

At ,zero ti~e, the minimum: cover corresponds to th~ maximum 

normalized load. The mom~nt lever arm'increases as the cover 
, . 

decreases henc~, the increase in ultimate load for mi'nirnum 

cover. 
" 

• The temperature in, the steel' will be h~gh for a shallow 

cover. 'For p,ll eccentr ici ties I there is a rapid '"decrease in 

~he ~ltimat~ load for a,~o~~r,"~f 0.7~ inches. J If th~ eccentr~city 

is greater ~han ~r near balanced.load cohditions,bthen the 

ultimate 'load will drop to zero when the steel strength drops .. . 

to zero due to. excessive temperature. When th~ eccentricity 

'is' low, ~he .ultimate load curve f~~ 0.75 ,inch cover will not 

drop to zero "but will begin to deoline at a ,le~s steep slope . 
. 

A~though the steel has nb stren~th, the inter~or concrete\can 
, , 

contihue to rgsist lbads f6r a long ~ime before the concrete . 
. completely ,~oses i";t's streng-tIl. 

" 
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Fo~ 1.50 inches cover, the slope of the ultimate load curves 
, \ 

are similar to the 0.,'75 inch cover. The time 'at ,which st~el 

loses its strength is.~reater for 1.50 inches cover, therepy 

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

inch square column, the s~eel then fail,s at about '170 minutes 

as evidenced by the failure at O.7t eccentricity. Once the 

steel has failed, it does not contribute to the ultimate load. 

At an eccentricity of O.lt, curves for both'O.75 and 1.50 

inches'of cover approach a common strength. For the twelve 
, 

inch square ~olumn.with e = O.lt, the graph shows ~he ultimate 

load for the 1.50 inches cover to be,slightly less than' the ~ 

load for the 0 .. 75 inch, even ,though these two C\lrves should be 

coincident after steel failure. This apparent ~nornaly was 

calculated u~ing the computer p'l::ogram which correctly deduct's 

for the concrete area which ~s'displaced by the ste~l (see 

Appendix ,A). The concrete at the level of the steel is slightly, 

stronger for the cover Qf 1.50 il'.lches, resulting in a greater 

'deduction. o 
.. 

" 

The'curves fdr 2.50 iriches 6f cover exhibit no failures up 

to 180 minutes. At 1,80 minutes, the u'l timate load is about-

47% of the ,corresponding ,load at zero time for the sixteen 'inch 

square column. Clearly,. .i~7reasing cover increases th.e .. fire 

~ndurance of a con~7ete column. 
", 

3.6 (b) Column Size 

The larger the' column, the 'greater will, be it's fire endurance 
\ 

for identical depths of cover~ ~s a square column i~ iner-eased 

in si,ze, the ratio, o.f internal., area of qon9rete, to exposed 
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'perim~ter of concrete ircreases, This' results in an increased 

.~ he~t capacity for the larger section. The inc~dent heat is 
'''''{~ .~ I~ , , • 

~ ..... ~- "~prea'd over" a larger area which resul ts in smalle'r ,temperature 
- , 

. rise,s at the steel lo,?ations. This effect can be seen ,by 

comparing results in figur~ 3.3 and .figure 3.4. At the time 

of 180 minutes, the ~iiteen inch square has ~ strength of 47% 

of the initial strength for e = O.lt and 2.50 inche~ cover. 

,Using similar design parameters" the twelve inch square' column 

has' only 26% of its initial ~trength. Use of a smaller cross 

section·results in greatly reduced fire. endurance. 

In the design stage of a concrete. member, the effects of 

cover should be :t;'emembered .. · A. heavily reinfor~ed inemb~~ with' 

" . 
minim~cover will have a low fire endurance. . However , a larger . ~" 

'-t 

COl~ wit~ th'e ~'ame 'or even less a~ea of steel at:. the .same ";:~\, 
"-:; 

.ste~l bar separation, w~ll have a longer ~~re endurance and less 

reduction of capacity", 
J • 

" 

3.6 (c) Placement of, Steel I 

The femper'a'tur~ in the steel is a function of the steel 

location ~n the cross section. For a g~ven depth of CGver to 

steel, the·temperature will be higher .in the' corners than at 
. 

any other l.ocation in the cross section. Figure 3.5 shows an 

" 

. - interact-ion. diagram with ',the posit:ion of the steel. re':"arranged 

from bhe uS,ual 4-bar corner .layout. Iri figure 3.5 half of the 

steel area is concentrated at tpe mid-depth 'of the cross section. 

The remaini~g one-half of, the steel is i~ the standard 4-corner 

position. 
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" 

F i"gure 3.6 ShO"'15 a partial comparison between the results 

shown in f~gures 3.1 and 3.5. At,th~ee hours of fir~ exposur~ 

there is a significant increase in the strength of the cross . ' . . .. \, 

section with t~e mid-depth steel compared to the simple 4-bar 

corner steel layout. If the steel ~as positioned on a circular 

pattern which would avoid the high t~perature locations, the 
, 

period,o~ fire endurance could be fu~her increased. 

3.7 E!fect of Steel Percentage 

Increasing the areas of the corner steel reinforcing bars 

will, not lengthen the fire endurance period for a column. The 
6.. 

the .j./J maximum steel stren~~~is depend~nt on its location in 

cross section. 

Figures 3. 7 and ~L 8 show the' effect of variation of tp.e steel 
, 

percentage on th~ ultimate load for sixteen inch square and 

twelve inch square columns, respectively. As expected, the . 
ultimate load a,t ,zero time, increases' as the percenta,ge of steel 

, ' 

However, the loads fo:t:: aLl three percentages of s.bi::!el increases. , 

approach the same ultimate load when the steel strength goes to . . .. 

zero. As previ~usly' noted, the computer program ,deducts for 
'./ . . 

area of concrete displaced by .the s~eel. ,For this r~ason, the 

tylelve inch square column wit~ .~ = 'O.lt and only 1.5% steel 

re,inforcing is ,s~onger than the c:r:oss s'ection with more steel . ' , 

after 150 minutes. When t~e concrete' at the level of the steel' 
• "0' 

loses i ts ~t~~ngth al.so", then the results for all. three .p.ercen-
.". . 
tages o~ steel Mill have a common point. 
" . ) , 

When. a colUI!ID is heavily reinforced, the steel carries a large . . 
" 

, 
" 

portion of the total axial load. 
" 

At the 180 minute exposure time, 
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the sixteen inch square with 3-1/2% steel has an ultimate axial 
\ ; 

, ' . 
load of 30.0%~of i~s origin~l.str~ngth for e = O:lt. The sixteen 

inch square ~Ol~ith' 1-1/2% steel has an ulti~ete load of 
, 

39.0% of its original strength under similar conditions. This 
r 

indicates that a heavily reinforced column wi~l fail under design 

load sooner than a lightly reinforced column. As can be seen 

in figures 3.7 and 3.8; the fire endur~nce decreases much mor~ 
, 

~apidly with increasing eccentricity of ~oad. High eccentric~ty 

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

3.8 Column Slenderness 

As the calumq length is increas~d, the seco~dary bending 

moments, {p-n e~f,ects} reduce the capacity of the pin-ended 

column. The effect of 'column length can ~e invest~gated by the 
.. 

program in App.endix A. The results in figure.' 3.9 show ~he . 
. . 

ef£,ect .o'f column length on the ultimate cross section load for 
, , 

zero and for 120 minutes of f,ire exposure. Increased column 
" , 

slendernes's lowers the'maximum axial load for all three c'ases 

'shown. 

For the sixteen inch square stan~ard column'with the properties 

described in figure,3.9 (a), the ul~im~te load a~ l20 minuteg i~ 

~5% of the load at iero time for'no slenderness' effect and e = 

O.lt., For a slenderness ,ratio of 30, th~ ultimate load at 120 

minutes is only 40% of ~?e lo~d at, zer~ tim?_ This decrease in 

cap?clty'is explained by the,loss of flexural stiffness (Er) 
, " 

due to heating of both c~mcr'ete and stee.1. As the concrete" is 

hea ted, th.e effectiv:e depth of th~ cross section ,..,ill be less 

than t_ As the effective d~ptn decreases, secondary effect~ 

" 

~} 

.~ , 
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When the percentage of ~teel is reduced there is a decrease 

in the maximum load for all column lengths. This can be seen' 

by co~paring results in figure 3.9 (b) for 1.5% steel with 

figure 3.9 (a) for 3.5% steel. Similarly, for a decrease in 

column cross section size, the normalized forces also decrease 

with, increasing slenderness. The twelve inch square ~olurnn has 

a greater reduction in capacity for small eccentricities at 

increased temperature and slenderness than does the sixteen inch 

square column. 

,-
3.9 Sununary 

This chapter has presented the results of analysis of 

inidivi~ual columns subjected to various durations of exposure 

to fir~. It is thought that these results provide i~p.ortan~ 

information on the effect of various parameters on column capacity_ 

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

evidence of column fire endurance. ,However, isolated columns 
. 

which are ,unaffected by th~ remainder of the structure are seldom 

found in "practice. Therefore, a more realistic e~a~uation of the 

e~fect of fire' on' column ',capacity rna? ,be found by ana~yzing 

columns as part,of a,corttinuous frame. This subject is discussed 

in Chapter 4. 

" 
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Chapter 4 

FIRE ENDURANCE OF REINFORCED CONCRETE FRAHES 

4.1 Concept of Stiffness Properties Based ~ Transformed Areas 

The calcul~tions 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 

sa~e point, usually the mid-depth, the two forces are related. 

In this chapter, the" same relation between external' and 

internal forces exists. Howev~r, there is also a relationship 

between the forces, the stiffness properties and the' internal 

strains. For an elastic section, this relationship is as follows:~ 

EA = P/i;cg or P = EA i;cg 4.1 

EI = M/<p or M = EI <p 4.2 

( \. 

These relationships are the basis of structural analysis. As 
, 

before, the values .for forces" stiffness properties and strains . ' . 

must be 
r) 

calcualated about ~. common point. What is this common 

point? The arbitrary selec~ion of the mid7depth is as valid ~s 

selecting the extreme edge of the cr~ss section. The internal 

'and .externai forces will balance at either of these points. 

However, the value of EI found by equation 4.2 ,."ill not correspond 

to the value of EI calculated by using the second moment of ~he 

aiial 'stiffness about that particular point. 

It i~ known that EI, determined using transformed section 

propert.ies·, wi!! vary for. different re£erenc~ pOint.s in a .' ' 

p~rabolic fashion over th~.cross section. This will be shown by 

'\ 
.. ~)o 
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equation 4.5. From mc'chanics·of $ections, it is known that 

EI will be a minimum at the transformed elastic-centroid,· 

(EI. ~ EI ). This transformed elastic centroid is found by 
m~n cg 

considering the summation of the first moment of the element 
.. . -

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

then be referenced ,·'to tha t po int by equation 4. 3. 

d = (EAd) ./ EA cg J. 4.3 

, 
The value E1cg can be found by 

EI = EI. ~ ( EA) (d. - d ) 2 cg l. J cg 4.4 

The quantities EI., (EAd). I d. and d are all referenced to 
]. 1]. cg 

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

of transfGrmed area at any point, j, i~ found as follows: 

E1. = E1 + EA(d.-d )2 
J cg J cg 

4.5 

"-
The curvature used in equation 4.2 is a constant at ~ny 

point on the plane of s~rain. However, the moment due- to 

eccentrically" applied load'varies linearly depending on the 

re~2rence point ov~r the c+oss seotion, as long as P is'greater 

than zero. Thus El, determined. by this manner, wi~l also vary 
\ 

linearly. The moment will be calculated about the same initial 

point, i. Therefore, the moment at any point" j, will be: 

-. M. = M. 
] l. 

P (d . -d. ) 
" ' J J. 

4.6 



, 
Then,by using equation 1.2 

EI. = (M. - P(d.-d.})/ ¢ 
J ~ J ~ . .', 

Unlike equation 4.5, equation 4.7 has no minimum. 

of 8I. can seemingly be calcula ted by bolO methods. 
J . 

the two methods result in different values for EI .. 
J 
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4.7 

The value 

However, I 

/ Both I 

I 

.' 
J 

I 

/ 
I , 

methods vary due to a change in the calculation reference point. 

Equation 4.5 will always vary, no matter what the external loads 

may be. Equation 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 elastiq structural ~nalysis depend on the 

members of the structure being defined along their elastic 
" ':--". 

centroids, even simple columns. In the analysis~ the axial forces \, 
~ ") 

are determined such that they ""ill 'act ..along the cent~oidal axis 

of the member. The bending moment forces are also defined in 

reference to this axis. The value of E1., when calculated by' 
) 

using~element aXi?l stiffnesses is a minimum by definition at 

the transformed elastic centroid. Thus,it appears to b~ 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 identlcal to t~ose 

determined by using the element 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 ~he element axial stiffnesses if the axial strain is taken as 

"\ 
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" 
. - ~ p 

,Therefore, 
.... I 

it is now stated that the values ~or the stiffne~s 
, . 

,- properties E'; and EI must be' ,defined at the t):lnsformed' ela:sti~ 
:.. .~ 

• or;,. " v ' 

c~ntroid £or use~in any:s~ructural.analysis program. For th~s 
~ 

~efereI'lce point', /he valu'es of EI' and EA could be found ~by 

ei ther method. . How:ever 1 .th';.. non-linear 'the~mal expans~on prpduces 

what ~s in ,effect the same',thing',as a non-linear stFa'in , 

distribution. Th'us ~~ly the. meth?<?- b~sed on' el~ment ax~al 

stiffness is used i~ this inv~stigation. , j 

, ' 
\ 4. 2. 'Calctilatio~ o£ Stiffness Prqperties 
~ . . ~ 

The calculat~o? of.EA .and .EI proceeds ,~n a manner analogous 
! 
" , . 

:~~ 

'. 

to' the, method used ~n, obtaininr e'l.ement force on the era,s5 5ectia~';,1',. 
The procedural steps are ident'icai unt:tl the su;mmation. At thi9 ::t. 

~~ 
point, the concrete element force. is'divided by the total stra~n 

•• , ;0'" ~ ~:. 

• t&). • 

or' the ';;'~ontact' strain II, as ~t' is referred to in 1::his study. The 

contact stra,in is the sum ·of the "apparent strain as can be . 

measured"plus tpe inte~nal strain due to thermal expapsion. If· 
0, l< ... . .. \" 

" tnc con~rete is cracked due to .'ex.ternal forces, there is neit~er 

strain .nor stress in tJ:e. ,element .. · 'TJ;1ermal expansion at ,this r 
. . ' \ . 

element could ca,use a net comp~essive ~train to O8"cur a~·.t.he. 
(>. ' • 

clement'comes into contact at the crack. Similarly, the qddit~on 
• 0 

" ... 
of pxpan~i~n strain couLd cause an element al~eady ,in compression 

~ J ~. 

to crush l losing a~l strength~ This c6n~act strpin isa measure 

of }:.he 'a~tual' effective internal strain. O~C\l.r~ing .in the cOI}crete., 
1 

element. 
~ t" : 

, The resu~t at, d,i,viding t~e el.ement force by the 'conta~t strain . . ... 
::? " 

gi ves 'the element axial stiffness property. 
, / 

Thi,s ca~' also 
, , 

be 

defined a,s the secant. 'mod41us fo.r the element mul t'ipl.ied . by 
, 1 • 

the. 

\I-
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the effectiv~ area. The followins ~ummations are carried out 

at the'mid-dept~ of the cross :section. 

EA 

; 

n n P " 
= . 'I:" ~ ( c~J ) 

i~l'j&q ~ " 
c~J 

,~ 

+ 

n ,n P " m 
E~d 'I:" ~ ( C1J d) ( 

n. ~t = £. t... C " '+ l: E k A k d k) 
2 . i=l j=l "'cij ~J k=l s S S 

m 

-, 

4.8 

4 .• ,9 

.EIl,. 
: '2t = (tr/n) ?.») + 

12 ~ (E k A kd !'2:
k

) 4.1i)' 
k=l s 5 s 

, 
Sinc~ the propert~es are calculated about the mid-depth, th~ 

" . 
value of EI ~ can be found as' follows: 

C';1 , . , 

The values 0f EA and E1 are·now ready for the struc~~ral 
cg 

analysis prog~am~ " 

, , 

4.,3 Load-Deformat.ion Relat-io'nships 

4 .11. ~ 

The behaviour of the internal cross sectioQls~rains have been ,.. , 

exa.mined in relation to the exte'rnal loads,. For ,this study; . ... ,. .. -{) 

the s,tandarq sixi:.'een, i'nqh square cross section d~scribed in 
, , 

section 3:5, was used. 
" . ~. 

~he effe9t of t~rnperat~r~ on straina 

~ . was <not included in this section of the i~ves,t.igation si.n~e :. 
, , ' /. . . ' " 

i~creased temperature' wiil only affect t'he Jtlagnit~cies of fo'rces . ~ ~ ~ 

the and qat the gen~r~l concepts involved: ' Figure 4.I·shows 
(-

mater~~l propertie:s ,£:or the ~oncrete arid steel as,. defined: in 
. , 

," ' 

4:, 

section 2.6. , Al.so· sh~n is the' interac~ion'diagr~m obtained at 

" on the " 
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,/ 

gr,aphs lie within this ~n,te~action ~i~gram. 

Three d,istinct characteristics for load-deformation curves . :. . .. . 
will be seen. The most obvious characteristic is the point of 

~,¥~ 

ini tiiii" 'tension crac,king of the concrete. ~his ~\Point' i:s 
, , 

e~pecially evident on the moment-curvature graph (Figure 4.2): 

The otper characteristics to notice are the points 'of tension 

. yield of "steel and compressidn yielding of the 'section. A large 

amount of duc.tile behaviour occurs after steel yielding and 

before section failure. 

" 

4.3 (a) Mornent-~urvature,Relationship 

The moments Galculated in this section were those taken about . \ ~ 

\ 
the trans£'ormed 'elastic centroid.' t:~. 

" ~rom Figure 4.2; it can b~ 
9 

seen that the intensity of the axial load stronglY,influences 

the 'moment-curvature relationship>. : 

For ze:ro axial, load, t.he moment-curvature relationship i.s . ' , 

, " 

close to being a straight ~ine, ';lntil r,eaching the, point of tension 

'\ st,eel Yi~ldin~. T~e curve ,then exhi~i ~.s, very d~ctile bel:lavi'Ou~r .' 

up to- the----eopc-rete- -cr-':lshiRg;--anG-he-nGe,--f,ailUl:.e--~-As _the. -axi~L . __ , __ ' , 
, '. 

-load '~s Increased, the: 'i~}'tial ~traJ..ght ,l,ine po~tion of the cu~ve. ' 

becomes steeper. This ~ncrease in the st~epness ~s .at' a poi~t . 
, , ' 

between a ,value o£ P',of 0.25 and 0.50. Lqoking at the interaction 

diagram, this particular value' of 'P' ,where this increase stops, 
" 

corresponds to the', balanced conditions. , After this point of . 
, ' 

, . 
balanced' conditions has been exceeded, the straight line portion , . 

b~~ins to los~ ste~pne~s,and moves in the di~ection of the zero 
().".. , , 

a~i~l l:oad cu,r:,ve. This" behaviour ~aused. by .iI}creased axial 
'. 

loaa indicates "that for a section with a low axial load, an 
, • Q 
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increase in that load allo~s the section to carry more bending 
'r, .' .'. / 

moment at the same curvature. However,' after passi,ng the qalanced 

load point,.an increase in'axial load is detrimental to the 

Ii'\oment capacity. 

witfi increases in axial load above zero, the'~bi~t'oi tension 

cracking ·is mor~ evident. This cracking mbment increases as the 

axial load is increased. 

For low axial 19ads, a great amount of duc~ile behaviour can 

occur once·the tension steel yields. The ductile behaviour 

continues'bey~nd Yi~lding of .Gompression qteel and up to the 

point of concr-ete crus~ing when failure occurs. 

. ... 
~~~ 4.3 '(bi Axial Load-Axial 'Strain 'Rela t'ionshie . 

: .~:::~ 

. ' 

The axial load has been allowed . to go ~nto 
J 

,~' 

the tensile region ".f 
.;~~ 

I. . , 
on the graph in figur~. 4.3 which describes the axial load-axial 

. , 
stra~n b~,paviour fo,r~~rious constant moment? The axial .strain 

plotted is' the strq1n at ~he transfor~ed elastic centroid. 

As would be expected, ar~ curves pass through the origin. 
'l .' .!. 

.. ,'...~ 
"i'. ._-
J1 
:; 

------.-..The_~~e ___ fpr_~z~~9_' bending m.oment is a s.traight line in 
" .. --- --..-~-,- ---- -----7~---- -~----- __ .. _ _ _____ .... ~ _____ ~_ 

the' tensile 
~ 0- • • 

region,' since the concrete is completely cracked. Wh~n 
- '7 _ '" 

the 
-

. axial load is compressiv~, the graph follows a line resembling, 

the shape of the c:::oncrete., stress ..... strain curve. ,The stra in a.t 

maximum concrete stress is the point of failure 'for this curve. 

It i.s noted that the steel yie'lds at 'very nearly the' same' st'rain. . , 

Up to' M' equal to r .15, there exists ,!:he poss'ibili ty, of' a 

tensiie a'x~al lp~d.. 1}.bove th;iSi moment, the axial lo'ad: must' be 
.. . . : 

compressive to avoid failure.' In the tepsile region, the curve~ . ' . .' , . 
'approach t~e straig~t l~ne far M' = 0.9. 'Deviation from a 

-if' 

. , 
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For the com~r~ssion region, as l6ng as'the strains on -the 

~ntire cross sectiQn remain 1n compres'?ion, there is li.ttle 

deviation from the zero rco~~nt cu~v~.. WJ:1en the axial load i's 
, '", ... 

low, te~sion st~ains can develop even for smail M' rabios 
, ' 

{ie. when M/P > t/6),. As the axial load is i~creased for the 
'. , 

low mo~ent curves, ~he;y w'ill appro,ach the zerC?' mom~nt' curve 'again. 
, . . 

Mc~ent ,values aoove .O.7~ will always result 'in tension cracking 
,r 

of the, concrete an~ hence, larger deviation from -the z~ro moment 

curve • .'High M' ,values of 1.25 or 1.58 show two different yield . , 

p~ints. at. both ends'?f'thei~ curves. 'The yield point'at low 

. axial load indicates plastic defo~ation iIf ,the tension ste'el. 
, . 
T~ yield p~int at high axial l.oad is caused by compress,ion 

, . 
,_ 

steel pl.a~tl.c deformation an~ :Qy the loss in compres-si9n strength \: 
'-... '::'\I[~ 

of 'the concrete ,after the ultimate strength has been exceeded. "1 

4.3 ,(c) Axial Load-curvature' Relationsl:lip 

The first feature n~.t.ed on, F.igure 4.4 is tl1e 'fact tha't for 

any va'iue of axial load, an incre:ase' i~ the bending moment causes 

an' increas~ in the 'curvature. As the moment is inc~eased' for 

" . a ,const'ant' axial load -;' -the rate of chan:ge in -the curvature also 

.. increases. -. 
~or, an.)' cokta~t a,xial load I -£h~ .c·-q.rva:t.uref'~ha.s two local 

. maximum va~~es. Starting at low axial Ipads {tension if 

i peFmitted}, there is a ,maximum due to tension yie:ld·ing. ,As the 

axial load is ,increased, at copstant moment, th~ curva~ure 
, . 

decreases. The adqi~o~'Of com~~e~~ive.axial load places 

of 'the cracked ~ection under coml?ressio.n,. This inc'rea's'es 

more 

ef.fective area up to . the point where there is, no crac'ked concrete 

. , , 

• ;;' 
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. ' 

remaining or until 'the concrete under highest compre~sion reaches 

the rnaxirolli~ strength. The curvature gradually increases as the , 

". 
" . 

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

stress-strain relationship: 

The ductile behaviour at low axial loads and high moments due 

to yielding of the tension steel is indicated. The post yield 
e' 

behaviour assoc~ated w~th high ~x~~l load expibits less 

ductility. Also, the yielding of the compres~iori steel coincides 

with a rapid deorease ,in concrete capaqity. These two'features 
~ , 

result in,a m?re: abr-~pt failure. The curve representing .. a 

constant M' of 0.25 is of special inte~e~t: When the concret~ 
, , 

. .. 

section is fully c:rCl:eke~, the. 'curvoa')Jlre is a, cOl)~tant relate?- to ~" 

the steel' beha,yiour. F,ailure due tf increased tension is abrupt .. ~.:.; 
,t ... 

since little plastic distributio~of forces can t~ke place when 
, ' 

~ll the t'ension" steel y.ields at the same t :\.me. . ' 
For a large 

compr~ssive .a,.xial load coupled with Im'/ ,bendi:ng moments, the 

failure ±s again abrupt. In this case it i.s the c0mbined resul,t 
, ., 

of~ompre~s\ion' steel. ~·iel·di.ng and c~ncrete crushing . 
• J 

t 
, \ 

~~4. 2J!iatio~ of EA and EI.witti External 'Loads 

The behavio~r of the transformed section properties relative 
1 + _ _ _ It I Q • 

to the external lo~ds has peen examined. As in section 4.3, 

analysis have been made. using the 'standard sixteen inch square 

cross section. 

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

4 .6 . we.r:e obt·ained usi~g the t'ransf~rmed section method of 

o~lcula tipn •. The a'X'ial' lo~d is both tens:j.le and compressive I 
...... , r ~ 

resul;ting in a full definition of the section p:ropert:Les for any 
.' 

\~~~~~ 

'~~;'i 
;;. 
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load combination. It .. "ill be noted that the poin\:. of tension 

cr~cking is, the most im?ortant aspect in determining the 

t.runsformcd section properties. 

The values of EA and EI at any load and moment are normalized 

by dividing by the respective values of E A and E I ". 
c c c c E is c 

the v~lue of the elastic modulus of concrete calculated at low 

axial strains. The stress-str~n curve for low strains is close 

'" to being linear. A and I are - the' area and moment of inertia 
c c ~ .r 

respecti vely of the uncracked1 s'ection.l-

4.4 (a) Variation of EA and EI ~ith Moment 

The normalized curves for EA and E1 shown in figure 4.5 ~ 
and figure 4.6 are very similar in appearance as would be expected.:-... ' 

EAt and EI' are plotted for a constapt v~lue of pI, with M' 

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

For cross sections with a compressive axial force, there are 

three distinct ,segments to each curve. For each curve for both 

EflV an~ E1 I, there is an initial high value I < then a trans! tory 

stage followed by a relatively constant low value as the moment 

increases. \ ',. 

The ini tial high plateau for EA' .or EI' wi ~h compressive 

axial load, is the result of the cross section being fully 

effectiv·e. , The extent of this high p.la teau up to the ~tart of 
1 

t.he transitory stage is directly propoxtional to the axial ~;oad, 
, ~ 

the' larger the 'load ls,then the' greater is the e~tent. The 

secant modulus~for the concrete stress-strain curve is greatest 

for ~ery small strain~. This results. in ma~imum val~es for EA' 
/. 

At concrete cracking,' there is a drop in the values - ~ 
and E'.I' '. 

'. 
EI'. The slope of this transi~ory stige is'st~epest 

of . 
for 

\ 



.... ' 

I 

,\ 

B3. 

>' 
low axial loads. The slope is more severe for Ell ~han for 

EA I. With low aXl~l loads, the c~acked ?ection sta9ilizcs 

rapidly to the relatively flat segment of the c~rve. With high 

compression, the trans'itory stage is more gradua.l a~d failure 
, 

may occur be£ore EA' and EI' revch rel~tiyely constant values. 

After the transitory~ stqge, the values'of EI' and EA' for 
. , '" 

lo~ axial compression,are nearly constant but grad~ally dccrcase~ 
. 

for inc~eases in the moment. At the yield mo~ent for low 
I . 

compression loads, there is~a sudden drop in khe stiffness 

properties,which is indicative of a plastic behaviour. At high 

~ compression loads, the failure is sudden du0o' concrete ,crushing 

and compression ste~l. yielding. 
\. ~ 

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

. .-(E A ) t and (E I ) I the normalized stiffness properties for the s s . s S I . . 
steel only. As long as the concrete i p ~olly cracked, EA' ana, 

EI' remain constant, When compression in the concrete begins, 

as the moment is increas~d, then EI' rises to .the previously 

mentioned nearly constant value for cross sections under 

compression. The values r~re~n nearly constant until tension 
't 

yielding odJ:urs. 

As a comparison, th~; valu~ of EI was calculated using the 
. 

moment about the geometric ce~t~o~d divided by t~e curvature. 

The campara tive graph is plotted in Figure 4: 7. Altho"ug~the 

gen~ral shape is similar, ther~ is substantial differences in 

the actual values. The changes in EI values are more gradual. 

The aifferences between the two sets of EI curves 'in figure 

4.? are q.ue to the movement of the transfor,med elastic centroid. 

The ~ffect on moment is shown in Figure 4~8~. Here the moment 
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about the geo,me,t::ic fE?nt raid i q plotted against the ~o,ment 

about the ei~'s-t;iC ce~ trQid·. Only f;or the case of zero axial 
\ " , , \ 

load is there a one tb one ·co~lation. For low axial loads, , \ . . , 

there.· i~ a rapidly in-dreasing difference ~oi a porti~n, of the 

cn::-ve until the elastic centroid becomes stable. A stable 

centroid is ~ndicated by the constant offset of the parallel 

lines fo~ p~ ug to·O.S. Up to p~ ,equal to O.~, the elastic 
, , 

centroid of the transformed ·area moves several inche's towards , .' 

the compressio~ zone. AS' the axial load is increased', the 
, ' 

effective area also increases, pulling. the centroid away f~om the 
\ , 

compression steel. At high axial lo~ds, the concrete secant 
. . . . 

modulus is, larger on the tension side moving the elastic centroid .. .. " 
, . , . 

to the tension si~e of the geometric centroid. The ~ai~s at the 
, . . 

ends of each curve pn Figure 4.8 indicate the mode of failure. 

A tail to th~ left in~icates tension failure whil~ a tail to 

the right indicates compression failure·s. The elastic centroid 

moves away from ~he failure ·side. 

• J . 
4 ~4 (b) 'Variation of EA and EI with Axial Load 

{ 
, ~ 

The curves for EI I and EA' are J?lotted f-or con,st;;ant M f 

.v~.rYing P '. in figures 4.9 anq 4.10. The' value '!fJ.f ~' goes from a' 

mlnimum (negative if feasible) to a maximum in compress~~n. 
t 
\ 
I , . 
. ,For' a nega·tf ve axial ioad, the 'EA' .and EI' values are 'close .. ,-..... 

t~ the (E' A ')' and (E I ) t values',' respe<::tively. 
. " . s s s s . .. . 

. . "-
As the ax~al 

load is increased, increasing, ~he effect~ve area, all curves up 
L • .... • 

,to'-M" of 0.75 'approach the boundary. curve <;lefined by M' equal, 

to, 0..0., The ductile nature of the yielding' cros's section ·is ~gain 

. evident. " ' . 
/ 

1 
I 
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4.5 Method o~ Structural Analysis 

For a reinf9rced concrete frame ~ere is a p~oblem with 
, , 

defining the geometry. The transformed elastic centroid is . 
, 

dependent on the magnitude and the eccentricity of the axial load , 
/ . 

and o~ the .magnitude of the bending moment. This causes a continu2 
.. 

shifting of the centroid as t~e forces ·change. For instance, at 

the onset of tension cracking in the. concret~ there is a very 

~a~id movement of the' centroid tJtards the compression z~. 

For an elastic structure, thQ centroid location· does not . . 
.'change, but far the non-lin'1'r~~e, the centroid Will 

change. This necessitates.adj the memqe~ stiffness and 
~ 

transformation matrix as the joints defining the centroidal axis . . 
move. This would~c6mplica~e the analysis. 

To determine the importance of this movement o~ t4e centroid, 
. . 

t"10 analyses Ylere performed using a sing·le-bay, sin.gle storey . . , 

~einforeed concrete fra~e. One analysis used the mid-depth of 
( 

the cross '?ection as 'the centroidal axis (the straig~t frame) • 
.. 
while the other analys~s used the actual ejast~c'centro~d (the 

. \ 

crooked frame). 
~ -'I 

'At first appearance, the results shown in 
• • • t 

'J 

Figure A.ll for' forces'seemed to be'greatiy aifferent, but this 

was due' to a aiffer.ent reference pJint for I!loments for each 
I' . 
~ . ,. .. 

analysis •.. For qomp'arison, the force~ in the c~ook~d frame wer~ 
. . 

tl;'ansposed to.' th~.· mid-depth of' the cross section wh~ich was the 

.,centroidal axis for the,'straig'ht 'frame. Now the b~nding moments 
., 

are in close agreement,. as are the deflect'i,ons arid the transformec .' . , 
section properties. It is noted that the' frame shown·~n Figu~e 

. . 
4.11: is a small, frame •. As the dimensions,Of the' frame are,' .J 

increased, the ~ffe6t of movement:. of f..e centroidal axis' will 

.. 
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dec~ease., For this study, the effect of the movement of the 

centroidal axi~ will be ig"nored. Therefore, all moments, forces 
• 

and stiffness properties will be calculated. for convenience, at 

the cross section mid-depth. The resulting st~fness properties 

are transposed~to the centroid to obtain the actual minimum value 

for EI. Tfte value of Ef at the centroid is used in "the frame 

analysis wnich is referenced to the mid-d~pth of members. 

no larger than the one or two percent convergence tolerance 

should o~cl.i'r. 
\ 

A further consideration.is the secondary bending moment 

Errors 

(P-~ eftect) due" to joint translation under applied loads~ This 
• 

effect can only he taken iQto account for a multi-storey building 
r '. ~ . ~ 

by making use of the deflected shape of the entire structure. . ' 

Thus the deflected shape of the centroidal axis becomes the 

input geometry of the frame. By an iteration process,/carried 
~ 

ou~ at the .sacl~ time as the forces and section properties are 
~ 

being adjus·ted,' a final deflected"'shap~ is attained. Each 

iterative cycle prod~ces new deflection~ which are referenced 

to the original geometry_ As the, cycles proceed, the change in 

deflection decreases approaching. a stable configuration if there" 

is no buckling. : A~so the. moments at th~ centroids change in an 
. - . 

amount equal to the axial laad multiplied by the reference ~ 

deflection.- The reference deflection is define? here as the 

qisplacement of the load on the Prame relative to the Joint 

bein9 invest~gated. 

clearly. 

Figure 4.12 illustrates the P-b effect more 

The _fil)al config).lrat;ton O.f the frame ~s the sum of the initial 

geometry and the' joint deflections. This fina1'configuration is 
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" 

15 close to the deflected shape obtained after only one cycle 

of analysis. It shoulq be noted that if the frame loads were 

reversed at this deflected shape then the frame would mQve back 

to its original geometry w~th only one' i~eration cycle. 

Examining the base moments for the left column shows that the 

change in moment due to deflection is 11%. This is a large 
\ 

variation and is qu~te important. Moreover, the. effect of 
J , 

secopdary bending moments will increase greatly as the number 

of floors in a building increases. In the present study, only 

~he primary ef~ects of f~re exposure are examined. To i~clude 
y 

the secondary effects of , joint translation could possibly hide 

the desired 'information. Comparisons in th.is chapter are for 

different heights of ~ilding. Clearly, the secoRdary effects 

would be different for the different building heights. 

the P-6 effect has been left out of the frame anJlysis. 

actual design should include this effect. 
. ) 

Therefore, 

An 

. The foregoing has deal~ with how ~n inelastic frame is defined 

with .regard to its stiffness properties and its geometry. A 

method·of successive linear approximations of ~he inelastic 
I 

frame has been developed to analyze the'inelqstic frame. An 

in~tial approximation to the stiffness properties is made. These 
, c '. 

stiffnesses are used in an elastic structural analysis resulting 

in member farces. Tq~se forces ar.e used to determine the cro~~ 

section-strains which are in turn used to obtain new estimates 

to .the member stiff.ness ~roperties. This cy.cle continues utltil 

convergence has been obtained, if possible. A more detai}.ed 

e~planation ri£ fhe program is'available in Appendix A section 

A.6 (b): 

I 



4.6 Results and Observations of Frames Subjected to 

Fire Exoosure 
h 

4.6 (a) Frame Details 

. 94. 

Different.ial thermal expansion over a .cross section is more 

detrimental to the section ca9acity than is a,uniform expansion. 

In a similar manner, expansi~ of on~a few sel~cted members in 

a rigid frame will have more serious effects on these member$ 

and on the remaining fr~e than if all members of the frame were 

exposed to fire. There is also a great expend\ture of computing 

time ,required to analyze a complete frame rather than a portion 

of that f.rame. 

Restrain~ of thermal expansion must never be ignored. Even 

"'" at ternpera~ures just above room ambient there can be difficulties 
~-

in a frame due to expansion. The expansions resulting from fire 

exposure 'can have maj~~~tructural 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 foundation" . . 
locations. However, if only a few members are expanding, then 

elastic restraint" is afforded by the. members which are not 

expanding. 

A three-bay builaing with varying building heights has been 

examined with two lower floor columns exposed to fire. The 

columns chosen were one interior column and one exterior column. 

The inter~or column was heavily restrained by the short floor 

beam spanning the bui~ding hallway. The exterior column had 
, 

much les~estraint ~ince the floor beam attached to it spanned ~ 

a longer distance. 
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The height;. ,#ffect has been studied using t\vO, four and 

t'ight floors .. , (see Picture 4-: 13) The restraint function should 

Increase as the number of floors incrcasc~. Since the expansion 

1 S resisted by fram~ action, it follows that the greater th"e 

d1si:-,ance from the expanding 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 zero time, the 

cross section stif~ness properties of all" members not exposed 

to fire ruve been set as an elastic constant, for all fql10wing 

times of exposure. A set of representative design values for 

floor and wind loads have been applied to th~ frame. These 

loads are also set as constants . If the external wind and 
. I 

internal live 'loads varied, then it ,.,auld b0 difficult to 

determine the effect of the fire. 

The low~r column axial reactions would normally vary as the 

building height changes.~ ·However, the stiffness properties of 

the cross seotions W9uld alsd vary with the cpanging axial 

reactions. Likewise, with a change in stiffness characteristics, .. 
the thermal expansion force would also change. As before, all 

of these changing variables will hide the effects of the degree 

of res~raint ~ssociated with different building heights. To make 

up for the loss ofaxl~l load due to the remOVal of uppe~ floors, 

point loads equal to the loss have bee.n added to the columns on 

the top floor. Now all three trame~ 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 tHO are the columns 

exposed'to the fire. Columns three ,and f~ur were not exposed.' 

4.6 (b) Force Redistribution Due to Fire M Exposur'e 

The nor.malized 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 fr~mes. Two cases, one with expansion and one 

wit.hout, were studied for each building height. 

Thj?-e£fect of mome'nt redistribution is evident for both cases.' 

The moment is substantially reduced in the fire exposed c~,lumns r­
as 0 the 0 period of exposure is increased". Some of this moment is 

.. - ~ 

" .,. '. 
transferred to the adjoining columns and some ';:00 the floor beams .. ~_ 

. i 
The total moments are not gre?tly a~fected by ,the inclusion of 

,expansion in the ~olumns. This is partly because the ~arge part 
.. ',' . 

of the column moment is c~used by the lateral forces. This loss 

of column moment is be'neficial .to the fire endqrance of the 

exposed columns. However, the increase in moments in the 

unexposed columns causes them to be overloaded.' 
" , 

The~column axial loads are affected by the inclusion of thermal , 
'" 

expansion' 'in the analysis. Wit.hout. expansion. effects,' the 

heated columns may lose a small portion of their 'axial loads due 

to the decline of' EA. However, columns with thermal expansion 
" I ' 

included have l~rge in~reases in axi~l load., 
< " 

The increase in axial load is not restricte~ to the column 

length between ~he flbors where ~he fire e~ists. The expansion 
, 

in the lo~e~ column.aff~cts 'the ~hOl~ building column from the 

foundaotiQn to "the roof'. Tl1is, is shown in Taole 4.4. The i:nitia~ 
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FORCE LEVEL AFTER FIRE EX~05URE t: "' 9 Q) • ..-1 Q) M , 

U, +lUQ) 
M ~ • ..-1 ~ :> , 
0 0 t: 0 Q) 30 60 90 120 150 180 u ~ H~H . 

p 0.291 0.291 0.292 0.292 0:'293 0.295 0.297 . 
1 MOo 0.272 0.262 0:231 0.199 0.168 0,,133 O~ 101 

M" 0.294 0.285 0.257 0.226 0.192 0.153 O~117 
, 

" P 0.404 0.403 0.399 0.393 0.386 0.376 0.368 
2 MOo 0:077 0.07,4 '.0.066 0.058 0.049 0.040 0.030 

M .. 0~081 0.075 0.057 0.041 0.029 0.019 0.126 
. p- v ..... 345 0.346 0.351 0.356 0.~64 0.374 0.387 
3 M.. 0.264 0.268 0.285 0.304 0.324 0.349 .. 0.374 

M ... 0.288 0.291 0.299 0.307 0.315 0.321 0.324 
P 0.272 0.272 0.271 0.270 0.269 0.268 0.266 I 

4 M .. 0.006 0.010 0.027 0.046 0.067 0.095 0.124 I 

M" 9·219 0.217 0.208 0.198 0.186 0.172 0.159 
p 0.291 0.281 0.275 0.292 0.290 0.286 0.286 

1 MI. 0.272 0.12B 0.083 0.083 0.054 0.,046 0.0'37 
111& 0.294 0.18~ 0.153 0.138 0.076 0.060 0.047 
'p 0.-404 '0.484 0.548 '·0.4.70 0.438 0.439 O. 4 3L~ 

'2 M~ 0.077 0.050' 9.040 0.031 0.027 0.020 '0 ~ 124 
MOl O.Oa"l . -.036 -.072 -.042 -.019 -.008 '-.004 
p 0.345 0.264 0.193 0.258 0.302 0.312 0.321 

3 'M .. 0.264 0.291 0.28.4 0.304 0'.362 0.387 0.400 
My 0.288 0.436 0.546 0.495 0.456 0.4:41 0.437 , 

P 0;272 0.284 0.296 0.293 0.282 0.276' 0.274 ' 
4 M .. 0.006 -.033 -.092 -.034 0.051 0.084 0.101 

Mu 0.219 OJ. 19 6 D.ISS 0.160 0.145 0'.146 .0.140 

Table 4.1 Eight storey Frame Analysis 
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,..., FORCE LEVEL AFTER FIRE EXPOSURE 
to q 

'r:! Ql r-I 
~OQ) 
.,.. l-I :> 30 60 '90 120 150 180 C 0 Ql 
H~H , " 

6' 

0.286 0.286' 0.287 02.87 0.,288 
r 

0.290 0.289 
0.271 0.261 0.230 0.199 0~168 0.134 0.103 
'0.29'3 ' 0'.28'5 0,.256 0.226 0.i92 0.154 0.118 

0.400 D.399 0.397 0.393 0.'388 0.380 0~371 

0.077' 0.074 0.066 0,058 . 0.050 0.040 0.030 
0.0'79 0.073 O. OS,S 0.040 0.0'29 0.019 0.01,3 

0:351 9·352 0.355 0.359 0.364 0.371 0.381 , 
0.263 0.268 '0.284 0.303 0.324 0.349 0.374 I 

0.288 0.291 0.,298 0.306 0.313 '0.319 .0.319 I 

0.275 0.275-. ,0.274 0.274 0.273 0.272 0.271 
0~05 0.010 0.026 0.046 0.068 0.696 0.127 
0.219 0.216 0.207 0.197 0.186 0.172 0.158 

0.286 '0.279 0.27J 0.284· 0.285 .0.283 0.283 
0.271 0.124 0.077 0.080 0.054 0.046 0.,037 
0.293 0.187' 0.150 0.136 0.Q78 0.060 0.047 

0.400 0.459 0.510' 0.'456 0.426 0.423 0.419 
'0.077 0.049 0.039' 0.031 10 0.0'27 0.020 0.013 
0.079 --:.041 ,-.OBI ' -.046 -.021 -.008 -.005 

0.351 0.292 0.238 0.285 0.321 0.330 0.334 
0~263 0.289 0.279 ·0.301 0.359 0.386 0.400' 
0.288 0.444 0.566 0.512, 0.460 0.439 0.437 

' -
.0.275. 0.282 02.91' 0.28.8 0.281 0.277 0.276 
0.005 -.039 -~lQ7 -.046 0.046 0.084 0.101 
0.219, 0.19-.5 0.185 0.160 0 .. 144 ·0.144' 0 .139 

, 

Figure 4.2 Four St9rey Frame Analysis 
\ 

.-' 
~ V(.;:;,Jl1('tP#' 

, 
., 

\0, 

. ... 

... J 

\0 
\0 



rr::.. 

.. 

~r to Figure 4.13 
Frame and Loading 

ails 

M •. ~.f~fl~ 
'''1. lv~ '-"'" M" ~ .. .. 

pl I p 'p1 
321 

.. 

r-I FORCE LEVEL AF.TER FIRE EXPOSURE 
~ . m ' . 
9 III .~ CV r-l 

() .JJU'Q) -, 
r-I ~ 'M H :> 30 60 90 120 150 180 0 0 S::OQ) 
U r:t! H~H 

P 0.283 0 .. 283 6.283 0'.283 d.284· 0.284 0.285 
!Zir M" 0~259 Q·.250 0.221 0.191 0.161 0.129 0.100 
0 

M" 0'.'266 0~258 0.234 0.206 0.176 0.142 0:109 ~ H 
CJ) . 111 z p ,0. 388 0.388 0.386 0.384' 0.382 0.378 ,:( 0.372 I 
~ 2 M", .0.090 0.087 0.077 0.067 0.057 . 0.045 0.034 
~ 

~ 0.046 0.041 o . '0 2 9 . -0 . 0 19 b.Oll 0.007 0.004 .~ . 
8 P '0.364 0.364 . 0.365 0.367 0.370 0.374 0'.380 
0 
0 3 'l-l 0.244 0.2.4 Q 0.266 0.286 0.307 0.333 0.359 
:r: I' 

E-! M .. 0.260 0.263 0.271 0.279 0.286 0 • .292 0.292 ., 
H -~ 

~ p 0.278 0:278 0.27~ 0.277 0.277 0.276 0.275 
4 M" 0.011 0.016 0.033 0.052 0.·075 0.104 0.136. 
. M 0.185 0.182 ·0.173 'a. .163 0.152' 0.139 0.126 

1& . 
p .0.283 0.279 0.274 0.279 0.282 0.291 0.281 

,- - 1 ~ 0.259 0.116 0 •. 065 0.069 0.051 0.044· .0.036 
M' 
" 

0.266 0.17'3 0.138 0.124 0.073 0.05G 0.044 
:z p 0.388 0.424 0.460 0.434' 0.405 0.401--0.399 0 
I-:f 2' ML 0.090 o . 055 ' 0. 04·3 0.034 0.029 0.022 0.014 
en 

Mu 0,.046 -.060 - .1.0 L - • 060 -.027 -.• 013 -.008 
~ 
~ p 0 •. 364 0.328- 0.291 0'.314 0.345 0.351 0.354 
~ 
r4 3 M .. 0.244 o .-2-6.a - 0.252 0.276 0.339 0.369 0.383 
:r:, l\. 0.260 0.420 0.561 0.519 0.437 0.410 0:408 
Eel 

0.287 H p 0.278 0.282 0.285 0.281 0.279 0.278 
~ 

4 MI- 0.011 - .• 036 -.119 -.064 0.049 0.093 0.110 
M.. O. 185 0 • 156 0.142 '0.119 0.106 0.10B 0.103 

---_. - .. _. __ . 

'Figure'4.3 Two Storey Fram~ Analysis 
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force in the interior column (cOlumn 2) is tabulated for each 

floor. Compared with this initial fo~ce is the total column 

~~rce at sixty minutes of exposure. This time period has the 
J 

largest effect due to thermal exp~nsion .. After sixty minutes, 

the decrease in cross section ~tiffness.EA has a greater influence 

than the thermal expansion force and a reduction in force begins. 

The remaining three columns in Table 4.4 contain the extra. force 

caused by expan~on in the first floor column, this extra force 

expressed as a percent of the initial force"s and -the shear 

transferred at ~ac~ floor level. 
\ 

Although the extra forces in the upper columns decrease as ~ 

t re heig"ht increases, the extra forces are still a large 

percentag~ of the initial axial loads. If these columns were 

designed with a reduced cross' section at the' upper levels, the~ 

these extra forces could be ciit~cal. 

4.6 (c) Therma~ Restraint Equation 

~he "f190r.shear transfer is an.indication of the degree of 

restraint: The ~hear transfkrred to the indi~idual bea~s decre?-se 

as the number of" flo"ors is increased. Al though the thermal 
" "" 

expansion force is lower for a few~r number of iloors," the 
, 

individual shea~ transfer forces increase a~ the number of floors 

~. decr~se." A corollary' of" this ob~ervation is, although doubling 

the number o~ floors may double the capacity for total vertical 

she~r transfer, ~he actual re~trai~ing force is "~ot doubled 

acco~dingly. 

The therma.l;. restraining force is definitely non-1inear with 
. 

"re~p~ct t? increased building height •• This is illu~ated in 
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THERl"1AL EXPANSI00J EFFECTS ON COLUMN' FORCES 
of. Floor Initial 

I No. F9rces at pT % of Floor Shear 
Floors No. Forces 60 ;rnin. 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 

8 5 195.42 251'.05 55.63 28.5 . '15.63 
4 247.91 320.90 72.99 29.4' 17.36 
3 302.]:4 394.84 92.70 30.7 19.71 
2 3'58.03 473.83 115.75 32.3 23.05 I . 
1 414.26 560.71 146.45' 3,5.3 30.70 

4 243.1.5 2'65.45 . 22.30 9.2 22.30 
4 3 297~37 346.73 49'.36 . 16.6 27.06 . 

.. 2 353.53 43,1'.06 77.53 21.9 28.17 . 1 409.84 
~ 

521.92 1.12.08 27.3 34.55 

2 2. 341.36 372.~8 31.62 9 .. 3 31.62 
I' 397.47 470'.64 

, 
73.17 18.4 " 41 ~ 55 

-

Table 4.4. Thermal Expansion Effects on CO.lumn Line 2 

/ 
. 

THERMAL RESTRAINT FORCES AT BASE 

No. 9f 
. 

30 60. 90 120 . 150 180 Floors '. -\ 
~2 36 1.34 78.17 46.58 17.41 13.63 11.14 . 
4 60.4,2- 112.08 53.'47 ·26.17 23.20 19.08 

8 81.71 146'.45. 66.77 34.43 35.1,0 27.39 . . . RESTRAINT EQUATION VALUES 

SeT} 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 e~posure, the thermal 

restraint force on the lower interior column (column 2) is 

lis~~d. ~he increa~e in the'~estraint "force must follOw a 

curve of decre~sing slope a~ th~~ber of fioors 1'5 increased. 

Thi s suggests a logar i thmic functi.on as' follotvs : 

-R = B(T} + S(T) log (n) 
a 

R - restraint.' force:. on lower column 
a - base of log,function 
n - number of 'floors 
'S(T)- shear transfer/floor 
B(T)- a constan~ ~ 

4"..12 

This equation is unique for every building an~ is dependent \ 

upon the' frame stiffness, th~ frame loadings I 'mechanical and, 
~ 

thermal properties of the materials and the length of fire 

~xposure. This equa,'t::-ion wou:1:d be ~mpos~ib"le to evaluate by any 

simple analyticai method ~nd hence, requires the computer 

analysis ~s performed in this investigation.' If ,~he base of ' the 
. . 

logari thmic~ fun'etion is!- taken as' 2 I then the restrain~ equation 

for time, equal to sixty minutes pecomes: 

R,= '36.53 + 36.64 10g2(n) 

,The values' of the restraint equation fQr ~'log pase of ~ ~or­

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

it is possible to arrive at'a restra~nt~quation of the 'type 

showQ after a computer analysis ,for particular con~itions, ~t 
, . 

is not possi~le to determine a similar equation for other 

conditions without performing th~ sam~ ~ype of a~alyse~ •. At 

pre rent, there does not seem to be any accu~ate method to 

\i~ 
~" 
~­
'~k_ 
!-~ 

~r~ 
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suggest in trying to simplify de~ign procedures. 

It is evident tha~ p~~ition of" the member in the frame has .. 
an effect on the r~straining force. The ~xterior column in 

" , 

/. • "j 
these studies, although exposed to fire, showed/no i~~ ~ 

axial load due to restraint. The eX9ansion"of the interior---co"lu.'Un 

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

4.6 (d) Deflection of Fire Exposed Columns 
. 

Wi th thermal expans~on excluded I the axial def.lections of 
. 

the lower columns increased~in the' direction of the applied 

load. Wit~ expansion,. the vertical defl~ction of the low~r 

columns moved opposite to the applied loads. This Characteristi~~\ 
's'~~ 

' ...... 
is shown in Table 4.6. "~ .. ,-\Lt 

~~ 
• 

The fire exposed exterior column has 

little res~raint and hence, tends to elongate freel¥.. The 

interior fire exposed column is more heavily restrained and 

cannot elonga~e as -lre·~IY. This results in the incre.ased axial 

force. The other une~posed interior column is pulled. up by the 

restraiQed e~posed interior column. At some point, the increased 

axial load due to restraining. forces and the "soften:j.ng" of the 

materi~l due to fire exposu:x:e combine to cause th~ EA value to . . 
begi~ to decline. This in turn causes a gradual return to net 

downward p.eflection"s. 

... 
4.7 Summary 

In this chapter, a method for analyz~ng' reinforced concrete 
I' '" \ 

'trames subjected.to fire exposure nas been described and res~lts 
, ".." .. 

of a" few analyses .ha~e been descu~sed. To the'~uthor's knowledge, 

t~i~ type of analysis has not been attempted or reported " 

. . . 
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. VERTICAL DEFLECTION AT TO~ OF BASE COLUMN~ WITH EXPANSrQN 

No. of Column o . 30' 60 .90 120 150 180 
Columns 

~ ., -.0214 0.1098 0.2847 0.3614 0.1602 0.0181 -.{)049 

8 
2 -.0307 0.0669 0.1593 0.0991 0.0313 0.0060 -.0054 
3 -~02S8 -.0197 -.0144 -.0193 -.0226 -.0234 -.0240 
4 c:...0203 -.02:J.2 .... 0221 ":'.0219 -.0211 -.0206 -.0205 

, -
"', 

1 -.0210 0·.110~ 0.2855 0.3687 0.1776 0.0185 -.0004 

4 2 -.0304 0.0734 0.174Q 0.1120 .0.0354 0.0043 -.0055 . 3 -.0262 -.02i8 -.0178 -.0213 -.0233 -.024€l -.0250 
4 -.0205 -.0211 -.0217 -.0215 -.0210 -.0207 -.0206 

. 1 -.0208~ 0.1108 0.28St 0.37.24 -.1873 0.0184 -.0045 

2 
2 -.0298 0.0800 '0.2015 0.1473 0.0420 0.0052 -.0050 
3 . -.0271 -.0244 . -.0217 -.0234 -.0257 -.0262 -~O264 
4 -.0207 -.0210 -.0214 '-.0212 -.0209 -.0208 -.0207 

Table 4. t) V.ertical Def_lection at Top of Lower ColUIIln 2 " 

.. ~ 
t';o.~,,:/-;Y-~ 
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elsewhere. It is suggested that progress in understanding the 

behaviour of structures exposed to fire will be g~eatly ~ 

facilitated by use of and further development of ~he ~nalytfcal 

method~~el';ped in this investigatiGn . 
.,p 

Two features are important in the analysis of reinforced 

concrete rigid frames, one beneficial and the other detrimental. 

Since a frame has continuity, whe~ one portion 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 
I 

exposed ~o fire to pro~ong its endurance. However, any member' ~ 
.~ 

exp?sed to fire is going to expand. Depending on ~he restraining \~ 

stiffness of the remainder of the frame, the force in the 

exp~nding member wi~l vary from zero force to a very large 

compressive force. Any increase in axial' force' could be benef icial 
t 

to a beam due to the typical P ~ BM interaction, however, 

rncreases in column axial load may precipitate fail~re. Even as 

a reinforced concrete member starts to fail, it loses some 

stiffness result~ng in lower forces due to redistribution. 

Differential expansions due to non-uniform heating of parts of 

a rigid ~rame are more serious than uniform heating of the entire 

frame. It should be noted that thermal. expansion forces vary 

directly with the cross section size of the member. ~herefore, 

if a memQer is larger' than 1t is required to be, the member till 

develop a large thermal fo~ce. This force will be out or 
, -

proportion to the design load on. the member. Ana lysis' ,of concrete 

members as part of a f.ra:me i.s required in order that proper 

valu~s for fire enduranc~ can be assigned to the f~am~. 
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Chapter 5 

CONCLUSIONS AND RECOMMENDATIONS 
-'- .. 

5.1' Conclusions 

The following conclusions have been based on the investigation 

carried out in this report: 
-.. .. 

(1) Concrete and steel high temperature behaviour has been 

sufficiently investigated by others(1,2,S,8,9,18,19) 

(2) 

to enab~ structural analysis of columns and frames~ 

Tests performed for this present study have verified the u • 

high temperature material behaviour. These tests have 

also shown to the author, the difficulties associated 

with testing at high temperatures. 
, , 

Structural adequacy 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 restrain~, then· cover is' the most 
> 

critical factor in determining fire endurance; with cross 

.sectio?' size, percent' of steel. slenderness ratio and 

steel placement having leflser effects .~. 
'. . 

(3) The ability of columns in frames to support the structure 

is'de:pendent on the restraining effect of the structure, . 
the loading co~binations and the portion exposed to fire. 
.' . 

In many cases, moments in exposed columns decrease, 

thereby increas.ing the axial load, capacity., . However, . ~ . 
expansion causes substantial increases in axial load on 

.... \ 

some' expos,ed columns which iI)creases the likelihood of 

failure. 

ha . to nine the 

\ 
' . . ~ 
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fire endurance of reinforced Concrete structures. With 

this program it is possiole 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 ~tructure. 

5.2 Recommendations 

;"'luch more res;earch is required to better define the effect 
. ) 

of fire exposure on the mat~rial properties. Although the 

temperature effect on the strengths of ~oncret~ and steel have 

been widely investigated, further research is required in areas 

related to'deformation, such as creep, shrinkage and reduction 

of elastic moduli.' The process o~ spalling should be analyzed 

to determine the reasons for its occurence and the pro~er 

corrective measures to prevent. its occurence. Studies should 

be undertaken to determine if the concrete and steel maintain 

sufficient bond for shear transfer between e,ch other at high 

temperatures. With better understanding of these properties, 

the computer prog.rarn 'couLd be revised to include their effects. . . 
Pinned end column analysis is useful in the study of how 

changes in design parameters affect the fire endurance. However, 

,it is the author's opinion that analyses or" ~tandard tests (3) 
, 

of individual columns expos~d to fire can only provide an 

approximate and not necessarily safe estimate of ~he effect of 

fire. Design provisions must be based on consideration of the 

behaviour of columns in structures. 

\ . 

. I .... ~~ . 
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~ Appendix. A 

COMPUTER PROGRAM FOR FIRE ENDURANCE 

A.l Introductiqn 

The az:talyses for the' beh.aviour of cross sections, colwnns 

and and frames hav~ been merged to form one progr~. Since 

there is a great,deai. 6f duplication between the calculations 

for each tYEe l of analysis, it was decided to develo~ a 

compr~hensive program to handle all cases. One advantage in 

using a combined program is that'the subroutine for calculating 

equivalent EA and EI values fo~ the frame can be used to 

determ,i~e a very ~ood set of initial values for axial load, 
<, • 

bending moment, strains and curvature when an interaction dia'gram . . , 

for' section or col~n behaviour is b~ing computed. Subroutines 

that are not requird for a particular study can be s~~ly 

removed £rom the computer deck. 

A.2 Program FIRE 

This is the driving program whi.ch i? used to input ~he " 

, , 

section dimensions, the material properties ~n~ the code '~~bers 
~ .. - ,. ~ .. ' 

which are used ~or direction to the part~ of the 'p~ogram being 

used. The input variables are listed on the comment cards at 

the start'of the program. The dimensions of variables input 

in thi.s' paFt of the program', ,!-~e .ih inche~ for length measureIJ1ents 
, " 

and 16 kips p~r ~9uare inch (ksi) for mat~rial properties .. 

A.3 Subrou~j.ne TEMPER, 

s~~routilt.e, TEr.t);~E~. i,S used to calculate ,the temperature 

~depend~nt,propertie~.of .eac~ element on the cross '~ecti~n .. The 

.> 
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temperature gradient over the cross section is input at the 

midpoints of the square elements. The temperature values 

supplied by the National Research Council a~e in degrees Rankine 

and require conveFsion to thousands of degrees Celsius. Since 

,the temperature gradient is symmetric for a square section 

heated on all four s~des, it iS,necessary to enter only one 

eigpth-of the values over a "pie-shaped" wedge, reaucing the 

keypunching required and also the possibility of mistaken input. 

Since all loadings on th~ cross section 'have been assumed to be 

uniaxial causing stresses and strains symmetrical about a line 

perpendicular to the loading axis passing thrqugh the area ~ 
~ 

centroid, then the temperature properties are.~equired for only 
, 

one half of the total cross se.ction. The reduction fa'ctor for ,"'~, 

conc;rete streI1gth and if requ.ilfed, the values for concrete 

therma~ expansion and for~increased concrete.fai~ure strain are 

~ 
''f~i\ 
"~r:~ 

calculated using the equations noted in section. 2.6 . 
• 

The temperature in the s~eel reinforcing must be approximated 

using the available concrete temperature gradi~nts. The location 

of. the steel is defined at- initial input in program FIRE. The 
I • 

three closes~ points on the temgerature·gradient to the steel· 

location ,are used to ftirm a plane surf~ce·~ppfoximatihg the 
, 

?urVed temperature ?radient.\ The temper~t~e in the steel is 
. 

defined where a perpend'icular line from '.the steel .1oca"W-<:m, 
. ..".. "..' 

pierc~s,this plane. This method i~ slightly conservative but 
.:> '. 

i t ~iiminates the' need for the very lengthy pr'ocess .of calculati?g 
, 0 • 

" 

the temperature py,finite el~ments t~~hniques. (see figure A.~) 
\.. ';. . 

It. has been assum~d that the steel will not act as a hea~, "si~k 

tbereby attracting. a ~arge amount of heat 'to its 'particular 

...... $i,. 
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position and thus distorting t~e'uniformly:varying temperature. 

gradient in the co"ncrete. Once the steel temperature is kno:wn I 

then all of :its temperature properties can, be calcuiated \ls~ng 

equations from section 2.6. 

If the effects of thermal expansion and, elongation of tbe 

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

only the strength reduction factor,s for the cO,ncre'te need to. 
f I . 

be calculated. Since these strength reduction factors are; 
- I 

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

area or reduced width can be defined such that the reduce4 

magnitude of strength of concrete multiplied by the full ~rea 
equals the unred~ced strength of concrete multiplied by t'he 

reduced area, for a given st:-rain. Fbr this case, the cross 

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

of bending. A summation of the strength r,eduction factors for 

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

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

is pos~ible only when ther~al _ expan,.sion effects are ne_g~ected: 

This .subroutine· is entered each time that the duration 6f fire 

exposure is increased. (see figure, A~2) 

transf,ormed 
concrete 
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TIME, t (hours) 
3 2.5 2 I 
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A.4 Subroutine ITERATE 

The basis of the whole program is the ~bility to force the 

internal strains to change in a reliable fashio,n in order that 

the internal and external forces can be brought into equilibrium. 

There a're two major problems to overcome in the balancing of 

the strain pattern. First, there' is a prbblem with the materials 

comprising the cross section. Steel is' linear elastic and hence, 

corrections to the strain ~attern would be a single step requiring 

no further i teratio.n. 'The major problem, is the concrete itself. 

The material is non-linear and ~lso' has been assumed to possess 

no tensile strength. Due to the composite action of the two 
" . 

materials, it is obvious that axial load and bending moments 

are functions of the strain magnitude and of the curvature." 

was illustrated gr~ppical~y in Chapter 4'figures 4.2 and 4.3. 

Small changes to the magnitude or curvature of the strains will 

affect ,both axial bending forces and not just the resp~ctive 

indivi,dual forq'e as would occur for an elastic eros::; section. 
, . 

The second problem involves the financial consider~tion of 
. , 

maintaining a'r~alistic usage of computer time. The use of 
~. 

either strips or small squQres in t~e computation of internal 

forces requires a large number of calculations for each "iteration 

cycle. With the case of strips (which corresponds to ignoring -... 
thermal expansion), there are (n + m) calculations required for 

.. 
,each cycle. The variqble n is the mumber of strips which" 
J .. 
represents the number of times that. the str"ess-strain poly.nomial 

must be evaluated and "the resulting element forces totalled. The' 

variabl~m represents a,basic set of, calculations also required 

with each,.cycle; 'm is much less tl;:lan n. However, -when the inclusiop 
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of thermal expa~sion is.necesSitated, then the number of . . 
calculations will be (n 2/2 + m) which is a 'substantial increase. 

A larger number of cycles of iteration are also required for 

this second case due to the non~uniformity of the stresses. 

Limitations of money and of user computer time forced a reducti~n 

in the number of cross section elements to a minimum at a possible 

sacrifice to accuracy. 

In ea~ly work involving integrating the cross 1ection capacity 

numerically, the calculations were performed to obta"in axial 

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

requIred force. Finally, a change waS made, to the strain 

magnitude. The same proced~re w.as followed for bending-moment, 

resulting in a change to the curvature. (6). This method requires 

a cycle of calculations of internal forces for a given strain 

distribution for both load and <~oment. Since the changes to 

strain' are made indepehdent,ly for load and momen-t \'lithout 

• consideration 0'£ the' effe~t on the other, there is a strong 

probability of cycling about the desired pair of strain parameters. 

With this probl~ in ,mind, further work was done on a method of 

improving "convergence. Th"is consisted\ of. extending the Newton­

Raphson method ~o the use of two ind~pendent variables. Chang~s 

to· t.he magnitude and curvature of the strain distribution were 

. d 'd (16) made simultaneously, hence cycl~ng was .re uce . However, 
, . 

there is now a cycle of force integration required to obtain 

the forces and,one cycle each to obtain the Qifferential~ of the~ 

forc~s due to a small cq,ange!in' straj,n lnagnitude or curvature. 

Al though' tpis method may reduce the n~ber of ~ycles -required . 

to obtai~ conv~rgence of .stres~es and' strains, unfortunately,' 



117. 

it requires that three lengthy force summations for each cycle 
, I "-

of iteration be performed. One sununation is ,for calculating the, 

total forces and twa summations for the differentials qf these 
" 

forces. The accuracy of both of the above programs would suffer 

greatly if the number of strips or squares were reduced be~ow 

an established minim~. ,Many steps have been taken in the present 

program to reduce time requirements, ,to increase the accuracy 

• of numerical integration and to improve the.convergence process. 
, , 

A large time saver is achieved by performing th~ calcul~ions 

for internal axial and bending'forces at the same time. The· 

indi~iduJl el~ment forces are totalled to arrive at the internal ~ 
, '. 

axial force a~ the same time 'as the first m~t 

force is t~ke~ ab9ut, the gross concrete centroid 

of 
-1,,, 

each individual'-i.~ 

to arrive at 
< "\ 

the internal bending moment force. Error bounds are then found 

for each ~e. .1 

,Due td the method of calculating EA and EI using the section 

properties dire~tly, it became necessary to develop a more 
' .. 

accurate method of integration to dete~ine section properties . ' 

as well as forces. 'It shouLd be noted that the inte~ration 

process is usually based on the finite area of ,a strip or square 

.~nd on using the strain at the centre of this element to 

determ~ne the element' force. This is ba,Sical~und ~or force 

calculations when the stres,s goes to zero as €he strain goes' to' 

ze~o. However, to dete~mine secti9n, properties, it should be 
• 

'noted that SA'or EI values for a given element go to ~ maximum 

_for concrete as the strain! approaches zero. This fact aggravates 

the accuracy-' of the conv~rgence ~ocess for frame analysis since, 

for some element areas" the values for EA and E~ can switch from 

~ 

'1 
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maximum to zero with only the slightest chan~e in the strain 

at the element centre. 

In the present program '. failure of t~e s~ction is taken to be 

failure to reach convergence. This definition allows the extreme 

compression fibre strain to go beyond the u9}1ally limiting 
J" • 

strain of concrete crushing, ~c This factor also causes 
max 

convergence problems f~he force calculations since the elem~nt 

force can now switch from a high value Uo zero for a small strain 

.pattern chan~e. The effect on EA and EI values is less than the 

case of zer~ strain since E -is not a maximum at high strai.ns. 

Added'to the previous two considerations is the problem o~ non-

" linearity of total' s'trai,ns' (contact strains) due to the high 

thermal expansion strains involved. ,These thermal strains can 

result in ?nly a very small area of the total cross section -
rem~ining. effective due to crushing on the outer layers. and f 

tensioQ at the coi~: 

'From consideration of the above, it was apparent that using 

mid~element strains and total element areas would result in r 

using C! very lar.ge number of elements if convergence was to be 

obtained. " However, the number ~f. elements tha,t could be used 

was li~ited already by the available temperature information •. 

Therefore, ~ different method of 'e~ement int~gration was developed 

based on the strains at the element edges instead of the centroid. 
. . 

In the subroutine TEMPER, the ~hermal expansion strains were 

calculated at the edges of ,each element using an interpolated 
.. 

,value. for, ~he temperature. Now when the integration process is 
, . , '" 

per~ormed, the strains due,to the external loads are found at 

the edges of tne.element and added to the thermal,strains. The 
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t\,;O strains are taken-to represent '=.wo points on the assumed 

linear ~train d~stribution between, the 'two elem~nt edges. The 

actual effective depth of the element can be found, as well ai 

the effective strain (contact strain) as shown in Figure A.l. 

~~ferring to Figure A.3, it can be seen that the forces and EA 
I 

values are close to the actual values. No attempt was made 

to f~nd the position of~the resultant (centroid of EA) for each 

element because with s~all .elements, the increased complexity 

was unwarranted because of the small effect on accuracy. With 

this refinement, eleme~t force and section property calculations 

will vary uniformly from a maximum to zero as the effective 

element depth is reduced, adding to' t~e accuracy without the 

for many more,elements. On each cycle of ite~ation tne ~ffec~ 

of the steel reinforcing are calculated and added to the concrete 

effects. The actuai steel contribution .to the f~ce or section 

property calculation was reduced by the effect of the area of 

concrete that ~~s displaced by the steel. For concrete of 

4 ksi ma~imum $trength, steel of 60 ksi yield and a percentage 

of steel over gross concrete area of 3.5%, the exclusion of the 

adjustment f,or displaced concrete 'Would result in an error of 

2.3% for axial force calculations. This was considered an 

unacceptable error when convergenoe is set at only 1%. . . 
Iteration to converge to a force and strain combination 

that. is close to zero is very time. consuming. The possibility 

of there being ~o eccent~icity on·a cross 'section is remote 

especia~ly with considerations such as/workmanship or material 

variability. Therefore; a minimum value of bending moment was 

assum~d, that was based on. the. section properties. The ~inimum 
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iJenuing' \vas taken as 1% of the gross concrete section modulus 

Qultiplied by the allowable concrete stress. This applies to 

structural analysis only and not to P vs M interaction diagrams. 

In the case of axial load, a different method wa~ followed 
.... 

WbA~ the load fell below certain limits. Whenever the total " . 
steel effect 'vas t~nsfle-, the usual ba.lan)ing of internal . '-

axial farce with external axial force was not foilowed. Instead, 

tne internal concrete axial force was balanced against the 
'if .. 

applied external axial force, which c~uld equal zero, less the 

tensile force of the steel. This step always allowed easy 
~. 

conve!gence of 'the ax~al load especially for very high 

eccentricities. . . 

\ 

\'.. -:,., 
"",. 

The· convergence process .has. two main p'arts. The first method ~~" 

of conver~ce' is ju~t a direct search for those strains which 

produce internal forces compatible with the outside forces. 

The calculated error bounds are used to determine the step size 

for the strains. There are maximum and minimum step sizes 

allowed. When and if the direct search method final~ oversteps 

the desired strains and hence, the forces, the convergence 

process switches to a biseQtion method. Mebhods such as Newton­

Raphson or Regula-falsi of which bisection is a sub grou~, were 

not llsed in finding the general area of feasibi1ity of the 

solution .strains s.inc~ they have a tehdency to over-project 

when mqving to the new point. Near failure of the section, this 

over-projection can caus~ premature prediction of failure. 

Bisection was chosen over Newton-Raphson for the final convergence l 

p~ocess because bisection has ~ higher Effectivity Index~' Q . 
. 

Newton-Raphson has a higher convergence ~ower, a = 2 (quadratic) 

~.; ,i 

(~~ 
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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, t~ree are rc~uircd 

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

The Effectivity Index, defined as: 

Q = 
1 
v 

a 

which gives Q = 1.62 for bisection and 

Q = 1.26 for Newton-Raphson 

is strongly in f~vour of bisection. Although the bisection 

method has more ancillary calculations associated with each 
, \ 

cycle of force determination, these extra calculations are small 

in number compared to the number required for each cycle of 

force determination. 

Bisection is carried out to obtain the independent corrections 

to the ~agnitude and curvature of strain based on the error in 

the axial· force and bending moment respectively. Since these 

variables are interdependent, a limitation on the number of 

consecutive cycles of bisection~is imposed to prevent the process 

f~om hanging up on a false pOint. 

The corrections to the magnitude and curvature of serain 

ar~ added to the extreme fibre strains after they have 'been ~uly 

w~ighted to reduce any cyclic problems. The weighting ratio 

of corrections for curvature to axial s~rain was determined to 

be 4: 3 by a number of t~ial runs ... It was noted that after 

~oncrete 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 compre~Sion strain. 
/" 
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This is due to the movement of the centro,id of the transformed 

.:.r(!.). Even when there was no change required to one of the 

str~in parwrneters, due to convergence of its respective force, 

~ weight factor of 1 was st~ll added to the total weighting 

. fnctor to reduce the magnitude of the change in strain due to 

the v~riation of the remaining force. This caused the actual 

strai~s to asymptotically approach the required strains and not 

cycle about the set of strains • 
. 

AS mentioned, failure is defined as the inability to converge. 

For ? safeguard against cyclic iterations, the tQlerance level 

for conve~gence is doubled after 75% of the stated maximum 

number of iterations has been reached. If the iteration process 

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

divergence usually occurs very rapidly. It is only the c¥clic 

problem sometimes associated with small )rror tolerances which 

require the larger error bounds. 

A.5 Subroutine STIFF 

The equivalent elastic section properties for the cross section 

are calculated following the method discussed ':i..n section 4.2 • 
. 

The method of \ calculation i's similar to that used in computing 

the forces in s.ubroutine ITERATE. Once the element force is 

found, it is divided by the total effective strain which has , 
been referred to as the "contact strain". (see section 4.2) 

Force divided by'contact strain, defines th~ secant modulus 

multiplied by the effective area for that element. The axial 

section property of all elements is summed. Also summations 
,-

of the first. and second area moments of all the transformed 

. ted ,1 ,t the gtoss concrete centroid. 

•• 
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The effects of steel less the d'isplaced concrete are a.lso 

~dd8d to the totals. 

The distance to the elastic centroid is defined by the 

quotient o'f the sum of the first moment of the transformed areas 

divided' by the sum of the tra.nsformed areas. The sum of the 
" 

second moment of the transformed areas can now· be transposed 
.., 

to the elastic centroid where it will be at its minimum value. 

With this method it is possible to obtain EA and E1 values 
of 

for any strain pattern including the case in which the section 

has yielded. It is also possible to obtain .the ~ransfGrmed 

section properties even for the cases of zero, axial load.or 

/ bending moment forces. This is not possible for methods based 

simply on the total internal ~orce~ and the strain patt~rn. 

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 transformed axial section 

property for each element. It is ~his thermal expansion force 

which cau'se~ addi tion~l deformation of the frame'. 

A.6 Structural Analysis Subroutiries 

A.6.a Subroutine COLUMN 

Short or slender pinne~ end columns can be analyzed using 

subroutine COLUMN to establish the effec~ of increasing exposure 

to fire. With a predetermined column cross section'input in 
(' 

program FIRE and with column length to thick~ess ratio input" 

'the maximum axial loads for an input set of load eccentric~ties 
, 

can be found. The effect of secondary, bending mome'i'lts in the 

reduction 'or ax~al load capacity due to the P-6 effect is 

considered for'colUmns with-a' finite length. The program can 
" 

be c:t-ndv 1tricit¥ of lqad or enough eccentricities 

\ 



>, 

125. 

to be us~ful in sketching aJl axial load-bending moment 

interaction diagram. Altho~gh z~ro axial load cannot p~ input, 
. 

it is possible to use a very large eccentricity.to represent 
. 

pure bending. Zero axial load is not allowed £o~ in this 

subroutine because the, bending moment is related to the 

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

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

be zero also. 

To c~nverg~ quickly to the maximum axia~ load,.it is important 

to have ~ feasibie starting point below the actual maximum. This 

i..ni tial star~g point i:~ found by a~~~ing tWO values for extreme 

fi~re .strains and'substituting these strains in subroutine 

STIFF to obtain a set of transformed se'ction properties.: These 
; 

tran.s.formed. section prope:rties are' used ~n equa~~on A. 2 to 

obtain an allowable axial load for the specified,eccentricit¥. 

p = 0.004 / e*«(3 + ~}/4} A.Z, 
( .1.0 t) 
EA\'el ... 2Ef 

c • 

1 e I absolute-value of eccentricity 

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

analysis. The)second po~tion of the equa~ion is a reduction 

factor used when' the eccentricity is negative. A negative valu~ 
.. C I .. 

'for ~:xial load is pos'sible but bendi~g moment is always QPo~iti:ve. 
~ ,~, 

", 

If t:here is no convergen-ae for the fi~ estimate fo1=' the . .. 
" .' _ ,J, ~ i' 

.axia~ load i~'is reduced in magnitude until converg~~ce.wil1 
" 

o·cc\.ir;~ At- some !ligh te;m'per~tures convergence may, not :be possible 
",) . - ,.. 

• 1 has been ... 
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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 i~ stored by use of subroutine 

VALID. When an inva1id point is attempted after an increase in 

axial load, the program reverts to the last feasible set of 

par~meters stored in subroutine VALID. The step size is reduced 

and a fUrther att~pt is made-to increase the axial load. This . . . 
proqess can continue until the step size is less than ~he , , 

required accuracy. Then the maximum axial load paint is assumed 
Jt'Io-

to have been re~ched . ~ .. 
~ 

{-

When the col.umn length is not zero, :each increase to the 

axial load is follow~d by an ana~ysis of the secondary bending 

effects. The deflection at the mid-height for the simple column 

is based on the curvature of each subsection along the column 

length • The end rotatLon of the column is determined. Usi?g 
. 

the tange~t established .at. the column base; a projection .from 

sUbsection to sUbsection is carried out. The tangent is adjusted. 
. ' 

at each subsection due to the curvature. ~he deflection at each 
"/ 

subsection 'and at the mid-height is found., The axial load and 
" f '. .' . . 

corresponding, increased bending moment are checked to determine . ~ 

whether equil·ibr.:ium can be reached for the axial load.' 
. . 

When column length 'effects are not considered, the maximum 
. . 

axial load is d~te~mined by ~ail~ri: to obtain eS0,ad conve+"gence 

for any set of strain parameters .. When .length effects' are 
~. . 

consider~d, the previously stated failure criterion or the 
" 

divergence for 'the 'calculation of the deflection at mLd-span will 

define failure. ' .. 

tihen ·the· ratio of load ~.ccentricity to cc1lumn depth is small, 
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it is,necessary to decrease the size of the error bound to 

. ensure that bubkling of the column will occur at very nearly 

the correct load. False points indicating g,reater column 
~' . 

~ strength tha~ is ac tually available could occur if the error 

bound on deflection is not adjusted. 

A.6 (b) Subrouti~ FRAME .... 

Subroutine FRAME .can be used to analyze a rigid frame which 
41 

has a number of its members defined as inelastic. At this 

stage of development of the program, the entire inelastic frame 

or the. inelastic portion. of the total frame is subject~d to the' ~ 

same fire ~xposure. Th'e'-crc;>ss section for all inelastic members "t. (-'t 

is assumed to be identical and is input through program FIRE. 
, 

o~e of tpe most efficient methods of matrix structural' 

analysi.s ~ses a ·banded stiffness matr~x with the Choleski mettiod 

,_of solution. ' However, this .requires care in the joint numbering 

Ylhleh ma~ have proven restrictive for this study. It was' 

'desirable 'to be able to choose the inelastic structural members 

at'random anywhere in the frame. In addition, to improve the 
• 

accuracy of the analysis, each inelastic member (column or beam) 

i.s divided intO' a numbe'r of ·sub-m.embers .. The sub-members at . ' . , 

the ends of the inelastic member are smal~er in size. Thi~ is 
, '-

done to ~ed~ce tn~ffect ~ the calcu~ation'for deformations 

due to the 'external forces ,being. performed ,a t the' mia-l~ngth and' 

not at the ends o£ members. 'This method of division of the 

i~elast:)..c.·m~mbers would ha've 'made systemqtic joint' numbering 
" 

difficult if difter~~t ~embers in the s rune , frame were chosen as 
~. .~" ' ,,. 

inelastic for :separate computer analyses. Qsing a standar~ 

~ 
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method of s~lu~n :tior simultaneous ,equations allows 'r~peated 

use of a single set of data cards. The input requirements for 
\. 

this subrou~ine are similar to mast ather matrix analysis 

'programs. A detailed sketch, as shown in Figure A. 4, indicat'ing 

all joint and member numbering is required. 

The three global forces are input on only the loaded joints. 

Inputting only loaded joints allows for more flexibilitr for 

changes to the lo'ad pattern. The input load values are 
, j 

calculated "ko repre.sent ~ standard floor loading with all forces 

and moments 'in the correct ratio to each other. The load values 

are in kips/f~ot and in inch-kips/foot. The input values are 

converted to kips and ~nch-kips by means of a parameter 

representing the frame' bay spacing in feet. Th~ loads on the 
. 

loaded joints ar7 placed-in their correct locations in th~ 

external load vector. 'The use of the bay spacing var~able a~lows~ 

~ different loa4 intensi'ties with no change to the inptit load data. "',." 

-The member information for the inelastic members are input 

first. The inelastic sub-members can be in any order but 
, 

sys~ernatic input aids the understanding of the results. The 

first input variable is the member or sub-member identification 

number~ Following this number is a displacement vector 

representing the po'sition of the" second joint relati've to th.e 
\ , . , 

.first . joint of the member .. This vector ,is in globa~ directions 

and.is in foot urii~s: For a rectangul~r frame, this joint' 

dispiac~ment.vector represents the. column or f~ooF s~ac~ng, a . . . . . 
simple form Q.f input requiring on~y two numbe~s. This method 

was used because standard joint.coordinates based on the global 

, li I re a 'great,.deal of calcu~atj.on and additional j,nput. 
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Note: Member end one is always the smaller joint number a~d 

is alw~ys the origin for the displacem~nt vector. 

For inelastic' members only, a pair of extreme fibre strains 

are ~nput. These strains should be estimated so that the 

magn.itude and curvature will be similar to the expected strains. 

That is, if the moment is large, th~ curvature should be large 

also and vice-versa .. If the ~xia~ force is larg~, then both 

extreme' fibre strains should indicate cpmpression. However, if 
the axial load is small and the moment is high, then the str~ 
on the tension fibre will be negative. 

The- transformed axiaJ. and flexural section properties, Glre 

input in kips and in inches 2 -kips'as equal for all members. As 

each member is input, the transfer, matrix relating global" and 

member coordinates is ~alculated using subroutine TRANSF .. 
--. . 

\'Ji th all input ,complete 1 the study of' the effects of temperature 

exposure on the frame is begun. The first temperature must 

always be zero' time, that i.s,· n~ fire applied, in order that 
~ 

the initial member section properties can be correctly calculated 

for all of the inelastic and elastic members. At'the end of 

each cycle, for zero tbne only, the average section properties 
. -

over a..ll of the inelastic sub-members are found. The section 

properti~s of each sub-member is found by using STIFF. The 

average section property is us~d tor all members, that ~re.not 

exposfed to £i,t'e and hence, are assumed" to remain elastic. When 

the 'frame has reached convergence for zer9 time, '~he se~tion . 

p~op~rties of all elastic members are set as constants for the 

'. 
tema~ning fire exposure. 

• • 6 

It ~nould be noted t~at as long as the 

case:of ze:r:~ 'fir~ expo'sure is run fJrst, as it rou'st be, then 
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the remainin~ fi.re exposures can be run in any order with 
. ' 

convergence to the identical results within £he allowable 

error bounds. Although order of exposur8 is n9t.important, 

convergence will be obtained faster if the exposures are" applied 

1n increasing time. 

When the effects of thermal expansion and concrete sof~ening' 

are neg lected, then the iteration cycles are simple. \-li th 

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, 
~ 10-

the average of these forces is used to obtain fibre s·trains \~ 
, < "'.;:, 

, . .~~ 

which are assumed to be uniform along the member. These strains \~ 
, ,"5-~ 

are' us~d by subroutine ST~FF to obtain new approximations to 
• 

the inelastic member section proper~les. With new section 

properties, a new structural analysis is performed. "This cycle 

is repeated until co~veigence o~ both.axial and flexural s~ction. 

properties is found. A simple weighting .procedure is again 

used to prevent £luctuations. Convergence to a 'set of section . , 

proper·ties is required for this program,. Failure -is defined 

by inability of ,internal and e~te~nal ~orces to reach'equilibriUm. 
. , . 

After convergence, the time of exposure is increased. 
, , 

,If the forces from t~e preceding converged state are used 

directly for the fi~st iterative cycle after· temperature increase, 

then a false failure may b~ predicted. It is noted that as 

~he fire progres~es I .th.e affected member' secti'on ~roperttes 

will decrease.' As~ociated with this dec'rease is usually a 

corresponding ,decrease in actual m.~mbe.r ~.ending force. Therefore, 

it is ~~u ,to use the strains, from t~e precejing co~verged 

~~ 
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state with the new thermal properties ~o obtain a new set of 

section properties. These ~ew section properties are then used 

for the fir st frame analys is fo11m'ling' increased exposure to 
. , 

fire. ,This aspect points out another advantage in calculating 

£1 and EA values using the section geometry coupled with strains 

rather than, ~imply usi~g the total forces with the strains • 
. 

With the latter, new s~rains and fdrce~ can only be obtained 

after a new frame analysis has been carried out. If the ~orces' 

have not been adjusted from the previous converged ~tat~, a 
. 

false failure could be pr~dict~ereas the structure would 

actually have sufficient strength due to load redistribution. 

The problem of therma~'expansion ,causes new loads to be 

applied to the frame. As the fire progresses, the concrete 

and steel tend to expand greatly. For the pinned end column 

program fre~ expansion was allowed because there was no 

additional restraint. However, f~r' a rigid 'frame, there is a 

large resistance to the expansion of any single member due, to 

r~t member sti£~ness~s; The thermal r-es,traint force is ' 

calculated for each,~nelastio sub-mernoer in subrou~ine STIFF. 
~ ~ 

The reverJe of this restraint force is app~ied to the frame 

causing the defl~ction and the force redistribution that would 
, 

be as~ci~ed with the expanding member. However, as far as 

the expanding mernb~r is concerned, the restraint force is 

pushing al~~g 'its axis. , . 
Therefore, to the final results of . . . 

the structural- analysis, a force equal- ,b,u~ opposite to the 
~ . 

restraint forc~ m~st be.added to the f?rces in the i~elastic 

, 
" 

sub-me~ber' .'. 'With ea~h cycle' ~f stru;ctural analys,is, new restraint 
. . . 

,-
~re ' .' I !ulated and -~pplied to tbe frame. 
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Convergence is defined when all a~ial and flexural section 

properties of the fram'e have converged to \-lithin the specified 

error tolerance. The ,axial and bending forces are not checked 

since they are a function of the frame section properties. 

When the frame section properties reach a convergent point, they 

no longer change and the forces from the frame ana~xsis ca~ot 

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

section properties on member forces will be much smaller than 

the change in ~he section properties. It has been' found that 

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

still have varying' section properties. 

A. 6 (c) Subroutine RIGID 

Subroutine RIGID performs the actual structural analysis for 

a vector of load v~lues and a set of member stiffnesses. The 

subroutine assembles the general frame stiffness matrix making 

use of the subroutine GLOBAL whicl1 transfonus the' me~er stif,fness 

• matrix .from member coordinates into global coordinates. 

Once the frame stiffness matrix has been for.med, the soiutio~ : 

to find joint glob~l di'splacements is performeti 'using the" 

McMaster Computec·Centre library subroutine SlMQ. After these . .: 

global displacements have been transformed into-member jOint 

displacernents,-member'forces earl be found us-ing'the individual 

membe~ stiffness matrices. After the effects of any thermal 

restraint forces have been added to the member forces,_ atfull. t ' .. 
li~ting'of the,deflections 'and member fo~ces is printe~, if 

desired~' The ave~age forces in eacrr inelast~c sub-mem?e~ are . . .. 
'calculated and then. transferred to the' callin'q'rQutine FRAME 

.... ".J 
'. ' 
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for subsequent equilibrium. checks. 

No attempt has been made to study the effects of secondary 

bending moments due to the p-~ effect in FR~~~S. for the 

relatively short columns used in this study of frames this 

omission will not cause significant error. , 
( 

~l 

A.7 Program Listing 

The computer program is listed on the' following pages. 

The subroutines are listed in the orde~ that they were f~rst 

mentioned in the preceding sections. 0 As mentioned on the 
, . ' 

comment c 

for the s 

card deck. 

in program FIRE the subroutines not required 

ure be~ng qnalyzed maY,be removed from the 
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r,.p'il rr") h:l<':. ~pr"\r·:~I\.\' r-:.. I\c.. i:::")L\0'.!S. !'!('Tf". S'~C1r.NITI"=-~ 
'r:H\.'.'~' ~ l\~~C 'TC"Dr-r)' JlLr:1"I D=-":~IPF P,I(")IjT VI'.':>lf\l"1l ES 

, COLU'.4i\! I , 

• 

( 

H?'··T!';.-: :::;::- CP'"):, .... , J::-(TI()'~ "'r': Al' ~0IJ~) ~tnr.-=:. 
CR~SS SECTI~N VJST BE 5nUAR~ 
PE~OtNG A8~UT X-AXIS 0~LY 

11'IPUT SECTt~'~ f)J'lf"lSION5, tv'!' ... TERli\L.PP0PEQTIFS, ./",I\ID PR0GRJ.'H,,1 
(01\) T !? f'L r."" 0 t\ '~I='! F I) S ~ 

X - WrOTH ~F (ROSS-SECTln~~ AXIS ~nOUT WHIC~ SENDING OCCURS 
Y - DEPT:-I ~F CROSS-SECTI;),\j, DIR::CTIO"J OF "ECCENTRICITY (.INCHES) 
Fe :- Nn\.\INAL (I"HKR.ETE STRENGTH AT 28 DAYS (I(SI) 
FS.- STEEL YIELD S'TqES$ (,<$ I I' 
ES - fLASTI( ~aO~LUS OF STEEL (KSII 9t 
EFAIL - ~AXI~U~ CONCRETE (0MPRES~JVE FIBRE STRAIN ~ 

• T n L E r.> '- (,'\ L ( U l ~ TIn N Tn L F: p tI M C F AS'" RAj T. () (1 c:', o. () 1 ) "'> . 
..... J. 

MX - NU~RFP ~F DIVIstn~s I~ THf X-Dlo~CTInM ~~ .. ~, .. 
"!Y'- 1\!I':~~~EP nF DIVISlnt\!S.T"J THE.Y-DIRECTIO"! "":;j~~~ •• .. ,.", ... \~ .. (-

pS1L t-\J".*BEp OF STEEL Prl~IF"RCI~'G BAI'~S, NOTE9 ~FI~IF("RCIt--J('~ t"UST "-~.~~; 
RE SYrn'ET'<ICAL AEV''\!jT THE y'-I,XIS ~, 

ITER - N~M8ER OF JTERATIO~S ALLOWED IN THf STRESS-STRAIN BALANCING 
. ~')~P(,,)UT 11'1 r. 

r> P r 1\1 TIN r. (f'\ 'IT Q () 1 !=' ACT (1 R U Sf"..... T 0 L PJI T 0 U T P LJ T 'IJ HEN' = Z E R 0 
ITH:::")'" - C0~TQ'lL I")AOA"FTl:'o F')q THF?VL\L fFFErTS't Tn Ir,"!n~E THfP'''Al 

:- X D r.~' S r ,.., , r T C ... ~. T H r q " = ().. "I T H t:' Q \\' T SF I T 'i t ~ P V :: 1 

~IT(I'P - :'o\UMBER OF TE''''PFR,/\.TURE= GRf.DIE,'lTS ,1NVFSTIGATF..'D 
STlC 1,1) - X-lOChTJON OF STEEL RflNFORCING RAR· NUMBER I 
STL( I,?I -"V-LOCATION OF STEEL REINFORCING QAR NUMOER T 

• 
STl( l,~) - AREA ~F PEINFOQCING 8AR ~UMBEO I 
TITLEt I) - IDENTIFICATION OF PROqLE~ BEI~G SOLVED (AlPHANU~ERICSI 
I TYOF .~ TYPE' OF STqUCTURt:' REING'tA.N",l Yl.ED 

F(')Q qIGIO FPA~F l TYO F = 1 
F'lR_PI~Nc:'D COlU~~ tTYPE = 2 

PROGRM,' FIRE" tv'UST RF. US~O WITH COlU~N 
- TE~PER 

- STIFF 
ITERATE 

- VAL I D 

0R - FRA~~E 
- Tft."PFq 
- STIFF 

ITERATE 
- RIGID 

GL08Al 
TRA~SP 

$ $ $ $ S D R 0 G R A.. ~ F r R E B f GIN S '5 $ $ $ $ 

( 
C • t"lITIAlTlF .~f\X I~Ufl,~ LFNGTH nF CO~·"~O~ Rt.O(KS .. USF~ TO E"':SUR; THAT 
r Cf)\~v.ON ~LOC'<. Lf"!GTH I C, N"T fXC·F.F.I')EI) , p.! A'~Y C;U8q~UT P'IE 

1)1·.4F:~I.sIf'\;"1 TJTL~(l~) 
I P l. ~C K 1 / T F .... O ( R , 1 6 > , C T ( ? , 1 7 ) , ~ U ( 1,\, 1 6 ) ,S T l ( 6 t t '? 1 ~ X .. Y t D X • D Y , N 

. . . ,FS', '\ t ACONC" .. I THE: R 



, f) 

( 

") ) 

'r 

1 1\, ( 1 ,) ) • lJ r; ( 1 J ) 

D '~ t ", T 1 2 ') 
I=' Q i '1.1 T 1 AI') 
npI'IT l.O 
OQlr-..'T lAO 
~ ;- .'\ r;. Co r:.. y. \.., _ c· .:...- , J;: c:"", • :: ,... • :- - "I r t , ..... ("'\. '-"f"') 

RfA0 6C~ ~X~~Y1NS~L~iTE4~~~RiN~'ITHfRY.~ir~n 
PRI~JT 70, X,y,NX,NY.F(,FS,f-S,EFAIL .:.J 
D X =: X 1'1 X 
.f)y =y / t-!y 

X?=X/2.0 
Y?:;:.Y/?O 
ACONc=,*nX*DY~F( 

pOl,/'IT PC 
!)() 10 .1=1 ,"!STL 
R:=-AD ~O, (STL(r.Jl'J=l,~) 
P ~ r 1'1 T q 0, {5 T L ( I , J I , J = 1 • 3 ) 
STLI I ,q}:;:STLI r ,?)-Y2 
$ T L ( r , 1 ) == S T L I I ,fl ) / X 
STL( I ,?)=STLI J ,?)/y 
(nl\IT T "IlJF 
T ~ I; T H F P~" • t'" " • ') 1 r ~ T ",I T 1 r" 

t F (! T H F'P ',' • f" 1'). 1 I P R I .'IT 1 l' : 
N=NX=NX'/2 
IF (J Tl-iFP~.F0 .. C) ~'X=l 

1--

.( 

r"PuT ~\,,!I) .... ';'!TF. ;iL?r.·~",H; .. t:"rl( TITLE FI':LD 
r:nI~'r l?fJ 
:C:P[f\'T lf1'::; 
R F A () {C" 1 ~..: I (T J T L F ( 1 ) , T = 1 , 1 ~ ') , I T Y P E 
G () T () I? 0 , ~ ,) ), I T Y P F 
WPITE 16'14~) (TITLEII) .1=1,13) 
pp I NT 160 
CALL Fqj\"vtF 
WPITE (6,150) (TITLFCI) ,1=1,1,) 
PRINT 10J 
CJ\L L (OLU"\J "\ 

C,T0P 

-t 
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FOR~'AT. (1 HO ,II,17X,*A F0QTRA"1 P'<0GRJ\'.4 FOo THE A~.\LYSIS ('F pEINFQRC 
lED CONCRETE FRAYES AND C~LU~NS.///.'2&X,*UNDfR THE INFLUENCE OF GRA 
?ViTY LO~ IN A FIRE ENVI~ON~Ej'H*////25X'*'HRITTEN AS A PORTION OF 
~THf THE IS ~U8~ITTEO FO~ THE DEGREEE*I//,~4X,*MASTER OF ENGINEERIN 
i, G * / i / ,I, X, * RYE. F. V I (" ~ F I? S, R • t:".N (; • *' ~ 4 4 X , *' "(" tI AS T F R 11 ~ 1 V E R <; I T Y * I , 4 
~~X.'HA~I Tn~, CA~AOh*//I/) 

Ff'R'AAT (,7F10.0) 
FOP~4A r--( 7 110) " .. 
FOR',lAT (//r;X,*SECTYON PR('PERTIES*/II0X.* .... :~Fl·ER DI·)F~SlO"lS*".F.5.1.* 
l~Y*,FS.l'* lYNCHES) OIVIDfD INTn*~r~,* 8Y*,Y3,* DIVtSIONS~/~10X,*C 

" , 
10~CRETE ST~E~GTH*~Fr;.l'* (KSI)*/rl0x,*ST~fL YIELDS~,F6.1'* (KSI) S 
1TEEL IS ELASTO-PLASTrC*//lCX,*STEF.~ €LASTIC ,~O~)'ULUS*~F8.1,.~ (1<.$1)* 

';:- Ql,nTU"F: :-;TG'l\r~*,C"o .• 6,* (1··~(4/Y~1(H}*/I/) 
.) Ar-.!D ,. 1 
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r r;: ,.. r T.... t, r) - ': (' r 1 '.~ eLI J;; £' I") l' ) 

r"" "r ... .. " ~ " ~- J I I" ,,,, r ~ ::- ) 

'T, 

SURRnUTJ~E TE~PFQ J .\~ 
* "* I\- * "* I\- *" "* * * *' 11- * *" "* * :! * * * * * J$. * *" :(- * * It * * * >} * > 4- :I- I\- *' :l- .. ~ ::- l(. ,.. * * ~ * * *" * * ~ 11- * * * * it * * * * * *,"','" 

,O",\VII) _ IDr'TIFICATlD" rF TE,'o,'o~TlJoE GO'OlceT IA(.oHM!uvERI~5) I( 
T E \\ P ( I 9 J) - T F. ~ PER A T U R E (,"\ A DIE ~! T EX;) --< E S ~ E l) 1\ T ~,' I D i' 0 I '" T S 0 F E A C H ~ 

FLE~'EI'I!T :)N T.HE C~OSS-C.r.CTI"": . 
'RFCO'}FS RI='I)'J( T{O:'-l F}\(T'JP Ff')R (-:-:"'C~fTf fLP'ENT STRf"IGTH 

F'J( 1 ,J) - ·"'I\XI·.·'~I~ (nl'l!(r'(fTF FIR~F C",T:.\I~! qn :-.\CH fLf",;,--' .. n 
FT( I ~J) _ THr:~~ftAL FXDJ',"'r;I:"" <:'T~AI'" ""'1 THf .r'r-[-" f)F fACY ELE~E.'lT 
("~Tl {! ,!" 1 _ TC""'!=''':.'\l'll')t' ,-" r:"."-(H ?: ~~c"',o( !"(, t"".Q 

~ :, T l ( I , 7 l _ j If r L F ll\':' '7' ; (. 'U'"l D S T ~ • : ,. r;-, 0 C" (' H r A q 

( STL( l,~l - STEEL EL~STI( VODUlUS 
STL(i,18) 5T~fL THER~Al ~XPANSIO\ STRAIN 
S T L ( I ~ ~ 1 ) [\ IFF F R f N C E. I \! T H F ~ '" ALE M I C l"! ~ T R l\ r N 5 ~ f HI F F. N 

STEfL AND C0 V (QETF AT L=VfL OF ~TEEL 
STLlI .]7) ~AX1VU~ (nNc~FTE FIAQE ST~AI~ AT LEVEL OF STEEL 

S'u B ~ 0 UTI N E 

nI~ENSlrN AQQAY(13) 
(' (\',,1 ~.'() 'I / n L QC K 11 T ~"P ( ~ , 1 ~ ) ., (' T ( S , 1 7 1 , ::U ( :3 • 1 6 \ • S Tl ( A , 1 ? ) , X , Y , ex. (l Y , \I 
lX'NY'NSrL,~?,Y?'T~LfR'~FAIL'FC'F~,OC~l,C~CtL,PSTL'~S't:,A(O~(,lTHER 
;> q , rTF R • t\ T E Up. I ~ PI'" T 

!\=c;.Olq.c 
C=EFAIL 
QEAO 2RO, AC~RAY 
oq [I'IT 280. ARRAY 
~A=N+l 

CALCULATE co~rRFT~ TE~PfRATURE OQ~p~QT[ES ~ITH nR wrT~0UT 
FXPAMST~~ E~c~CTS 
J~ (JJ4fQM.NF.C) GO T~ ?~ 
')() le ::l'~ 
rtn 1 (: 



. r " . 

.~ , 

If)(' 

·T(1 .. .J):-0.0 
r)n 60 ,:::: 1 ,"J 
r:q:- /\r) "l.'l() .... ( T.·,.n ( 1 , J 1 ,. J::: T ~ ,OJ 
r: 1"'1 ., () J:::: I ~ 'I 

T '" ( ( T r (, P ( I ~ ~J ) - [. Q;:> • ,'" I 11- fI. - ?,.. • ::' ) / 1 '") '" " • '''": 
T~MP( I,J'=T~~D(j.t)=T 
r~ (~-:-HrPI.'.f O.f)) Cln. t'l ,~ 

(=n.On?7?4+0.~1?76~T. 
Ie (C.LT.FFAIL' r=Ft~rL 

F="U( I ,j)=Fl)(J, I i=(" . , 
rr:- (! -:-~Ir.r:>".r°r:-.\.l r·'" T0 :-)~ 
T -= T F ~ D ( 1 ,1 ) *, .. c; - T F~' P ( t ,"2 ) I;> 
E T ( r , 1 l=-( n • C 'J ftlf-T +0 • 00 6 ) * T 
F T ( 1 ,N + 1 ) = ( 0 • 0:) ~ * H:: f'A P ( 1 ,,,, 1 + f) .00 I) ) * T E .~. P l I ,~I 1 

[) t') 'If 0 J = =' t N 
T =: ( T E ~.1 P ( 1 , J - 1 ) + T F I) 0 ( I t J ) ) / 2 
F.T{I,j)=(0.~C8~T+O.C06}*T 

CONT (~LJE . 
D0 60 J-=l,N 
~q::::NY~l-J ' 
T E v P ( I ,r-' R ) :::: T F Po} P ( I ,J) 
FTC I ,NP-+l1=FT( r ,J} 
EUCI ,NS)=EU( I ,J} 
PRINT '290 
PRINT ,40, «TE:MP(l,J),J=l,!,!},t=l.~) 

.' 

CI\LCULATf STF~l TF"~DERAnJQf pp()r>roTIES · .. nTH ('\~ Innlr"JT 

FXPA"'15T0~' EFI="FCTC) 
DO 90 I = 1 , N S T L 
A,:STL ( 1 tl p·x 
n,:::: S T L ( I ,? ) *.Y 
IF' (1\.('.T.Xn A=X-h 
IF (q.(,T.Y?1 p,=y_n 

N.\=A/DX+O;S 
",q=!:\/ny+().s 
fI=A/[)X-I\lA+O.'j 
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R=q/OY-N~+J.5 
IF·{~A.GF.N) GO TO 70 
STL( !'S)=(TE~P(NA.NB)*(l-~)+Tf~P(NA,~A+ll~Bl*(l-A)+(TEMP(NA+\ .. NB)* 

1 ( 1 - R ) + T E ~ P ( r~ A:+ 1 ., N [\ + 1 ) *~ } /I- A . 

GO TO 13 0 
S T L ( t , ? ) ':: T F ~ P ( N A , N ~ ) ... ( 1 - R ) + T P1'P ( ~ 1'. , "! ~ + 1 ) * q 

STL( t ,]7)=1,,0 
<;TL( I, 10) =STL( 1,11 )=0.0 
IF (1 THFP,·t.Ff).O) r,n Tn 00 
S T l ( r , 1 0 ) :;:: ( () • J l' 4 f- 5 T l { I , ') 1 + 0 • ') f? ) ~ S T l { [ , " } 
S T L t 1 , 1 1 1 :; ('0 • 00 R * S T l ( 1 • Ij ) +- :) • 006 ) * S T l . ( I ,I) - S·T L ( I .. 1 0 ) 
STL( 1,12) :;(O.002724+'Y.Ol?7'1¥STL( I,·'3) )/EF~Il 
IF (STL(I,12).LT.l.OI STL(!,12~=].O 
(" f"\ 1\1 T I ~ U ': 
~') 1 1:) 1:;:: 1 ,!'-I 
('>f"', loh j:;:: I, '\' 
R=2.011-? ."3~3*TEPP.( r .,J) 
IF (R.(;T.l.C) R=l.:) 
If:' <r~.lT.O.0} R:;O.C 
T~MP(J'J)=T~~ti(~,J)=R 
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19~ 
:>0:1 
<~1 C 
??8 

~'~"":-",Y+l-J , 
T C" '.' 0 (I ~~! q ) ::: T ::- '} P ( I ~ J ) 
o D I -f\! T ~ "If) 
..... ..., " ;." T -'~ -l. r. 
- • .1. ~. I ,. ....... " 

-::>R I ~:IT 1 (')0 
~: i =,,~ + 1 

, :J ~ r "! : "'5:) '., ( =- T ( r ,J J • .,) = ,1 ., ',1:\ 1 , I = 1 ~ N ) 
p J';) i "IT 7 ~ f) • -

'f:RT"IT ":1£.0, «C:U{r ,Jl ,.,)=1 ,'~) ,1::1,,\1) 
.... 0 1 ') 0, l';' 1 ,~! 
-'''''1;:: )=:., ..... '1 

FU(! tJ )::fU( I ,J} /EFAfL 
r>RINt 210 
PRINT '3l~O, ('CEU( I ,J) ,:.1=1 ,t--ll'd=J,Nl 
p~INT 2?J 0 

D P I ,,~,T ~ 1 q, 'S T L ( t ~ c:, ) , T = 1 ., ~~ S T L ) 
,~,.. ISQ I=l,;'~STL 

T=STl(·Y,Sl 
S T L ( I " Cj 1 = S T l: ( I , 7 ) = S T \.:' ( I ~ Q ) = r; • 0 
E=ES*(1.O-2.04*T*T} , 
I F (E. L F • C. 0) GO TO "1 30 " 

'F=F.c:;* .... ' 1.0-0. 7P.*T-l • p,Q*r**'4) 
t~ (F.lF~n.c) GO Tn 110 

,S T L ( 1 , 7 ) = := I E 
STLLT ,R)=f 
A = 2 • 0 1 1 -,'2 • '3 C; '3 * T 
I F ( 1\ • C; T • 1 • Cl : A'=,l • 8 
IF (t,) .:..1? 0,1 SO, 14() 
S1(J,C;)=" 
C:')" TI "-' U I=' , 
() 0 T (\: T ?. /'0, (S T L ( t ~ Q'J ., t = 1 ,": S T L ) 
pq P! T / ?. (), (S T L <. r. ~ 7 J " r = 1 ,~! S T L 1 , 
DOl i\· T - 'll. ,)., (C T L ( t ~ 1 r ) , 1 = ) ". :-, ~, T L ) 
OD! 'IT' ?')O.' {S·.T"L ( 1'111 ) t I =.1" "~STL) 

" . 

" v' 

139. 

IF THE~~AL EXP,ANSION IS "lOT CONSIDERED TRANSFORM "FROM USING 
~I')U"'~F.: ELEt4ENT5 'Te STRIPS (IE. ,USE EFFECTIVE WIDTH) 
IF (iTHEP~.Nf.O) Gri TO lRJ 
~" 170 J=\, "I 
T=().O 
Df) 16 C 1=1, N 
T = T ~ T F~AP ( t • J )' '.' (ntn r NuE 
TE~P(l,J,=TEMP{l'NY+I-J)=T 
C0NT£NUr: 
OR t I\!~ ibo 
P R I 1\' T ? 7 0, ,( T f'\o1 P ( 1 ,J ) , J = 1 • N ) 
RfTUR ~ 

, 
" 

. . 
~OR'\lAT (IH ,/5X'*CON,CRETF. iHER~I\L EXPANS!CN STRAINS*/) , 

.. 

. Fom/AJ (lH ,/~X,*(ONC~FTr ·~~X. y TELD STRlr",~*/) 
F.OR"AT (lH ,/C)Xt*co~iCRETE EU'-1,AX AT ELEV' TE..,p/EU,\,AX AT ROO,"! TE~1P*/) 
F~R~AT (lHl./55X,*STEEL P~INFORCING BAR TE~pERATURE DE~EMOENT PROP 

1;FP1'1FSII·!) '. ' . ~ 
F0p'r"AT (lHC..?5'X,*STF::EL EL,\STIC YIE.L~ STRArN~c.,.6F·1.1.6' 
F")R:~-A T" ,< 1 He' ,.?O X ;),S.6l~EL. T,I-lE P"'I\L t XPA"iS I ON S T q to. I N5~' 6 F,ll • 6) . . 
Fr-I") ',e 1 Hi' •• r,X , * n..lF.p""AL S T oA P'l D I·.FFfPF. r,,~ T If t·l AT 'lfVf'L' > (IF S TE,EL * ,6F 1 

I , 



...,,, ; 

~~.., 

...., 0;*'1 
" ... "l 

':. 

')' , 

';Ii; 

';l 'l. (' 

':l. I.,' 
.. ,... .. ~ 

r 
r 

c 
c 
c 
( 

r 
('", 

r 

(" 

, . 

F~'~·'fl.T 

1 ) 

F,",p"tlT 
F' . ...,Qj.,~ AT 
FOR\-IAT 

F OR~·:A T 
FC~\ll\ T 

111.A) 
.. rip" ft, T 

'> 
F f"\p>.'~ T 

If 
F0R',MI, T 
::: I"' D " /\ 'T 

" 

END 

( 1 H , Q F 1 1 • t. I 
(11A61 

140. • 
ST?:~,"'.TH Rf')',;CTlO1-i FI'.CT~~S*I 

(IH ,/IjX,*TH0U·St..;-'lr)(",.r,c: ')Erp::,~~ C.' .';'<I"'ljf-- '?()C'! TF .... P.X'/~ 
.(~H ,/,)X,,}REf)U(TI"'! fACT'")')::' ':,"''3 ~r'Nc:?r-T;:: ST~:}!r}TY*/) 
(lH'" ,')X,*THOUS!d\l-D'-, rr !)c:r:.,)::-~c·r ,,[1("\\1: r:>""'O~' f .... ·IOFR·TUR· .... ~ 6~ 

, .. \". .......... •• .. ... J ~ .. . : ," .)- ~ I 1\ ~ .... *" :-

(lHO.'1QX,~F~~f)UCFC' '-L.'.~TfC "r,:"'.,Lt,:; nF STrC:r_h~r:-l.l.l) 
fRF1~.1) ~ 
(lH ,8Fll.6) 
(!H ,oF11.6) 

<t. ... <t ,S U Q D (' 1I T I." F I T :- ? ,". T r n F r:., I ,. <; 

:(" ·E.)(PPE·SSIo"! 'FnR T~f COt-'CRF'TE' STPFSS-STRAl:-..\ F\JI\lCTI;')/\.! 

1 r. . 
" 

FCONC(X)=( ( (-1.791E+JO*X+2.12~=+?)*X-q.~04~+OS)*X+l.2r.+~)*X+l.S2Q 
101 }/4.0 . . . 

W A = ~.I)~, =~" c ;:: j • 0 • 
DO 1.0 1=1,2 

,DO 10 J=l? 3 
UA(T,J)=UX(J,J}~O.O· 

1<=0 

I 

ACCUR:~nLER ~ 
8 1 5 E eTA = PIS f C T X == C ", '\ . 
'IF (fl,v.FO.O.O) Ul=U2=A.BS{·V?*P) /P 
f) n 1 7 O' K () U "IT .-: 1 , J T f 0 . 

I F (K OU'N T • G T • ~ • 7 '5 * T l' E R) ,t. ( C IJ. ~ = 2 * T ~ L.E 0 

PCAL=PSTL=BMCAL*O.O 
U 1 2!;: ( U I-U? ) /1'1 y 
f)0 (l()" T =1 ,r-..rX 
r)(') Q() J=l ,NY .. 

". 



r:"I'L(ULf.TE 'THE' ST?A.IN AT T"'~ f.I)G~S;::-:: ::!'.C! EU;0-:;::.~jj" 
U!.. "'( U1-')1?*{J-l) +rTf I, J)' IFU(! ,J} 
1~={lll-('l?~J+FT(:')+11)/r't( I. I~ : 

141. 

i) r. i t:" ~ M I '" F T H F r. V -;: ~ t. C r:: (' C, : I n ~ co <"") ~,J \J;- '':; T -:- ~ If ~ , I h T H i= r "-'-:C R r" T c r:: l E:"--t ~ I\! r 
"")C"TF'<'i!,,-!:.THC: PR0P (")PTln,,! '"'F ::"l!?\lq:T ·"..~f·\ TH\T I's"'i·>l-CnvoRJ::SSI()~: 

L" 
'1" 

71) 

Qf'I 

r 

r.::, U T '~A S 1-'n T CqUSl-lI:"f) , 
T F (U L ~ G T • 0 • A ~I ~ • t;p • G T • () G n T ('I ! .. ~ 

r>= ~UR.GT.O) r,n T() 7.C. 

f) =UR I ( UP-UL) 
U=U~/? 
('".('1 Tn 70 
"=UL I (UL-UO) 
U,=UL I? 
G0 TCi 70 
I F (lll. G T • F:r ,'\ T L • J\.~ f) • UR • (j T • :: F fI I L ) 
IF,<lJl.GT.EI=A;.lL) 'in T") C)f" 

I F <tm. r, T • F. r:: t\ I L) r-; n T" "'= 
U='(UL+UQ)/;> 
Gf) T ('l ~ 0 . 
n=(FF~IL-UPI/(UL-uq) 
U=(UR+EF.AIL}/2 
G0 ]'0 ,70 
D= ( EF A l"L-UL ) 1 ('UR-UL) 
U=(tJL+FFAIL)/? 
C,=C *D 
n=(J-O.f;}~I)Y-Y? 

G') TO 90 

' .. 

(' P:;PF(\~"'" THE",!\Y·IAL AND ~F:"I':'!~::; ~·("··E·:T F;()R-CE ~UM"tATIONS 
F = Fe 0 N C ( U ~O • 'J 01 27'>, 67 ) *'c'* T F r,'p ( I • J ) 

DeAL = F.+PCAL 
R"C' AL=S'-ACAL+F'*B 

0() C,)f'.!TTNUF' 

REPEAT AQOVF 6PfqhTION~ FOR THE ~ET STFEL APEAS 
Ul? =u 1 -tJ,? 
nn 100 {=l;NSTL ' 
A= S T L ( r , 4 ) = u 1-U 12 * S T L ( I , 2 ) + S T L ( (, 1 () ) 
F=STL ( r '6l=5T.L (r, ,:\)*STL (I, q PH ~-?S( A+STL (!,1) ' .... A8S (t.-STL( 1,1) I) 12 

U=(A+STL('{,11) )'/STL( t,l7.1 
r F ( lJ • G T • 0 • AND. U • LT. F. F to 1 L ) 1:=:: F - F CO N C ( U - 0 • t' 0 1 2 7 3 6 7 ) * S T l, ('I ,~5 ) '* S T L ( I ,. 

1 ,,:\)*FC 
PS'TL:;:P<;TL+F' 
S \,4 CAL = n \'; C f\ L + r it s n. ( I , 9· ) 

1 () () f01'fl) NUF. . 
( 

C DETERMINE THE ERROR 30UNDS ~OR THE AxiAL LO~D 
IF (P*PSTL.GT.JJ;O)' GO TO 110 

1 1 ,... 

PA==P-PSTL ' 
r,n Tn .1?O 
nh, =0 

peA L :;. p/ A L + P.tS T.L . 
CORR~(DCAL-PA)/AqS(PAl . 
IF (p*P~TL.LT.O.~) DC~L;DCAl+PSTL 
r F' • L'T Gil :r ~ 1 '1 :/ 

" 



142. ~ 

~ ~ :1' 
~.:.\ = ., .0 
r c (ARS(CrRR).GT.l.O) (C~?=~~S«(0qRl/r0Q~ o -

'"'~TF'"?:"lt',':=- T~F C()?Pf(Ti"":'.' .1"'"\ T~~ •• ~r""IT"rr .~-" \ -. ',,, " ' ; ~ ~ .,:) I P .... ll\~ . ::; '/ . J::, r i'! c, 
": ~TfPDI!'.!C, Rr.uTI'~r Fl~SJ \"I\:: TI-I,,,: p,v ':S>; .. -· I' ':rS~CTl~': "cTHel') 
U=(U1+J?,/? 
~U,=((\QR*!·qS (U) 

r = 1 
t >=" (["11 !'. LT. 0' 1 = ? 
Yr, {'!:l~('11 t T ~. "I~~"'''' r"-, ,.,. ~~~" .... ,... .. , ~ ~ __ .. f. • . t= ... ':'i.-"\r~ '1?<-

! r. (r .. R c:; ( f) U} • G T • Q " 0 (lO 6 I' f"; = n • r: 8 I) n'~ ;\ ~l S ( ~) U 1 r~ I f 
'JACI,ll=U 
UA(I,2)=f)UA=DU 
U'\(T,':q=l~O 
p:: «Ufo.'(l,~)+UI\(~'~)').i\!f.?C) r". TO 140 
,-.,ttA:f"')U*'tUI\( 1,1 )_IJ/\(7,1) )·/(tJ!i( 1 ,? ,...:!Jf\ (?,,'?» 

It:' (OUI\IDU.l T .O.r.::;) DII.:\=I'). ('I-;~DU 
IF (DlJl\/~U.r:.T.l.0) nu:\=['i') 

qISECTA=qISf(T~+1.0 
.IF (RTS>="Ci,A.GT.6) PISFCT:'..=UA(1,31=UA(2,3)=O.O 
UA{I,~)=l.G . 
G(I TO 140 
I(=K+1 . 
[)UA=O.O 

( DFTEq~~TI'~~ THr. ERROR P('~':!'::-· r0.R TyE DF\lDi\IG ':IOi~'~NT' L'J;. ..... r). 
140 IF :(~v.::'"'.O.O) G0 Tn l'~C 

.c 
( 

CORR=(8~CAL-BM)/8~' 
. I C' (A q S ( ('"' R '=? I ,\ C (' I.J r] ) • LT. ~'. ' 
'.'!X =4.0 
\:,,=0 

DC:TER~.l"~F T~E (ORRfCTI0~~~ T'~ THF' CURVATUPC Or STRI\ IN oy 1\ 

'.1 F THO D . F 0 L L 0 \oJ f' D 8 Y A 6 1 S r: c. T I () 1\1 ~.,t F: THO I) 
U=(U?-Ul )/7 
OU="CORP-~A~S (U) 

1=1 
IF (DU.lT.O) 1=2 
IF (Ar.~(U).LT.O.O()CO;) D~=O.OOOOI)*CORR 
I.F (AR.<T (nU) • GT. o. OOc')£-» f'\l:::('. COOA*APS (DU') IDlI 

UX ( t , 1 ) =lJ . 
lJX(I;Jl=")UX=DU 
UX(l,,):=l;O 
IF (dJX{l,"3)+l:JX(?~:)l.":f.?f) (,0 TO 1(',0. 
nUX=Od* (lJX ( • ,1 ) _IJX ( ?, 1 : ) / (UX ( 1,2 ) -llX ( ?, {') } 

~ ~ . " . 
IF (DUX IOU.t T .0. O?) DUX='; .o5~DU . 
IF" (DUX/(iU.GT.I.O) IIUY=fll1 

~TSFCTX~PTSF.CTX+1.0 
IF (plSECJX~GT.6) ~TSF~TX=UX(l.~)=UX(?;~)=O.~ 
UX(I,')=l·~O ," 
r;r) Ttl ib£) 
1(=1(+1 
DUX=O.C . 
IF (~.~~.2) Go ~o IRO 

uT 

,. 

STEP 

" 



r 

, '0''''\ 

, , 

r.:- <IPPINT.I,T.C') p!')p"r 10-
Cl)r;,; T"t ,'-'liP 

143. 

• D ( f\ L , 0 tI , r- '} , P ,. c.r-. t ,U 1 ,t} 7 • 'A C (U R ,"y. () u,,· T 

RFTUR~ Ta rAE CALLING PR0~R~~ ~ITH T~~ C0Nvr~GcD STRAiN3, IF 
POSSrBLE', .6ND THE CO~RESP'JNDING (O"IV~RGEf\!,Cr L'lTEGfR 'KQUNT' 
I( "U 1\' T = () 
"F Tl 'r.> f\1 

1 0 J F r. P \<I f\ T ('1 H ,4 FlO .? ,? 'F 1 r\ • f. ~ t:;" S • 2 , r s ) 
:=- ." f) 

(" 

r 
C 

. . ~ 

SURROUTINf STYFF (Ul,U2'F~,FI,CG,PT). 
, \ 

( 

surH~('IUTII\;F '<",TIFF' -CI\L(i..,L"T:=:S TH::- :-<:{'"'SS-S~.CTI()~I STIFF~WSS 

o p no F. P TIE S" A Y '\l U r.,1 E PIC A'L I' T r ~ G ~ A T I ('''! to C R 0 SST H F ,C R f) S S - S Fe T IoN . 
"THE ,FORCE DUf' TO TH!;Rl'/AL f'X,PANSI()1'! ~s 'ALSO CALCULATED IF REQUIRED 

r *********** •• ***.********~*~************.**~************~********* 
c 
r: 

.r 

(" 

(" 

r~ 

'r' . , 

'h <; 'f. 'f.'. S U 8'R 0 UTI 1\1 E S T, T, F F • P, F: GIN S 
. . 

.Cf);-'I~·ON /QLOCK,l/ TPJ\P{8dA> ,FT<"h17) ,:=UU~'16) ,STLU,,}7) ,X,Y,DX,r)Y,N 
1 X ,I\! Y , ~ S T L , X 2 , Y '} , T O.L'= R , E FAt L ,F C , F S , PC A L , e r.' CAL' PST L , E S ,N , A CON C , I THE R 
?V~TTFR,~T~Vp'IDqlNT \ . 

EXPRESSION F.,R THE CO~coE7E 'STRESS-STRAIN FU!'-ICTTON 
F C O",J C { x ) = ( ( ( ( - 1 • 7 q 7 E + 1 C' * ~ + 2 • 1 2 6 f + ~ ) *' X -: ') • :. G 4 F + 0') ) ~·X + ~ • 2 E ... ? ) * x + '3 • 5 2 9' 

101)/4.0 " 

FJ\=FI=FA'Y=O.O 
.U 1 2 = ( lJ I-t}.? } IN Y 
oT=O· 
D0 80 J=r,~X 
DO 80 J:::'l,NY 
C=ACONC 

.. 

(J\~CULATF tHE STPAIN'~T r~F fOGFS 0F fAC~ fl E~fNT 
U!'.= (~J1-.1J1 i* (J-l) +~T ( r.,J) \ /t:'uC I, J l 

--(I '·~»)/':-·.J(l,J) 

. . 



~o, 

in 

C) f T ~ q ;,,' i ;',T T ~ F A v F r:( /\ G E :- r.":,, ~ :::- S c, 1 \/ C' ~ T D' T t'" - ~ - ~ . ~,.,~, ~ 

"'FTFQ'·'Ifo.'C Tl...l~ PP~Pf'P1 T""'" "''::' C"L£:"1:--'Q !',DC',' 

~UT Ht..~) "!"'T .CDUSWr:r, 
1::- ( • J L • (. T .:) • l~ 1\' "" .. u:> • r:. T • ": \ -.. '") T f) -:, ,~ 
iF (lJo.r-.T.O) r..r-. Tn 10 
r F (U L • G T • ~) r~d TO? 0 
G~ Tt') PO 
I)=uo/(UP-UL) 
U=I)" 

f)=U.L/(UL-UO) 
ll=UL 
G'I Tn ISO 
.IF (UL.GT.EFA1L.AND.U?GT.EFAIl) 
IF' C tI L • (, T • f F t\ I L I GI'\ T (\ 4 ') 
IF (UR.0T.EFAIL) 00 T~'5° 
u=,( Ul +U~ ) /2 
D'=DY*DY /12 
GO T0 70 
f)= ( FF A I L-tJR I / (lH":-UR I 
U=(UtH-I='FATL )/'? 

GO T0 AD 
n=(EFAIL-UL1/(UR-UL) 
U=(UL+EFAIL)/2 
C=C*D 
I)=D*f'*!)Y*f)Y /1? 
R=(j-O.S)*DY-Y? 
I F {, ~J • LT. () • (j {1 0 1) I ) = (' • f.) f' ,~: 1 

" 

80 

144. 

IhO :H;:- (')i'lI':RrTE ELEMG,'H 
:,.11 T I r, !.~ :- ".", p'~ t S s r r\ I\! 

r r)FTFR"-"INE THF I\XIAL STIFF';F.SS ()F EACH (L"f~·~E)'1T USING THE sECANT 
('" FLA:::'TtC ~/(,,)~;llIS, PFf~F00" -;-_.JC' SU'v'VI\TY0.'! TO Fpn TI-:: r·XIAL .c.,01D 
C ~~t"'DI'\!G ST(C"="'FSS DI='T::-r::"'~' r;:; /,1\I")UT TH:: (jPCs.s cn:'!C~=:I? CF=:NTr<0ID 

1='= FC01'lC (U-o .. ~O 12(367) ·'f.c.,.,r ::,~O c. I .. J )·/U, 

EA=E'.l\+F f' 
!=AY=FAY+F~8 

1=![=I='I+F*(f)+8*J:\) 
, I t= ( 'J T H t= R M • r 0.:n r-() T f) Q 1""; 

R=(ET(T~J}+fT( I,.j+) )/2 
ll=U*t=U( T ~.jl· 
IF «U-R).~T.O.C) U=Q 
DT=oT+F*U 
(011.1 T T NUF. 
U12=UI-U? 

( 
('" 'Q~PI=AT AP,0vr; ("\DFOATTONC; 1="'0 TH'-" ''.1FT ST.~FL ~'='f,t\S 

0" 90 l=l,NSTL . .' . '. 
A=STL(I'4)=UI-U12*STL(!'7)+STL(I'10~ 
F::;STL (t,8 )!t·STL{1, 1). .' ,J 

I F (A R S ( 'A I • G T'. A 3 S ( S T L ( I , "'7 ~ » F ::: F * S T t ( y' ,7 ) I A ~ S (',\. ) 

U;: ( A + S t L ( t , 1"1 ) ) 1ST L ( T ,I? ) 

/ 
.-' 

, l 

If:" (U. (1 T .. o. t\ N"") • U • l T • n •. ) I; r,' ) , '.1 '? C' • C () () l' ' " . , , 
, r F '1 U • ("" T .. o. 1\ N I) • U • LT. F: F !\ I L) F = F _I=:" r 0 ',~ c ( u- 0 • ') 'j 1 771 f-. 7 (* 0:::. T L ( r , Co ) * S J l.. ( I , 

. i "3) *F:-C! /ll 
EA=FA+F', 
F.AY=~A~+F*STL( 1,9} • 
F T = E I + F * S T L ( t , 9·) if' S n~ ( I .. ' Q ) 



r 
'. 

r 

r 
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c 
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(" 
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c 
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(' 

(' 

c 
r 
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(' 

r 

145. 

TpJ\','SFnQ~,· 'THF ~F:'\If)I~'C' r}T:::-F':~SS CALCt.:LATFO 'J'PI)'JT THE 
CC:-'!TP~rr') TI"'I TH~· fFl',STl(:1 (C"lTRnrn' ," l,pn.sS 
C G =F'A Y / FA ' 

J:' T =C' r _C' /\. y>:..('r. 
p r:: TltO "! 

F 1\1 r: 

'\ 

. , 

, *~********~*¥~***~*************************~***********~********** 
'\. ' 

~ . 
S,UQR0UT INE 'rOLUr-,'"P RFAf)S -TH:=- Di\TA FO~ THE DINNfD COLUMN, PERFORMS 
THE NPC,ESSARY CAL,CULATrO'!S A"'lO RRINTS'THC: FINAL lNFO"fH~t\TIOi'! FOR 
F~CH FctfNTRICITY·. ' 

INPUT VAQI~ALES I~ lH~ F~LLa~ING,ORDER 

NPTS - NUM8FQ OF FCCFKTRIC!TIES TO BE INVfSTIGATFD 
NSFCT - NU:-':lR.f.R OF FQUA.L SECTIONS THE COL'Jt.-lN LENGTH \'JILL PE DIVIDED 

. i~'T~ (.I\lS~(T "nST '::::- :-V~f'! f~f) :;REt.T!:O TH:\0! ZEC1I")' FVF"! FOR 
THE CASF \-JrtFI?F, L~".r~r:.J IS /,1('T 8FI~'G ("('11'-.15 Ir;EPEf:I 

C0l C0LUVN Lr~GTH cXD~~~~~~ AS A RA718 OF LE~~TH:T~ nE~TH 'Y' 
rv\ T ( I) - If) At):=: C C F N T ~ I CIT : .:.- S ' :: X 0 ~ E SSE 0 AS R t. T lOT 0 D f P T f-l 'Y' 

. , 

******************~******~**************************************** 

SUB R () U T t ': E CnLU ... ·N BEG INS 

C () W'.~ I') N I R L 0 C '< 1 /' T F ~ P (·A ~ 1 t; ) ~ f T (' R , " 7 ) , E U ( 8 , 1 6 ) ,S T L. ( 6, 1 ? ) , X , Y ,OX, D Y , N 
lX'NY'NSTL'X2,Yi'T9LfR'EFA!L'~C'FS'DCAL;R~CAl~P~TL'ES,~,AC~NC'ITHER 
?~,IT~R,~TE~P,IPRINT 

, COMtv:ON IBLOCK21 DEFL(~1"CUR(11),EYY(30'>'RAT(10)' 
, . 

, ,DATA (AQ05 FnR cnLUM~ ANAlY~L~~ 
QFAN l~O, NPTS,~SrCT,CnL 

oRINT 160,. ,CnL,"'SFCT- , 
C0L=CnL*Y 
oQINT '170' NPTS . 
REAr) 1';C, (RA T (I ) ,t =}.;NPT S.) 

Do 10 1=.1, ~p T S 
FYY( I )=RAT(,1 l*Y 
cnNTTNU~: . 
PR'INT n~O, (RAT(l),J=l','l~TS) 

HS0={Cn(/NSFCT)**? 
> N M T f) = 1>,fg E C T I ? + 1 
'HINT=CnL/I\ISF.CT " 
NC.="!SfC T + 1 

) 



(' 

7,.., 

r")1"\ ~':)o IT(Nf>::l,r-.'T'?'·O 
(' ALL T F'.1r> r.:;;. 0 

nr:>I""T ??0 

146. 

~< 

T":1Tlf.L ~STI'U.T::-S Ttl SiRt,:,:-':<", A':'I t':',:<,:>rr?'-s :1':>1'·( S,.;bRO~..'rT~':',';rr;::-F' 
TS='lY/2 
U?=FFAtL*~U( tS,l)-rT( :S,1) 
U 1 = -? II- F F 1\ r L * F U ( J S ., 1 ) - F T ( r 5 , 1 ) 
CALL STIFF (Ul,U7·,Fh,F[,C.S,PT) 
:)!"' l~O 1(00U~IT::l'NPTS . 
~Y=FJYrl(0.U~T) . 
P::fF~TL/(1!{F4*A~S(~Y')~Y/r!/?)/~X*1~+6RS(FY)/FY)/h 

U?=EFA IL*FU'( IS, t I /t.-FT ( r:;, 1 I 
Ul=-EFATL*EUCIS,ll/?-FTCJS,rl 
o HiT = - 0 • 0 q 
PRINT 210, EY,RAT(KOUNT) 

• ~Pv'X=P*EY 
CALL VALIn (r,~~X.,Ul,U?,l} 

ATTE~PT F('\~CS: I\ND ST~AtN C()~~VE":?r,!=,I\!C!: FnR ~l\sE ·-10·i1F.~ITS 

CAL,L tTEqATE (P,BJ.:~X,Ul,U?'K.'\'Tj 
IF (KNT) 110,lIO,30 . " ) 

CALCULI\TE DE='F'LECT TON CURVE' A~r) t NCREt,S~D PE~IDINr; :"".o'!~r-:.Tif AT 
VA,r:>I0l)C; pr:T~TS UP' THE ('''ILlJ'ft\! FP')'" ~::v·sF. T0 'AIf)-rl~I(;:H, IF ~E~lJ.tRED 
JF «('('II..F0.J.O) Gn TI,) 11)" 
UA=Ul 
UP=lJ2 
00 40 I=l,N~ 
CUR ( I ) = ( UR-UA ) IY 
('''''I'IT T ~\lr 
t') F F L ( 1 ) = 0" == D F F L ( "! (" I :: 0 • G > 

r)(') 90 rO=l·dO·, 
1')=0 .. 0 . 

" 

I)f) 1)0' 1=2,i'lC . . 
D= CUR ( I-I) * ( NS fCT - T + I • ? ) + ( CUR'( I ) ':'CUR ( 1-1·) } *' ( NS~ C T -1 +4. () 11.0 ) ;. 2 .0+0 .. c· . 
cn"-IT t NUF ' 
TAU=!')/I\3$EC,T 
J)f) 70 J==?,NYJD 
D=O.O . 
00 60 l=2,J, . 
b=CUR(I_l)*(J-T+O.~1+(CUR(t)-CUR(r-lll*(J-I+1.a/1.C)/2.O+D 
'C0NTII\'UF . 
OF PLI(J t =OF F L ( NC+ I-J ) = ( TAU * (J-l }'"-o) *1-150' 

'en"'T T r-..'\lF. 
D() AO 1=2,N"-1Ir) '. 
R~~D=P*(FY+D~FL(t)l 
(ALL 'ITEPATE .< p,8MXD,U~ ,1IG,~."JT)' 
t~ (~Nt) llQ,110~RC . 
CUP ( I. ) =('uq (1\1('+.1 - T 1 = l'i}~-UA. 1 IV 

D = D F F L ( 1\, ~ I D) 
TOL=TCLFR . . 
IF «FY/Y).~F.O.175) TOL=TOLER/2.~ 

.. PR J to.!T 200. P ~'BMXD ,u·.f\ ,UI?" ()EFL.( N1·' I') l 
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FINn f\!~It{ ~STTt.4,ATr To I\XW,L l.OAf) pY 
, STFPPINC, STf"P SIZF' E'XPANDS 

AFT F R F j\ C H S LJ ( C F S ~ 11 L T J\J C Q c:- ~ c:, ~ t\ t\: r) D f ( q FA S f S AFT ~ R F t: C H ll\! V ALI D 
{\ T T F. ~J r> T /I. T I P,\ r 0 :::' " r 1\,' T ! ,,~ G 
( h L L V t. L t r, (p, n ',I X , U 1 ,t,;:> ~ 1 ,) 
P q r .. , T 1 9 0 ~ p, g v X , U 1 ,U? 
PI I\!T= 1 .• 1 *A8S (.0'( :'-!T ) 
P=P*(1. 0 +PINT) 
(-r"I TI") ?() 

CAL l V A LID (P, 8 t.,,1 X , U 1 ,u 2 , ? ) . 
IF (ARS(PINT).LT.JOLFR) GO TO 120 
PINT=O.u*PTNT 
I!=' (P I NT. L T l f) • 0 .). P I r.., T = 4 • ;', * p r N T 
IF (PINT.LF.-l.O) GO TO 120 
p = P * ( 1 .0+ P T "IT ) 
(j() 10 70 

'CALL VALr~ (P~qMX;Ul,U2'?) 
PRINT 190, P~R~X,Ul,U2 
PQINT ('20 
STOP 

-! 
I~~>~~ 
-;.~ ~ 

~~j~~~ .. 
.~~~~" :y~r 

~~~~ '~'4" 
~~i~;~~~;;.. 

FnR'vIAT (? 11 0 ,Fl 0.0 l. .i\~j.::.~,",~~ " ... "~',.;'~r.: F()Rf-,AAT (AFIO.O) .l··~t>,"C ·".Jo ... ·~I':. 
,F"ORMAT ClH, ,SX.,*RATI0 OF CO~UtI.N,lENGTH T~ THICKNESS IS*,'F5.1~* DI'V.i~ 
, I'OED INTO *,13,* E::U;IL V:::R:ICAL SECTI8r,!S*II) ~ 

. FORMAT. (JH ,c;X,*Nll~~"FR 01= D VS': ~~, PCINTS Tn ~F FOUND 1.5*,13//) J. 

F()~~AT (lH ,C;X,*Y - F.(CfI\IT~ICITIj:'S OVER THI<:=K'lC:SS RATI()S*I/,(lOX.tF 
110.u) ) 

. 
F ('\ Q ~1 A T (.1 r-i 0 , ? F 1 '? • l~ ; ? F 1 '? • F-, ) 

F0R~AT'(lH ,50X,2Fl?4,3F12.6) , 
FCQ~AT (lH ,~X,*FC(fNT~ItITY =*,Fo.3,* 'FOR THE E/T RATIO OF~,~8.31 
1/.~~X,*PRI~ARi EFFECTS*'43X,*~ID-HEIG~T SECO~OARY EF~ECTS CONV~~GEN 
?CE SfRJFS (iF CONSIOERED)*I/.l1i.*p*,11Xi*BM*,lGX.*Ul*,lCX,*UZ •• 16 
~X,*p*.~x,*ToTAL BV*'7X,*Ul*'10X,~tj?.6x.*MIn-HE1GHT DEFL*//) 
FI"'\R.~·AT (1 HI ) 

END 

SUBROUTINE VALID '(P,6MX,Ul,U2,MODE) 

SUA~OUTINF VAL'TO ST()RfS THF 
GO Tn (lO,20), ~ODF 

=Ul 
C U2 
F= ' 
~= x 
PFT RN 

~OST RECENT S~T OF CONVERGED VARIARLES 

\ 

'?O' Ul=A 
U?=C 
P=F 
PMX::;F 

P C'TUR '" 
,F "I.D . 
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SURRnUT INE 'I:"Ql\ME' REfI!')S THF STRUC TUR'AL FRAPf J r:PUT, PfRFoRt-lS Tp( 
NfCf.SS"RY CI\LCULATIONS, A':D CALLS THE APROPqlATE SU3R0UTJ;'~F.S TO 
APQIVE fo,T t, STA"'3LF.· SET f)F Fo,~~··E FopeES tdl.'D STrr-FI\;F~SfS IF POSSIBU. 

NJOIN - NU"'18ER OF JOINTS 1/\1 THE srRUCTURE, QJ\C:;;:: JOINTS ~LL EQUAL' () 
"'Jv'RE~ ()F STqUCTl);:)[I.L \·c: v'P.F.R3 I': TI-Ir f"Ri';"::-, !"c! .nr,:r) Tu'" 
I~ELASTIC SU8-ME~dERS 

LOJ~T NUMBER OF J0INTS ACTUALL~ L0AOED 
INFLAST· - NUfIt!RER OF INELt.'sT!C SU?-j\~E;.II8FRS, ""UST 8E G~F!\TF.'R THAN 0 
RAY - SPACING QF THE RIGID FRA~~S ALONG BUILDING LENGTH 

'J - l0AnED Jnl~T NUM8EP . 
~ORCFlI) -·LnADS ON ~~E LOADED J0tNTFO .J., IN THf GL~9AL' 

" X, y., A~.lD Z-DIPECTIO~S, RESDECTIV'FLY , 
Ell - INITIAL APPROXIMATII)\,: TO THE I-1E~"RER BFNDING STIFFNESS 
EAA - INITIAL APPROXIMAT{ON TO THE MEMBER AXIAL STIFFNESS 
K - ~E~8ER NUMBER BEING INPUT 
XP - RELATtYE GLORAL DlSPL~CEMENT OF END 2 OF THE MEMBER IN THE 

X-O~RECTIO~ 
yp - RELATIVE GLOBAL DISPL~~fMENT nF ~~D ~ nF T~E ~EVAfR IN ~HE 

y-nrRF.CTJON .' 
TFROM(J) - JOINT NUMBER ftT-£NO 10F THF M~MRER. ALW~YS SMALLER 

T H'AN .r T()( J 1. 
ITO(Jl - JOINT NU~BER AT FN~'2 OF ME~8E~ , 
FOLLOWING TWO VARI AP.LES ,lI~F: F;OR It:I~l ASTle MFtv:8ERS Ol'i~ Y 
UM(J} - INITIAL FtPPE STP~r~ 0N TE~SI0N SID~ nF GROSS-S~CTlnN 
UP(JI - l~ITIAL FlARE STqAIN nN CO~PRESSION SIDE' 

. 
$ $ $ $ 5 U B R 0 U ~ ~ N f F RAM E $ $ S $. 

-, 

C Or.-'MO N' / BLOC K 11 T EM P ( 8 , 1 6 ) , E T ( 8 , 1 7 ) "E U ( 8 , 1 6 ) ,S ,T L ( 6 d 2 ) , X 't Y , D x 9 D y , N 
IX ,WI'. NS TL, X2. Y2!t TOLER, EF-A I L, FC. FS, peAL. ,?MCAL 't P'STL, ES ,:--tt ACO!'-fC, r THER 
ZM,ITER,NTEMP,IPRJ~T ' . 
cr'\~""m~l / BL OCI( 2 / T ( ~, ,.,66) ,I') I 5T ( 6 f, ) ,~F,( (" n) ,c t. C A(' ) ,F.'A ( A6 1 9 S T F 1 1 ( '3,3 
l'6h),STF1?(?'~'66),STF?1(,,~'66J,STf?2'~'1'~6) . . , 
CO~~ON /RLOCK1/ PDD(1~6),lF~OM(66)'I!P(66)'P~(lO)'RMF(lO)'PT(lO),U 

. 1 t-1 ( ) 0) , UP ( 10)· 
DIMENSfdN FnRCE(3) 

I 

I NPUT THE PRF.V I OUS-L Y ""ENT I.ONC'D QA t A 
READ ?20, ~JOIN.NELEM.LDJNT,INELA~T 
pqI~T ?10. NEiEM.IMELAST,~JnIN'LDJNT 
JO I NT= 3.*NJO IN. 
PEAO ·2,:\0, RAY· 
PRINT 240, BAY 
DO 10· !=l;JOJ~T 
Pf)D<T).=O.O 
CONTINUF. 
Dn ;p r = l' , L D:J 'I T 
PFAD 2~0"J,FnRC~ 
PRINT ?~O, J,FtiRCF 



149. ' 

o{'\ 70 J:: 1 ~ 1 

~" 00()(!(f-.J}=F"("\D(I:"LJ)*no\y 

( 

c 

DRINT ;>r,0 
OQ[,,!T ?6r5 
,0 F ,\ f) ? -;:;, F r [ • = f\ t. 
r;r. ").0 _,.:1,[I.'Ir.Ll\ST 
R FA I) (c,,? ReI K, X ~ , v P • I i=' q: {'\, " ( \:" ) , IT" ( 1( ) ,') ", ( y ) ,II 0 ( v I 
crCI(I=FII ' 
,=t;(X)-::.fAA 
\:: T T E (' A , ~ 9 0 I '<., XP , y p ~ I F R () rv ( '<. ). ' r T 0 ( K ) , F r ( K I ,~ll. ( K ) ~ U \~ ( K I ,U P ( K I 
~-LL fQ;H.!"F (Xp,yp,l() 
C ("'I 1\, TIN I J F ' 
IF (P.'FLt.<;T.C'()el"FI,I="',,q (;() TI"'I::;C ." 
L=TNFLAST+l' 
pqrl\JT 100 
rv) 40 J=L' Nf.' LE'vI 
RFAO (S,?R0) K,~D,yp,tFRO~(K),ITnCK) 

ET(K)=fll 
F A. ( I( ,) = F A A 
\~ 0 I T F (h , ? 0 0) K, X 0 , y P , T F P 0"'" ( '( ) - ITO ) I( I 'f I ( K ) ,F A (l( ) 

CA.LL TRJ\NSF (XJ\',yp,l() . 
cnNT 1 t\!.UE 
R~X~IN=TOLER·X*Y*Y*FC/~ 

AEGIN INVfSTIGATION OF EACH THERMAL GRADIENT 
On 170 ~TM=l,NTEVD 
PPTNT 200 
CALL TF~"'PfR 

., 

r, 
r CAL(ULATF INITIAL ~F~RFR STl~F~F~C;~S, PERFOR~ INITIAL f\N~lYSIS 

On nO ~=l,INFLAST 
(IILl STIFF (lIN(K),'ln(K),I:"t..(I(;,ETCI(I,CG.PT(K» 

, I'.C CONT I NUE 
CALL RIGID (MELfM9JOINT,IPRI~T,rNELAST,ITHERM) 
poINT ~10 

r 
c ITERATr0N CYCLE RFGINS To n8TAIN (OMVEnGfNCF OF ~EMAFR STIFFNESS 
( ANn H~N(F F0QCES 

DO 0 1,0' I(OUNT=1.10 
PDJNT ~20, K~UNT 
KNT=}NElAST 
on 90 K~l,INFLAST 
C; I (It.., = 1 .0 
T s::- (' R ,.IF ( \(' , • l T • 0 .I?) C; J r-.r..,J = - 1 • r) 

fh..A:::S I Gf\,,*~v.F (~) 
IF 5R~.LT.RMXMIN) R~~R~XVIN _. 
(ALL ITERATE (PF(K).R~.UN(K),UP(Kl,~OOFl 
IF C 'AnoF.) lf~O" 1 RO, 70 

7() R'.ACAl=R~CAL*SJGN 0 

CALL STIFF (lJN(I().UP(K).F/\f.,tElt,CG"PT(Kl) 

'~G=CG*S T GN 
( 
C CHf"CK TOLFRANCF LFVfLt CHj\!'JG~S ,T':) STIFFNFS'SFS A~E WEIC;·HIFO TO 
r AVOID CY~LrNG CAUSFQ BY 0V~P_(O~DEtTtON 

EA(~)=(EA(K)+~*~AA)~4 ' 
FI (I()=(FT<K }+~*~t 1 )/4 
IF (ABS(EA(K)-EAA)/fAA1.GT.T0LfR/4.0) GO T0 ~O 
IF .LT.' G() TO <)0 

. ' 
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~"'T=I(NT"'l 
PRINT ~~O, PF(l(l,PMF(K)~O(AL,R\lCfl.L,ll~l(;(,I,UP(I(},r(",,~-T(IC,.)~~t«Kl,,< 

V~J"=I('N1-1 
IF ("'I~~.(,T.l) r.() T() 1?:; ~ 

IF (NFLFM.~0.I~FlAST) ~0 T0 120 
Ftl=EAA-::O.O 
f)O 100 I=l,r~~rLAST 
FII=El!+FI(t) 
FAA=FAA+FACI) 
(()~TINUF 

;:- I [ ;:: r i I / t f\.j;::L '\5 T 
FAA=EAAIINFLAST 
D('I 1 1 0 I -= L ., ". ELF"'~ 
FI(tl=EIT 
EA( II=FAA 

CONTINUE 
IF (KNT.EO.O) GO TO }40 
CALL RIGID (NFlF~,JOtNT'IPRINT,tN£LAST~ITHERM) 
Cr5".IT i NUl=' 

't 
PR 1 N rOUT ('IF RF SUL T S A F TFR CONVER GE \JC E OR INHFN THE rv,AX 1 tAU~A 
O~ CYCLES HAS BEEN EXCEEDE) P 
PRINT 340, ~nUNT'KNT 
Dn 1')0 J=1 ,P.!FLAST ' , 
PRINT ~~o~ PF(J),RMF(JI,C~(J),UP(J)~FI(JI,E~(J)~J 

("""IT I f\lU F 
T F (r NFl A C; T • C' () • ", C' '- ~ ~.A 1 ,,,: f"\ T ('\ 1 n 1', 

DRINT ~60., FTtL),-=A{L) 'L"'\::-L~"1 
CALL RIGID (N~LEM,JOINT,l'INFL~ST.ITH:RYt} 
CONT r ~UF -:.. 
Gr'Tn lQO 
PPINT ~70 

STf)P 

F()RMAT (lHl) 
FOR~AT (lHJ,*STRUC~URF CQNsrSTS of *.I~,* ~FVRFRS I~CLUDING *,{3,* 

1 INELASTIC M~""BERS*/I,"'X,*~RA;.IC;: HAS *d-;h* ,JOPITS OF \I;HtCH *~I?,* 
?ARE LOADED*i'/) 

Fnt?MAT (6110) 
FOR~'AT (FIO.0l . 
FOR ~.A A T (j I c:; X ~ * If"l P II T L () t\ 0 F D J 0 I N T SON L Y., (r N D LJ TOR DE R I S NOT 1 ~ D 0 R T 

IANT> RAY SIZF = ~,F?l.,4 'FT~//~* JOI~T X-ACTI0N Y-ACTION 
? Z-ACTtn~ (KIDS ANO IN(H-~IDS)~/) 

FnD'..AAT- (,110,~FI0.?) '--
F0RMAT (lH ,~X,*~FMBEP X*~10X,*Y F~nM TO Elw,aX,*E 

lA*,6X,*STRA!f'I:S (TENSION ",I".D CO','PRESSION),Ff'R T"lELAST~( "'E~~BERS*/) 
F (' R ,.4 A T (2 F ;:> C • 0 ) 
FORvAT ,( IS.7F10.Ci,?IC;,2FIO.OI 
F ORt.A A T ( 5 X , IS., ? F 11 • 4 ~ ~ 1 • .6 , ,;:> F 1 1 .0 , ? F 1 1 • ~ ) 
FnRMAT (lHOt~X,*uFUREQ X*,~0X,*y Fon~ T('\ EI*,Qx.*F 

lA*,.c.X~*FoR FL'ASTIC WF~1tlfPS*/) 
FORMAT (lHl,C:;X.*START ITrPATION CYCl~*//~X~*P*,~X'~A~~.hX,*PCPL 

1 o,MC,AL '*,'jX,*Ul*t.8 X ,*U2*,?,X,*_CG*.RX,*Fl*.lOX,*Ft..*/l 
FORMAT (lHO, 17) 
FORfvf~T (5X,2 (F~.2 'FQ. 2) \ ,FIQ;6.F 1?0 ,F 10. :I', If- MFr~p.ER :-\0.", I 3) 
Fnf:n1AT (lH1.,')X,'Jj-F'INJ\L PE::ULTS AFTER-'f-,r~.t- CYCLES- OF {TFRi\TI;)N, LEA 

1 V T N G * , t, -:l, ,.. UN S t. T t SF r F. f) v (I Q r A AlE S * / 11 I). X • * p * ., 7 X , ;1- q 1yI .. , Q)( .. * U 1 -'t • R X,,.. ~ U 2 * 
• ~ * ~ • 
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r ****~*******~**************~****************~********************* 
(" 

r STRUCTU~AL ~NALYSIS OF T~~ ~IGID FRAvF 
C *~l()T;* J\LL J0INTS !"JCLLJ,)I~!G BASF I\RI=" RIGID, S0LUTJOr\ RY 
(" SI~ULTA~EnUS fnUATlnNS DU~ T~ FACT THAT fXTDA ME~RERS AND 
C J0INTS C~~ 8f AODFD Tn 00 DELETE~ FR0M THE INPUT DATA DEC~ 
C AS DESIRFD 1,.iITH0(JT !)ISTUQ~I~G 0RFVrOtlS DATA 
C 
r ***************.~**.****t~**************.************************* 
r 
~ , 

1 (' 

C 

S U ~ D [' U T "v,J ... ' f 9 T G 

Di~ENSln~ STTf=F(7P,7Rl, D)(7~) 

DI~FNSION GD~(3)' GD2{31, FCRCl(~)' FORC2{31, 01(3), D2(3) 
DJ"'ET\Syc;N QI~(3"1., 5'«3,':.1, QK(3,1), UK{'1,11 
COM~nN IRLCCK21 T(~,3'66)·DlST(66).,SF(6,6),FI(66),fA(66),STFll(3,3 
]~~6).,~TF1?('1,1,66),STF?1 (',',66) .,STP22(3,~,A61 
(n~~nN I~LnCY~/ OD~(1?hl,:~~~~(66),lT0(6A),pF(1~),P~F(10),pT(lCJ 

D ('I 1 0 r =' 1 ., J r"I 1 1\, T 
Of) 10 . J = 1 , J() p,q 
STTFF( I'Jl:O.O 

MEM9ER STIFF~ESS MATRIX r~ ~EMAER COORDINATFS 
~o 70 K"!T::!I,'I\JElE'''-
['I') 20 T=I,3 

, -<: .. ~ 

J ... !" ~ DO 20 J=l.?-
PI( (I ,J)=SK( J ,J)=O.O 
O~(l,J)=UK(I,J)=O.C) 

- !~~~~~~}\~, 

(" 

R L = f) r 5 T ( ~ fl.: T. ) 
01( ( 1 , 1 ) =UI( ( 1 , 1 ) ='F A ( I( NT) / r: L 
R~l2'2}=UK(2"2)=12.0*EI(K'T)/8L**3 
RK(~,3)=R~(3,2)=6.0*EI(KNr)/8L/8L 

Q~(3'~)=~K(3,~)=4.~*ET~K~T)/gl 
UI( ( ?, ~ ) =UI( ( ~ ,2 ) =-PK ( /., 1,) 

5'< ( 1 , 1 ) =01( ( 1 ,1 ) = -Pt: ( 1 ,1 ) 
5~(2'?)=~~(?'?1=-QI«2'?) 
SV(?,~)~01({'1'?)~~~(?'~) 
SK('1,?)=n~(2,1)=-QI«~,?) 

SK(3,~'=QK(3,3)=RK(3.,3)/?O ~ 

STORE M~~AE~ STIFFNP5S ~~TPIX (~FV8ER ~QORDtS) IN 1~DIMENSTCNA~ 
I\DPl\Y. THIRD 5U13SC Q I P T 1)~'I='PIES p..'P .. AqfR NU~J.Rr.P 

"'l 
'. 
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DC: ~O J=},3 

~l~l~II:J;~~fl~~~~I:~1 
'J S T ~ 2 1 ( 1 ,J, I( ~ T j =: () I( ( ! , J 1 

") :) S T r- ?? ( .J ,J ,!( "I T ) = lJI( ( I , J } 
I T'1("1= 1 M- I T;' (i( .,It ) -~ 

(" 

C 
C 
C 

(" 

(" 

C 

C' 
( 

c.O 

AO 
70 
C 
C 

lOG 
(" 

C· 
(. 

/ 

T~~"l5FOR.\.\ lV:Er.t.8ER 5T t FFNES5, ~ATR I X TO BE RfFFR.'lE:C[D ey GLC:3,.,\L 
C00RDTNATES USr"!G SUBROUT PlE 'GLORAl r 

FOR ~/fP8ERS COf-INF.rT!NG T:) ?ASE JOINTS, O:'~LY K22 REQ'jIRFO 
rALL rL0q~1 (U~,~~~,~VT) 

IF (IFR()·A(!(".'lT).F.n.C) (in TO SI1 

rFqn=1·rFRn~(K~T)-~ 

~ 

ADD Kll, K12, K21, K22 TO ASSEMBLY MATRIX AT CORRFCT LOCATION. 
LOCATIO~ DEFINED BY J0I~T NUMBERg 'OF MFMBER ENOS. 
CALL GLOAAL (PK'J,O,~~T) 

CALL GLOAAL (S~,J,3,KNT) 
CALL GLOBAL «()K;1,Q,'<"!T) 
Dn 40 1=1" 
IF=I+IFRO 
1T=I+ITOO 
Dn 40, J=l,'3 
JF=J+IFRO 
JT=J+ITOO 
STTFF( TF,JF)=STTFF( TF,JF\+c:.;::-(!,J) 
S T IFF { T F , J T ) = S T T =- F ( T F ',J -:- , ~ S:::- ( I .. J .. ~ ) 
5 T r F F·( IT, J F ) = S TIP F ( IT. J F ) + S ~ ( 1 + 3 , J 1 
STIFF( IT,JT)=STIFF( IT,JT) +SF(J+3,J+3) 

... 

.. 

: 

.".00 K.2? T'" ,\SSE'..1oLY vATr.-1 ( F,)R J··f~,18EPS CON"!J:"(TII'IG tJ BASE JOII\jTS 
f:''J 60 I =1,-:1 
II=I+ITOO 
Of') 60 J= 1 , ~ . /' 
JT=J+ITr.1"\ 
STIFF(TT,JT)=:STTFF(TT'Jl)~~F(I+3,J+~) 

CONTINUE 

TRANSFORM MEMBER THERMAL EXPANSION FORCES 1~T0 GLORAL FORCES' 
DO 80 I(n=ltJOINT 
PO (1(.0) =PDD (Kf) 

CONTINUE 
IF (TTHEP~.frhO) Gf"\ T"-1:-)-': 
D0 100 1=1 ,1~fLAST 
Pl=T(l,l,rl*pT(!) 
D 2 = T ( 1 ,2 " I ) *'P T ( I ) 
J =:: 3 * I F R ot-A ( 1 ) - "2 
t F. (J. L E • 0) Gf) T" .Q 0 
PO'(J)=PD(J)-Pl 

P0CJ+l):PD(J+l)-P"2 
J=:;*ITO.(I)-2: . 
P!)(J);PD(J)+Ol 
pn(J+l)~PD(J+l)+P2 

CCl~TINUF 

ALL ~~05~RS HAV~ 

i' -/~ 
(, ' 

'. ' 

, , 
" 
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CAL L :. I '''/0 (3 T T r F , P f) • 7 ~ , I <"'. I /-' r, ) 

\.jOITF T ITLf<; .F"'~ <;lJ~SFr,Ut:"':T r'lf.T!'I ~tJTPUT 
r ~.' (., T r> ~ I I\! T • ;, T • \J )' DO.!" T 2 1- ~; 
r C' {! D17.I t! T • G T • ~ J ,.,~ q T T F (6, 2. 2 ~ ) 
I r (r p q I !\t T .; -:-) r • ,~ )., .'} R r T E . ( S , 2 ~ J ) 

" INITiATE GC-LOOp TO CALCULAT~ vf~~FR F0Fr~s 
f)n 700 ~=l ,r-.:~L~P 

IT~n=~*IT~C~)-~ . 
I~RO=~*IFR0~{K)-~ 

! -;:, ( r ;- ~ ') • LT. '". } 
Dn 120 1=-1,3 
IF = I -+ I FRO . 

~ I r -=. I + I T 00 
GO 1 ( 1 ) = PD ( IF) 
G r: 2 ( r ) = PO ( IT) 

. C f' ": T : N U· ~ 
G0 Tn 150 

1 'J, ') 110 140 l=l,~ 

IT=I+IT'10 
(l GO 1 ( I ) = 0'.0 . 

, ,G 0 2 ( 1 ) = PO ( IT) 

'. 

140 .C()NTy'NUE 
lC,f) C0NTINUf , . 

WPJTF (,>,2t..'";) 

... : q T :r F (A. 2 ~ ::; ) 

,­.. 

1 AO 

1 0 !) 

(" 

?1i) 

. ?'?0 

IF (I PP 1 f\.!T • G T .0) 
IF <TPRI{'IT.GT.J) 
(In 160 I=l'~ 
D1 (y')=D2( 1")=(1.0 
.Ff)RCIJ! )=FCRC2( i ).=O.C 

I 

( G D-l ( I ) , 1'= 1 , ., ) , I( 

(GD?(T.)tT=l,":I) C 

(:\lCULI'Tf ~"f\ .. D.FO !)!<;::lLf\C~ .. :"ts FO')'V GL"08AL ... VALUF$, VIA T "'HICH 
~.!,\S. PrJS:-VI.r'dSLY ST")PFD '1" 'A-:::I'I:F.,f\:SI0N.\L APRAY Fro THIS DlJ.C~P()SF.. 
Go 170 L=1,1 Q 
90 1 70 ",' = 1 , 3 
Dl(L)=Dr(L}~T(L~M,K)*GDl(Yl 

o 2 ( L 1 = D 2 ( L ) + T ( L, 9 ,,. , 'K ) * G D? ( v 1 
-'"'" . 

CALCULATE·~Ev8Eq.FOPCES I~ VE~BEq CO()ROI~ATFS 
nn r R 0 1=1 -;-1 • 

.. 
DO 18q J=1,3 . , 

, F () R C 1 ( r ) = FOR (" 1 '( I ) f. S T F 1 1 ( t ~ J , i( ) * D 1 ( J) + S T F 1 2 ( T " J. ,K ) * D -;? ( ..J ) 

F,ORC2 (! )=FORC'2,( I }+STF?l.(! ".J'\( )*D1 (Jl+STF?2( T ,J,I( )*'f)2 (..J) 

IF (~.~T.INELA~T),Gn Tn lo~ . 
~ 0P C 1 ( 1 ) = F f)P C 1 ( 1 ) +p T. ("Ie() " 

FORG2 ( 1·).=FCRC2 ( 1 ) -PT (K 1 ' 
,CONTIINL/E 

\ 

• I F (T P Q r M T • 'G T • 0) \',' R 1 T r:: «(" 2 6 r: >. " ( I; 0 Q C 1 ( r ) , r -= 1 ,3') . 
IF '.( I PP P'11 : G T .0) 'tJP. T T F (~,?"7 ~) (POQC 7. ( T ) ,I = 1 ,,, ) 

I F (I(. (".. T • 1 ~ E L /I. S T) GI'1 Tn?:; rt ... 
PF(K.l=(FO~Cl (1 )-fORC2( 1) !J2 
~"F(K)=(F()R(l (3)-F0r>(?(11 )/2 
CnNTII\!0E 
RETURN 
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Ie 
c 
C 

,0 
c 
c 
C 

(" 

FI"'?"AT' (.t)X,~·OISDLC 
FnQvAT (5X,*FnRC~S 

F '''' . .r;> '1';'\ T (? x ~ * F (fR, ~ E S 
, '" 

FI\! D 
FND 
F~~ 

F"''';, l~·,':lF?").'3'''iX,*v>;:'!PFC? "'fl",~,J')) 

?'\<-'''''E?'3.S') 
1-¥-,'3=:25.1)) 
2*,'3E'25.')) 
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****************************~********~**************************** 

THIS SUBROUTiNE ACTUATES. A SIMI~ARITY TRANSFORM OPE~ATING ON THE 
" ,It 

PRI~ARY 3X3 MATqICES. THESE ARE SUBSEQUE~TLY STORED IN PROPER 
LOCATIONS IN THF STIFFNESS ~AT~IX, SF. . 

~*~********************************~*******~**~**~**************** 

s 'U P. R 0 U T T "I E ,G L 0 8 A 'L 
" 

Dlfv!ENSrON A(3,3},. 8(3,':3), D(3,.2) 
.COV."-10N 16LOCK2,1 T'( 3,,3,66) ,C [ST(66) ,SF(6 ,6) 
DO. lor = 1 ~ 3 
!)n 10 J=1,3 
Q ( r , J ) =0. ') 
f")(T'J)=:J.C 
C0,,'T I ~!lJF 

CALCULATE (B) = (Al(T) 
DO 20 1=1,3' , 
D0 20 J=l,~ ... 
n~ ?O ~=1,~ . 
P ( I ,J') ,: P ( I ~ J ) + A ( I , I( ') *" T ( '<: , J', 1< 1\1 T 1 

CAL C U LA T E (D) = \( TTl ( A I ( T 1. ,'" ~ T R I X D T H F N REP RES EN T S ~4 A T R I X A, 
, IN GL f")BAL CC('lR,Q I ~'A TE S «('0 0 IS E.oUAl To ,~_'O, AR I ) 

DO ,30 t =1, '3 
DO ,,0 J:: I" 3 If 
Dn ~0 v.~1,3, . 
D ( I t J ) ',,:: [) t t ,J ) + T ( K. , I , I( NT) * ~ ( I( , J I . 

(' POPULATE' STIFFNFSS MATRr'X ' .. :rT.H SURMATRICF",S h!.HICH ARE NO~'i 
C EXPRESSED IN~ GLOBAL COOPOINATES. RESULT IS ~EMRER STIFFNESS 
C MATRIX IN GL08~L' ConRDINAtES, ~~~DY FOR ADDITION Tn STIFF. 

D0~O'I=1,?­

J 1=.11 + I 
,DO 40 J=1,3 
,JJ=Jl +J 

Af) SF ( IT, J.)) '7:0 ( T." .J)' 

PFTUO/\, 
" 

: 
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" 
**»**»**********~**********4*~*****»**~****~**»******************* 

C "I rl'L"·TC:- ... ·r:·~QFt:" l~\!(",TU ~o~, •. r"",",Q""'I""Tf:<: ,. _, I" • It.. • • ~ • ~ ~ r ~ __. ...; ~ - .. ) 

c,rORF: TPL\:-O·!:.F ..... p··:'ATr'"'''' Vi:.TD:X I~ ~-f)·r'·.·r"15i{'\~!!q :'0PAY. THIRD 
C,U::l.S(P)PT ,i),i=.:F""If'..!fS v~~.nt:"J ':',Y:·QEQ., ,,\~ C·,)U/',!T(8. c y PRnr;Q/\:./ FPAr./E. 

. 
*****~**************~***X»*4***************~***************~****** 

~ U ~ p (\ UTI ~: E T ~ A .. ~ 5 .F 

,-
cn~Y0~ IPLnC~2~ T(3,~,66}'DIST(66) 

~L=(xo*XP+YP*YP)~*0.5 

T() ,1,1()=T{?,,2.,l()=XP/f"l 
T(1,2,i(1=YP/AL 
T ( 1 , 'l. , 1(' ) = T ( ~ , 1 ., I( ) = 0 • 0 
T(?'l~<)=-T( 1,?,K) 
T(2,~,~)=T(,,?.,K)=0.0 

T('3.,',K)=.1. 0 . 

S E G 1 ~! S 

.. 
TRANSFORM '\AE"'8ER LEt\!GTH F'RO~·4 FEFT TO INCHF.S FOR OItVENSIONAL" 
C 01\1 T T 1\1 U r T Y . 
D T S T ( l( ) :::,1 ? • 0 *A L 
RfJUR:--~ 

EHD 

:. , 

,,, .. 

} .' 
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" 


