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IRTRODUCTION

Kuclear energy has been regarded in recent yesrs as a
vast new energy source destined to compete with and eventually
replace the rapldly dwindling fossll fuels as the source of
electricel power. The errival of this new source of power
nas brought with 1t many probleme snd there remeins wmuch
engineering development to be done before nuclesr power will
teke L1ts plece alongside fossll fuels in normel competitive
ooéﬁaroial generstion of electrical power. One sres where
much study and development is& needed is that of shield de-
slgn. The large-scale generstion of penetrating radistions
and radloactive meterials ss a result of the use of nuclear
reactors corestes the need for shlelds to protect opersting
personnel and equipment from the harmful effects of these
rediations.

The penetrating radliations of coneern in resctor shield-
ing are gaswe rays and neutrons. All other rediations eamitted
within the reactor core will be reduced to insigniflcant
levels a8 & coneequence of proper neutron and gesume ray shield
design. The blologicel hezards of redlation stem from the
menner in which these redistions intersct with humen tissue,
energize and lonize cells, and upset the chemliesal bslance of
these individusl cells aauaing cell death. Considereble cell
death within & confined srea of the humen body will cause ex-
tensive Slssue damage and even death. HRadletions further will
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slter the electronic and magnetic properties of many meterials
used in resctor control and operation snd render electronic
control devices unrelieble. The problem of rediestion shileld-
ing resolves itsell then into the probles of sattenustion of
gowma rays and neutrons to an extent thet exposure will not
result in damage to exposed perscnnel and msterisl.

Reactor shields of portland cement concrete have been
used predominantly and highly euccessfully for the pest fif-
teen yerrs. kassive smounts of oconerete have been employed
to stienuste to tolersble levels these penetrating redietions.
The ccnerete called upon to perfors thie function hes been
termed the "blologlesl shield®. In order to protect this ocone
erete frow the hermful effecte of intense nuclesr radistions
snd high tempersture elaborate and extensive “thermnl shields®
heve been interposed between the resctor core and the ccnorete
shield.

The kateriale Testing Resctor at Areo, Idsho, for exsample,
containeg & theraal shield coneiating of thicknesses of steel
gach four inches thiek, separsted by 2 spece of four inches,
through which air 1s passed to serve as a2 goolant. The
Cenadlan Netionsl Hesearch Resctor et Chalk River, Cansde,
hes a therusl shleld consisting of four three-fourth inech
steel baffles, a four ineh thick steel sheet and & four inch
steel floor. COther resctors designed to produce apprecisble
quantities of hest have slimller thermel shielding. There is
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a2 inereasing tendency in recently constructed resctors, how-
ever, to reduce the smount of theruasl shielding used to pro-
tect the gonerete. 7The exect or even approximste amount of
therwel shlelding necessary hee never been determined. There
even remains substantisl doubt as to whether or not thermal
shielding is necessary in high temperature, power resctors.
Before nuclesr power oan become competitive with other power
sources economy must be achieved in many sress. One possible
area where great econcmy 18 probable 1s in this field of
thermnl shield design. A reallstlic appralsal le needed in
this srea relsted to materiel properties of resctor concretes
and their moet effiecient use in shield construction.

The conservetiem prevelling in this fleld at the present
tise 18 fully Justified. There has been very little informe-
tion avellable pertaining to the behavior of conerete sub-
Jected to hest and thermsl cyeling. There are no speeifice-
ticus To gulde the desligner and ss 8 conseguence thermal
shields have been designed to keep the teuperature rise and
the tewperature gradient in conerete to very small velues.
The thermal shielding necessary to reduce temperatures snd
thermal gredients to these "allowable limits"” cen be, 2e seen
in the previously cited sxamples, en extresely costly oaglnocrbh
ing tesk. it is the purpose of this thesis to aid in scme
swall degree in pulting shleld design on a sound, economic
englneering vesls by providing information as to how much heat
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end thermal cyeling resctor ccneretes cean sctuslly withetend
without excessive deterlorstion snd what kind of reinforeing
system, reinforced conerete or prestressed conerete, 1s best
sulted to eid in resicting deterioration.

In the researgh described in this thesls conorete
eylinders of high strength portland cement concrete were ex-
posed to varylog ssounts of heat and vnr&ing degrees of ther-
wal eycling to determine the basic abllity of conerete to
resist these thermal stresses. Teet besms were prepared of
the ssme type conorete. Two of these beaus were prestressed
end & third hed the ssme steel content but wes left without
prestressing. These beans were subjected to thermal loading
under sultsble conditlions of end restraint, The stresine snd
deflections ereated by the thermsl losding vere messured and

the surface deterioration wese observed.
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REVIEW OF LITERATURE

The literature pertinent to the study of concrete in
resctor shield design con be divided into two aress. The
first relestes 1o the effect of rsdlation on resctor concorete
and the seccond desls with the effeet of heat and thermel
oycling on conerete. Thie review will be concerned primarily
with the latter srea.

The effect of radlation, gerume reys and neutrons prizar-
ily, on the structursl properties of concrete has been rather
extensively investigated with the widespread conclusion that
rediation hes no noticeable effect on conerete. D. B. Halll-
dsy (7) in 1986 in = summary report by the British Atomle
Energy Tatablishment came to the conolusion thet in experi-
ments cerried cut to that dste there would be no noticesble
damage over a period of ten yeers of irrsdlation at a flux
of 1012 neutrons per second per squere centimeter. OClmilar
conelusions have been resched in studlies conducted in the
United Otatee Atomle Energy Commisslon. In some investige-
tionus there hes been damesge reported, but in every csse there
was high tempersture and thermsl stresses also involved and
there remelined the guestiion a8 to whether the redlstion or
the hlgh temperature wes the mechsnlsm thst caused the demage.

In the area of the effect of high teamperature and thermal
eycling on resctor conerete some scattered work coumencing in

the late 1940's has been done. OSeveral tests deslgned to



determine the effeot of hest on highedensity concrete were
conducted in the United Stetes Atomic Energy Coumlsalon in
1949 by C. A. Brinner and asssocistes (3). Cillndara were
heated for seven snd fourteen days te 110, 350 end 800 degrees
C. The results of the teets showed a graduasl deterioration
in strength from 7800 pel at 110 degrees C to 3000 pel at

50C degrees C. There was no significant change in strength
attributed to the different perlods of temperature applica-
tion.

Theodore Rockwell (18) in a 1880 United Btates Atomie
Energy Commlssion report discussed several aspects of reesctor
shielding. He indicated that from the data he had collected
the subjectis of thermel stress, high temperstures and thelr
efifects on concrete were in need of inteneive atudy. He
eited the “Clinton Plle" as » resctor without thermsl shield
in which no noticeable damage to conorete hed taken plsce.

Gallsher and Kitzes (€) in a finel report of the United
Stetes Atomic Energy Commission Reactor Shielding Development
Frogrew iu 18563 gave dats on the therzel conductivity, spe-
eific heest and thermsl expansion of berite ccnorete. They
found that berite concrete exhiblted no essentiesl differ-
ences in properties from those exhibited by ordinsry conerete.
It is noteworthy that in this rinsal summsry report of sn ex-
tensive development progras not one part was devoted to

angwering the question of whether or not therwsl shielding



was necgesgary for cohncrete.

J. 0. Henrie (2), working for North Americen Aviation,
Inc. under 2 U. 5. Atomic Energy Commission contrect, in-
vestigeted 1n 1954 sowe of the properties of nagnctitc iron
ore conerete. In ecoumpressive strength he found thet iron ore
conerete compared very favorably to regular conerete with
the sawe cement content. He further steted that the contrse-
tion and expansion coefficlents should be expected to bLe of
the sawe order of wegnitude in both typee of conerete. The
effects of high temperaturees snd thermsl cycling were not
discussed.

The Hesctor Handbook (10) published in 1956 by the U. 8.
Atowlc Energy Commlesion mede reference to the heat resistant
gqualities of various reector concretes. Hssentislly, 1t re-
ported that ordinsry portlend cement concrete could withstand
up to 3560 degree F temperature differentials in three inches.
e wention wes made of the effect of duration of temperature
or theramsl oycling on the vslue of the results reported.

Hs 8. Davie (56) reported in late 1966 thet investigstions
made on conerete wlth hesvy iron ore aggregate from Running
Wolf deposits in Montana indicsted that exposures %o tempera-
tures grester than aboul seventy-three degrees F have a detri-
wental effect on the physicel end shlelding properties of cone
erete. de found that loss of strength was quite smesll for

constant exposures st temperatures up to 150 or 200 degrees F
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and was tolerable for temperatures as high as 690 to 600
degrees I dependiug on the severity of the thermel cyeling.

He further stated thet little informstion could be found per-
talulng to the effects of thermal eycling snd therefore osu-
tioned reector designers to use csution 1n shield deslgn where
thersal cyeling 1s involved.

In so far as the reosctor geometry and 1ts effeet 1n caue-
iug thermal stresses are concerned, several standerd treate-
wents of the subjeot are avallsble. Timoshenko and Goodler
(19) in their book, "Theory of Elastieity*, devote one chspter
to the effects of temperature gradients along with varyling
end restraints. H. 8. Davis (5) discusses & simplified
approerch to the sawe subjeet using equivelent thermsl soments
and ordinary structural anslysis. There hes, howvever, been
little discussion or investigatlon of the plastiec properties
of cunerete at high temperatures. At the high temperatures
to whieh resetor coneretes may be subjlected conorete cculd
have properties that sre fer frog ideslly elestic. In addi-
tion very 1little hos been writtern about the uese of structural
steel reinforcing or prestressing to resist thersal stresces
caused by high temperature gradients in conjunction with
structural restraints. The first resctor using prestressed
conorete was completed in Frence in 1980 and no informetion
is presently avellable concerning the thermal stress resistant

charseterictios of the system uvsed.



In 8o far as reasctor design with reinforced concrete 1s
concerned, #. 5. Vavis (5) suggested r few relztionships to
be used in the absence of better informstion. Conaldering a
conerete wall with top end bottom edges fixed acd with a
linear tempersture drop in degrees F he suggested the follow-
iog foraula for detersining the nomina! percentage of primery
steel neer the cold side. For an explenntion of the symbole
used in the following two formulss see the "Notations® section

of this pasper.

Py
W(IOQ)

?un

He also mentioned that specifiestions usually enlled for 0.2
per cent temperature steel to be used in a direetion normal
to the prizary relnforeement. ¥hen the smount of temperature

steel 18 known he stated that the followlng formules ecsn be
uged Lo compute the parglsniblo tewperature differential.

te gl frim)e O%

If all four walle are considervd ss fixed he stated that the
velues of t obtained from the preceding ecustion should be
deeressed by ten per cent. He further indlecated thst greater
tesmperature gradlents could te tolersted in resctor shields
by using larger amounts of steel than would correspond to a
"balanced deslgn®. However, a substantisl lnerease in steel

would be needed to apprecisbly ralse the temperature gradient
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allowed. OSince large ineresses in steel content rapildly in-
erensse the cost of relnforced conerete snd since numerous
process plpees and test holes sre ﬁar&ally required through
reactor shields, this normslly would not be & practicel solu-
tlon and 1t would usually be better to try s different shield
deslgn.

Concerning the use of prestressed goncrete for concorete
shielding, as far as this suthor cen deternine, no investigs-
tions have been mede. However, 1t would seem logicel that
any siructural system that prevents entirely the formetion
of tenslon eracks such a8 prestressing does, would offer ad-
venisges in shield systesme. Inherent in sny power reactor
operation are countless opsrating eycles in which large
temperature changes may be involved. The mechanism of opening
aud c¢losing of cracke as thermal loasde sre applied to rein-
forced concrete 18 to some undeteruined degree lrreversible
and should eventually result in some deterioration. This
effect would not be present in a prestressed concrete syetem.

From the review of litersture presented 1t will be noted
that the sres dealing with thermel espects of reactor shleld
design has only been lnvestigated slightly 2nd wuch further
investigation needs %o be done. Further investigetion in
thie fleld should result in the esteblishing of an upper limit
to the temperature and thermel gradient thet ocan be tolerated
by reactor conerete. FFurther investigation should alsc see a
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substantial reduction or perhspe even eliminstion of costly
thernal shlelding and provide structurasl steel or prestrese-
ing in & logleal and eeonomical manner, It should also deter-
wine the effect that thermel eyeling will have on introdueing

progressive detsrioration.
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DEFINITIOE ARD KOTATIOR

Definitions

The shield interposed between the resctor core and the
goncrete to protect the conorete frow high temperesture and

radiation.

Blologlesl shield

The wmassive shield which hes ss its funeotion the reduc-

tion of blologleslly harmful radlations to ssfe levels.
High-density goncrete

Concrete made of cewment and high density aggregete such

28 iros ore, iron punchings or barite ore.

Heluforeed coumgrete

A gombination concrete-structural steel load carrying
systew designed 1n suenh a menner theat the structursl steel

takes the tenslle stress.
slressed n t

A combination conerete-steel loed carrylng eystem de-
signed 1ln sueh 2 manner that the conerete ie kept in com-

pression.
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iheraggouple

A device used to meassure tempersture changes by the
electrical potential chengee that sre oreated at the Junetion

of two dissimilar meterls in contset uponh temperature change.

Kotations
Pp Percentage of primary steel
Fy Ultimate tensile stress of concrete in pel
Fg Allowable steel stress in psl
t §:§:t;;t::o temperature differential in degreees,
L Coefflclient of thermal expension of oonecrete in inches

per inch-degree Fehrenhelt

d bistance from extrese compressive fiber to centroid
of the tenslle steel in inches

K Retlo of distance between extreme ocompressive fiber
and neutral axis to dlstance between extreme compres-
sive flber and resultant tensile steel

ig Modulus of elastlelty for steel
F. Fahrenhelt teamperature scale
c Centigrade teamperature scele

psl Pounds per square inch
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EXPERIKERTAL INVESTIGATION
General Information

The purpose of thie investigstion wes to determine the
effect of high tempersture snd thermsl e¢yeling on rese¢tor
concrete and to lnvestigate the relative merits of ordinary
reiuforced concrete and prestressed concrete in reslsting
thersal deterloration. The lnvestigstion of the effect of
high temperature and thermal cyeling wes confined to the in-
vestigation of concrete coylindere made from & high etrength
concrete with & one-fourth inch mexlmum slze of coarse sggre-
gete. The conerete proportions sre shown in the following
section on the "Febrication of Test Specimena®. A high
strength conorete was chosen so thet the same type concrete
gould ve used in prestressed beause constructed in the second
phsae of the investigation. It was thought thet by using the
ssue type concrete in both phases that the concrete deterloras-
tion due to high temperature and thermsl eycling might be
isolated from that which might Le due to the nature of the
enc restrainte lmposed on the concrete beams during heating.
A better comparison could then be obtalned of the relative
merits of prestreesing in comperison with ordinary reinfore-
ing. A swaell size cosrse asggregete was uced because of the
swell slze of the eylinders and betms that were made and be-

csuee 1t was rendlly avallable.
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After all forty-five c¢ylindere weres cest the cylinders
were subjected to verylng degrees of high temperature and
therasl oyeling. The deterioration of the eylinders wse
deterwined by wessuring the coupressive modulus of elasticity
and the compressive strength of the sylinders. The eylinders
were also checked visually for deteriorstion. A cheapt dls-
playing the temperature changes tc which the various oylinders
were subjected to 18 shown as Flgure one.

The relative merits of ordinery reinforced concrete snd
preatressed conerete were investigated by fabrication and
therzal testing of three besus, two prestressed and one re-
inforced. All beams were made of the same high strength con-
erete, hed the same oroass section and contsined the same
asount of steel. These besus were held in & condition of
restralint intended to slmulate resctor shleld conditions and
then subjected to repeated therael loading. The stralns,
deformations aud temperature gradients in the beams were

weasured and visusl indliontions of deterioration were noted.
Febrication of Test Speclimens
Igat linders

A totel of forty-five test oylinders three inches in
diameter and six inches in helight were cast in gelvanized
steel molds. The sggregate and cement proportions used were

deslgned to produce & concrete which had & minimum compressive
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strength of 4,000 psl at seven deys after cssting. Bateh
quantities of the gonerete for 2 one cuble foot batch were as
follows: '

15.3 1b of water

31.8 1b of cement

44.2 1b of coarse sggregate

61.6 1b of fine sggregate

All eylinders were prepared in three layers. All three

layers were rodded twenty-five times with s three-eighth inch
dismeter steel rod. The cylinders were allowed to molist cure
for seven days st elghty degrees F in thelr molde. Burlap
socked with water st regulsr intervels wes used to maintaln a
moist stmosphere. After seven dsys curing the eylinders were
stripped of their molds and placed in an oven msintained at
sixty degrees C. The cylinders were kept in this sixty degree
¢ stmosphere for two daye to remove any unsttached moisture and
then thermal cycled. Plctures of preperation of ¢ylinders and

oven arrvengement sre shown as Figures two and three.
leet besms

The test Lesus were c¢ast in s prestressing bed located in
the lowa Englneering Experiment Station laboratory. Figures
four and five show the prestressing bed and end bleck arrsnge~

went. The initisl step in the fezbricstion procedure was to

construct the proper side forme modified for the insertion of
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gage plugs. 3Seven strand wire cables were then eut to twenty-
four foot lengths for use in the besms. The steel base sheet
of the prestressing bed wee plsced and leveled at the proper
helght and wooden end plates and four and one-~half inch wooden
side plates were instazlled. The previously cut wire strande
were threaded through the wooden end plstes which formed the
ends of the proatronaing.btd. The anchorsge at one end was
stetlonery while the plate 2t the other end was moveble. Next
losd cells to messure the prestressing force in the eables
were slipped over the ends of the streands st the fixed plate
end and butted sgsinst the snchorege plate. These were fol-
lowed by steel-cased "Strendvise" grips which were inetalled
edjacent to the load cells and also sdjacent to the movable
plate. Each cmble wee individuslly tensioned to & load of
1,000 pounds with the use of & ratchet holest mechanism and
spring scale to set the grips and ensure that a2ll esbles would
have essentlslly the ssme losd. The gage pluge were then in-
serted in the side and base forme with the use of insert
screws. A hydresulle Jeck wes used to push the movable head

to the position required to tension the cables the desired
smount. The proper tensioning wae sccomplished through the
messurement of the strain in the losd cells. The load cell
lead wires were wired into 2 switehing eircult sand from there
into an SR-4 etrain indicater. Three six foot long beame
could be fabricated in the prestressing bed at one time.

The conerete wae wixed in & motor driven conerete mixer
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and pleced from the mixer into the forms with shovels. The
ssue wilx was used in the beas construction as in meking the
eylinders previously desoribed. Once the ccnorste was placed
in the forms (only two besms were cast at this time) it was
eonsolideted with an internal vibrator snd hend finlshed on
top by trowelling. %et burls; wee then placed in contact with
the exposed concrete surfaces and kept wet until the tine

of relesse of the presiressed csbles.

During the conorete plscing samples of the conerete used
were wmade into six four and one-half by nine inch compresasion
eylinders. Two of there eylinders wers tested for coumpres-
give strength at two snd four days after casting. The cone-
erete wag found to hasve 5,000 psl at the end of four days
permitting the cebles to be relemsed.

In prepsration for cable release sll plug screws were
taken out. The prestressed c¢ables were then released slowly
by the use of 2 hydrsulic jeck. The remalning conerete oylin-
ders were alsc tesken cut of their forms st the same time.
After release of csbles, the ¢sbles were retensioned to 500
pel and & third besia was cest. It will be noted that this
third beaw wes not prestressed. Subsequent to caatihg and
euring of this third besn s2l]l end cables were cut, forms

stripred and beems stored to swait testing.
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Experisental Equipment

The testlng mechine
uced to measure thé compressive strength of the eylinders was
2 Southwark-Emery compression testing mechine of 60,000 pound
¢apacliiy.

Besm-loadliug [rese The beam-loeding (rame for the
bean thermel cyeling tests was fabricated and set up in the
laboratory. The loading frame spplied the elements of basle
beas syametry to siuulste e condition of fixity st the center.
Figure elght showe a2 schemntic dlegram of the appsratus come
plete with heating elements and deflection messuring devices.

Figures nine and ter show besms belng tested in the Irame.

Load gells Devices cailed "load cells” were used to
measure the stralne crested in the seven strand high strength
steel wires by prestressing. These load cells were steel
eylinders to which were affixed on the outelde Baldwin 5R-4
siraln gages on opposite sides. The steel oylinders were
drilled with holes so thsi they fit snugly around the three-
elghth lnech diameter cables used in prestressing. In Jeacking
strein was lutroduced in the losd cells due to the compressive

force exerted by the Strandvise grips wedged directly over the
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cells. Figure rive shows the entire arrangement in deteil.
ine eireains created in these cells were messured ss changes
in electricsl resistance in the gtrein gages on the sides of
the eylinders. An auwplifying end switehing circult converted
thls informetion into direot strain resdings from which cable
stresees were caloulated.

In order to con-

vert the S5R-4 gage changes in reslstonce into strain resdings
& Saldwin SR-4 Type K straln indicator wee used. Interposed
between the indlcator and the loesd celle wee a switohing unit
to meke possible the reading of all cells without changing
wires at the lndicator.

seghanieel gages Mechsnioal gegling weas used to
weasure the thermesl strein developed in the test beswms upon
heating. Heohanlicsl wmessuresent was selected over electrical
messurenent because 1t was felt that electrical measurement,
though wore sensitive, would give erratic results at high
tewperatures. The mechanical gage used wes & Whittemors type
linear goge menufactured by the Solltest Compeny of Chieago,
fllinois. The gage lengih selected wes elx lnches snd the
gege was resd to the neerest ten-thousandth of an ineh. Gage
plugs were eaployed to obtain an accurate gage length.

Compressometer A laboretory compressometer with a
goge length of four inches and a lever ars megnification ratic
of two wos used Uo obtaln straln readings durling compression
testing of the cylimders.s The strein dsta obtalned by this
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wethod during testlng of the eylinders wes plotted sgelnst
applied load snd a curve was fitted to it. A straight line
was drewn tangent to the imitilsl third of this curve. By esle
culsting the slope of this inltial tengent line, a relative
wodulus of eisetieity in coupreseiocn for the conerete was obe
tained. Flgure six shows a typlesal stress-stiraln curve with

initial tengent drsws in es & solid line:
Heat sgurce equipment

ihersogoupliss Thermoocouples were employed at the
quarter polnts of the besme one snd one-half inches in from
the top and botiom concrete surinces slong the centeriines of
the top and botiom beam faces. Flgure seveun shows the looae
tion of the therwmoocouples and the previcuely mentioned goge
plugs. The purpose of these thermccouples was %o determine
the Lewperature gredient across the crosa segtions of the benms
at these locetions. Additlionsl thermocouples were pleced in
the center of esch Lesz and three inches from eaech end. These
therwocouples were employed to obisin aun idoa of the general
tewperature distribution along the beams while esubleeted to
therwal loada.

Additionnl thermoccuples were also inserted into the
center of one eoncrete oylinder in each oven used in ayeling
conerete oylinders. These thermocouples, connected into an

sutouatic recording device, were used to give & minute to
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sinute seeount of the tempersture inside the eylinders in the
ovena and thereby give an accurste ploture of the temperature
eyeling applied to the eylinders. |

ihe thersocouples used were mede of twenly-four gage
copper-gonstenten wire with fiber glses insulatien to resist

high teuperature deteriorstion.

High speed autometlc
regording equipment wes uesed to obteln & continucus record

of temwperature change in sll the ovens. ©Oinee 1t wes neces-
sary to record eeveral teupersture wessurements slmultsneously
a wultichennel recorder wes used. It was s Speedomex Type

G kodel 3 80,000 potenticmeter manufsotured by the Leeds end
korthrup Company of Fhilesdelphie, Pennsylvania. The recorder
hed s stendard potentlometer type messuring cireult and could
regord eight separate thermocourle channels.

- High temper:ture ovens The ovens used for thermsl
eycling with the eylinderes were, with the cxdtption of the
oven used for the highest teaperature oyecle, lsborstory ovens
with £60 degree C tempersture ranges. They were made by the
Preclsion Delentlflec Compeny and hed internal hester ratings
of 600 watis. Four ovens of thies type were used. Figure
- three shows the ovens. The same flgure slso shows the thermo-
coupie equipment wired inte the recorder.

The rifth oven employed w2s s glow bar hested cerenmic
kiln with a2 tempersture range of 2,400 degrees F. This kiln
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was equipped with s lLeeds end Northrup sutomatic control and
recording devige. This kilm was used for the 750 degree F
thermal oyeling becsuse such tewuperstures wers beyond the range

of the ordinary laborstory ovens avallable.
The beam heating elements used

were lsboratory eleetrical reslstance plets type elements
with plete dimensions of one by two and one-half feet. They
hed ranges of 300 degrees F for one element and 900 degrees F
for the other element. They were placed directly under and
in direct surface oontact with the beaue subjected to thermal
losding. A sghematic dlegrasu of the entire arruagcnaht ise
shown as Flgure eight.

Experimental Progedure
Syiinder testis

Forty-five conerete eoylinders were cast for thermel
eyeling. After curing snd drylng the eylinders were placged
in previously oallbrated ovens. Five ovens were used and
set at teawperatures of 200, 300, 400, 800 snd 750 degreean V.
Eight c¢ylinders were pleced in each oven and flve were left
st eighty degrees F to serve &8 & control group. While in the
ovens the oylinders were sublected to two thermel oycles
daily. Two eylinders were taken out sfter ten, twenty,
thirty and forty cycles. All oylinders were tested for come
preesive strength snd compressive modulus of elasticity after
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thirty-one deys. The procedure used in thermsl eyecling wase
initially to close the oven doors, turn on the ovens snd sllow
the tempersture to bnild‘up for five hours. The oven doors
were then opened, the ovens turned off and the eylindera
allowed to covol for snother seven hours. This procedurs wae
then repeanted until forty eycles had been resched. By thermo-
ecuplesn ﬁositionnﬁ in the &1dﬂ;o of representstive eylinders
in each oven the sctusl variation of the teaperature in the
eylinders was determined. Figure onz shows the teaperature
variation that occurred in the centers of the selected oylin-
ders. Ihe alr guench afforded & fairly rapld method of bring-
lag down the teamperature although as the eylinder temperstures
approached the smbient sir temperature the chenge became

rather slow. This wee to be expected.

Egem tests

After the Leams were cast they were molet cured seven
days, alr dried one day snd then therasl oyeled. The initiel
step i beaw therusl loading wos to place the beewx in the
losd freme. The Ames disle for wessuring deflections were put
in place and adjusted. The thermocouple wires were then
sttached inte the thermocouple recorder. Following this pro-
cedure, initiasl readings were taken of all strsin gage lengths
and deflection geges and recorded. The thermocouple recorder

and hesting elements were turned on to stert the thermal losd-

'S
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ing. During thermel loadling strzin sessurexents were taken
at the start and three and six hours after the start during
the first cyecle. After twelve hours of hesting ctraln gage
seasuresents were agaln taken, the heating elements turned
off and the beam allowed te cool & further twelve hours.

Then the entire eyocle was repeasted with the exception that

no further resdings were taken three and six hours after the
start of thermel loading during the second, third, fourth and
fifth cycles.

The procedure described sbove wae followed for all three
beaus . _’ma order of testing was firat the firast prestressed
beas designated 28 beam one. The second beem tented, desig-
nated 285 beaw two, was the structural steel reinforced vesm
and the third, designeted ae besn three, was the second pre-
stressed beam. The one veriation of thermsl loading that was
iutroduced wes in the temperature of the heating elements
and, consequently, the besms. Besm one was kept at & 350
degree F heating plate temperaturs. Beaus two and three were
kept at the meximum temperatures allowed by esch of the heat-
ing elements. After flve oycles of heating the besus were
examined for signs of deterioration snd pilotures were taken
of the beams to illustrate the deterloration that had taeken
place. These pletures are shown in the "Results” seetlon of
this thesis.
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Filgure 2. Capping of compresslon eylinders in preparation
for testing

Flgure 3. Oven srrangement for thermal cyeling of
compresaion cylinders
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Figure 4. P{'-trcnlin; bed with side forme and cables in
place

Figure 6. End block arrangement showlng load cells, cable
grips end ende of csbles
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Figure ¢. Front view of beam, load freme and potentiometer
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RESULTS AND DISCUBSIOR
Cylinder Tests

The results of the eylinder teeting sare illustrated in
Filgures sleven through seventeen of this section. These ree
sults werit sowe dlsoussion. It will be noted firet of all
thet the sotusl dats shown by plotted points end atraight
- vertical lines on the figures show that there is considerable
dlaspersion in the ultimste compressive strengtih results. This
dispersion 18 not wholely reflected in the five reference
-gylinders tested without thermal cyoling. In the case of the
five reference eylinders all ecompressive strengths were found
within the reglon of 6,400 pel to 6,600 pel, & considersbly
narrower renge than those shown after thermal oyeling. 1t
must be concluded Irow these resulte thet heeting introduces
& certeln addltional degree of rendomness in the concrete com-
pressive ctrunktn property.

Au lndlestion of iho conslisteney or leck of conslistengy
of data can be obtalned frow » comparison of the modulus of
elestloity snd ultimste oompressive strength date shown for
each teapersture. In couparing this deta by inspection of
Figures ll;von through seventeen i1t 1s seen thet in all ceses
8 rlucr.'marQ cani&csuﬁn set of plotted velues is obtained by
using the modulus of elasticlity ss & eriterion of deteriore-

tion rather then ultimete compressive strength. For exsuple,
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in Figure eleven showing the results of therusl e¢ycling at
200 dizroat F, there is & slight deterloration evidenced by
the modulus of elasticity data. The same trend but with |
considerably more scatier and uncertainty ie also evident in
the compressive strength curve. This le even more clearly
1llustrsted in Figure twelve showing the varietlon in com=
pressive strength and modulus of elestielity with therasl
eyeling at 300 degrees F. In thie case e downward trend is
evident in the compressive strength dste but there is too
much scatter to obtaln any reasonsble indleation of the type
of downward trend (or effect of repented eycling on deteriora-
tion). With the modulus of elastielity curve this is not the
case. The curve illustrating the change in modulus of eles-
tielty with thermal cyeling showe a definite drop or ineresse
in deterioration with incresse in thermel eyoling up to 2
point snd then shows & subsequent leveling off. This trend
of obtalning consistent date and & better indlestion of the
effect of deterioration by the use of the modulue of elastiec-
ity is shown in all cases.

Another item also of interest is shown in Figure eleven.
At 200 degrees F there appears that there might actually be
& silght initiel ineresse in strength with thermal eyeling
rather than a deoreasse as would be expected. A possible
explanation for this unusual beshsvior is that the beneficiel
effects atiributed to accelerated hydration and the driving

off of rewaining unattached molsture csused by slight eleve-



m

tions of temperature override the initial deterloration re-
sulting from such temperature inereases.

The most significant result of the thermal oyeling with
conerete cylinders is in answering the question of what effect,
if any, thermal ¢ycling has on the deterlioration of conecrete.
The answer to this gqueation cen be obtalned through an examine
ation of Flgures eleven through fifteen. Figure elevern dls-
plays the change in compressive strength and modulus of elase
ticity at 200 degrees F. This figure shows that with the
eylinders tested et this teupersture there wae possibly a
slight inerease in compressive strength up to twenty cyeles
and then & slight tspering off to forty cycles which wes the
extent of thermal eyocling. The modulue of elssticity curve
at the same teuperature reasins essentiaslly constant out to
about twenty eycles and then also tapers off graduslly. Both
curves indicste that some samall deteriorstion 1s tTeking plece
with inereased ocyeling. However ne real cenciusion can be
drawn from this serles of cyllinders at 200 degrees since the
eyeling was only carried out to forty cyecles. One can see
from this test that at low temperatures (around 200 degrees F)
thermsl ecycling would have =2 very small deterimental effect
out to forty cycl“.

In Figure twelve showing the results of testing at 300
degrees I more meaningful resulte were cbtalned. Here 1t 1s

seen thet in the modulus of elasticity deta a eignificant



39

trend ie indicated. With therusl ¢yeling there wae 2 progres-
give and falirly unifors ineresse in deterioration out to
twenty cyecles. After this asmount of cyeling the modulus of
elesticity velues remained essentislly conctant indleating

no noticeable further deterioration with lncreesed cycling.

At 400 degrees ¥ the final stesble values of compressive
strength and mwodulus of elsstlelity were both eonsidersbly
lower than at 300 degrees F. At 500 degrees F a very pro-
nounced trend hed developed. As seen in Figure fourteen the
iuitial slopes of the modulus of elessticlity and compresasive
streagth curves sre both very steep indleating rapid initiel
deterlorstion. However, at forty thermal cycles the modulus
of elastielity data indicated that ultimate deteriorstion had
been reached. At 750 degrees F, as shown in Figure fifteen,
virtuelly all deterioration had tesken plesce inslde of ten
eycles. The finel velues of both the modulus of elasticity
and compressive strength were also the lowest of sny series

of eylinders teeted. Subsequent henting does not indlcate sny
further noticeable damege past ten thermal cycles.

Laatly, 1t would sleo be of interest tc look et how the
coupressive strength and compressive modulus of elasticity
vary as & function of the tempersture. In the previous dis-
cusslon 1t was strongly indlested thet at high temperstures,
beyond & very limited renge of eoyeling, therusl cycling had
virtually no effect on the final values of elther the com-
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pressive strength or the modulus of elessticlity. Figure esix-
teen shows 2 plot of the varistion in compressive sirength

and wodulus of elasticity with tempersature after ten thermsl
eyeles. Figure seventeen shows the ssme type of plot after
the eyliuders had been exposed to forty thermel eycles. The
plot after ten thermal cyeles shows a slight humping st low
teuperatures whereas the plot of compressive strength and
wodulus of elsstlielty va. tempersture aflfter forty shows an
alwost stralght line relationship in both panprcnoive strength
and wodulue ol elmstieity. This "humping® 2t low temperstures
esn be attributed to the fact that et low temperstures ofter
ten thermal eycles the final compressive strength ond modulus
of elssticlty velues hed not been reached.

An extrapolation to the horizontal axis of the modulue
of elastlelty va. temperature line &t forty cyeles results in
& zero value of modulus of elasticity at sround 900 degrees.
Similerly, an extenslion of the compressive strength line to
the horizontsl axis resulte in 2 zeroc compressive strength at
around 1,300 degrees F. The valldity of such extensions sre
questiocneble snd would have to be borne out by experimentation.
However, it does glve au indlestion that genersl deterioration
due to hest 1s expected in the reglon of 200 to 1,300 degrees
F. Concrete can be expected tc reach its absolute limit of
usefulness in reactor shilelding in this reglon.

All of these results polnt to the following conclusions.
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First, deterioration inecreases only up to & certein limit
with thermal eyeling. OSecondly, with inerease in temperature
the number of c¢yeles reguired to reasch this limit becomes less
end less. By 700 degrees F limited oyeling 1s required to
atteln maximum deterioration. Thirdly, the rate of deterio-
retion until en ultimete value 16 reached becomes progressive-
ly greater and greeter with higher teuzperatures. This can be
scen from the inoressingly negative slopes on the modulus of
elesticlty ocurves with inoressed temperature. Lastly, it
should be noted that nothing hee been mentioned sbout the
surfaece condition of any of the eylinders ecycled. The tests
indlcate that thermsl loading would lmpesir the losd carrying
eapacity of the conerete. However, even at 750 degrees F
litile visual evidence of progressive surface damsge could be
found. For 700 degrees F in & non-losd-cerrying role such as
mlght be the case in certsin reactor shields, there 12 no
evidence that coneretle would need protection from hest. Note
however that the comment on tolerances tc heat with no load-
esrrylng role cen be a deceptive one. Conerete, Af not
allowed to expand freely (subjeeted to restraint), is subjeet
to loading thet could result in detericration.

It will also be seen that in all previous discussions it
was tecltly sssumed thst thermel cyecling wee the cause of
deteriorstion. This might not necesssrily be true. There
remalns, of course, uninvestigsted the poessibility that the
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saxe duretion of heating slone could csuse en equal deterliora-
tion. In order to investigate this poesibllity it would be
necesaary to conduct the ssme tests egain with ldentical tem-
persture conditions for the sape periods of time without
therwal oyeling. Thie wss not possible in this experimenta-
tion due to the limited time thet heating equipment was avalle
spble. However, consldering the resulte cbtalned in this
thesis, 1t would in a great many situations be lumeterial as
to whether the thermasl oyeling or the high tesperature csused
the reduction iu conecrete strength. Any design incorporating
iuto the shleld concrete a2t high teaperatures will generally
aleo have the smell amount of oyecling sesoelsted with 1t that
was shown 1ln this paper to result in ultimate deterioration.

Beamw Tesnts

In addlition to the conerete oylinders thermel eycled,
three conerete beams were subjeoted to thermal losding. Two
of the beams, as mentioned previously, were prestressed with
seven sirend wire cable relnforcement and the third was rein-
foreed with the same type cable but left unprestressed. The
intent was to detersmine the effeet of therassl cyeling on pre-
stressed and reinforced concrete subjeCted to end restraint.
in so doing 1V was felt that 1t might be possible to determine
an upper 1limit to the temperature such a gonfigurntion could
withstand aud slso determine the steel reinforeing system
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better adapted to resist thermal cyoling and thermal stress.
3ince only three beame were thermsl losded, no coneclusive
results could be expected and definitely none was obtained.
Jeveral results indleated however where further etudy might
be warranted.

The firet snd perhaps moet lmportent result was in the
srea of general surfsce deteriorstion by thermel oycling.
The first beaa (prestressed) wee subjected to a moderate
thercal losd with a 328 degree F hesting element temperature.
This tewperature wes chosen because it was felt desirable to
have both heating elements at the ssme temperature and this
teuperature was at the maximum capacity of one of the ele-
wents. After five thermal cycles no deterioratlon wes ob-
served. Further, no crack pattern or excessive deflection
was observed. The second bees (unprestressed) snd the third
besn (prestresced) were thermsl cycled at the waximum capacity
of both hesting elements. That was 380 degrees F for the pre-
viously mentioned element snd P00 degrees F for the other
elewent. This thermsl eyeling at meximum hesting element
capaclity gave & meximum teupersture in the beams of 640
degrees F snd & mexiusum temperature gradient secross the beams
of 420 degrees ¥ after twelve hours of continuous heating.
Both these maximums occurred epproximately in the center of
the spen subjected to the 900 degree F plate temperature.
Figure elghteen shows this varistion in tesperature at
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the center of the besu top and bottom feces cesused by the
maxismuw hesting. These results shown in thles figure were
obtained by linesrily extrapolating out to the besw fsces the
resulis obtalned st thermocouple recording polnts. These
thersocouples were actuslly loceted one and one-half inches
in frow esch beaw face 28 shown in Flgure seven.

After flve theramal cycles with the second beau some dif-
ferences in surfece condition Ifrom that of the first bean were
otserved. OSuall halrline cracke hed formed in the beam.
Flgure twenty eshows the crack pattern observed. The crack
pattern alwost inveriably went through the gege plug locations.
In the top of the beam the erack pstiern extended well into
the center of the beas from the top fsce. In the lower pert
of the ceax the crack patters wes loealxand around the lower
gege plugs. This concentration of eracks through gage plug
loostions wmay be explalined by the strese concentration that
will be ereated sround such disgontinulities in the conerete.
Unequal thermel expansion by the concrete snd bLrass plugs
during thermal coycling and the strein imposed on the plug
sookets by use of a mechanleal gage also should have alded in
the forwation of cracks through these locstions.

These effects alone explein the loecalized orscke formed
around the Eotmn gage pluge. The orscks through the upper
slde of the bLesz can be attributed to tension in the top of

the veam cross section resulting Irom the thermal load and
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condltions of end restreint impoeed. The corsck pattern formed
wag not unlike that formed in ordinary relnforced conerete
tesws loeded in the usual sanner, It wes further not open or
pronounced enough to Jjuetily epy coneclusion that further
therwsl eyeling would have resultsd in en extension of the
patitern or deterioration. The third beau tested wee the
second prestressed beam. Thie beam wes also losded with »
meximus thermsl losd. Under these conditions no noticesble
eracking or other deterioration occurred in this besm with
five thermsl cycles.

In sucsmery 1t will be concluded thet under the maximum
thersal loading at the center of the hotter span of 640
degrees F, a maxlaus tempersture differentiel of 420 degrees
F in four snd one-half inches and subjected to thermal oyeling
five times, no noticeabvle deteriorastion cccurred.

A second result of general interest is the lnelastic de-
flectlon crest¢d in the besus by thermal cyeling. This in-
elesatic deflection wes mweasured by teking the difference be-
tween diel resdings a2t the start and end of esch complete
eycle (one half eyecle of hesting and one half cyele of coole
ing). The disle read were located in such & manner as to
messure tne deflection at the center of esch spen. In all
three ceases large amounts of lnelsstic deflection were intro-
duced by heating. In all three cases this occurred ase deflec-
tion directed sway from the hotter fe2oe of the beam. Figure
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twenty-one shows the deflections crested in besms two snd
three. OJeveral experimentsl difficulties encountered with
bean one during thermal loading resulted in messurements of
little velue end hence the data for this besam 1s not shown.

1t is interesting thst the ilnelsstie deflection occcurred in
the direction opposite that of the eleetic deflection and that
alwost all of the inelastic deflection occurred during the
firat thermal eycle.

The strains created in the beams due to thermsl loading
were also messured. Flgure twenty-two shows the maximum
strains induced in the seoond and third besus 8t four selected
eross sections due to the firet, third and fifth thermal
cycles. These stiralns were computed by tsking the dilference
between initlal gsge length resdlngs taken before the start
of & therzal cycle and the readings taken Just bLefore the
start of the cooling half of the ssse cycle. The readings
shown were obtained by sveraging the resulte and extrapolat-
iug to the bean faces from the gage pointe. In splte of the
end restraints lmposed by the load freme, much of the straln
ereated in the beams waes due to the therzel expaneion of the
gonorete rather than the bending moment crested in the beaus
due to the nature of the end restrsints.

It should be noticed thet the maximum total sirains were
recorded st section D - D. This was tc be expected since

section D - D represented & gege in the hottest part of the
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beaw .

It should also be noticed by reference to Figure twenty-
two that & great deal less strein due to bending was intro-
duced lu the beams during the third and firfth thermal cycles.
1% wust be concluded freowm this that the beams Just d4id not
behsave elsatiocslly after initiasl heating. A possible explsnse
tion of thise behavior 1s that with initial hesting there was
enough structural breskdown within the conerete to prevent it

frouw acting subsequently a2s a solld mssse.
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bottom beam faces after twelve hours of
continuous heating at maximum heating element
capacity
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Figure Z0.

Presiressed beaw appesrsnce alter five thera=l cycles

Reinforced ceem sppearance after five therssl cycles






UPWARD DEFLECTION
(INCHES X 10"

UPWARD DEFLECTION
(INCHES X 10"%)

Figure 21.

o8

200
BEAM NO. 2
(NON-PRESTRESSED)
150
100~ WARMER SPAN
z il
S COOLER SPAN
I | |
0 | 2 3 4
NUMBER OF THERMAL CYCLES
250
BEAM NO. 3
200l (PRESTRESSED)
WARMER SPAN
150 e X
&
COOLER SPAN
100
50
| | 1
0 | 2 3 3

NUMBER OF THERMAL CYCLES

Inelastic beam deflections resulting from
thermal cycling



24" —— 26 45156 = 28"
_,3“ 33" A B C D 33" 3"‘_.
FIRST THIRD FIFTH
SECTION CYCLE CYCLE CYCLE

=

29 3 35
37 \ 60 51
20 //27
13 |
63 b 30
33 37 67

::97 84 :2 82
e OE{:AMIS 15

(5

BEAM THREE
28 33 30
it 30 30 30

|7 30 22
B 15 12 9
c 62 6l e
. ;47 \ 90 \84
‘ 83 12 \9l5
=0 75 65 56
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SUMMARY AND CONCLUSIONS
Sunmary

This thesis describee the investigstlon of the effeet of
heat and thermal oyellng on resctor concrete and related rein-
forelng systews. Forty-five cylinders of high strength con-
erete were fabricated, subjected to verylng degrees of heat
and therwsel coyelling sud tested for deteriorstion.

Three test besws were also fabrlozted of high strength
conerete. Two of these Lesus were prestressed and s third
wes relnforeced. These beaws, under suitable conditione of
end restraint, were subjected to hest snd thermel cyeling
aud visuslly examined for deterioration. The estrains and

deflections caused in the besms by heatlng were also messured.
Conelusions

Following sre the gomclusione from this lnvestligatlon.
Without further study cxtending thelr renge of velidity, these
conclusions can only be ceoneldered valld for the type of cone
crete used and over the range of temperatures covered by this
ilavestigation.

1. Therausl cyeling, after & limlted number of cycles,

does not result in progresslive, continulng deteriors-
tion in conerete. The loss of strength due to

thermal oyeclling occure in & relstively smsll number
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of oyecles and way, in fact, not be due to therasl
eyeilng 2% sll.

The higher the tempersture, the fester final deteri-
oraticn 12 developed in conorete.

Prestressed concrete appesrs to be somewhst more
effective in reslsting deterioration due to thermel
siresses and thermal eycling then relnforced conerete.
Inelsstic deformation created through thersal stresses
ceeurs prissrily durlng the first few thersal cycles
and in the dirsetion of the thermal gredient where
structural restraintes slmllsr %o those used in this
research sre euployed.

Henotor conorete subjeoted to 760 degree ¥ teapers-
tures 'umd therssl oyeling will lncur fifty per cent
reductions in couwpressive strength.

Agaclor conoretes subjected to 750 degree F teupers-
tures and thersel eyellng will ineur eighty per cent
reductions in wodulus of elestielity.

flenctor conerete will tolerste 420 degree F tempers-

‘ture differentiels in four and one-half inchee with-

out apprecieble surfnce deteriorstion provided proper
steel relnforeement is provided to resist therasl
atresses oreated by structural restraints.

Hesctor coneretes will tolernte 760 degree F tempers-

tures without eppreglsble surfece deteriorstion pro-
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vided proper steel reinforcesent is provided to
resist therusl stressed created by atructursl
restraints.

The compressive modulus of elsstlicity 18 2 more
reliable criterion for deterloration in conorete
than is the ultlmate compressive strength.

There is » strong indlcation thst eoncrete, after
initisl hesting to high temperatures, does not act
elastlceally end structurszl methodes of esnslyses and

deslgn baged on elsstlc behavior are not vslid.
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SUGGESTIORS FOR FURTHER 3TUDY

One wejor problew left uninvestigested by this peper was
the elfeet of duration of hesting on deterioration of con-
erele¢. Where there wee 2 decresse in strength with thermal
eyelilng it was attributed to the cyelling 1teelf where in
reallity it might have bLeen due alone to the durstion of heste
iong lnvolved. 1% would be interesting to have the tests
rerun for the same duration but without thermel eyecling snd
compere the results obtalned in such a manner with those pre-
sented in this thesis.

As » second problew the work of this thesie needs to be
extended to more thermal oyeling at low tcnp;raturec and to
higher teaperatures. Indlcations from results obteined are
that thermal oyeling may heve a slow progressive deteriorating
effect at lower teuwperstures. Indlestions sre also thst in
the reglon of 80C to 1,300 degrees F conerete will have
reached ite liwit of uselulness.

Finelily, some work using the sonic modulus =8 a oriterion
of deterlorstion mey hsve some merit snd it also may be inter-
esting Lo compsre the ueefulness of prestresased concrete a=nd

relnforced conerete at mueh higher teuperatures.
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