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Summary

Tests have been carried out to investigate the effect of
t empernture on the crushing strength of concrete using 2 in. diameter
by 4- in. long specimens manufactured with normal Portland cement.
River sand and gravel aggregate using mix proportions by weight of
1 : 3, 1 : 4·5 and 1 : 6 and various water/cement ratios. Tests were
performed at a) constant temperaturcs and b) constant temperatur~­
constant stress as well as to determine the residual strength after
heating. It is shown that crushing strength of concrete up to 600Dc
is independent of the water/cement ra~io used but is influenced by the
cement/aggregate ratio. Concrete specimens loaded to produce normal
design compressive stress during the period of heating showed less
reduction in strength than specimens without imposed load. The
residual strength after heating to a given temperature in the rErnge
200 to 4500 C was approximately 20 per cent less than the corresponding
strength at that temperature.
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EFFEC~ OF TEMPiillATUlLE ON THE COl';PRESSIVE STRENGTH OF CONCRETE

by

H. L. Malhotra

Introd11ction- -
Fire resistance tests under controlled conditions on concrete

structl:res such as columns, walls, floors, beams etc. have been
carried out in this country since 1935. These tests are performed
in conformity with British Standard 476, the structure being exposed
to heat as defined by n standard time-temperature relationshjp. One
of the qunlifyiJ1s requirements is thnt the structure. shall not collapse
during the :period of test and in concrete structures the strength!
temperature characteristics of the concrete will determine i 1:s resistance
to collapse.

In a structural member the main con~;ribution of concreto is to
resist compressive at.rcascs , Whon such a structure is exposed to
high tempera':~ures failure will occur when the strength of concrete has
been reduced to a value where it can no longer resist the imposed

compressiv0 stresses. The present work was undertaken to find how the
comprescive strength of concreto is related to its temperature,
twting int? consideration the variables which occur in practice.

2. Brief survey of existing kn~~edg£

The properties of building materials at high temperatures have
been investigated to some extant in the past. In the nineteen-twenties
Lea and Stradling stuc.icd the rcsistD.nce of materials to fire and the
deveIopment of a fire resistant concrete. Some experiments were
carried out ay. the)loss of cnmpressivQ strength of concrete at high
temperatures ~ I, 2. Briefly, ?omc teBts were carried out on 4 in.
concrete cubes mode ~Jitil normal Portland cement and heated to, and kept
at various tcmperatures up 'i;o 7CUOC for per-Lods of 2 to 3 hours, the
cubes being crushed when cool enough to handle. No loss of strength
was observed up to 5h.OoC, then a rnpid drop in strength, end s t 65000
the observed strength showed a 4J,) per cent reductron,

In the second report of the work by Lea (2), experiments ~cre
carried out an ~ in. diameter cylinders, manufactured with 'Portland
cement, Leighton Buzzard sand and Water Orton gravel aggregateC* in. to ~ in.)~ The heating and testing technique employed was
identical to that mentioned above. Slight drop in strength wes
observed up to 300°0, f'o'lLowed by a more rQ.pid reduction at higher
temperatures. At 550°0 only 50 per cent of the original st~ength was
obaerved while at 690°0 the strength retained was of the order of
20 per cent.

More recently the Japanese Building Resyefch Institute referred
to the SUbject in one of ·cIleir publications UJ. The testa were
carried out on cylindrical specimens, 10 em diameter by 20 em long,
the specinens we~e plung8d into a muffle furnace at known temperatures,
kept in the furno.ce for about 3 hours, then removed and crushed when
ccot eBough tc handLc., The r-csul.bs showgd 50 per cent strength reduction.
at 450 0 and 72 per cent reduction at 600 C. .

The above investigations did not deal systematically with such
~iables as tJTes ~f aggregate, mix ratios and water/cement ratios;
no tests were made TIhile the specimens TIcre at high temperatures; and
no attention hnd 'been paid to the effect of stress on the concrete
specimens during the period of heating.
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3. Scope of present work

In practice many diffe~ent types of concretes are in use and the
selection of a parficular type is controlled by factors such as strength
requirements; size, shape and purpose of the structure; and availability
of the aggregates. For the purposes of this investigation the ~e of
concretes considcrcd are those in common use as well as the type having
a bearing on fire resistance problems.

In general the majority of concrete work is carried out with normal
Portland cement and thc locally ava i.Lab Le aggregates, of which gravel
and crushed. rock are the most common in this country. Crushed brick is
one of the artificial aggregates which though producing concrete of
lOVier strength than with natural agsregates. has better thermal insulation
properties. High alumL,a cement has been used instead of Portland cements
when high early strength is required. The mix and water/cement ratios
are governed by structural and control requirements.

The primary aim of. the investigaticn was to determine the crusn~g

strength of concrete at various temperatures in the hot state taking
into account the mix ratio, water/cement ratio, and the types of
aggregates. A number of testing conditions were imposed to simulate
practical cases. As the conoretc in a structure is normally in a
stressed state, ·the effect of heating the specimen whilst under stress
was to be tried. To enable an estimate of strength of a structure after
it has been exposed to fire called for a knowledge of the residual
strength of the concrete. Two additional aspects considered of interest
were, a) structures undergoing cyolic heating and cooling; and b)
structures kept at a known t emper-ature over periods of considerable
duration i.e. up to 12 months. These conditions are usually encountered
in boiler and furnacc foundation flues, ch~nneys and similar situations.

The present re~ort covers only the first stage of the investigation
and deals only with spc cimcns made from normal Portland cement with fine
and course flL,t gravel aggregates; the specimens included three
different mix ratios and var-ious vlater/cement ratios.

In the furt;'ler stngs3 (;.~' t:'li3 investigation it is proposed to
test concretes manuracturcd "With l.)th:Jr natural end artificial aggregates
and also concrete made with nigh ul~na oe~ent. The effect of cyclic
and long duration heating uill also be studied.

4. Testing terminol~

(a). Crushing strength of concrete heated to different
temperatures and tested hot, has been referred to as "constant
temper-ature" strength.

.-.

•

(b).·
and tested
"r-esd.duaL''

Crushing strength of concrete heated to different temperatures
after it P2S been nllo2ed to cool, has been referred to as
strength.

(c). Crushing strength of concrete heated to different temperatures
whilst under a constant cC>Olpressive stress and tested hot, has been
called "constant t.emperaturc constant stress'' strength.

5. Experimental technique

(a) Design of the c"~eriment. The size and shape of the specimens
viz. 2 in. diameter x 4 in. long, adopted for testing were selected
after giVing due consideration to the method of heating, apparatus
required and the time involved in carrying out the tests. The qylindrical
shape Was best for uniform her\tinf; and the small size section allaned a
reasonably rapid rate of heating to be employed while keeping the
temperature differential acr-oss the section within r'easonabl,e limits.
With 2 in. diameter specimens the maximum size of aggregate TIas restricted
to t in. ~\vo 4 in. cubes whi.ch wer-e cast and cured along with the
specimens, wero tested at 28 days to denote the strength of concrete as
normally measured.

-,

..
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In order to keep the inherent variations in the concrete and the
experimental errors to a minimum, complete control was exercised over
the selection of materials, the manufacture and curing of specin~ns, and
the technique of heating and testing.

Prelimi:1.9ze' oxper-Imerrtr.L work w.as carr-ted out to standardi~:e tho
method of manuf'acburc ; to decide upon the number- of replicates required
at each temperature and tho r-ange of temperatures to be explored. The
statistical analysis of the results obtained by teeting two batches of
twelve specimens each at normal temperature, indicated that three
replicates vicul.d give for confidence limits of 0'9 a standard deviation
of 10 per cent. By heating the speeimens to different temperatures and
crushing them it appeared that only a small reductien in stre~th occurred
at temperatures up to 300OC. Approxiillately 50 per cent end 75 per cent
reductions in strength were obtained at temperatures of 500 and 6000e
·respeetivoly. From these tests it was decided that infornlati~l of
greatest use would be gained by testing the specimens in the temperature
range 200 to 6000e, generally in steps of 100ne. Three replicates would
be used for every variable at each temperature.

For temperature .mecsuremerrts a :'.':;.n" chromel-alumel wire thermocouple
was located at the centre point of each specimen•

(b)
materials
stocks.

.
Materials. The Building Research Stati~ suppliod the

necessary for this investigation from their controlled. and graded
A brief description of the materials usea is as follows:

1• Cement; normal Portland cement from a batch in which a large
number of bags had been mixed in a mechanical mixer to give a uniform
blend.

2.
grains;

Fine aggrogate: River Sand; washed and uncrushed; angular
maxamum size 3/1 C in. .

3. Coarse aggregate: ~iver Gravel; washod and uncrushed,
irregular sp~pe; size t to }qG in. .

i The aggregates mv,::. were in a dry state and were kepf in steel
bins in a store at an averege temperature of 65or. Equal quantities of
coarse and fine aggregates were found t:) give the grading curve shown in
Figure 1.

(0) Castirg and curing

~rhe recommendations in Part 6 of B.S. 1881: 1952 were followed for
preparing the conorete illLX. The materials were proportioned by weight
and a pan type mixer of it cu-ft. capacity used for mixing. ~'he pan'
was loaded in the folloWing order:- half tho quarrt i ty of coar-se agg:cegllte;
then fine aggregate; then cement and final~y the remaining half' of coarse
aggregate. The water ~as added limnediately before the rotation of th~

drum, and the usuaL period of mixing ,ias 2 minutes.
\

Twelve steel moulds each having a 26. G. chrome1/alumel thE'rmocouple
held in position at the centre point by means of a 0'010 steel wire, and
tuo 4 in.' cube moulds were fixed on a 2 ft. square vibrating table
operating at a fixed frequency and ampLi.tiude, The correct Vibrating
time for each mix ".1as obtainod by trial to give the best compaotd.on;
The moulds TIer.e gradually filled, vibrating tIll whole time, to t in. of
the' top and ~ero capped a f00 hours after casting .. ith a cement: lime:
sand mortar to obtain a smoother top surfaoe.

The specimens were demoulded 24 hours after casting and marked with
their identification numbers. The first eight batches of epecdmcns
were stored directly after demoulding in a control room whose ~emperature

Vias maintained at an averago of 75?F and at a relative humidity of 55-60
per cent. The specimens for the rest of the investigation immediately
after demoul.dang were submerged under llater for 7 days and then transferred
to the conditioning room until required for testing. This m~lificati~

in the curing technique produced stronger concretes at the aame age.
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The 4 L'1. cubes were cured with the specamens and were gener-a'l.Iy
tested at an age of 28 days.

All the crushing, t83tS were c2,rried out on a testing machine made
for the purpose at t!'_0 r'ire R8S02.J:eh Station and shown in Figures 2,
3and4.'

"The specimens 'nero, heated in en electric f'urnace having a 3 in.
diameter x 9 in. long, steel sheathed refractors tube in an insulated
casing and mounted in tho testing m"chine. ~ve hollow heat-resisting
steel units which held bnc spocimens in pos i ticm in the furnace,
transfcrred tile load to the specimen enabLang the crushing load to be
appliod in t~o hot stato. Asbestos millboard pads were interposed
between the faces of t he spocimen and thc sceeL units to act as insulatcrs
as well as to provide a cushf.cn for s Lrght surface irregularities of the
concrete specimen.

The load was applied hy'means of a hydraulic jack connected to an
oil pump and ~as measured,by n dial gauge indicator mounted on a
20 ton steel proving,rip~ i~torpos8d 'be~1ec~ t'le specimen and the jack.

For the constant temperaturo tests the specimen was heated to tho
required tcmpere,ture, t!'c furnacc swung into testing position above the
proving ring and the specimen crushed. The furn~ce was cooled down to
a tomperature of loss than 1000 C by means of an air blast befor~

insertll1g the next SpccL~cn.

For the constant te~perature-eonstantstress tests, thc furnace
with the specimen in p0sition was placed in the testing position and
the load applied to produce the necessary constant stress prior to the
start of the heating. The imposed load was kept constant during the
heating period and when tho specimen had attained the required
temperature the load was increased until the specimen failed.

The spec.imcns 1:0~ ';he r-os i.due.L strength tests were heated in a
separate rurncce of slnu.Lar' dimens.iona, The specimens were kept at
the test t(~m'perat\.u"'c 2:01' one hou'C' and then aLLoned 'co cool down
gradually to the normal t.cmper-eture ,

(e) Temperature control

Ihe ,temperature at the centre of the specimen was measured by a
thermocouple incorpor~tod in the specimen during manufacture. A sllnilar
therm0couple positioned at mid-height in the tabular furnace indicated
the furnace teu~erature.

While heating a temperr-ture-c,iff('rential existed between the surface
and the centre of the specimen., In or-der: t r , avoid causing undue damage
to the specimen by &'1 excc as i.vc vcIuo (,;: this temperature differcmce
during the period of heating, the rate of heating was controlled so
that the twc temperatures never differod by more 'than 1OOoC.

It Was observed in the prcliminnry tests that it took 1 to 2 hours
for t)lO centre "f the spocimcn to gain the last 20 0C temperature rise
and attain the same te~l'erature 25 the furnace. By allowing a maximum
difference of 2d'c to exist between' tho centre and tho outside of the
specimen at th8 time of testing, the heating period was reduced to
reasonable liP.lits. The mean of t hc two temperatures was taken as the
average tcmperature of the specimen.

In t110 beginning the furnace temperature Was controlled by manual
operation of a voltage regulator. Later an electronic controller was
devised at the Fire Research Station which automatically exercised the
approximations mentioned above. The controller, shown beside the testing
machine in Figure 2, gave an audible warning when the specimen vas ready
for testir..g.
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.A continuous record of tOugeratures was kept.
heating wr,s npproxi;;,r.te1:j 350°C per hour.

6. Test results

The averllgo rate of

(a) General.-----
-, Groups ot two to five bccchcs , ccch o&tch consisting of twelve

specimens, were manuf'nc'tur-ed fQr each t;ype of' concre ce to' prClV'ide
specimens fer different tes-cir'('; ccnu.i t Lons , Three specimens from each
batch, selected:.t r-and J".11", were crushed Ylithout henting and the mean
compressive strcr~til tcJ.CCl1 as the nOTLl81 st1'3ngth for the batch,
Sir.lilarly three r0:91icrttcs c~t each t0fiTpC1'3ture level, for each test
conda.tion , wer-e tested. The results of tho tests have been expressed

.as percentages of the nC)xT·iol stre;,gth and plotted agai.nat the temperature.
Smooth moan curves have br en drawn tll1:ou:'3h the points.

In Tab18 1 nrc Given the gencr-c.L manufacturing details for each
batch togdl.l.er y:ith the cube strength, age at testing and the test
conditions.

(b) Concrete mix 1 : 3 and three via~er/ccment ratios (groups 1! 2 &. 3)

Concrete spccuocns "f 1 : 3 mix ratio ·and havrng water/cement ratios
ef 0.50, 0·45 and 0'40 resp8ctively TIerc tested under eonstanttcmperature
ccnditd.ona .~c. d.iscover the in£'lucnce ,)f r,1nter/cew011t rat ro, These
spcc.imcns , which wcr-o p Laced in the cond i, ticnill,'; r'oom directly after
demoulding werG tested at "ges varying frem 6t to 10 weeks.

The results of these tests are plotted in Figures 5, 6 and 7. and
in Figure 8 tb.o t:,ree curves are ehovn t(lgother. The results show
that the vc.riati0n ~8-b.';c,en the three curves is loss than that
experienced among t:1C rcplicc.tcs of the G~He botch of the concrete.
Although concrecea d' d:'.ffercnt normal stren£,ths were .pr-oduced by
varyIng tbe \':o.tcr/CCirl(;;1t YD:cio, the pr-opor-t ionoL reduction of the strength
of ccncr-ecc uF t::> t""1)?Cratm·es ·~f 600''0 appcc.r-s to be independent of the
wate~1cement; 1'''ti,l uacd.,

(c) CS'1eretc r.1i:< 1 3 "no Yiatc,r/cenunt ratio 0·40 (<(roup 4)

Three brrtchcs of 1 3 mix concrete havi.ng a water/cement ratio
ef 0·40 were tested at const ar.t temperature as weLl, as for r'e s.idual,
str~ngth 8ftcr ho~ting. These, and &11 Inter specimens, were limnersed
in water f~r seven days after demoulding end then cured in the
conditi~ning rOGD. ThGse specim~ns WGre approximately 25 per cent
strong,,"" than the previc1us bctchcs of t he SDEle mi.x and water/cement rlltio.

The speoincns fer residual strength were tested 24 hours after
they had cooled. The results of' the tests which are plotted in
Figure 9, SbOYi thnt residual etz-ength is lower than the constant
tBmpcraturG streneth. The difference of 7 per cent at 200°C, increased
to 20 pt;r cent at 1,50oC and decreased to 4- per eent at 600°C.

(d) Concrete mix 1 4·5 and tv/o water/eemont ratios (&roups 5 & 6)

These speca.cens were manuf'ac t urod f'r om ccncrcbe using 1 : 4- 5 mix
rati>:> and water/oemer.t ratios of 0 '50 and 0 ·45 respectively. In
addi tion to constant te'·gerature and residtlo.~l s txcngch tests, a tllird
of the specimens wer-e tested under constent tell'.per",·Gurc-constQ:>.t stress
cond~tio~1S. the con~t~ at::es.s ~i1 t.ho specimens during the period of
heat~ng was 1040 lb. In. bGlng the receuIDlcnded value by B.S. Code of
Prnctice, CP114 (1948), for direc·;; comprc saive stress for this type of
concrete; When tile specimens h,c.a e..ttt,ined t.he tcsting tempernture, the
load ucs increcsed until fuilure occurred.

The r-cs i.duo I strength spccimcns wcro tested two weeks after cooling
to allow fer cny subsequent deteriorc.tion or recovery in the strength.
This was adopted as a. s tt.ndard pruct Lce for all further r~sia.ual strength

tests.
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The results "f the tests shci (Figures 10 and 11) tlw.t if the
concrete specimen is Q~der stress during the peri(~ of he~ting, the
reduction in strength 2t~ny siven temperature in the r~nge covered by
the tests is less than under no stress conditions. The d if'f'erence of
4 per cent at 200°0 incre~srod to neacly 20 per eent at 500°C. Another
noteworthy point is th~,t up to the t empez-eture (,f 4500C the residual
strength was approxi"~tely 20 per cent less thon constant ten~eYature

strength. It ap:,'QarS that structural and chemical deterioration may
continue fer periods 10nger'tl:an 24 nOlU'S after heoting.

The mann curves for t hcs e t,\,O gr-oups nrc plotted in Figure 12, and
as expected S~)OW little effect of watcljcenent ratio in constant
tem}.lerc.turc tests.

(e) Concrete mix 1 : 6, wotur!cc:ment roUo 0'65 (group Zl
Tile tests were car-r i.ed out on snccimcns of' concrete having a mix

ratio of 1 : 6 and vleter!ccracnf rati~) of 0'65,. A stress of 836 lb. in.-2

was used in constant ten~erature-constQntstress tests. The results of
the test which ar'e plotted in leigure' 13, give curves.. s:i>milar to that for
1 : 4- 5 miJ~ concrotc specimens.

Oo'Lour chances in heated ccncrcce were observed as reported by other
investif.;ators (I». In the ca se of r'e s i.duaL strength specimens, the
change of eolour to pime started at 250°C and increased in intensity at
higher tempera'curus. By careful ooser'vat.Lon it was pc,ssible to distinguish
be~,een the specimens p~ving temperature differ~nces of about 100°C.
With the specfmons tested hot it "w,s noticed that the full colour change
corresponding tn the test tef:lpcrature had not occurred when the remains
of the spe camcn Y1CrC rcuoved from the furnace. lrhc process of colour
change cont ir.ucd and the speci.uens acquired the required intensity as
they cooled. 'l'he p:~ocess of hyd.ru t i en of aron oxide compounds
(resl'oonible for the colour change) probably required a certain time for
completion and continued alter thc specimens hod been removed frOID the
furnaoe.

The f'ormrrt i on \)f surf'ccc hair cr-acks was no't i ccd to st::rt .[',t
temperatures of Clpprm:ir.l.::,td,y 300°C, the cracks generully tending to be
hor-LaoncaL, At 500°C, t!lC specimens developed deep crncks , which
increused considerably ;)n ccolin;:;. Some cf the specimens heated to
about 550°C could be broken by hand on cooling.

7. Discussion of _r~~lts

(u) General rCffi2rks

Concrete lmlike meteLs is no't a comp'Lc'teIy homogeneous mater-La.L,
Structurally it mcy be ussuacd thd t,w pm:ticles of coarse aggregate
are held together in a ccacnt.-ecnd ;;lOrtar matrix. Even when manufactured
under strict laboratory contro'l , because of its very structure, a certain
amount "'f v~,riotion in the test rcsults is to be expected. From the
results of the tests c,'J.r!"'icd out the aver-cge vnri.:1tion experdenced was
of the order of 10 per cent, the -"rariaticn in any tempcrnturc r-cnge was
directly prcpoTtional tc the rate cf reduction of the strength in that
tempernturo range. All the same, tIle tueun curve s dru,i for the dif'f'e rerrt
tests should provide a reliable guide 'ilH"r:. evaluating the fire r-es i s tunce
of ccncr-e t scr-ucburca,

Thc chcr.d.caL r-cnctLcns the.t take pL,ce Y!hen concrete is manufactured,
are beyond the scope, of this investir;,,',ion but it vlill be: necessary to
refer to them in a Genen,l Vi£,y. BrieZly, the hydrat i.on of Portland cement
takes plnce when mixed with water-, the chief products of hydratLon being
cnlciltr:l hJrd~atc. The Lnount of ~ctor used n0rmall~y in mixing concrete
is more than necessary for chetn.ca'l reaction, the excess water usually
disperses itself L~ fine cnpillaries in the mass of concrete. Certain
chemical and physical changes take place when a piece of cone-ere is heated.

,-
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The uncoQbined n~~SourG would evaporate and disappear at temperatures
in excess of 1ooo, the dchydz-at i.on of calcium hydrate would occur when
temperature exceeds 4000e. The crystalline transformation of' qun.rtz
pn.rticles in the ag,gre:,ate talces p Lace atubeut 5750e accompanied by
large expans i on, The f'crmat i.cn of cr-eeks in the moz-tar starts in the
10Vier ranE;e-of temperatures e.nd in the aggreeate at eompare.tivcly high
temperatures. The loss in the strength cf mortar is appr')ximatelJ'
proportional to the Tis" in bempcrc tur-c (4). For the temperature range
explored in the prescnt inv0stigation-t!le main factors affecting the
crushing strength arc; 10s8 in the s tz-engbh of mo~:tar, f'ormatiaon of
cracks and the dchydra cion of caLci.uu ll;ydrnte.

(b) 'off -I- f L I t L'~ COu J wa~cr aemen r~~

The quant i,ty of water used in me_llufoeturin2; ccncxeee influences
the final strength afkr curing, the smaller the proportional amount of
water used 'ehe s t.r cnger th~ concrete. Ceuerrt r ecui.res about 20-25 per
cent of i'cs weight of vlater for comp.Lebe hydration. In practice a
larger quantity cf w3ter is used to get the neccasary wcrkability of
concrete. The surplus 'Iater sta..ys _in the fresh concrete in the fine
capdLl.ar-Le a, After curing the qu::mtity of free oz- uncombined. water is
equi.valent to the amourrt the ccncrut.e can retain under the prevailing
conditions of relative humidity and temperature.

The test results (Y'igures 8 and 12) shew thot the propcrtn.ona'l,
strengtil reduction i'1 concrete specimens when hea+.ec. to temperatures up
to 6000e is independent of the TInter/cement ratio usee. in the manufacture
of the cencrete. After the evaporation of free water, obvicusly, it has
no further effect at higher tempcr3tures.

(0) Effect of a~8 of s~cciu~ns

Age-strength relntiC1l1ship of concrete has been Lnve s t iga'ted in tho
past und considerable_info~ationis available ,nl the subject. In the
case of ncrmaL Por-tLand cement concrete if the strcngth at the Me of
one year is aSEumed.to be 100, the respective strength values at the
ages of 28 days on," 90 days arc apProximately 70 and 90. Thus at ages
oxceeding three months there is comparatively small gain in o;tr"ngth.

Although no apcci.f'Lc .tests were carried out to explore tho effect·
of age, some dcductd.on can be made from the stu<JJ" of the test results.
The specimens in groups 5 and 6, of the same ndx of concrete , were tested
at the average ages of' 15 end 29 weeks respectively. The difference in
the ages of thE; specamens appear-a to have had no influence OIl the test
resultia, It can therefore be asaumeC:. that if the specimens are tested
at ages of three months or more there would be no significant effect
due to age on the test results.

(d) Effect of mix ratio

In Figure 14 mean curves of the const~t temperature te3ts on the
specimens of the three concrete mixes tried viz: 1: 3, 1 : 4'5 and
1 :- 6 are drawn. For each mix the reduction in strength at 20000 is
small, and at 3000e it is of the order of 10 to 15 per cent. The rate
of reduction ~n strength apF~ars to increase to a maximUlll as the
te?~erature exceed 4000 e when the de-hydration of calcium hyd~ate may be
t~ing,place. Fifty per cent reuuctionin strength occurs et 4500e
foj:' miXes 1 : 3 and 1 : 4· 5 and at 5100e for mix 1 : 6•

.' ,
From FigurE. 15. which s!xY;.>S the constant temperature-constant stress

results for mixes 1 : 4'5 and 1 : 6, it again. appears that the
prcpcr-tf.one'L reduction in strength is less for the Leaner- mix at the same
tel'Jperatures.
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Regardlllg the residual strength curves which are drawn in Figure 16,
it should be mentioned again that the 1 : 3 [Ux speeimens were tested
24 hours after coaling, whereas the 1 : 4.5 and 1 : 6 specimens were
tested after a lapse of ~vo weeks. Possibly the greater lapse of time
be~1een heating and testing in tho lower te"~)erature range in tl~ case
of 1 : 4·5 and 1 : 6'mix may have increased t~e amount of deterioration.
The results for 1 : 4"5 and 1 : 6 nux although close together, illustrate
the smaller' reduction an strength for the leaner mix. For these two
mixes the residual strength is approxiaately 20 per cent less than the
constant temperature ,results ll1 the temperature range of 200 to 45000.

.-

On thc whole it appears that the smaller the mass of cement or
cement mortar in a concreto, the smiller the proportional reduction at
different temperaturcs.

(e) Effeet of testinp: conddc i ons -.

In Figure 17 are dra~n t}~ curves for the thIee different testing
conditions impDsed upon the specimens for tho mixes 1 : 4' 5 and 1 ,: 6.
In ccch cas e t'll," testing candit1.= have" significant effect upon
the test results.

The specimens which are under a constant stress dur-ing the period
of heating exhibit smaller reduction in strength th8.n the specimens under
no stress, the difference of about 4 per cent at 2000C increased to
21 per cent at 500OC. As a tentative explanation it is suggested that,
LmposLt i on of a corapreas Ivo stress would retard the development of the
cracks in the specimen, which under a condition cf no stress would be
free to cxtend.

If the temper:lture range is increased the tVJCl curves (i.e. conscarrt
temperature and the constant temperature-constant stress) would meet at
a point where constant cemperature strength is approximately of the same
order as the constant strcss .irnposed on the specimen. The specimen under
stress would probably fail at a higher temperature than expected as the
stress would retard the development of cracks.

T:"e residual s tz-cngtih results on the ot.her- hand ehow that ccmpar'ed
with constant tcmperature tests there is a further loss of strength
during the period of cooling. In the teA~~ratUrc range 200 to 450°C,
the residual strength appears to be ap~roximatcly 20 per cent Imver than
the constant ten~eraturc strength.' It may again be that there is an
increase of structural damage i.e. due to cr-acks etc. when a specimen
cools dorm from high temperatures.

Conclusions

The f'o'lLowang conn'lusaons can be drawn frore, the test results on
thc specimens manufactured from the t pes of concretes .described in this
report and in the tempen.ture range explored:-

1. The effect of temperature on the crushing strength of, concrete
is independent of the water/cemont ratios normally used in its manufacture.

2. The cement aggregate ratio has a significant effect on the
strength of concrete exposed to high ten~erature. In general, the
proportional reduction is smaller for leaner mixes than for richer mixes.

3. Concrete under a cOmPressivc stress of the ,order of its 'design
stress has a smaller proportional decrease in strength than if the stress
were absent. At cortain temperatures higher than ';OOoC the failure would
be expected to occur at the same point in both the above cases.

4.' The residual strength of concrete heated to given temperatures
is less than its hot strength, tho ~ifforcnce being apprOXimately 20 per oeD~
in the temperature range 200 to 450 C for 1 : 4·5 and 1 : 6 mix concretes.
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TABLE I

SU1~WJRY OF TESTS

'Test conditions
! -l
ISpccimen 11:
lase at

test I
(weeks)

do~ 15
)

j 0-45
)

1
2
3

2

i I I' i
~ Group Batch Con~rete i'v"a~8r/lVib::ation I Cu:::u:g l Cube
! No. No. nux cemerrt i t ima 'ICOndl.tl.OnSl s tr'ength
I ratio I (min) I (mean of
'I I ~ ! I 2 tests): I' lIb in-

2
]£

I I, .. ~ i------l-----l--·----------t
: ~

I 1 1 j1 ) ) , ,) Control' 13p60 !6W) 6 a. Constant temperature
I 2 : 3 ) 0·50 ) 13 l' room II~OO Sw) 8 - no stress.
I 3 ) ) 2lj. hr•. 3575 1L'w) 10

after -l
casti~go

~---+--_t_---_t_---+----__t----'l__---_+- ----------1
I 6t a Constant temperature

7 . - no stress
10

a. Constant temperature I
- no stress I

i
i

8
~

6570 (Bw)
7005 (~)

do) 20
)

) 0..40
)

1 lE ) 1 : 3
2 )

3

--~---+-----1---_t_----t_---_+_--,.--_+_----_+_.---------_____i

4 Submerged
under
ilVater for
7 days,
then in
control
room

7700 (31d )
7900 (28d)
8555 (45d)

12.1.2
1}
14

a.. Constant temperature
- no stress
b. residual strength

I

i-----+---t-----+----l------;r------t---..--+----+-----------!
5 1

2
3
4­
5

0"50 do

4187 (35d)
5790 (33dj
5920 (28d

15740 (33d
I~810 (28d)

2%­
2%
2s*2a12
28

a. Constant temperature ­
-.no stress
b~ rcsidusl strength ;
c. Cons t.anb te;;;perature­
conste-nt stress

6

7

1
2
3
4

1
2
3
4
5

~ 20

.~

I

do

do

6720
6850
6720
6860

3690
:37)0

41+75
4470
4225

(

28dl(28d

g:
15
15
15
16

a. Constant temperature
- no stress
~. rcsiduel strGngth
c. Constant temperature- I

, constant stress I

a. Constant temperatur~ I
- no stress j
lb. re@.iduD.l strength !
c. Constant· tcmperi:lture- i
c6nst2nt stress ,I

i,

Jl! "w ll stands for weeks a.nd "d ll stands for days

)
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