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Summary

I'he results are given of a limited programme of fire
tests on prestressed concrete becms of the post-tensioned
type, c[,rried out by the .Toint ~'ire Research Organization
in co-operation with ·the Building Research Station.

The aim was primarily to obtain data for the design
of beams to be used in buildings of high fire risl<, such
us large warehouses, where u fire resistance of 4 hours,
as defined in E.S.476 : 1932, would be required for the
structural eLemerrba, The limitations of the equipment
precluded testing representutive full-size bcams, and it
was therefore necessaIJ- to extrapolate from the results
of tests on sce.led-down specimens. It Vias shown that
sudden or early failure was unli.ltely with this form of
construction. Full-scale be~ns of the types t6sted
having 2t in. concrete cover to the cable, should give
a fire-resistance of 2 hours \1i thout recourse to special
measures, but for 4 hours fire-resistance extra protection
wou'Id be necessary for the cable.
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THE FIRE IlliSISTANCE OF PRESTRESSED CONCRETE BEAJ\;S

by

L. A. Ashton and H. L. Malhotra

Introduction

The behaviour of a certain type of small prestressed 90~crete floor Unit,
which was shattered by spalling in the standard fire test \1), was the cause of
concern and speculation reciardiDg the possible effect of fire on prestressed
concrete structures generally. Intensified research on the performance under
fire of the various forrus of prestressed concrete was urged to ren~ve the doubts
which were hampering its development. The work was undertaken by co-operation
betv/een the Building Research Station and the JoL~t Fire Research Organization
of the Department of Scientific and Industrial Research.

Knowledge of the behaviour of post-tensioned beams in fires was very scanty
und the most urgent need ~as for sal~ infonnation on the performar,ce of this
type of construction, leaving fundamental research until later. The only
existin[; infonration on post-tensioned beams in a fire was from ad hoc ·tests on
the Continent ,2) made on full-size loaded beams. The tests, whi.ch are the
subject of this report appear to be the first made in a systematic manner on this
1<l'pe of construction under controlled conditions.

It Vias decided to carry out a limited programme in the first instance, with
the object of establishing the design requirements for post-tensioned beams for
use in 'buildings where a fire-resistance of 4 hours is required. In order to
complete the investigation in a reasonable time only those variables were taken
into account which were considered likely to have most influence on perfcrmance.
From the knowledge gnined in this first investigation, the course of future wor-k
could be more readily planned.

Scope of progr-amme

The capacity of the furnace used for fire tests on beams restricts the size
of specimen which can be acco~nodnted to about 10 ft. span. Prestressed concrete
beams of the post-tensioned type are likely to be preferred for buildin[;s wher-e
relatively large spsns and heavy loads are encountered. With the equipment at
the Fire Research Station no beam representative of present day practice in this
form of construction could be tested, nor could reliable results be obtained by
testing a beam ct: full-size section on a 10 ft. span. The adoption of a scaling
techrique offered the only means of discounting the limitations imposed by the
present equipment. It was hoped that the results obtained by testing beams of
different scales suitable to the size of furnace would enable a valid extrapola­
tion to full-size to be made. Assuming 10 ft. as about the maximum span for a
tost beam, it seemed reasonable to adopt this size as ~ scale and to regn:d the
full-size beam, the fire-resistance of which was to be d~termined,.as hav~~ a
span10f 20 ft. The scales adopted for the other beams 1n the ser1es were /8
and /Ib having spans of 7 ft. 6 in. and 5 ft. 0 in.• respectively.

The factors affecting the fire-resistance of post-tensioned beams include
the foll~"ing which are important in different degrees:-

>1) size. (2) shape. (36) end conditions. (4) load,
,5) 1;;;')?0 0:0.' a.'Sgregate. () type of cement. (7) "''Pecified
concr-e-te strei1gth. (8) concrete COVer to the cable.
(9) mitial stress in the cable. (10) additional insulation.

In normal design some of these factors, for example, 7 and 9 would usually vary
between fairly narruu limits; for factors 5 and· 6 ·the types in most. coumon use
should be given first consideration. The factors which ,"/ould have most influence
on performance were considered to be those which governed the rise in temperature
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of the cable and the stresses in the concrete or were likely to Lead- to spalling
of the concrete. Experience had shown that unprotected concrete beams were
lllcely to spall in fires, especially if made with flint gravel aggregate, but
that a protective encasement to the concrete would prevent spalling.as long as
it remained in place.

It was decided to use .gravel aggregate concrete of the seme composition
throughout the series end to keep constant. the size of wire in the cable and the
initial stress in the wire. The other factors enumerated above were treated as
the vt'.rir.bles in the inve stigation. ,_

Phz.se 1 of the programme was designed to establish the most severe loads and
end conditions for unprotected beams of the type chosen as standard by making fire
tests with the various relevant combinations of the following factors:-

(1) with no imposed load (2) with ~osed 1000 • it times design live
load.

(3) with· ends sllaply supported ,(4) with ends restrained longitudinally.

The intention was that the combination of load and end conditions giving the
earliest failure should be adopted for the reciainder of the programme, which was
to be devided into three phases each concerned with one of the variables under
investigation. Thus phase 2, using the same type of beam as in phase 1, dealt
with the effect of protective encasements; phase 3 with the effect of reducing
the .cover to the cable; and phase 4 with effect of shape of section. The load
conditions included in phase 1 gave the greatest possible range of stresses in the
concrete at the soffit from high compressive stress under no load to tensile stress
under 1t times the design load. There was no need to test with loads between these
values, since it was likely that if spalling did not occur in the unloaded condition
then it would not appear with intermediate loads and, therefore, the I'l'arliest failure
would be given by the ereatest load. The reasons for inclUding beams under end
restraint were that this was a possible condition in practice and that the additional
thermal stresses induced in the concrete might impair the fire-resistance of the be ams..

•• •
For investigating the effect of protective encasements in phase 2, it was

desirable to choose a material whiml would remain in place for the greater part of the
fire test at least, and Vlhich could be relied on for oonsistcncy in properties and
uniformity in thickness. Vermiculite concrete in precast slabs appeared to have the
required qualities and was used in three different thicknesses. This material was
used for the reasons stated and its use does not necessarily imply ~hat other material~

would not serve the purpose equally well or that it would be the most suitable in
practice.

·One beam was to be made for each variable included in the programn~ with some :
additiono.l beams of certain types f'or r-epcaf or other tests if the need should. arise.
An unprotected bcem of each type and scc.Le was made at the aame time for cold Loading
tests.

Design of beams

A·design for the full-size beam, on which the scaled test beams were to be based,
Vias first decided on. The published descriptions of buildings ,erected in this
countr~J' having prestressed floor beams were reviewed for the purpose of selecting a
representative type both for super1T.lposed load and span.· The Stationery Office
BudLdd.ng at Sighthill near Edinburgh WaS at that time the only structure designed for'

. -a live 10M. exceeding 200 Ib/sq.rt.' Its ·secondllry beams of 30 ft. span carried the .
floor slab ana:were only partially prestressed before erection. Prestressing Vias
completed when the beams were in position, this n~thod permitting a lower cable
position e.t mid-span with a consequerrt smaller concrete cover at the soffit than if
the beam had been fully prestressed initially. Castellations were provided on the
top surfaco of the' beams to ensure oomposite action with the floor slab.

This form of construction Vias adopted' for·the fire tests, but under the
conditions in the tests, no o.dvantage could be taken of. the dead weight of the beams
in positioning the.cables, and therefore a greater concrete cover was obtained ttk~

would be usual in practice. Since the use of curved: oables ';lIlS iq::raetico.blc fa;: the
smallest scale beams, it was decided that a v~lid compromise might be made by using
straight cables and providine the beams Viith haunches to give the steel i t s a:;-prCl];,"'iat
concrete cover throughout the span.
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The clear span envisaged for the full-scale beam was 20 ft. and the test
speoimens were designed by linear scaling to t, t and ±full-size. No attempt
was made to scale the aggregate size or the wire diameter beyond a convenient
reduction applicable to all scales. Thus aggregate having a maximunl size of
t in. and Wire of No.12 S.W.G. were chosen. A live load of 1.14 tons per foot
was assumed for the full-size beam, with the dead load as one half the live load.
Under the condition of maxdmum load in the fire test the beam is required to
support 1~ times the live load and with the assumption made as to the magnitude
of the dead load, the concrete of t~e beams would be just free from cracking.
An assumed dead load of smaller proportions would give more severe stress
conditions with the 50 per cent overload and the resultant cracking might be
objectionable from the point of view of performance in the fire test.

The beams designed for the conditions stated above and having the cable in
the portion of the span between the haunches within the middle third of the
section were given the designation of Type A and are shown in Figures 1 and 2.
Beams of this type were used for all the tests in phases 1 and 2 of the programme.
For phase 3, in which the effect of concrete cover to the cable was invcstigatcd,
a modificcl version of Type A 'ems used, referred to as Type B, having one half of
the concrete cover. I'he production of large tensile stresses in the unloaded
l~)e B beams duo to the position of the cuble was prevented by including a
secondary cable in the upper half of the section. For the investigation of the
effeet of shape of section, phase 4, an I beam was used, known as Type e, in
which two cables were employed as in Type B, but in slightly different positions.
All beams were provided with castellations on the top surface and the width of
section Vias increased at the ends for the anchorages. Details of the require­
ments for manufacture of the beams and information on the design stresses are
given in Appendix 1.

A floor slab 6 in. thick was assumed for the full-size beam, since this is
the minimum recommended.in reinforced concrete for a fire resistance of 4 hours (3).
Mild steel reinforcement was included in the slab near the upper surface as in
normal construction. The width for the slab was chosen somewhat arbitrarily, but
the requirements of the test apparatus had some influence Fully dimensioned
half-scale beams of the three types are shown in Figures 1 and 2 together with a
schedule of the number of wires in the cables for all acales. A Type A beam of
each scale is shown in Figure 3. The design loads for the beams and their test
loads are given in Table 1, and the estimated stresses in the concrete under the
unloaded and the full,y loaded conditions are shown in Table 2. The loss of
prestress assumed in the cable be~leen stressing and testing was 20 per cent.

For ease of reference the beams were giv~n a code symbol besides a series
number, d;noting type, scale, thickness of encasement, load and end conditions.
Thus A / ~ / 1 - L I R refers in the first part to details of construction
(Type A, ~-scale, with protection 1 in. thick) and in the second ~art to test
conditions (With specified test load and ends restrained). B /4 / 0 - U / U
is the symbol for a Type B beam of t-scale, without protection, tested with no
imposed load and -the ends unre sbr-edned,

Table 1
Design loads and test loads for beams

Design load I Test load (total)~~ype and scale
Dead load Live load I (=D.1 + 1txL.1 + wt.of Beam)

tons tons tons

Ali 2·9 5·7 I 11·4

~! 1·6 3·2 I 6·4
0'71 1 '43 I 2·87BII 2·9 5·8

I
11·7

Bj.1 0·73 1'45 2·94eli 2·6 5·2 10'4d/~
,

1·5 3·1 , 6.1eA 0.65 1·3 i 2.66

3/The 8-scale was omitted from the Type B series since these beams were
only intended to show the effect of cover to the cabl~ and it was considerod t!;(J.~'
t~isinformation could be obtained from the ± and t sizes.
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Table 2

Estimated concrete stresses at commencement of test
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Mamifacture'of .beams

. The rectangular or I-section members, rcpresenting the precast elements of
the beams, were made with circular ducts for the cables and with castellations on
the u~per surface. The flange of' reinforced concrete representing a section of
the floor slab,'was cast in position after the cable was stressed. To avoid loss
of tension in 'the wires by "draw-in" of the wedges in the anchorages a double
tensioning operation was used. The method adopted consisted in making up the
cable by passing the wires round a pin which formed the anchorage .a't one end of
the beam so that a single loop became One pair of wires. Tensioning was carried
out on four wires at a time, which were anchored with a single wedge in a ccnical
hole i~ a plate at one end of the beam. The correct· cable tension was estahlished
by attaching a jack to the anchorage pill at the other end of' the beam and inserting
the appropriate aharns behind the pin•. A grout of rapid herdendng Por-tLand ccment .
with a water/cement ratio of 0·4 waa injected in the duct when tensioning was

1 .. . 'camp e ce,

.,

The insulation for the protected beams was in the form of slabs of three
different thicknesses (1 in.; 2 in. and 2t in.) consisting of cement and
exfoliated vermiculite in a 1 : 5 mix, with a'central membrane of light wire
mesh included chiefly for· handling purposes. All the slabs were made of the
same size and..the -var-Lcus shapes required to encase' each beam were cut as
required•.After cutting to size the slabs were used to line· the moulds, the
rather open texture of the surface providing a good. key for the concrete.

Thermocouples for measuring te~peratpres of selected wires in the cables
Viere fixed during manufacture in all beams except those which were to be subjected
to' cold loading tests. One unprotected Type A beam of each scale was made in
~a.dition to the beams in phase 1 of :the prograrmne. Fit h a large number of
thermocouples in the concrete for the purpose of' exploring the temperature
distribution over the section. These beams were" provided with their correct
cables which were only lightly tensioned, as no lQad was to be applied in the
tests. .

To supplement the tests on the vermiculite-encased beams, three of the
spare unprotected beams were plastered, following the brush application of .a
keying agent on the smooth concrete surfaces, with either gypsUm(sand or
cement/lime/sand. .

After casting, the Q~protected beems were allowed to mature under C0ce~

wit':1ou'c special facilities for drying, until the ;!;'it.;:-o ·,lOC't1 the beams wi.th
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vermiculite protection were stored until required in a constant temperature and
humidity room at 65~' and 65 per cent relative humidity.

Testing equipment

For the fire tests the beams were mounted on brackets fixed to a loading
bridge constructed from 24 in. x 7-~ in. x 90 lb. British Standard Beams and
having a clear space inside the vertical Legs of 11 ft. as shown in Figure 4.
The t-scale beams were supported with a clear span of 10 ft. on brackets bolted
to the vertical legs of the bridge, but it was necessary to house the bracket
for the beams of smaller span in refractory concrete blocks, since' they projected
into the furnace.

The load was applied at four points on the slab, at 1/8, 3/8, 5/8 and 7/8 of
the span, each point taking one quarter of the total load. Hydraulic' jacks were
used for loading, mounted on the bricl,;e as shown in Figure. 5 because
of restricte2 space between the bea~ and the undcrside of the bridge. Two jacks
were necessary for t and 3/8,-scdo. bcams , since the cLearunce between the top of
the beam and the bridge was ins'.'.ft'icient for the size of load distributors which
would. be required with on" .:>'J;:: G.'le:, f'our loading points. In testing ±-scale
beams, however, loading coul.d be er'f'ec ted with one jack. The jacks were connected
by flexible hose to a high pressure' oil system and loads Vlere measured bye.
pendulum dynamometer.

The gas-fired furnace in 'which the tests were made was the floor furnace,
shown inF'igure 6 with a beam in the loading bridge being placed on the walls.
This furnace is, in <;ffect, a rectangular box open at thc top and is dcscribed
in detail elsewhere ~4). Th0 specimen under test forms the upper side of the
furnace so that heat is applied to the soffit, representing the conditions with
a fire underneath the beam. Since a beam in position for test occupied only a
narrow strip of the furnace, thc opening on each side was closed by removable
refractory concrete covers. The slab of the beam and the covers were on
approximately the same level, with a small gap betWeen, which was sealcd with
asbestos rope lagging in a ffimlUer to prevent hcat loss but not to impedc free
deflection of the beam.

Furnace temperatures wcre obtained by bher.noooup.l.e s and measured On
continuous recorders. Temperatures in the beams Were measured on multi-pnjJlt
indicators. Deflections ',i',re meaaured on the top of the slab cf the beams by
gauges specially deva.sed for remote ope:l'a'holl and accurate to 0.03 in., wh i.ch
was sufficient for the purpose. The gauges were located at the centre of the
span and over each support.

Test methcds

Tho pr-ocedure follcmed ar, tte fire tests Vias thd prescribed for fire,·
resistance tests in general in B.S.476 : 1932, Definitions for Fire-resistance
etc. of BudLding Materials and Struct=es. A standcrd rate of heating is
specifiea, defined by a time-temperature curve, which must be developed in the
furnace within certain limits. Points on the curve which dete~ne its
character are:-

At the end of 5 minutes 1000"F 538<:0
" " " 10 n 13000]' 70400
u " n 30 " 1550Gr 843°0
" " u 1 hour 17000]' 927°e
" " " 2 hours 1850Gr 10100e

n it n 4 n 2050"F 1121 0e
II " n 6 II 2200"F 120400

For elements of structure such as beams and columns B.S.476 has only one
requirement of performance in the test - the element must remain rigid and not

. collapse while subjected to a load equal to 1~ times the design superimposed
load. The definition of "rigid" is not clear, for a certain amount of
deflection can be t~lerated•. It has been interpreted ~or floor.s in h9u~es.to
mean that a def'LectLon exceed.irig 1/20 of the span ccns't Ltarte s failure UJ.
In the p;~escrlt tests failure Vias considered to have occur-red when :,t rn:.s
impossi.1:le to maintain the test load. The time elapsing from 'i;he start of the
test urrci.L failure occurs is defined as the fire-resistance of a struc'Cl1;~t,:~

e Iemerrt ,
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The age of the beams when tested vnried between· about six months to over a
year. The moisture content of the unprotected beams was about 5 per cent.
Cubes of both beam and slab concrete for crushing on the day of test were stored
with the beams. After a beam had been moUnted on its supports in the bridge,
the bearing plates at each load point were bedded on the surface of the slab wit~

aluminous cement. In the protected beams, where a high fire-resistance was
expected, a pad of asbestos millbo~d was interposed for heat insulatio~ between
the bear-ing plate and the bed.

Test results

(a) Cold load tests. The results of the strength tests made at the
Building Research Station on beams of each type and scale are summarised in
Table 3. '

I Total Load - tons
"For application At first cracks At failure

Type end scale in fire test in load tests in load tests._-
Alt 11-4- 12·3 21·5

A I 3/8 6'4- 6·9 12·1

A/1.. 2.87 2·75 5~4-3-+

Bit 11·7 11.2 21.6

B/:1- 2·94- 3·31 5·56
,

cit 10-4- 11·5 19-6

o I 3/8 6ft1 I
6.8I 12.2

I1
1c/7:; 2·66 i 2-52 JI-",91 II

~ ! I

----l

(b) Fire tests. The results of all the tests are summarised in
Tables 4, 5 and 6; certain of th'3 :::-esults are shown graphically in Figures
7 to 13.

(1) Phase 1. In this series of the tests the fire-resistence of Type A
unprotected beams was determined under conditions of load and restraint which
would produce the greatest extremes of concrete stress possible with a max~um

vnlue for the applied load of dead load + 1t times the live load and a rrinimum
value of the 'Weight of beam only. From the results of these tests the
conditiona for the remainder of the programme were decided.

It.was realised that the unloaded condition was not a practical one, but it
was included because it was considered like~ to produce spa1ling of the concrete.
If spalling did not occur it could be assumed that it was unlikely to appear with
intermediate loads_ The distinctive feature of the tests without imposed load was
the failure of the i-sca,le beams by upward. deflection; the times at which failure
occurred, both with restrained and freely supported ends, was less than the time
to collapse when fully loaded. With the *" and 3/B-scale beams, however, although
there was upward deflection the force in the cable was reduced by increase in ~

teIIIl?erature so that it did not produce a tension failure in the slab and the tests
were stopped when the concrete cover fell from the cable. That the application ,
of" the dead load assumed m design was sufficient to prevent th~ upward. fail~~ ~r •
t-scale beams was shown in the test on beam No.667 which deflected upwards J.m..tJ.ally
but had. returned to its original position after a time greater tho.n tl'..at at Vlhic~
fa.ilure of the unloaded beam occurred. Aga.in with 100.:1 an(l lcm~ibtd.:laJ. restramt ~ I

a difference in behaviour WD"S obtained between the ~-scale be am end 'the -[;wo smaller
suu:.e beams, for whereas the :!:'ire-resistance of the first was 16 pcz cerrt lower
t:1f.1n when simply supporteu., the;}: and ~-scalc specimens gave increases of 58 .and 26
pe:c cent respectively. Co~~id.eI'ation6of the plotted. results for the loaded/- !._-
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" - 8800 11p) 7810 10m OODCrete and 1-00 O.1~ 1 - 00 355

yi.eld or cable. 1-20 Q.2 1 - 20 555

-
6n Ali/o-L.U 10; 6.2 o - 4-5 NO FAILURE 0-10 Do} o .. 10 95 Beam loaded to failure when

, 0-45 0 0 9 o - 45 281 cold. UltimB.1oe load 9.9
tans.

-

Notes:- (1) ~ligures in brackets after the cube strengths (2) - ve sign before deflection readings
denote the age of the cubes at test. 'd' indicates ~T;mard movement•

. stands for d~s and IU t far months.



TABLE 4 (Cantd.)

- SYMBOL FOR AGE AT CUBE STRENGTH (1 ) LOAD TESTIIlG TYPE OF CENTRE (2) MEAN CABLE REMARKSNo. BEAM & TEST PERIOD FAn.UHE DEFLECTION TEl.1PERATORETEST Lb /In2.
CONDITIONS

T0!'!4 Hr -Min Ina. Hr - H1n OC!!cntha BEAM SLAB H.. - J,li'l

. 683 A/Vo-u.U Gi' 6200 ~ ~ 5530 ~28d~ NIL 1 -OS FeU of 0 - 10 -{).07 o .. 30 34210000 6 8020~ canc:rete cover 0 - 30, -{).53 1 - 05 803
to the cable. 1 - 05 -1.01

-,

684- A/:',/o-U.R Gi 1~ ~4:~ 5530 ~2~ NIL 1 - 18 Fa1l of concrete 0 - 10 -{).08 0-30 3179500 ~ cover to the 0 -30 -()o15 1 - 00 715
oableo 1 - 15 -1.03 1 - 15 820.

686 Jt/.;j/o-L. U 9i 4~35 ~ 5d~ 7210 PSd~ 2.6 0 -40 Fracture of 0 - 10 0.26 o - 20 18~
9620~ ~7OO 7iu1 canc:rete and 0 -38 1.60 0-35 421

cable.

6~3 A/;'/O-L.U t1~ 6630 i Sd) 7210 ~3Sd) 206 0 - 36 ~of 0 - 10 0.35 0-20 200 Repeat test to check:16500 11~ ~1oo 1~) CIQl1CX'ete and 0 -30
'

0 04- o - 35 481 f'ailure t1mll.
yield of Cable•

.

6~ AlVO-L.R 8i 1~~'~~~ ' 7210 p~~ 2.8 0- 57 Fracture of '0 - 10 0.10 0-20 147~700 7"Jf11 canc:rete and 0 - 55 -0.,23 o - 55 658
yield of oableo

Notes: - ( 1) Figures in bro.ck:ets after the cube strengths
denote the age of the cubes at test. 'd'
stands for da¥s and 'm' for months.

(2) - ve sign bef'are defleetian readings
indicates upward movement.



~CllBE_~_-",';'REJ;GTJi(~ 2, I I, Ii
{"SYMBOL FOR AGE AT LOAD lESTD;G Tn'E (Q-.--------r CEN~'RE -J 1l&AH CAlJLE

No. BEAM TEST 1',/;,,11. PERIOD ~'AILURE D.r.~Pl ~'i'J i JIJ TEMPERAXIJRE REMARKS
~

Months BEAU SLAB Tons hr - min br-m:ln Ins. lr-mln OC
1----
687 A/il1 10t 6750 (6d) 9675 P~1 10.9 i' - 51 Fracture of 1-00 0025 1-00 105 Spe1]ing at soffit near the

- 11000 ~ co:narete and ,-00
'

0 }4. '-00 275 ends at 1-! boure.,
yield of cable 3-45 4..09 3-4-5 382

691 A/il2 10! ern (6d) -~~? ~~~ 10.9 6 - 00 NO FAILURE 2-00 0 0 10 2-00 '71 Test stoppad at 6 hn and a
10850 (1~j lU();lU 2 uJ ~ 0.52 4-00 165 wa.ter test a;ppUed far

6-00 2.36 6-00 384 6 m1ns. Pel1ll8n8llt detlect1an
w."ter 16 1'.ra VIM 2005 1110

1

6
94- A/t/2i ,<* 66.35 (5d) 8OB5 (28d) 10.9 6 - 00 NO FAILURE 2-00 -0.18 2-00 79 Cold load1ng tests oiift'ied

10800 (1~) " ." (" . ¥-OO -c.11 4-00 110 out - See l.i1ig. 17.,IU.,;.o.:J U ~2-;·1),

6-00 0.30 6-00 2'71.
692 A/il1 10-! 6750 (5el) 7852 (28d) 6.2 2 - 38 Fracture of 1-00 0.18 1-00 138 spall.1ng at soffit near one

9620 (1 o;,:l) - conorete and 2-00 0.45 2-00 261 end at 1i hours.
cable at the 2-37 2.15 2-30 }4.7
pla.oe of spallin~

689 illY1 11 6795 (5d) 9290 (21d) 6.2 3 - 37 Fracture of 1-00 0.17 1-00 114 Repeat test. No spalling
- - concrete and 2-00 0.46 2-00 229 in this test.

cable near 3-30 2.77 3-.30 494
centre

696 AliV2 1}i 7360 (5d
4m 9290 ~21d~ 6.2 5 - 41 Fracture of 2-00 -0.03 2-00 103

10050 (13 ) 11950 1yn concrete and 4-00 0.27 4-00 283
cable near 5-40 3.}4. 5-38 473
centre

I

i·

697 A/V1 10 7360 ~5d) I 7210
g~~~

2.8 2 - 34- Fracture of 1-00 u071 1-00 125
10l.JOO 10m)

i
8700 concrete and 2-00 1.82 2-00 238

yield of cable 2-29 4.16 2-30 293

68.!> A/V~ 17 5775 (5d) 5530 (28) 2.8 1 - 07 ~'racture of 0-30 1.59 0-30 1J4. Beam protected VIith t in
. conorete and 1-00 2.15 1-00 391 thick celOOnt/~/sand

yield of cable plaster.

702 'A/V2 10 66:;2 (50.) 8140 (2M) 2.8 4 - 24 ~'racture of 1-00 0.17 1-Q0 84-
9550 (1 Lr.:1) - concrete and 3-00 0.86 3-00 257

yield of cable 4-10 4.73 4-2u 433
-

Notes: - (1.) Figures in- brackets atter the cube strength
denote the age of the cubes at test. 'd'
stt>nd.s far days and 'm' stands for months.

(2) - ve sign before defl~ction readings
ind1cates upward l:lOVBment.
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TABLE 5

TYPE: 'A'

I SlfiJI,W/Y OF HESlLTS FOR PROTECTED BEA.':S ,

J



:BEAM SYllBOL FOR AGE AT ~T cuss STRENGT!f (1 J TESTllfG TYPE OF
...

-----=11CKNTHE
r-:o. BEAM Lb/ ll'?

LOAD PERIOD FAl1.ORE DEFLECTION (2) MEAN CABLE C
t1llliAQ,(!=L. -_. -

TEMPERATURE

\
T.<IBLE 6 L. Months BEAM SLAB TOllB Hr - Min OCIns

_I
SUWdARY OF RESULTS ._

llr-m:l.n rrr-m1n Bottom Top

\106 B/i/o 6432 ~5<1) 74I30 ~2&:1) 11.2 1 - 20 Shear failure o - 10 0047 0-30 150 105 FOR BEAMS

13 11450 13m) 10500 12p) of concrete 1 - 00 1.06 1 ..; 00 293 162
near ana end.. 1 - 20 2083 1 - 15 388 256 zyFg 'B I & TYl'E 'C I

I I

709 B/i/1 2239 ~5<1) 7100 ~2&:1) 11.2 6 - 00 NO ];'AILURE 1 - 00 0.15 2 - 00 172 139 Beam loaded to destruction

13 10650 13m) 9900 12-!m) 4 - 00 1.33 4 - 00 478 266 immed~lltely after fire. test,
6 - 00 1.63 6 - 00 829 456 failed at a loa.d of 14.05

tons, final deflection
2.42 in.

716 B/VO 5470 (5<1) 6660 (2&1) 2.f5J 0 - 35 Fracture of o - 10 0.64 o - '5 309 he
- cabl.e and {; -- .3l. 1.13 o - 35 612 302

14- 10500 (14m) 9400 (13m) concrete

724 B/V1 5090 ~6d~ 6790 (2&:1) 2.87 3 - 25 NO FAILUHE o - 30 - 0.17 1 -·00 187 125 Test stopped.

1lit 10300 1~ - 2 - 00 0.15 2 - ()(j 470 282
3 - 10 0.41 3 - 20 760 530

.
726 B/:V2 5605 ~5d~ 6790 ?2&:1~ 2.87 . 5 - QD NOFAlLURE 1 - 00 .. 0.22 1 - 00 88 rt 1Ilinediately after test the

1~ 9950 14,;,-'m 10050 14m 3- 00 - 0036 3 - 00 285 293 beam 'lithstood a·lOad of

. 5 - 30 0.00 5 - 34- .720 505 4 tons. perriJanent deflection
after release of load 1-in.

719 c/yo 5300 ?6d) 6260 ~28d) 9.9 1 ..- 16 Shear· failure o - 10 0042 0-30 125 159

14 9600 14m) 8400 13¥n) , of concrete o - 30 0.66 1 - 15 615 525
near one end. 1 - 15 2.85

721 c/Vo 6710 ~5d) 6900 ~2&:1) 5.9 0 - 50 f'racture of o - 10 0.35 o - 15 132 152

14 10650 14m) 8710 1~) concrete and 0-47 2056 0-45 494- 527
yield of cable.

c/VO 6160 ~~ .~JllO, (2&:1) 141>
ITime a:n;er teBt.!<oaa~1

720 5.9 0 - 30 Test stopped o - 10 0.37 o - 15 114 0-30 . on 1.38

13t 6850 1 _ 9650 (13m) for residual o - 30 0.55 0-30 204 341 1-00 II 1.51
deflection s-oc n 1.31
readings. s-oc off 0.60

730 C/yo 4.100 ~5d) 6880 (2Ba.) 2.6 0 - 24- Fracture of o - 10 0.23 o - 10 185 144

15 8150 15m) - cable and 0-20 0.58 0-20 418 272
. concrete at

centre

• ~7Of, l¥'Yi 15 6545 (5<1) 6950 (2Sd) 11.2 2 - 4-1 Shear failure 1 - 00 0.78 1 - 00 210 112 Beam protection ;'-in
of concrete 2 - 00 2.055 2 - 00 515 330 cement/lime/sand plaster.

,. near one end. 2 - 30 4.25 2 - 30 613 429

71Zt BfJ-Ji 14- 6080 (sa) 6660 (2Ba.) 2087 1 - 08 Fractw'e of 0-30 0.00 0-30 160 98 Beam protection V-in

cable and 1 - 00 0068 1 - 00 558 218 gypsum plaster.
, concrete at

centre.

Hotes: - ( 1) :'1gures in bracket after the cube strengths
denote the age of the eubes at test. 'd'
BtB11ds far dLl,ys and 'm' for months.

(2) _ va sign before defiection reod1n8s
indicates upuord buckling.
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restrained and loaded/simply supported conditions showed that ~ore confidence
could be placed in extrapole.ting from the second than the first. This fact,
together vii th the lees likely occurrence of the fully restrained condition in
actual buildings, lead to the decision to adopt freely supported ends for the
beams in the later phases of the progr-emme , Repeat tests made unde r the
sele<::teil c:onditions- on beams of an scales (Nos. 678, 695 and 693) gave results
which tid. not C!.i.f:f'e:" from those f:~r~t ob"ta::ined. by more tr.s.n 10 per cerrt ..

(;0) Phase 2. It was apparent, that th'l fire-resistance of the beams had
been under'e s t ima'ted originally when planning the programme for encased beams, .
and t~e tests in this p~ase shaned alGo th~t the protection behaved better than
anticipated. A protectior. of verird.ci-Lite concrete '1 in. thick gave an addition
of about 2 hCeTS to the fire resistance in 0ach scale and only these results have
been plotted in Figure 7. E,o behaviour of the 3/8-scale beam (No.692) first
tested was remarkab'Le for the spalling which occurred close to one haunch after
about 1} hours ·of test. The spaLling , whach was of sufficient violen<::e to
remo-ve the c·JV"3r to til" cable 2..11d t he p::'otection for a distance of about 12 in.
probably caused an early. fail'~e, since a repeat test, in Which spalling did not
occur, was of about '1 hour g~·,=~te::' d~':':ltif)l:"o ~p.:..lli.ng of concre-te "Nhi::~h is
covered by eVB:';1 tl1in l?rf.)tee)~i\Te c""·'J.":';ings such as p] aster Ls unusual and }'1a3 not
occurred previousl;V i:.'1 a floor test. Since. no failure had occurred after 6 hours
heating of the A I t / z and A / t / 2~ beams application of water from a fire hose
was made followed by 10ad:U1g tests. Beams in the -!,: and i-scales w5.th the 2t in.
thick encasement were not ·~ested. . .

(3) Phase 3. The TJ~e B beams dealt with in this part of the programme
had half the concrete cover to the cable of the corresponding beams of Type A
and were characterised by the split cable. Both unprotected and protected beams
were included but the i-scale specimens Were omitted from this phase. The fire­
resistance of the unprotected beams was a little less than that of 1yPe A beam6
for *-scale and about 20 per cent less for the t-scale. Protected Type B beams,
hail ever , were stjPerior to protected Type A beams with the same encaeemen t ; Thus
beam No.721. (B I */ 1) was still supporting its load wHh a relatively small
deflection after 3 hours 25 minutes of test although the cable temperature was
higher th"m that at which f'ai Lure was considered ineVitable. The. test was
stopped at this point to examine the be am and loading equipment in case the beam
was pa::-tiall.y supported by the f'urnaco covers or the load shown by the dynamo-
meter was not in fact being applied. Everything appeared to be in cz-dez-, arJ.d.·
conf i.rmat.Lon of' the high resistance of beams so prctected wa.s obtained on the
B / ~ / 2 and B / ~ / 1 specimens. In the first of ~'hese (beam No. 726) the test
WEtS stopped after 5 hour-s 4-0 minutes without failure. The beam af'ter removal
from the f'u'rnace and still hot sl:tpforted without f'a i.Lur-e a load of I,. tons .
(1.06 tons more than the test J,0G.d) with a J7ennenent def'Le c td.on after r-emovs.l, of
the lcnd of 1:m.. The B / '2 I 1 specimen ,No. 709) was heated for 6 hour-s and
immedj.ately after removal from the furnace was sub jected to a 6 minute water test
then Loaded to failure at 14·05 tOC1.S, an increase of 2·8S tons over the test load.
It was ,x'r.sidered that no useful purpose Vlon!.d 'De served. by carrying out i;e~ts on
the ':;:'jTO B 'beams with thicker encasements ani "th8 r-ematnder- of the specimens were
re~erv0d for the investigation of certain other factors not specifically included
in the programme.

(4) Phase 4. The beams in this part of the programme, designated Type C,
were all unprotected, having the split cable and differing from Type B beams
principally in the shape of cross-section. Failures were slightly earlier in
each scale than for the corresponding beams of.Type B, the difference for the
~-size being negligible. .

¢'
(5) General behaviour of beams in fire tests. Observations were made of

the behaviour of all the beams during the fi,e test, and there was, in general
a marked similarity h the records obtained. It appears that, when the first'
cracks became visible, the unprotected beams had reached about one half of the
heating time which would produce collapse. The damage usually started as short
lcngitudinal cracks on the sides of the beam with e oree tdme s lCIl[litudinaJ. cracks
on the soffi.t. Later-, cracks f'ormed on the s i de s of "ohe beam approximately
alOD£\ the hne of the cab.Lo , F'ailure in the majority cf the s"e-:::;.","'~.s was due
~o .:'~ il1:Q:'c. :,f tbe ac.bl=:-. Altb0ug~1 actual fracture of th8 ',\'i:-d3 :)(,.;:'~'j:'0a. only
~~1 ',~r'l') f1!l,t;U..:.2r beams 'i;he t;ypicaJ. s Lgns of large s-tral..."1s i~ the s7,~~~i ",r:c:re "Ore~H=:mt.
r.-.'" "",. ~.o ''''0' ,.~_. wa rec - db th f t· f • ... '. J •.. ·.L_ ........_.r; \..1..1,. ... j .... u .... ,·..Ln .. S P erte Y e orma len O· .i..arge craOK::: :J.~ ~. 15 te~l!?:~:,)::'

z o-io 8"Gan:pD.ni~d. by a marked increase in the deflection. The rupia. de":"~E:.3e L"l
til'} ')C>l:lpl'essi()n area of the Concrete caused crushing of the concrete en,l f'a.l Lure
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of the beam to suppor-t the imposed load.
of inclined cracks showed the presence of
Figures 14, 15 and 16).

In one or two instances the formation
excessive diagonal stresses. (See

The behaviour of the vermiculite encasements of the protected beams was
uniformly good, little damage being visible until failure was approaching, when
cracks appeared near the centre in the tension zone. Most of the encasement
surVived the water test in specimens where it was applied.

(6) Other tests. As an alternative beam protection to the encasement of
vermiculite slabs, three of the spare unprotected beams were used to obtain results
with normal in situ plaster finishes~ Beams Nos. 685, 708 and 714 were plastered
t in. thick, the first two with cement/lime and the last with gypsum plaster, after
the application of a brushed-on keying agent. In the tests on all three beams t1:.le
greater part of the plaster remained in place until the end, giving an increase in
fire-resistance of 32 minutes for both the A / :!; and B / :\: beams and 1 hour 20
minutes for' the B / t beam.,

. Loading tests were Dade after cooling on beams which did not fail in the fire
tests. An A / i/o beam, No.677, when loaded cold after ~ furnace tcst lasting
45 minutes, failed at 9·9 tons, that is 82 per cent of the original strength.
The characteristics of an A / t / 2t beam, No.694, which had been subjected to a
6 hour fire test .and a six minutes water test, giving a final mean cable temperature
of about 3000C are shown by the load/deflection curve of Figure 17 in comparison
with the curve for a beam before heating. The ultimate strength of the heated beam
was 16·8 tons equivalent to 78 per cenler the original. The fire test on a
C / t /0 beam No.720, was stq)ped at 30 minutes, a little over half of the time to
failure and observations made of the recovery during cooling and the residual
deflection as shown in Table 6.

Discussion of results

In considering the results of the fire tests on the types of beam included
in the programme it ahou'Id be borne in mind that certain: features, which may not
appear representative of prestressed concrete design, were deliberately introduced
because they were regarded as likely to be critical under fire conditions. Thus
the percentage of steel in the combined section of Type A beams Vias low, although
it gave a factor of over 2·0 for the ratio ultimate load/dead load + design '
superimposed load. Since the moment of inertia of the precast element was about
one quarter of that of the combined section any deficiency in composite action
between the element and the floor slab would be more pronounced.

(1) Effect of size of beam. Considering only the beams tested under
conditions of full load and simple SUP1JOrt for the ends, it is shown in Figures
7 and 8 that there is straight line relationship, over the range tested, between

beam size and fire-resistance when all the linear dimensions are scaled. For the
Type A and Type C beams, extra~olation on the graphs,gives fire-resistances for the
full size beams of 3 hours 40 minutes and 2 hours 50 minutes respectively. The
only other conditions of practical importance where extrapolation is of interest,
full load and ends restrained, are' shown by the graph, Figure 7, to indicate a fire­
resistance for full size Type A beams substantially lower than that for full load
and simple support, assuming that the same degree of longitudinal restraint is
obtained in the full scale as in the smaller beams.

(2) Effect of end conditions. Two conditions at tl~ ends of the beams
Vlere investigated: simple support with a'3 in. bearing of concrete-steel, and a
high degree of longitudinal restraint. As indicated in (1) above, the effect of
restraint Vias to increase the fire-resistance of the VRO smaller scale beams
compared with the simply supported condition, and to decrease it for the t scale
beam. For the *scale beam No.690 the difference, taking the results for simple
support as the basis of con~arison was + 58 per cent, for the ~ scale No.672 +
26 per cent, and' for the t scale No.664 - 16 per cent (see Figure 7). It will be
seen from the results in Table 4 that restraint reduced the amo~t of early
deflection, which is attributable chiefly to the leT,," difference in temperature
between the lower and upper surfaces of the be~~, cut the additional concrete
stresses did not cause the rapid disintegration vh i ch :w.i., been considered F0,s.;ible.
In the smaller size beams the mean temperature of the cable at failure was hi~~~)~

for restraint thon for simple supcor-b , while in the t scale be am it was lower,
shovling that fbr tho f!1'CCir,IC11S of the 7; r,ml~ sec,les tho r.1f>xinuo bonding r'l"3":,';

Y.'a.s r-educed by restraint.
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(3) Effect of load.

As previously explained the condition of no imposed load was included
because it was considered that the resulting stress conditions might lead to
spalling of the concrete in the test. When it was found that spelling did not
occur in any of the unloaded beams, simply supported or restrained, this condition
VlU3 ignored as being unrepresentative of practical conditions for the types of beam
in the programme. Since a test on an A / t / 0 beam No.667, with an imp.osed load
equal to tWl dead load assumed in design, gave a greater fire-resistance than the
test when the applied load was 1t times the design load, it was justifiable to
consider that fire-resistance decreases with increase of load. The behaviour of
the beams in the tests without imposed load is interesting. In the ~ and i-scale
beams , Nos. 683, 684, 665 and 676, while upward deflection occurred it was
insufficient to cause failure and the tests were stopped when the cover to the
c~ble fell. After expos~~ to the furnace temperatures for 1 hour the t-scale
beams Nos. 671 and 675 w~re i~ tho c0nQition whcre the concrete for at leust 1 in.
from the exposed surfaces had suf't'cr-ed a considerable reduction.in strength while
the steel in the cable was still little affected. The effective concrete area
Vias thus diminished ana the 0ccentricity of the cable virtuull,y increased, leading
tc .b~ 'type of failure shosn in r'igure 18 in Yihich the force in thc cabLe was
su:t':t'icient to cause ter.sile stresses in the slab and crushing of the concrete .in
tho lower part of the beam. Applicution of a load equivalent to the aasumed dead
load, while it did not suppress upward deflection of the beam entirely, preverrted
this mode of failure.

(4) Effect of concrete cover to the cable.

The importance of the thickness of concrete around the cable lies in the
protection it provides against dangerous rise in temperature of the cold-drawn stoel
wires. Ten~erature measurements made during the tests on the Vlires showed that, in
general, failure was likely when the mean cable temperature exceeded 4000 e. The
Type B beams, which were specifically designed to show the influence of thickness of
concrete cover' to the cable, having half of the cover in each scale of the
corresponding Type A' beams, behaved much better than was expected. For exarnpLe the
tYIO A / :'; / 0 beams having 1 in. cover to the cable gave a mean time to faEure of
38 mi.nutes, whereas the B / :\: / 0 beam with tin• cover- gave 35 minutes; t':1e '!;wo
A / -if / 0 beams having 2 in. cover gave a mean time to f'a.i Lur-e of 102 minutes a,12
the B / -1r /0 beam with 1 in. cover gave 80 minutes•. If it is desired to estimate
the cover requi.red for some specified fire-resistan.::e the results of the teEts on
Type B beams are of little help. The Type A beama are more useful here, for in
these tests on specimens of each scale failure occurred at about the same mean cable
temperature (4800 e approx~~tely). Thus.* scale with 1 in. cover gave 36 minutes,
~ scale with 1t in. cover gave 66 nunut.es and t scale with 2 In, cover gave 98 .
minutes. ~'his indicates a fire-resisteJ'.ee of a few minutes over 2 hours for 2t
C:H8X' and about 4 hours for 4t in. cover. There is a p oasib i LiLy that the thi.cker
ccncr-cte cover-s wou.ld tend to spal L away and to guard ago.:'nst thiB i i wOl1..1cl be
dosi:r<i~le to include light mesh re anf'or-oenent in the concrete at the "ides and below
thc cable when the thickness of cover exceeds 3 in.

(5) E:ffect of insulation.

The insulation used in the tests as beam encasement was very effective.
1 in. thickness providing an increase in fire-resistance in the Type A beams of
about 2 hour-s in all scales, the improvement being somewhat greater with the
larger specimens. ExtraPolation shows that a fire-resistance of 6 hours can be
expected for too full size beam with 1 in. of vermiculite concrete protection.
An .tn sit~ application of plaster t thick on an A / :'; beam gave an incre'tse in
firc-r'esistance of 30 minutes. Assuming similar behaviour in all scales to thet
o~+.e.hed with vermiculite concrete ~ in. plaster on the full scale Type A be am wculd
ra:'.3e the fire-resist.:mce to 4 hours. The me an cable te!:l];.cratClre at failure tended
to be lower for encased tha.., for unprotected beams. Th:'.s behavi our- agrees with the
re21.\lts of tests on co Ld-rlr-awn wire, in whi0:-, j t r..,p. 0"":1 f'ound that the strength at
a g:i.ven tomlJCrature depends 011 the ra-te of hee.-:;~:s.

Unocccurrtab.ly high firB-res:'stances were obr.2l.::'.:\.ee. i'o:.~ :p.",:/l;(.ctad Type J, b(~G:r·8 ..

FO!' exen:ple the B / -ir / 1 beam, NOn 709, had. not failso. af.'ter. a 6 nour -~e~,t. l' water
·~t"1fj"j; n£' ~ r.l:l.nutes duration did not affect tile beam which waS able to s~PPO:t··l; :I,.~~.
aLi'~Gtio-,l to the test load of 2.35 tons before collapse. The temperature ,,:' ;:'.,.')
J.•J':ler ca~le at the end of the test exceeded 800oe, a temperature at wlri.ch the Ht.ra!lE,th
of the steel wires was negligible. No useful purpose would have been send.•.r;
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carrying out tests on the thicker protections on Type B beams.

(6) Effect of shape of sectiGn

Since Type B and Type C beams were closely similar in design except
for the form of cross-section, the influence of shape of prestressed concrete
beans on their fire-resistance is shown for rectangular ~Dd I sections, by a
comparison of the performance of these twc types. It can be seen from the
grarhs in Figure 8 that unprotected B and C type beams differed little in the
scales tested and extrapolation indicates approximately the same fire-resistance
for both types. The important fact brought out by the tests on the Type C beams
was that the I section was no more liable to spall than the rectangular.

(7) Effect of temperature of cable

It will be seen from Figures 9, 11 and 13 that the curves for central
deflection "nd cable temperature plotted against time of heating have the same
general form, with the first changing' slope a little later than the second.
For type A unprotected beams collapse is imminent when the mean cable temperature
exceeds 4000 C. The results of some tests made on samples of the batch of cold
drawn steel wire used in the beams to determine its strength-temperature properties
aro shown in Figure 19. If the wire was tested at constant temperature, 'chat is,
if the wire was raised to a particular temperature before the tension was applied,
the hot strength of the wire fell rapidly after 200 0 C, until at 400 0 C only about
50 per ,cent of the original strength remained. When tested at constant load,
that is with a tension equal to 50 per cent of the ultimate maintained throughout,
failure of the wire occurred at 370''0. If relaxation of the wire from the initial
stress was allowed to take place another set of results was obtained giving strcncths
up to tem]?eratures of 350 0 C of the same order as those for constant temperature but
increasingly lower strengths at higher temperatures.

During a fire test the strength-temperature relationship for the wires in a
beam might be intennediate between the' last two curves. The majority of failures
in the fire tests were due to failure of the cables although actual fracture of the
wires occurred only in the sTnller beems. Under these conditions, the stress (t)
in the cable at failure CM be detcnnined approximately from the relationship M=tdA,
where M is the maximum "bending moment, d the lever arm and A the area of steel.

Fer AH beams M = 1'11/8 = 11'4 x 120/8 = 171 ton. in.

d = 9" nearly and A = 0·273 in2.

then t = 171/
9 x 0.273 = 70 tons/in2•

strength to be 125 tons/in2, 567b of the original.
A/~ and A/± beams since they are scaled linearly.

or assuming the ultimate cold
This figure is the same fer

It '1Ii11 be seen from Figure 19 that the wire is r-educed '';0 569; 0f Hs oric;inal
5trengi:.n at about 380 0 C, which is a much lower +.errr..,erature t han that obtained at
failure in the tests on Type A beams. The difference may be due to the fact that
the thermocouples for Treasuring the temperatures of the wires were placed at mid­
'span where cracks invariably formed shortly before failure leading to high local
heating of the cable and the relatively rapid increase in temperature shown on the
graphs, Figures 9, 11 and 13. The strength reduction of the wires as a whole
would not then be as rapid as the curves of Figure 19 indicate.

The residual strength of wire tested cold after heating to various temperatures '
is of interest for assessing the loss of prestress in beams heated for shorter
durations than those required to cause collapse. The results of two series of tests
arc plotted in Figure 19. In the first series the wires were heated to pre-
cJ.0'.:a;::nined temperat'.'re~ v:jth~d stress, eJ.lowed to cool end then loaded to failure.
For wires which were heated to less than 300°C, the c ol.d strength is little effected.

The second series of tE::::;ts was on wi~cu !1,~at8i tc pre·-ietermined temperatures
after an initial sbrc-ss equal to 50 per cent of -::,e ultiTIate had been applied
and relaxation allowed to take p.Lace , After oaolL"lg 'cne wires were tested 'l:o
failurt; and gave strengths whioh were Lower the.!l i;-:0se 0-~+.ai.~.!.ca. i.."1 the f'irc.t series~

'';c",ting cold-worked steel produces other effects which remain on coo":;j""'{~< It
11',03 'been shovm (5) that there is an appreciable residual expansion af'be r coo.Lmg ,cn
v:::'res heated between 1500 and 4500 C.
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(8) Effect of concrete temperature

Information exists on the cold strength of concrete after heating to
varicus -::c:operat\U'es but this needs to be supplemented by an investigation
of thE' ~trong-~h of c~ncrete at these temperatures while under load. 'l'h~Re data,
together 7;j:th a knowledge of the change in properties of the cable; witl~ i.(lc,,'eo.se
of -:',):nj,J'3:.:ature',will be valuable in analysing the resu2.ts of the 'beam t.ed;s. An
eX8Jn:.'I,c of the temperature distribution in a Type A, ;, 3e,:.:le be am afte:- ~ h0U.r
hee.c ing as shown in Figure 20, and simil::r ii.j.ag)~ams OPel be plotted for any time
in the test" It i;s known from preliminz.:-y" ~Gi.1·~s -~~:ac concz-e te »:f.' t{~~ rr..""-:;~ ~j:d

str:::r;.gth uaed in the beams has 75 -::,e~." cerrc or' ~.ts crigi:lal s tz-eng cn at abc"ut
340°C and 80 per cent at about 5QCi"c. S:.:.ch i;lf=..z.ti0l' is r-eqiu.red in dealing
with "0\",:0:- re anf'orced" beams where fnj.lt:.re if' de termined by crushing cf the
concrctc , The cold strength of concre-te c:l"t-er heating to various remper-e'cure a
will be required for aaseas ing the extent: ;J:: X"3Fair needed by beams which have
suf'I'cz-ed aor. (; amage f7.'ar.1 fj.re and the pos s i biLf ty of restoring pre,;tresf:.

C0!lC:~':"'J;;-L -:-n::;----_._--
':f.1r.Le 'E'0:~:Lowi!lg cC!l.cltV'I~·I.cr1:.3 ar-e )!'~L t'orwar-d tentativE.ly r D.:J uhe :-t'f::'s'.ll~ (,7: '~')sts

O!!. c.::aleCi.-c.awn beams of 'CYI"''' .:;;,i'Jb, a Lt hough they may net be r-egarded a:,
repn;s,mt"tive of practice, will nevertheless give valuable indication,; of '(0:.,."
ber;a..6;J"..l.-'" ef post-tensioned beams at high temperatures. An opportunity -to "',.::c;k
the validity of the extrapolation method for obtaining the fire-resistance of Laz-ge
beams has ar-isen through the kind co-operation of the National Bureau of Stanaards,
Washington, who have offered to test a number of 4/5 scale beams in their Larrre
furnace, toge.ther with a ~scale beam as a control. -

(1) 'rime to collapse is de t ermmed largely by the rate of rise of temp"::-E.ture
of the cable. A fire-resistance of 2 hours can be obtained with a concrete cover
to the cable of about 2t in. Longer pericxJ.s are likely if the cover is mcreaeed,
but it m~ be clesirable, to i!lclude a light reinforcement, sEll' steel mesh, in the
cover- to the cable as a precaution against i,+':; spaJling 8.\"'8,Y if :tts thio);:=)!3C" ~j~

Lnoreaaed beyond about 3 in.

(2) For a fire-resistance of 4 hour-a or IJ.:-..Il'S 2..!: i:l:Jll.1aoG~llg ~:-J.C:"!.d::m27,·i; :. .:>

probably recuired, Nermal j.n situ pl.ssw::-i',,:,< ,~jth gf:"sl.lr.l oz- cem.ent/liJr,e/5"nJ JTl8Y
give up to .~ hour add.i t Lonr L ro,;ista.'1ee 5.!' -thl21'e :;,8 an adc quate key with -tho concrete.
Protection incorporat:i.ng vermiculit.e should ancvease t.he fire-resistance by abeut
2 hour-s w:>en applied 1 in thick.

(3) Beams may fail a little earli-,,-., H '.ongHt,dinal expans i.on is prevented
than if t.hey are free. to expand. The ef'f'ec'tLvcnes s of t:'!e :f·ast~"aint iF.: 0-

det<3rr.lir!ir..g factor, but th.c:' !"~sul~s eo far do net perm:it a qU.HI!.tita-tive sta.t~ment

to be made.

1,.,"-) There Ls lettl..." d lf'f'crence ··n ncr-f'ormance between 0 beam of r e .......-n.,...-u' o~--. - - ... "" v .l 1)1.::· .~~ , v <':v .... \J\, •• <;.'.; ~u _<;.Uo

section and an I-beam having the same load-carrying capacity and the; aame concrete
co·;er to the cable.

(5) Explosive spalling, Which may be a serious hazard with small units of
the pre-tensioned type, does not seem likely to occur in post-tensioned beams
having no part less than about 2 in. total thickness.

(6) :~ailure is unlikely to be sudden. There is a progressive sagging,
Which in beams of large span would be most noticeable. The formation and visible
extension of cracks with a marked increase in deflection are signs that collapse lS
immino:nt.

(7) Beams which have been exposed to a fire of shorter dur,;-tiOl: than ~hat
\1hich would cause failure, representing say less than half of the~r flre-::es~stance
are likely to retain a high percentage of t.heir original strength on coo'Lang , but
With a Yaarked residual deflection and lcss of prest~0ss.

(8) Further work is nee:ied to determine \'!heth3r be~'1\s can be reFaired, after
c1.nr.w.[;c by fire. Repair would involve re-tensioning tho cable to restore -';,1('

prestress lost after even short heating.
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Begui~ements for the ma!lufac~of' the specimer1,!3~

1. Concrete

Crushing strength (CUbe) at 28 days

Crushing strength (cube) at the time of
tensioning the cables

2. Steel

Tensile strength of 12 S.\J.G. wire

3. Manufacture

6000 Ib.!sq.in.

4500 lb. / sq. in.

120 to 130 tons/sq. in.

Gables to be tensioned at not less than 7 days after the
casting of the concrete.

Tne 'slabs to be cast 14 days after casting the prestressed
concrete element.

The concrete to be cured for 7 days under damp sac1dng
followed by storage in air.

The methods of tensioning the cables to be such that slip of
the .dres in grips is el~ninated.

~rl1e cable cavities to be effectively grouted af'cer- t enedorung
the cables.

1. Concrete

.~.

-;

Compressive stress in the prestressed concrete
eleQent under worldng loads. (~cube

strength at 28 days)

Compressive stress in unstressed slab

Initial precompression in ':;he prestressed
concrete element. (} the cube strength
at the time of stressing the cables)

Oarrpressive stress in concreze under
anchorages

Principal tensile stress for concrete

Bending tensile stress for concrete

2. Steel

Initial pretension to be established
"ithout over-stressing. (0' 6 appr-ox,
of the tensile strength)

2000 Ib./sq.in.

1000 Ib./sq. in.

2250 lb./sq. in.

2250 lb./sq. in.

300 lb./sq. in.

nu,

75 tons/sq. in.

•
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FIG.3. THE UNPROTECTED TYPE 'A' BEAMS

FIG.s. AN A/I/2 BEAM iN LOADING BRIDGE
READY FOR TEST
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FIG.6. BEAM IN LOADI NG BRI DGE BEl NG
MOUNTED ON FURNACE
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FIG.14. BEAM No.69S (A/3/a/O) AFTER TEST

FIG.IS. BEAM No.6Sf (A/'/2/0) AFTER TEST

\
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FIG.16. BEAMS No. 678 ( A/I/2/0) AFTER TEST

FIG.IlL BEAM No.675 (A/'/2/0-U/U) AFTER TEST
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