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Summary

The results are given of a limited programme of fire
tests on prestressed concrete beams of the post-tensioned
tyre, ccrried out by the Joint Fire Research Orgunization
in co-operation with the Building Research Station.

The aim was primarily to obtain data for the design
of beams to be used in bulldings of high fire risk , such
as large warehouses, where a fire resistance of L hours,
as defined in B,.S.476 : 1932, would be reouired for the
structural elements, The limitations of the equipment
precluded testing representative full-size beams, and it
was therefore necessary to extrepolate from the results
of tests on scaled-down specimens. It was shown that
sudden or early failure was unlikely with this form of
construction., Full-scale beams of the types tested
having 2% in. concrete cover to the cable, should give
a fire~resistance of 2 hours without recourse to special
measures, but for 4 hours fire-resistance extra protection
would be necessary for the cable,
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. by
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Introduction

The behaviour of a certain type of small prestressed %o?crete floor unit,
vhich was shattered by spalling in the standard fire test 1), was the cause of
concern and speculation rezarding the possible effect of fire on prestressed
concrete structures generally. Intensified research on the performasnce under
fire of the various Torms of prestressed concrete was urged to remove the doubts
which were hampering its develcpment, The work was undertaken by co-~operation
between the Building Research Station and the Joint Fire Research Organization
of the Department of Scientific and Industrial Research.

Knowledge of the behaviour of post-tensioned beams in fires vias very scanty
ond the most urgent need was for some information on the performance of this
type of construction, leaving fundemental research until later. The only
existing inforpation on post-tensioned beams in a fire was from ad hoc tests on
the Continent ( made on full-size loaded beams, The tests, whicli are the
subject of -this report appear to be the first made in a systematic nanner on this
type of construction under controlled conditions. '

It was 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 regquired, 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 perfcormance.
From the knowledge gained in this first investigation, the course of future work
could be more readily planned,

Scope of programme

The capacity of the furnace used for fire tests on beams restricts the size
of specimen which can be accommodated to about 10 ft. span. Prestressed concrete
beams of the post-tensioned tyve are likely to be preferred for buildings where
relatively large spans and heavy loeds are encountered., With the eguipment at
the Fire Research Station no beam representative of present dey practice in this
form of construction could be tested, nor could reliable results be obtained by
testing a beam & fullesize section on a2 10 ft. span. The adoption of a scaling
technique offered the only means of discounting the limitations imposed by the
rresent 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 meximum span for a
tcst beam, it seemed reasonable to adopt this size as F scale and to repord the
full-size beam, the fire-resistance of which was to be determined, as having a
span,of 20 ft. The scales adopted for the other beams in the series were /8
and '/l, having spans of 7 ft. 6 in. end 5 ft. O in. respectively.

The factors affecting the fire-resistance of post-tensioned beams include
the following which are important in different degrees:-

51) size. (2) shapoc. §33 end conditions. %4) load,

{3) typc or aggregate. (6) type of cement, 7) specified
concrete strength, (8) concrste cover to the cable,

(9) initial stress in the cable, (10) additional insulation.

In normal design some of these factors, for example, 7 and 9 would usually vary
between fairly narrow limits; for factors 5 and 6 the types in most. conmon use
should be given first consideration. The factors which would have most inflt."ence
on performance were considered to be those vhich 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. Expasrience had shown that unprotected concrete beams were
likely to spall in fires, especially if mede with flint gravel aggregate, but
that a protective encasement to the concrete would prevent spalllng .as long as
it remained in place,

It was decided to use gravel eggregate concrete of the seme composition -
throughout the series end to keep comstant the size of wire in the cable and the
initisl stress in the wire, The other factors enumerated above were treated as
the veriebles in the investigation. q

Phose 1 of the programme waes desipgned to esteblish 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 irpesed load = 13 tnmes design live
lozd.

(3) withends simply 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 remainder 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 c¢ffect of protective encaséments; 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 hlgh compressive stress under no loud to tensile stress
under 1% times the design lond. There was no need to test with lozds between these
values, since it was likely that if spalling did not occur in the unloaded condition
then it would not sppear with intermediate loads and, therefore, the garliest failure
would be givén by the greatest load, The reasons for 1nclud1ng 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-resistancg of the beam$A

For investignting the effect of protective encasements in phase 2, it was
desirable to choose a material which would remain in place for the greater part of the
fire test at least, end which could be relied on for consistency in properties and
wniformity 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 that other materiala

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 voriable included in the programme with some !
- additional beams of certain types for rzpcat or other tests if the need should urise.
An unprotected beem of each type and scale was made at the same time for cold loading
tests.

Design of beams

4 design for the full-size beam, on vwhich the scaled test beams were to be based,
was first decided on. The published descriptions of buildings erecied in this
country having prestressed floor beams were reviewed for the purpose of selecting a
representative type both for superimposed load and span.. The Stationery Office
Building at Sighthill near Edinburgh was at that time the only structure designed for-

."a live load exceeding 200 1lb/sq.ft. ' Its secondary beams of 30 ft, span carried the
floor slab and were only partislly prestressed before erecction. Prestressing vas
completed when the beams were in position, this method permitting a lower cable
position at mide-spen with a consequent smaller concrete cover at the sof'fit than if
the beam had been fully prestressed initielly, Castellations were provided on the
top surfaco of the beams to ensure composite actlon with the floor slab.

This form of construction was adopted for the fire tests, but under the
conditions in the tests, no cdvantage could be taken of. the dead weight of the beams
in positioning the.cables, and therefore a greater concrete cover was obtained than
would be usual in practice., Since the use of curved cables wos irprocticabld for the
smallest scale beams, it was decided that & valid compromlse might be made by using
straight cables end providing the beams with haunches to give the steel its aspropriat
concrete cover throughout the span.
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The c¢lear span envisaged for the full-scale beam was 20 ft, and the test
specimens were designed by linear scaling to 3, § and 1 fuli-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 maximum size of

£ in. and wire of No,12 S,W.G. were chosen, A live load of 1.14 tons per foot
vias assumed for the full-size beam, with the dead load as one half the live load.

Under the condition of maximum load in the fire test the beam is reguired to
support 1% times the live load and with the assumption made as to the magnitude
of the deed load, the concrete of the 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
objectionsble 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 investigated,
a modified version of Type A was used, referred to as Type B, having one half of
the concrete cover. The preduction of large tensile stresses in the unloaded
Type B beams duc to the position of the cable was prevenicd by including a
secondary cable in the upper half of the section., For the investigation of the
effect of shape of section, phase 4, an I beam was used, known as Type C, in
vhich two cables were ormployed as in Type B, but in slightly different positions.
All beams were provided with castellations on the top surface and the width of
section was increased at the e¢nds for the anchorsges, 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 sceles, A Type A beam of
cach 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 fully loaded conditions are shown in Table 2. The loss of
prestress assumed in the cable between stressing and testing was 20 per cent.

For ease of reference the beams were given a code symbcl besides a series
number, denoting type, scale, thickness of encasement, load and end conditions.
Thus A / %3 /1 -1/ R refers in the first part to details of construction
(Type A, 3-scale, with protection 1 in. thick) and in the second part to test
conditions (with specified test load and ends restrained). B / 1/0-u0/U
is the symbol for a Type B beam of F~scale, without protection, tested with no
imposed lead erd the ends unrestreined.

Table 1
Design loads and test loads fér beams

Design load
Type and scale Test load (total)
Dead load Live load : (=D.L + 1%xL.L + wt.of Beam)

tons tons tons

AT 2.9 5.7 1tel
ﬁé—? 2}-61 | 32 Goly
= 7 143 2.87
Bf? 249 5.8 1.7

Bz 0473 A5 24

o/% 2.6 5e2 e

C/_CF 15 31 : 61
c/* 0+65 1e3 P 2:66

T
The -/8-scale was omitted from the Type B series, sinc
1T nce these beams were
QP%y }ntended.to show the effect of cover to the cablé and it was considercg Thav
this information could be obtained from the 1 and & sizes,
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Table 2

Estimated concrete stresses at commencement of test

g Estimated etresses in concrete with{beam ready for test |
Type and l Ih/sq, in. : !
scale At soffit of beam . At top of slab k
i Without load | With test load under test load
A/ % l 1650 3
g :
A/ E 1650 - 600 1200
A/ L 1700
B/ % *‘ 165¢C ) '
- £00 125C
B/ % 1700 :
c/% _ o, 1650 - 550 1100
¢/ 3 1750 - 600 . " 1150 . |
c/ L St T 700 - 550 1100

"Menufacture'bf'ﬁeams

The rectangular or I-section members, rcprcsentlng the precast elements of
the beams, werée made with circular ducts for the cables and with castellations on
the wper surface., . The flange of reinforced concrete representlng a section of
the floor slab, was cast in position after the cablc was stressed, To avoid loss
of tension in the wires by "draw-in" of the wedges in the anchorages a double
tensioning opération was used. - The method adopted consisted in making up the
cable by passing the wires round a pin which formed the anchorage .at one end of
the beam so that a single loop became one pair of wires. Tensioning was cerried
out on four wires at a time, which were anchored with a single wedge in a ccnical
hole in a plate at one end of the beam. The correct- cable tension was estahlished
by attaching 2 jack to the anchorage pin at the other end of the beam and inserting
the sppropriate shims behind the pin. . A grout of rapid herdening Portland ccement
with a water/cement ratlo of O-4L was injected in the duct vhen tensioning was
complete,

The insulation for the protected beans was in the form of slabs of three
different thicknesses (1 in., 2 in, and 2% in,) consisting of cement and
exfoliated vermiculite in a 1 : 5 mix, w1th a central membrane of light wire
mesh included chiefly for~handling purposes, All the slabs were made of the
same size and the .various shopes 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 gcod key for the concrete,

- Thermocouples for measurlng temperatures of selected wires in the cables
were fixed during menufacture in all beams except those which were to be subjected
to cold loading tests. One unprotected Type & beam of each scale was made in
addltlon to the beams in phase 1 of the prograime . with a large number of
therniocouples in the concrete for the purpose of’ explorlng the temperature
digtribution over the section. These beams were provided with their correct
cables which were only lightly ten31oned, as no load was to be applled 1n the
tests. A

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, W1th elther gypsum/sand or
cement/lime /sand.

After casting, the unprotected beams were allowed to mature under cover
withcut special facilities for drying, until the Iiro gty the beams with

P
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vermiculite protectlon were stored until required in a constant temperature and
humidity room at 65°F and 65 per cent relative humidity.

Testing egquipment

For the fire tests the beams were mounted on brackets fixed to a loading
bridge constructed from 24 in. x 74 in. x 90 1b. British Standard Beams and
having a clear space inside the vertical lcgs of 11 ft, as shown in Figure 4.

The i~-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 bzams of smaller span in refractocy concrete blocks, since they projected
into the furnace.

The load was applied at four points on the slab, at /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 brid.e as shown in Figure 5 because
of restrictel. space between the beam and the underside of the bridge. Two jacks
were necessary for & and 5/8ascale beams, since the clearance between the top of
the beam and the bridge was inguiticient for the size of losd distributors which
would be reguired with onc jock ond four loading points,  In testing i-scale
beams, however, loading could he erfected with one jack. The jacks werec connected
by flexible hose to a2 high pressure oil system and loads were measured by a

pendulum dynamometer,

The gas-fired furnace in which the tests were made was the floor furnace,
shown in Figure 6 with a beam in the loading bridge being placed on the walls.
This furnace is, in ? gect a rectangular box open at the top and is described
in detail elsewhere (& The 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, the 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 sealed with
asbestos rope lagging in a manmer to prevent heat loss but not to impede free
deflecticn of the beam,

Furrace temperaturcs were obtained by thermocouples and measured on
continuous recorders. Temperatures in {the beams were measured on multi-point
indicators, Deflections viere measured on the top of the slab cof the beams Ly
gauges specially devised for remote opevation and accurate to 0.03 in., which
wes sufficient for the purpose., The gauges were located at the centre of the
span and over each support.

Test methods

The procedure folicwed in the fire tests was thot prescribed for fire.-
resistance tests in general in B,S.476 : 1932, Definitions for Fire-resistance
e¢te. of Building Materials and Structures. A standard rate of heating is
specified, defined by a time-temperature curve, which must be developed in the
furnace within certain limits. Points on the curve which determine its
cherocter are:=

At the end of 5 minutes  1000°% ( 538%C
1] H it

1] 10 it 1 300051 70400
] it i it 30 1 155001‘1 814-300
i n TR 1 hour 1700CF 927°C
W@ mo 2 hours 18509 (1010°C
1t it f i }+ it 205005\ 11 21 OC
i it L4 it 6 i 220(\'05‘ 120400

For elements of structure such as beams and colums 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 tolerated. It has been interpreted for floors in houses.to
mean that a deflection exceeding 1/20 of the span constitutes failure %

In the prescnt tests failure was considered to have cccurred vwhen it was
impossible to maintain the test load. The time elapsing from the start of the
vest until failure occurs is defined as the fire-resistance of a structurel
element,
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The age of the beams when tested varied between about six months to over a
year, The moisture content of the unprotected beams was sbout 5 per cent.
Cubes of both beam and sleb 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 millboard was interposed for heat insulation between
the bearing plate end the bed.

Test results

(a) Cold loed tests. The results of the strength tests made at the
Building Research Station on besms of each type and scale are summarised in
Table 3. , o

Tabin 3

s b e

Lot teplts on beans

, Total load — tons
For application (At first cracks At failure
Type and scale in fire test in load tests in load tests

A/ % 114 12.3 2145

A/ /8 6o 6+9 1241

A/ 2.87 2.75 5443

B/ % 11.7 1.2 216

B/ % 2+ 9% 3.31 5+56

c/ % 10.4 115 1.6

c/ /8 61 i 6.8 122 W

c/ 2+66 % 2452 e G4 i :
. 1

(b) Pire tests,
Tables 4, 5 and 6;
7 to 13,

(1) Phase 1. In this series of the tests the fire-resistance 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 meximum
value for the applied load of dead load + 1% times the live load and a ninimum
value of the weight of beam only. From the results of these tests the
conditions for the remainder of the programme were decided.

The results of all the tests are summarised in
certain of the resulis are shown graphically in Figures

It was realised that the unloaded conditicn was not a practical one, but it
vas included because it was considered likely to produce spalling 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 {-scesle 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 J/8-scale beams, however, although
there was upward deflection the force in the cable was reduced by increase in
temperature so that it did not produce a tension failure in the slab and the tests
were stopped when the concrete cover fell from the coble, That the application
of the dead load assumed in design was sufficient to prevent thz upward failure of
$-scale beams was shown in the test on beam No.667, which deflected upwards initially
but had returned to its original position efter a time greater than that at which
failure of the unloaded beam occurred. Again with load and iougitudinal restraint - |
a difference in behaviour was cbbained between the i-scale beam end the two smaller
sca-€ beams, for whereas the tire-resistance of the first was 16 per cen’ lower
then when simply supported, the - ond Z-scale specimens gave increases of 58 and 26

per cent respectively. Consideration of the plotted results for the loaded/ . ‘'~

~




denote the age of the oubes at test,
astends for days and 'u' for monthse.

'dl

indicates upmard movement.

§ A
o SYHBOL FOR AGE AT CUBE o STREFGTH TESTING TYPE OF CENTHE HEAN CABLE _
BEANM & TEST Lbs /in®. WD) LOAD PERIOD FAILURE DEFLECTION (2)| TE.FERATURE REHARKS !
TEST CONDITION - - r
Nonths BEANM SLAB Tons Wr - Ein “ir-liin Ina. | Hr-liin o S .
5615 { 25d = Collapse by 330 =5.25| 0 = 30 109 5 -
~675 A/3/0-U.U. 6% 9845 E G%mg 8200 { 5m) NI 1 =~ 10 [ypward deflec- 4200 ~.96| 1 - 00 176 ..%
tion. 1-40 1,331 1 - 10 225 S ‘
5670 (2&1; 8022 ﬁz&ig Collapset by 0=-30 - 0,20] O = 30 109 C B
671 A/3/0-U.R 6% 8045 (64m 40100 { 4m NIL 1 = 02 |upward deflec- 1-00 - 0.38] 1 - 00 171 = o g‘
tion. [ E’c‘ n, |8
- € B
- =T e
681 A/%/0-L.U 9 6472 i 5&3 7420 é29d; 10,9 | 1 - 38 |Fracture of 0-10 0.57| 0-30 . 106 5 |
10300 { 9m %00 ( 8m concrete and 0=30 0,93 1 = 00 200 = .
yield of cable 1-00 1.12] 1 - 35 475 I S |
at centre. 1-30 3,00 i 2 ;
. 678 A/%/0-L.U 6430 ( 5d) 6830 (28&) 1009 1 - 46 | Shear failure =10 0.66] 0 - 30 104 | Repeat test.i E |
124 - - of concrete 1-00 Ce%| 1t ~ 00 147 | g )
near one end. 1=45 3,16) 1 = 45 478 ' £ |
664 A/3/6-L.R 8086 éz&z) 8208 (28dg 10.9 | 1 - 29 | Fracture of 0-10 0,27 0 = 30 110 — —
] 10} 9850 (103m)| 10600 (7im concrete and 1-00 0.32| 1 - 00 177 .
yield of cable. 1=25 0,66 1 -~ 25 351
"667 A/%/0-L,U 115 3660 § 43) 6515 (294) 2.4 2« 00 NO FAILURE 010 0,071 O -~ 30 % leg] Test stopped at 2 hours, |
: 9700 (11im) 9150 { 9im) 1-00 -0.32] 1 - 00 155 there was no sign of failure.
2 - 00 Sy
665 A/3/0-U.U 7 6010 é 6&; 6870 izadg ‘
10110 ( 7m 8640 (5im NIL 1 - 25 | Fall of concretq O=10 0,048 © - 30 133
' . cover to the 1-00 0,81 1 - 00 420
cable. 1-20 . =0,79 1 - 20 572
676 A/3/0=-0,R 65 5615 E 7a§ 6048 52&1 : NIL 1 - 48 | Fal) of concretg 0-10 0,04 0+ 30 147
9820 (63m 8020 (5im : ‘ covar: -tb the 1=00 0,13 1 - 00 361
cable. 145 1,04 1 -45 785
682 A/3/0-L.U 10% 5610 E 5d) 7390 izaa,; 642 1 = 06 | Practure of 0-10 0.29 0 - 30 * 158
10000 (10im) 9610 (8im concrets and 0-30 Oy 1 = 05 483
cable ncar 1-05 3.08
cantre,
695 A/3/0-L.U 12 6780 % Bdg 8210 izsa) 602 1 = 08 | Fracture of 0=10 Uo3 © - 30 133
10000 (12m 10900 (11m) concrete and 0=-30 C.63 1 = 05 435
cable near 105 1.6]
centre.
. 672 AY/0-LiR 13 5550 ésd) 7040 iZBdg 6.2 1 - 25 | Fracture of 0-10 0.13 0 - 30 134
- . 8800 (113m) 7810 (10m concrete and 1-00 Oet® 1 - OO 355
yield of cable. 1-20 0.2 1 - 20 555
677 A/3/0-L.U 10% 6.2 0 - 45 NG FAILURE 0-10 C. 0 - 10 95 | Beam loaded to failure when
O=45 0,95 O - 45 281 cold, Ultimate load 9.9
. tons.
Notes:- (4) Figures in brackets after the cube strengths (2) - ve sign before deflection readings



IABLE 4 (Contd.)

denote the age of the cubes at test,
stands for days end 'm' for months.

Idl

- FO " STRENG 1)| LoaD TESTLIG TYPE OF CENTRE  (2) MEAN CABLE REMARKS
No. mﬁ & " AG‘I‘;EQB!'IL'T CUBE S m () PERIOD FAILURE DEFLECTION TEMPERATURE -
TEST Lb / In?. '
CONDITIONS Honths ERAM SLAB Tons 3_3- - Ilin! Hr - Min Ing.| Hr - Min oc
) L /0T, | 6200 284) | - NIL 1 -05 | Pall of 6 - 10 ~0.07| 0« 30 02
63 Va/ou ’ % 10000 26;} gggg iﬁ‘mg concrete cover |0 - 30 . -0.531 1 - 05 803
to the cable. t -05 ~1.01 -
é /°/G=UR : 26 | 0 (2 NIL 1 « 18 | Pall of cencrete{0 - 10 ~0,08| © - 30 317
B 4l & 13208 EJ;;; 95280 éﬁl?g oover to the |0 - 30 015 1 - 00 715
) . cable, 1 « 15 ~1.03] 1 - 15 820
& a/43/GmL. U 4935 . 7210 (354 2,8 0 - 40 | Practure of 0 =10 026 O = 20 189
i % 8620 {9'%113 97G0 é?%mg cancrete and 0 - 38 1.60] 0 = 35 421
€93 /oLy | M 6630 ( 5d)| 7210 (35d) | 2.8 0 - 36 |Fracture of 0 - 10 0,35 © - 20 200 |Repeat test to check
» abd & 16500 5111,31) 9100 210%@ cmorete and |0 - 30 1,04 0~ 35 481 | failure time,
: yield of cable, '
690 8/3/0-L.K 8 7020 é aﬁ} © 7210 5351; 2.8 0 =57 |Practmeof  Jo - 10 0o10| 0 = 20 147
. 10600 ( 9700 (7zm conarete and 0 - 55 0,23 | 0 « 55 658
yield of cable,
Notes:= (1) Figures in brackets aftér the cube atrengths (2) =« ve sign before deflectian readings

indicates upward movement.




) Y LL‘FTI’_“ . .
N SYMBOL POR AGE AT -CUBE... _ _om:sfm(fi LOAD ';gsm;g . YFE G?W_J CENYRE (2 LBAH CAMLE
10 EEAM TEST 11/ in? PERIOD SATLUKE DEFLECTT< A1 TEMPERATURE REMARKS
I Months BEALK SLAB Tons e -~ min hr-min Ins, hr~tmin | L ¢
687 A/3/1 10} 6750 (6d) 9675 f}:,d; 10.9 '3 - 51 Fracture of 1~00 Ue25 | 1=00 105 Spalling at soffit near the
- 11000 (9%m | concrete and 3-00 1034 | 3-00 275 |ends at 93 bours.
' yisld of cable 345 4.09 | >=45 382
69 A/%/2 10} 6777 (6a) | 8085 22&12 10,9 6 - 00 NO FAILURE 2-00 0,10 | 2=00 97 |Test stoppod at 6 hrs amd &
10850 (10am)| 10850 (%m) 4=00 0.52 | 400 165 |water teat epplied fox
6 2.36 | 6=00 384 |6 mins. Permanent deflection
after 1% hrs was 2.05 in.
694 NS 10% 6635 (5d) 8085 (284) 10,9 6 - 00 NO FAILURE 2-00 -0.18 | 2-00 79 [Cold loading tests cidried
| 10800 (104m) | U350 {Lm) 4L=00 G111 | 4~C0 110 cut - See 'ig.17.
£=00 U.30 | 6~00 297
692 AR/ 10% 6750 {5d) 7852 (284) 6a2 2 - 38 | Frecture of 1-00 018 | 1-00 138 |Spalling at soffit near one
9620 {1070) - conorete and 2=00 045 | 2-00 261 end at 11 hours.
cable at the 2~37 2,15 | 2~30 a7
place of spalling
689 A/3/1 11 6795 (54) 9290 (21a) 6.2 3 - 37 | Fracture of 1=00 0.17 | 1-00 114 | Repeat test. No spalling
- - concrete and 200 Outib | 200 229 in this test.
cable near 3=30 2677 | 3-30 494
centre '
636 zE/2 13% 7360 (54 9250 izm; 6.2 5 - 41 Fracture of 2-00 0,03 | 2=00 103
10050 (133m)| 11950 (137 concrete and L=0C 0.27 | 4-00 283
cable near 5=40 334 | 5-38 473
centre
697 A3/ 10 7360 ESd) 7210 E}5d3 2.8 2 - 34 Fracture of 1-00 0.7t | 1-00 125
10000 (10m) : 8700 (%m concrete and 2-00 1.82 | 2=0 238
yield of cable 2-29 416 | 2-30 293
685 IVEVE 17 5775 (52) 5530 (28) 2.8 1 -07 | Fracture of 0-30 1.59 | 0-30 134 | Beam protected with % in
. conorete and 1-00 2,15 | 1-00 N thick cement/lime/sand
yield of cable plaster,
702 A/Y/2 10 6692 (54} 8140 (284) 2.8 L - 2k | Fracture of 1-00 G17 | 1-00 84
9550 (1um) - concrete and 3=-0G C.B6 | 3-00 257
yield of cable L=10 W73 | 4=20 433
Notes:= (1) Figures in brackets after the cube sirengih (2) - ve sign before deflection readings

denote the age of the cubes at test,

ldl

stands for days and 'm' stands faor months.

indicates upward movement.
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denote the age of the cubes at test.
stands for days and 'm' for months,

le

indicates upward buckling,

PEAM | SYMBOL FOR | AGE AT TEST CwmE  SEERTH (1) TESTOG | TTPE OF CENTRE T
No. BEAM LOAD PERICD FAILURE HEAT DRUARAR - |
b/ in2, ‘ DEFLECTION (2) IEAl CABLE o TamLE 6 L |
Months EBAM SLAB - : ' u
on . Tons | Fir - Min Ins c \ SUMMAKY OF RESULTS '_ |
B/Y/ 64,32 (54d) 7480 (283) 11,2 1 20 | Shear fail :3“'}3 Ools7 gr-m;g B;);Em fﬁ? BEAMS
-706 (8] o - ar failure - o -
13 11450 i‘i}m) 10500 21-27‘,5:::) of conarete 1 - 00 1,06 {1 -00 293 162 FOR DRAS
: near ocne end. 1 - 20 2.8311 - 15 388 256 TYPE 'B' & TYFE 'C' I
709 B/3/1 2239 Pd) 7300 Ezad) 11,2 € -~ 00 NO FAILURE 1 - 00 0.15|2 ~ 00 172 139 | Beam loaded to destruction
13 10650 (13m) | 9900 (12im) L - 00 1,33 |4 - 00 478 266 | imediately after fire test,
6 = Q0 - 1,636 - 00 89 456 | failed at a load of 14,05
tons, final deflection
2013'2 in. '
716 B/%/0 5470 (54) 6660 {28a) 2,87 0 « 35 }Fracture of G - 10 064 |0 - 15 309 A2
- csble end Lo~ 3 1.13]0 - 35 612z 302
1% 20500 (14m) [ 9400 (13m) concrete
724| B/A/1 5090 Eéd) 6790 (284) 2,87 3 - 25 NO FATLURE 0 - 30 09711 -~ 00 187 125 | Test stopped.
: 143 10300 (14:m) - , 2 - 00 01512 « CU 470 282
3 - 10 Oubt |3 -20 760 530
726 B2 5605 25&) 6790 ézad; 2,87. | 5 - WO NO FAILURE 1-00 0o22] 1 -00 88 77 | Immediately after test the
- I 9950 (143m)] 10050 (14m ' 3«00 0.36| 3 - 00 285 293 | beem withstood a'load of
- 5 - 30 0,00| 5 = 34 720 505 | 4 tons, permanent deflection
after release of load 1-in.
719| c/i/0 5300 26&) - 6260 Eaea) 9.9 {1 v 16 | Shear failure | O - 10 0o42]| O = 30 125 159
14 9600 (14m) | 8400 (13}m) : of concrete 0 - 30 0.66| 1 = 15 615 525
near cne end. 1 -15 2.85
721l ¢/3/0 6710 §5d) 6900 52&1) 5.9 0 - 50 | Fracture of 0 - 10 0,35 0« 15 132 152
12 10650 (14m)| 8710 (13m) concrete and 0 - 47 2,561 0 = 45 494 527
: yield of cable.
‘ _ Time after test.Load.Dellectict
72C c/3/0 , 6160 ied}im 4¥50. (28a) 5.9 0 - 30 | Teat stopped 0 - 10 0.37| 0 = 15 114 4146 0~30 - on 1.38 \
13% 6850 (1357) 9650 (13m). for residual 0 - 30 0.55| 0 = 3¢ 204 31 1-00 " 1.51
deflection 500 n 1,31
readings. 5-00 off 0.60
730  ©/i/0 4100 (5a) | 6880 (28a) 26 0 - 24 | Fracture of 0~ 10 0.23] 0 - 10 185 144 |
15 8450 (15m) - cable and 0~ 20 0,58 0 - 20 418 272
. conecrete at
centre
. 708 B/ i5 6545 (54) €950 (284) 11.2 2 « 41 | Shear failure 1 - 00 0,78/ 1 ~ 00 210 112 | Beam protection %-in
_ of concrete 2 - 00 2,55 2 - 60 515 330 | cement/lims/sand plaster.
: near one end, 2 =30 Lo25] 2 « 30 613 329
714 B/A/A 14 6080 (54) 6660 (284d) 2,87 4 «08 | Practure of 0= 30 0.00 0 - 30 160 98 | Beam protection ¥~in
cable and 1 -00 0.68/ 1 - 00 558 218 | gypsum plaster.
. concrete at
. _ centre,
(1) Figures in bracket after the cube strengths (2) « ve sign before deflection readings
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restrained and loadéd/simply supported conditions showed that more confidence
could be placed in extrapoleting from the second than the first., This fact,
together with the less likely occcurrence 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 programme., Repeat tests made under the
selected conditions on beams of all scales (Nos, 678, 695 and 693) gave results
which did not differ Ifrom those firct obiasned by more than 10 per cent.

{2) Phase 2, I% was apparent that the fire-resistance of the beams had
been underestimated originally when plamning the programme for encased beams,
and the tests in this phase showed also that the protection behaved better than
anticipated., A protection of vermicuvlite concrete 1 in, thick gave an addition
of about 2 hours vo the fire resisiancs in cach scule and only these results have
been plotted in Figure 7. ne behaviour of the J/8-scale beam (No.692) first
tested was remarkaple for the spailing wnich occurred close to one haunch after
sbout t- hours of test., The snalling, which was of sufficient violence to
remove the cover to the cable and the protectien for a distance of about 12 in,
probably caused an early. failure, since a repeat test, in which spalling did not
occur, was of about 1 hour gresler duration.,  Spalling cf concrete which is
covered by even thin pretective contings such as plasier is unusual and has not
occurred previously in a flecor test, Since ne failure had cccurred after 6 hours
heating of the A / /2 and & / % / 2% beams application of water from e fire hose .
was made followed by loesding tests. Beams in the % end §~scalés with the 2% in,
thick encasement were not tested.

(3) Phase 3. The Typc 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 S-scale specimens were omitted from this phase, The fire-
resistance of the unprotected beams was a 1ittle less than that of Iype A beams
for t-scale and about 20 per cent less for the 3-scale., Protected Type B beams,
however, were superior to protected Type A beams with the same encasement. Thus
beam No.72L (B / % / 1) was still supporting its load with a relatively small
deflection after 3 hours 25 minutes of test although the cable temperature was
higher than that at which failure was considered inevitable, The test was
stoppred at this point to examine the beam and lcading equipment in case the beam
was partially supported by the furnace «overs or the load shown by the dynamo-
metcr was not in fact being apelied. Everything appeared to be in order, and’
confirmation of the high resistance of beams so prctected was cbtained on the
B/L/2cend B/ %/ 1 specimenz, In the first of these (beam No.725) the test
was stopped after 5 hours L0 minutes without failure. The beam after removal
from the furnace and still hot supporied without failure a load of i tons :
(1406 tons morg then the test lozd) with a permauent deflection after removal of
the lced of 1 In,  The B / & / 1 specimen (No.709) was heated for 6 hours and
immediately after removal from the furmace was subjected to a2 6 minute water test
then loaded to failure at 14-05 tons, an increase of 2.85 tons over ths lest load.
It wex acrsidered that no useful purpose wonld e served by carrying cut iests on
the Yyze B beams with thicker encasements and $he remainder of the specimens were
reserved for the investigation of certain other factors not specifically included
in the programme, :

(4) Phase k., 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
$ach scale Than for the corresponding beams of Type B, the difference for the
z-size being hegligible, -

7

(5} General behaviour of beams in fire tests. Observations were made of
the behaviour of all the besams during the Pire test, and there was, in general,
a marked similarity in the records obtained. It appears that. when the first
cracks became visible, the unprotected beams had reached sbout one half of the
heating time which would produce collapse, The Gamage usually started as short
lengitudinal cracks on the sides of the beam with sowstimes lengitudinel cracks
on the soffit, Later, cracks formed on the sides ¢f “he beam approximately
along the line of the cable, Failure in the majoerity cf the specimens was due

to Teiluae of the sable, L1lthouslhi actual fracturs of the wiras oocogired only
1nﬂ?uu fmalier beams the typleal signs of large sirains in the sieel were present.
Collanue of the beam was preceded by the formetion of large crackz i the fension

2012 zaotmpanizd by a marked increase in the deflection. The rapid derrezse in
tha oompression arca of the concrete caused crushing of the concrete snid failu-e
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of the beam to support the impcesed load. In one or two instances the formation
of inclined cracks showed the presence of excessive diagcnal stresses. (See
Figures 14; 15 and 16). ,

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.

e (6) Other tests, As an alternative beam protecticn 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
% in. thick, the first two with cement/lime and the last with gypsum plaster, after
the application of a brushed-on keying sgent. In the tests on all three beams the
greater part of the plaster remeined in place until the end, giving an increase in
fire-resistance of 32 minutes for both the A / X and B/ & beams and 1 hour 20

minutes for the B /1 beam.

Leoading tests were made ofter cooling on beams which 4id not fail in the fire
testse An A/ £/ O beam, W0.677, when loaded cold after a furnace test lasting
L5 minutes, failed at 9+9 tons, that is 82 per cent of the original strength.

The characteristics of an 4 / % / 2% beam, No.69i, which had been subjected to a

6 hour fire test and a six minutes water test, giving a final mean cable temperature
of about 300°C 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 hsated beam
was 16+8 tons equivalent to 78 per centof the originsl. The fire test on a

¢/ £/ 0 beam No.720, was stopped 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,

Discusszsion of resulis

In considering the results of the fire tests on the types of beam included
in the programme it should be borne in mind that certain features, which may not
aprear representative of prestresssd concrete design, were deliberately introduced
because they were regarded as likely to be critical under fire conditions. Thus
the percentage of steel in the cembined section of Type A beams was low, although
it gave a factor of over 2+0 for the ratio ultimate load/dead load + design i
superimposed load, Since the moment of inertia of the precast clement 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,

() Effect of size of beam. Considering only the beams tested under
conditions of full load and simple supwort for the ends, it is shown in Figures
7 end 8 that there is streight line relationship, over the range tested, between
beam size and fire-resistance when all the linear dimensicns are scazled. TFor the
Type A and Type C beams, extrarvolation 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 practicel importance where extraopclation is of interest,
full load and ends restrained, are shown by the grarh, Figure 7, to indicate a fire-
resistance for full size Type A beams substantially lower than that for full lcad
end 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 the ends of the beams
vere investigated: simple support with a3 in. bearing of concrete-steel, and a
high degree of longitudinal restraint. As indicated in (1) above, the effect of
restraint was to increase the fire~resistance of the two smaller scale beams
compared with the simply supported condition, and to decrease it for the % scale
beam, For the & scale beam No,690 the difference, taking the results for simple
support as the basis of comparison was + 58 per cent, for the $ scale N0.672 +
26 per cent, and for the & scale No.664 ~ 16 per cent (see Figure 7). It will be
secn from the results in Table 4 that restraint reduced the amount of early
deflection, which is attributable chizfly to the lesrge difference in temperature
between the lower and upper surfaces of the beam, Tut the additicnal concrete
stresses did not cause the rapid disintegration which w6 been considered pos.sible,
In the smaller size beams the mean temperature of the cable at failure was highcen
for restraint then for simple supvort, while in the 3 scale heem it was lower,
showing that for the specinens of the : anld sceles the neximm bending mot”
vas reduced by restraint.
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(3) Effect of load.

As previously explained the condition of no imposed load wes 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 spalling did not
occur in any of the unloaded beams, simply suppcrted or restrained, this condition
vias ignored as being unrepresentative of practical conditions for the types of beam
in the programme, Since a test on an A / ¥ / O beam No.667, with an imposed load
equal to the dead load assumed in design, gave a greater fire-resistance than the
test when the aprlied load was 1% times the design load, it was Justifiable to
consider that fire-resistence decreases with increase of load. The Pehaviour of

the beams in the tests without imposed load is interesting., In the z and 3-scale
beams, Nos. 683, 684, 665 and 676, while upward deflection occurred it was
insufficient to couse failure and the tests were stopped when the cover to the
cable fell, After exposurse to the furnace temperatures for 1 hour the %-scale
beams Nos. 671 and 675 were in the condition where the concrete for at least 1 in.
from the exposcd surfaces had suffered a considerable reduction in strength while
the steel in the cable was still 1ittle affected, The effective concrete area
was thus diminished andi the cceentricity of the cable virtually increased, leeding
tc the type of failure shown in Figure 18 in which the force in the cable was
sulficient o cause tensile stresses in the slab and crushing of the concrete in
the lower part of the beam, Application of a lcad equivalent to the assumed dead
load, while it did not suppress upward deflection of the beam entirely, prevented
this mode of failure,

(L) FEffect 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 stcel
wires, Temperature measurements made during the tests on the wires showed that, in
general, failure was likely when the mean cable temperature exceeded 4LO0O°C. 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
cerresponding Type A beams, behaved much better then was expected. TFor exammle the
two A / & / O beams having 1 in. cover to the cable gave a mean time to failure of
38 minutes, whereas the B / % / O beam with £ in. cover gave 35 minutes; the fwo
A/ +/ 0beams having 2 in. cover gave a mean time to failure of 102 winutes and
the B / & / O beam with 1 in. cover gave 80 minutes. . If it is desired to estimate
the cover required for scme specified fire-resistance the results of the tests on
Type B beams are of little help. The Type A beams are more useful here, Tor in
these tests on specimens of each scale failure occurred at about the same mean cable
. terperature (480°C approximetely).  Thus + scale with 1 in. cover gave 36 minutes,
£ scale with 1% in, cover gave 55 minutes and % scale with 2 in. cover gave 98
minutes. This indicates & fire-resistance of a few minutes over 2 hours for 2%
corer and about 4 hours for 4% in, cover. There is a possibilily that the thicker
concrete covers would tend to spall away and to guard azainst this it would he
desirable to include light mesh reinforcement in the concrete at the sides and below
the cabie when the thickness of cover exceeds 3 in.

(5) Effect of insulation.

The insulation used in the tests as beam encasement was very effective,
1 in. thickness providing an incresse in fire-resistance in the Type A beams of
about 2 hours-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 the full size beam with 1 in. of vermiculite conecrete protection,
An in situ aspplication of plaster 3 thick on an A / % beam gave an increase in
fire-resistance of 30 minutes. Assuming similer behavicur in all scales to that
onrtained with vermiculite concrete % in. plaster on the full scale Type A beam woulAd
raize the fire-resistance to 4 hours, The mean cable *temperature at failure tended
to be lower for encased then for unprotecied heams. This behaviour sgrees with the
rezults of tests on cold-drewn wire, in whielh it kas besn found that the strength at
a given temperature depends on the rate of hezling.

Unoceountably high fire-resistances viere obtained Tor protcctzd Tvre T bearca
For eismple the B / % / 1 beam, No,709, had rot failed after a € hour test. A water
teat of £ minutes duration did not affect the beam which was sble to auppoLt W
addition to the test load of 235 tons before collapse., The temperatuve of 3
lomer catle at the end of the tost exceeded 800°C, o temperature at which the strength
ot the steel wires was negligible. No useful purpose would have been served in
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cerrying out tests on the thicker protections on Iype B beams.
(6) - Effect of shape of secticn

- 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
beams on their fire-resistance is shown for rectangular and I sections, by a
camparison of the performance of these two types. It can be seen from the
grarhs in Pigure 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,

1) Effect of temperature of cable

It will be seen from Figures 9, 11 and 13 that the curves for central
deflection wnd cable temperature plotted against time of heating have the same
general form, with the first chaenging slope a little later than the second.

For type A unprotected beams collapse is imminent when the mean cable temperature
exceeds 4009, The results of some tests made on samples of the batch of cold
dravm steel wire used in the heams to determine its strength-temperature properties
arc shown in Figure 19, If the wire was tested at constant temperature, that 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°C, until at 400°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 ultimete maintained throughout,
failure of the wire occurred at 370°C, If relaxation of the wire from the initial
stress was allowed to teke place another set of results was obtained giving strengths
up to temperatures of 35009C 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 intermediate between the’ lest 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 smaller beams. Under these conditioms, the stress (%)
in the cable at failure can be determined approximately from the relationship M=%t3a,
where M is the maximum bending moment, d the lever arm and A the area of steel.

12 '
Fer A/% beams M = wp/ﬁ = 114 x 9/8 = 171 ton. in.
d = 9" nearly and A = 0-273 inZ.
then + = 171/9 x 0273 = 70 tona/inz. or assuming the ultimate cold

strength to be 125 tons/in?, 5% of the original. This figure is the same for
A/% and A/% beams since they are scaled linearly.

It will be seen from Figure 19 that the wire is reduced o E6% of its original
strengtit at about 380CC, which is a much lower temperature than that obtained at
failure in the tests on Type A beams, The difference may be duc to the fact that
the thermocouples for measuring 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, Pigures 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-
detormined temperatures without stress, allowed to cool and then loaded to failure.
For wires which were heated to less than 300°C,the cold strength is little effected.

The second series of fests was on wires heated ic pre-determined temperatures
sfier an initial stress equal to 50 per cent of Ythe ultimate had been applied
and relaxation allowed to take place, After cooling the wires were tested o
failure and gave strengths which were Llower then ®hose chained in the first series,

Heating cold-worked steel produces other effects which remain on cooling. It
4 been shown (5) that there is an appreciable residual expansion after cooling in
vires heated between 150° and 450°C.



]
(8) Effect of concrete temperature

Information exists on the cold strength of concrete after heating to
varicus turperatures, but this needs to be supplemented by an investigation
of the strength of concrete at these temperatures while under lcad. Yhese data,
together with a knowledge of the change in properties of the cable with incirease
of ieupzvature,will te valuable in analysing the results of the team tetts, An
examyie of the temperature distribution in a Type A, 7 scale beom after ! hour
heeiing 18 shown in Figure 20, and similor diagrams can be plotied for any time
in the test. It is known from preliminery icotz Inatb concretg of tre mix snd
strzugth used in the beams has 75 per cent of its criginal strengih at abouat
340°C and 50 per cent at about 500°C. Such infermation is required in dsaling
with "over reinferced" beams where {niliure is determined by crushing cf the
concretc..  The cold strength of concrcte afier heating to various temperatures |
will be required for assessing the extent oI repair needed by boams which have
suffcred son: Qamage from fire and the possibility of restoring prestress.

Tne Tdiliowing conclusiocy are pul formvard tentatively, as dhe rezul® of tosts
on scaleG-down beams of types which, although they mey nct be regarded as
representative of practice, will ncvertheless give valueble indications of {he
belaviouws of post-tensioned veams at high temperatures. An opportunity +to check
the validity of the extrapolation method for obtaining the fire-resistance of large
beams has arisen through the kind co-operation of the National Bureau of Standerds,
Washington, who have offered to test a number of h/5 scale beams in their large
furnace, together with a %-scale beam as a control.

(1) ~'Time to collapse is determined largely by the rate of rise of tempersture
of the cable, A fire-resistance of 2 hours can be obtained with a concrete cover
to the cable of about 2% in. Longer periods are likely if the cover is increased,
but it may be desirable, to include a light reinforcement, szgy steel mesh, in the
covey to the cable as a precaution against ifs spalling ewsy if its thicimess kg
inereased beyond about 3 in.

(2)  For a fire-resistance of 4 hours Oor wore an insulating encascmeni s
probably reguired. Nermal in situ plesterirg with gyopsun or cement/lime/send may
give up to £ hour sdditionsT resistance if ‘herve is am adequate key with %lhe concrete,
Protection incorporating vermiculite should inciecase the {ire-resistance by about
2 hours when applied 1 in thick,

(3) Beams may fail a little earlier if longitudinal expansion is prevented
than 1f they are free to expand. The effectiveness of the wrestraint ie a
detormining factor, tut the results eo far de not permit a quantitative statement
to be mede.

4 . + . o . -

{4) There is littls difference in performsnce between a beam of rectangular
section and en I-beam having the same load=carrying capacity and the same concrete
cover Lo 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) Pailure 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 collepse 1s
imminent.

(7)  Beams which have been exposed to a fire of shorter duration then that
which would cause feilure, representing say less than half of their fire-resistence
are likely to retain a high percentage of fheir original strength on cooling, but
with a warked residual deflection and lcss of prestress.

- ~ ,:_‘
(8) Further work is needed to determinc whether besms can De rePalre§1af‘er
donage by fire. Repair would involve re-tensioning the cable to restore wac
Lrestress lost after even short heating.
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Appendix 1

Reguirements for the manufacture of the specimens

1. Concrete

Crushing strength (cube) at 28 deys 6000 1b, /sq.in.
Crushing stfength (cube) at the time of
tensioning the cables 4500 1b, /sq.in,
2. Steel
Tensile strength of 12 3.V7.G. wire 120 to 130 tons/sqg.in.

3. Manmufacturs

Cables to be tensioned av not less than 7 days afiter the
casting of the concrete,

The 'slabs to be cast 14 days after casting the prestressed
concrete elemsnt,

The conecrete to be cured for 7 dagys under demp sacldng
followed by storage in air,

The methods of tensioning the cables to be such that slip of
" the wires in grips is eliminated.

The cable cavities to be effectively grouted after temsioning
the cables,

Maximum working stresses

1. Concrete
Compressive stress in the prestressed concrete
element under worling loads. (% cube
strength at 28 days) A 2000 1b./sg.in.

Compressive stress in unstressed slab 1000 1b./sq.in.

Initial precompression in the prestressed
concrete element, (i the cube strength

at the time of stressing the cables) 2250 1b./sq.in.
Compressive stress in concreve under

anchorages 2250 1b,/sq.ii.
Frincipal tensile stress'far concrete 300 1lb./sq.in,
Bending tensile stress for concrete M,

R teel

Initial pretension to be established
without over~stressing. (0*6 approx.
of the tensile strength) 75 tons/sq.in.
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FIG.5. AN A[ll2 BEAM IN LOADING BRIDGE
READY FOR TEST
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FIG. 6. BEAM IN LOADING BRIDGE BEING
MOUNTED ON FURNACE




FIG.I5. BEAM No.68t (Af/2/0) AFTER TEST




FIG.18.. BEAM No.675 (A["2f0-U[U) AFTER TEST
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FIG. 19, TEMPERATURE/STRENGTH CHARACTERISTICS OF 12G. COLD DRAWN STEEL WIRE.




AR RN
¥ \ A

| EERREN
Ly by
/__ ______
) __A_v_n_v_g_v__
&gt
Ly T
FREEE _m
_m"_m_m_n_v
,2 || _..”._w_
Vi
Vit g
VW L
VARV
LAY
//////,

\ /////ﬂﬂFIIIIII.III — —

\ \ //////Il llllllll .ﬂ.. e |-l-...l/ N

I2‘0
~
~
~ ~N
J
Y
~N
S\
\
|
I
|
|
|
I
|
|
‘I |
I
I
I
|
|
\
\

169 ™ —
A
—

——

T — =250 — —

125

e Yo i

905

TR e — . —

/
f

—=—— 00 = =

N

Y
Tt ——-500— — —

=600 o e —

T e ey — dwn — ou—

/N

|/
L1/ /s sy

-—

ot i

\\
Ny

S
N —

I
|
!
|
o)
o
N
!
|
|
_
|
l

FIG. 20. TEMPERATURES IN CONCRETE OF A/V2 BEAM AFTER | HOUR OF TEST





