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SHELF-ANGLE FLOOR SYSTEMS BASED ON 254 x 146 mm x 43 kg/m UNIVERSAL BEAMS

T.R. Kay G Thomson

SYNOPSIS

There is a signiﬁcant commercial value to any load bearing subassembly which can achieve a fire
resistance time in excess of 60 minutes without the need to apply external fire protection. The shelf-angle
floor is one such system and work, at Swinden Laboratories, has concentrated on the provision of easily
used design tables to extend its use. The present report deals with shelf—angle floor systems based on 254
x 146 mm x 43 kg/m universal beams.

For room temperature design the presence of the steel angles is ignored and the loads suitable for the 254
x 146 mm x 43 kg/m beams can be readily obtained from safe load tables. In the present report a further
design table is developed from which it is possible to read off the fire resistance time of the shelf-angle
floor beam as a function of the imposed load and the depth of beam exposed to the flames. This table is
based on a mathematical model which has been validated by two standard fire resistance tests. The
designer can use the table to adjust either the design load or the floor slab thickness to achieve the level of
fire resistance required by the Building Regulations.

Similar design tables will now be determined for shelf-angle floor systems based on 406 x 178 mm x 54
kg/m and 305 x 165 mm x 40 kg/m universal beams.
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SHELF-ANGLE FLOOR SYSTEMS BASED ON 254 x 146 mm x 43 kg/m UNIVERSAL BEAMS

1. INTRODUCTION

When a fire becomes fully developed in a compartment of a multistory building the temperature of the
steel beams, supporting the floor above the fire compartment, begins to rise. As the steel temperature
rises, its flow stress decreases and for fires of high intensity and long duration there will come a point
where the beam is no longer able to support the load imposed on it. The time taken to reach this point can
be extended by protecting the steel beam from direct attack by the flames, One economic method of
providing this protection is by means of the shelf-angle floor design where precast concrete floor slabs rest
on steel angles attached to the web of the beam, Fig. 1, so shielding the upper flange and part of the web
from direct attack by the flames. The resulting decrease in heating rate significantly extends the fire
resistance time of the steel beam.

An earlier report! gave details of standard fire resistance tests carried out on shelf-angle floor systems
based on 406 x 178 mm x 54 kg/m universal steel beams. It was shown that it is possible to design shelf-
angle floor beams having standard fire resistance times in excess of 1 hour which is the point beyond
which they assume substantial commercial significance.. The present report describes the results of
standard fire resistance tests on shelf-angle floor systems based on 254 x 146 mm x 43 kg/m universal
beams. In addition, a mathematical model has been developed and used to illustrate the effect, on fire
resistance time, of changes in concrete floor slab thickness and live load. These results have been
combined to provide design tables for this particular shelf-angle floor system. In subsequent reports,
similar design tables will be developed for shelf-angle floor systems based on 406 x 178 mm x 54 kg/m and
305 x 165 mm x 40 kg/m beams respectively. Interpolation of data between these three beam sizes should
cover the majority of medium sections used in floor systems for multistorey buildings.

2. STANDARD FIRE RESISTANCE TESTS
21 Steel Supply
All the steel sections were obtained from a local steel stockholder and each test required:

bm 254 x 146 mm x 43 kg/m universal beam (BS4360: Grade 43A)
2x5m 126x 75 x 12 mm angles (BS4360: Grade 50B)

Samples were taken from each of the sections for chemical analysis and mechanical testing. The chemical
compositions are given in Table 1 and the tensile test results in Table 2 which show that the beams
satisfied the limits specified in BS4360: Grade 43A while the angles complied with the BS4380: Grade
50B specifications. The compositions of the beams showed that the feedstock used came from different
steelmaking/casting routes, one was a balanced steel while the other had been silicon killed and
aluminium treated.

2.2 Fahrication of Sectioris

‘The angles were positioned back to back on each side of the web of the beam such that the 75 mm leg was

adjacent to the web and faced the underside of the top flange of the beam. The angles were continuous
and fixed to the web using M20, Grade 8.8 bolts at 600 mm centres. The distances between the underside
of the top flange and support angle were 140 and 165 mm for the 100 and 150 mm deep floor slabs
respectively. A schematic illustration showing the test assemblies is given in Figs. 1 and 2.

2.8 Concrete Floor Slahs

The 32 concrete floor slabs were cast as 1550 x 550 x 150 mm thick blocks, sixteen of which had one end
tapering to 100 mm thick over a distance of 300 mm. Each type of concrete slab contained steel
reinforcement as shown in Figs. 3 and 4 and complied with BS8110: Grade 30 compressive strength.
Stored indoors and allowed to dry naturally they had an average age of 107 days prior to testing.
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24 Instrumentation
2.4.1 Temperature Measurement

A total of 36 mineral insulated thermocouples of the chromel/alumel type, each with insulated hot
junctions and Inconel sheaths were used to monitor the heating rate of the steel during each test. The
thermocouples were located at the positions shown in Fig. 5; in summary, five thermocouples were
embedded in the lower flange of the beam, four in the exposed part of the web, four were attached to the
protected part of the web and four were attached to the upper flange of the beam.

Twelve thermocouples were attached at the mid-span of the beam in groups of 3 at 4 locations (see Fig. 5)
in order to monitor the temperature profile through the depth of the assembly.

Seven thermocouples were embedded in the angles, three on the exposed leg, two on the unexposed leg
and two on the root radius.

Thermocouples were also installed after the assembly had been constructed to monitor the furnace gas
temperature at six positions along the beam adjacent to the lower flange.

2.4.2 Strain Measurement

Fidicual 500 mm lengths were marked along the edges of the lower flange, exposed angle leg and upper
flange to monitor the plastic strain which occured as a result of deformation during the test.

2.4.3 Beam End Movement

Movement due to thermal expansion, rotation and deflection was monitored throughout the test at each
end of the beam using two transducers mounted on a stand at the 4 and % height position of the assembly
(see Fig. 6).

2.5 Assembly

The beam with the angles attached was placed on the floor furnace at the Warrington Fire Research
Centre in the standard position to give an effective span of 4.5 m between the roller supports. The
concrete floor slabs were fitted and supported between the gap formed by the angles and the upper flange
of the beam to utilise a 75 mm load bearing length on the shelf-angle. This left a gap of 50 mm between
the end of the slab and web of the beam. The opposite ends of the concrete slabs were supported by a brick
wall built onto the specimen support frame. A 12 mm gap was left between the slab and wall at the ends
of the beam, thus enabling the slabs to move freely with the beam as it deflected vertically. Ceramic fibre
blanket material was used to cover the gaps at both ends.

Dried sand was packed into the gap between the web and concrete slab. The support flange was also
covered with a 256 mm layer of sand in order to simulate the thermal characteristics of the floor screed
which would be used in normal site practice.

Photographs of the assemblies after construction and prior to testing are given in Figs. 7 and 8.
2.6 Loading

The load on the beam was applied through the concrete slabs and angles to simulate service conditions.
Four hydraulic rams were positioned at 1/8, 3/8, 5/8 and 7/8 of span on either side of the beam at a distance
500 mm from the centreline. In each test a total load of 176 kN was applied to the beam at 8 points
through load spreaders which comprised 1 m lengths of 152 x 152 mm x 25 kg/m universal columns.
Details of the loading calculations used in each test are given in Appendix 1.
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Deflection measurements were taken at the centre of the beam by the Warrington Flre Research Centre
staff using the potentiometric system.

8. . Test Results
8.1 Test With 150 mm Thick Floor Slabs

The construction was tested at a desugn stress of 165 N/mm?2 and achieved a fire resistance of 91 min at
which time the L/20 failure criterion in BS476: Part 21 was reached. The L/30 criteria was reached after
66 min. Copies of letters from WFRC confirming the results of each test are presented in Appendix 2.

a.1.1 Deflection Measurements

The vertical deflection measurements made at the centre of the beam are plotted in Fig. 9. During the
first 18 min of the test the rate of deflection increased to 5 mm/min :but thereafter remained almost
constant at 2 mm/min until failure occured.

312 Temperature Measurements

A summary of steel temperatures and furnace gas temperatures at various stages during the test are
presented in Table 3. Table 4 contains individual temperatures measured during the test at the centre of
the beam to give a detailed temperature profile through the assembly.

The furnace gas heating curves are compared with the international temperature/time curve in Fig. 10
which shows that the heating rate was generally in accordance with the standard curve throughout the
test. '

" Avérage heating rates measured at the different locations over the central 2 m of the construction are
presented in Fig. 11. At failure (91 min) the lower flange temperatures measured showed little scatter
and were within the range (958-976°C) with a mean value of 970°C. The final temperatures in the
exposed web were within the range (892-927°C) with a mean of 907°C. The temperatures in the
uhexposed web were within the range (259-315°C) with a mean of 287°C. At failure the upper flange
_temperatures were within the range (111-164°C) with a mean of 133°C. The temperatures measured on
the angles showed that the exposed angle leg temperatures were within the range (912- 937°C) with a
mean of 924°C and the unexposed angle leg were within the range (675-8690°C) with a mean of 682°C. The
mean angle root radius temperature was 808°C ’

The temperature profile at the mid-span position through the depth of the assembly is shown in Fig, 12.
313 Strain Measurements

The 500 mm gauge lengths marked along the lower flange and exposed angle leg were measured after the
test and the resuts are given in Table 6. The results indicate that the maximum amount of local plastic
strain was 2.8% and it occured on the lower flange of the beam. A maximum strain value of 0.6% was
recorded on the exposed leg of the angle. Aftér coohng the shelf-angle floor construction was satisfactorily
reloaded before being dismantled and removed from the furnace

3.1.4 Beam End Measurements
The results obtained form the measurements made at each end of the construction indicated that at the 4

height position the beam and angles expanded/rotated approx1mately 13.5 mm and at the % height
position approximately 6 mm.
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3.1.8 " Observations -

Shortly after the test started white fumes were emitted which persisted throughout the test. The angles
deflected uniformly with the beam. However, a ripple effect was observed along the length of the angle
which was caused by the action of the slab edge (Fig. 13(a)) Some of the slabs suffered vertical edge
cracks as shown in Fig. 13(b). ' {

All of the bolts remained intact after the reload test.
3.2 Test with 100 mm Thick Floor Slabs

The construction, tested at a design stress of 165 N/mm?2, failed after 69 min when the L/20 failure
criterion in BS476: Part 21 had been reached, deflection of L/30 having been exceeded after 47 min.

321 Deflection Measurements

The vertical deflection measurements made at the centre of the beam, given in Fig. 9, show that the rate
of deflection increased to 5§ mm/min during the first 16 min of the test, and then decreased to 2 mm/min for
the remainder of the test. However just prior to 'failure’ the rate again increased to 5 mm/min.

3.2.2 Temperature Measurements

Summaries of the steel and furnace gas temperatures at various stages during the test are presented in
Table 6. Table 7 also contains individual temperatures measured at the centre of the beam during the
test to give a detailed temperature profile through the construction,

The furnace gas heating curves are compared with the international temperature/time curve in Fig. 10
which shows that the furnace heating rate was generally in accordance with the standard curve
throughout the test.

Average heating gurves recorded at different positions across the shelf-angle floor construction are
compared in Fig. 14. At failure, after 69 min, there was little scatter between the temperatures measured
on the lower flange which were within the range (898-917°C) with a mean of 912°C. The final
temperatures in the exposed web were within the range (842-883°C) with a mean of 866°C, the
corresponding temperature range in the unexposed part of the web was between 272-310°C with a mean of
294°C. The upper flange reached a mean temperature of 158°C. The final average temperatures of the
exposed and unexposed legs of the angle were 843°C and 615°C respectively. The mean angle root radius
temperature was 730°C.

The temperature profile at the mid-span position through the depth of the assembly is given in Fig. 15.
3.2.3 Strain Measurements

The 500 mm gauge lengths marked along the lower and upper flanges of the beam and exposed leg of the
angle were measured after the test and the results are given in Table 8. The data suggest that the
maximum amount of local plastic strain was 1.6% and it occurred on the lower flange of the beam,
whereas the upper flange exhibited local strain values of 0.2%. A maximum strain value of 0.6% was
recorded on the exposed angle leg. After cooling the shelf-angle floor assembly was satisfactorily reloaded
before being dismantled and removed from the furnace.

324 Beam End Movements
Measurements made at the ends of the beam to monitor movements through thermal expansion and

rotation indicated that the beam moved approximately 12 mm at the } height position and approximately
5 mm at the 4 height position during the test.
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3.2.5 Observations

After the test some of the slabs ekhil;ited‘ shear cracks (Fig. 16(a)) which were contained within the load
bearing area over the angle.. Both the angle and beam deflected uniformly as can be seen from Fig 16(b).

All the bolts remained intact aftet the teload test
4, MATHEMATICAL MODELLING

As part of the fire engmeermg work carried out at Swinden Laboratories a computer package has been
devleoped to calculate the fire resistance times of shelf-angle floor systems and thus reduce the need for
expensive expenmental tests The package is based on two commercially available finite element
programmes, FIRES-T2 and FASBUS II, together with a number of in-house pre and post processor
programmes to facilitate data preparation and the extraction of user selected information from the
computed results.

41 FIRES-T2®

FIRE —TZ 19 a computer programme which evaluates the temperature d1stnbut10n ‘history of two
'dlmensiohal structures in fire environments. Transient thermal problems are modelled by the heat
conductlon boundary problem. These equations are non linear because of the temperature dependence of
the thermal properties of structural materials and the heat transfer mechanisms associated with fire
environments. The solution technique used in FIRES-T2 is a finite element method coupled with time
step integration. The non-linearity of the problem requires an iterative solution process within each time
step. The structure is modelled by 4-noded isoparametric quadrilaterals and 3-noded triangles. Fire
environments are represented by a non-linear model that includes both convective and radiative
mechanisms.

4.2 FASBUSII®

FASBUS II is a non-linear structural analysis programme especlally written for the a,nalysm of floot
systems (of which a shelf-angle floor is a simple example) subjected to both mechanical and thermal
loading. It is a programme which accepts a temperature history of the configuratlon as input and
calculates the resultmg deflection and stress hlstory The floor system is modelled using beam finite
elements. Element stiffnesses are calculated using temperature dependent non-linear stress-strain
curves. The resulting structural stiffness is used in an iterative process to find the deflected shape of the
structure which satisfies the non-linear equations of equilibrium for the floor system.

The computer programmes described above were used to simulate the two fire tests. " A number of
assumptions were made in the calculations.

In FIRES-T2 it was assumed that:-

(a) the screed which covered the universal beam and filled the gaps between the concrete floor
‘ slabs and the steelwork had the same thermal properties as the floor slabs.

b)) the thermal properties of Grade 43A steel and concrete were as listed in Tables 9 and 10
respectively.
(¢ the furnace gas temperature followed the ISO time-temperature curve

T = 20 + 345logyo (8t + 1)
where T = furnace temperature, °C
t = time, min

The temperature of the air above the floor structure was taken to remain at a constant
temperature of 20°C throughout the test.
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() the profiles of the 254 x 146 mm x 43 kg/m universal beam and the 125 x 75 x 12 mm angles
used in the construction of the floor systems were at their nominal dimensions.

A schematic diagram of the model used in the two analyses is shown in Fig. 17. The
symmetry of the assembly means that only one half of it need be modelled resultmg in
considerable savings in cpu times.

The structural analysis programme, FASBUS 11, also requires certain assumptions. These included:

(a) " The following material properties of ‘Grade 43A steel are as listed in Table 11:- Young's
' Modulus, Yield stress and the coefficient of thermal expansion. Figure 18 shows the stress-
strain characteristics used in the model and their variation with temperature '

(b) The model assumes that the steelwork consists entirely of one grade of steel.

(© It is assumed in the model that the shelf-angle is uniformly loaded along its central axis
rather than in the manner of the actual fire test. This greatly simplifies the problem and
reduces computmg time dramatically. The load chosen in each case was that which would
produce a maximum stress value of 165 N/mm2 in the lower flange of a conventionaal 254 x
146 mm x 43 kg/m universal beam with a span of 4.5 m. The presence of the angles bolted to
the web would, of course, cause the actual value in the assembly to deviate from this value.

(d The model assumes a uniform te‘mpérature distribution alohg the length of the steelwork.

A feature of finite element analyses is the vast amount of data which is generated. In a report of this size
only a small fraction of the output can be documented and is best presented in dlagramatlc form. Figures
19 to 32 show comparisons between predicted and measured temperatures at various locations on the two
shelf-angle floor assemblies. It can be seen that, bearing in mind the differences between theory and
practice discusssed previously, reasonably good agreement has been obtained. The next two diagrams
(Figs. 33 and 34) display the calculated and observed vertical displacements of the centre of the floor
structure. The horizontal lines indicate the two critical displacements, span/30 and span/20. The figures
illustrate the fact that in the case where the shelf-angle supported 150 mm deep floor slabs the predicted
and recorded times to reach these displacements are in excellent agreement. For the case of the shallower
floor the predicted fire resistance times are both approxlmately 5 min longer than those recorded in the
actual fire test (see Table 12).

However inspection of Fig. 1 shows that the beam used in this particular test was 8 mm deeper than the
nominal size and when due allowance is made for this then the actual and predicted values become:

Measured Computed
Time to L/30 (min) ' 47 46
Time to L/20 (min) 69 64

It was also observed that the room temperature yield stress of the beam used in the 100 mm deep floor
construction was close to its minimum permissible value of 275 N/mm2. The value used in the analysis
was 292 N/mm2 which is a typical value for Grade 43A steel rather than the lowest acceptable value. To
evaluate the effect of yield stress the analysis was repeated with the previously tabulated values reduced
by a factor of 275/292. As a point of interest a third analysis was performed with the room temperature
yield stress raised to 360 N/mm? - a value within the specifications of Grade 50B steel. The results of
these two analyses which are shown in Fig. 35 and listed in Table 13 show that the fire resistance times of
the structure are not dramatically affected by these property changes.

Following the successful modelling of the two shelf-angle floor tests it was decided to complete this
investigation by analysing the complete range of shelf-angle floors which could be constructed using a 254
x 146 mm x 43 kg/m universal beam as the basis of the floor system. Floor depths of 200 mm, 175 mm, 150
mm, 125 mm and 100 mm were considered, the corresponding values of h being 37 mm, 62 mm, 87 mm,
112 mm, 137 mm respectively. In each case the angles bolted to the web of the beam were 75 x 125 x 12
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mm in section. The floors were, in turn, subjected to loads of 70%, 85%, 100%, 115% and 130 % of the
design load of a 254 x 146 mm x 43 kg/m universal beam with a span of 45 m (i.e. 148 kN).

The location of the angles fastened to the web of the beam obviously affects the section properties of the
structure and this, in turn, causes the stress pattern within it to vary when it is loaded. Table 14 lists the
section and plastic moduli of the fire configurations under analysis and Table 15 gives the maximum
stress values in the upper and lower flanges of the beam when it is initially loaded prior to the
commencement of a fire test. :

The times taken for the central, vertical deflection of the lower flange to reach the critical values of
span/30 and span/20 for each of the load cases-and floor configurations are hsted in Table 16 and shown in
diagramatic form in Figs. 36 and 37. '

5.  CONCLUSIONS

Standard fire resistance tests, in accordance with BS476: Part 21, on shelf-angle floor systems based on
254 x 146 mm x 43 kg/m universal beams have shown that it is quite feasible to achieve fire resistance
times in excess of 60 and even 90 min

A mathematical model has been ‘developed wh1ch is able to predict accurately the behaviour of such
systems in the standard fire resmtance test

This model has been used to prov1de a desxgn table from wh1ch the fire resistance time can be read off for
any practical combmatlon of load and depth of beam exposed to the flames.

The exercise will now be repeated for shelf-angle floor systems based on 408 x 178 mm x 54 kg/m
universal beams. :
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TABLE §
GAUGE LENGTH MEASUREMENTS FROM 150 mm THICK SLAB TEST

RS/R/S1199/6/88/B

Lower Flange Beam Flange Angle
/
Before After Strain Before After Strain

% %
499 502 0.6 499 500 0.2
500 505 1.0 503 505 0.4
501 508 1.4 500 502 0.4
499 512 2.6 501 504 0.6
503 511 1.6 500 502 0.4
499 503 0.8 500 503 0.6
501 503 0.4 500 501 0.2
414 414 0 388 388 0
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A . TABLE 8
GAUGE LENGTH MEASUREMENTS FROM THE 100 mm THICK FLOOR ASSEMBLY
Lower Flange Beam Flange Angle Upper Flange Beam
Before After Strain Before After Strain Before After Strain
% % %

503 505 0.4 502 502 0 500 501 0.2
502 505 0.6 499 500 0.2 498 499 0.2
521 526 0.9 521 522 0.2 500 500 0
501 508 14 502 504 0.4 500 500 0
498 506 1.6 502 504 0.4 500 500 0
500 507 1.4 499 502 0.6 500 500 0
500 ’ 505 1.0 500 502 0.4 503 503 0
503 505 0.4 504 504 0 498 498 0

16



RS/R/51199/6/88/B

TABLE 9
THERMAL PROPERTIES OF GRADE 43A STEEL
Tempoeéature Corfl}(li?lrc?ﬂty Spe:;;lf;lc geat l?{en/sitsy
W/mK g g
m

50 51.7 450 7840
100 51.0 480 7830
150 50.0 505 7810
200 48.8 530 7800
250 47.5 550 7780
300 46.0 565 7770
350 44.5 585 7750
400 42.7 610 7730
450 41.0 640 7710
500 39.2 675 7700
550 37.5 715 7680
600 35.5 760 7660
650 33.8 820 7640
700 32.0 1010 7620
725 31.0 1600 7610
750 28.5 1300 7620
715 26.5 1010 7620
.800 26.0 810 7630
825 25.8 730 7630
850 26.0 685 7620
875 26.2 660 7610
900 26.5 650 7600
950 27.0 650 7570
1000 27.5 650 7550
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TABLE 10
THERMAL PROPERTIES OF CONCRETE
Tempfcrature Corfxlziirc:]i?/lity Spe;/ilf;lc Heat
W/m K gC
————-i—-—-—-————-l_
20 1.95 916

100 1.77 976

200 1.57 1040
300 1.39 1100
400 1.31 1160
500 1.10 1200
600 0.99 1240
700 0.91 1260
800 0.85 1280
900 0.81 1300
1000 0.80 1300

RS/R/S1199/6/88/B

Density - 2200 kg/m3

TABLE 11
MATERIAL PROPERTIES OF GRADE 43A STEEL

Temperature Young's Modulus Yield Stress Th Coeffligent Of.
°C N/mm?2 N/mm2 ermal Expansion
°C-1
20 210000 292 0.0000112
100 208000 268 0.0000117
200 202000 257 0.0000124
300 195000 230 0.0000131
400 186500 205 0.0000139
500 176000 178 0.0000142
600 165000 110 0.0000148
700 152500 53 0.0000151
800 127000 31 0.0000122
900 117500 25 0.0000135
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TABLE 12
COMPARISON OF COMPUTED AND MEASURED FIRE RESISTANCE TIMES

Floor Depth 150 mm Floor Depth 100 mm

Measured | Computed | Measured | Computed

s e ———————————
T 66 66.0 47 51.6

ime to Reach Span/30, min

Time to Reach Span/20, min 91 90.3 69 73.0

TABLE 13
EFFECT OF YIELD STRESS ON FIRE RESISTANCE TIMES OF A 100 mm
SHELF-ANGLE FLOOR

Yield Stress N/mm?2

275 292 360

-~~~ |
Time to Reach Span/30, min 50.4 51.6 52.6

Time to Reach Span/20, min 70.7 73.0 77.2

TABLE 14
VARIATION OF SECTION PROPERTIES WITH FLOOR DEPTH

Floor Depth, mm 199.9 174.9 149.9 124.9 99.9

Section Modulus, mm3 | 509479 487739 483948 502630 499661
(about principal axis)

Plastic Modulus, mm3 696316 666820 646189 634425 631527
(about neutral axis)

PM/EM 1.367 1.367 1.335 1.262 1.264

19



TABLE 15
Stress in outer fibre of beam = WL2y
81
where w = load/unit length = 148,000
4500
= 32.889 N/mm
L = span = 4500 mm

y = distance from neutral axis, mm

I = moment of inertia about horizontal axis through centroid, mm4

RS/R/81199/6/88/B

Floor Depth, mm 199.9 174.9 149.9 . 124.9 99.9
Dist. from centroid to lower flange, mm | 90.67499 | 102.01159 | 113.34820 124.68480 136.02141
Dist. from centroid to upper flange, mm | 168.92501 | 157.58841 | 146.25180 } 134.91520 123.5.7859
Moment of Inertia, mm4 86063700 | 76862000 | 70778200 | 67812400 | 67964500
_\éN_I_[}uN/mm" 0.9673067 | 1.08311 | 1.1762096 | 1.2276516 | 1.2249042
Max. stress in lower flange, N/mm2
70% load 61.4 77.3 93.3 107.1 116.6
85% load 74.6 93.9 113.3 130.1 141.6
100% load 87.7 110.5 133.3 153.1 166.6
116% load 100.9 127.1 153.3 176.0 191.6
130% load 114.0 143.6 173.3 199.0 216.6
Max. stress in upper flange, N/mm?2
70% load -114.4 -119.6 -120.4 -115.9 -106.0
85% load -138.9 -145.1 -146.2 -140.8 -128.7
100% load -163.4 -170.7 -172.0 -165.6 -151.4
115% load -187.9 -196.3 -197.8 -190.5 -174.1
130% load -212.4 -221.9 -223.6 -215.3 -196.8

20
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TABLE 16
VARIATION OF FIRE RESISTANCE TIME WITH DEPTH OF FLOOR
Total Applied Load (100% = 148 kN)
104 kN 126 kN 148 kN 170 kN 192 kN
(70%) (85%) (100%) (115%) (130%) YA
37 mm 122.91 103.6 91.0 82.0 73.4 AT TS
184.02 152.3 131.3 115.8 101.7 26a .91
62 mm 97.5 88.1 9.5 72.2 64.6 \21- 819
147.1 123.9 108.2 96.1 85.0 205. i
87 mm 78.4 70.7 64.0 58.0 51.3 32
119.5 100.9 88.3 76.8 66.3 62 16
112 mm 56.8 51.5 46.9 41.4 37.1 T
90.9 71.6 65.6 56.1 485 21 %aq
137 mm 43.6 40.1 37.0 32.8 29.1 So. 355
65.9 56.7 49.2 42.6 37.5 36033

(1) Time to reachspan, min

30

(2) Time to reachspan, min

20

oo
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MONITORING BEAM END MOVEMENT

FIG. 6
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TEST ARRANGEMENT WITH 150 mm THICK
FLOOR SLABS PRIOR TO TESTING
FIG. 7
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TEST ARRANGEMENT USING 100 mm THICK

FLOOR SLABS PRIOR TO TESTING
FIG. 8
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DEFLECTION

VERTICAL DEFLECTION MEASURED AT THE CENTRE FIG. 9
OF THE BEAMS DURING THE TEST
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S.A.F. FURNACE GRS AND 1.S.0. TEMPERATURES.
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S.A.F. 150mm FLOOR SLABS.
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S.A.F. 150mm FLOOR SLABS.
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Ripple effect along angle length (a)

Vertical cracks in concrete slabs (b)

150 mm SHELF~ANGLE FLOOR CONSTRUCTION AFTER TESTING FIG. 13
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S.A.F. 100mm FLOOR SLABS.
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Uniform deflection of angle and beam {a)

Shear cracks contained in some of the
concrete slabs {(b)

100 mm SHELF-ANGLE FLOOR CONSTRUCTION AFTER TESTING FIG. 16
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Concrete

SCHEMATIC MODEL OF SHELF-ANGLE FLOOR STRUCTURE FIG. 17
USED IN FE ANALYSIS (R3/1115)
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APPENDIX 1 LOAD CALCULATION

254 x 146 mm x 43 kg/m UB Grade 43A
125 x 75 x 12 mm Shelf angles

effective span 4.6 m
Maximum safe working unformly distributed load = 148 kN
Total dead weight of cover slabs and spreader beam = 54 kN

54
.. Reaction on each shelfangle = -2— X+ =135kN

Total force required on each shelf angle to produce maximum operating stress (165 N/mm?2) in test beam
= 148-13.5 = 60.5kN
2

60.5 X 1.6
.. Force required by each set of rams = --*-1——1—-—- = 88kN

88 '
.. Force required by each ram = = 22kN

Total hydraulic forces applied = 22 x 8 = 176 kN
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APPENDIX 2

WARRINGTON
WIFHG

FIRE
RESEARCH
GENTRE

Holmestield Road, Warrington, Cheshire WA1 2DS.
Tel: (0925) 56116 Telex: 628743 WARRES G Telefax: (0925) 55419

our Ref: 42786 - SGE/ID
Date: 24th March 1988

British Steel Corporation
Swinden Laboratories
Moorgate

Rotherham

560 3AR

For the attention of Mr. G. Thompson

Dear Mr. Thompson

FIRE RESISTANCE TEST RESULTS

We confirm the results of a fire resistance test carried out on your behalf,
which utilised the heating conditions of BS 476: Part 21: 1987 on a steel beam
of serial size 254 mm by 146 mm by 43 kg/m, Grade 43A, which supported precast
reinforced concrete slabs of overall size 1550 rm by 550 mo by 150 mm deep
with one end of the concrete slabs tapered to 100 mm deep over a distance of
300 . The concrete slabs were supported on a continuous angle of size 125
mm by 75 rm by 12 mm thick, Grade 50B, on each side of the web of the beam.
The load was applied to the concrete slabs at /s, 3/a, 5/a: “/a span
poeitions, and at a distance of 500 rmm away from the centre line of the beam
on each side of the beam. The ends of the concrete slabs being supported by
the steel beam were filled in using dry sand.

The soffit of the steel beam and angles were unprotected. The load was
calculated by the sponsor to be 100% of the steel beams maximum design stress
(i.e. 165 N/mm? x 100%).

The test specimen was assessed against the criteria of failure, given in BS -
476: Part 21: 1987, and the results were as follows:

Loadbearingy Capacity : 69 minutes
Residual Loadbearing Capacity : Satisfied
Test Discontinued : 70 minutes
Date of Test : 23rd March 1988

Continued c¢evee/suves

Warrington Fire Research Centre Limited
Registered in England No. 1247124
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Page 2
Mr. G. Thompson Our Ref: 42786 - SGE/LD
British Steel Corporation Date: 24th March 1988

After a period of 47 minutes, ™/;0 was exceeded on the deflection of the steel
beam.

Assuring you of our best attention at all times.
Yours faithfully

Satm

S.G. EASTON

Technical Assistant

Structural Fire Protection
WARRINGTON FIRE RESEARCH CENTRE

WP Ref. 1D1246
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