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1 [ NTRODUCTI ON

During the incident which occurred at H Il sborough Stadi umon 15 April 1989,

two bays, 23 and 3\4, of barrier 124A, Fig 1, were broken down. This report
attenpts to cal cul ate col | apse | oads for the barrier and conpares these | oads
with the pressures likely to have been generated by the crowd.

Exam nati on and nechani cal testing of the broken barrier by staff of the

Heal th and Safety Executive (HSE), reveal ed that the upper rail had been
manuf act ured fromw ought iron and was probably over sixty years old. The
vertical supports were made frommld steel (Ref 1). The tube was attached to
the supports by straps, underneath whi ch consi derabl e corrosi on of the tube
had occurred.

.2 NATER AL PROPERTI ES

Tensil e tests from2 speci nens taken fromthe tube gave average tensile
strength of 366 MPa, 0.2%proof stress 259 MPa and an estimated elastic limt
of 150 MPa. Because of the considerabl e work hardeni ng which occurs after
yield in this naterial and the sensitivity of the yield stress to prior |oad
hi story, there is an anbi guity about what single value of yield(or flow
stress shoul d be used to calculate a fully plastic nonent.

Two full scale uniformbending tests were carried out on simlar wought iron
tubes frombarrier 129, as described in Appendix 1. Fromthe experinental |y
determned pl astic col |l apse | oads and the geonetry of the tube, representative
flow stresses, of,were determ ned fromeach test. The val ues obtai ned were
298.2 MPa and 290.9 MPa. The difference in the two values of flow stress

obt ai ned by experinent gives an indication of the reliability of the material
property input to the col |l apse cal culations, i.e. +/- 1.2% The average of
these val ues, 294. 6 MPa was used in the subsequent col | apse cal cul ations. This
value is some 5. 7%l ess than that obtai ned by using the approxi mation of the
average of the tensile strength and the 0. 2%yield stress obtained in a
tensile test. An average val ue of Young's Modul us, E, (in flexure) of

190.5 GPa was al so obtai ned from these experinents.

3  SECTI ON PROPERTI ES OF THE BARR ER TUBE

Second nonents of area, |, for a tube of outside dianmeter D and uniformwal |
thi ckness, t, were cal cul ated fromthe fornul a:

xD* 2t 14
I=— |1 - |1 -—]]-=-=-===-=+-=+«--- (1)
64 D

Equation(1l) and the formul ae which follow can be found i n standard references
(e.g. Ref 2.

Fully plastic nonments Mp were cal cul ated as a product of the fl ow stress o¢
and zp the plastic nmodul us:

p3 ze |3
L (2)
6 D



The nom nal di nmensi ons of the tube, 60 mm outsi de diameter and 4 nm wal |
thickness are used in the prelinmnary calculations in the bent two sections.

4 ELASTI C DEFLECTI ONS UNDER TEST LQADI NG

The el astic deflection(6) at the centre of a beamof length L, built-in at bot
ends and subjected to a uniformy distributed | oad w is given by

wL4
§ =

384EI

If the ends are sinply supported, the deflection is increased by a factor of
five.

For a span between supports (L) of 2.2 m the length of spans 23 and 3\4 of
barrier 124A, subjected to the test |loading of 6 kN/m,a figure prescribed by
the "Green Guide" (Ref 3), a central deflection of 6.9 mmis obtained. If the
ends are free, the deflection increases to 34.5 mm | n the cal cul ati on whi ch
follows, the central span (213) of barrier 124A has been treated as havi ng
built-in ends. The outer span (3\4), has been treated as having end 3 built-in
and end 4 sinply supported.

5 YLELD NG UNDER TEST QONDI TI ONS

For the span 2\3, the clanping nonents are wi2/12. First yield will occur when
these nonments equal 20, x I/D If o, corresponds to the neasured elastic limt
of the material (150 MPa), then first yield corresponds to 3.4 kKN/m or just
over half of the test |oad. 0.2%proof stress gives a first yield |oad of

5.9 kNm Thus sone yielding occurs on first loading up to the test |oad of

6 KNNm Subsequent loading up to this test load will be elastic because of the
strai n-hardeni ng capabilities of the material.

6 CALOULATIONS O PLASTI C OO LAPSE L OADS

The wal | thickness of the tube under straps at 2, 3 and 4 was found to be nmuch
reduced by corrosion. The reduction in thickness was not uniformround the

ci rcunference; cal cul ations of the plastic nmoduli of the as-measured sections
have been nade by area integration, described i n Appendi x 2. The fol | owi ng
table results:

Section dinmensions Plastic modulus Fully plastic nomen
(of = 294.6 MPa)

Dmm t mm Zp mm M, = o¢ X zp kNm
Tube 213 End 2 Cor r oded 5,007+ 1.48
Tube 23 Centre 60.80 3.90 12, 646* 3.73
Tube 223 End 3 Cor r oded 8, 279+ 2.44
Tube 3\4 End 3 Cor r oded 8, 504+ 2.51
Tube 3\4 Centre 60.40 3.90 12, 398* 3.65
Tube 3\4 End 4 Cor r oded 8, 269+ 2.44

+ By area integration fromneasured irregul ar cross section(Appendi x 2)
By Equation (2)
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The general case of plastic collapse for a beam of length L is shown below:

w/ unit length

M<g< LL L L L L })M

A -~ -

where M- and M¢ are the moments at the supports and Mg is the momet at the
centre of the beam. The collapse load is

4 x (My + 2Mz + Mp)
Wo m s s s s (4)
LZ

The standard case we take is for the original beam built-in at both ends, i.e.
span 23 of barrier 124A. Denoting the collapse load for this case as w, and
noting My = M¢ = Mg = M, the fully plastic momet at the uncorroded centre,

16 x My 16 x 3.73

Ve = = 12.3 kN/m

12 2.22

Nw for the span 3\4, assuming end 4 to be simply supported, the calculation

above can be repeated with Mz = 0, and My = Mz = 3.65 KNm, giving a collapse
load of 9.05 kN/m.

For the spans in a corroded condition, the central plastic moment can be
assumed to remain unchanged, but the appropriate plastic moments in the
above table can be substituted for end moments. The following table
results:

Collapse Loads: kN/m
Built-in (Span 2\3) Oe end simply supported
(Span 341 (Mc = 0)

Original 12.3 (2.1) 9.05 (1.51)
thickness
Corroded condition 9.40 (1.57) 8.11 (1.35)

The figures in brackets are the calculated collapse loads as multiples of the
test load (6 kN/m).



For the unsymmetrical calculations in the previous table, the inner plastic
hinge does not occur exactly at the centre of the span. The effect of this on
the calculated collapse loads is negligible and smaller than other sources of
uncertainty.

Tests performed by Dr Eastwood (Ref 4) on a similar, but not identical
barrier, after the incident, showed that a load of 9 kN/m (test load x 1.5)
was sufficient to cause very large permanent deformation of the tube. The
calculated collapse loads therefore appear to be realistic values.

7 COLLAPSE MODE

If we assume the shear strength to be only 50%o0f the tensile strength,

then to shear a 15mm wall thickness of tube directly, a load of 48 kN/m is
required. Even the worst corroded end had an average wall thickness of this
value, yet the shear failure load is mawy times higher than the plastic
collapse load. This evidence, together with the bent shape of the tube after
the incident, supports the view that barrier failure occurred by plastic
collapse of the tube. Because of its position, span 3\4 would fail before span
2\3. If collapse of the legs had taken place prior to the failure of the tube,
the tube would not have been bent in the manne which was observed. Thus, of
the loads calculated in Section 6, the value of collapse for span 34 in the
corroded condition governs the problem.

8 ESTIMATES (F CROWD FORCES ACTING ON BARRIERS

A theoretical modd of the forces generated by a crowd behind a barrier has
been developed, see Appendix 3. Values from this mode are shown on Fig 2, onto
which values for the various calculated collapse loads have been added. For a
crowd density of 8/sq m, measured from photograhs (Ref 1), span 3\4 in the
original condition would withstand a crowd depth of approximately 6.4 m before
collapse. This would reduce to 6 mif it were in the corroded condition.
Because span 3\4 of barrier 124A was unprotected by barrier 136, a crowd of 7
m was able to exert pressure on this part of the barrier. Given that the crowd
was not of uniform density throughout and the approximate nature of the crowd
loading model, these figures adequately explain the collapse of the barrier.
Once span 34 had failed, span 2\3 would become simply supported at end 3 and
the vertical support would twist, causing collapse of span 2\3 at a similar
load level. If the crowd had been restricted to 5.4/sq m the crowd depth to
cause collapse would be 8 m and 7.5 m in the original and corroded conditions
respectively. This latter value is in excess of the depth of crowd at this
location and indicates that the span would have survived had the crowd density
been so restricted.

If barrier 136 had been complete, the crowd depth behind barrier 124A would
have been limited to 3.5 m depth. The maximum load generated, as predicted by
the 'leaning crowd model, by a crowd as dense as 10/sq m would have been some
20%l ess than the test load.

Given that the gap in the row of barriers behind 124A was greater than that
recommended i n the Green Guide (Ref 5), the test load of 6kN/m was
inadequate. At 5.4/sq m the model predicts that a crowd of 7 m depth would
generate a load some 22% greater than the test load.

-4-



9 AONA UIONS

9.1 Collapse loads have been calculated for the spans 23 and 3\4 of barrier
124A which was broken down during the Hillsborough Stadium incident.

9.2 |If the barriers had been of the original thickness at the supports, loads
of 2.1 and 1.51 times the test load of 6 kN/m would have been needed to
collapse the barrier at spans 213 and 34 respectively. With the reduced
wall thicknesses as measured, these ratios fall to 1.57 and 1.35 X test
load.

9.3 These figures have been compared with barrier loads generated from a
'leaning crowd model.

9.4 In the corroded condition for a crowd of measured density 8/sq m the
span 3\4 of the barrier would have been broken domn by a crowd of
approximately 6 m depth behind the barrier. A crowd of some 7 m depth
existed directly behind span 3\4.

9.5 |If a crowd density of 5.4/sq m is assumed, the same tube would have
required about 7.5 m of crowd to break it down.

10 REERENCGES
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APPEND X 1

BENDI NG TESTS TO DETERMI NE THE MECHAN CAL PRCPERTI ES OF THE WROUGHT
| RON TUBUAR TOP RAI L FRCOM BARR ER 129

by

AL Collins
K Heenan

J C Moore

D Wat er house

A .| THE NEED FCR BEND NG TESTS

Cal cul ations of the | oading to cause the col | apse of barrier 124Arequires a
know edge of the mechani cal properties of the wought iron used i n spans 23
and 3\4 of the top rail of the barrier.

RLSD s Metal lurgy and Materials Section conducted tensile tests on two

speci nens cut fromthe wought iron tube used i n spans 23 and 3\4 of barrier
124A. However, there were reservations about the use of the results of these
tests in calculations of the coll apse | oad of this barrier because:

(i> tests conducted on snall specinens of a material that is known to have a
het er ogeneous structure may not provide results that are representative
of a | arge sanpl e;

(ii) the tubes that had forned spans 2/3 and 3/4 were found to be pernanently
bent when they were recovered after the incident; it is known that the
yield stress of wought ironis likely to be affected by its previous
| oadi ng history, and that wought iron is sensitive to post-yield
st rai n-har deni ng;

(ii1) bending noments introduce conpressive stresses as well as tensile
stresses into the tube; we did not have data about the conpressive
properties of wought iron that coul d be applied w th reasonabl e
confidence in cal cul ations of the collapse | oad of barrier 124A

It was the opinion of Smth and Ganmes that data obtai ned froma bending test on
an undef ormed sanpl e of a simlar wought iron tube would be likely to be nmore
representative than the data obtained fromtensile tests on small speci nmens.

Al.2 SELECTION OF THE TEST SAMPLE

Barrier 129 was a si x-span barrier situated in the North-West Pen(Pen 5 of the
Vst terraces. It appeared to be of a simlar constructionto barrier 124A and

its top rail was not obviously bent. W assisted in the renmoval of the

conpl ete assenbly of barrier 129 fromthe Wst terraces to RRSD s prem ses.

M J GTattersall of RRSOs Metallurgy and Material s Section confirmed that

the length of the top rail selected for testing was rmade fromw ought iron.



Al.3 METHCD OF TESTI NG AND CALOULATI ON OF THE REQU RED DATA

NEUTRAL 1
AX S [}

—

3]
L
W
Fig A.l  Symmetrical 4-point |oading of a beam
Bendi ng Monent (M at a section A-A of the beam
Wx a _ Wx(L - 1)
M = for ag (W2 - 1/2) ; i.e. greatest value of M=
2 4
Wx a Wr (L - 1)
and M= - -ja- for (L/2 - UY2) cag (L/2+ 1/2)
2 2! 2
Wx (L-1
B 4
Wx (L - a) Wx (L - 1)
and M= — for a> (U2 + 22); i.e. greatest valueof M= ——
2 4

The greatest bending noment is therefore inposed along the full |ength of the
central span (1) of the beamand has a uniformval ue of:

Wx (L -1)

-ii-



Determ nation of the vield stress of the materi al

The el astic bending equation is expressed as:

where Mis the bendi ng nonent applied to the beam
| is the second nonent of area of the cross-section
aisthefibre stress on the material of the beam
is the distance of a fibre fromthe neutral axis
is Young's Modulus for the material of the beam
Ris the radius of curvature of the neutral axis at the cross-section
consi der ed

The second nonent of area(l) for a circular section tube can be shown to
be:
4 4
nxx (D-4)

64

from (2 o =

Equation(4) shows that as the bendi ng monent is increased the outernost
fibres will be the first to reach the yield stress (oy) of the material. The
rel ati onshi p between | oad and deflection wi |l cease to be |inear when the
outernost fibres are subjected to the yield stress of the material. Pl astic
deformationwill be initiated and will spread i nwards towards the neutral axis
i f the bendi ng nmonent continues to increase. The outernost fibres of a holl ow
circular section of outer dianeter D are situated at a distance D2 fromthe
neutral axis, i.e. y =D2

where M, is the bendi ng nonent at which yiel ding commences
Substituting for M, from (1) and | from(3) in(5

8xWx (L-1)xD

Oy = e e (6)
4 4

xx (D-4d)

where o, the yield stess

Wy is the | oad when yiel di ng coomences, i.e. the |oad at which the graph
relating force and defl ection ceases to be |inear

-iii-



Therefore, if Wy, can be obtained fromthe force\deflection graph, the yield
stress (oy) can be determ ned.

Det er m nati on of Yound's dul us for the material

Mx R

I

E and | are both constants, therefore Ris proportional to M Equation(l)
shows that Mis uniformover the central span (1) of the beam Provided the
| oaded beamremains i n an elastic condition, its radi us of curvature R over
the central spanwill also be uniformi.e. the deflected shape of the central
span will be an arc of a circle.

Fromthe georetrical properties of a circle it can be shown that if 1 >>c:

where R is the radius of curvature of the central span
1l is the length of the central span
c is the md-span deflection of the central span

substituting for Mfrom(l), | from (3), and Rfrom(8 in(7)
2
2x (L-1)x1
E = W/C X m—m—mmees = = - - - - - - - - e e e e e e - (9)
4 4

x (D -d)

Wc is the gradient of the elastic, |inear region of the | oad-deflection
curve, whi ch can be neasured fromthe graph obtained fromthe bending test.

The remaining terms i n Equation(9 are known constants and therefore E can be
eval uat ed.

Compari son of theoretical and experinmental nmaxi mumbendi ng strengt hs

Appendi x 2 expresses the maxi numtheoretical bending strength (i;) of a beam
inthe form

R X T (10)

o is alimting constant stress which, dependent upon the properties of the
material of the beam nay be the yield stress (o)) or a'flow stress' (oy).

Zo is a plastic section nodul us, which for a hollowcircular section of

uniformwal | thickness(t) may be expressed interns of its outer and inner
dianmeters, or interns of its outer dianeter and wal | thickness.

-iv-



(D - d) D 2t
Zp = = =1 -01- =] | -« ceae e (11)
6 6 D
Ther ef or e
3 3
D 2t
Mp=ox=—}1-{1-=—7J} --=--- R I B R (12)
6 ' D

If an appropriate value is known for o, then the theoretical naxi numbendi ng
strength may be cal culated fromEquation(12) and its val ue conpared with the
experimental nmaxi numbendi ng strength obtained fromthe test to check the
validity of the cal cul ation.

Equipmentf or conducting the bending tests

W desi gned and constructed equi pment of the type shown diagrammatically in
Fig Al.l that was suitable for installationin RSDOs 1 MN(100 tonf)

t ensi on\ conpr essi on testing machi ne. The equi pnent was designed to accept a
sanple with an overall span of 2 mand a central span of | m the objective
being to mnimze the point |oads applied to the tube within the constraints
i nposed by:

(i) the overall Iength of sanple available for testing;

éii) the | oadi ng range of the testing machi ne;

ii1) maximzing the I ength of tube subjected to a uniformbendi ng nonment
inorder to obtain representativeresults

A spring-tensioned potentionetric displacenment transducer was used to neasure
defl ections of the tube. The transducer had a range of 760 nmand was act uat ed
by a flexible wire, the end of which was attached to the mi d-span of the tube.
The transducer was nounted on the loading rig so as to nmeasure deflections of

the central span between its | oadi ng points.

The output fromthe potentiometric transducer was connected to a digital

vol treter and the assenbly calibrated and adj usted to provide a direct digital
readi ng of displacenent, in mllimetres, with a resolutionof 0.1 nmm The

cal i brated testing nmachi ne was operated on the | owest range of 100 kN, the
force being displayed in digital formwith a resolution of 0.1 kN. Fig Al.2
shows a general view of the assenbl ed equi pnent prior to conducting a test.

The testing machi ne was control | ed manual | y whi | st si nul t aneous readi ngs were
taken of force and deflection. Fig Al.3 shows a sanple i n an advanced st age of
pl astic deformati on. Two sanples fromthe top rail of barrier 129 were tested,
and the force\deflection graphs obtained fromthe results of these tests are
shown in Figs Al. 4 and Al.5.

Val ues of yield stress, Young's Mdul us, and naxi numbendi ng norment were

cal cul ated for both sanples of tube, using data on the force\deflection graphs
and Equations (6), (9 and (1) respectively. The theoretical maxi numbendi ng

- -



moment for each sanple was al so cal cul ated using Equation(12) wth o =

Oy,
the yield stress determned fromthe sane bending test. Y
Al.4 RESULTS OBTAI NED FROM THE BENDI NG TESTS MADE ON SAMPLES
FROM BARR ER 129
Sanple No 1 Fig AlL. 4 Sanple No 2 Fig Al.5
Quter di aneter 60. 13 mm 60.43 mm
[ nner di aneter 51. 61 nm 52.08 mm
Val | thickness 4.26 nm 4.18 mm
Yield stress 256.1 MPa(16.6 tonf/sq in) 244.6 MPa(15.8 tonf/sqg in)
(Equation 6)

Young's Mbdulus  193.6 GPa(12,500 tonf/sq in) 187. 4 GPa( 12,100 tonf/sq in
(Equation 9)

Theoretical max 3,413 Nm (1.12 tonf ft) 3,237 Nm (1.07 tonf ft)
bendi ng nonent
(Equation 12)

Experimental max 3,975 Nm (1.31 tonf ft) 3,850Nm (1.27 tonfEft)
bendi ng norent
(Equation 1)

The theoretical maxi mumbendi ng nonents were 15%and 16%! ess than the
experinental nmaxi numbendi ng monents obtai ned from Sanples 1 and 2
respectively. It was the opinion of Snmth and Games that these di screpancies
were too great to justify using the experimentally determned yield stresses
to calculate the coll apse | oad of barrier 124A

They decided to use a 'flow stress' in their calculations of the collapse | oad
of barrier 124A The 'flow stresses’ of Sanples 1 and 2 were obtai ned by
transposi ng Equation(10) into the form

M,

Of m e mommem e m e e e e aeaa e (13)
Zp

where o¢ is the 'flowstress' for the material

M, 1S the maxi numbendi ng nonent deternned experinentally froma
bendi ng t est

The 'flow stresses' obtained fromthe bending tests nade on sanpl es taken from
barrier 129 are shown in the fol | owi ng Tabl e:

Sanmpl e No "Flow stress' (o¢) e
1 298.2 MPa(19.3 tonf/sq in) |
2 290.9 MPa(18.8 tonf/sq in)
Mean val ue 294.6 MPa(19.1 tonf/sq in)

-vi-
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Fig.Al.2 - View of the bending equipment and the
sample prior to testing

Fig.Al.3 - View of the bending equipment with
the sample at an advanced stage of plastic deformation
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APPEND X 2

EVALUATI ON OF THE PLASTI CSECTI ON MODULUS OF CROSS SECTI ONS FROM
SPANS 213 AND 3\4 OF BARR ER 124A

by

AL Collins
and
D Wat er house

A2.1 PRED CTION CF THE PLASTI C COLLAPSE OF A BEAM

Bendi ng nonents are produced on a beamby the |l oad that it is supporting.
These bendi ng nonents are resi sted by nmoments of resistance produced by

tensil e and conpressive stresses devel oped on the cross-sectional area of the
beam

A beamof ductile material, with a span that is large in conparisonto its
cross-sectional dinensions, will fail by plastic collapse when the bendi ng
norment creates sufficient plastic hinges along its span to transformthe beam
froma structure to a mechanism A plastic hinge is forned when the tensile

and conpressi ve stresses exceed the yield strength of the naterial throughout
the depth of the beamis cross-section.

If the noments of resistance that are devel oped at the plastic hinges can be
determned, then the principle of Virtual Wrk may be used to cal culate the

bendi ng nonent, and therefore the | oading, that will cause the beamto
col | apse.

Sinple plastic theory expresses the maxi mumnonent of resistance (¥,) that can
be devel oped by a cross-section of a beam(its naxi numplastic nonent of

resistance) as the product of its plastic section nodulus (Z,) and a limting
constant val ue of stress (oy).

lie. My=0{ X Zy - - - = - = - - == - -« - - - - - (1)

This rel ati onshi p makes the fol | owi ng assunptions about the material of the
beam

(i) anidealized rigid-plasticrelationship exists between stress and strain,
i .e. deformation does not occur until a limting value of stress (o) is

reached, after which large defornations are devel oped whilst this stress
remai ns const ant;

(ii) the behaviour of the material is the same i n conpression as in tension.

The tensile yield stress of the material (oy) is commonly used in Equation (1)
when strai n-har deni ng(wor k-har deni ng) of tr1e material nay be negl ected. Wen

strai n-hardeni ng of the material cannot be ignored then it is custonary to use

a'flow stress' (o¢) having a val ue between the yield stress and the ultinate
stress.

i.e. o = gy (strain-hardeni ng negl ect ed)
or o = o¢(strain-hardeni ng included)



Experi ence has shown that this sinple plastic theory can predict the failure
of beans by plastic collapse with an accuracy that is acceptable for practical
pur poses.

A2.2 DETERM NATI ON OF THE PLASTI C SECTI ON MODULUS

If the material of a section that is subjected to pure bending exhibits the
same ideal rigid-plastic behaviour in both tensionand conpression, then z,
can be shown to be equal to the First Moment of Area of the cross-section
about its neutral axis(or unstrained fibre). Furthernore, in these

ci rcunst ances, the neutral axis will coincide with the centroid of the area of
the cross-section.

The fully plastic section nmodul us for a hollowcircul ar cross section of ideal
rigid-plastic material and uni formwal |l thickness can be shown to be either:

3 3
D d
Zp -
6
where D = outer dianeter
and d = inner dianeter
3 3
D 2t
or Zp = = |1 -{1 - — ] | - - - - s ema s (2)
6 D

where t = wal |l thickness

M J GTattersall of RSDs Metallurgy and Materials Section had made

ul trasoni c measurements of the wall thicknesses of the wought iron tube that
had formed the top rail of crush barrier 124A These neasurenents caused us to
conclude that it was reasonabl e to use Equation(2) to calculate z, for the
top rail in the m d-span region of spans 23 and 3\4 of barrier 124A. The
measur ed di nensions and their corresponding plastic section nmoduli are shown
inthe foll ow ng Tabl e.

M d-span Quter | nner wal | Pl astic section
dianeter (D dianeter (d) thickness(t) modul us (Zp)
3

mm mm mm mm
2\3 60.80 53.00 3.90 12,646
3\% 60.40 52.60 3.90 12,398

Bot h ends of the tubul ar sections that had formed spans 23 and 3\4 had .
fractured; the ends of the spans were deformed, severely corroded, and had
vari abl e wal I thicknesses. It was our opinion that the variability of the wall
t hi cknesses rendered Equation(2) unsuitable for cal cul ating val ues of Zpat
the ends of spans 23 and 3\4, and that these val ues woul d have to be

det erm ned by nurerical integration.

-ii-



M Tattersall provided us with sketches that showed wal | thicknesses at the
fractured ends of spans 23 and 3\4. W used a conput er-ai ded draughti ng(CAD
systemto draw our best inpression of the cross-sectionat each end of spans
23 and 3\4 before deformation failure occurred. Qur re-construction of the
cross-sections are shown in Figs A2.1 to A2. 4.

W used the facilities of the CAD systemto assist us with the nuneri cal
integrations. Each cross-sectionwas divided into strips of 2 nmw dth, with
the exception of the | ast strip whose wi dth was determ ned by the outer

di nension of the section. Avertical axis was then drawn i n the esti nated
position of the centroid(neutral axis). Each elenental area of tube

t hi ckness, with the exception of those adjacent to the estinmated position of
the centroid was successively magnified by the CAD systemand t hen accuratel y
cross-hat ched. The CAD systemthen automatically cal cul ated the area of each
cross-hat ched el enent.

The sumof the elenental areas to the right of the estinated centroidal axis

were conpared with the sumof those to the left; the centroidal axis being in
its correct positionwhen it divides the cross-sectional area into two equal

parts. The position of the centroidal axis was adjusted and the process

repeated iteratively until the areas to the right and the left of the axis
wer e equal .

Each known el enental area of the tubular wall was then mutiplied by its

di stance fromthe centroidal axis to obtain the First Mnent of Area of each
el ement. A sunmation of the First Morments of Area for all the el ements
provided total First Moment of Area for the conpl ete cross-section. The

resul ts obtained during successive stages of the calculation are tabulated in
Figs A2.1to A2. 4.

The plastic section noduli that we obtained by numerical integration of the
re-constructed cross-sections at the ends of spans 23 and 3\4 frombarrier
124A are shown in the fol | owi ng Tabl e.

Span End Zy mm3
2\3 2 5,007
2\3 3 8,279
KANA 3 8,504
3\& 4 8,269

-iii-



PITCH
SI0E

TOTAL PLASTIC SECTION MODULUS

~— .61

=
.

Fig A2.1

m

SPECTATOR

SIDE

5006.78 mm-

BARRIER No

iI24A SPAN 2/3 .END No 2

RIGHT HAND SDE

(ALtADbI xL.

No |4REA (AL) | L (mm) |AREA (Ab) TOTAL
t 1. 779 0.325 2.659 1.442 -
2 5.735 1.65 B8.046 22.739 24.18}
3 6. 183 3.65 7.894 51 .381 75.562
4 6.531 5.65 7.618 79. 942 155.504
5] 6. 711 7.65 7.372 107.964 | 263.468
6 6. 900 9.65 7.109 135,187 | 398.655
7 7.203 11.65 6.801 163.147 | S61.802
8 7.615 13.65 6.362 191.196 | 752.997
9 8.278 15.65 5.917 222. 152 | 975.149
10 9. 149 17.65 5.885 264. 291 1233. 440
11 11.815 19.65 8.080 390.937 | 1630.377
12 27.28 21.65 - 690.612 | 22r0.989
TOTAL 2220.989 !
LEFT HAMD SIDE
No [AREA (AL) L (mm) AREA (Ab)| (AL+Ab) xL TOTAL
1 3.568 D.675 5.529 6.140 -
2 5.055 2.35 a8.469 31.781 37.92)
3 1.812 4.35 8.667 58.634 95,555
4 4.602 6.35 8.646 84.125 180.680
5 4.456 8.35 8.247 106.070 | 286.750
6 4.330 10.35 7.665 124.231 410.981
7 4.322 12.35 7.095 141.000 | 551.981
8 4.29a 14.35 6.471 154.535 | 706.516
9 4.23) 16.35 6.013 167.409 | B74.006
10 1.271 18.35 5.348 176.509 | 1050.515
11 4.242 20.35 4.586 179.650 | 1230.164
12 4.313 22.35 3.79% 181.214 | 1411.378
13 4.454 24.35 2.850 177.974 ! 1589.352
14 4.704 26.35 1.705 | 16B.877 1758.229
15 5.140 28.35 1.256 181.337 1939.556
16 6.038 30.35 1.489 228.414  2168.000
17 9.345 32.35 4.386 444,198 2612.198
18 5.158 33.655 - 173.592  2785.791 ,
" TOTAL 2785,79] '

D SH-UEM



RIGHT HAND SIDE

No |AREA (AU) | L tmm) [AREA {Ab)| (ALsAbIxL| TOTAL
TOPRP : v
N 1 3.76R 0.725 3.942 5.530 -
L 2 5.234 2.15 5.110 25.343 | 30.933
0.28 —=f=-— 0.55 —~ 3 5.462 1.45 4.856 45.915 | 75.848
| ; 4 5.572 6.15 4.623 65.758 | 112.605
\\\///\ﬁ’//\\:////\ 5 5.540 B.45 4.434 B1.200 | 226.886
AT 1T TN 6 5.474 1D.45 4.879 t01.919 | 328.805
/§% ) | ’\ 7 5.108 12.45 4.169 120.230 | 449.034
<§/“ | ' N, 8 5.531 11.45 1.087 138.980 | s08.014
/§> ' | A\ 9 5.618 16.15 4.106 159.960 | 747.974
§/ | ! % 10 5.704 18.45 4.130 181.437 | 939,411
/5 ' , R 1 s.920 20.45 4.265 | e208.283 | 1137.695
%? | | ! 12 8.226 22.15 4.416 | 283.813 | 1421.508
7 | ! \D 13 8.553 21.45 4.786 | 326.139 | 1747.645
éf ! | §? 14 7.174 o6. 45 §.323 | 330.546 | 2078.192
SPECTATOR l ' i; P| TCH 15 8.189 - 28.15 65.203 109.623 2187.815
SI10E ;§ ' | § SIDE 16 10.063 30.45 7.948 | s48.618 | 3036.432
| - e 17 15, 665 32.45 14.008 | 962.809 | 3999.321
N i l 5? 18 | es.033 34.45 - 965.737 | 4965. 058
! R '
§ § - | §( TOTAL  4965.05B |
| ; A
/\% L b
IN | ! & LEFT tIAND SIDE
. wose
G %\ | - /§ No |AREA (All [ L tem) [AREA (Ab)] (ALsABIxL|  TOTAL
N ' LA R — —
’ Z§% I .“ [ 1. 431 0.275 |.563 0.821 -
A \\vf//\\ga\\\y@ g 2 5.203 1.55 5. 900 17.210 18.031
AN 3 5.271 3.55 6.396 11.118 | 53.449
: 4 5.337 5.55 7.011 60.531 127.980
T s —l k- 5 5. 190 7.55 7.797 | 1o0.317 | 2es.2a7
A G 5.027 9.55 8.661 138.360 | 366.658
7 6. 208 11. 55 9.857 | 185.551 | 552.208
8 7.018 13.55 11.728 | e54.008 | A0G.217
9 8.267 15. 55 14 350.761 | 1156.978
10 10.795 17.55 17.258 | 492.330 | 1649.308
} 3 N 18.005 11.55 25.606 | B71.363 | 2520.671
IDTAL PLASTIC SECTION MODULUS = 8878.557 mm 12 13. 597 21.55 20. 921 743,863 3264 .534
13 2. 158 22.60 . 48.965 | 3313.499
TOTAL  3313.499

Fig A2.2 BARRIER No I24A SPAN 2/3 END No 3

4 SHECArt



RIGHT HAM SIDE

TOP No [AREA (AL} | L (mml] |AREA (Ab)| (AL+AbIxL| TOTAL
1 4.913 0.85 7.818 10.821 -
N 2 5.818 2.70 9.339 40.924 51.745
— e 1.776 3 S. 302 4.70 9.535 72.SA 124.293
@ — 0.3 4 6.068 6.70 9.691 105.583 c2c29. 884
5 6.251 8.70 9.982 i41.227 371.111
/§2§Z§A . 2] 6.513 i0.70 10.329 180.209 5G61.321
/§/> l 7 6.742 12.70 10.689 221.374 772.695
§é§ ! 8 7.865 14.70 11.232 | 271.906 | 1044.601
/§ ] 9 7.967 16.70 11.639 327.420 1372.02)
é/ ' \ 10 8.921 18.70 12.919 408.408 1780.429
/ | \ 11 10.955 20.70 14.329  523.379 | 2303.808
%? ! % 12 17.678 ee2.70 20.262 861.238 | 3165.046
/ l \\g% 13 29.574 24.70 - 730.478 3895.523
) \.,
7 | §% TOTAL  3895.523
SPECTATOR ! | % PITCH
SIDE \% SIDE LEFT HAM SIDE
N/
%y No [AREA (AU | L (mm) |AREA (Ab)| (AL+Ab)xL| TOTAL
§ I 0.895 D.15 1.370 D.340 -
2 5.764 1.30 9.044 19.250 19.950
\ 3 5.848 3.30 8.4950 48.833 68.424
\%\ 4 5.914 5.30 8.765 77.799 146.222
N7 s 5.991 7.20 8.733 107.485 | 253.707
N7 =) 6.187 9.30 B.669 138. 161 391 .88
7 6.309 11.30 8.534 167.726 559.594
8 a 6.570 13.30 8.298 197.744 | 757.339
h =] 6.871 15.30 7.840 225.073 982.416
—"l = 1.7 2 10 7.133 17.30 7.215 | 243.950 | 1232.367
A 11 7.602 19.30 6.943 280.718 1613.086
12 8.045 21.30 6.576 311.427 1824 .513
13 9.033 23.30 6.255 356.210 2180.723
14 9.917 25.30 B.231 408.544 2589.268
15 I'l.966 27.30 6.665 508.626 3097.894
3 16 16.029 £29.30 9.610 751 .223 3849.117
TOTAL PLASTIC SECTION MODULUS = 8504.349 mm 17 24.359 21. 188 _ 729.708 | 404,825
TOTAL  4608.825
Fig A2.3 BARRIER No 124A SPAN 3/4 END No 3

W SWFCEM



RIGHT HAM SI10E

TOP
N No |AREA (AtL) L (mm) AREA (Ab)| (At+Ab) xL TOTAL
{ 0.937 0.19 1.551 0.473 -
1.56 — |=— 1.62 — L—— a 4.982 1.38 8.321 18.358 18.83)
D 3 5.050 3.38 8.522 45.873 | B4.704
7§Z§ HNZN 4 s.172 5.38 8.776 75.040 | 139.744
gg@/k 5 5.274 7.38 9.037 105.615 | 245.360
Z31 6 5.386 9.38 9.319 127.933 | z83.292
/§ 7 5.173 11.38 9.626 IEB.413 | &51.705
a8 4.876 13.28 10.022 | 199.335 | 751.040
/§§ g 4.539 15.38 10.248 | 227.424 | 978.464
% 10 4.286 17.28 10.855 e63. 151 1241 .615%
11 4.101 19.38 11.464 | 301.B50 | 1543.265
R \ 12 3.924 21.38 12.181 | 344.325 | 1887.590
7 13 3.924 23.38 13.304 | 402.791 | 2290.380
" 14 4.204 25.328 14.929 | 4B5.849 | 2776.230
PITCH | SPECTATOR 15 5.363 27.38 18.001 | B39.706 | 3415.936
SIDE g’% ,%Z SIDE 'R 27.350 29.38 - 803.543 | 4219.479
\ A TOTAL  4219.479
N LEFT HANDO SIDE
% No |AREA (AL) [ L (mm) AREA (Ab)| (AL+Ab) xL TOTAL
! 3.960 0.81 6.532 B.498 -
NN A 2 4.863 2.62 8.368 | 34.665 | 43.164
2 % 3 4.764 4.62 8.788 62.610 105.774
Z 4 4.744 5.62 9. 131 91.852 | 197.626
5 4.748 8.62 g.723 124.740 | 3@2.366
6 4.70 10.62 10.241 158.673 | 481.040
7 4.686 12.62 10.792 | 195.332 | 676.372
8 4.699 14.62 11.612 | 238.467 | 914.833
3 4.716 16.62 12.552 | 286.994 | 1201.833
4.c82 18.62 13.940 | 344.880 | 1546.713
4.532 20.62 16.832 | 419.906 | 1966.619
4.985 2e.62 19.%24 | 549.870 2516.489
3 13 17.487 24.62 pe.pl4 | 992.211  3508.699
TOTAL PLASTIC SECTION MODULUS = 8268.929 mm 14 20.483 26.40 _ 540.751 4049.450
TOTAL 4049.450 !

Flg A2.4 BARRIER No 124A SPAN 3/4 END No 4
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APPENDIX 3

A 'LEANING CROWD' MODEL TO ESTIMATE THE LOADS GENERATED BY
A BARRIER

Consider a person on the nth step behind a barrier. The whole crowd is assamed
to be up on its toes, inclined forward at an angle 8, in a fashion which would
be adopted to obtain a view of an incident in front of the crowd. The
spectator is leaning forward on a support provided by the person in front and
is thus subject to supporting force P, from the front and to a toppling force
Pnh-1, from the person behind, offset by the terrace step height h.

— Pnrn—
h

h = Step Helght

P H = Centre of Mass Helght
" H' = Push Height
w = Step Width
mg= Weight of Spectator
H
)
\"
! — 0
h w
1

Equilibrium of person on the nth step, moments about 0
PH cosf = mgHsind + P,.q(H'cosd + h)
P, = mg(H/H')tand + P,.q(1 + h/(H cosd))
ie a recurrence relationship of the form:

P =A *+ BP,.q, A, B constants

Pp=0
Py = A
P, = A+ AB
Py = A + AB + AR?
Po= A + AB + ABZ + ...... + AR™1!
P, = A(B"-1)/(B-1) (&m of geometric progression)
mg H sing h n
P, = —— ]+ — -1
h H'cos#



For the person i mredi ately behind the barrier, if the barrier is at the push
hei ght, then clearly P would be transmtted to the barrier. I n general the
barrier is lower than this, and the push is probably transmtted to the
barrier by bending at m d-height for the fewrows of people just behind the
barrier. If this were not so, the person at the barrier woul d be subjected to
a large turning noment. The exact details of this force feed to barrier hei ght
are not yet clear, but for this purpose it is assumed that B, where n is the
nunber of steps behind the barrier in question, is the force on the barrier.

If the crowd density is Nsqgq m then there are Nw persons/unit | ength on each
step, thus we obtain the force/unit length on the barrier as:

Nw ng H sing h -ln 1
Force/unit |ength - 1+ ——— - 1
h H'cos# J ]

which is the expression evaluated on Fig 2. A'lean' angle of 10 deg has been
estimated as a reasonabl e value to use in the cal cul ati on; other paraneters are
decl ared on the Figure.

I't should be noted that no previous work can be found in the literature
concerning this type of calculation. Existing designrules for barriers appear
torely on enpiricismtogether with |imted experinental testing. Caution
shoul d be exercised in the use of this new nodel, which requires experinental
subst anti ati on.

-1i-





