i+l

NRC Publications Archive
Archives des publications du CNRC

Progressive collapse
Taylor, D. A.

This publication could be one of several versions: author’s original, accepted manuscript or the publisher’s version. /
La version de cette publication peut étre 'une des suivantes : la version prépublication de I'auteur, la version
acceptée du manuscrit ou la version de I'éditeur.

Publisher’s version / Version de I'éditeur:

Canadian Journal of Civil Engineering, 2, 4, pp. 517-529, 1975-12

NRC Publications Record / Notice d'Archives des publications de CNRC:
https://nrc-publications.canada.ca/eng/view/object/?id=8f7eea3f-b601-4c9d-96f9-261d70ac02d9
https://publications-cnrc.canada.ca/fra/voir/objet/?id=8f7eea3f-b601-4c9d-96f9-261d70ac02d9

Access and use of this website and the material on it are subject to the Terms and Conditions set forth at
https://nrc-publications.canada.ca/eng/copyright
READ THESE TERMS AND CONDITIONS CAREFULLY BEFORE USING THIS WEBSITE.

L’acces a ce site Web et I'utilisation de son contenu sont assujettis aux conditions présentées dans le site
https://publications-cnrc.canada.ca/fra/droits
LISEZ CES CONDITIONS ATTENTIVEMENT AVANT D’UTILISER CE SITE WEB.

Questions? Contact the NRC Publications Archive team at
PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca. If you wish to email the authors directly, please see the
first page of the publication for their contact information.

Vous avez des questions? Nous pouvons vous aider. Pour communiquer directement avec un auteur, consultez la

premiere page de la revue dans laquelle son article a été publié afin de trouver ses coordonnées. Si vous n’arrivez
pas a les repérer, communiquez avec nous a PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca.

National Research  Conseil national de C dl*l
Council Canada recherches Canada ana, a,



.i.m.r‘

m{;a /
rw L}QQ NATIONAL RESEARCH COUNCIL OF CANADA
CONSEIL NATIONAL DE RECHERCHES DU CANADA

5824

ANALYZED

i ety e wmn“

P DIN G RESEA RC
e 2 :_('{ he ! PROGRESSIVE COLLAPSE
BY
D. A. TAYLOR

LIRESEARCH COUNCIL

JaN 21 1976 i

Reprinted from
CANADIAN JOURNAL OF CIVIL ENGINEERING
Vol. 2, No. 4, December 1975
13 p.

Technical Paper No. 450

of the =

Division of Building Research

Price 25 cents " OTTAWA NRCC 15000

4590

e |




This publication is being distributed by the Division of Building Research of the National
Research Council of Canada. It should not be reproduced in whole or in part without
permission of the original publisher. The Division would be glad to be of assistance in
obtaining such permission.

Publications of the Division may be obtained by mailing the appropriate remittance (a
Bank, Express, or Post Office Money Order, or a cheque, made pavable to the Receiver
General of Canada, credit NRC) to the National Ressarch Council of Canada, Ottawa,
K1A OR6. Stamps are not acceptable.

A list of all publications of the Division is available and may be obtained from the
Publications Section, Division of Building Research, Natonal Research Council of Canada,
Ottawa. K1A ORG6. ;

lllClST ”

e

|I
|
Sl

T




Progressive Collapse

D. A. TAYLOR

Building Structures Section, Division of Building Research, National Research Council of Canada,

Montreal Road, Ottawa, Canada K14 OR6
Received May 16, 1975
Accepted August 21, 1975

This paper explains the nature of progressive collapse, with examples, and enlarges considera-
bly on commentary C, supplement No. 4 of the 1975 National Building Code of Canada.
Attendant philosophical problems related to code coverage and the design for progressive
collapse are considered in discussions of risk, abnormal events that might initiate progressive
collapse, and design procedures to reduce the risk of progressive collapse. An example illustrates
some of these procedures and indicates how, in a general way, design problems may be ap-
proached.

Dans cet article, ’auteur explique la nature de I'effondrement progressif, en présente des
exemples et s’appesantit surle commentaire C du supplément, No. 4du Code national du Batiment
(1975). 1l examine des questions de fond se rattachant, d’une part, 4 la conception et aux calculs
tenant compte de la possibilité d’effondrement progressif, et d’autre part, aux prescriptions
reglementaires correspondantes, en fonction du risque, des événements extraordinaires qui
peuvent déclencher ’effondrement progressif et des mesures 2 inclure dans un projet et capables
de réduire le risque d’un tel effondrement. Un exemple illustre quelques-unes de ces mesures et
indique, de maniére générale, comment attaquer 1’étude des problémes de conception et de
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calcul.

Introduction

Progressive collapse is the spread of an
initial local failure from element to element
resulting in the collapse of a whole building
or disproportionately large parts of it. Pro-
gressive collapse achieved world prominence
when a corner of the Ronant Point apartment
block collapsed in London, England, in 1968
(Griffiths et al. 1968). Examples of other cases
are shown in Figs. 1 to 6 and some statistics
concerning incidents in Canada and the United
States in Table 1.

For the most part progressive collapses in
Canada have involved low buildings and build-
ings with arched roofs (Morrison et al. 1960).
Fortunately, no highrise office buildings or
apartment towers have collapsed progressively
during their service lives although one did
collapse during construction (Fig. 6). Attempts
to attain more efficient use of materials and
to keep erection costs down, however, have
resulted in some structures with little inherent
toughness or resistance to progressive collapse.
The occurrence of progressive collapse in such
buildings is probable, if not inevitable, if an
abnormal event occurs because no appropriate
measures have been taken to prevent it.

Can. J. Civ. Eng., 2, 517 (1975)

[Traduit par la Revue]

Since 1970 there has been an article in the
National Building Code of Canada (NBC)
dealing with progressive collapse, and a com-
mentary in supplement No. 4 enlarging on the
problem, (article 4.1.1.7 and commentary No. 7
in the 1970 NBC, article 4.1.1.8 and com-
mentary C in the 1975 NBC). Nevertheless in
many designs there seems to be little indica-
tion that structural engineers have been ob-
serving article 4.1.1.7 and some have not even
been aware of it. Where the NBC has been
adopted by bylaw the designer is legally obliged
to consider the article and hence should indi-
cate in the design notes that steps have been
taken to ensure that the risk of progressive
collapse is indeed small enough to be accept-
able.

In many structures designed to prevent
progressive collapse there will be little increase
in the cost of the building itself as integrity
will be ensured by the use of well detailed duc-
tile joints and reinforcement which probably
would have been used in a carefully designed
structure in any case, and by the proper initial
layout or plan form of the structure. (These
points will be illustrated later.) Design time,
on the other hand, will increase initially as the




518

CAN. J. CIV. ENG. VOL. 2, 1975

FiG. 1.

Progressive collarse of Skyline Plaza parking garage, Virginia, U.S.A. due to impact

from debris falling on edge of slab causing a progressive punching shear failure at the columns
(Cohen et al. 1974; Leyendecker and Fattal 1973). (Photo courtesy of Prestressed Concrete

Institute).

F1c. 2. Collapse of reinforced concrete building
under construction, Boston, 25 Jan.
World Photos) (see also Allen and Schriever 1972).

TaBLE 1. Incidents involving progressive collapse
gathered from the press (from Allen and Schriever 1972)

US.A//
Eng. News

Record

Canada only
(10 years) (4 years)
1962-1971 1968-1971

During construction
Due to impact, explosion
Formwork, bracing, or
erection error
Design error
During service life
Due to explosion
Due to impact
Design, manufacture, or
construction error
During demolition, adjacent
excavation
Totals involving progressive
collapse
Total news incidents
involving all types of
collapse

1 2
35 10
0 1

0 1

8 4
22 3
6 1
72 22
495 110

engineer works out efficient ways of providing
structural integrity and copes with unusual
problems such as the stability of partially

damaged structures.

An account of the early work on abnormal




TAYLOR: PROGRESSIVE COLLAPSE 519

BEFORE COLLAPSE
Fic. 3.

AFTER COLLAPSE

Progressive collapse of garage roof. Heavy snow loads caused one frame to col-

lapse and with the subsequent overstressing and collapse of adjacent frames the failure pro-
gressed laterally until all 20 had collapsed. One person was killed (Granstréom and Carlsson
1974) (published with the permission of the authors).

loads, and on building codes dealing with
progressive collapse, and an appraisal of the
provisions of the 1970 National Building Code
of Canada has been given by Ferahian (1971).

Progressive Collapse Design Considerations

Risk Consciousness

If, at any moment, the loads applied to a
structure are greater than the resistance of the
structure to them a failure will occur. In the
design process load factors are chosen to con-

trol the occurrence of this in order that the
risk of collapse will remain below a level
acceptable to society.

There is a difference between the risk of
collapse and the risk of death, the latter being
of even greater concern to society. Because of
this it is generally thought that structures such
as arenas, schools, shopping malls, and high-
rises, which constitute a risk to large numbers
of people if they collapse, should be safer than
buildings not normally occupied by many
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Fic. 4. Progressive bearing failure of roof beams at Camden School for Girls, England

(Building Research Establishment 1973).

people such as warehouses. Buildings that have
been designed to avoid progressive collapse
contribute significantly not only to a reduction
of the risk to life but also to the investment
dollar.

Fi16. 5. Progressive collapse of arena under snow load, Listowel, Ontario, 28 Feb. 1959
(8 killed). (Morrison et al. 1960) (NRCC Div. Bldg. Res. photo).

Abnormal Loads and Events

Although buildings are designed for dead,
live, earthquake, wind, snow, soil, and hy-
draulic loads as a matter of course, there are
loads and events that can cause failure that
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F16. 6. Collapse of steel frame building under construction, Toronto, 8 September 1958
(Federal News-photos (Canada) Limited) (see also Allen and Schriever 1972).

generally, but not always, occur less frequently
than those considered in the regular design
process. (In some parts of the world explosions
may rival the occurrence of design winds.)
Such loads and events are usually such that
they cannot be economically considered as
regular design conditions. Keeping in mind
that it is not possible to design structures for
absolute safety, the designer need consider
only those abnormal events that have a reason-
able chance of occurrence, say, of the same
order of magnitude as the estimated probability
of failure (10—* to 10— per year (Allen 1968,
1975)) when designing to prevent progressive
collapse. Such events or loads might include:
explosions (gas, boiler failures, ignition of
flammable liquids, bombs); vehicle impact;
falling or swinging objects, usually during con-
struction or demolition of the structure or
neighboring buildings; collapse or settlement
of adjacent excavations or flooding causing
severe local foundation failure; defects arising
from extreme construction or design errors;
very high winds, tornados, or hurricanes; and
sonic boom of exceptional intensity.

In addition phenomena considered as part
of normal design considerations such as fire,
corrosion, bearing failures, fatigue, and over-
loading, should not also cause progressive

collapse if they occur. The implication of this
is that structures should be inherently capable
of limiting the spread of local failures regard-
less of the cause. Buildings should not be
‘houses of cards’ or subject to the ‘domino
effect.” This is not to say that they should pre-
vent the initial damage due to the abnormal
event (the loss of a wall, beam or column, for
example) by having enormous excess strength,
which would be prohibitively expensive, but
rather that they should be able to absorb the
damage without suffering progressive collapse.

Data on abnormal events are being gathered
in many countries but it will be many years
before reliable design decisions can be made
based on these statistics. (Burnett et al. 1973;
Ligtenberg 1969; Fribush ef al. 1973; Somes
1973; Granstrom and Carlsson 1974.)

Designing to Avoid Progressive Collapse

Progressive collapse provisions apply to
most structures but some types of construction
appear to requirc more attention than others.
Buildings with load-bearing walls, especially
of masonry and panel construction, precast
beam and column buildings, and precast beam
and floor slab structures should be designed
with great care. There are certain occasions,
however, when progressive collapse provisions
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do not apply because of the nature of the struc-
ture under consideration. For example, if the
structure is supported on one column only, any
event that removes the column (100% of the
support) would cause collapse of the entire
structure. The risk of such an occurrence, a
general rather than progressive collapse, could
be reduced by increasing the load factor or by
otherwise protecting the structure, but, of
course, no ‘alternate path’ for carrying loads
to the ground would be available. The same
would apply to two-, three-, and perhaps even
four-column structures where the loss of one
column would remove such a large percentage
of the support that general collapse would
occur.

Design Considerations

Four general considerations in designing to
prevent progressive collapse, (1) reduction of
risk, (2) ductility, (3) design to resist ab-
normal loads (option A), and (4) design for
alternative paths (option B), are discussed at
some length.

The last two, (3) and (4), are alternatives
that can in some cases be usefully combined.

(1) Reduction of Risk

In some cases the risk due to a particular
abnormal event such as a gas explosion or ve-
hicle mmpact on street-level walls and columns
can be reduced by preventing the use of gas
or storage of explosive materials on the one
hand, and by providing fenders on the other.
Even when this is done, however, the structure
should still be resistant to progressive collapse.

Because a great many general failures and
about 50% of progressive collapses occur dur-
ing construction (Table 1), provision should
be made to ensure integrity of the structure as
it is being built, i.e. by the use of temporary
guying and the erection of temporary and per-
manent bracing as soon as possible in the erec-
tion sequence. There are many examples of
trusses or frames that collapsed before wind
bracing was added and in many cases some of
the bracing could have been connected after the
first one or two frames or trusses were erected.

(2) Ductility

It is widely accepted that connections be-
tween structural members should be ductile
and tough, capable of large deformations and

CAN. J. CIV. ENG. VOL. 2, 1975
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Fic. 7.
bearing seat.

‘Slack’ joint resulting in beam falling off

energy absorption at ultimate loads. This re-
quires attention to detailing. The designer must,
for example, ensure that the joints are ductile
without being ‘slack’ and that it does not be-
come possible for beams, slabs, or wall panels
to drop off their bearings (Fig. 7).

On the other hand if a joint is over rein-
forced, failure may occur in a different and
unexpected location where it is more difficult
to deal with. Another danger due to over rein-
forcing is that a shear failure may occur, pos-
sibly with no warning, rather than a flexural
failure which would probably give warning of
impending collapse.

Some types of construction use joints that
rely on friction due to gravity forces only.
Such connections behave unpredictably and
in a brittle manner at ultimate loads, and hence
are usually inadequate. They have been used
in some buildings with hollow-core precast
slabs that bear directly on masonry or block
walls and depend on friction rather than rein-
forcing steel to fasten them to the walls. It is
revealing to consider how much more con-
tinuity and ductility would be provided in the
same buildings if they were composed of
monolithically cast walls and floors!

Figures 8, 9, and 10, which are diagram-
matic only, show joints that can typically pro-
vide the continuity and ductility necessary,
though not always sufficient in themselves, to
prevent progressive collapse. Careful con-
sideration of these details is required, however,
to ensure that joints have enough grout of
adequate quality to provide proper bonding of
the reinforcing steel and to ensure that the
elements, especially blocks or bricks to which




TAYLOR: PROGRESSIVE COLLAPSE 523

t=——LOAD-BEARING PANEL—=
OR MASONRY WALLS

_CONTINUITY STEEL =

[ ( < j g
/ FLOOR
| SLAB /;l

BARS FOR BEAM ——
ACTION OF WALL
AND SLAB

L

END WALL INTERNAL WALL

Fic. 8. Schematic detail of ductile joints show-
ing continuity and longitudinal tying steel, diagram-
matic only (see commentary C, supplement No. 4,
1975 NBC).

PRECAST
CONCRETE
WALL
PANELS

FLOGR SLAE

IN S1TU
CONCRETE

LIFTING ROD

Fic. 9. Wall-to-floor joint with continuity pro-
vided through the lifting rods (Ferahian 1972). This
detail can be used for internal bearing wall-floor
joints (Graff 1971).

BREAK OUT ABOVE
AND BELOW CORE
SLIP OVER ANCHOR
BAR SET INTO BOND
BEAM AND GROUT IN.

BAR IN GROUT
KEY BENT AT

SSSN RIGHT ANGLES
@ AND TIED TO
SIMILAR BARS

/\'

SPACING OF ANCHOR ST 1IN
CAR BARS AS REQUIRED W f,o,in 'BNEA?“
FOR SUPPORT OF

WALL

Fic. 10. Standard edge details (at roof level)
(Con-Force 1974) (published with the permission of
Con-Force Products Ltd.).

the reinforcing is grouted, are themselves ade-
quately anchored to the structure. Though
Fig. 8 is shown with continuity tying steel that
may attract large moments, the designer may
wish to position the steel within each member
to reduce these moments.

(3) Design to Resist the Abnormal Loads

(Option A)

To provide adequate resistance against pro-

gressive collapse, load-bearing elements must

be connected by ductile joints, and continuity
of tie forces provided as a first condition. The
structure may then be designed to resist ab-
normal loads, option A (i.e. the load-bearing
elements involved must have adequate strength
or stiffness to remain standing under this ul-
timate load) or to accept the local damage
caused by the abnormal event and carry the
loads by an alternate path around the damaged
area and to the ground, option B. The first is
generally the less desirable, less economical
approach; but in some designs it cannot be
easily avoided. In other cases it can be
combined with the alternate path method,
such as in the design of strong points, locally
strengthened areas, capable of carrying the
abnormal loads, to give a successful design.

In option A, then, if the removal of a struc-
tural element by a foreseeable abnormal event
would initiate progressive collapse, that ele-
ment should be designed to remain functional
when the abnormal event occurs. A major
difficulty with this option is that all reasonably
foreseeable abnormal loads have to be an-
ticipated and assessed.

In Great Britain, where the Fifth Amend-
ment regulations governing the design of
buildings for progressive collapse have been
in force since April 1, 1970, elements in resi-
dential quarters potentially subject to a gas
explosion, and not designed for alternate paths,
must be able to withstand a pressure of 5 p.s.i.
(34 kPa) + dead load + 3 live load + 3%
wind load with a ‘safety’ factor of 1.05
(Ministry of Housing and Local Government
1970). The 5 p.s.i. (34 kPa) figure was ap-
parently obtained primarily from estimates of
the average pressure that caused the destruc-
tion of the bearing walls in the Ronan Point
collapse (Griffiths et al. 1968).

Actually gas pressures in closed containers
may reach 100 p.s.i. (689 kPa) but in average
residences, including highrise apartments, a
large proportion of the gas escapes unburnt
through doorways, ventilation shafts, and win-
dows and walls ruptured by the initial blast
(Rasbash and Stretch 1969; Alexander and
Hambly 1970; Dragosavic 1973). This process,
called venting, normally limits the pressure to
about 5 p.s.i. (720 p.sf.) (34 kPa) or less.
Venting is not as effective in explosive bomb
blasts which may be fundamentally different.
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While a gas explosion involves the rapid burning
of all the gas that does not escape unburnt
through the vents, a bomb blast involves the
instantaneous eruption of all the compact ex-
plosive material in the bomb. None escapes
by venting. Indeed, unless the proportion of
vented area in a room is very large, venting
will not cause any significant reduction of blast
pressure due to a bomb.

From the first appearance of the Fifth
Amendment Regulations the Institution of
Civil Engineers in Britain took issue with the
5 pssi. (34 kPa) values as a general figure in
buildings that did not use town gas (gas manu-
factured from coal) and suggested 2.5 p.s.i. (17
kPa) for buildings using natural gas or no gas
at all (Institution of Structural Engineers
1968). However the 2.5 p.s.i. (17 kPa) figure
was not adopted by the various Code Com-
mittees in Britain. The value of 5 p.s.i. (34 kPa)
was the basis for the 3000 Ib/ft (44 kN/m)
tie reinforcing required between walls and
floors (i.e. 720 p.s.f. X % storey height = 3000
Ib/ft) in the British Standard Code of Practice
for large panel structures (British Standards
Institution 1970). Many national codes now
use a figure ranging from about 1400 to 4000
Ib/ft (approximately 20 to 60 kN/m) depend-
ing on the height of the building, floor span,
and floor loading (British Standards Institution
1972; Federal Housing Administration 1973;
Nordic Concrete Association 1970; Lewicki
1971). However, one set of recommendations
has minimum internal tie requirements as low
as 350 Ib/ft (5.1 kN/m) (Comité Européen
du Béton 1967). In Canada no categorical
minimum member or connection resistance can
yet be stated and it is a matter requiring re-
search and some dialogue among design com-
mittees and the design profession.

(4) Design for Alternative Paths (Option B)

In this option the structure is designed to
bridge the region damaged by an abnormal
event. There is a problem in defining the size
of ruptured zone to be assumed in design and
in checking the subsequent stability of the
structure, so arbitrary limitations have been
specified in a number of building codes. In
Britain, for buildings over four storeys in
height (including basements), one load-bearing
element at a time is considered to have failed:

e.g., a beam, a column, a length of wall not
greater than 2.25 times the storey height, or a
load-bearing wall panel. The failure due to the
removal of the component must be limited
to the storey of the incident and the one above
and below and in addition it must not exceed
a plan area of 750 ft2 (70 m?) or 15% of the
floor area in question (Fifth Amendment
Regulations). In Sweden the building must re-
main stable after damage to a cubic volume
with sides equal to the largest of: one storey
height including two floors, ; the height of
the building, or J; the length of the building
where the length is defined as the length of in-
dependently stabilized building parts (Lewicki
and Olesen 1974). Denmark requires that the
walls and floors around a room be able to fail
completely without causing the collapse of
the other floors in buildings over six storeys
in height (Lewicki and Olesen 1974). In
Czechoslovakia the size of local failure is
taken as one panel of a load-bearing wall in-
cluding a gable wall corresponding to the
dimensions of a room (Vyzkumny Ustav
Pozemnich Staveb 1970). The U.S. Depart-
ment of Housing and Urban Development is
considering requirements very much like the
British Fifth Amendment Regulations (Federal
Housing Administration 1973).

There are many factors that must be con-
sidered when designing a structure to ensure
that it has the integrity required to carry loads
around a locally damaged zone. If these factors
are taken into consideration at the concept
stage it should be possible to arrive quickly at
designs with more integrity than would or-
dinarily be the case. Some of these factors are
presented here (Haseltine and Thomas 1969;
Redland Bricks Ltd. 1971).

(a) Good floor plan—The choice of the
proper plan form of the building from the
basement to the roof is probably the most
important measure in achieving structural in-
tegrity. In bearing-wall structures, spine walls
are recommended to reduce the span of cross-
walls and to enhance the stability of the cross-
wall and of the building as a whole (Fig. 11).
The mutual support afforded by the junction
of the spine and cross-walls will reduce the
length of wall likely to be damaged by a gas
explosion or by vehicle impact.

(b) Returns on walls—A ‘return’ on a wall
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SLAB SPAN f—=_
DIRECTION 4~

PLAN

BAD LAYOUT

_SPINE
WALLS
spfm—— e e e fbe— Ii

FLAN

BETTER LAYOUT

FiG. 11. Use of spine walls (only load-bearing
walls (heavy lines) and exterior cladding are shown).

is a short length of wall usually at right angles
to the first. The increase in transverse flexural
and shear stiffness as a result of adding re-
turns to internal or external walls enhances
the stability. Clearly a long return is better
than a short one, at least until its length is
equal to about half the height of the wall.

(c) Strong points—In some designs certain
elements may be strengthened to carry the
abnormal load in order to complete an ‘alter-
nate path’ and sometimes a wall return is
used to advantage as a strong point when it
is adequately reinforced.

(d) Change in span direction of floor slab—
If a load-bearing wall supporting the edge of
a slab collapses, the slab will probably fail un-
less there is enough reinforcement, perhaps
temperature or distribution steel, to allow it
to span in another direction and to carry the
loads to the remaining supports. Very little
reserve strength is required. Preventing the
collapse of the slab is important because it
reduces the danger of falling debris gathering
enough momentum to carry away the floor
below. The designer has only to consider the
effect of debris such as the dead weight of a
floor slab dropping through one storey height
to appreciate the magnitude of the impact
loads and the danger of progressive collapse.

In an in situ concrete slab little increase in
reinforcement will be needed to achieve the
required ultimate behavior, but with precast
slabs, especially of the strip slab variety, a
poured topping containing a mat of reinforcing
bars will be necessary in many cases if sig-
nificant two-way action is required. Unfor-
tunately, this reinforcing mat is on the top
side of the slab and therefore is best suited

WALL

REMOVED
—
A ! f..j —SPAN AFTER INCIDENT
e /
v ! v L_SPAN BEFORE {NCIDENT
——| INTERNAL PARTITION STRONG
ENOUGH AT ULTIMATE TO
= S CARRY SLAB IN NEW SPAN
DIRECTION
¢ o
Fic. 12. Load-bearing internal partitions and

change of slab span direction.

-—— 7™
-—r | 1
o ] i

-—r |

-—— |

T
CATENARY CONCEPT

Fic. 13.

NN R Y

Catenary action of floor slabs.

for cantilevering action, while often resistance
to sagging movements is required. Indeed, it
seems that precast strip slabs cannot ordinarily
be counted on to change span direction.

(e) Internal partitions—To be able to use
the capacity of a floor slab to change span
direction, an internal wall must have at least
enough ultimate strength, in some cases, to
support the edge of the slab after the abnormal
event occurs (Fig. 12).

(f) Catenary action of floor slab—Where
the slab cannot change span direction because
of the plan form of the building or the nature
of the slab itself, the span will increase, often
double, if an intermediate supporting wall is
removed. If there is adequate reinforcing
throughout the length of the slab and enough
continuity and end restraint, the slab may be
capable of carrying the loads by catenary
action. Large deflections will likely result and
will occur on the floors above if the load-
bearing walls there coincide with the one that
is removed. As the building will probably be
extensively damaged, catenary action as shown
in Fig. 13 may not be a favored method of
providing integrity though it is important to
remember that it is not necessary that the
structure remains serviceable (with deflections
or sway less than the design service limits of
L/360 or whatever) after the abnormal event
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FiG. 14. Beam action on walls showing flange
forces in floors.
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occurs; only that it remains standing and al-
lows relatively easy evacuation and that the
locally ruptured zone remains confined.

A second case of catenary action, that of a
single slab which has its bending stiffness suf-
ficiently reduced by an abnormal event that it
hangs in position, is very important. By this
action, the fall of debris is prevented and
thereby an important cause of progressive col-
lapse eliminated.

(g) Beam action of walls—If a bearing wall
is removed, beam action of the walls or panels
and floor slabs above may allow the opening
to be spanned without further distress to the
structure (Fig. 14). To achieve this beam or
cantilever action, there must be sufficient
tying steel at the top and bottom of the wall,
preferably in the floor slabs as shown in Figs.
8 and 9 or in bond beams, Fig. 10, in order
that the wall may act as the web and the floor
slabs above and below as flanges. Tying steel
around the periphery of the building and at
joints of internal load-bearing walls and slabs
also contributes to a diaphragm action of the
floor and horizontal beam action under lateral
loads if some floor slabs are removed.

Design Examples

Designing for Prevention of Progressive
Collapse

The following ‘simple’ calculations are
given to indicate how to proceed with the de-
sign of a building in order that it will have
adequate integrity to prevent progressive col-
lapse. Some recommendations (Federal Hous-
ing Administration 1973; Comité Européen
du Béton 1967; Nordic Concrete Association
1970; Lewicki 1971) give requirements for
the location of reinforcing bars, and minimum
reinforcing bars and tie forces to be carried,
but the 1975 National Building Code of Can-

ada does not. Hence in lieu of complex com-
puter analyses which designers could under-
take to determine optimum reinforcement re-
quired to prevent progressive collapse, very
approximate procedures which are ordinary
tools of the designer and which are adequate
for the same purpose will be used here. When
more sophisticated three-dimensional finite
element and frame analyses have been com-
pleted by the author the results will be made
available for comparison with those obtained
by ‘hand’ calculations. For the results of other
analyses reference can be made to a number
of interesting references (Alexander and Ham-
bly 1970; Haseltine and Thomas 1969; Mor-
ton et al. 1970; Burnett and Rajendra 1972).

To evaluate the resistance of a structure to
abnormal loads, limit design procedures such
as ultimate strength design, plastic design, and
yield line methods should be used where pos-
sible. In Canada, building codes and standards
with ultimate strength design provisions for
structural steel and reinforced concrete are
available. For these the ultimate criteria, with
load factors slightly exceeding 1.0, applied to
the abnormal load, should be used for design-
ing to prevent progressive collapse. Unlike the
steel and concrete standards, those for engi-
neered masonry in this country use only
working stress design. In the absence of any
established practice, available data suggests
that it would be reasonable to use a load fac-
tor just exceeding 1.0 and to multiply the
allowable design working stresses by 1.75 or
2.0 for the purpose of checking against pro-
gressive collapse (1.75 for the lateral strength
of walls) (Structural Clay Products Institute
1969). The same factor could also be applied
to allowable loads in stability calculations.

Designers checking the integrity of struc-
tures made from other construction materials
must use the best data available on their ulti-
mate strength and behavior.

Example Calculations: Loss of a Cantilever
Bearing Wall (Figs. 8 and 15).

The intent of this calculation is to compute
the tying steel necessary in the floor/wall joint
to allow the wall to act as a cantilever (Hasel-
tine and Thomas 1969). Each storey is con-
sidered separately as it is not known at which
level the wall will be ‘removed’ and also be-
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LOAD-BEARING

CANTILEVER
BEARING WALL

BEARING WALL
"REMOVED"

(NON LOAD-BEARING)
3,
g e
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g 5
&
Fi6. 15. Cantilever bearing wall ‘removed’.

cause, for this example, extensive vertical
tying steel will not initially be included in the
design.

Design Parameters

Dead load (DL) = 81 p.s.f. (3.88 kPa)

Live load (LL) =40 p.s.f. (1.92 kPa)

Steel yield stress F, = 60 k.s.i. (413.7 MPa)

Storey height = 8 ft 10 in. (2.69 m)

Assume 8 in. (200 mm) precast prestressed
slab 4 ft 0 in. (1.22 m) wide with 2 in. (50
mm) topping including a mesh

Slab spans 30 ft (9.15 m)

Wall length 18 ft (5.5 m) and wall thick-
ness 9 in. (230 mm) masonry at 95 p.s.f.
(4.55 kPa)

Floor load = DL + 3 LL = 81 + % X
40 = 94 p.s.f. (4.50 kPa)

Load on cantilever wall = 30 X 94 + 8 x
95 = 3580 p.L.f. (52.3 kN/m)

Maximum moment on cantilever wall if cur-
tain wall weighs 45 p.s.f. (2.15 kPa) is
18(30 x 8 x 45) + 3580 x (182/2) =774 000
ft b (1.05 MN m)

Lever arm for T and C is 8 ft 10 in.
(2.69 m)

_ load factor X cantilever moment
a storey height

_ 1.05 x 774 000
=7 883

=92 000 1b (409 kN)

Hence T

Hence tension steel

92000
>~ 760

i.e.two No. 8 bars.

A = 1.53 in.? (990 mm?)

As this might be considered a rather large
amount of steel, consideration could be given
to a system of continuous vertical reinforcing
bars in the walls capable of carrying at least
the floor and wall loads at each storey level
to enable the walls above to act together. If the
wall is then considered as a cracked, transformed
section, tying steel could be reduced some-
what; the reduction being greater in the lower
floors and zero at the roof. However there is
a minimum tying force required at each floor
level to maintain diaphragm action of the slab
to ensure that positive and negative pressures
on the walls can be carried to the core of the
building or distributed to the elements carry-
ing lateral loads. Because of possible cracking,
it might be prudent to limit to three or four
the number of storeys considered acting to-
gether as a cantilever. It would also be wise
to consider that the floor above the room in
which an explosion occurs might be incapable
of taking compressive forces (though still in
position) for the purpose of computing stresses
and steel areas in the cantilever wall. In any
case the minimum longitudinal tying steel
should probably be two No. 4 bars placed in
the floor-wall joint or in a bond beam adja-
cent to the joint (Fig. 10).

General Tying Forces Between Walls
and Floors

In order that only one storey height of wall
will be affected when the abnormal event is
confined to one storey, the tying force from
wall to floor (in walls parallel to and at right
angles to the span of the floor slab) must be
at least as great as that lateral force on the
wall which would cause the wall to collapse.
However, until Canadian code committees
make a recommendation it would seem reason-
able that the design tie force need not be, in
general, greater than that generated by a 5
p.si (34 kPa) explosion. Regardless of the
design pressure finally chosen, the tie force
must also be at least 3% of the vertical force
on the wall to act as an effective lateral sup-
port to the wall at the floor level.

The tying steel required if the 5 p.s.i. (34
kPa) figure is used is about 0.1 in.2/ft of wall
length for a storey height of 10 ft (i.e. 210
mm?/m length for a storey height of 3 m) and
does not appear to be excessive.
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Tying Forces in Direction of Floor Span:
Catenary Forces

There are two cases of catenary action to be
considered. The first is a floor slab that has
lost its flexural stiffness due to damage but
which is designed to hang in position in order
to curtail the fall of debris.

Uniformly distributed loading W =
load + % live load, at least.

Midspan deflection A, span L

A set by designer = L/10

The required tensile force T per unit width
at the ends of the slab, to be carried by rein-
forcing into the support is

WL
T=7n

dead

4A% + I%/4

=T5A S A\3

It must be ensured that bars are properly
lapped and have sufficient bond length or are
properly fastened to peripheral ties or longi-
tudinal tying steel in the joints to transfer this
force.

The second case arises when an internal
wall is removed and the span suddenly in-
creases, often to 2L. In this case T increases
enormously unless the design allows for a
larger sag, A. The continuity and proper bond-
ing of reinforcing is very important in the two
cases, but both will be ineffective if the un-
damaged structure does not provide enough
horizontal restraint in the plane of the dam-
aged floor slab.

From these examples it can be seen that
though the calculations themselves are simple
the attendant assumptions must be carefully
weighed, a process that will initially take some
time. Nevertheless, after completing the first
few designs, it is anticipated that the engineer
will find that designing for prevention of pro-
gressive collapse will involve relatively small
extra design or structural costs.

w1 ( WLZ)

Summary

1t has been shown that by properly laying
out structures at the concept stage, by using
ductile joints, and supplying necessary periph-
eral, longitudinal, and transverse tying steel
with quantities calculated by simple well-known
methods, designers can achieve structures with
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adequate integrity to prevent the spread of
local failures. This is surely the right direction
for design to be progressing: towards the elim-
ination of the ‘house of cards’ effect by direct,
rational, and efficient designs based on sound
structural engineering principles.
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